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Dyneins are a class of molecular ATPase motors that generate force and
movement on microtubules in a wealth of biological processes,
including organelle distribution, cell division, ciliary beating, and
flagella motility, and intracellular transport. DYNLRB1 and DYNLRB?2
are the light chains subunits identified both in cytoplasmic dynein and
axonemal dynein, but how these two light chains contribute to dynein
function remains poorly understood. In our research, DYNLRB2 was
found to be specifically upregulated in mouse testis and DYNLRB2
depletion in meiotic spermatogenesis resulted in frequent metaphase
arrest with the defects in bipolar spindle formation, spindle assembly
checkpoint regulation, chromosome alignment, spindle organization and
orientation. DYNLRB2 maintains male meiotic spindle bipolarity by
preventing pericentriolar material (PCM) fragmentation through
targeting nuclear mitotic apparatus protein (NUMA) to the spindle poles
and suppressing premature centriole disengagement. Emerging roles of
DYNLRB2 were characterized from ciliogenesis to fertility. DYNLRB2
deficiency caused a series of ciliopathies both in female and male, as
well as dysfunctional spermiogenesis with abnormal manchette removal,
thereby contributing to male infertility, while DYNLRB2 KO female
mice were fertile with normal follicle development and ovulation. In
contrast, the mitotic DYNLRBI1 regulated bipolar spindle formation by
targeting NUMA and suppressing centriole overduplication in mitotic
cells. DYNLRBI KD phenotypes are rectified by ectopic
overexpression of DYNLRB2, supporting the notion that DYNLRBI

and DYNLRB2 have interchangeable roles in mitosis.



Correspondingly, downregulation of DYNLRBI1 during mouse oocyte
meiosis by siRNA injection resulted in several defects on decrease of
germinal vesicle breakdown rate, spindle organization, formation of
actin cap and cortical granule-free domain (CGFD) and reduced polar
body extrusion rate with abnormal cytokinesis. In summary, the results
defined the distinct roles and functional mechanisms of DYNLRB1 and
DYNLRB2.

Keywords: dynein light chain, DYNLRBI1, DYNLRB2, spindle,
centrosome, PCM, NUMA, meiosis, mitosis, ciliogenesis, fertility,

spermatogenesis
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Dyneiner dr en klass molekyldra, ATP-drivna motorer som genererar
rorelse lings mikrotubuli 1 maénga biologiska processer, t ex
organellfordelning, celldelning, cilierorelse, flagellmotilitet, och
intracelluldr transport. DYNLRBI och DYNLRB2 ir subenheter i
cytoplasmiskt och axonemalt dynein, men hur dessa tvd proteiner bidrar
till dyneinfunktionen dr oként. Vi fann att expression av DYNLRB2 hos
mdss var specifikt uppreglerat i testiklar och att avsaknad av DYNLRB2
resulterade 1 metafasarrest i meiotisk spermatogenes med defekter i
bildandet av bipoldra spolar. Den checkpoint som kontrollerar bildandet
av spolen, kromosomparning, liksom organisation och orientering av
spolen paverkades i franvaro av DYNLRB2. Mekanismen genom vilken
DYNLRB2 uppritthaller den maskulina meiotiska spolens bipolaritet
innefattar lokalisering av “nuclear mitotic apparatus protein” (NUMA)
till spolens poler, vilket dédrigenom forhindrar fragmentering av
pericentriskt material (PCM) och prematur centriolavkoppling. Vi har
karakteriserat nya funktioner for DYNLRB2 vid bildandet av cilier av
betydelse for fertilitet. Avsaknad av DYNLRB2 hos moss orsakade en
serie ciliopatier hos s&vil hannar som honor. Maskulin infertilitet
orsakades av dysfunktionell spermatogenes med defekt avligsnande av
manchetten, medan DYNLRB2 knockout mushonor var fertila med
normal follikelutveckling och ovulation. DYNLRBI, & andra sidan,
kontrollerar bildandet av bipoléra spolar vid mitos. Detta sker genom att
lokalisera NUMA och forhindra &verduplikation av centrioler i

mitotiska celler. DYNLRBI knockdown-fenotyper kan korrigeras



genom ektopiskt dveruttryck av DYNLRB?2, vilket tyder pé att i mitosen
har DYNLRB1 och DYNLRB2 utbytbara roller. Nedreglering av
DYNLRBI under mushonors oocytmeios, genom injektion av siRNA,
resulterade 1 flera defekter sdsom ineffektiv nedbrytning av
germinalvesiklar, defekt organisation hos spolen, ofullstédndigt bildande
av aktin-lock och “cortical granule-free domain” (CGFD). Hastigheten
med vilken polarkropparna exkluderades var nedsatt, liksom
cytokinesen. Sammanfattningsvis visar resultaten pé distinkta roller och

verkningsmekanismer hos DYNLRB1 och DYNLRB?2.

Nyckelord: dynein, DYNLRB1, DYNLRB2, spole, centrosom, PCM,

NUMA, meios, mitos, ciliogenes, fertilitet, spermatogenes.
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Mammalian reproduction is a highly complex process that successfully
transmit genetic information for future generations. The life progresses
through germ cell development to the birth with succession of events
including the germ cell differentiation, gametogenesis, ovulation,
fertilization, preimplantation embryonic development, and implantation
(Dey, 2010; Jones and Schrader, 1987). When the viable sperm and a
mature egg meet successfully in the fallopian tube, fertilization happens
after two haploid gametes fuse together (Siu et al., 2021). Fertilization
and embryonic development that follows are complex processes where
the success of each event depends on the success of the preceding event.
Dysregulation of any processes in the pathway can hinder the pregnancy

and live birth.

An inability to get pregnant or have a successful pregnancy naturally is
defined as infertility. The overall number of people facing fertility
problems has increased over the years. The absolute number of couples
affected by infertility increased from 42.0 million in 1990 to 48.5
million in 2010 (Mascarenhas et al., 2012). According to the report from
World Health Organization (WHO) about infertility prevalence
estimates 1990-2021, there are 17.5% estimated lifetime prevalence of
infertility. As the population of couples with infertility problems
increases, infertility is evolving into a global health problem and

affecting millions of people at the reproductive age around the world.
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Research on the causes and treatments of infertility is therefore

becoming a global medical priority.
Genetics causes in female infertility

Advances in imaging, proteomics, structural biology, and genome
editing have significantly promoted our understanding of infertility and
increasingly revealed possible causes. An increasing number of genetic
studies recently revealed the multiple genes implicated in female

infertility (Figure 1).

In 2017, variants in PATL2, which encoded a highly conserved oocyte-
specific messenger ribonucleoprotein repressor of translation, resulted
in frequent meiosis 1 arrest during oocyte meiotic maturation
(Maddirevula et al., 2017). In addition, mutations in TUBBS, a primate-
specific B-tubulin, were reported to be accountable for oocyte nuclear
maturation arrest due to spindle assembly defects (Feng et al., 2016).
Recently, the human oocyte microtubule organizing center (huoMTOC)
was found as a major site of microtubule nucleation for the spindle
assembly in human oocytes. Deficiencies in transforming acidic coiled-
coil-containing protein (TACC3), an important component of
huoMTOC, was shown to impair meiotic spindle assembly by disrupting
the structure of the huoMTOC which finally resulted in human oocyte
maturation arrest (Wu et al., 2022). WEE2 was an oocyte-specific
tyrosine kinase that could phosphorylate and inhibit cyclin dependent
kinase 1 activities, thereby playing a critical role in the regulation of
meiotic progression (Oh et al., 2010). WEE2 variant induced slight

variability in patients, ranging from complete fertilization failure to poor
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fertilization (Weiner et al., 2022). The cell division cycle 20 is the co-
activator of anaphase-promoting complex/cyclosome (APC/C) and
plays a role in maintaining the genome by regulating spindle assembly
checkpoints (Musacchio and Hardwick, 2002). Adding to the growing
list of genes associated with oocyte maturation defects, the clinical
research also identified CDC20 mutations in five infertile individuals
with oocyte maturation arrest, fertilization failure, and early embryonic

arrest (Zhao et al., 2020).

Zygotic cl fail
YEOtle Cleavage t Early embryonic arrest Implantation failure

e =l 4 — /\
\“_—\f\/_ —
Fertilization failure
WEE?2, CDC20 3
\% ’

%

Nuclear maturation arrest
TUBBS, PATL2, TACC3

‘f

6

ndometriosis

"#$%&( ) *+,&%-"."AL2$3"+# #&+&-"1'42%"2+-3'"+'551/-&' 6&"5-"1' 62-$%2-"5+)
Some examples of pathological genes are indicated for each anomaly. The figure

was adapted with permission from (Sang et al., 2023).
Genetics causes of male infertility

Male infertility is a multifactorial pathological condition. Genetics is
found to play a prominent role in most severe spermatogenic impairment
including the asthenospermia, macrozoospermia, globozoospermia, the
syndrome of multiple morphological abnormalities of the sperm flagella
(MMAF), acephalic spermatozoa syndrome, oligozoospermia or non-
obstructive azoospermia and fertilization failure without morphological

anomalies.With the technological advancements and wide application
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of whole sequencing technology, more and more gene variants causing

various subtypes of male infertility were identified (Figure 2).

In 1989, a discovery identified mutations in CFTR gene (Cystic Fibrosis
Transmembrane Conductance Regulator) as the underlying cause of
Cystic Fibrosis (CF), a severe genetic disorder that primarily affects the
respiratory and digestive systems (Kerem et al., 1989). Beyond its well-
established role in CF, recent studies have further identified that CFTR
mutations in patients display inferior sperm quality and impair sperm
fertilization capability which are considered the genetic cause of
obstructive azoospermia in infertile males (Wang et al., 2024). In cases
of non-obstructive azoospermia, pathogenic mutations in several genes
have been identified as being associated with meiotic arrest and
infertility. These genes include MEIOB, which plays a crucial role in
homologous recombination during meiosis (Gershoni et al., 2019),
TEX15, important for DNA double-strand break repair and
chromosomal synapsis (Okutman et al., 2015), XRCC2 involved in
DNA repair and maintaining genomic stability (Yang et al., 2018), and
FANCM, a gene critical for the repair of interstrand cross-links during
meiosis (Kasak et al., 2018). In 2007, adaptations made to existing
sequencing technology resulted in the identification of mutations in gene
AURKC, which was responsible for a variety of abnormal sperm
morphology with large head or round head (Dieterich et al., 2007). In
2014, a homozygous variant of DNAHI, encoding an axonemal dynein
of the inner dynein arms, was identified in a small cohort of infertile
men with MMAF (Ben Khelifa et al., 2014). In addition, there are other

genetic mutations that cause morphological abnormalities of sperm
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flagella, including CFAP43 and CFAP44 (the tether-tether head
complex)(Coutton et al., 2018). The mutations in two testis-specific
genes, PMFBP1 (polyamine modulated factor 1 binding protein 1) and
SUNS (Sadl and UNC84 domain containing 5), disrupted the head-
flagella junction of the spermatozoa in the infertile men (Cazin et al.,

2021; Sha et al., 2019).

Normal spermatogenesis Pathological spermatogenesis
Sertoli cell Non-obstructive = ,_/ét—;‘_»?
azoospermla @
_—

Diploid 2 — TEX11, MEIOB, (g @V @' S

germ cell — ==\ D) Mitosis TEX15, XRCC2,

5 @) ” FANCM

rimary

spermatocyte —<g ‘ Meiosis |

Secondary

spermatocyte _0 ® @ Meiosis Il MMAF Absent

DNAH1,CFAP43, WDR66 @nﬂr/ Short

CFAP44, TTC29, CFAP69 @mf\/‘cuned

Globozoospermia Macrozoospermia
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DPYI9L2  pMFBPI, SUNS AURKC

4..
Spermatids —

Spermatozoa —<|

Obstructive
azoospermia
CFTR

]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
1
]
]
]
]
]
Spermiogenesis |
]
]
]
]
]
]
]
]
]
]
1
]
]
]
]
]
]
]
1
)
]
]
)

"#$%&'7)' 89&' :9/3"5.5#"12." 2+;' :2-95.5#"12." 3:&%62-5#&+&3"Fome
examples of pathological genes are indicated for each abnormality. Abnormal
spermatogenesis can induce a variety of male infertility-related diseases. The

figure was adapted with permission from (Sang!"#!$%6X023).
Further advances in our understanding of infertility requires in-depth
research into the mechanisms of female and gamete formation, as well

as of the events that lead to fertilization. The following sections will

review the literature on these topics.
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Oogenesis

Oogenesis is an essential process that promotes female gamete
developing to become fertilizable. Ovarian follicle act as the functional
unit of the ovary and its interaction between multiple cell types, of which
the oocyte germ cell and the somatic granulosa cells play the major role
(Rodrigues et al., 2021). Primary oocytes undergo development from
oogonia, which originate from primordial germ cells, through a process
of mitotic proliferation. The primary oocytes are arrested in diplotene
stage of prophase I of the first meiotic division within ovarian follicles
(Dutta et al., 2016). After puberty, the follicle stimulating hormone
stimulates granulosa cell proliferation. Meiosis resumes after a
preovulatory surge of luteinizing hormone (McGee and Hsueh, 2000).
With the oocyte developing, the chromosomes are tightly condensed
followed by the nuclear envelope breakdown (GVBD). Subsequently,
meiotic microtubules gradually assemble and promote chromosomes
arrangement at the equatorial plate in metaphase I, with a bipolar spindle
formed in oocyte (Mihajlovic and FitzHarris, 2018). Then the spindle in
the central position moves away from the cell center to the cortex. The
oocyte symmetry is broken during the transition from metaphase to
anaphase. Under the dual action of spindle filaments and the actin
system, the homologous chromosomes move towards the spindle poles
and begin to separate (Azoury et al., 2008). After that, oocyte with
asymmetric cytokinesis forms a small polar body and a large highly
polarized secondary oocyte (Maro and Verlhac, 2002). Subsequently,

the spindle in the second meiotic division organizes rapidly with

6
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chromatin recondensation, and arrests in metaphase. Upon fertilization,
the secondary oocyte resume meiosis and discharges the second polar
body (Figure 3). Thus, mammalian oocytes experience two asymmetric
cytokinesis that segregate the homologous chromosomes and sister
chromatids prior to fertilization. Through oogenesis, a haploid egg and
several smaller polar bodies are ultimately generated. Asymmetric
oocyte meiosis ensures retention of maternal components within oocyte

to later support early embryonic development.
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follicle-enclosed

