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Abstract

Held out wings (HOW) is an RNA-binding protein essential for spermatogenesis in Droso-
phila melanogaster. HOW is a signal transduction and activation of RNA (STAR) protein
family member. Its orthologues include Quaking (mammals) and GLD-1 (Caenorhab-
ditis elegans); both are important post-transcriptional regulators of RNAs in processes
including gametogenesis and myelination. Loss of HOW in D. melanogaster testes results
in male infertility. Similar to Quaking, multiple protein isoforms of HOW exist, includ-
ing the longer HOW(L) and the shorter HOW(S). HOW(L) is nuclear and regulates bam
mRNA to control mitotic divisions prior to meiosis (Monk et al., 2010). The HOW(S)

isoform is cytoplasmic and its function is not well characterised.

To determine which RNAs are bound by HOW(S) in germ cells, in vivo RIP-seq was
performed. This identified 343 genes and 121 transcripts bound by HOW(S), which were
enriched for the GO terms related to signal transduction, consistent with HOW being
a STAR protein. Hipk, a signalling kinase, was identified in the HOW(S) RIP-seq and
knockdown of Hipk in the testis revealed a potential role for it in spermatogenesis, as these

flies displayed a range of defects in testis morphology and fertility.

Motif analysis found the (A/U/G)CUAAC motif enriched in 3’-UTRs of the HOW(S)
bound mRNAs. This sequence is similar to the consensus sequences of other STAR proteins
and is found in the 3’-UTR of Hipk transcripts. Fluorescence anisotropy assays revealed
that HOW’s STAR domain has strong nanomolar affinity for RNA oligos containing this
motif. A novel motif was identified within 5-UTRs, GCG(A/U)G, which HOW’s STAR

domain bound with micromolar affinity.

Together, this work has identified many RNAs bound by HOW(S) in the cytoplasm of
male germ cells. These RNAs have helped to expanded our understanding of HOW(S)—
RNA interactions and may contribute to understanding the importance of HOW(S) RNA-

binding activity during spermatogenesis.
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1. Introduction

1.1. Spermatogenesis in D. melanogaster

Spermatogenesis is the process where diploid germline stem cells (GSCs) di erentiate into
haploid spermatozoa. This process not only includes the meiotic divisions that are unique
to gametogenesis but also substantial physical changes as the cells develop from round
GSCs into mature sperm cells that contain speci ¢ structures and organelles, such as the
agellar axoneme and the acrosome. Additionally, the testis is an incredibly productive
organ, and human testes generate 100 million sperm each day in adult males (Sharpe,
1994). Thus, maintaining the stem cell population is key to the continuation of successful
spermatogenesis.

D. melanogaster has been used as a model organism to study many processes and sper-
matogenesis is no exception. For example, much has been learnt about how the stem
cell niche, the microenvironment in which stem cells reside, support and maintain the
stem cell population in the D. melanogaster testis. Similar to mammalian testes, theD.
melanogastertestis also expresses the largest number of tissue-speci ¢ genes (Chintapalli
et al., 2007; Soumillon et al., 2013; Uhkn et al., 2015). While there are some di erences
between spermatogenesis in ies and mammals, such as recombination not occurring dur-
ing meiosis inD. melanogastermales (McKee et al., 2012), many of the underlying features
and mechanisms of spermatogenesis are conserved between humans and ies. For example,
the three main phases of di erentiation in spermatogenesis follow the same broad struc-
ture in ies and mammals, making D. melanogaster an appropriate model. First is the
mitotic phase, when the transit-amplifying mitotic divisions occur, during this time the
cells are referred to as spermatogonia (Fig 1.1). The second phase is meiosis, where the
spermatogonia mature into spermatocytes and undergo the two rounds of meiosis to be-
come haploid spermatids (Fig 1.1). The third and nal phase is spermiogenesis, where the
major morphological changes occur with the round spermatids di erentiating into mature
spermatozoa (Fig 1.1).
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Figure 1.1. Schematic of cell types in D. melanogaster spermatogenesis. The
D. melanogastertestis is a coiled blind ended tube (outlined in black). At the apical tip

is a cluster of somatic hub cells. The germline stem cells (GSCs) surround the hub (one
shown here for clarity), and each GSC is surrounded by two cyst stem cells. When the GSC
divides asymmetrically one of the child cells becomes a spermatogonium that undergoes
4 rounds of mitosis during the rst phase of spermatogenesis. The cyst is surrounded by
two mature cyst cells throughout spermatogenesis. The 16-cell spermatogonial cyst then
grows in volume and matures into primary spermatocytes. After meiosis | the secondary
spermatocytes form a 32-cell cyst, and after meiosis Il a 64-cell cyst of round spermatids.
The spermatids (5 are shown and without the surrounding cyst cells for clarity) then
elongate and mature into spermatozoa during spermiogenesis. Adapted from Witt et al.
(2019).



