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PREFACE

This book aims to bring to the forefront a field that has been developing since the late
1990s called the STAR pathway for Signal Transduction and Activation of RNA. It is a
signaling pathway that targets RNA directly; in contrast to the canonical signal—kinase
cascade—transcription factor—DNA—RNA. It is proposed to allow quick responses to
environment changes such as those necessary in many biological phenomenona such as
the nervous system, and during development. The pathway is diagramed in Chapter 1,
Figurel. This chapter is a historical introduction and general review with some new data
on theoretical miRNAs binding sites and STAR mRNAs. In Chapter 2, Feng and Banks
address the accumulating evidence that the RNA-binding activity and the homeostasis
of downstream mRNA targets of STAR proteins can be regulated by phosphorylation
in response to various extracellular signals. Then Ryder and Massi review the available
information on the structure of the RNA binding STAR domain and provides insights
into how these proteins discriminate between different RNA targets. Next Claudio Sette
offers an overview of the post-translational modifications of STAR proteins and their
effects on biological functions, followed by two chapters dedicated to in depth review of
STAR function in spermatogenesis and in mammalian embryonic development. Chapters
7 and 8 discuss what can be learned from STAR proteins in non-mammalian species; in
Drosophila and Gld-1 and Asd-2 in C. elegans. Next Rymond discusses the actual mechan-
ics of splicing with mammalian SF1. Lastly Richard reviews what is known about STAR
proteins and human disease including osteoporosis, schizophrenia, cancer, infertility and
ataxia. The general intention of the editors is that basic researchers and clinicians will be
stimulated to join the “Enterprise” studying the role of STAR proteins in other relevant
diseases including dysmyelination and remyelination in multiple sclerosis and disorders
of the neural and immune synapse.

Talila Volk, BSc, MSc, PhD
Karen Artzt, BA, PhD
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CHAPTER 1

STAR TREK

An Introduction to STAR Family Proteins
and Review of Quaking (QKI)

Karen Artzt and Jiang . Wu*

Abstract: The STAR family has an extremely diverse role during development and in RNA
metabolism. We have concentrated on QKI as an example of this pleiotropic activity
and also presented some new data on the role of its conserved 3'UTRs gleaned from
bioinformatics analysis of theoretical miRNA binding sites. We review the concept
of'a direct pathway from signal transduction to activation of RNA, how this pathway
could be the cell’s quick response to developmental and physiological changes and
how it must be tightly regulated.

HISTORY OF THE STAR FAMILY

The first member of the signal transduction and activation of RNA (STAR) family
analyzed in detail was mammalian Src associated in mitosis (S4M68 now also known
as KHDRBS1).'? 1t was identified for its role in transducing cell signals. SAM68 was
shortly joined by a subfamily of three conserved genes distinguished by their diverse
and interesting mutant developmental phenotypes: the tumor suppressor gene gld-1 in C.
elegans,’ the dysmyelinating gene quaking (Qk) in mouse* and a Drosophila gene held
out wings (how) important for muscle development.>S In 1996 the family was completed
with a more distant relative human splicing factor 1 (SF1)" (Fig. 1).

Later, additional members of the three subfamilies were characterized; among them
were mammalian orthologs of Sam68: Sim1 (now known as Khdrbs2) and Slm2/T-Star
(now called Khdrbs3).3° Very recently identified was asd-2,'° (Table 1), a closer relative

*Corresponding Author: Jiang I. Wu—Department of Physiology and Developmental Biology,
University of Texas Southwestern Medical Center, Dallas, TX 75390, USA.
Email: jiang9.wu@utsouthwestern.edu

Post-Transcriptional Regulation by STAR Proteins: Control of RNA Metabolism in Development
and Disease, edited by Talila Volk and Karen Artzt.
©2010 Landes Bioscience and Springer Science+Business Media.
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KHDRBS2
1
KHDRBS3
SAMG8
ak
|
How
2
Asd-2
Gld-1
3 SF1

(no QUA1 domain)

Figure 1. Highly simplified family of STAR proteins. The tree was redrawn from treefam accession
numbers TF314878 and TF319159.%° The three sub branches are numbered.

to Ok than gld-1 in C. elegans based on its having three alternative spliced isoforms,
two different 3'UTRs, a tyrosine tail and a closer phylogenic distance to Qk than gld-1.
Members of STAR family are now defined from yeast to mammals and plants. The
more distant relatives in plants have not been studied except for SPLII-INTERACTING
PROTEIN 1 (SPINI) in rice. SPIN 1 negatively regulates programmed cell death and
disease resistance. It is amember of the SF1 Family branch. In total, seven STAR paralogs
including SPINI were found inrice.!! In some speciesitis hard to determine exacthomologs
because the species has expanded different family members; thus the blanks in Table 1.
What is shared by all of the STAR proteins except SF1, is an uncommon single expanded
KH RNA binding domain (Maxi-KH) that was flanked by two new conserved domains:
an amino terminal QUA1 and a carboxyl terminal QUA2 domain. This triple domain

Table 1. STAR family members in different species

Mammals Drosophila C. elegans Yeast Plants

OKI How Asd-2 and AT1G09660, (Arabidop-
Gld-1 sis thaliana)

Sam68/Khdrbsl Sam68 and Kepl AT2G38610, (Arabidop-

sis thaliana)
T-star/Slm2/ qkr58E-1 or

Khdrbs3 qkr54B (flymine)
Sim1/Khdrbs2  qkr54B (flymine)
SF1 SF1 sfa-1 BBP (pombe), SPINI, rice (Oryza

MSLS5 sativa), RIK [At5g51300]
(cerevisiae) (Arabidopsis thaliana)
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cytoplasm

Receptor X Kinase cascade

Receptor Y

Figure 2. Theoretical schema of a more direct STAR pathway. Instead of the canonical pathways for signal
transduction (red arrows) that requires at least four steps from receiving signals to protein production, the
STAR pathway requires a minimum of two steps (blue arrows). QKIS, Sam68 and SF1 are for regulation of
splicing and RNA metabolism in the nucleus; QKI6 and 7 are for RNA transport, stability and translational
regulation in the cytoplasm. It is possible that heterodimers between different isoforms participate in some
of the above functions. A color version of this image is available at www.landesbioscience.com/curie.

structure came to be called the STAR domain.'? It is also known as the GSG domain.*
The problem in the late 1990s was to make biological and molecular sense of this diverse
and highly conserved family.

At the time, the most characterized family member was mammalian SAM68. By
virtue of its KH domain, it was thought to bind RNA. There was also ample experimental
evidence suggesting that it plays an important role in signal transduction because of its
proline-rich regions, SH3- and WW-binding sites, RGG boxes and a prominent string of
tyrosines inthe C-terminal tail.!*!* SAM68 is a substrate of SRC and FYN tyrosine kinases
during mitosis.!*! Its tyrosine-phosphorylation can also be regulated by many signals
and kinases including the activated insulin receptor and leptin receptor (refs. 13,16 and
references within); additionally it is an ERK Ser/Thr kinase target.!” Phosphorylation of
SAM68 notonly enablesits interactions with many SH2/SH3- containing proteins to activate
downstream signaling pathways, but also modulates its RNA regulating activities.'*!*
In addition to phosphorylation, post-translational modifications that regulate SAM68
function in RNA metabolism also include arginine methylation's and sumoylation.!” All
of the above suggest a direct connection between signal transduction and RNA regulation
(Fig. 2). (See Feng and Bankston chapter for more detail.)

Because of the extreme conservation of QKI from Drosophila to mammals, it was
noticeable that the tyrosine-rich tail was also present in the QKI subfamily members.
Whereas little is conserved between the end of the STAR domain and the tyrosine tail,
depending on which alignment is used, from 3 to 5 out of the 6 C-terminal tyrosines and



4 POST-TRANSCRIPTIONAL REGULATION BY STAR PROTEINS

their surrounding amino acids are identical between QKI and HOW.!? In addition, QKI
contains seven SH3-binding sites.* Thus in the late 1990s, based on all the phenotypic
data provided by the STAR proteins, the functional analysis of SAM68 and the conserved
protein structures, a link was hypothesized between signal transduction and some aspects
of RNA regulation. Although STAR proteins differ in some of their features and participate
in diverse steps of RNA metabolism, they were hypothesized to participate in a novel
cellular process that brings external signals directly to RNA!? (Fig. 2). Similar ideas
about RNA-binding proteins as regulators of gene expression were also formulated by
Siomi and Dreyfuss.?

Indeed, it did not take long to validate this notion for QKI. In 2003, Yue Feng’s group
found that Src family protein tyrosine kinases phosphorylate QKI at the C-terminal tyrosine
cluster and modulates the ability of QKI to bind myelin basic protein (MBP) mRNA.?' The
same group later showed that it was FYN that phosphorylates QKI in brain (see Feng and
Bankston chapter for details).” Similar to Sam68, QKI can also be arginine methylated.'s

THE DOMAIN STRUCTURE AND ALTERNATE SPLICING
OF STAR PROTEINS

STAR proteins differ from most other KH-containing RNA binding proteins in two
ways. First, while most other such proteins have multiple KH domains, STAR proteins
have only one maxi-KH domain with two extended loops and an additional C-terminal
helix.?*?* Since multiple KH domains are thought to stabilize RNA binding, STAR
proteins may accomplish this by functioning as homo- and/or heterodimers.?*¢ Second,
the central KH domain is flanked on either side by two domains called QUA 1 and QUA2.
Towards the amino terminal, the QUA 1 domain is necessary for dimerization,>?° while
the carboxyl side QUA?2 is thought to participate in RNA binding.? The sole exception
to this domain organization is SF1, which lacks the dimerizing QUA1 domain. Thus
four out of the five mammalian STAR proteins have a central core of QUA1-KH-QUA2.
The solution structures of the KH-QUAZ2 regions either from the SF1 in complex with
RNAZ or from Xenopus QKI in absence of RNA have been resolved.?

Another conserved aspect of STAR family genes is their own alternate splicing.
For example, mammalian Qk and its Drosophila homologue how each have at least
three major splice forms.**” For Qk, this produces three different proteins QKI5, QKI6
and QKI7 so named for the length of their mRNAs. Each splice form produces its own
unique carboxyl terminal.* These become a convenient handle for producing antibodies
that distinguish the isoforms.?® A fourth splice form for Qk has been identified (QKI7b),
which also comes with its own carboxyl terminus.? It is these unique carboxyl tails that
determine their locations in the cell. The QKIS specific tail contains a nuclear localization
signal and thus it is found mostly in the nucleus. However, QKI5 can also shuttle between
the nucleus and the cytoplasm.?® QKI6 and QKI7 have unique peptide tails and both
reside in the cytoplasm exclusively.?® Alternative splicing of the Ok gene also produces
two distinctive long 3'UTRs, one used by QKI5 and one shared to different extents by
QKI6 and QKI7.4

The different QKI splice forms also perform different functions; QKIS is the major
isoform in the embryo and is likely responsible for the early embryonic lethality of several
ethylnitrosourea (ENU) induced mutations and the Qk knockout allele.’**2 QKI6 and 7 are
necessary for myelination as Qk"** mice have a glial specific absence of QKI6 and QKI7
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proteins and therefore develop the dysmyelination phenotype.?®* In fact in the Qk" "
allele, there is a 1 Mb deletion located less than 1000 bp 5’ to Qk and includes not only
the presumed glial cell enhancer for Qk but also part of the Parkin 2 gene and the Parkin
co-regulated gene (Pacrg).*** It is clear that while the glial cell enhancer is deleted in Qk¥«%,
the coding region necessary for embryo survival is intact. For a more detailed analysis of
QOk’s genomic structure and alternate splicing see reference 29.