Growth phase
Prophase I arrest
Spindle assembly

Meiosis I
Spindle migration
Metaphase II arrest Meiosis II

" Polar Bodies
I) Formation of pronuclei
Zygote

Migration of pronuclei

Spindle assembly and centration

First mitotic division

Two-cell embryo

| "#3% &) =-2#8&3' ,%56' 551/-&' #%5>-9' -5' 65$3&67%/9 During oogenesis,
oocytes are arrested in prophase I of meiosis. After resuming meiosis, these
oocytes then undergo two asymmetric meiotic divisions. Nuclear envelope
breakdown and spindle assembly are the marks of meiosis entry. The figure was

adapted with permission from (Mogessie et al., 2018).
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Spermatogenesis

Mammalian spermatogenesis consists of three phases: mitotic division
of spermatogonia, meiotic division of spermatocytes, and maturation of
round spermatids (Griswold, 2016). Spermatogenesis starts with the
mitotic division of spermatogonia stem cells located closely on basal
layer of seminiferous tubules. Mitotic division of the spermatogonia
stem cells gives rise to two types of spermatogonia: type A cells
replenish the stem cells by homonymous division to maintain the
spermatogonia population, and type B cells differentiate into primary
spermatocytes (Kubota and Brinster, 2018). Primary spermatocytes then
enter meiotic preleptotene with chromosome paired and synaptonemal
complexes assembled SC (zygotene) before completing recombination
(pachytene). Chromosome next disassemble the SC (diplotene) (Cobb
and Handel, 1998). The paired homologous chromosomes align along
the metaphase plate and segregate later at anaphase stage. After going
through telophase, secondary spermatocytes undergo a brief interphase
without DNA synthesis followed by the second meiotic division to
produce round spermatid. During spermiogenesis, spermatid develops
from a round cell shape with a round nucleus into a streamlined head
with a condensed nucleus, as well as a tail important for motility
activities. Upon passing through the head and tail of epididymis,
spermatozoa acquire the ability to mobilize and develop into mature

sperm (Jin and Yang, 2017) (Figure 4).
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Spermatogonia Mitosis
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Preleptotene
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8 eptotene
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Interkinesis
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Spermiogenesis

| "#$%&=198&62-"1%&:%&3&+-2-"58BHK%62-5#&+&FBimary spermatocytes
undergo meiosis I result in secondary spermatocytes and produce the spermatids
through meiosis II. Spermatids undergo the morphological changes to produce
mature spermatozoa. The figure was adapted with permission from (Lopez-

Jimenez et al., 2022).
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Microtubules (MTs) are essential for organization of spindle apparatus
which accurately separate the chromosomes to ensure genetic stability
during cytokinesis. Outgrowth of MTs by nucleation is initiated at
microtubule-organizing centers (MTOCs), a structure identified as
organizing, stabilizing, or anchoring the minus-terminus of MT. With
more and more research on microtubule nucleation, the components and
functions of various non-centrosomal microtubule-organizing centers

(ncMTOCs) have begun to be more and more elucidated (Figure 5).

Spermatocyte

Mitotic cell Xenopus extract Drosophila oocyte Mouse oocyte Human oocyte

_____________________________________________

_____________________________________________

Y Centrosome= T, Kinesin-14 T, Kinesin-14 (Ncd) ® aMTOC Kim‘ﬁ“-”
2 centrioles + PCM Dynein- - Msps = NuMA z [)yncm'-
Dynactin-NuMA (disl/TOG family) Dynactin-NuMA
D-TACC

I "#$%&)B "1%5-$7%5.8%#2+"C2-"2+'3"+;.&":5.&)" The dashed square shows
magnification of the spindle pole where MT motors and MT-associated proteins
organize MT minus ends. MT are in green. The figure was adapted with permission

from (Bennabi et al., 2016).

Centrosomal MTOCs
The centrosome is a non-membrane bound organelle composed of two
centrioles surrounded by pericentriolar material (PCM) (Figure 6). The

PCM contains various proteins which are involved in the microtubule

nucleation including y-tubulin, pericentrin and CDK5RAP2 (Choi et al.,

11
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2010; Wieczorek et al., 2020; Zheng et al., 1995). Centrioles are the
cylindrical structures characterized by evolutionarily conserved radial
nine-fold symmetry. In vertebrates, each centrioles are composed of
nine triplet microtubule blades arranged circumferentially with a
cartwheel shape (Avidor-Reiss and Gopalakrishnan, 2013). The wall of
a fully mature centriole carries two sets of appendages: distal
appendages and subdistal appendages, which are required for anchoring

cytoskeletal microtubules.

» #0)(*+,-*.)+/01*,

N

: 4)*+-0..*)/.!, 5/2*+3
#]- +0)&2&1*j \

$%&'()*+,-*.)+/01*,

| "#$%&) =19&62-"1'%&:%&3&+-2B5E&+-%5356&'3-%$1-$¥b& centrosome
consists of mother centriole and daughter centriole, embedded in the pericentriolar

material (PCM). The figure was created using PowerPoint.

The structure, function, and number of centrosomes regulated by
centrosome duplication are subject to strictly control within cells.
Centrosome dysfunction can generate supernumerary centrosomes,
abnormal spindles, and genomic instability (Nigg and Holland, 2018).

Therefore, tight temporal control of centriole duplication is critical to

12
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ensuring that each dividing cell has only two centrosomes. Much
progress has been made towards understanding the molecular
mechanism between centrosomes and cancer. The regulatory
mechanism of centrosome duplication in meiosis and its effects on

fertilization remains to be investigated.
Non-centrosomal MTOCSs

In the absence of typical centrosomes, microtubule nucleation and
spindle pole formation can occur through alternative pathways and the
involvement of functional proteins. The RanGTP pathway has been well
described as present in a gradient around chromosomes both in mitotic
and meiotic cells. One essential RanGTP target is nuclear protein TPX2,
which plays multiple roles during spindle pole assembly (Scrofani et al.,
2015). Additionally, some functional proteins are capable of nucleating
microtubules. In mouse oocytes, acentriolar MTOCs (aMTOCsSs) consist
of PCMs including y-tubulin and pericentrin, play the critical role in the
spindle pole organization and accurate chromosome segregation (Gueth-
Hallonet et al., 1993; Ma and Viveiros, 2014). In Xenopus egg extracts,
dynein and kinesin-14 shape the spindle poles by focusing microtubule
minus ends in these regions (Walczak et al., 1998). In Drosophila
oocytes, minispindles (Msps) and drosophila tumor antigen calmodulin-
like (D-TACC) are critical microtubule-associated proteins that play a
vital role in the stabilization and organization of the acentrosomal
meiotic spindle (Cullen et al., 1999; Gergely et al., 2000). D-TACC,
along with Msps, is recruited to the spindle poles for organizing the
microtubules to ensure proper spindle architecture and maintain the

bipolarity of acentrosomal spindles (Cullen and Ohkura, 2001). Despite

13
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the wide range of ncMTOCS identified in many diverse cell types, the

composition and mechanisms remain to be further explored.
8)II$III*+O4294’l&l4ll+_||/+’&%.0&.0/0$

Dynein was originally identified 50 years ago as an ATPase in
Tetrahymena pyriformis cilia and named by Gibbons and Rowe
(Gibbons, 1963; Gibbons and Rowe, 1965). From a structural and
functional point of view, dyneins are broadly divided into two major

classes: cytoplasmic dynein, and axonemal dynein.
Cytoplasmic dynein
Cytoplasmic dynein 1

The cytoplasmic dynein 1 complex is involved in the intracellular
transport activities of various! cargoes including mRNA, organelles,
chromosomes, endosomes, viruses, and protein complexes. The core of
cytoplasmic dynein 1 is two heavy chains containing a ring of six AAA
domains, which together act as an ATPase that binds and hydrolyzes
ATP to generate movement along microtubules (Palmer et al., 2009;
Roberts et al., 2013). The dynein heavy chain is 4,634 amino acids long
and contains a C-terminal motor domain and an N-terminal tail domain
(Reck-Peterson et al., 2018)(Figure 7). The tail of dynein heavy chain is
essential for the homodimerization and forms a scaffold for other dynein
subunits, including two dynein intermediate chains (DICs), two light
intermediate chains (LICs) and several different light chain dimers.
Currently, the identified light chains are divided into: DYNLLI,
DYNLL2, DYNLT1, DYNLT3, and Roadblock-type family mostly
known as DYNLRB1 and DYNLRB2. The dynein complex works in
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conjunction with dynactin, another multi-subunit complex, which
directly interact with the N terminus of dynein intermediate chain
through a conserved region (Karki and Holzbaur, 1995; King et al.,
2003). Dynactin is built around a filament of the protein encoded by
actin-related protein 1A which is necessary for activating dynein and
regulating its binding to different cargoes and specific cargo adapter

proteins (Xiang and Qiu, 2020).
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(Braschi et al., 2022).
Cytoplasmic dynein 2

The cytoplasmic dynein 2 is found in the cells associated with cilia or
flagella (Hook and Vallee, 2006). Like cytoplasmic dynein 1 structure,
dynein 2 is built around two copies of cytoplasmic dynein 2 heavy chain

1 (DYNC2H1) with motor domain and N-terminal region (Mikami et al.,
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2002; Schmidt et al., 2015). The two heavy chains are mostly maintained
as a homodimer, but additionally can form a heterodimer in the protist
Trypanosoma brucei (Blisnick et al., 2014). The light-intermediate chain
connects to the tail of each heavy chain for stabilizing its structure
(Toropova et al., 2019). Dynein-2 contains two different intermediate
chains encoded as DYNC2I1 and DYNC2I2 with a heterodimer formed
at the core of the tail and validated as WD repeat-containing protein 60
(WDR60) and WD repeat-containing protein 34 (WDR34) (Asante et al.,
2014). The extended N-terminal regions of these intermediate chains are
dimerized by dynein light chain Roadblock (DYNLRB) protein (Asante
et al., 2014) (Figure 7). Several subunits in dynein-2 are common to
dynein-1. These include TCTEX-1 (also known as DYNLT1) and
TCTEX-3 (DYNLT3), roadblock-1 (DYNLRBI1) and roadblock-2
(DYNLRB2), as well as the LC8-1 and LC8-2 light chains, referred to
as DYNLL1 and DYNLL2, respectively.

Axonemal dynein

Axonemal dyneins are docked onto doublet microtubules inside cilia to
drive motile cilia beating, a process critical for ciliary motility (King,
2016; Mali et al., 2021). Axonemal dyneins are attached to the doublet
microtubules in two continuous rows known as outer dynein arm (ODA)
and inner dynein arm (IDA). The dyneins within these arms have
different molecular compositions and roles. The heavy-chain amino-
terminal segments in ODA and IDA bind an additional subcomplex
consisting of two intermediate chains (DICs) (DNAI1 and DNAI2) and
a number of dynein light chains (DLCs), belonging to three conserved

classes (namely, DYNLLI1/2 or LC8, DYNLTIl or Tctexl, and
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DYNLRB1/2, roadblock, or LC7). IDAs include a double-headed
dynein and six single-headed dyneins, with each of these containing
distinct DHCs, various DICs and DLCs (Braschi et al., 2022) (Figure 8).
In addition to the monomeric dyneins, several minor dyneins were
identified in greatly reduced quantity. However, the functional roles of

these special minor isoforms remain to be further investigated.
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The duplicated genome of a cell is segregated accurately into two
daughter cells such that each receives a single complete genome. For
this to happen, bipolar spindle formation and accurate chromosomes
segregation are crucial for cell division. Each different step contributes
to faithful cytokinesis of normal daughter cells with the help of dynein.
The following sections will review the essential roles of dynein in the
multiple processes including centrosome separation, spindle
organization, chromosome segregation, and the spindle assembly

checkpoint.
Dynein in centrosome separation

Centrosome separation is one of the earliest steps in the formation of a
bipolar spindle. Premature and insufficient centrosome segregation can
result in sister chromatid mis-attachment and chromosome segregation
errors, which finally lead to aneuploidy (Silkworth et al., 2012).
Therefore, understanding the forces acting on centrosome separation is
a critical question for genome stability. Roles of dynein in late
G2/prophase are not only in tethering the centrosomes to the nuclear
envelope (NE) via astral spindles (Splinter et al., 2010), but pushing the
centrosomes apart through antiparallel microtubules sliding (Gonczy et
al., 1999; Robinson et al., 1999). Several dynein cofactors were reported
in recruiting the dynein to the NE in G2 stage. BICD2, as one of the
representatives, interacted with dynein and tethered to the nuclear pore
via RANBP2 (Splinter et al., 2012). Meanwhile, Ndel/L1 were another

dynein cofactors and depletion of Ndel/L1 resulted in centrosome
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detachment from the nucleus. Additionally, Ndel/L1 were recruited to
the nuclear pores in prophase with centromere protein F (CENP-F) and
Nup133, which suggested that this pathway might contribute to dynein
activity at the NE (Bolhy et al., 2011). Eg5 is a kinesin-5 motor protein
that plays a crucial role in the separation of centrosomes during mitosis.
It functions by generating force through its plus-end directed motility,
which helps to push centrosomes apart for the spindle organization
(Raaijmakers et al., 2012). However, when Eg5 activity decreased or in
the cells lacking Eg5 activity, NE-associated dynein functionally

replaced Eg5 in separating centrosome (Raaijmakers et al., 2012).
Dynein in spindle bipolarity