1.1. Spermatogenesis iD. melanogaster
1.1.1. The stem cell niche of the D. melanogaster testis

Spermatogenesis irD. melanogasteroccurs in the two testes, which are coiled blind ended
tubes each connected to a seminal vesicle that join to a single ejaculatory duct. Each testis
has a single stem cell niche at the apical tip, and as the germ cells develop they move away
from the tip and move through the testis (Fig 1.1). This clear cellular architecture of the

D. melanogastertestis is one of its advantages as a model for spermatogenesis.

There are two stem cell populations that are supported by the somatic hub cells at the api-
cal tip, the GSCs and the cyst stem cells (CySCs). The cluster of hub cells are surrounded
by 6{12 GSCs and each GSC is surrounded by two CySCs (Fig 1.2; Spradling et al., 2011).
The contact between the GSCs and the hub cells provide polarity to the GSCs and ensure
the asymmetric division of the GSC into a new GSC that remains attached to the hub and
a new gonialblast (or spermatogonium) that is displaced from the hub (Yamashita et al.,
2003; Yamashita et al., 2007). This asymmetry helps to maintain the balance between
self-renewal and di erentiation. The two CySCs also divide asymmetrically when a GSC
does, the cells surrounding the newly divided GSC maintain their stem identity while the
two cells around the new gonialblast are now cyst cells (Fig 1.2; Cheng et al., 2011). These
mature cyst cells do not divide again, instead they grow to accommodate the germ cyst
as the gonialblast divides and di erentiates (Fig 1.2; Zoller and Schulz, 2012).

The intercellular signalling between these three cell types | hub cells, CySCs and GSCs

| is essential for maintaining the GSC population. While multiple pathways are involved
(reviewed in Matunis et al., 2012), one of the most prominent and best characterised
pathways is the JAK-STAT signalling pathway. Without either JAK or STAT proteins
(Hopscotch and Stat92E inD. melanogaster respectively), GSCs are not able to self-renew,
instead they di erentiate and the stem cell population is lost (Kiger et al., 2001; Tulina
and Matunis, 2001). The signalling begins with the hub cells that secrete the protein
Unpaired, this activates JAK-STAT signalling in both the CySCs and the GSCs (Kiger
et al., 2001; Tulina and Matunis, 2001). The activation of JAK-STAT directly promotes
the cell adhesion to the hub cells in GSCs and self-renewal in CySCs (Leatherman and
Dinardo, 2010). GSC self-renewal is maintained by signalling from the CySCs via Zinc-
nger homeodomain 1 (Zfhl). Zfhl is a target of Stat92E, and when expressed by CySCs
ectopically it can maintain the self-renewal of GSCs even when removed from the hub cells
(Leatherman and Di Nardo, 2008). Typically, Unpaired does not reach the gonialblasts
or its surrounding cyst cells, which are not in direct contact with the hub (Fig 1.2; Kiger
et al., 2001; Tulina and Matunis, 2001), and thus these cells do not self-renew and the
gonialblast proceeds with the mitotic phase of spermatogenesis.
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Figure 1.2. Schematic of the  D. melanogaster testis stem cell niche. The somatic
cells (green) reside at the apical tip of theD. melanogaster testis The germ cells (yellow)
directly next to the hub cells are the germline stem cells (GSCs) and each is surrounded
by two somatic cyst stem cells (CySCs; blue). When a GSC divides one cell remains in
contact with the hub, the other becomes a gonialblast surround by two mature cyst cells
(also in blue). As the spermatogonia divides from this gonialblast the fusomes (red) keep
the cells connected and the two cyst cells grow to keep the cyst encapsulated. Image from
Matunis et al. (2012).
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1.1.2. Mitosis and the switch to meiosis