STAR PROTEINS HAVE A MULTITUDE OF DEVELOPMENTAL FUNCTIONS

STAR proteins are widely expressed and have been shown by mouse mutations to
function in various different developmental processes. The evidence for the essential
developmental functions of QKI protein came from the studies of several spontaneous,
ENU-induced or the knockout alleles of Qk. This implies tight developmental and
temporal control of Ok function. Although many early embryonic lethal Ok alleles are
not informative about later functions, the above notion is supported by the diversity of
phenotypes generated by the genetic compounds of the many ENU induced alleles and
one knockout allele. These include: abnormal somites, heart defects, cranial defects and a
disorganized anterior-posterior axis,*' lack of vascular development®* and mis-regulation
of visceral endoderm function.*® Also on this list are: smooth muscle cell differentiation,
kinky and open neural tubes.* The viable alleles of Qk point out its important function
in the nervous system as the mutations lead to lack of myelination in both the central and
peripheral nervous systems,”’ early-onset seizures, severe ataxia, a dramatically reduced
lifespan and Purkinje cell axonal swellings indicative of neurodegeneration.*® In addition,
proportional dwarfism and ataxia have been documented in the compound of the Ok
knockout and the Qk“** alleles (Kuniya Abe, personal communication).

Surprisingly, considering Sam68’s many roles in signal transduction and RNA
regulation, the knockout mice have a relatively mild phenotype. This is possibly due to
the presence of two highly related subfamily members SLM1 and SLM2.

Although Sam68 knockout mice are viable, they display male infertility®® (see
Erhmann and Elliot chapter), motor coordination defects,* resistance to age-related bone
loss and reduced susceptibility to mammary gland tumors.*'*

Recently, SF1 has been shown to be involved in f-catenin/wnt pathway.* Heterozygous
knockout mice display a higher incidence of drug induced colon tumors, which is possibly
awnt-dependent tumorigenesis process.* The homozygous SF'/ knockout mice die before
embryonic day (ES8.5), indicating SF1’s function in splicing or other essential cellular
processes in early development.*

Thus, it seems that STAR proteins regulate a multitude of functions at different times
in various tissues in the embryo and adult. This diversity could be a function of the large
number of target RNAs* and other regulatory mechanisms discussed below.

DIVERSE MOLECULAR FUNCTIONS OF STAR PROTEINS
IN RNA PROCESSING

In addition to the above multitude of phenotypes, the molecular functions of STAR
proteins and their orthologs in RNA metabolism are also diverse. STAR proteins have
been shown to function in pre-mRNA splicing, mRNA localization and transport, nRNA
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stability and translation efficiency (46 and references within). In addition, many of the
activities are regulated by extra cellular signals and post-translational modifications (see
Sette chapter for detail).

The QKI target RNAs that have been most studied are the myelin set of genes. QKIS
affects pre-mRNA splicing of myelin-associated glycoprotein (MAG) via an alternative
splicing element (QASE) in the downstream intron. In this instance QKI5 may function
together with other splicing regulators to repress the developmentally regulated inclusion
of MAG exon 12.# Interestingly, the QKI homologs, Drosophila HOW* and C. elegans
ASD-2!" have also been shown to regulate alternative splicing during development.

Studies of myelin basic protein (MBP) in Qk"“"* mice demonstrated that QKI affects
multiple steps of MBP mRNA metabolism. QKI7 and possibly QKI6 play a role in
cytoplasmic stabilization of MBP mRNA presumably via the QKI RNA-binding element
(QRE) in the MBP 3'-UTR.**° QKI proteins have also been shown to regulate nuclear
retention of MBP mRNA and transport to the myelinating membranes.**s' Among the
several defined targets of QKl is the cyclin-dependent kinase (CDK)-inhibitor 1 (p27Kip1).
Laroque etal showed that QK16 and QKI7 promote oligodendrocyte differentiation possibly
by binding and protecting p27Kipl mRNA.** Similarly ectopically expressed QKI proteins
promote Schwann cell differentiation and myelination.* In addition, QKI proteins regulate
the stability of MAP1B mRNA and promote oligodendrocyte maturation.**

The role of STAR proteins in translation regulation first came from studies of the C.
elegans GLD-1 protein. GLD-1 controls gene expression by acting through a hexanucleotide
sequence (NACUCA) called TGE in the target 3'UTR to repress translation of Tra-1
protein (see Schdel and Lee chapter for more detail).® Later it was found that mouse
QKI6 acts with a similar mechanism through the G/il mRNA to repress translation.>*%
The identified RNA targets of GLD-1 translational regulation includes p53, Notch and
the C. elegans caudal homolog, pal-1.5%% It will be interesting to identify more RNA
targets whose translations are regulated by STAR proteins.

The diverse molecular functions of SAM68 and SF1 will be discussed in detail in
the later chapters.

Ok EXPRESSION IN THE ADULT NERVOUS SYSTEM AND DISEASE

The functions of QKI in neurological disease have recently attracted much attention.
Although Ok is highly expressed in glia, it is not expressed in most neurons.?® In fact
during development, as embryonic neuroblasts differentiate into glia versus neurons,
Ok is turned off in the neurons and up regulated in glia.®! However, in the adult nervous
system, according to the Allen mouse brain atlas,® Qk is abundantly expressed in Purkinje
neurons in the cerebellum (Fig. 3). Also, the more severe viable Ok ENU mutation,
Qk*, shows both a lack of myelination and Purkinje cell axonal swellings indicative of
neurodegeneration and severe ataxia.*® These recent data support the idea that QKI is
part of an interaction network for human inherited ataxias and disorders of Purkinje cell
degeneration.®® In addition to the ataxia phenotype in Qk"“** mice, another connection
of QKI to ataxias is that several highly expressed microRNAs in Purkinje cells that
co-regulate Ataxinl levels* also have frequent theoretical binding sites in the Qk7 3'UTR.
They are: hsa-miR-19a, 19b, 101, 130a and 130b and have respectively 6, 5, 1, 2 and 2
theoretical sites in the Qk7 3'UTR(see below).
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Figure 3. Ok expression in Purkinje neurons in the cerebellum. In situ hybridization results of Qk on
a sagittal section of adult mouse brain (Allen Atlas Portal [Internet]. Seattle (WA): Allen Institute for
Brain Science, ©2009). Red indicates the highest level of expression. White arrows point to the single
row of Purkinje cells.

Another interesting but neglected place to look for a Qk disease connection is multiple
sclerosis (MS). Relapsing-remitting MS is an autoimmune disease that results in cycles
of demyelination and very occasional remyelination.®> An increase in QKI during adult
remyelination has been noted to happen in MS®¢” but this idea has not been followed up.
However, of the top four miRNAs most significantly dysregulated in MS®7, three that are
upregulated: hsa-miR-145, -186 and -664 and one that is downregulated hsa-miR-20b,
there are respectively 1, 2, 5 and 6 predicted sites in the Qk 3’UTRs (see below).

Recently QKI has surfaced as a factor associated with schizophrenia, a disease
accompanied by myelin deficiency. Decreased expression of the myelin-related genes,
including QKI, is a consistent finding in studies of postmortem brain from subjects with
schizophrenia.® Changes of QKI expression may be responsible for the impairment of
myelin observed in schizophrenia® but as yet there are no polymorphic changes described
in Ok in patients. Nevertheless, some genetic evidence has been reported implicating Ok
as a susceptibility factor in schizophrenia.”

And lastly there is a very recent report of a human haploinsuffiency of the QK7 gene
with a phenotype reminiscent of 6q terminal deletion syndrome. The patient carried a
balanced translocation with a breakpoint in QK7 in the intron between exons 2 and 3.
The symptoms included intellectual disabilities, hypotonia, seizures, brain anomalies,
and specific dysmorphic features including short neck, broad nose with bulbous tip, large
and low-set ears and downturned corners of the mouth.™
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Ok 3' UTR CONSERVATION AND A HIGH THEORETICAL NUMBER
OF miRNA BINDING SITES

The diverse functions of STAR proteins in different cell types and developmental
processes must require tight developmental and temporal control of their expression. For
QKI, known for its regulation at the transcription and splicing levels, another yet potentially
important level ofregulation is by microRNAs (miRNAs) viaits long and conserved 3'UTRs.
The extreme conservation of the QK75 3' UTR was initially noted by comparing mouse and
Xenopus Qk (Xqua).”' Surprisingly, one conserved block of over 300 nucleotides is 90%
identical between Xqua and QkI5. In addition, most vertebrate Ok genes have two entirely
different long 3'UTRs located some distance from each other in the genome. Both of them
are highly conserved within vertebrate species (Fig. 4) and thus seemed likely targets for
post-transcriptional regulation by miRNA. Using web-based bioinfomatic sources, we
analyzed the potential miRNA binding sites in human QK7 3'UTRs. We chose humans
since they have the highest number of miRNAs characterized.

To examine the predicted miRNA binding sites in the 3'UTRs of human OKI, we
employed the microRNA.org database at Memorial Sloan-Kettering Cancer Center (http://
www.microrna.org/microrna/home.do).” This database has beenrelatively recently updated
(Sept 2008) to include a comprehensive cDNA sequencing project from a large set of
mammalian tissues and cell lines. Thus it contains data for most if not all of 3'UTRs of a
specific gene. This is not true for other databases that don’t distinguish 3'UTRs and usually
deal with only one. MicroRNA.org picked up Ok 3'UTRs of four different lengths: 6,399,
5,434, 4,173 and 3,512 bp respectively. By aligning these sequences it was evident that the
first and fourth of these represent the unique and non-overlapping Ok 3'UTRs. With some
genes, when added together the predicted miRNA binding may be an underestimate due
to the low abundance of a particular target mRNA or an overestimate because 3'UTRs of
different length can be overlapping. Thus, the best estimate is the total number of different
miRNAs theoretically bound since this represents the level of possible regulation by miRNA
in different cell types during different developmental stages (shaded columns in Tables
2-6). To some extent the number of sites is proportional to 3’ UTR length (except for very
short ones; Tables 2-4), but not proportional to length for the control genes (Table 6).

The top 20 binders of miRNA in the microRNA.org human genome are ranked
according to the predicted numbers of different miRNAs bound listed in Table 2. QKT falls
in the middle of this group at position 11. The top 20 miRNA binders all have long 3'UTRs
(5,390 to 12,567 bp) and are potential targets of an impressive 51 to 69% of the total 677
defined human miRNAs in the microRNA database. This suggests a mechanism providing
extensive and precise post-transcriptional control of gene expression in multiple cell types.