Dynein is established to function in the process of bipolar spindle
organization, including spindle assembly, spindle pole focusing, spindle
shape, spindle orientation and spindle position. Antagonism of dynein
together with the Eg5 protein has been shown to regulate antiparallel
overlapping sliding on microtubules, which is critical for spindle
assembly (Kashina et al., 1996). Microinjection of antibodies against
human Eg5 (HsEg5) leads to monoastral microtubule formation (Blangy
et al.,, 1995). However, inhibition of dynein or the dynein-binding
protein Lis1 can rescue the bipolar spindle formation in cell deficient of
Eg5 (Florian and Mayer, 2012). Dynein was proved to function in
spindle pole focusing in the early of 1990s. It was proposed that spindle-
pole formation in absence of centrosomes requires cytoplasmic dynein-
dependent translocation of microtubules (Heald et al., 1996). Dynein as
well as Eg5 generate directional forces between pairs of microtubules

crosslinked to regulate the spindle morphology in maintaining normal
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length and width. Eg5 inhibition using monastrol by disruption of
ATPase Activity to block Eg5 function finally resulted in spindles
collapse into radial and monopolar microtubule arrays in metaphase
(Mitchison et al., 2005). Correspondingly, perturbation of dynein
function by the antibody 70.1 and vanadate led to abnormal spindles
with no steady-state shape, splaying of spindle poles and microtubule
bundles extending against the cell cortex in an irregular manner (Gaetz
and Kapoor, 2004). Inhibiting both motors dynein and kinesin led to
normal bipolar spindles with approximately same length and shape as

that in control (Mitchison et al., 2005).
Dynein in spindle assembly checkpoint silencing

Once all kinetochores and microtubule have established correct and
stable attachments, spindle assembly checkpoint (SAC) is deactivated
to allow chromosome segregation and anaphase transition. The SAC is
of great significance in accurate chromosome segregation and proper
cytokinesis (Musacchio and Salmon, 2007). SAC regulation is required
for the proteins BubR 1, Bub3, Mad2, cofactor and activator of APC/C,
Cdc2. Kinetochore-localized dynein is suggested to play an important
role in silencing SAC by transporting certain SAC proteins off
kinetochores toward spindle poles. The dynein/dynactin complex can
transport proteins such as Rod away from kinetochore to spindle poles
along k-fibers (Wojcik et al., 2001). Inhibition of dynein by anti-dynein
antibody injection blocked kinetochore outer domain protein transported
to the spindle poles and prevented Mad2 removal from attached
kinetochores (Howell et al., 2001). However, detailed changes of the

subunits or structure in dynein complex responsible for initiating
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motility are not yet fully understood, nor the role for dynein-cofactors

such as dynactin.
Dynein in chromosome segregation

When all kinetochores have established stable attachments to the spindle,
the spindle assembly checkpoint is satisfied. The cell then transits from
metaphase into anaphase. Chromosome segregation requires a bipolar
microtubule-based spindle that connects to chromosomes via their
kinetochores. Chromosomes in most cells could be segregated by
moving towards spindle poles and by virtue of the two spindle poles
moving apart from spindle elongation (Maiato and Lince-Faria, 2010).
One important function of dynein is to drive poleward chromosome
motility within the spindle. Inhibition of dynein severely reduced the
rate of chromatid-to-pole motion during anaphase, resulting in severe
disruption of sister-chromatid separation (Sharp et al., 2000). The rate
of poleward chromosome movement was greatly reduced, and some
chromosome never separated in anaphase. The maximum rate of a
mono-oriented chromosome with immediately poleward movement
after microtubule attachment is consistent with the rate of dynein
movement in vitro. More concretely, in dynein-deficient cells, the
velocity for chromosome movement throughout the anaphase decrease

from 2 um per minute to 0.5 (Savoian et al., 2000).
DYNLRBI1 and DYNLRB2

The LC7 family of Roadblock were initially identified in Drosophila
melanogaster in a genetic screen for axonal transport mutants.

Specifically, Drosophila mutants with larvae exhibiting sluggish
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motility led to the identification of the Roadblock gene (Bowman et al.,
1999). Meanwhile, Roadblock homologs in bacteria belong to an ancient
family of proteins implicated in NTPase regulation (Koonin and
Aravind, 2000). The Roadblock family of light chains (LCs) have been
found in both cytoplasmic and axonemal dyneins (Braschi et al., 2022).
Roadblock family bind directly to cytoplasmic intermediate chain of
dynein and form both homo and heterodimers which leads to an
energetically favorable bivalent-bivalent interaction (Nikulina et al.,
2004; Susalka et al., 2002). LC7b/ Roadblock in Chlamydomonas
flagellum is also interacted directly with the y outer arm of dynein HC
motor domain with regulatory role for assembly and stability of this
dynein motor (DiBella et al., 2004). Interaction of cargo complexes with
distinct IC/LIC/LC isoforms present in discrete subsets of dynein
provides important mechanisms for dynein motor to generate useful

work.

DYNLRBI is widely found as a part of cytoplasmic dynein across
numerous tissues including brain, liver, kidney, and testis. DYNLRBI
levels undergo significant changes in response to light stimuli in the rat's
visual cortex (Ye et al., 2000). Two human homologues of
Roadblock/LC7-like, DNLC2A and DNLC2B, were identified with 87%
similarity. Interestingly, DNLC2A was highly expressed in liver, while
DNLC2B was only slightly expressed (Jiang et al., 2001). The distinct
Roadblock/LC7-like proteins present in the same organism may
facilitate the formation of diverse dyneins with different functions or
contribute to the tissue-specific expression of diverse dyneins. This

expression pattern also identified in mouse testis where the two isoforms

22



INTRODUCTION

DYNLRBI1 and DYNLRB?2 share 75% sequence similarity (figure 9).
During mouse testis development, DYNLRBI is primarily expressed the
mitotic part of spermatogenesis, while DYNLRB2 exhibits both cell-
specific and stage-specific expression patterns during meiosis and some
levels in spermatids as detailed in paper I. This pattern suggests that
different subtypes of cytoplasmic dynein exist during mouse
spermatogenesis within the Roadblock LC, each containing distinct
components. When analyzing the structure, the overall fold of
DYNLRBI1 and DYNLRB2 consists of two a-helices (al-02) and a five
stranded antiparallel B-sheet (B1-B5) connected by six loops (L1-L6),
which is similar with the structure reported in (Ilangovan et al., 2005).
The alteration at the second amino acid position between DYNLRBI
and DYNLRB2 leads to changes in the length and spatial orientation of
the al helix. The al helix is crucial for stabilizing protein structure and
facilitating molecular interactions in active sites or transmembrane
regions. This structural difference may potentially impact the protein's
folding, stability, and overall function (figure 9). To sum up, the
diversity of dynein forms is significantly influenced by the presence of
either DYNLRB1 or DYNLRB2 homodimers, the DYNLRBI1/2
heterodimers, or the absence of Roadblock proteins altogether. The
presence of distinct Roadblock dimers on different populations of
dynein particles potentially provides different mechanism for specific

function.

23



INTRODUCTION

ol

00000000 —1L1 00000000

1 2 02
: Lz—*m-
NP SERIMEVE VE E TLKRIAQ SK G V[NGREAV V Ny KS 1T Thio Y ANJLYIH
DYNLRB2 1 JT|ARRHEN QAT [FH ) {eAU T (€T M L¥STIAD NNT T\YOQ Y Ale/L) AH P
B p5

00000000000—14 —&-LS *Ls-—

o,
I RIS )R AR ANISTVRIJIDPONDLTFLRIRSKKNE IMVAPDKDYIALIVIQNPyy
IV BV ) Rg IKAIMS TVRPIIDPONDLTFLRIRSKKL(E IMVAPDKIHYIALIVIQNP(

DYNLRBI1

I "#$%8)K%5-&"+3&L$&+1&2+;'3-%$1-$66£3&MNOPQR(2+; MNOPQRY7)
The  protein  sequence was  downloaded from  uniprot  web
(https://www.uniprot.org/). The structure of the DYNLRBI1 protein were
downloaded from the Protein Data Bank (PDB) database (Song et al., 2005). The
structure of the DYNLRB2 protein were predicted using AlphaFold web server
(https://golgi.sandbox.google.com/about)(Abramson et al., 2024). The pink and
red color represent different amino acids between DYNLRB1 and DYNLRRB?2,

respectively.

DYNLRBI and DYNLRB2 have been shown to play crucial roles in
various cellular processes, with distinct functional differences between
the two isoforms. In neuronal cells, DYNLRBI1 knockdown impairs
neurite outgrowth, axonal transport, and retrograde signaling (Rishal et
al., 2012). A complete knockout of DYNLRB1 was recently found to be
embryonic lethal, highlighting its critical role in early development
(Terenzio et al., 2020), while DYNLRB2 KO was relatively available,
suggesting the existence of different functions between DYNLRBI1 and
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DYNLRB2. One of their key functions involves their participation in
TGF-f signaling pathways, where they act as TGF-f3 receptor II (TBRII)-
interacting proteins. A kinase-deficient form of TGFf RII prevents both
Roadblock/ LC7 interaction with the dynein intermediate chain (DIC)
(Tang et al., 2002). TBRI and TPRII receptors are the key components
of the TGFp signaling pathway, binding to TGFp to regulate cell growth,
induce extracellular matrix synthesis and activate members of the Smad
family of signal transducers (Hata and Chen, 2016; Massague et al.,
2000; Yue and Mulder, 2001). Smad2 and Smad3 are closely related
TGFB downstream effectors with 92% amino acid sequence similarity,
while Smad2 and Smad3 possess differential sensitivities in relaying
TGFB signaling and have distinct roles in regulating early
developmental events (Brown et al., 2007; Hata and Chen, 2016).
Research has demonstrated that blockade of DYNLRBI1 expression by
siRNA resulted in a reduction in the total intracellular Smad?2 levels (Jin
et al., 2007). In contrast to the DYNLRBI1 isoform, blockade of
DYNLRB2 expression using siRNAs decreased key TGFB/Smad3-
specific responses, but not a Smad2-specific responses. Interestingly,
the inhibition of DYNLRBI1 has no effect on Smad3-related TGF-3
signaling under similar experimental conditions (Jin et al., 2009).
Collectively, DYNLRB2 appears to have unique functions in TGF-§
signaling, which are distinct from those of DYNLRBI. In addition,
distinct dynein complex with DYNLRB1 and DYNLRBI1 exhibited
different regulation in the spindle polarity in cell division, as explained
in the later section of the discussion. While DYNLRB1 and DYNLRB?2

share protein sequence similarities, their functional roles in cellular
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processes are distinct. The contributions of each dynein complex
defined by DYNLRB1 and DYNLRB?2 highlight the importance of their

differential regulation in ensuring proper cellular function.
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The overall aim of this thesis was to investigate the role and functional
mechanism of different dynein light chain DYNLRBI and DYNLRB2

in mitosis and meiosis. The specific aims of the papers in this thesis are:

Paper 1

I' "To investigate the mechanisms of multipolar spindle formation after
Dynlrb2 KO in meiotic spermatocyte and Dynlrbl KD in mitotic cell.

I' "To explore the regulation of Dynlrb1 and Dynlrb2 on centrosome and

NUMA enrichment at meiotic and mitotic spindle pole.

Paper 11

I To characterize the possible functions of Dynlrb?2 in ciliogenesis."

I To investigate the involvement of Dynlrb2 in sperm development
during spermiogenesis."

Paper 111

I To investigate the roles and functional mechanism of Dynlrbl in
mouse oocyte."

I To explore the regulation of Dynlrbl on mouse oocyte asymmetric

division.
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Paper 1

Mouse model: Dynlrb2' " mice (C57BL/6N-A<tm1Brd>
Dynlrb2 <tm1a(KOMP)Wtsi>/WtsiOrl)

Cell lines: Human Embryonic Kidney (HEK) 293 cell,

B16-F1 murine melanoma cell

Plasmids: pET28c+, pB27, pGBKT7, pGBKT7,
pCAGGFP

Methods: hematoxylin and eosin staining, spermatocyte
spreading, seminiferous tubule squash, western blotting,
reverse transcription PCR, sucrose density gradient
analysis, siRNA knockdown, immunostaining, mouse
embryonic fibroblasts cell culture, immunoprecipitation,
mouse ear fibroblasts cell culture, TdT-mediated dUTP
nick-end labeling assay, antibody production, fluorescence
and western blotting band intensity analysis, single-cell

RNA sequencing, yeast two-hybrid assay(Y2H).

Paper 11

Mouse model: Dynlrb2' " 'mice (C57BL/6N-A<tm1Brd>
Dynlrb2 <tm1a(KOMP)Wtsi>/WtsiOrl)

Plasmids: pCAGGFP, pET28c+

Methods: sperm spreading, oocyte collection and staining,
follicle analysis, fertility assay, histological analysis, cell

and testis immunoprecipitation, western blotting, plasmid
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transfection, immunostaining, fluorescence, and western

blotting band intensity analysis.