During the mitotic phase, a gonialblast undergoes four rounds of cell division to result
in a cyst of 16 spermatogonia. These divisions, often referred to as transit-amplifying
divisions, are employed by many types of adult stem cells before they enter terminal
di erentiation to decrease the burden of cell division on the stem cells directly (Nelson
et al., 2019). The sibling spermatogonia within a cyst are connected because they do
not complete cytokenesis when they divide. Instead intercellular bridges, also called ring
canals, form and the branched vesicular fusome links all the cells of a cyst together (Fig
1.2; Hime et al., 1996). These bridges, which are also seen in mammals, allows the cells
within the cyst to stay coordinated through their di erentiation from spermatogonia to
spermatozoa (reviewed in Greenbaum et al., 2011). However, spermatogonia are able to
breakaway from the cysts, dedi erentiate back into GSCs and regain contact with the
hub cells (Brawley and Matunis, 2004). This dedi erentiation increases when the GSCs
are killed with irradiation, implying that that this process can be a repair mechanism to
replenish the stem cell population (Cheng et al., 2008). Dedi erentiation of spermatogonia
has since been in the mice testis too (Nakagawa et al., 2010).

The mitotic divisions help to maintain the GSC population, however, the number of these
divisions must be tightly regulated so as not to result in an overproliferation of undi er-
entiated cells. One study counted the number of cells inside 112 primary spermatocyte
cysts and found that 99% of them contained 16 cells, implying that they had undergone
exactly four rounds of mitosis (Insco et al., 2009). One of the main factors that regulates
the number of mitotic divisions is the protein Bag of marbles (Bam). Bam had previously
been identi ed, along with Benign gonial cell neoplasm (Bgcn), to regulate the switch from
mitosis to meiosis, as null mutants of either of these genes results in no spermatocytes
and an accumulation of undi erentiated spermatogonia in the testis (Genczy et al., 1997).
When the level of Bam protein was increased (by deleting the PEST maotif that targets
Bam for rapid turnover) several of the primary spermatocyte cysts had only 8 cells (rather
than 16), while ies with just one copy of the bam gene had cysts that entered meiosis
after ve or more rounds of mitosis (Insco et al., 2009). However, ies with one copy of
bgcn did not undergo extra rounds of mitosis (Insco et al., 2009). Thus, it appears that
levels of Bam, but not Bgcn, in uences the number of mitotic divisions prior to meiosis,
but both are needed to complete the transition from mitosis to meiosis.

1.1.3. Meiosis and spermiogenesis

After the completion of the fourth round of mitosis, DNA is replicated in the premeiotic
S phase. Following this there is an extended @ phase where the spermatocytes grow
substantially in volume, increasing around 25-fold (McKee et al., 2012). During this time
the cells become very transcriptionally active (reviewed in White-Cooper, 2010 and Lim
et al., 2012). As there is little transcription during spermiogenesis, many of the proteins
that are required for spermatid di erentiation are transcribed in primary spermatocytes

5



1. Introduction

and these RNAs are translationally repressed until after meiosis (Schafer et al., 1995). One
of the key events for meiosis | to proceed, is the derepression tfine mMRNA translation

by Boule and elF4G2 (Maines and Wasserman, 1999; Baker and Fuller, 2007). Twine is a
homologue of the yeast phosphatase Cdc25, and dephosphorylates Cdc2, which triggers the
transition into the rst meiotic division after the G , phase (Sigrist et al., 1995). elF4G2 is
also required for the increased protein expression of Cyclin B during the &M transition
(Baker and Fuller, 2007).

Intriguingly, in ies with null or loss of function mutations in genes that have a key role in
meiosis (e.g.twine and boul€) the spermatocytes can still begin spermatid di erentiation
without having completed meiosis, though crucially they will not produce haploid cells
(Alphey et al., 1992; Eberhart et al., 1996). However, there are a set of genes, referred
to as ‘meiotic arrest genes', whereby if they are mutated there is no di erentiation of
the primary spermatocytes beyond the G phase, i.e. there are no meiotic divisions and
no signs of spermatid di erentiation (White-Cooper et al., 1998). Many of these meiotic
arrest genes are exclusively expressed in spermatocytes and contribute to either the testis-
speci ¢ meiotic arrest complex (tMAC) or the group of testis-speci ¢ TBP-associated
factors (tTAFs) which are likely paralogues of the somatic TFIID complex (reviewed in
White-Cooper, 2010). These two complexes are responsible for stimulating a large amount
of the transcriptional activity that takes place in the primary spermatocytes, resulting in
the expression of hundreds of genes (White-Cooper, 2010; Laktionov et al., 2018).