Next we looked at theoretical numbers of miRNAs bound in the other four members
of the mammalian STAR family (Table 3). QKT tops the list of the other STAR members
by an impressive 3 to 6.5 fold. Thus, high binding site number is not characteristic of the
STAR family in general but rather unique to QKI. To examine whether the KH domain
containing genes or genes with a neurological phenotype have a high number of miRNA
binding sites, thirty genes in each of these categories were chosen at random and compared
using the same criteria (Tables 4 and 5). When the total numbers of different miRNAs bound
were analyzed, only one in each category; AF4/FMR?2 family, member 2 and neurotrophic
tyrosine kinase receptor, Type 2 (NTRK?2) fell into the top 20 binders. Thus, in general
neither KH domain encoding genes nor genes with neurological phenotypes have high
numbers of theoretical miRNA binding sites. We performed a similar search using genes
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Table 2. Top 20 theoretical binders of miRNA in the human genome

Ratio % Total
3’UTR Different
Length/ No. of Human
No. Different miRNAs
of Its miRNA  Bound
Gene 3JUTR  Unique Binding (hu Total
No. Symbol Gene Name Length Sites Sites =677)
1 NRXN3 Neurexin 3 6,981 15 470 69.4
2 TNRC6B  Trinucleotide repeat contain- 12,567 29 431 63.7
ing 6B
3 SLCiA2 Solute carrier family 1 (glial 9,689 23 425 62.8
high affinity glutamate trans-
porter), member 2
4  MECP2 Methyl CpG binding protein 2 8,554 20 419 61.9
(Rett syndrome)
KLFI2 Kruppel-like factor 12 9,478 23 411 60.7
PTPRT Protein tyrosine phosphatase, 7,717 19 410 60.6
receptor type, T
7 FBXW2 F-box and WD repeat domain 7,583 19 398 58.8
containing 2
8 NITRK2? Neurotrophic tyrosine kinase, 6,801 17 394 58.2
receptor, Type 2
9  NFATS Nuclear factor of activated 9,565 24 391 57.8
T-cells 5, tonicity-responsive
10 NFIB Nuclear factor I/B. 6,461 17 389 57.5
11 QKI Quaking 6,399 17 386 57.0
12 FMR2, AF4/FMR2 family, member 2 9,331 24 385 56.9
AFF2
13 PURB Purine-rich element binding 8,117 22 370 54.7
protein B
14 KIAA2022 KIAA2022 5,828 16 359 53.0
15 IKZF2 IKAROS family zinc finger 2 7,673 21 358 529
16 TUGI Taurine upregulated gene 1 7,160 20 358 529
17 Clorf21, DENN/MADD domain 9,465 27 357 52.7
DEN containing 1B
18 IGF2BPI  Insulin-like growth factor 2 6,701 19 350 51.7
mRNA binding protein 1
19 JHDMID  Jumonji C domain containing 6,348 18 348 514
histone demethylase 1 homolog
D (S. cerevisiae)
20 KCNAI Potassium voltage-gated chan- 5,390 15 348 514
nel, shaker-related subfamily,
member 1
Average 388
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Table 3. The mammalian STAR family members

Ratio % Total
3’UTR No. of Different
Length/  Different Human
No. of Its miRNA  miRNAs

Gene 3’UTR  Unique  Binding Bound (hu
No. Symbol Gene Name Length  Sites Sites Total = 677)
1 OKI Quaking 6,399 17 386 57.0
2 SF1 Splicing factor 1 848 7 124 18.3
Sam68, KH domain containing,
KHDRBSI RNA binding, signal
transduction associated 1 1,247 14 91 13.4
4 SLMI, KH domain containing,
KHDRBS2 RNA binding, signal
transduction associated 2 1,003 13 75 11.1
5 SLM?2, KH domain containing,
T-star, KH- RNA binding, signal
DRBS3 transduction associated 3 521 9 59 8.7

Average 147

known to play a role in myelination and obtained the result that miRNAs bound were in
the normal range (data not shown). To find an average total for randomly chosen cDNAs,
we analyzed two more control groups of 30 KIAA and 30 FJL genes (Tables 6a and b).
The average number of different miRNA sites was 97 and 64 respectively. Compared to
388, the average number of the top 20 genes listed in Table 2, randomly picked genes are
several fold less.

To understand what the general norm is for a gene’s potential number of miRNA
binding sites, we performed a small-scale bioinformatics analysis. From the microRNA.org
database, we analyzed all the 3,737 KIAA genes that contain at least one potential miRNA
biding site. The data are plotted in Figure 5. The number of miRNA binding sites in the
median cDNA 3'UTR is 54, 7 fold less than the group of top 20 genes (Table 2). In fact,
the group of genes that contain more than 350 different miRNA sites numbers less than 40
cDNAs (about 0.1% of the human genome). Thus QK7 belongs to this small group of genes
that have the highest predicted number of miRNA binding sites in the genome.

DISCUSSION AND CONCLUSION

The STAR family appears to have an extremely diverse role in RNA metabolism. We
have concentrated on QKI as an example of this pleiotropic activity and also presented some
new data on the role of its conserved 3'UTRs gleaned from bioinformatics analysis.

The simplest way to explain the multiplicity of function of the STAR family is
that individual members are turned on and off repetitively in many different tissues.
This precise temporal and spatial distribution predicts a great many targets in different
tissues as is indeed the case for Qk.* It is very likely that the Qk gene and its encoded
proteins are kept under tight control with transcriptional, post-transcriptional and
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Figure 5. A scatter plot of the numbers of different 3'UTRs versus the theoretical miRNA binding sites.
A sample of 3,737 human ‘KIAA’ gene 3'UTRs from microRNA.org database was analyzed. QK7 does
not appear in this sample because the mutation was named before the KIAA (Human cDNA project at
the Kazusa DNA Research Institute) numbering system. An arrow indicates the miRNA binding sites of
the median cDNA 3'UTR. A color version of this image is available at www.landesbioscience.com/curie.

post-translational mechanisms. With respect to transcription, there are possibly several
alternate tissue specific promoters as demonstrated by the original viable mutation that
contains a deletion of part of the upstream 5' regulatory region. The deletion leads
to the impaired expression of QKI6 and QKI7 messages specifically in myelinating
oligodentrocytes and Schwann cells, whereas QKI expression in other tissues are not
affected.”

Another mechanism of fine-tuning is the balance of different splice forms since
they may perform opposing functions. In the case of Sam68, its function could be
regulated by the splice form that lacks the KH domain and therefore the ability to bind
RNA.”™ Thus Sam68 heterodimers of KH-containing and non-KH-containing forms
might tune down its RNA-binding activity. It appears that Qk also has such a splice
form,?” however its abundance is not known.

Notably, another level of potential tight control for Qk is mediated through its very
long and conserved 3'UTRs. These 3'UTRs that theoretically bind an enormous variety of
miRNAs (57% ofthe 677 defined human miRNAs) could provide fine-tuning of QKI at the
mRNA level in different tissues during development. Some miRNAs that have frequent
predicted binding sites in Qk 3'UTRs are specifically expressed in neural tissues,”>7®
myocardial, microvascular and endothelial tissues” and some immune cells.”s™

Thus the STAR family is like a conductor of an orchestra playing a fugue with peaks
and valleys of voices in different tissues—It is possible that the STAR family members
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are master regulators of carrying external signals directly to RNA and thus are efficient
at helping to maintain a dynamic and progressive equilibrium during development.

FUTURE APPLICATIONS, NEW RESEARCH, ANTICIPATED
DEVELOPMENTS

With the recent progress of understanding STAR protein functions in signal
transduction and RNA metabolism as well as their physiological roles in development
and disease, the STAR family is emerging as key regulators of numerous biological
processes. Further studies will be focused on addressing several important questions. (1)
What are the RNA targets for STAR proteins? Besides predictions from the consensus
sequence derived from in vitro experiments, the recently developed high throughput
sequencing technology will enable the systematic identification of in vivo RNA targets
of STAR proteins. (2) How are STAR family genes regulated transcriptionally by
tissue specific enhancers and post-transcriptionally by splicing regulators and upstream
miRNAs? (3) How are STAR proteins regulated by post-translational modifications
and how these modifications regulate their molecular functions? (4) What are the
signals upstream of all the STAR proteins? (5) What are the molecular mechanisms
of STAR proteins linking external signals to RNA metabolism? And finally, (6) what
are the biological functions of STAR proteins in different tissues and human diseases?
Conditional mutations and mutations of multiple subfamily members will be needed
to have a more comprehensive understanding of this question. The investigation of
these questions has already started as is shown by the other chapters of this book. The
STAR trek will continue and no doubt more interesting results will be revealed about
this fascinating group of proteins.
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CHAPTER 2

THE STAR FAMILY MEMBER
QKI and Cell Signaling

Yue Feng* and Andrew Bankston

Abstract: The family of Signal Transduction and Activators of RNA (STAR) is named based
on the intriguing potential for these proteins to connect cell signaling directly to
the homeostasis of their mRNA ligands. Besides the commonly shared single RNA
binding domain that displays heterogeneous nuclear ribonucleoprotein K homology
(KH), STAR proteins also harbor domains predicted to bind critical components in
signal transduction pathways, in particular the Src-family protein tyrosine kinases
(Src-PTKs). Indeed, accumulating evidence in recent years has demonstrated that the
RNA-binding activity and the homeostasis of downstream mRNA targets of STAR
proteins can be regulated by phosphorylation in response to various extracellular
signals. This chapter provides a short review of the STAR member QKI, focusing
on the essential role of QKI in development of the central nervous system, possible
mechanisms by which QKI may link cell signaling to the cellular behavior of its
mRNA targets and how QKI dysregulation may contribute to human diseases.

INTRODUCTION

The mouse Qk gene was cloned in 1996 by the Artzt group.! Soon after, the Xenopus
QOkhomologue? and Drosophila Ok homologue named held out wings(How)® were cloned,
followed by the isolation of human QKT several years later.* The coding sequence and the
genomic organization of the Qk gene are highly conserved in mammals.** The predicted
features in QKI for binding RNA as well as signaling molecules and in Src-associated
protein in mitosis 68 kDa (SAM68) prompted the idea that proteins in this family may
function to connect cell signaling directly to mRNA homeostasis.® At least three major
Ok isoforms are derived from alternative splicing of the 3’ coding exons.' Based on the

*Corresponding Author: Yue Feng—Emory University, 1510 Clifton Road, Atlanta, GA, 30322 USA.
Email: yfeng@emory.edu
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length of Ok mRNAs, the corresponding QKI proteins are named QKI5, QKI6 and QKI7.
A fourth isoform called QKI7b was identified later,** although expression of the encoded
QKI7b protein has not been validated. All QKI proteins share the same N-terminus, which
harbors an extended hnRNP K homology (KH) domain responsible for RNA-binding.
Also present is a dimerization (QUA1) domain, an RNA binding stabilization domain
(QUA2), several putative Src-homology 3 (SH3)-binding motifs that may interact with
signaling factors, as well as a tyrosine cluster that serves as the phosphorylation sites
for Src-PTKs.”® The distinct C-termini of QKI isoforms determine their subcellular
localization. The QKI5 C-terminus harbors a nuclear localization signal (NLS), resulting
in predominant nuclear localization of QKI5 in the steady state, despite its ability for
nuclear-cytoplasmic shuttling.’ In contrast, QKI6 and QKI7 are mainly detected in the
cytoplasm. Thus, although QKI isoforms harbor similar selectivity and affinity to the
mRNA ligands in vitro,>!° the nuclear and cytoplasmic QKI isoforms are thought to exert
differential and perhaps even opposing influence on the same mRNA ligands.