Paper III | Mouse model: ICR mice

Methods: oocyte collection and culture, oocyte injection,
oocyte siRNA knockdown, immunofluorescence stanning,
actin analysis, spindle structure measurement, cortical

granules staining, fluorescence analysis.
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This section summarizes and discuss the key results from papers I, II,
and III. For more in-depth information, the complete papers are provided

at the end of the thesis book.
Paper 1!

In this research, we demonstrated the functional mechanisms of distinct
dynein complexes defined by light chain DYNLRB1 and DYNLRB2 in
the bipolar spindle formation during mitosis and meiosis.

DYNLRBI and DYNLRB2 were firstly identified as exhibiting distinct
expression patterns in the adult mouse testis, with DYNLRBI primarily
expressed during the mitotic phase of spermatogenesis, while
DYNLRB2 shows high expression levels in meiotic spermatocytes and
spermatozoa. Differential expression patterns of DYNLRB1 and
DYNLRB?2 in testis at different space and time, highlight key, non-
overlapping roles for each dynein complex in testicular development
and spermatogenesis. Similar distinct expression patterns have also been
reported in the liver organ suggesting a potential conserved role across
different organisms (Jiang et al., 2001). The cell-specific localization
differences between DYNLRBI and DYNLRB2 may lead to variations
in their interaction with other dynein subunits with potential
implications for specific biological functions, same as the existence of
different actin (Nietmann et al., 2023). Notably, DYNLRB2 has been
found in our analysis to be associated with certain actin-related proteins
including Alpha-Actinin-4 and NEXN, whereas DYNLRB1 does not

show this connection.
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Dynein accumulates on the telomere-nuclear envelope attachment sites,
driving both chromosome movement and pairing during prophase.
(Morimoto et al., 2012; Shibuya et al., 2018; Shibuya et al., 2014).
However, unlike other dynein subunits, no telomere-localized
DYNLRB2 was detected in prophase I spermatocytes in our analysis.
Correspondingly, in Dynlrb2 KO spermatocytes, chromosome
movement and pairing during prophase I occur normally according to

our observations! In contrast, we observed strong focal signals of

DYNLRB?2 at the spindle poles in metaphase I and II spermatocytes,
along with faint signals at the kinetochores which was in accordance
with dynein localization reported (Monda and Cheeseman, 2018).
During metaphase 1, Dynlrb2 KO spermatocytes exhibited with
multipolar spindles accompanied with abnormally widened, elongated,
and misoriented spindles. DYNLRB2 likely plays a critical role in
maintaining normal spindle organization, possibly in collaboration with
NUMA regulation in metaphase spermatocytes. Dynein and NUMA are
essential for minus-end clustering, which helps stabilize spindle shape
at a steady state. Depletion or knockdown of dynein and NUMA
expression led to significantly disordered and enlarged microtubules
(Hueschen et al., 2019). Meanwhile, NUMA, as a critical component of
the LGN-Gai-NUMA complex, attached to astral microtubules and
mechanically stabilizing spindle orientation (Zheng et al., 2013). Most
notably, in Dynlrb2 KO spermatocytes, the poleward concentration of
NUMA was significantly disrupted. NUMA localization at spindle poles
mostly depends on the meiosis-specific DYNLRB2-containing dynein

complex in male meiosis I. Our results pertaining to DYNLRB2 during
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male meiotic events lend credence to the perspective that DYNLRB2-
dynein plays a crucial role in the localization of NUMA at spindle poles.
This is in alignment with the published findings that a fragment of
NUMA at the N-terminus associates with dynein via interactions with
the light intermediate chain (LIC) subunits (Renna et al., 2020).

In addition, we have found DYNLRB2-dynein contributes to spindle
organization by another important mechanism to ensure proper
formation of the pericentriolar material and centriole disengagement.
Although Dynlrb2 depletion does not affect Ndc 80, Plk1, Eg5, dynactin
and other dynein subunits localization, NUMA localization and
regulation were impaired in KO metaphase spermatocyte. The centriole
disengagement at the arrested metaphase is likely to be caused by
downregulation of the END (Emil/NUMA/Dynein) complex with
separase release to cleavage centrioles cohesin in advance (Ban et al.,
2007). Another possibility is that structural PCM components may play
an important role in maintain centriole cohesion, some of which are
transported by DYNLRB2-dynein complex. Of this, pericentrin is
particularly interesting one since it directly interacts with LIC1 but not
LIC2 and is cleaved directly by separase (Purohit et al., 1999).

Our research delineated the consequences of DYNLRB1 suppression on
mitotic cell progression and assembly processes of mitotic spindles.
DYNLRBI knockdown resulted in metaphase stage arrested with the
multipolar spindle and the presence of atypical telophase cells indicating
with possible cytokinesis defect, which was similar with dynein light
intermediate chain 2 in facilitating the metaphase to anaphase transition

(Mahale et al., 2016). In addition, depletion of dynein intermediate chain
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LIC1/2 and dynein heavy chain DHC also led to multipolar spindles,
frequently exhibiting poles that lacked definitive focus and apparent
disarray of chromosomes (Hueschen et al., 2017; Jones et al., 2014). A
series of striking cellular abnormalities were discovered accompanying
multipolar spindles” notably the overduplication of centrioles and
fragmentation of the pericentriolar material, which were integral to
proper cell cycle progression and spindle organization (Jones et al.,
2014) . In addition, DYNLRBI is instrumental in ensuring the robust
and sustained concentration of nuclear mitotic apparatus protein
(NUMA) at the poles of mitotic spindles in human and mouse cell lines
in this study. Our results suggested that the roles of DYNLRBI in the
mitotic processes exhibited a degree of evolutionary conservation across
different biological species.

DYNLRB1 and DYNLRB2 was proved in our results to have
interchangeable roles that the expression of RNAi-resistant™® -
DYNLRB?2 restored spindle multipolarity caused by the Dynlrbl KD.
We introduced either FLAG-tagged human DYNLRBI or FLAG-
tagged human DYNLRB2 into HeLa cells, which were already stably
expressing GFP-tagged dynein heavy chain. Subsequently, the active
GFP-tagged dynein complexes were isolated through FLAG-tag
immunoprecipitation. Single-molecule analyses revealed that each of
dynein complexes exhibited processive movement along microtubules
polymerized in vitro, demonstrating similar velocities. It suggested that
DYNLRBI1 and DYNLRB2 might have overlapping roles in stabilizing

dynein motor complexes or in regulating their activity. The current
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results raise the possibility of the potential of DYNLRBI to functionally

compensate for DYNLRB2 within male meiotic cells.

Paper 11

In this project, we extensively analyzed the importance of DYNLRB2
from ciliogenesis to spermiogenesis. DYNLRB2 has multiple important
cellular and physiological roles in the centrosome regulation and sperm
maturation during spermiogenesis.

During the ciliogenesis, axonemal components are transported to the
growing cilium through a dynamic mechanism that requires axonemal
dynein (Ishikawa, 2017). Axonemal dynein dysfunction is therefore
associated with cilia dysfunction, a disorder with well-characterized
phenotypes, referred to ciliopathies. Mutations in genes for axonemal
dynein assembly resulted in combined inner and outer dynein arms
defects accompanied by ciliary dyskinesia (Mazor et al., 2011; Olbrich
et al., 2002; Omran et al., 2008). As expected, knockdown or mutations
in axonemal dynein heavy chains, intermediate chains and light chains
caused dynein dysfunction associated with varying degrees of ciliary
disease (Horvath et al., 2005; Kobayashi et al., 2010; Whitfield et al.,
2019). DYNLRB2, as an essential light chain for the axonemal dynein
assembly, its deficiency resulted in diverse ciliopathies-associated
phenotypes. The loss of DYNLRB?2 function contributes significantly to
ciliary defects, underscoring its importance in axonemal dynein
assembly and ciliogenesis, similar to other dynein subunits whose
mutations are well-documented causes of ciliopathies (Antony et al.,

2021). DYNLRB?2 is not only required for cytoplasmic dynein-mediated
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process within the cell but is also integral to the formation and function
of cilia during development.

Sperm flagella are important part of the group of eukaryotic motile cilia.
During spermiogenesis, DYNLRB2 was localized around the centrioles
of post-meiotic spermatids. The most remarkable phenotype we
observed in Dynlrb2”%hice testes was an increased number of abnormal
sperm during post-meiotic germ cell development. Defects in
spermiogenesis lead to the declined quality and quantity of sperm, which
was a major cause of male infertility (Azhar et al., 2021). Dynlrb2%&%"
mice produced malformed spermatozoa due to defective spermiogenesis.
This defect was histologically characterized by defective elongated
spermatids with abnormal sperm head that were observed in KO testes.
Aberrant sperm heads are frequently attributed to malformed manchette
development during spermiogenesis (Lehti and Sironen, 2016). Alpha-
tubulin localization at different stages of spermatid development in
Dynlrb2*%estis revealed abnormal microtubule assembly, suggesting
the role of DYNLRB2 in manchette formation. Multiple studies on
genes related to spermiogenesis indicated that abnormal manchette
development led to changes in sperm head shape (Liu et al., 2015;
Mendoza-Lujambio et al., 2002; Umer et al., 2021). Another interesting
finding is shortened, missing or abnormally shaped sperm flagella in
Dynlrb2 KO males. Together, these defects explain the absence of
spermatozoa in the tubule sections of Dynlrb2 KO epididymides. Genes
encoding the components for axonemal dynein assembly are required
for sperm flagellogenesis and mutations in these genes cause

dysfunction of axonemal dynein arms with identifiable changes in
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abnormal sperm flagellar morphology (Samant et al., 2005; Song et al.,
2020). Consistent with previous findings, the severe phenotypes
observed in Dynlrb2 KO male spermatozoa likely indicate the
indispensable role of DYNLRB2 during sperm development.

The centrioles in connection of sperm head and tail and axoneme
development are critical for the formation of a functional spermatozoon
during spermiogenesis. The proximal centriole in the spermiogenesis
becomes associated with the nucleus and contributes to the formation of
centriolar adjunct (Avidor-Reiss et al., 2020). The distal centriole gives
rise to the base of the axoneme, thereby joining the head and the tail of
the sperm. A properly functional centrosome is crucial for the timely
progression of spermatogenesis and the subsequent phase of
spermiogenesis. We have shown that post-meiotic Dyn/rb2 KO round
spermatids do possess two centrioles. The centrosomal core proteins
including SAS6, STIL, PCNT and CNAP-1 formed normally in the
Dynlrb2-deficient spermatids. In addition, genetic abnormalities of
centriolar satellite components PCM1 can compromise cilia formation
and contribute to the ciliopathy’s disorders including sperm defects
(Hall et al., 2023). Interestingly, we found that DYNLRB2 co-
immunoprecipitated with PCM1, suggesting the existence of a dynein-
PCMI complex in mouse testis and this complex included DYNLRB2.
On a molecular level, loss of Dynlrb2 might lead to downregulation of
centriolar satellites, resulting in deregulation of centrosome remodeling
followed by serious cilia defects we identified in Dynlrb2 KO mice.
Together, our work on DYNLRB2 KO mice successfully characterized

the spermiogenesis and ciliopathy-associated phenotypes. The results
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further demonstrated the importance of DYNLRB2 in maintaining
normal spermiogenesis and ciliogenesis. The implications of diverse
ultrastructural abnormalities in centrioles of mature spermatozoa on
male fertility remain under-researched. Our research established an
effective Dynlrb2 knockout model for exploring the potential and
underlying mechanisms of a connection between sperm centrioles and

male infertility.
Paper 111

In this paper, our aim is to investigate the possible roles and functional
mechanisms of DYNLRB1 in mouse oocyte meiosis with the focus on
the asymmetric cytokinesis.

Oocyte meiosis is a critical process in female gametogenesis, involving
a series of well-orchestrated cell divisions that are necessary for proper
reproductive function. Our previous studies showed that DYNLRBI
downregulation caused mitotic progression arrest and division failure in
mouse B16 and HEK 293 cells (He et al., 2023). In meiosis, the effect
of DYNLRBI downregulation on mouse oocytes were unknown and
firstly assessed by siRNA injection analysis. Another dynein light chain
TCTEX-type 3 (DYNLT?3) localized around the germinal vesicle and
associated with kinetochores at the germinal vesicle breakdown stage,
metaphase I and metaphase II during mouse oocyte meiosis. Depletion
of DYNLTS3 in oocyte caused to the metaphase arrest and misaligned
chromosome, ultimately leading to the defects of polar body extrusion
(Huang et al., 2011). Additionally, dynein inhibitor delayed the oocytes
meiosis process and mouse oocytes were blocked at germinal vesicles

(GV) stage or MI to anaphase transition (Wang et al.,, 2004). To
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investigate the oocyte meiotic progression, we observed two critical
developmental events during oocyte meiosis GVBD (germinal vesicle
breakdown) and PBE (polar body extrusion). The quantification
indicated that nearly 30%-40% of oocytes in DYNLRB1 KD group
displayed GVBD compared with more than 85% in the control. The
analysis in the polar body extrusion indicated that DYNLRBI silencing
resulted in failure of oocyte polar body extrusion. Same phenotype was
also identified in the anti-dynein antibody injected mouse oocytes with
only 41.5%, 60.7%, and 75.3% oocytes released the first polar body,
compared to 75.6%, 81.8%, and 85.5% in control oocytes, showing a
significant difference (Zhang et al., 2007). Moreover, the oocytes
extruded the large polar body and failed to divide asymmetrically,
suggesting the failure of asymmetric cell cytokinesis.