In spermiogenesis the round spermatids di erentiate into mature sperm cells, many spe-
cialised organelles develop and there are a host of physical changes (Fig 1.1; reviewed in
Fabian and Brill, 2012). The round spermatids become polarised so that the agellar
axoneme elongates towards the apical tip and the nuclei bundle at the basal side of the
cyst. The round nuclei also elongate in several stages named after the shapes they adopt:
leaf, early canoe, late canoe, and the nal needle-shaped nuclei (Fabian and Brill, 2012;
Fig 1.3). The chromatin in the nucleus changes from being histone based to protamine
based. As described earlier, many of the genes required for spermiogenesis are transcribed
in the primary spermatocytes. However, during the elongation of the spermatids and be-
fore the switch from histones to protamines, a small number of genes are post-meiotically
transcribed (Barreau et al., 2008). The transcribed RNAs are localised to the distal end of
the spermatid tails, i.e. towards the apical tip of the testis, and are categorised as either
‘comet' genes or “cup' genes based on the RNA localisation patterns in the tails (Barreau
et al., 2008). Once elongation and nuclear shaping are complete the individualisation com-
plex moves through the cyst and the intercellular bridges between the cells are removed,
along with any redundant organelles. Finally, the mature sperm cells are coiled into the
base of the testis and can then be stored in the seminal vesicles.
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Figure 1.3. Stages of nuclear elongation during spermiogenesis. During spermio-
genesis the spermatid nucleus elongates through several stages: round, leaf, early canoe,
late canoe, and the nal needle-shaped nucleus. The top row shows schematics of each
of these stages. Ab is acroblast, ag is acrosomal granule, ac is acrosome, db is dense
body (adapted from Fabian and Brill, 2012). The bottom row is microscopy images from
squashed preparations of testes with DNA stained using Hoechst dye (adapted from Hun-
dertmark et al., 2018).

1.2. RNA-binding proteins and spermatogenesis

Gene expression is incredibly dynamic during spermatogenesis. The testis is a very tran-
scriptionally active tissue, with many tissue-speci ¢ genes and proteins (Chintapalli et al.,
2007; Soumillon et al., 2013; Uhkn et al., 2015). At the same time, the transcriptome and
the proteome are poorly correlated in the testis, more so than in other organs in humans
(Cagney et al., 2005). This suggests that a substantial amount of post-transcriptional
gene regulation is occurring. Some modes of gene regulation are well known, for example,
as described in the previous section, there are many genes that are transcribed early in
spermatogenesis but are translationally repressed and stored for later stages.

RNA-binding proteins (RBPs) are central to post-transcriptional gene regulation and there
are many RBPs that are required for normal spermatogenesis. The importance of RNA
processing in spermatogenesis in di erent species has been recently reviewed (Legrand and
Hobbs, 2018), and there are additional reviews on RBPs involved in mouse spermatogene-
sis (Qi, 2016; Idler and Yan, 2012). Many of these RBPs are conserved ID. melanogaster

or were even rst found to have roles in germ cells in ies. In this section, | have selected
examples for each phase of spermatogenesis to highlight how RBPs are important through-
out this process. RBPs are immensely diverse with many modes of binding and action,
and this selection of RBPs have a range of functions from splicing, to RNA localisation, to
activating and repressing mRNA translation. Several of these examples also highlight how
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omics technologies have been used to understand the function of these RBPs (reviewed
further in Hentze et al., 2018 and Hafner et al., 2021).

1.2.1. Formation of the germline

While the development of the primordial germ stem cells (PGCs) during embryogenesis is
not speci c to the development of sperm cells, as it is necessary for oogenesis too, it would
be remiss not to discuss PGCs as RBPs are immensely important for their development.
Research inD. melanogaster embryos has been foundational in understanding how the
germline forms. The early D. melanogaster embryo is a multinucleate syncytium, and
the rst cells to form are the PGCs, also known as pole cells in ies (Fig 1.4). Without
the specialised cytoplasm, the germ plasm, at the posterior pole of the embryo the PGCs
would not form. Germ granules, comprised of RNAs and proteins, are a crucial component
of the germ plasm (reviewed in Trcek and Lehmann, 2019). Most of the core proteins in
the germ granules are RBPs, such as Vasa (an ATP-dependent RNA helicase), Aubergine
(a member of the PIWI family), Nanos (a translational repressor with a zinc nger domain
protein), and Oskar (an RBP with a lipase-like OSK domain), and several of these are
functionally conserved in mammals (Trcek and Lehmann, 2019). For example, in addition
to D. melanogaster embryos Vasa has been detected in ribonucleoprotein (RNP) granules
in the germ cells of developing embryos in species ranging from humans to oyster€ras-
sostrea giga$ to zebra sh (reviewed in Gustafson and Wessel, 2010). Mutations in Vasa
in D. melanogasterresult in result in mutant embryos with no germ granules or pole cells
(Schapbach and Wieschaus, 1989).