In vertebrates, QK1 is essential for neural and endoderm development in embryos. !
(The function of invertebrate QKI homologues is reviewed in other chapters.) However,
the molecular and cellular mechanisms by which QKI controls development still remain
poorly understood.!! To date, the function of QKI is best characterized in the rodent
nervous system,”!? taking advantage of the quaking viable (Qk") mutant mouse in which
QKI expression is selectively attenuated in oligodendrocytes (OLs) and Schwann cells
that are responsible for myelin formation in the central and peripheral nervous system
respectively.'*!* Extensive studies have demonstrated the essential role of QKI in
controlling proliferation and differentiation of myelinating glial cells,'®!” as well as in
the actual ensheathment of axons by the specialized myelin membrane.'®* This is a key
step in postnatal brain development that enables information to flow quickly between
distant neurons. Consistent with these animal studies, accumulating evidence suggests
the involvement of QKI hypofunction in white matter contributes to impairment in
cognitive diseases represented by schizophrenia and depression.?'** In addition, emerging
evidence points to the potential role of QKI in tumorigenesis in human glioma**-7 and
colon cancer.?®

The biological function of QKI in development is carried out by controlling
protein expression from its downstream mRNA targets via multiple post-transcriptional
mechanisms.”? Importantly, the RNA-binding activity of QKI is regulated by
Src-PTK-dependent tyrosine phosphorylation.® Thus, delineating how QKI isoforms
connectcell signaling to the cellular behavior of theirmRNA targets will provide important
clues in understanding fundamental rules that govern normal development, as well as the
pathogenesis of human diseases caused by post-transcriptional dysregulation.

QKI IS ESSENTIAL FOR EMBRYONIC AND POSTNATAL DEVELOPMENT

In the developing brain, Ok gene products are initially detected in neural stem cells.*
During neural cell fate decisions, Qk expression is selectively silenced in the neuronal
lineage, but maintained in glia.'*** Thus, the QKI protein is postulated to govern neural
cell fate specification,* although the functional requirement of QKI in this process has
not been directly demonstrated. During postnatal development, the mRNAs encoding
cytoplasmic QKI isoforms are gradually increased during accelerated myelin formation.'*
Meanwhile, the nuclear QKI5 declines.!*—Change the vigorous alteration of many splicing
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factors during OL differentiation,®! expression of QKI isoform proteins are conceivably
regulated at the step of alternative splicing of Ok pre-mRNA.The reciprocal regulation
of the nuclear and cytoplasmic QKI isoforms suggests their differential function. The
first evidence that QKI proteins are indeed important for brain development is derived
from the severe hypomyelination phenotype in the homozygous quaking viable (Qk"/Qk")
mutant.’>3 Ok’ is a spontaneous recessive mutation that leads to diminished QKI expression
specifically in Qk"/Qk* OLs,'* the myelinating glia responsible for the formation of myelin
membrane on neuronal axons in the CNS. Consequently, many myelin structural protein
mRNAs known to bind QKI are reduced in the Qk"/Qk” mutant brain.'® Key among them
is myelin basic protein (MBP), a component in compact myelin formation.> The Qk/Qk*
mutant only produces 5-10% of myelin as compared to that in the normal brain and such
myelin fails to compact. Hence, the mutant develops severe tremors and seizures when
myelin function becomes important at postnatal day 11~12.' Despite the fact that the Qk”
lesion also deletes the pacrg and part of the parkin genes,' reintroducing expression of a
QOk-transgene into OLs was sufficient to rescue the failure in myelination.? This clearly
demonstrated the functional requirement of QKI in myelin development. More recent
studies further reveal the essential role of QKI in controlling proliferation, differentiation
and maturation of OL progenitor cells'®!” and Schwann cells.'"® This in turn ensures a
sufficient number of myelinating cells and the proper timing of myelination. Thus, QKI
is a key factor that functions at multiple steps to advance OL and myelin development
(more details are reviewed in ref. 7).

The Qk gene is widely expressed in various tissue types.!!! In addition, a consensus
RNA motifidentified for QKI binding in vitro, named QKI recognition element (QRE), is
found in over 1000 mRNA species.'® Many of these putative QKI targets encode proteins
that play key roles in cell growth and differentiation, such as p27%?! that controls cell cycle
exit.!"” Thus, QKI conceivably can exert profound influence on development, in addition
to its well established role in the nervous system. Indeed, conventional knockout of the
QKI gene in mice results in early embryonic lethality, due to severe developmental failure
in many tissues including neural tube, cardiovascular system and smooth muscle.!' More
recent studies suggest that QKI not only plays important roles in controlling normal cell
growthand development, but may also contribute to tumorigenesis in various cell types.?>23
How QKI may mediate cell signaling to govern normal development and furthermore
how QKI abnormality may be involved in pathogenesis of cancer and developmental
diseases is an intriguing question that warrants rigorous investigation.

PHOSPHORYLATION OF QKI ISOFORMS BY Src-PTKS REGULATES
THE CELLULAR FATE OF QKI mRNA TARGETS AT MULTIPLE
POST-TRANSCRIPTIONAL STEPS

Several proline-rich SH3-binding motifs exist in all vertebrate QKI isoforms, leading
to the hypothesis that QKI is a target of Src-PTKs,® whose RN A-binding activity may be
governed by Src-PTK-dependent phosphorylation, similar to that of SAM68.% In addition,
a cluster of five tyrosine residues is located immediately downstream of the SH3-binding
motifs in QKI. Later studies demonstrated that the C-terminal tyrosine cluster, but not
tyrosines in the KH domain or at the N-terminus, mediate phosphorylation of QKI by
Src-PTKs in vitro, in transfected cells and in isolated myelin during brain development.®
In addition, the predicted SH3-binding motifs are important for Src-dependent QKI
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phosphorylation.® However, unlike SAM68, QKI does not form a stable complex with
Src-PTKs, suggesting a rather transient interaction between QKI and the kinase. Each
QKT isoform is phosphorylated by Src-PTKSs to a similar level in vitro and in transfected
cells,® which negatively affects QKI binding to the MBP mRNA, the high affinity target of
QKI in myelination.?” However, whether Src-PTK-dependent phosphorylation represses
QKI binding to all target mRNAs still remains to be determined.

QKI isoforms may exert a multitude of influence on their mRNA ligands at various
post-transcriptional steps, including mRNA stability, translation, nucleo-cytoplasmic
localization and alternative splicing.?® The function of QKT in stabilizing mRNA targets is
most extensively characterized in OL development in vivo as well as in cells transfected
with reporter genes.'®2%3¢ QKI deficiency causes destabilization of many mRNAs that
encode key factors for OL differentiation and myelin synthesis.!® However, mRNA
stabilization does not necessarily enhance expression of the encoded protein, considering
the differential nucleo-cytoplasmic distribution of the QKI isoforms. For example, due
to the more severe reduction of cytoplasmic QKI6 and 7 rather than the nuclear QKIS in
the Qk*/Qk’ mutant, the MBP mRNA is retained in the nucleus,?” which contributes to the
reduced MBP protein expression and myelin defects. In contrast, over-expression of the
cytoplasmic QKI6 enhances MBP protein expression and rescues the myelination failure
in the Qk*/Qk’ mutant.?® The differential biological function of nuclear and cytoplasmic
QKI isoforms is also found in cell differentiation, in which only the cytoplasmic QKIs
promote cell cycle exit while QKI5 appears to keep cells in proliferation status.'>!” Thus,
despite the fact that Src-PTK-dependent phosphorylation negatively affects QKI-RNA
interaction,® opposing outcomes on QKI target protein expression can be mediated by
different QKI isoforms. Presumably, Src-PTK-dependent phosphorylation of QKIS
may release nuclear retention of the mRNA ligands, thus enhancing the expression of
the encoded proteins. Reciprocally, phosphorylation of cytoplasmic QKI isoforms may
attenuate their influence to the cytoplasmic behavior of the mRNA targets.

How could the opposing effects on QKI-mRNA ligands by Src-PTK-dependent
phosphorylation of QKI isoforms coordinately advance cell growth and development? It is
important to point out that Src-PTK activity is also regulated during cell development.3$
Thus, the functional relationship between the developmental regulation of Src-PTK
activity and QKI isoform expression and the distinct function of QKI target mRNAs at
different developmental stages, are key factors for deciphering how QKI isoforms mediate
Src-PTK signaling to govern normal development. The vigorous regulation of Src-PTK
member Fyn, QKI isoforms and QKI target mRNAs in early OL differentiation as well as
myelination offers an informative working model for connecting Src-PTK-QKI signaling
to mRNA cellular behavior that ultimately advances myelination (Fig. 1).

Several Src-PTKs are expressed in OL progenitor cells. However, Fyn is the only
Src-PTK member whose activity and expression are increased upon OL differentiation,*
accompanied with a general down-regulation of the rest of the Src-PTKs.*
Pharmacological inhibition and siRNA-mediated knockdown of Fyn attenuate OL
differentiation,**! indicating the essential role of Fyn in early OL development. However,
upon the initiation of active myelin formation, Fyn activity markedly declines,*® which
is important for accelerated expression of myelin structural proteins such as MBP.#° In
mutant mice that lack Fyn activity, a significantly slower accumulation of MBP and
hypomyelination are observed, regardless of the normal MBP expression at the early
phase of myelination.
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Developing Oligodendrocyte Progenitor Cells

Cytoplasm

Figure 1. Connecting Fyn-signaling to mRNA cellular behavior by QKI isoforms. A) In early stage
oligodendrocyte development, nuclear QKIS is the predominant isoform. Unphosphorylated QKIS
(black) binds mRNA tightly and retains the mRNA targets in the nucleus, preventing differentiation.
When signals trigger differentiation, Fyn activity is upregulated phosphorylating QKI5 at the C-terminal
tyrosines, which decreases the RNA-binding affinity of QKIS, relieving nuclear retention of mRNA
ligands from QKIS5. These mRNAs, bound by other RNA-binding proteins (RBP), are then translocated
to the cytoplasm for translation by ribosomes, which in turn support cell cycle exit and morphogenic
differentiation. B) Upon oligodendrocyte maturation and active myelination, nuclear QKIS is reduced
concomitant with increased cytoplasmic QKIs, represented by QKI6. During this stage of development,
transcription of myelin structural protein genes, represented by the MBP gene, is drastically upregulated
and exceeds the capacity of nuclear retention by QKIS. Importantly, Fyn activity is markedly decreased,
allowing the cytoplasmic QKIs to bind mRNAs, which is required for stabilization of QKI’s target
mRNAs. Y represents tyrosine.