To investigate the functional mechanism for this cytokinesis defect, the
exploration on actin and spindle formation were investigated in mouse
oocytes. In mouse oocytes, successful polar body extrusion relies on
establishment of asymmetric spindle position and cortical polarity.
Defects in meiotic spindle migrating or cortical polarization resulted in
a variety of abnormalities including oocytes with large polar body or
polyploid eggs (Ma et al., 2024; Pan et al., 2024). To ensure asymmetry
in each division, the normal meiotic spindle first must migrate close to
one side of the cortex and the cell cortical polarity next established via
actin. Actin is the primary driver of spindle migration and mediates its
movement toward the cortex, directly promoting asymmetric oocyte
division (Yi and Li, 2012). Actin filament staining after disrupting
DYNLRBI activity was affected in oocyte indicating by line scan
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analysis, as well as actin cap and cortical granule-free domain formation.
These results suggested that DYNLRBI1 was probably involved in
regulating cortical polarization and might further affect polar body
extrusion. Additionally, we found that silencing of DYNLRBI1 affected
the spindle formation confirmed by the analysis on MI spindle structure.
Interestingly, our results indicated that DYNLRB1 was essential for
meiotic spindle assembly during oocyte meiosis [. Antibody
microinjection to inhibit the cytoplasmic dynein/dynactin complex
disrupted the polar accumulation of p-MEK1/2 and led to notable
spindle abnormalities (Xiong et al., 2007). Furthermore,
coimmunoprecipitation assays using mouse oocyte extracts confirmed
the interaction between p-MEK /2 and dynein or dynactin at metaphase
I (Xiong et al., 2007). It suggested that DYNLRB1 might regulate the
normal meiotic spindle assembly through p-MEKI1/2. We further
investigated whether DYNLRB1 modulated the spindle migration
during oocyte cytokinesis. Interestingly, the spindle localized near the
center of oocytes in the DYNLRBI1-depleted oocytes. Moreover, the
formation of cortical granule free domain, a typical characteristic of
oocyte polarization (Liu, 2011), was disrupted after downregulated the
DYNLRBI activity. Similar results were reported on Rab6a, which were
involved in polar body extrusion and cytokinesis based on regulating
actin cap and cortical granule free domain formation during mouse
oocyte meiosis (Ma et al., 2016). Thus, our results indicated that
DYNLRBI regulated spindle migration for asymmetric division and

might interact with the protein mentioned above.
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To summarise, our research underlied the roles and functional
mechanism of two dynein lights from male to female and mitosis to
meiosis. These results provided an ideal model to further investigate the
molecular mechanisms of dynein complex components and potential

gene markers for human male and female infertility.
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In this thesis, the laboratory mouse model system and different cell lines
were used to investigate the two distinct dynein light chains in meiosis
and mitosis, respectively. DYNLRB?2, a testis-upregulated dynein LC,
was found to be essential for male fertility through its regulation of
meiotic bipolar spindle formation in spermatocyte meiosis and sperm
formation during spermiogenesis. Correspondingly, DYNLRB2 was
independent for the female fertility as well as mouse oocyte maturation
process. DYNLRB2 was also found to be involved in ciliogenesis, with
typical ciliary dysfunction indicating potential roles in early
development (papers I and II). The ubiquitously expressed mitotic
counterpart, DYNLRBI, played similar roles in maintaining mitotic
spindle bipolarity for the normal cell division (paper I). Beyond mitosis,
DYNLRBI1 was essential for mouse oocyte meiosis progression and
asymmetric cytokinesis, revealing a new molecular pathway that could
enhance our understanding of oocyte development and female
reproductive health (paper III). The results provided new insights into
the possible roles and functional mechanisms of dynein light chains in

cilia formation and fertility.

*1627;51<;7=<; A68> ;=

Exploring the interchangeable roles of DYNLRB1 and DYNLRB2
in meiosis

Our analysis revealed that the role of DYNLRBI1 in mitosis was

effectively complemented when DYNLRB?2 is ectopically expressed.
DYNLRBI1 knockdown in mouse and human cells led to the defects in
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multipolar spindle formation (paper I). Ectopic expression of
DYNLRB?2 successfully rescued the DYNLRB1 KD phenotypes. This
finding suggested that DYNLRB2 might be capable of performing
functions typically attributed to DYNLRBI1. However, two significant
question remains unknown: whether DYNLRBI1 can complement the
role of DYNLRB2 specifically in male meiotic cells and DYNLRB2 can
assume the role normally performed by DYNLRBI1 in female meiotic
oocytes. To address this question, it is essential to generate the
genetically engineered mice that express DYNLRBI in place of
DYNLRB2 within male germ cells. Meanwhile, DYNLRB1 knockdown
in mouse oocyte meiosis caused the cytokinesis defect (paper III). The
overexpression of DYNLRB?2 in vitro oocyte maturation is expected to
investigate about the interchangeable roles between the two dynein light
chains in oocyte meiosis. After constructing special DYNLRBI
overexpressed mouse model, it will be crossed with the DYNLRB2
heterozygous and the DYNLRB2 KO mice were analyzed for the further
investigation on the bipolar spindle formation and sperm maturation. In
addition, the roles of DYNLRBI in spermatogenesis will be an
interesting part to investigate, considering high protein sequence
identity between DYNLRB1 and DYNLRB?2 but function specially in
distinct dynein complex. Conducting such a study will provide deeper
insights into the distinct functional differences between DYNLRB1 and
DYNLRB?2, particularly regarding their roles in male and female germ
cell meiosis. This research will be pivotal in elucidating the specific
contributions of each dynein light chain to the fertility and possible

implications in reproductive biology.
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Identifying the difference between the DYNLRB1 and DYNLRB2

To further address the difference of two dynein light chains, we
extended the investigation by the sucrose density gradient centrifugation
analysis with the kind help of Carmen M Cérdoba-Beldad and Julie
Grantham (Figure 9). Most other dynein complex proteins (dynein
heavy chain DYNC1HI, light chain DYNLLI, light intermediate chain
DYNCILI2 and intermediate chain DYNCI1I1/2) as well as PCM1 and
NUMA, were identified in high molecular weight fractions within
fraction 7 where the large majority of dynein complex were co-
fractionated, while the ectopically expressed GFP-tagged Dynlrbl and
Dynlrb2 were less detected. However, they were relatively more
abundant in fractions 10-13 where the dynein-free form existed.
Immunoprecipitation experiment is highly sensitive for detecting
protein-protein interactions. It selectively isolates complexes that
involve the tagged proteins, specifically GFP-Dynlrb1 or GFP-Dynlrb?2.
However, sucrose gradient analysis operates differently, separating
proteins based on their density and size. One possible explanation for
the lower detection of the GFP-tagged proteins in the dynein co-
fractionated complex is that they might be inherently less stable or more
susceptible to degradation compared to their endogenous counterparts
in sucrose density gradient analysis compared with in
Immunoprecipitation experiment. During centrifugation, protein
complexes are subject to physical forces that can cause dissociation or
degradation, especially when centrifugation times are long. Meanwhile,
the centrifugation was under low temperature, and it might impair the

folding of GFP-Dynlrb1/Dynlrb2 fusion proteins, ultimately affecting
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the interaction with other dynein complex proteins and some regulatory
proteins. Future exploration on normalizing the different possibility will
help to explain the results. Additionally, a cryo-electron microscopy
study of the two dynein light chains as well as its interactors in the
absence of DYNLRBI and DYNLRB2 would shed additional light on
the difference.
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Figure 9. Sucrose density gradient centrifugation analysis. After transfecting the
plasmids into B16 cells, GFP-positive signals will be identified under the
microscope to confirm that the plasmids were transfected successfully. The lysates
from the successfully transfected cells will then be collected for sucrose density
gradient centrifugation. Cells were lysed in ice-cold lysis buffer (50 mM HEPES
pH 7.2, 90 mM KCl, 0.5% IGEPAL, and 1/500 mammalian protease inhibitor
(Sigma-Aldrich)) and fractionated by 40-10% sucrose gradient centrifugation.
Western blot analyses were performed on different fractions. Ectopically
expressed GFP-tagged '()%*+, and '()%*+-! were detected with an GFP-specific
antibody. Western blots were also probed for some dynein subunits, DYNLLI,
DYNCILI2, DYNCI1I1/2, DYNC1HI1, PCM1 and NUMA.
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Identification of DYNLRB1 and DYNLRB?2 in relation to human
infertility

Our research demonstrated that both DYNLRB1 and DYNLRB2 played
crucial roles in gametogenesis, significantly contributing to fertility in
mouse oocytes and spermatocytes, respectively. Nonetheless, it remains
an unresolved question whether DYNLRBI1 and DYNLRB?2 have the
similar roles in human infertility. As the prevalence of infertility
increases, there is an urgent need to study the genetic and molecular
mechanisms of this disease. Assisted reproductive technologies (ART)
have emerged as a kind of hope for the people dealing with infertility.
Infertile couples often turn to ART as a last chance to have a baby.
Nevertheless, the journey to pregnancy through ART can be hindered
by various challenges, especially when genetic abnormalities are
involved.

Future research targeted at identifying the relationship of DYNLRBI1
and DYNLRB?2 in the human infertility by the experiment mouse model
and the analysis of patient samples could possibly enhance our
understanding of more genetic factors that contribute to reproductive
issues. This endeavor is dedicated to the enrichment of knowledge
regarding genes associated with infertility and mechanisms, in
collaboration with reproductive centers, to facilitate screening among
infertile people. Progress in this research is expected to promote
common progress in other areas of reproductive research. With the
passage of time and advancements in technology, more research is
carrying on the infertility problems and more genes related to infertility

will be discovered. In the foreseeable future, individuals may be able to
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make better decisions regarding reproductive options through the
assessment of their genetic information, thereby fulfilling the wishes to

have a healthy baby.

46



ACKNOWLEDGMENTS

**AE54F(;@G; B ; 56=!

Reflecting upon the entirety of my PhD journey, nothing is more

important than thanks. !

To the supervisors Hiroki Shibuya, Julie Grantham, Elisabet Ahlberg,
Per Sunnerhagen and Marc Pilon for the inspirations and instructions in

the research. Thanks for teaching me the biggest lesson in life.
To the examiner Peter Carlsson for the valuable advice at difficult time.

To Marica Ericson, Kristina Hedfalk, Dan Berglund, Lotta Lysmark,

Johanna Johansson Sj6lander for all the care in the whole journey.

To all the professional researchers in the department for providing a
scientific environment; Anders, Anne, Asa, Beidong, Daniel, Markus,

Margit, Peter, Per, Julie, and Jonas.

To the administrative and technical staffs for solving kinds of daily
problems: Valida, Peter, Gabriella, Catarina, Bruno, Lotta, Linda and

Lars.

To the gracious PhD students and Postdocs in Gothenburg university:
Hiroki group, Julie lab, Margit’s lab members, kind partners in

Beidong’s team, postdocs and master students in Peter’s group, Marc
group.

To the best collaborator Dr. BaoQiong for all wonderful cooperation.
To LiuYu, Huiting, Xiufeng, Xiaoxue for the solid support constantly.
Thanks a lot to Yarong, Liming, Jianqiong, Guojiang, Zhicheng, Wang
Hao for all the good times. Thanks warmly to Ying for all the

accompany!

47



ACKNOWLEDGMENTS

Thanks a million to the development of knowledge and technology!
Most importantly, big thanks to my families!

6788%8&)9":8"#;0'1"08'1%)<)=$&8"##)'()*& ', +*? ""+5'?)$95,0(8"%=&

48



REFERENCES

References

Abramson, J., Adler, J., Dunger, J., Evans, R., Green, T., Pritzel, A.,
Ronneberger, O., Willmore, L., Ballard, A.J., Bambrick, J., et al.
(2024). Accurate structure prediction of biomolecular
interactions with AlphaFold 3. Nature 630, 493-500.
10.1038/s41586-024-07487-w.

Antony, D., Brunner, H.G., and Schmidts, M. (2021). Ciliary Dyneins
and Dynein Related Ciliopathies. Cells 10.
10.3390/cells10081885.

Asante, D., Stevenson, N.L., and Stephens, D.J. (2014). Subunit
composition of the human cytoplasmic dynein-2 complex. J Cell
Sci 127,4774-4787. 10.1242/jcs.159038.

Avidor-Reiss, T., Carr, A., and Fishman, E.L. (2020). The sperm
centrioles. Mol Cell Endocrinol 518, 110987.
10.1016/j.mce.2020.110987.

Avidor-Reiss, T., and Gopalakrishnan, J. (2013). Building a centriole.
Curr Opin Cell Biol 25, 72-77. 10.1016/j.ceb.2012.10.016.

Azhar, M., Altaf, S., Uddin, 1., Cheng, J., Wu, L., Tong, X., Qin, W.,
and Bao, J. (2021). Towards Post-Meiotic Sperm Production:
Genetic Insight into Human Infertility from Mouse Models. Int
J Biol Sci 17, 2487-2503. 10.7150/ijbs.60384.

Azoury, J., Lee, K.W., Georget, V., Rassinier, P., Leader, B., and
Verlhac, M.H. (2008). Spindle positioning in mouse oocytes
relies on a dynamic meshwork of actin filaments. Curr Biol /8,

1514-1519. 10.1016/j.cub.2008.08.044.

49



REFERENCES

Ban, K.H., Torres, J.Z., Miller, J.J., Mikhailov, A., Nachury, M.V.,
Tung, J.J., Rieder, C.L., and Jackson, P.K. (2007). The END
network couples spindle pole assembly to inhibition of the
anaphase-promoting complex/cyclosome in early mitosis. Dev
Cell 13,29-42. 10.1016/j.devcel.2007.04.017.