Many other animal embryos form a specialised germ plasm, though mammals are an
exception to this. However, RBPs are still important to mammalian PGC formation and
maintenance. For example, TIA-1 related protein (TIAR, also known as TIALl) is a
translational repressor (Mazan-Mamczarz et al., 2006) and mice de cient in TIAR are
sterile and do not generate either spermatagonia or oogonia (Beck et al., 1998). PGCs
are present in both wild type (WT) and tiar”~ at embryonic day 11.5 (E11.5), though
there are fewer in thetiar”* embryos. By E13.5 PGCs are totally absent in thetiar -
mice (Beck et al., 1998). The exact mechanism of TIAR function for the survival of PGCs
has not been elucidated. However, TIAR has been shown to colocalise with another RBP,
Nanos3, in mice (Yamaiji et al., 2010). And similar to TIAR, when nanos3 is knocked out
there are a reduced number of PGCs at E12.5 and none present at E15.5 (Tsuda et al.,
2003).
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Figure 1.4. Formation of pole cells in D. melanogaster embryos. A) The early

D. melanogaster embryo is a single multinucleated cell. At the posterior end is a type of
specialised cytoplasm, the germ plasm (green), which contains germ granules (dark green)
formed of proteins and RNAs. B) When the nuclei (blue) migrate to the edge of the
embryo the pole cells are the rst cells to form. The germ plasm is encapsulated as the
cells bud to form the cytoplasm of the new pole cells, and some germ granules become
localised to the nucleus. Images from Trcek and Lehmann (2019).

1.2.2. GSC homeostasis and mitosis

In D. melanogaster there is a singlenanos gene whose protein product acts as a transla-
tional repressor. It is required for PGC maintenance and GSC homeostasis in the female
germline but not the male germline (Gilboa and Lehmann, 2004; Wang and Lin, 2004,
Spradling et al.,, 2011). However, in mice and humans there are three Nanos proteins,
and Nanos2 is speci cally important for spermatogenesis (Tsuda et al., 2003). Nanos2
is highly expressed in the mouse testis and knockout of Nanos2 results in a loss of sper-
matogonia (Tsuda et al., 2003). Additional work found that Nanos2 is essential for GSC
self-renewal, as a disruption of Nanos2 expression results in a loss of these stem cells and
overexpression sees an overproliferation of undi erentiated spermatogonia (Sada et al.,
2009). Nanos2 suppresses di erentiation by promoting the formation of RNPs, which
capture mRNAs such asDazl and Sohlh2 and inhibits them from being translated into
proteins that promote mitotic proliferation and di erentiation (Reynolds et al., 2005; Zhou
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et al., 2015). Along with mRNAs, mTOR protein is found in these RNPs, which further
inhibits translation in the GSCs (Zhou et al., 2015).

In C. elegansthere is a pool of GSCs in the distal tip of the gonad arm, these cells
are mitotically active but maintain a stem cell-like state (Cinquin et al., 2010). The germ
cells in the proximal pool are also mitotically active but transition to a more di erentiated
state to enter meiosis as they move away from the distal tip (Fig 1.5; Cinquin et al., 2010.
The two fem-3 mRNA binding factor (FBF) proteins, FBF-1 and FBF-2, maintain the
self-renewal of the mitotically active GSCs by repressing many of the RNAs needed for
di erentiation and meiosis. Hundreds of FBF mRNA targets have been identi ed through
RIP-chip (RNP immunoprecipitation followed by microarray analysis) and the majority

of the targets appear to be downregulated by FBF (Kershner and Kimble, 2010). One of
the important promoters of meiosis that FBF represses is GLD-1, an RBP that will be
discussed in more detail in section 1.3, by directly binding to the 3'-UTR ofgld-1 mRNA
(Crittenden et al., 2002). Unsurprisingly, given that the FBF proteins repress a number
of RNAs necessary for meiosis, germ cells in double FBF mutant worms all enter meiosis
and no stem cell-like or undi erentiated mitotic cells remain in the distal tip (Crittenden

et al., 2002).