During the early phase of OL progenitor cell development, the nuclear QKIS is the
predominant isoform, !¢ that stabilizes the bound mRNA ligands. Known QKI targets
include mRNAs that encode key proteins for controlling cell cycle progression and
morphogenic differentiation, represented by p274*! and the microtubule associated protein
1B (MAP1B), respectively.!* Many of these QKI targets decline in later development,
yet accurate timing for their transient expression is critical in governing proliferation,
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early differentiation and migration of OL progenitor cells. QKI targets that function later
in myelination, such as the MBP mRNA, are either at low levels or not expressed. The
vigorous increase of Fyn activity upon OL differentiation may help to release mRNAs
from QKI5-dependent nuclear retention, which allows increased production of the
corresponding proteins in the cytoplasm (Fig. 1A).

During OL maturation and active myelin formation, the nuclear QKI5 is markedly
reduced in the brain, concomitant with increased cytoplasmic QKI isoforms.!* This
should attenuate the nuclear retention of QKI target mRNAs. At this stage, QKI target
mRNAs encode many myelin structural proteins. Transcription of these myelin structural
genes is markedly upregulated and a rapid accumulation of these QKI target mRNAs
to exceptionally high levels is essential for accelerated myelin synthesis.** Despite the
markedly enhanced transcription, these myelin structural mRNAs require protection by
cytoplasmic QKI for survival from nuclease attack. QKI deficiency destabilizes these
mRNAs, which in turn abrogates myelination in the Qk"/Qk" mice.'® Expression of the
cytoplasmic QKI6 isoform in OLs can rescue the aforementioned defects,” indicating
the functional requirement of cytoplasmic QKI in later development. Importantly, Fyn
activity markedly declines in the developing myelin.*®* Because Fyn negatively regulates
QKI-MBP mRNA interaction,® the developmentally programmed down-regulation of
Fyn offers a mechanism to increase the RNA-binding activity of QKI, which protects
the MBP mRNA and accelerates the expression of myelin basic protein and myelin
synthesis (Fig. 1B). Consistent with this idea, lack of the Fyn-QKI mediated acceleration
mechanism leads to slow accumulation of the MBP mRNA, delayed myelin development
and hypomyelination in both the fyn knockout mice and the Qk*/Qk’ mutant,'84° with a
more severe phenotype in the Qk/Qk” mutant.

Besides stabilization of mRNA ligands, the cytoplasmic QKI6 isoform can also actas
atranslation suppressor.*** In addition, the nuclear QKIS is known to regulate alternative
splicing of the myelin associated glycoprotein (MAG) pre-mRNA.* Mechanistically,
QKI5 has been shown to bind a 53 nucleotide intronic sequence element and repress
inclusion of the alternatively spliced exon in MAG.* Interestingly, this intronic target
sequence for QKIS is drastically different from the consensus QRE frequently found in
the 3’'UTR of QKI target mRNAs.!* Whether and how Src-PTKs may regulate the activity
of QKI in controlling splicing and/or translation still remains elusive.

NUMEROUS EXTRACELLULAR SIGNALS CAN BE LINKED
TO THE Src-PTK-QKI PATHWAY

Src-PTKSs represent the largest family of nonreceptor tyrosine kinases, which play
crucial roles to control a diverse array of biological functions including proliferation,
differentiation, cell shape, motility, migration, angiogenesis and survival.*<* In addition,
Src-PTKs are known to govern the activity of neurotransmitter receptors*’ and signaling
triggered by neuron-glia interaction.*“® Because the biology of Src-PTK-dependent QKI
phosphorylation is best characterized in OL and myelin development with Fyn as the
predominant Src-PTK member in OLs, we will focus on extracellular signals that are
known to activate Fyn in OLs to discuss the function of QKI in cell signaling (Fig. 2).

Numerous extracellular signals directly or indirectly lead to Fyn activation in OLs,
which in turn controls multiple aspects of OL and myelin development. Many growth
factors required for OL progenitor cell survival trigger Fyn activation, such as the
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Figure 2. A hypothetical model describing the potential link of the Src-PTK-QKI pathway to extracellular
signals throughout oligodendrocyte development. In oligodendroglia progenitor cells, platelet-derived
growth factor (PDGF) binds its receptor PDGFR to trigger a signaling cascade that leads to Fyn
activation, which in turn activates the serine/threonine kinase Cdk5 as well as QKI. Both of these
can target microtubule associated protein 1B (MAPI1B) for cytoskeleton re-organization and enhancing
migration. As migrating oligodendrocytes approach the site of myelination, binding of Netrin 1 to its
receptor, DCC, activates the Fyn-QKI pathway to stimulate oligodendrocyte processes extension and
branching. Upon contact with the neuronal axon, myelination is initiated by MAG-dependent Fyn
activation in mature oligodendrocytes. Finally, the FcR gamma/Fyn-QKI pathway may advance myelin
repair after a demyelination event.

insulin-like growth factor-1 (IGF-I) and the platelet-derived growth factor (PDGF).*-*
In addition, PDGF is well characterized for its function in Fyn-dependent migration
of OL progenitor cells.** During normal brain development as well as lesion repair,
developing OLs migrate long distances to reach the site of myelin formation.’! Upon
binding to its receptor tyrosine kinase, PDGF triggers phosphorylation-dependent
Fyn activation, which in turn activates the serine/threonine kinase CDK5.* CDKS5 is
capable of phosphorylating actin and microtubule associated proteins,*®? including the
microtubule associated protein 1B (MAP1B),*? a key factor that controls microtubule
assembly and stabilization to drive early differentiation and migration of neurons and
OLs.3%3 Interestingly, our previous studies indicate that M4APIB mRNA is a target
of QKI. Stabilization of MAPIB mRNA by QKI is an important mechanism for the
vigorous upregulation of MAP1B in OL differentiation.’® Presumably, Fyn-mediated
QKI phosphorylation may contribute to MAP1B regulation. Thus, MAP1B may be



32 POST-TRANSCRIPTIONAL REGULATION BY STAR PROTEINS

a common target for PDGF-Fyn signaling via multiple mechanisms involving CDKS5
and QKI.

The chemotropic guidance cue Netrin 1 has also been shown to activate Fyn. Netrin
1 binds its receptor, deleted in colorectal carcinoma (Dcc), on premyelinating as well
as mature myelinating OLs,> which recruits Fyn to complex with the Dcc intracellular
domain. Netrin1-Dcc signaling promotes OL process branching and myelin-like membrane
sheath formation in a Fyn-dependent manner. OLs derived from fyn knockout mice failed
to respond to Netrin-1-provoked process remodeling and myelin sheath formation.>*
Reorganization of both actin and microtubule cytoskeleton are critical for the extension
and branching of OL processes. Thus, in addition to the known Netrin 1-Dcc targets
RhoA and factors that control actin dynamics, the Fyn-QKI-MAP 1B pathway should also
contribute to OL morphogenesis (Fig. 2). In support of this idea, MAP1B is markedly
upregulated, together with QKI7, upon initial contact between myelinating OLs and
neuronal axons.

In fact, interaction between neuronal axons with OLs can also lead to Fyn activation
directly. One example is the MAG-mediated Fyn activation in OLs upon OL-axon
interaction in the initial phase of myelination.*® As a member of the immunoglobulin
superfamily, MAG binds the NOGO receptors on the neuronal axon surface, which
functions in suppressing axonal growth and stabilization of axon-glia interactions.*
Anti-MAG antibody-mediated cross-linking of MAG on the OL surface mimics axonal
binding, which leads to hyperphosphorylation and activation of Fyn in OLs.*® In addition,
genetic abrogation of both MAG and Fyn drastically exacerbate the hypomyelination
phenotype.’’ Besides MAG, the contactin complex coordinates signals from the extracellular
matrix and the axonal surface to activate Fyn, which in turn regulates OL survival as
well as myelination.*® Furthermore, the gamma chain of immunoglobulin Fc receptors
(FcR gamma) can activate Fyn.®* The FcR gamma/Fyn signaling cascade is critically
involved in OL differentiation and myelin repair,’®*® suggesting a novel potential in the
treatment of demyelinating diseases, represented by multiple sclerosis. Whether and how
QKI functions as a downstream target in this signaling cascade to promote myelin repair
is an intriguing possibility to be explored.

POTENTIAL ROLE OF QKI AND Src-PTK SIGNALING
IN TUMORIGENESIS AND COGNITIVE DISEASES

A growing list of studies revealed that the OKI locus is frequently deleted in a
subpopulation of human glioma.?>* In addition, in glioma samples in which the QKI
gene is not deleted, diminished QKT isoform mRNAs are observed.® Interestingly,
differential reduction of some but not all QK7 isoforms are detected in glioma tumors,
suggesting that post-transcriptional dysregulation of QKI may also occur. The role of
QKI in promoting p274r! expression and cell cycle exit,'” together with the rich literature
regarding the functional deficiency of p27<*! in glioma,**¢! suggests that QKI deficiency
likely contributes to p27*'dysregulation in glioma. In addition to glioma, reduced QKI
expression was also reported in human colon cancer, partly due to hypermethylation of
the QKI promoter.?® Moreover, forced expression of QKI blocks cell cycle progression
and reduces the proliferation and tumorigenesis ability of colon epithelia. Thus, QKI
potentially may function as a suppressor of tumorigenesis in various types of cancer.
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On the other hand, Src-PTKs have been shown to underlie glioma-related proliferation,
angiogenesis, migration and survival.®* In addition, Src is frequently overexpressed and/or
over-activated in human colorectal carcinoma,* which is known to associate with a poor
clinical outcome.® The aberrantly increased Src activity in tumor cells likely attenuates
the RNA-binding activity of QKI, which in turn can block the tumor suppressor function
by QKI.

In addition to the possible involvement in tumorigenesis, hypofunction of QKI has
recently been linked with the white matter impairment and myelin deficits in a number
of cognitive disorders, including schizophrenics, major depression patients and suicide
populations.??* No deletion in the QK gene promoter or coding region has been found
in patients suffering with the aforementioned diseases. Instead, a single nucleotide
polymorphism (SNP) in the intron up-stream of an alternatively spliced exon for QKI5
was reported to segregate with probands in a large schizophrenia family.?? In some
reported cases, all QK7 isoforms are reduced to similar levels in schizophrenia patient
samples, likely due to epigenetic mechanisms that affect QK/ transcription. However,
in a large cohort, the cytoplasmic isoform QK/7b mRNA is preferentially reduced.”
How antipsychotics and/or anti-depressants may influence QK expression remains
unknown. In addition, whether the aberrant QK7 expression occurs in OLs or astroglia
in patients who suffer from the aforementioned cognitive diseases is undetermined.
Besides reduced QKT expression, SNPs in the Fyn gene and aberrant Fyn signaling are
also found to be associated with schizophrenia.®*% Whether Fyn abnormalities may
affect QKI function and contribute to the myelin impairment in schizophrenia remains
to be elucidated.