Ben Khelifa, M., Coutton, C., Zouari, R., Karaouzene, T., Rendu, J.,
Bidart, M., Yassine, S., Pierre, V., Delaroche, J., Hennebicq, S.,
et al. (2014). Mutations in DNAH1, which encodes an inner arm
heavy chain dynein, lead to male infertility from multiple
morphological abnormalities of the sperm flagella. Am J Hum
Genet 94, 95-104. 10.1016/j.ajhg.2013.11.017.

Bennabi, 1., Terret, M.E., and Verlhac, M.H. (2016). Meiotic spindle
assembly and chromosome segregation in oocytes. J Cell Biol
215,611-619. 10.1083/jcb.201607062.

Blangy, A., Lane, H.A., d'Herin, P., Harper, M., Kress, M., and Nigg,
E.A. (1995). Phosphorylation by p34cdc2 regulates spindle
association of human Eg5, a kinesin-related motor essential for
bipolar spindle formation in vivo. Cell 83, 1159-1169.
10.1016/0092-8674(95)90142-6.

Blisnick, T., Buisson, J., Absalon, S., Marie, A., Cayet, N., and Bastin,
P. (2014). The intraflagellar transport dynein complex of
trypanosomes is made of a heterodimer of dynein heavy chains
and of light and intermediate chains of distinct functions. Mol
Biol Cell 25, 2620-2633. 10.1091/mbc.E14-05-0961.

Bolhy, S., Bouhlel, 1., Dultz, E., Nayak, T., Zuccolo, M., Gatti, X.,
Vallee, R., Ellenberg, J., and Doye, V. (2011). A Nup133-

50



REFERENCES

dependent NPC-anchored network tethers centrosomes to the
nuclear envelope in prophase. J Cell Biol 792, 855-871.
10.1083/jcb.201007118.

Bowman, A.B., Patel-King, R.S., Benashski, S.E., McCaffery, J.M.,
Goldstein, L.S., and King, S.M. (1999). Drosophila roadblock
and Chlamydomonas LC7: a conserved family of dynein-
associated proteins involved in axonal transport, flagellar
motility, and mitosis. J Cell Biol /46, 165-180.

Braschi, B., Omran, H., Witman, G.B., Pazour, G.J., Pfister, K.K.,
Bruford, E.A., and King, S.M. (2022). Consensus nomenclature
for dyneins and associated assembly factors. J Cell Biol 221.
10.1083/j¢b.202109014.

Brown, K.A., Pietenpol, J.A., and Moses, H.L. (2007). A tale of two
proteins: differential roles and regulation of Smad2 and Smad3
in TGF-beta signaling. J Cell Biochem 107, 9-33.
10.1002/jcb.21255.

Cazin, C., Boumerdassi, Y., Martinez, G., Ben Mustapha, S.F.,
Whitfield, M., Coutton, C., Thierry-Mieg, N., Di Pizio, P., Rives,
N., Arnoult, C., et al. (2021). Identification and Characterization
of the Most Common Genetic Variant Responsible for Acephalic
Spermatozoa Syndrome in Men Originating from North Africa.
Int J Mol Sci 22. ARTN 2187

10.3390/1jms22042187.

Choi, Y.K., Liu, P., Sze, S.K., Dai, C., and Qi, R.Z. (2010). CDK5RAP2

stimulates microtubule nucleation by the gamma-tubulin ring

complex. J Cell Biol /91, 1089-1095. 10.1083/jcb.201007030.

51



REFERENCES

Cobb, J., and Handel, M.A. (1998). Dynamics of meiotic prophase I
during spermatogenesis: from pairing to division. Semin Cell
Dev Biol 9, 445-450. 10.1006/scdb.1998.0202.

Coutton, C., Vargas, A.S., Amiri-Yekta, A., Kherraf, Z.E., Ben
Mustapha, S.F., Le Tanno, P., Wambergue-Legrand, C.,
Karaouzene, T., Martinez, G., Crouzy, S., et al. (2018).
Mutations in CFAP43 and CFAP44 cause male infertility and
flagellum defects in Trypanosoma and human. Nat Commun 9,
686. 10.1038/541467-017-02792-7.

Cullen, C.F., Deak, P., Glover, D.M., and Ohkura, H. (1999). mini
spindles: A gene encoding a conserved microtubule-associated
protein required for the integrity of the mitotic spindle in
Drosophila. J Cell Biol /46, 1005-1018. 10.1083/jcb.146.5.1005.

Cullen, C.F., and Ohkura, H. (2001). Msps protein is localized to
acentrosomal poles to ensure bipolarity of Drosophila meiotic
spindles. Nat Cell Biol 3, 637-642. 10.1038/35083025.

Dey, S.K. (2010). How we are born. J Clin Invest /20, 952-955.
10.1172/JCI42380.

DiBella, L.M., Sakato, M., Patel-King, R.S., Pazour, G.J., and King,
S.M. (2004). The LC7 light chains of Chlamydomonas flagellar
dyneins interact with components required for both motor
assembly and regulation. Mol Biol Cell 15, 4633-4646.
10.1091/mbc.e04-06-0461.

Dieterich, K., Soto Rifo, R., Faure, A.K., Hennebicq, S., Ben Amar, B.,
Zahi, M., Perrin, J., Martinez, D., Sele, B., Jouk, P.S., et al.
(2007). Homozygous mutation of AURKC yields large-headed

52



REFERENCES

polyploid spermatozoa and causes male infertility. Nat Genet 39,
661-665. 10.1038/ng2027.

Dutta, S., Burks, D.M., and Pepling, M.E. (2016). Arrest at the diplotene
stage of meiotic prophase I is delayed by progesterone but is not
required for primordial follicle formation in mice. Reprod Biol
Endocrin /4. ARTN 82

10.1186/s12958-016-0218-1.

Feng, R., Sang, Q., Kuang, Y., Sun, X., Yan, Z., Zhang, S., Shi, J., Tian,
G., Luchniak, A., Fukuda, Y., etal. (2016). Mutations in TUBBS8
and Human Oocyte Meiotic Arrest. N Engl J Med 374, 223-232.
10.1056/NEJMoal510791.

Florian, S., and Mayer, T.U. (2012). The Functional Antagonism
between Eg5 and Dynein in Spindle Bipolarization Is Not
Compatible with a Simple Push-Pull Model. Cell Reports /7, 408-
416. 10.1016/j.celrep.2012.03.006.

Gaetz, J., and Kapoor, T.M. (2004). Dynein/dynactin regulate
metaphase spindle length by targeting depolymerizing activities
to spindle poles. J Cell Biol 166, 465-471.
10.1083/jcb.200404015.

Gergely, F., Kidd, D., Jeffers, K., Wakefield, J.G., and Raff, J.W. (2000).
D-TACC: a novel centrosomal protein required for normal
spindle function in the early Drosophila embryo. EMBO J 79,
241-252.10.1093/emboj/19.2.241.

Gershoni, M., Hauser, R., Barda, S., Lehavi, O., Arama, E., Pietrokovski,
S., and Kleiman, S.E. (2019). A new MEIOB mutation is a

53



REFERENCES

recurrent cause for azoospermia and testicular meiotic arrest.
Hum Reprod 34, 666-671. 10.1093/humrep/dez016.

Gibbons, .R. (1963). Studies on the Protein Components of Cilia from
Tetrahymena Pyriformis. Proc Natl Acad Sci U S A 50, 1002-
1010. 10.1073/pnas.50.5.1002.

Gibbons, L.LR., and Rowe, A.J. (1965). Dynein: A Protein with
Adenosine Triphosphatase Activity from Cilia. Science /49,
424-426. 10.1126/science.149.3682.424.

Gonczy, P., Pichler, S., Kirkham, M., and Hyman, A.A. (1999).
Cytoplasmic dynein is required for distinct aspects of MTOC
positioning, including centrosome separation, in the one cell
stage Caenorhabditis elegans embryo. J Cell Biol /47, 135-150.
10.1083/jcb.147.1.135.

Griswold, M.D. (2016). Spermatogenesis: The Commitment to Meiosis.
Physiol Rev 96, 1-17. 10.1152/physrev.00013.2015.

Gueth-Hallonet, C., Antony, C., Aghion, J., Santa-Maria, A., Lajoie-
Mazenc, 1., Wright, M., and Maro, B. (1993). gamma-Tubulin is
present in acentriolar MTOCs during early mouse development.
J Cell Sci 105 (Pt 1), 157-166. 10.1242/jcs.105.1.157.

Hall, E.A., Kumar, D., Prosser, S.L., Yeyati, P.L., Herranz-Perez, V.,
Garcia-Verdugo, J.M., Rose, L., McKie, L., Dodd, D.O.,
Tennant, P.A., et al. (2023). Centriolar satellites expedite mother
centriole remodeling to promote ciliogenesis. Elife 72.

10.7554/eLife.79299.

54



REFERENCES

Hata, A., and Chen, Y.G. (2016). TGF-beta Signaling from Receptors
to Smads. Cold Spring Harb Perspect Biol 8.
10.1101/cshperspect.a022061.

He, S., Gillies, J.P., Zang, J.L., Cordoba-Beldad, C.M., Yamamoto, .,
Fujiwara, Y., Grantham, J., DeSantis, M.E., and Shibuya, H.
(2023). Distinct dynein complexes defined by DYNLRBI1 and
DYNLRB?2 regulate mitotic and male meiotic spindle bipolarity.
Nat Commun /4, 1715. 10.1038/s41467-023-37370-7.

Heald, R., Tournebize, R., Blank, T., Sandaltzopoulos, R., Becker, P.,
Hyman, A., and Karsenti, E. (1996). Self-organization of
microtubules into  bipolar spindles around artificial
chromosomes in Xenopus egg extracts. Nature 382, 420-425.
DOI 10.1038/382420a0.

Hook, P., and Vallee, R.B. (2006). The dynein family at a glance. J Cell
Sci 119, 4369-4371. 10.1242/jcs.03176.

Horvath, J., Fliegauf, M., Olbrich, H., Kispert, A., King, S.M.,
Mitchison, H., Zariwala, M.A., Knowles, M.R., Sudbrak, R.,
Fekete, G., et al. (2005). Identification and analysis of axonemal
dynein light chain 1 in primary ciliary dyskinesia patients. Am J
Respir Cell Mol Biol 33, 41-47. 10.1165/rcmb.2004-03350C.

Howell, B.J., McEwen, B.F., Canman, J.C., Hoffman, D.B., Farrar,
E.M., Rieder, C.L., and Salmon, E.D. (2001). Cytoplasmic
dynein/dynactin drives kinetochore protein transport to the
spindle poles and has a role in mitotic spindle checkpoint
1nactivation. J Cell Biol 155, 1159-1172.
10.1083/jcb.200105093.

55



REFERENCES

Huang, X., Wang, H.L.., Qi, S.T., Wang, Z.B., Tong, J.S., Zhang, Q.H.,
Ouyang, Y.C., Hou, Y., Schatten, H., Qi, Z.Q., and Sun, Q.Y.
(2011). DYNLTS3 is required for chromosome alignment during
mouse oocyte meiotic maturation. Reprod Sci /8, 983-989.
10.1177/1933719111401664.

Hueschen, C.L., Galstyan, V., Amouzgar, M., Phillips, R., and Dumont,
S. (2019). Microtubule End-Clustering Maintains a Steady-State
Spindle ~ Shape. Curr Biol 29, 700-708  ¢705.
10.1016/5.cub.2019.01.016.

Hueschen, C.L., Kenny, S.J., Xu, K., and Dumont, S. (2017). NuMA
recruits dynein activity to microtubule minus-ends at mitosis.
Elife 6. 10.7554/eLife.29328.

Ilangovan, U., Ding, W., Zhong, Y., Wilson, C.L., Groppe, J.C.,
Trbovich, J.T., Zuniga, J., Demeler, B., Tang, Q., Gao, G., et al.
(2005). Structure and dynamics of the homodimeric dynein light
chain km?23. J Mol Biol 352, 338-354.
10.1016/5.jmb.2005.07.002.

Ishikawa, T. (2017). Axoneme Structure from Motile Cilia. Cold Spring
Harb Perspect Biol 9. 10.1101/cshperspect.a028076.

Jiang, J., Yu, L., Huang, X., Chen, X., Li, D., Zhang, Y., Tang, L., and
Zhao, S. (2001). Identification of two novel human dynein light
chain genes, DNLC2A and DNLC2B, and their expression
changes in hepatocellular carcinoma tissues from 68 Chinese
patients. Gene 287, 103-113. 10.1016/s0378-1119(01)00787-9.

Jin, Q., Ding, W., and Mulder, K.M. (2007). Requirement for the dynein
light chain km23-1 in a Smad2-dependent transforming growth

56



REFERENCES

factor-beta signaling pathway. J Biol Chem 282, 19122-19132.
10.1074/jbc.M609915200.

Jin, Q., Gao, G., and Mulder, K.M. (2009). Requirement of a dynein
light chain in TGFbeta/Smad3 signaling. J Cell Physiol 221,
707-715.10.1002/jcp.21910.

Jin, S.K., and Yang, W.X. (2017). Factors and pathways involved in
capacitation: how are they regulated? Oncotarget 8, 3600-3627.
10.18632/oncotarget.12274.

Jones, H.W., Jr., and Schrader, C. (1987). The process of human
fertilization: implications for moral status. Fertil Steril 48, 189-
192.10.1016/s0015-0282(16)59340-6.

Jones, L.A., Villemant, C., Starborg, T., Salter, A., Goddard, G., Ruane,
P., Woodman, P.G., Papalopulu, N., Woolner, S., and Allan, V.J.
(2014). Dynein light intermediate chains maintain spindle
bipolarity by functioning in centriole cohesion. J Cell Biol 207,
499-516. 10.1083/jcb.201408025.