Figure 1.5. Schematic of the distal region of the adult C. elegans gonad. At
the distal tip of each C. elegangonad is a somatic distal tip cell (beige), which helps to
maintain the distal pool of mitotic germ cells (light purple) in a stem cell-like state. As
the cells divide and move proximally through the gonad the mitotic germ cells (purple)
begin to di erentiate and enter meiosis (dark purple).
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1.2.3. Meiosis

The Y-linked genedeleted in azoospermia DAZ ) encodes an RBP with one RNA recogni-
tion motif (RRM) domain and was found to be deleted in 12{15% of a cohort of azoosper-
mic men (Reijo et al., 1995). The DAZ protein family also includes DAZ-like (DAZL)
and Boule in humans (reviewed in VanGompel and Xu, 2011). All three proteins are
expressed almost exclusively in germ cells and each have been shown to be important for
spermatogenesis in several species (VanGompel and Xu, 2011). DAZL and Boule both
have roles in meiosis, the latter is most likely the founding member of this protein family
and it is the only DAZ family protein found in D. melanogaster(Xu et al., 2001). Boule is
also functionally conserved, for example, human Boule is able to rescue the meiosis defect
phenotype in y boule mutants (Xu et al., 2003), and the loss of Boule has been associ-
ated with meiotic arrest in human spermatogenesis too (Luetjens et al., 2004). However,
in mice Boule might be more important for spermiogenesis than meiosis (VanGompel and
Xu, 2010). As described in section 1.1.3, Boule irD. melanogaster activates the trans-
lation of twine mRNA to trigger the entry of spermatocytes into meiosis (Maines and
Wasserman, 1999). Translation activation activity has since been demonstrated for DAZL
from Xenopus laevis human and mouse, as well as human DAZ and Boule proteins via
MS2 tethering assays carried out inX. laevis oocytes (Collier et al., 2005). This activ-
ity is dependent on the DAZ family proteins interacting with poly(A) binding protein 1
(PABP1) with or without the poly(A) tails on the target mRNAs (Collier et al., 2005).
Additional non-translational roles for the DAZ protein family have also been explored
but these have not been directly tied to their function in meiosis (VanGompel and Xu,
2011).

Point mutations in the RBMX-like 2 (RBMXL2 ) gene, which encodes a nuclear RBP, have
been detected in infertile men (Westerveld et al., 2004) but its function was only recently
characterised via an RBMXL2 mouse knockout model (Ehrmann et al., 2019). These mice
had much smaller testes than WT and produced no mature sperm, while no impact on
female fertility was observed. Histology and immuno uorescence experiments revealed a
block in meiosis at the diplotene substage of meiotic prophase (Ehrmann et al., 2019).
A combination of in vivo RNA-seq and CLIP-seq experiments identi ed that a loss of
RBMXL2 results in an increase in the use of cryptic splicing sites, altering the expression
and/or amino acid sequences of several proteins including Meioc (Meiosis speci c gene
with coiled-coil domain) and Kdm4d (Lysine-speci ¢ demethylase 4D; Ehrmann et al.,
2019). Though the exact mechanism of how RBMXL2 regulates splicing during meiosis is
unclear, there is evidence it works with the splicing factor Tra2 to repress cryptic splicing
(Ehrmann et al., 2019).
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1.2.4. Spermiogenesis

RNA-binding motif 5 (RBM5) was identied as an RBP necessary for spermiogenesis
in a mouse mutagenesis screen. Male mice with a point mutation in theRbm5 gene
(referred to as Rbom5°92/sda mjce) were sterile, while females were una ected (O'Bryan et
al., 2013). This missense mutation results in a conversion of an arginine residue to a proline
(R263P) in the second RRM domain of RBM5, a highly conserved residue in the RNA-
binding interface (Song et al., 2012). TheRbm59/sd2 mice showed a defect in spermatid
di erentiation, as round spermatids were present in the testis but there were no elongating
spermatids or mature sperm cells (O'Bryan et al., 2013). RIP-chip was performed on round
spermatids isolated from WT testes, this identi ed 11 putative RNA targets of RBM5, four

of which had previously been linked to spermatogenesis (O'Bryan et al., 2013). 8 of the
11 putative targets had aberrant splicing patterns in round spermatids from Rbm5sd&/sda
mice compared with those isolated from WT. Further, it was demonstrated that for one of
the targets, St5, its aberrant splicing resulted in a decrease in ST5 protein and an increase
in phosphorylation of ERK1 and ERK2 (the downstream functional targets of ST5) in
round spermatids (O'Bryan et al., 2013). Though, this defect in St5 splicing is unlikely to
be the only cause of the spermatid di erentiation arrest seen in theRbm59&/sda mjce,