CONCLUSION

Although the essential roles of QKI in advancing myelin development and
Src-PTK-dependent tyrosine phosphorylation have been well established, whether QKI
can be phosphorylated at serine/threonine by kinases in response to other signaling
cascades still remains unknown. This is an intriguing possibility, especially considering
the extensive phosphorylation of SAM68 on serine and threonine by various signaling
mechanisms.®¢” In addition, whether Src-PTKs modulate QKI function in a cell type- and
mRNA ligand-specific manner are not understood. Despite the bioinformatic identification
of putative QKI mRNA targets, among which many have been validated in normal
brain development,'® mRNA ligands of QKI in tumor cells have not been identified.
Furthermore, post-transcriptional abnormalities in QKI targets, which in turn contribute to
tumorigenesis and mental impairment, still remain unknown. These are prevailing issues
in understanding how cell signaling is connected to mRNA cellular fate, that warrant
vigorous investigation in the future.
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CHAPTER 3

INSIGHTS INTO THE STRUCTURAL
BASIS OF RNA RECOGNITION BY STAR
DOMAIN PROTEINS

Sean P. Ryder* and Francesca Massi

Abstract: STAR proteins regulate diverse cellular processes and control numerous
developmental events. They function at the post-transcriptional level by regulating
the stability, sub-cellular distribution, alternative splicing, or translational efficiency
of specific mRNA targets. Significant effort has been expended to define the
determinants of RNA recognition by STAR proteins, in hopes of identifying new
mRNA targets that contribute their role in cellular metabolism and development.
This work has lead to the extensive biochemical characterization of the nucleotide
sequence specificity of a handful of STAR proteins. In contrast, little structural
information is available to analyze the molecular basis of sequence specific RNA
recognition by this protein family. This chapter reviews the relevant literature
on STAR domain protein structure and provides insights into how these proteins
discriminate between different RNA sequences.

INTRODUCTION

RNA-binding proteins play fundamental roles in cellular physiology. They guide
decoding of the genome, they comprise the machinery that synthesizes proteins and
they regulate the intensity, duration and sub-cellular distribution of gene expression.'
Most RNA-binding proteins must distinguish between specific RNA sequences within
the cellular milieu in order to function. The thermodynamic, kinetic and structural basis
for sequence discrimination by RNA-binding proteins defines the mechanism of RNA
recognition, which yields insights into specificity and biological function.
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STAR Domain (~200 amino acids)
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Figure 1. Domain structure of STAR domain protein examples GLD-1, HOW, QKI and Sam68. The
domain structure of SF1 is shown for comparison. The QUAI1 region, responsible for dimerization,
and the KH and QUA2 regions, which form the RNA interface, are labeled. The approximate limits of
each region are denoted. Other notable domains are presented in gray. A color version of this figure
is available at www.landesbioscience.com/curie.

Sequence specific RNA-binding proteins employ one of three methods to discriminate
between their RNA targets. Some recognize linear RN A sequences through base specific
interactions, including hydrogen bonds and shape-specific van der Waals interactions.” '
Specificity arises through decoding the chemical differences between the four bases. Others
recognize a specific three-dimensional structure, including stem-loops, pseudoknots, or
helical junctions.!!'* Here, specificity derives from the ability of a set of RN A sequences to
fold into arecognizable shape. Lastly, some RNA-binding proteins bind to a protein-RNA
complex and only achieve specificity through a combination of protein-protein and
protein-RNA interactions.!>!

In this chapter, we focus on RNA binding by the STAR (signal transduction and
activation of RNA) domain family of RNA-binding proteins (Fig. 1).!® Genes that
encode STAR proteins are found in the genomes of all metazoan species and have
recently been identified in plants.!” Highly studied examples include Caenorhabditis
elegans GLD-1, Drosophila melanogaster HOW and their vertebrate homologs Quaking
(OKI) and Sam68.2*° STAR proteins play a key role in developmental processes and
have been implicated in human disease.*'*? They couple cellular signaling events to
post-transcriptional regulation of gene expression.
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THE STAR DOMAIN

The STAR domain is a region of extended conservation flanking a canonical
maxi-KH RNA binding domain (Fig. 1)."® The region N-terminal to the maxi-KH
domain is termed the QUA1 motif and the region C-terminal to the maxi-KH domain
is termed the QUA2 motif. These regions are named after the mouse STAR domain
protein Quaking (QKI) and define the difference between the STAR domain and other
KH domain RNA-binding proteins.

Several lines of evidence indicate that the QUA 1 domain is a homodimerization motif
critical for STAR protein function.**-** First, in situ crosslinking studies in cell culture
demonstrate that the STAR protein QKI self-associates.>*3* Mutagenesis experiments
reveal that self-association requires the QUA1 region. Moreover, immunoprecipitation
experiments from mixed lysates of HeLa cells transfected with either myc-tagged or
HA-tagged QKIshow the two variants interact with each other and epitope-tagged variants
are retained on a GST column when incubated with GST-QKI expressed in bacteria. A
single point mutation within the QUA1 region of QKI eliminates dimerization both in
vitro and in cell culture and causes an embryonic lethal phenotype in mice.?* Subsequent
experiments performed using recombinant variants of the C. elegans STAR protein
(GLD-1) confirm this finding and demonstrate that the QUA 1 domain is sufficient for stable
dimerization in vitro.* Together, the data show that the QUA1 domain is both necessary
and sufficient for dimerization and that dimerization is crucial for function in cells.

In contrast, the KH and QUA2 domains form an extended RNA-binding interface.
Numerous qualitative and quantitative assays including UV crosslinking, column retention,
gel mobility shift and fluorescence polarization (FP) experiments demonstrate that the
KH and QUA2 domains bind to short penta- or hexanucleotide consensus sequences with
moderate to high affinity.?*¢* The KH and QUA2 domains are sufficient for RN A-binding
activity.’® Dimerization improves affinity, likely mediated by direct interactions with
RNA from both subunits of the dimer, although exactly how dimerization influences
binding specificity remains unresolved. N-ethyl-N-nitrosourea (ENU) induced point
mutations within the KH and QUA2 domains of QK1 yield an embryonic lethal phenotype,
demonstrating that both regions are required for function.* Similarly, mutations within
the KH and QUA2 domain of GLD-1 have significant pleiotropic effects on germline
development.”? The data demonstrate that the activity of the RNA-binding subunits of
STAR proteins is required for their biological function. In the next section, we review
the quantitative data that defines the nucleotide sequence specificity of RNA recognition
by GLD-1 and QKI, highlighting similarities and contrasting differences.

RNA RECOGNITION BY STAR PROTEINS

The nucleotide sequence specificity of four STAR domain proteins (GLD-1, QKI,
HOW and Sam68) has been investigated in detail using quantitative in vitro methods. Two
approaches have proven useful. In the first, the binding specificity is determined through
identification of a regulatory target and characterization of the minimal binding sequence,
followed by comprehensive mutagenesis.*** In the second, the binding specificity is
determined from a randomized sequence library using systematic evolution of ligands
through exponential enrichment (SELEX) followed by computational comparison of the
“winner” sequences to identify similarities.”’**% Both methods yield comparable results,



40 POST-TRANSCRIPTIONAL REGULATION BY STAR PROTEINS

outlined below and indicate that GLD-1, QKI and HOW bind to RNA with similar though
not identical specificity, while Sam68 binds to a different sequence.

Recognition of RNA by GLD-1

GLD-1 regulates the switch from spermatogenesis to oogenesis in C. elegans
hermaphrodite development by controlling the expression of tra-2, abifunctional membrane
protein and transcription factor required for promoting oocyte cell fate.*>#¢4¢ Gel mobility
shift and yeast 3-hybrid experiments reveal that GLD-1 binds to a repeat element in the
3’-UTR of the tra-2 mRNA termed the TGE, for tra-2 and gli-1 element, with very high
affinity (Kq 4, ~ 10 nM) and a 2:1 apparent protein to RNA stoichiometry.** The TGE is
28 nucleotides in length and is primarily comprised of uridines and adenosines. Gel shift
experiments with a battery of mutant variants across the TGE identify a bipartite recognition
element that includes a UA dinucleotide near the 5'-end of the sequence and a contiguous
UACUCA hexanucleotide element near the 3'-end of the sequence.*® Because GLD-1 is
a homodimer and because the recognition element is bipartite, it was proposed that one
subunit recognizes the hexanucleotide element while the second subunit recognizes the UA
dinucleotide as a partial or incomplete version of the hexanucleotide binding site.

Consistent with this hypothesis, a 12-nucleotide element comprised of the UACUCA
hexanucleotide element flanked by three additional nucleotides on either side efficiently
competes with the full-length TGE in competition gel shift experiments.*® Moreover,
isothermal titration calorimetry experiments demonstrate that the 12-nucleotide RNA binds
to GLD-1 with an apparent 1:1 protein to RNA stoichiometry. Thus, each subunit of the
dimer is capable of binding to an identical copy of the hexanucleotide sequence. Because
there are three copies of the UACUCA hexanucleotide within the region of the #7a-2 UTR
that contain the TGE repeats, it is not clear if the upstream UA dinucleotide is relevant to
binding in worms, or if its apparent contribution to binding is an artifact of the minimal
in vitro system.

To delineate the consensus GLD-1 binding sequence, acomprehensive library of single
nucleotide mutations of the UACUCA sequence was analyzed within the context of the
12-nucleotide RNA.*> Competition gel shifts were performed to determine the 1Cs, of the
mutant sequence relative to the wild-type 12-mer RNA. The consensus recognition sequence,
termed the STAR binding element (SBE), is 5'-UACU(C/A)A-3' (Table 1). Only the C to
A mutation at the fifth position is tolerated without a reduction in competition efficiency.
Allowing for mutations that reduce binding by up to 10-fold, a more relaxed consensus of
5'-(U>G>A/C)A(C>A)U(C/A>U)A-3’ was also proposed. To date, the relative affinity and
number of binding sites required for regulation have not been assessed in any functional
assay in worms. Thus, it is not clear which consensus is more relevant to GLD-1 regulatory
activity in worms, or if additional requirements beyond the determinants of binding in vitro
are needed to select targets for regulation.

Recognition of RNA by QKI

QKI was identified as the gene responsible for the phenotype observed in the Quaking
mouse (Qk"), aspontaneous mutant that arose inamouse colony over forty years ago.° These
mice fail to form compact myelin in their central nervous system, leading to a characteristic
tremor upon movement. The Qk” allele is a large 1 MB deletion of chromosome 17 that
modifies the expression pattern of the adjacent Quaking locus.?**-° The dysmyelination
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Table 1. Nucleotide sequence specificity of STAR domain proteins

Protein Specificity Method
GLD-1 5-UACU(C/A)A-3' (conservative) Gel Shift/
5'(U>C>G/A)A(C>A)U(C/A)A-3’ (relaxed) Mutagenesis*®
QKI? 5'-A(C/A)UAA-3’ FP/Mutagenesis*
QKI® 5'-ACUAA-3' (core)
5'-(U/C)AA(U/C)-3' (half-site) SELEX3#
HOW 5'-A(C>A)UAA-3 Pull Down*’
Sam68 5-UAAA-3 SELEX?’

@ Binding specificity determined by Ryder and Williamson.*

® Binding specificity determined by Galarneau et al.”’