Karki, S., and Holzbaur, E.L. (1995). Affinity chromatography
demonstrates a direct binding between cytoplasmic dynein and
the dynactin complex. J Biol Chem 270, 28806-28811.
10.1074/bc.270.48.28806.

Kasak, L., Punab, M., Nagirnaja, L., Grigorova, M., Minajeva, A.,
Lopes, A.M., Punab, A.M., Aston, K.I., Carvalho, F., Laasik, E.,
et al. (2018). Bi-allelic Recessive Loss-of-Function Variants in
FANCM Cause Non-obstructive Azoospermia. Am J Hum
Genet /03, 200-212. 10.1016/j.ajhg.2018.07.005.

57



REFERENCES

Kashina, A.S., Baskin, R.J., Cole, D.G., Wedaman, K.P., Saxton, W.M.,
and Scholey, J.M. (1996). A bipolar kinesin. Nature 379, 270-
272.10.1038/379270a0.

Kerem, B., Rommens, J.M., Buchanan, J.A., Markiewicz, D., Cox, T.K.,
Chakravarti, A., Buchwald, M., and Tsui, L.C. (1989).
Identification of the cystic fibrosis gene: genetic analysis.
Science 245, 1073-1080. 10.1126/science.2570460.

King, S.J., Brown, C.L., Maier, K.C., Quintyne, N.J., and Schroer, T.A.
(2003). Analysis of the dynein-dynactin interaction in vitro and
in vivo. Mol Biol Cell 74, 5089-5097. 10.1091/mbc.e03-01-
0025.

King, S.M. (2016). Axonemal Dynein Arms. Cold Spring Harb Perspect
Biol 8. 10.1101/cshperspect.a028100.

Kobayashi, D., lijima, N., Hagiwara, H., Kamura, K., Takeda, H., and
Yokoyama, T. (2010). Characterization of the medaka (Oryzias
latipes) primary ciliary dyskinesia mutant, jaodori: Redundant
and distinct roles of dynein axonemal intermediate chain 2
(dnai2) in motile cilia. Dev Biol 347, 62-70.
10.1016/5.ydbi0.2010.08.008.

Koonin, E.V., and Aravind, L. (2000). Dynein light chains of the
Roadblock/LC7 group belong to an ancient protein superfamily
implicated in NTPase regulation. Curr Biol /0, R774-776.
10.1016/50960-9822(00)00774-0.

Kubota, H., and Brinster, R.L. (2018). Spermatogonial stem cells. Biol
Reprod 99, 52-74. 10.1093/biolre/i0y077.

58



REFERENCES

Lehti, M.S., and Sironen, A. (2016). Formation and function of the
manchette and flagellum during spermatogenesis. Reproduction
151, R43-54.10.1530/REP-15-0310.

Liu, M. (2011). The biology and dynamics of mammalian cortical
granules. Reprod Biol Endocrinol 9, 149. 10.1186/1477-7827-9-
149.

Liu, Y., DeBoer, K., de Kretser, D.M., O'Donnell, L., O'Connor, A.E.,
Merriner, D.J., Okuda, H., Whittle, B., Jans, D.A., Efthymiadis,
A., et al. (2015). LRGUK-1 is required for basal body and
manchette function during spermatogenesis and male fertility.
PLoS Genet /1, €1005090. 10.1371/journal.pgen.1005090.

Lopez-Jimenez, P., Perez-Martin, S., Hidalgo, 1., Garcia-Gonzalo, F.R.,
Page, J., and Gomez, R. (2022). The Male Mouse Meiotic
Cilium Emanates from the Mother Centriole at Zygotene Prior
to Centrosome Duplication. Cells /2. 10.3390/cells12010142.

Ma, C., Zhang, X., Zhang, Y., Ruan, H., Xu, X., Wu, C., Ding, Z., and
Cao, Y. (2024). Sirtuin 5-driven meiotic spindle assembly and
actin-based migration in mouse oocyte meiosis. Heliyon 70,
€32466. 10.1016/j.heliyon.2024.e32466.

Ma, R., Zhang, J., Liu, X., Li, L., Liu, H., Rui, R., Gu, L., and Wang, Q.
(2016). Involvement of Rab6a in organelle rearrangement and
cytoskeletal organization during mouse oocyte maturation. Sci
Rep 6, 23560. 10.1038/srep23560.

Ma, W., and Viveiros, M.M. (2014). Depletion of pericentrin in mouse

oocytes disrupts microtubule organizing center function and

59



REFERENCES

meiotic spindle organization. Mol Reprod Dev 87, 1019-1029.
10.1002/mrd.22422.

Maddirevula, S., Coskun, S., Alhassan, S., Elnour, A., Alsaif, H.S.,
Ibrahim, N., Abdulwahab, F., Arold, S.T., and Alkuraya, F.S.
(2017). Female Infertility Caused by Mutations in the Oocyte-
Specific Translational Repressor PATL2. Am J Hum Genet /01,
603-608. 10.1016/j.ajhg.2017.08.009.

Mahale, S.P., Sharma, A., and Mylavarapu, S.V. (2016). Dynein Light
Intermediate Chain 2 Facilitates the Metaphase to Anaphase
Transition by Inactivating the Spindle Assembly Checkpoint.
PLoS One /1, e0159646. 10.1371/journal.pone.0159646.

Maiato, H., and Lince-Faria, M. (2010). The perpetual movements of
anaphase. Cell Mol Life Sci 67, 2251-2269. 10.1007/s00018-
010-0327-5.

Mali, G.R., Ali, F.A., Lau, C.K., Begum, F., Boulanger, J., Howe, J.D.,
Chen, Z.A., Rappsilber, J., Skehel, M., and Carter, A.P. (2021).
Shulin packages axonemal outer dynein arms for ciliary
targeting. Science 371, 910-916. 10.1126/science.abe0526.

Maro, B., and Verlhac, M.H. (2002). Polar body formation: new rules
for asymmetric divisions. Nat Cell Biol 4, E281-283.
10.1038/ncb1202-e281.

Mascarenhas, M.N., Flaxman, S.R., Boerma, T., Vanderpoel, S., and
Stevens, G.A. (2012). National, regional, and global trends in
infertility prevalence since 1990: a systematic analysis of 277
health surveys. PLoS Med 9, e1001356.
10.1371/journal.pmed.1001356.

60



REFERENCES

Massague, J., Blain, S.W., and Lo, R.S. (2000). TGFbeta signaling in
growth control, cancer, and heritable disorders. Cell /03, 295-
309. 10.1016/50092-8674(00)00121-5.

Mazor, M., Alkrinawi, S., Chalifa-Caspi, V., Manor, E., Sheffield, V.C.,
Aviram, M., and Parvari, R. (2011). Primary ciliary dyskinesia
caused by homozygous mutation in DNALI, encoding dynein
light chain 1. Am J Hum Genet 88, 599-607.
10.1016/5.ajhg.2011.03.018.

McGee, E.A., and Hsueh, A.J. (2000). Initial and cyclic recruitment of
ovarian follicles. Endocr Rev 21, 200-214.
10.1210/edrv.21.2.0394.

Mendoza-Lujambio, I., Burfeind, P., Dixkens, C., Meinhardt, A.,
Hoyer-Fender, S., Engel, W., and Neesen, J. (2002). The Hook1
gene is non-functional in the abnormal spermatozoon head shape
(azh) mutant mouse. Hum Mol Genet 7/, 1647-1658.
10.1093/hmg/11.14.1647.

Mihajlovic, A.L, and FitzHarris, G. (2018). Segregating Chromosomes
in the Mammalian Oocyte. Curr Biol 28, R895-R907.
10.1016/5.cub.2018.06.057.

Mikami, A., Tynan, S.H., Hama, T., Luby-Phelps, K., Saito, T., Crandall,
J.E., Besharse, J.C., and Vallee, R.B. (2002). Molecular structure
of cytoplasmic dynein 2 and its distribution in neuronal and
ciliated cells. J Cell Sci 115, 4801-4808. 10.1242/jcs.00168.

Mitchison, T.J., Maddox, P., Gaetz, J., Groen, A., Shirasu, M., Desai,
A., Salmon, E.D., and Kapoor, T.M. (2005). Roles of

polymerization dynamics, opposed motors, and a tensile element

61



REFERENCES

in governing the length of Xenopus extract meiotic spindles. Mol
Biol Cell 16, 3064-3076. 10.1091/mbc.e05-02-0174.

Mogessie, B., Scheffler, K., and Schuh, M. (2018). Assembly and
Positioning of the Oocyte Meiotic Spindle. Annu Rev Cell Dev
Biol 34, 381-403. 10.1146/annurev-cellbio-100616-060553.

Monda, J.K., and Cheeseman, .M. (2018). Dynamic regulation of
dynein localization revealed by small molecule inhibitors of
ubiquitination enzymes. Open Biol 8. 10.1098/rsob.180095.

Morimoto, A., Shibuya, H., Zhu, X., Kim, J., Ishiguro, K., Han, M., and
Watanabe, Y. (2012). A conserved KASH domain protein
associates with telomeres, SUNI, and dynactin during
mammalian meiosis. J Cell Biol 198, 165-172.
10.1083/jcb.201204085.

Musacchio, A., and Hardwick, K.G. (2002). The spindle checkpoint:
Structural insights into dynamic signalling. Nat Rev Mol Cell
Bio 3, 731-741. 10.1038/nrm929.

Musacchio, A., and Salmon, E.D. (2007). The spindle-assembly
checkpoint in space and time. Nat Rev Mol Cell Biol &, 379-393.
10.1038/nrm2163.

Nietmann, P., Kaub, K., Suchenko, A., Stenz, S., Warnecke, C.,
Balasubramanian, M.K., and Janshoff, A. (2023). Cytosolic
actin isoforms form networks with different rheological
properties that indicate specific biological function. Nat

Commun 74, 7989. 10.1038/541467-023-43653-w.

62



REFERENCES

Nigg, E.A., and Holland, A.J. (2018). Once and only once: mechanisms
of centriole duplication and their deregulation in disease. Nat
Rev Mol Cell Biol /9,297-312. 10.1038/nrm.2017.127.

Nikulina, K., Patel-King, R.S., Takebe, S., Pfister, K.K., and King, S.M.
(2004). The Roadblock light chains are ubiquitous components
of cytoplasmic dynein that form homo- and heterodimers. Cell
Motil Cytoskeleton 57, 233-245. 10.1002/cm.10172.

Oh, J.S., Han, S.J., and Conti, M. (2010). WeelB, Mytl, and Cdc25
function in distinct compartments of the mouse oocyte to control
meiotic  resumption. J Cell Biol 188, 199-207.
10.1083/jcb.200907161.

Okutman, O., Muller, J., Baert, Y., Serdarogullari, M., Gultomruk, M.,
Piton, A., Rombaut, C., Benkhalifa, M., Teletin, M., Skory, V.,
et al. (2015). Exome sequencing reveals a nonsense mutation in
TEXI15 causing spermatogenic failure in a Turkish family. Hum
Mol Genet 24, 5581-5588. 10.1093/hmg/ddv290.

Olbrich, H., Haffner, K., Kispert, A., Volkel, A., Volz, A., Sasmaz, G.,
Reinhardt, R., Hennig, S., Lehrach, H., Konietzko, N., et al.
(2002). Mutations in DNAHS cause primary ciliary dyskinesia
and randomization of left-right asymmetry. Nat Genet 30, 143-
144.10.1038/ng817.

Omran, H., Kobayashi, D., Olbrich, H., Tsukahara, T., Loges, N.T.,
Hagiwara, H., Zhang, Q., Leblond, G., O'Toole, E., Hara, C., et
al. (2008). Ktu/PF13 is required for cytoplasmic pre-assembly of
axonemal dyneins. Nature 456, 611-616. 10.1038/nature07471.

63



REFERENCES

Palmer, K.J., Hughes, H., and Stephens, D.J. (2009). Specificity of
cytoplasmic dynein subunits in discrete membrane-trafficking
steps. Mol Biol Cell 20, 2885-2899. 10.1091/mbc.e08-12-1160.

Pan, M.H., Zhang, K.H., Wu, S.L., Pan, Z.N., Sun, M.H., Li, X.H., Ju,
J.Q., Luo, SM., Ou, X.H., and Sun, S.C. (2024). FMNL2
regulates actin for endoplasmic reticulum and mitochondria
distribution in oocyte meiosis. Elife /2. 10.7554/eLife.92732.

Purohit, A., Tynan, S.H., Vallee, R., and Doxsey, S.J. (1999). Direct
interaction of pericentrin with cytoplasmic dynein light
intermediate chain contributes to mitotic spindle organization. J
Cell Biol 747, 481-492. 10.1083/jcb.147.3.481.

Raaijmakers, J.A., van Heesbeen, R.G., Meaders, J.L., Geers, E.F.,
Fernandez-Garcia, B., Medema, R.H., and Tanenbaum, M.E.
(2012). Nuclear envelope-associated dynein drives prophase
centrosome separation and enables Eg5-independent bipolar
spindle formation. EMBO J 31, 4179-4190.
10.1038/emb0j.2012.272.

Reck-Peterson, S.L., Redwine, W.B., Vale, R.D., and Carter, A.P.
(2018). Publisher Correction: The cytoplasmic dynein transport
machinery and its many cargoes. Nat Rev Mol Cell Biol 79, 479.
10.1038/s41580-018-0021-2.

Renna, C., Rizzelli, F., Carminati, M., Gaddoni, C., Pirovano, L.,
Cecatiello, V., Pasqualato, S., and Mapelli, M. (2020).
Organizational Principles of the NuMA-Dynein Interaction
Interface and Implications for Mitotic Spindle Functions.