The nal example of an RBP important in spermatogenesis is Orb2, which is one of the
two Drosophila cytoplasmic and polyadenylation element binding (CPEB) proteins, and
has multiple roles in spermatogenesis (Xu et al., 2012; Xu et al., 2014). Male ies with
mutant alleles that a ect the expression of the longer 75 kDa Orb2 protein isoform are
sterile and show defects in both meiosis and spermiogenesis (Xu et al., 2012). While the
function of Orb2 in spermiogenesis is di cult to separate from its essential role in meiosis,
some observations have been made with an Orb2 mutant which has the N-terminal poly-Q
domain deleted (Orb2? ). In Orb2 @ males meiosis proceeds as normal but many of the
testes exhibit abnormal spermatid di erentiation (Xu et al., 2012). For example, 70% of
the Orb @ mutants had over-elongated agellar axonemes (Xu et al., 2012), indicating
that the spermatid defects observed in the Orb2 knockout males were not just due to the
failure of meiosis. A subsequent study found that Orb2 directly binds apkc-RA mRNA
and a ects its localisation in spermatids, where it is distributed in a comet pattern (Xu

et al., 2014). The localisation of aPKC protein at the apical side of spermatid cysts is
important for determining the correct orientation of the elongating spermatids (Xu et al.,
2014), i.e. agellar axonemes should elongate towards the apical end of the testis and
spermatid nuclei should bundle towards the basal end (Fig 1.1). It is likely that Orb2
regulates other RNAs as well, as a defect irapkc-RA mRNA localisation alone does not
explain other defects observed in Orb2 mutants, such as over-elongation.
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1.3. The STAR protein family

1.3.1. The three STAR subfamilies

In the last section, | presented that across the animal kingdom RBPs have roles in all stages
of spermatogenesis. IND. melanogaster one of the RBPs that is essential in the earlier
stages of spermatogenesis is held out wings (HOW; Monk et al., 2010). HOW belongs to
the signal transduction and activation of RNA (STAR) protein family, and several of the
STAR proteins are important in gametogenesis (Paronetto et al., 2006; Monk et al., 2010;
Priti and Subramaniam, 2015). The STAR proteins contain a STAR domain (sometimes
referred to as the STAR/GSG domain), and these RBPs have functions relating to many
di erent RNA processes, including alternative splicing, nuclear export of RNAs, RNA
stability, and mRNA translation (Lukong and Richard, 2003; Ckenard and Richard, 2008;
Volk et al., 2008). Post-translational modi cations by kinases or acetyltransferases can
alter their a nity for RNA, making their RNA functions responsive to various signalling
pathways, hence the protein family name (Lukong and Richard, 2003; Babic et al., 2004;
Israeli et al., 2007).

There are three paralogous STAR subfamilies, each named after the best known mam-
malian proteins from the subfamily. The oldest is the splicing factor 1 (SF1) subfamily,
which can be found across eukaryotes. The SF1 proteins recognise the branch point
sequence in introns and is crucial for the splicing of a subset of mRNAs in bottsac-
charomyces cerevisiaeand humans (Rutz and Seraphin, 2000; Tanackovic and Kramer,
2005). The other two subfamilies, Quaking and Sam68, are found in animals (Beadell and
Haag, 2014; Vernet and Artzt, 1997). Proteins in these younger two subfamilies can also
regulate splicing, but some of their functions have diversi ed to the regulation of mMRNA
stability and translation (Lukong and Richard, 2003; Volk et al., 2008). The STAR pro-
teins have the somewhat unusual feature of containing just a single RNA-binding domain
(RBD). This STAR domain is made up of three main regions: QUAL, a K homology (KH)
domain, and QUA2, though the SF1 proteins do not have the QUAL region (Fig 1.6).
How these regions each impact the RNA-binding properties of the STAR proteins will be
explored in this section along with their functions in spermatogenesis.

13
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Figure 1.6. The domain architecture of the three STAR subfamilies. The
domain architecture of human STAR proteins each representing one of the three STAR
subfamilies. Sam68 and Quaking both have the full STAR domain with QUAL (pink),
maxi-KH (blue) and QUA2 (orange) regions. SF1 does not have a QUA1 region but does
have a zinc nger (ZnF; light grey) domain.