RNA recognition by STAR domain proteins. The STAR protein identity is listed in the first column. The
second column contains the RNA-binding consensus sequence. Degenerate nucleotides are contained within
parentheses. The third column annotates the experimental method used to measure the specificity.

phenotype is due to the reduction of QKI expression in the oligodendrocyte lineage. There
are three predominant isoforms of QKI, termed QKIS, QK16 and QKI7 after their respective
transcript lengths.> QKI5 is nuclear, while QK16 and QKI7 are cytoplasmic.>! All variants
share the STAR domain and differ only in their C-terminus and 3'-UTR sequence. Several
functions are proposed for QKI, including the regulation of mRNA stability, translation
efficiency and alternative splicing.*'>55 Abundant evidence demonstrates that a major
role of QKI in the oligodendrocyte lineage is in regulating the translation and stability of
myelin basic protein (MBP) mRNA, which encodes a major myelin structural protein.*!2
Reporter experiments and qualitative binding experiments indicate that QKI regulates MBP
expression through specific association with it’s 3'-UTR.*!

Due to the high sequence similarity of QKI and GLD-1 within the STAR domain,
it was predicted that these factors would bind to RNA with similar specificity. Indeed,
QKI is capable of binding to TGE RNA in vitro and QKI-6 can functionally substitute
for GLD-1 in a reporter assay in worms.*-*¢ To directly measure the specificity of QKI,
competition binding experiments were performed using an FP assay and the same 12-mer
library used to map the GLD-1 consensus sequence.*® The data reveal that QKI binds to
RNA with similar, though not identical, specificity as GLD-1. The consensus sequence,
termed the QKI STAR binding element (QSBE), is 5'-NA(A/C)UAA-3' (Table 1). This
sequence is similar to the SBE recognized by GLD-1, but not identical. One difference
is that the identity of the first nucleotide of the hexanucleotide consensus is not specified.
A second difference is that an adenosine is permitted at the third position, where GLD-1
recognizes only a cytidine. The final and most dramatic difference is that an adenosine
substitution at the fifth position of the consensus leads to a 40-fold enhancement of binding,
whereas the same substitution in GLD-1 leads to a modest 2-fold increase. Several QKI
consensus sites are present in the 3'-UTR of myelin basic protein transcripts.** QKI
binds to all of these in vitro, but it binds with highest affinity (~10 nM) to a sequence
present within a previously characterized region required for silencing MBP translation
during localization.’” The data suggest, but do not prove, that QKI regulates MBP
mRNA through specific association with this element in its 3'-UTR. Functional studies
are required to demonstrate that these binding sites are true cis-regulatory elements that
confer QKI-dependent regulation of MBP expression in cells.
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In an independent study, the binding specificity of QKI was determined using an
in vitro SELEX protocol.*® Several rounds of selection, enrichment and amplification
lead to the identification of a number of aptamer sequences, many of which contained
separate “core” 5'-NACUAAY-3"and “halfsite” 5'-Y AAY-3' motifs with variable spacing
(Table 1). Limited mutagenesis studies indicate that both elements are required for QKI
to associate with the selected aptamers by gel mobility shift. There are two interesting
differences between these results and the previous mutagenesis studies. First, the data
suggest that an additional pyrimidine nucleotide is specified after the sixth position in the
consensus. This requirement was not explicitly tested in previous binding experiments.
Second, the selected consensus suggests a stricter requirement for a C at the third position,
while the mutagenesis experiments indicate that a C or A is tolerated. Finally, the data
suggest that QKI, like GLD-1, recognizes a bipartite element. It remains to be seen if
either element is required for binding and function in vivo, or if both subunits of the
QKI dimer can recognize either two copies of the “core” or two copies of the “half-site”
element. Notably, the high affinity QKI binding site in the MBP 3’-UTR lacks a separate
5'-YAAY-3' half-site.* As with GLD-1, functional experiments are needed to identify
the minimal requirements for QKI-dependent regulation in cells.

RNA Recognition by Other STAR Domain Proteins

A similar SELEX strategy was applied to Sam68, a STAR domain protein that
is phosphorylated by Src and implicated in several aspects of cellular signaling and
post-transcriptional regulation of gene expression.?*?3"58 The results suggest that Sam68
binds with high affinity to RNA sequences that contain the four nucleotide element
5'-UAAA-3’ (Table 1).”” Mutation of the element to 5'-UACA-3’ eliminates binding
in vitro, as does mutation of the STAR domain of the protein. Because reselection or
comprehensive mutagenesis was not performed, the results do not comprehensively
define the Sam68 consensus binding sequence. However, they clearly demonstrate that
this protein binds to an element that is different than GLD-1 and QKI binding sites. The
binding determinant is four nucleotides in length instead of five or six. Second, the site is
more purine-rich than the sites recognized by the other proteins, including a run of three
adenosine nucleotides. These results were recently confirmed in an independent selection
and extended to another STAR protein Sam68-like mammalian protein 2 (SLM2, also
known as Khdrbs3), which binds the same sequence.* SLM2 shows a greater degree of
sequence similarity to Sam68 than to GLD-1, QKI, or other STAR proteins and as such
is expected to bind RNA with specificity similar to Sam68.

The binding specificity of the Drosophila STAR domain protein HOW has also been
investigated.’” HOW is a post-transcriptional regulator of stripe and other transcripts
required for wing tendon development.**#° The binding specificity of HOW was determined
by mapping its binding sites in the 3'-UTR of stripe transcripts using biotinylated RNA
fragments and streptavidin resin in HOW pull down assays.’” HOW binds to RNA with
almost identical specificity to QKI, recognizing the sequence 5'-NA(C>A)UAA-3’
(Table 1). Intriguingly, HOW can bind to this sequence when it comprises the loop of
a stem-loop structure, if the length of the loop is at least 12 nucleotides. Though not
quantitative, an approximation of the relative affinity based upon relative signal intensity
suggests that HOW binds more tightly to stem-loop RNA sequences than to unstructured
RNAs. This result is in contrast to findings with QKI, where stem-loop sequences inhibit
binding.*¥ IfFRNA structure context is needed for HOW binding specificity in the functional
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context, then mRNA target specificity could arise from a combination of sequence and
structure-based recognition, unique among the STAR domain proteins.

STAR DOMAIN STRUCTURE

What is the molecular basis for RNA-recognition by STAR domain proteins and
what accounts for the differences in specificity between members of this family? To date,
there are no structural data for an intact STAR domain from any protein. However, a pair
of partial structures begins to reveal the three-dimensional architecture of this domain
and the structural basis for sequence-specific RNA recognition.®* The next few sections
will review the structures, including an nuclear magnetic resonance (NMR) spectroscopy
structure of the KH-QUA2 domain of Splicing Factor 1 (SF1, Fig. 1) and the NMR
structure of the KH-QUA?2 domain of QKI. A comparison of structure-based sequence
alignments, homology modeling and protein mutagenesis experiments provide a starting
point to understand how RNA binding specificity is achieved.

The NMR Structure of SF1 Bound to RNA

SF1 is acomponent of the eukaryotic splicing apparatus that is critical for recognition
of the branch site adenosine in introns.®* SF1 is the mammalian homolog of the yeast
branch point binding protein (BBP), which recognizes the branch site adenosine within the
contextofthe branch point sequence (BPS) 5'-UACUAAC-3'.22SF1 contains recognizable
maxi-KH and QUA2 domain, but lacks the QUA1 domain typical of STAR proteins
(Fig. 1).8 Instead, it binds to RNA cooperatively with U2AF35/65, which recognizes the
polypyrimidine tract and 3'-splice site to form the initial intron recognition complex.!’
Intriguingly, the BPS sequence lies within the binding consensus sequence recognized
by GLD-1, QKI and HOW *3*° The structure of mammalian SF1 bound to the yeast BPS
has been determined by NMR, providing the first glimpse into the structural basis of
RNA recognition by the KH and QUA2 domains.? In the following section, we provide
an overview of the NMR structure of SF1, outlining the amino acids that comprise the
RNA-binding interface.

Overview of the Structure

The three dimensional structure of SF1 KH-QUAZ2 region bound to an 1 1-nucleotide
RNA containing the yeast BPS (5'-UAUACUAACAA-3') has been determined using
NMR spectroscopy.® The high quality of the experimental data, including the large
number of intermolecular restraints, enables the high-resolution structural characterization
of the SF1/RNA complex (Fig. 2A). The most interesting feature of the structure is
the relative organization of the KH and QUA2 domains. QUA2 forms an alpha helix
that packs against the maxi-KH domain, forming an expanded structure with topology
Bl-al-a2-p2-p3-a3-04. This organization forms an extended hydrophobic surface
between the two domains that comprises part of the RNA binding groove. The RNA
molecule is bound in an extended conformation onto a large RNA binding surface
that includes helix a4 of QUA2 and the following elements of KH: helices a1 and a2,
strand f2, the conserved GXXG loop (situated between ol and a2) and the variable
loop (also known as the “thumb” region, between 2 and (33) that encloses the RNA.
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Figure 2. Structures of the KH and QUAZ2 regions. Each image represents a single model from within a
family of structures deposited within the respective PDB files. A) NMR structure of H. sapiens SF1 KH
and QUA2 region bound to BPS RNA. The 5’ and 3’ ends of the RNA are labeled, as is the N and C
termini of the protein. The KH domain is in blue, the QUA2 region in red, the variable loop is colored
orange and the GXXG loop is black. The RNA sequence is gray. B) NMR structure of the KH and
QUA2 region of X. laevis QKI in the absence of RNA. The coloring scheme is the same as panel A. C)
Overlay of the SFI structure with the QKI structure, with RNA removed for clarity. The KH, QUA2,
variable loop and GXXG loop of SF1 are identical to panel A. The KH domain of QKI is represented
in green, the QUA2 region in magenta, the variable loop in yellow and the GXXG loop in white.

The QUA2 domain is involved in the recognition of the nucleotides at the 5’ end of the
RNA (A4-C5), while the KH domain is critical for the recognition of the 3’ end of the
BPS RNA (U6-A7-A8-C9). The SF-1/RNA complex is stabilized by a combination of
extensive hydrophobic interactions with aliphatic side chains, base-specific and backbone
hydrogen bonds, as well as electrostatic interactions. A peculiar feature of SF1, relative
to other single-stranded RNA binding proteins, is the absence of aromatic-base stacking
interactions between the protein and the RNA.7
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Recognition of RNA by SF1

Analysis of the NMR secondary chemical shifts collected in the absence of RNA
indicates that the overall structure of SF1 is largely maintained in the free state.® Thus,
it is likely that SF1 associates with BPS RNA through a preformed RNA interface,
rather than through large structural rearrangements induced by association of the RNA.
This does not preclude local structural re-arrangements necessary to form the stable
interactions observed in the structure calculations. The detailed interactions responsible
for sequence-specific recognition of BPS RNA by SF1 are described below.

Residues in the QUA2 domain of SF1 recognize A4 and C5. In particular, A4 is
recognized through hydrophobic interactions between the base and the side chains of
Arg 255 and Ala 248. The shape of the pocket formed by these amino acids mediates
specificity for an adenosine residue. The base and sugar of C5 form hydrophobic
interactions with the side chains of Leu 244 and of Leu 247 of QUA2, respectively.
Specificity for a cytidine is provided in the form of a hydrogen bond between the side
chain amide of Asn 151 and the N5 of C5.