Structure 28, 820-829 €826. 10.1016/j.str.2020.04.017.

64



REFERENCES

Rishal, I., Kam, N., Perry, R.B., Shinder, V., Fisher, E.M., Schiavo, G.,
and Fainzilber, M. (2012). A motor-driven mechanism for cell-
length sensing. Cell Rep 1, 608-616.
10.1016/j.celrep.2012.05.013.

Roberts, A.J., Kon, T., Knight, P.J., Sutoh, K., and Burgess, S.A. (2013).
Functions and mechanics of dynein motor proteins. Nat Rev Mol
Cell Biol 74, 713-726. 10.1038/nrm3667.

Robinson, J.T., Wojcik, E.J., Sanders, M.A., McGrail, M., and Hays,
T.S. (1999). Cytoplasmic dynein is required for the nuclear
attachment and migration of centrosomes during mitosis in
Drosophila. J Cell Biol 746, 597-608. 10.1083/jcb.146.3.597.

Rodrigues, P., Limback, D., McGinnis, L., Marques, M., Aibar, J., and
Plancha, C.E. (2021). Germ-Somatic Cell Interactions Are
Involved in Establishing the Follicle Reserve in Mammals. Front
Cell Dev Biol 9, 674137. 10.3389/fcell.2021.674137.

Samant, S.A., Ogunkua, O.0O., Hui, L., Lu, J., Han, Y., Orth, J.M., and
Pilder, S.H. (2005). The mouse t complex distorter/sterility
candidate, Dnahc8, expresses a gamma-type axonemal dynein
heavy chain isoform confined to the principal piece of the sperm
tail. Dev Biol 285, 57-69. 10.1016/j.ydbi0.2005.06.002.

Sang, Q., Ray, P.F., and Wang, L. (2023). Understanding the genetics
of  human infertility. Science 380, 158-163.
10.1126/science.adf7760.

Savoian, M.S., Goldberg, M.L., and Rieder, C.L. (2000). The rate of
poleward chromosome motion is attenuated in Drosophila zw10

and rod mutants. Nat Cell Biol 2, 948-952. 10.1038/35046605.

65



REFERENCES

Schmidt, H., Zalyte, R., Urnavicius, L., and Carter, A.P. (2015).
Structure of human cytoplasmic dynein-2 primed for its power
stroke. Nature 578, 435-438. 10.1038/nature14023.

Scrofani, J., Sardon, T., Meunier, S., and Vernos, 1. (2015). Microtubule
Nucleation in Mitosis by a RanGTP-Dependent Protein
Complex. Current Biology 25, 131-140.
10.1016/j.cub.2014.11.025.

Sha, Y.W., Wang, X., Xu, X., Ding, L., Liu, W.S., Li, P., Su, Z.Y ., Chen,
J., Mei, L.B., Zheng, L. K., et al. (2019). Biallelic mutations in
PMFBPI1 cause acephalic spermatozoa. Clin Genet 95, 277-286.
10.1111/cge.13461.

Sharp, D.J., Rogers, G.C., and Scholey, J.M. (2000). Cytoplasmic
dynein is required for poleward chromosome movement during
mitosis in Drosophila embryos. Nat Cell Biol 2, 922-930.
10.1038/35046574.

Shibuya, H., Hernandez-Hernandez, A., Morimoto, A., Negishi, L.,
Hoog, C., and Watanabe, Y. (2018). MAJIN Links Telomeric
DNA to the Nuclear Membrane by Exchanging Telomere Cap.
Cell 173, 1058. 10.1016/j.cell.2018.04.025.

Shibuya, H., Ishiguro, K., and Watanabe, Y. (2014). The TRF1-binding
protein TERB1 promotes chromosome movement and telomere
rigidity in meiosis. Nat Cell Biol /6, 145-156. 10.1038/ncb2896.

Silkworth, W.T., Nardi, [.K., Paul, R., Mogilner, A., and Cimini, D.
(2012). Timing of centrosome separation is important for
accurate chromosome segregation. Mol Biol Cell 23, 401-411.

10.1091/mbc.E11-02-0095.

66



REFERENCES

Siu, K.K., Serrao, V.H.B., Ziyyat, A., and Lee, J.F.E. (2021). The cell
biology of fertilization: Gamete attachment and fusion. Journal
of Cell Biology 220. ARTN e202102146

10.1083/jcb.202102146.

Song, B., Liu, C., Gao, Y., Marley, J.L., Li, W., Ni, X., Liu, W., Chen,
Y., Wang, J., Wang, C., et al. (2020). Novel compound
heterozygous variants in dynein axonemal heavy chain 17 cause
asthenoteratospermia with sperm flagellar defects. J Genet
Genomics 47, 713-717. 10.1016/j.jgg.2020.07.004.

Song, J., Tyler, R.C., Lee, M.S., Tyler, E.M., and Markley, J.L. (2005).
Solution structure of isoform 1 of Roadblock/LC7, a light chain
in the dynein complex. J Mol Biol 354, 1043-1051.
10.1016/5.jmb.2005.10.017.

Splinter, D., Razafsky, D.S., Schlager, M.A., Serra-Marques, A.,
Grigoriev, 1., Demmers, J., Keijzer, N., Jiang, K., Poser, L.,
Hyman, A.A., et al. (2012). BICD2, dynactin, and LIS1
cooperate in regulating dynein recruitment to cellular structures.
Mol Biol Cell 23, 4226-4241. 10.1091/mbc.E12-03-0210.

Splinter, D., Tanenbaum, M.E., Lindqvist, A., Jaarsma, D., Flotho, A.,
Yu, K.L., Grigoriev, 1., Engelsma, D., Haasdijk, E.D., Keijzer,
N., et al. (2010). Bicaudal D2, dynein, and kinesin-1 associate
with nuclear pore complexes and regulate centrosome and
nuclear positioning during mitotic entry. PLoS Biol &, €1000350.
10.1371/journal.pbio.1000350.

Susalka, S.J., Nikulina, K., Salata, M.W., Vaughan, P.S., King, S.M.,
Vaughan, K.T., and Pfister, K.K. (2002). The roadblock light

67



REFERENCES

chain binds a novel region of the cytoplasmic Dynein
intermediate chain. J Biol Chem 277, 32939-32946.
10.1074/jbc.M205510200.

Tang, Q., Staub, C.M., Gao, G., Jin, Q., Wang, Z., Ding, W.,
Aurigemma, R.E., and Mulder, K.M. (2002). A novel
transforming growth factor-beta receptor-interacting protein that
is also a light chain of the motor protein dynein. Mol Biol Cell
13,4484-4496. 10.1091/mbc.e02-05-0245.

Terenzio, M., Di Pizio, A., Rishal, 1., Marvaldi, L., Di Matteo, P.,
Kawaguchi, R., Coppola, G., Schiavo, G., Fisher, E.M.C., and
Fainzilber, M. (2020). DYNLRBI1 is essential for dynein
mediated transport and neuronal survival. Neurobiol Dis 740,
104816. 10.1016/j.nbd.2020.104816.

Toropova, K., Zalyte, R., Mukhopadhyay, A.G., Mladenov, M., Carter,
AP, and Roberts, A.J. (2019). Structure of the dynein-2
complex and its assembly with intraflagellar transport trains. Nat
Struct Mol Biol 26, 823-829. 10.1038/s41594-019-0286-y.

Umer, N., Arevalo, L., Phadke, S., Lohanadan, K., Kirfel, G., Sons, D.,
Sofia, D., Witke, W., and Schorle, H. (2021). Loss of Profilin3
Impairs Spermiogenesis by Affecting Acrosome Biogenesis,
Autophagy, Manchette Development and Mitochondrial
Organization. Front Cell Dev Biol 9, 749559.
10.3389/fcell.2021.749559.

Walczak, C.E., Vernos, 1., Mitchison, T.J., Karsenti, E., and Heald, R.
(1998). A model for the proposed roles of different microtubule-

68



REFERENCES

based motor proteins in establishing spindle bipolarity. Curr Biol
8,903-913. 10.1016/50960-9822(07)00370-3.

Wang, M., Zhou, J., Long, R., Mao, R., Gao, L., Wang, X., Chen, Y.,
Jin, L., and Zhu, L. (2024). An overview of CFTR mutation
profiles and assisted reproductive technology outcomes in
Chinese patients with congenital obstructive azoospermia. J
Assist Reprod Genet 4/, 505-513. 10.1007/s10815-023-03004-
6.

Wang, X.M., Huang, T.H., Xie, Q.D., Zhang, Q.J., and Ruan, Y. (2004).
Effect of dynein inhibitor on mouse oocyte in vitro maturation
and its cyclin Bl mRNA level. Biomed Environ Sci /7, 341-349.

Weiner, H.S., Ulrich, N.D., Hipp, L., Hammoud, A., Xu, M., and Schon,
S.B. (2022). Total fertilization failure with in vitro fertilization-
intracytoplasmic sperm injection related to WEE2 mutation
highlights emerging importance of genetic causes of in vitro
fertilization failure. F S Rep 3, 355-360.
10.1016/5.xfre.2022.08.007.

Whitfield, M., Thomas, L., Bequignon, E., Schmitt, A., Stouvenel, L.,
Montantin, G., Tissier, S., Duquesnoy, P., Copin, B., Chantot, S.,
etal. (2019). Mutations in DNAH17, Encoding a Sperm-Specific
Axonemal Outer Dynein Arm Heavy Chain, Cause Isolated
Male Infertility Due to Asthenozoospermia. Am J Hum Genet
105, 198-212. 10.1016/j.ajhg.2019.04.015.

Wieczorek, M., Urnavicius, L., Ti, S.C., Molloy, K.R., Chait, B.T., and
Kapoor, T.M. (2020). Asymmetric Molecular Architecture of the

69



REFERENCES

Human gamma-Tubulin Ring Complex. Cell /80, 165-175 el 16.
10.1016/j.cell.2019.12.007.

Wojcik, E., Basto, R., Serr, M., Scaerou, F., Karess, R., and Hays, T.
(2001). Kinetochore dynein: its dynamics and role in the
transport of the Rough deal checkpoint protein. Nat Cell Biol 3,
1001-1007. 10.1038/ncb1101-1001.

Wu, T., Dong, J., Fu, J., Kuang, Y., Chen, B., Gu, H., Luo, Y., Gu, R,
Zhang, M., Li, W, et al. (2022). The mechanism of acentrosomal
spindle assembly in human oocytes. Science 378, eabq7361.
10.1126/science.abq7361.

Xiang, X., and Qiu, R. (2020). Cargo-Mediated Activation of
Cytoplasmic Dynein in vivo. Front Cell Dev Biol 8, 598952.
10.3389/fcell.2020.598952.

Xiong, B., Yu, L.Z., Wang, Q., Ai,J.S., Yin, S, Liu, J.H., OuYang, Y.C.,
Hou, Y., Chen, D.Y., Zou, H., and Sun, Q.Y. (2007). Regulation
of intracellular MEK1/2 translocation in mouse oocytes:
cytoplasmic dynein/dynactin-mediated poleward transport and
cyclin B degradation-dependent release from spindle poles. Cell
Cycle 6, 1521-1527. 10.4161/cc.6.12.4355.

Yang, Y., Guo, J., Dai, L., Zhu, Y., Hu, H., Tan, L., Chen, W., Liang,
D.,He,J., Tu, M., et al. (2018). XRCC2 mutation causes meiotic
arrest, azoospermia and infertility. J] Med Genet 55, 628-636.
10.1136/jmedgenet-2017-105145.

Ye, F., Zangenehpour, S., and Chaudhuri, A. (2000). Light-induced

down-regulation of the rat class 1 dynein-associated protein

70



REFERENCES

robl/LC7-like gene in visual cortex. J Biol Chem 275, 27172-
27176. 10.1074/jbc.M000356200.

Yi, K., and Li, R. (2012). Actin cytoskeleton in cell polarity and
asymmetric division during mouse oocyte maturation.
Cytoskeleton (Hoboken) 69, 727-737. 10.1002/cm.21048.

Yue, J., and Mulder, K.M. (2001). Transforming growth factor-beta
signal transduction in epithelial cells. Pharmacol Ther 9/, 1-34.
10.1016/s0163-7258(01)00143-7.

Zhang, D., Yin, S., Jiang, M.X., Ma, W., Hou, Y., Liang, C.G., Yu, L.Z.,
Wang, W.H., and Sun, Q.Y. (2007). Cytoplasmic dynein
participates in meiotic checkpoint inactivation in mouse oocytes
by transporting cytoplasmic mitotic arrest-deficient (Mad)
proteins from kinetochores to spindle poles. Reproduction 733,
685-695. 10.1530/rep.1.01167.

Zhao, L., Xue, S., Yao, Z., Shi, J., Chen, B., Wu, L., Sun, L., Xu, Y.,
Yan, Z., Li, B., et al. (2020). Biallelic mutations in CDC20 cause
female infertility characterized by abnormalities in oocyte
maturation and early embryonic development. Protein Cell /17,
921-927.10.1007/s13238-020-00756-0.

Zheng, Y., Wong, M.L., Alberts, B., and Mitchison, T. (1995).
Nucleation of microtubule assembly by a gamma-tubulin-
containing  ring complex.  Nature 378,  578-583.
10.1038/378578a0.

Zheng, Z., Wan, Q., Liu, J., Zhu, H., Chu, X., and Du, Q. (2013).

Evidence for dynein and astral microtubule-mediated cortical

71



REFERENCES

release and transport of Galphai/LGN/NuMA complex in mitotic
cells. Mol Biol Cell 24, 901-913. 10.1091/mbc.E12-06-0458.

72