1.3.2. Structure of the STAR domain

The structures of RBDs, with and without RNA, can give insights into the mechanisms
and functions of the RBPs they originate from. High resolution crystal structures of the
STAR domain have been solved for GLD-1 C. elegang, Quaking (H. sapiens), and one of
the Sam68 subfamily proteins | testis-STAR (T-STAR; H. sapiens, Teplova et al., 2013;
Feracci et al., 2016). Additionally, the NMR solution structure of KH-QUA2 domain of
SF1 (H. sapiens), which does not have the QUAL region, has been solved (Liu et al.,
2001). These structures have shown that not only are the subfamilies distinct from one
another in their primary amino acid sequences but in their structures too.

1.3.2.1. The maxi-KH domain of STAR proteins

At the core of the STAR domain is the KH domain, rstidenti ed from the protein hnRNP

K (Siomi et al., 1993). The KH domain is one of the most common RBDs, alongside the
RRM and zinc nger (ZnF) domains (Corley et al., 2020). The typical binding surface

of a KH domain can recognise just 4 nucleotides, these are often adenosines, which KH
domains bind more frequently than the other 7 most common RBDs (Valverde et al.,
2008; Corley et al., 2020). This is re ected in the consensus binding sequences of STAR
proteins (see section 1.3.3, Table 1.1). KH domains do not form many, or any, stacking
interactions with RNAs, this combined with their small binding surface means that a KH
domain tends to only have micromolar a nity for RNA (Valverde et al., 2008; Corley et

al., 2020). Subsequently, RBPs frequently have tandem domain repeats to increase their
speci city for their cognate RNAs (reviewed for KH domains in Nicastro et al., 2015). An
extreme example of KH domain repeats is vigilin, which has at least 14 KH repeats and in
some organisms 15 (Cheng and Jansen, 2017). This use of multiple repeated domains to
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increase speci city and a nity is also seen in RRM and ZnF containing proteins (Lunde
et al., 2007).

By contrast, the STAR proteins are unusual in having a single KH domain. Yet, several
of the protein members have low nanomolar a nity for their cognate RNAs and some
are able to recognise 6 or 7 nucleotides (Garrey et al., 2006; Carmel et al., 2010; Feracci
et al., 2016). One of the ways that STAR proteins increase their binding surface is by
having an expanded KH domain, also known as a maxi-KH domain. Most KH domains
are around 70 amino acids (Corley et al., 2020), while the maxi-KH domain is around
100 amino acids. This expanded domain follows the eukaryotic type | topology of KH
domains: 1 1 2 2 3 3, but includes expansions in the loops between these features
(Grishin, 2001; Cheng and Jansen, 2017). The variable loop region betweer, and 3 is
expanded across all STAR proteins. GLD-1 and T-STAR both have two additional short

helices within this variable loop region (Fig 1.7; Teplova et al., 2013; Feracci et al.,
2016).

The structures of STAR proteins bound to RNA show that, similar to most KH domains,
RNA binds to the maxi-KH domain in the hydrophobic cleft that is created, in part, by
the GxxG loop and the variable loop region (Fig 1.8; Liu et al., 2001; Teplova et al., 2013;
Feracci et al., 2016). The GxxG loop is one of the hallmarks of KH-RNA interactions
(Valverde et al., 2008), and without it RNA binding is either impaired or abolished (Nakel
et al., 2010; Silva et al., 2011). The GxxG loop, often GP(R/Q)G in STAR proteins, is
situated between the rsttwo -helices. RNA interactions with the maxi-KH domain are
also stabilised by amino acids in 1, 2 and 2 (Liu et al., 2001; Teplova et al., 2013;
Feracci et al., 2016).

15



1. Introduction

Figure 1.7. The variable loop in the maxi-KH domain of STAR proteins is ex-

tended. Three KH domains with the variable loop regions between , and 3 highlighted
in blue. Left: hnRNPK's third KH domain, the variable loop is 8 residues long (PDB:
1zzi; Backe et al., 2005). Middle: SF1's maxi-KH domain, the variable loop is 23 residues
long (PDB: 1klg; Liu et al., 2001). Right: GLD-1's maxi-KH domain, the variable loop
region is 27 residues long and forms two short -helices (PDB: 4jvy; Teplova et al., 2013).

Figure 1.8. RNA binds in the hydrophobic cleft of STAR domains. Molecu-
lar surface representation of GLD-1's KH and QUA2 regions with hydrophobic residues
coloured in red (based on hydrophobicity scale from Eisenberg et al., 1984). RNA (CUAA-
CAA; yellow) binds to GLD-1 in the hydrophobic cleft partly formed by the GxxG loop
and variable loop region (PDB: 4jvy; Teplova et al., 2013).
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