U6 binds to the interface between the QUA2 and KH domains. This position is
stabilized through van der Waals interactions between the base and the side chains of
Leu 244 and of Leu 247, located in the QUA2 domain, as well as by hydrogen bonds
with the backbone of Leu 155 and Gly158 of the KH domain (Fig. 3A). The sugar
of U6 is stabilized by a hydrogen bond with the backbone amide of Arg 160 and is
stacked against the side chain of Pro 159, in the conserved GPRG loop. This nucleotide
is packed against the backbone atoms of Gly 154, explaining the conservation of a
glycine residue at this position. The steric constraints and the specific hydrogen bond
interactions formed by the U6 recognition pocket between the KH and QUA2 domains
of SF1 explain the strong selectivity of this position.

A7 interacts exclusively with residues located in the KH domain. The conformation
of A7 in the complex is stabilized by a m-cation interaction with the sidechain of a
highly conserved lysine (Lys 184) located in the variable loop (Fig 3B). In addition,
a hydrogen bond between N6 of A7 and the sidechain of Glu 159 and van der Waals
interaction with Val 153 contribute to the recognition of this base in the protein-RNA
complex.

The branch point adenosine A8 is bound through specific hydrogen bonds with
the protein backbone amide and carbonyl groups of Ile 177 (Fig. 3C). An additional
hydrogen bond between N7 of A8 and the 2’ hydroxyl of A7 contributes to the unique
recognition of an adenine base at this position. A series of conserved aliphatic residues
of the KH domain, Ile 157, Leu 164, Ile 175, Ile 177 and Val 183, form a hydrophobic
envelope that surrounds A8. The close proximity of the phosphate groups of A7 and
A8 to the backbone of the conserved GPRG loop is consistent with the abolished or
severely diminished RNA binding affinity associated with mutations of these residues
to negatively charged glutamate or aspartate.

C9 recognition is achieved through hydrophobic interactions of the pyrimidine
base with the side chain of Val 183 and of the ribose ring with the side chain of Met
176. Compared to other positions, the identity of the C residue at this position is not
well specified by the nature of the interactions. A8, C9 and A10 are stacked in an
A-helix-like conformation, thus base stacking interactions stabilize the nucleotides in
this conformation.
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V183

Figure 3. Close up view of sequence specific RNA interactions in the SF1-RNA complex NMR structure.
A) The U6 binding pocket is shown. Amino acid side chains and the uridine nucleotide are labeled.
A hydrogen bond between the backbone amide and the N3 of uridine is represented with a dashed
line. B) The A7 binding pocket. The amino acid side chains involved in the interaction are labeled.
A base-specific hydrogen bond between the N6 exocyclic amine of A7 and a Glu 149 is represented

with a dashed line. C) The A8 binding pocket. Amino acids and base specific hydrogen bonds are
labeled as in panels A and B.
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The NMR Structure of the KH and QUA2 Regions of QKI

The structure of the KH-QUAZ2 region of the Xenopus laevis Quaking protein
(XQUA) has been solved using NMR spectroscopic methods.* In contrast to the SF1
structure described above, the QKI structure was obtained in the absence of RNA. The
ensemble of calculated structures indicate that the KH domain of the protein is well
defined, with the exception of the variable loop which lacks long-range restraints. The
QUAZ2 domain clearly presents an a-helical secondary structure, but its orientation
relative to the KH domain is undefined as no long-range distance restraints between
the two domains were identified. A representative structure of the ensemble is shown
in Figure 2b. Apart from the difference in defined orientation between the QUA2
domains of SF1 and Xenopus QKI, a major variation between the two structures is
between the variable loops, colored in orange. In QKI, this region is a-helical and
more precisely organized into two a-helices. As a consequence, the KH domain is
characterized by the following topology: pl-al-02-p2-a3-a4-p3-a5.

Characterization of the backbone dynamics of QKI through measurement of the
I5N relaxation rates demonstrates that the KH domain is well structured in solution in
its entirety, including the variable loop region. Thus, the heterogeneity of the structures
observed in this region is entirely due to the paucity of long-range distance restraints.
The structure of this region is well defined internally, but its orientation relative to
the rest of the KH domain is less clear. In agreement with the NMR studies of SF1
that indicate that the QUA2 region is a-helical in the absence of RNA, this study of
QKI in the free state supports the presence of an a-helix (residues 189-201) in the
QUAZ2 region.®** N relaxation studies indicate that the QUA2 domain of the protein
is more dynamic than the KH domain. The heterogeneity of the ensemble of structures
in the QUA2 domain is due to the presence of a highly flexible linker connecting the
a-helix region of QUA2 and the KH domain. Hence, the QUA2 a-helix is not docked
against the KH domain, as observed in the bound structure of SF1, but instead is
mobile in solution.

Figure 2C shows a comparison of the QKI structure to SF-1/BPS RNA complex
structure, where the RNA has been removed for clarity.®>* The major differences lie
within the orientation of the GXXG loop and the presence of two a-helical elements
in the variable loop. In models where the RNA from the SF1 structure is docked into
the QKI structure without structural refinement, the topology of the QKI GXXG loop
would cause steric clash with U6 and A7. Moreover, a4 within the QKI variable
loop would clash with A11, although the differences in the amino acids interacting
with this base and biochemical evidence that the nucleotide identity is not specified
at this position in QKI suggest differences in RNA recognition at this position. It is
likely that such dissimilarities between the structures of the two proteins arise from
small differences between the conformations of the free and bound states. The highly
dynamical character of QUA?2 observed for QKI in the free state support a mechanism
where the KH domain of the STAR domain proteins is the first to interact with the
RNA, followed by the docking of the QUA2 domain helix against the KH domain.
Kinetic studies are needed to tease apart the contribution of each region towards the
rate of RNA binding.



48 POST-TRANSCRIPTIONAL REGULATION BY STAR PROTEINS

G154
L244 L155
G158

Figure 4. Diagram of the protein-RNA contacts observed in the SF1-BPS RNA complex structure. The
sequence of the RNA is shown next to a backbone diagram. The UACUAA element is bold. The SF1
amino acids that contact RNA are presented next to the nucleotide they interact with in the structure.
The corresponding amino acid in GLD-1, HOW, QKI and Sam68 is given in a box above. Conserved
amino acids are in gray. Blue boxes represent positions where all four proteins differ from SF1, but
the identity of the amino acid difference is the same in GLD-1, QKI and HOW. Red boxes represent
positions where all four proteins differ from SF1 but the difference is identical in all four STAR proteins.
Red font indicates a position where only Sam68 differs from the SF1 sequence. A color version of this
figure is available at www.landesbioscience.com/curie.

Conservation of RNA Contact Residues between SF1 and STAR Proteins

Structure based homology modeling reveals a high degree of conservation in the
RNA contactresidues between SF1, GLD-1, QKIand HOW (Fig. 4).9% The GLD-1, QKI
and HOW residues predicted to contact RNA in the structure-based alignments are 100%
identical with each other.*® Of these, eighteen out of twenty-five (72%) are identical to
those in the SF1 structure. All amino acids in the QUA?2 region are conserved, suggesting
that GLD-1, QKI and HOW recognize nucleotides corresponding to A4 and C5 in an
identical fashion. Four out of five amino acids that comprise the U6 binding pocket are
conserved, with the lone exception being a substitution of arginine for Leu 155. While at
first glance the leucine to arginine substitution would seem a nonconservative substitution,
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the aliphatic side-chain of arginine can form the same hydrophobic stacking interactions
as leucine with the m-orbitals of U6, consistent with experimental evidence revealing
that a uridine residue is strongly specified at this position in GLD-1, QKI and HOW.
Likewise, a single conservative substitution is present in the A9 binding pocket, where
an aspartic acid replaces the glutamate (Glu 149) in SF1. The identity of the amino acids
that recognize A8 and C9 are somewhat less well conserved, where Val 183 is replaced
with a methionine, Leu 164 is replaced with an alanine and Ile 157 is replaced with a
leucine. It should be noted, however, that all of these substitutions are conservative in
nature, replacing a hydrophobic residue with another and Ile 177, which forms a specific
hydrogen bond with A10, is conserved in GLD-1, QKI and HOW. Biochemical data
reveals that GLD-1, QKI and HOW specify an adenosine residue at a similar position
within their consensus binding sites (Table 1).3¢3°

Because of the high degree of sequence identity in the RNA contact residues and
because the limited substitutions between species do not affect binding specificity
experimentally, it is not surprising that all four proteins recognize similar sequence
determinants.***¢? The minor variances in binding specificity between GLD-1, QKI and
HOW are not explained by this modeling exercise, as the RNA contact amino acids are
100% identical between all three proteins. Future structural and biochemical analyses
will be needed to dissect the structural basis for the differences in RNA recognition by
these proteins.

In contrast, there is significant variance between the SF1 RNA contact residues and
their counterparts in Sam68.3¢ Only 40% are identical (10/25), with nonconservative
substitutions in amino acids that make base-specific contacts. Only two of the five amino
acids in QUA?2 that contact A4 and C5 are conserved. Notably, Arg 255, which defines
the shape of the A4 binding pocket, is a glutamate in Sam68 (Glu 279). Glutamate is
significantly smaller than arginine and as such cannot form the same contacts. Moreover,
the glutamate for arginine substitution causes a charge reversal that could have a significant
impact on the architecture of the pocket and electrostatic environment needed to recognize
polyanionic RNA.

Three ofthe five amino acids that recognize U8 are conserved, with two substitutions:
Leu 155 is replaced with a lysine and Arg 160 is replaced with a glutamine. Lysine
can form similar hydrophobic m-orbital stacking interactions as leucine in SF1 and
arginine in GLD-1, QKIand HOW. Thus this substitution is not expected to significantly
compromise U6 recognition. Arg 160 forms a protein backbone to RNA backbone
interaction, thus the amino acid side chain does not directly contribute to nucleotide
sequence discrimination. The contact amino acids in Sam68 remain consistent with
specification of a uridine nucleotide.

A7 is recognized by a base specific hydrogen bond between the N6 exocyclic
amine and a glutamate side chain (Glu 149). In Sam68, the equivalent residue is a lysine
(Lys 169). This amino acid cannot form the same contact, thus, adenosine specification
cannot occur through a similar mechanism. Only one of the four amino acids that form
base specific interactions with A8 and C9 are conserved in Sam68. The substitutions are
relatively conservative changes from one small hydrophobic amino acid to another. It is
not clear how these changes affect specificity.

Because the QUA2 domain is poorly conserved in Sam68 relative to SF1, GLD-1,
QKI and HOW, it is possible that this region does not contact RNA at all. SELEX data
suggests that Sam68 binds to a four nucleotide specificity determinant (5'-UAAA-3")
as opposed to the five or six nucleotide elements recognized by SF1, GLD-1, QKI and
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HOW. Also, two basic amino acids within the QUA2 domain (R240 and K241) that
have been experimentally demonstrated to contribute to binding affinity and specificity
without directly contacting RNA are not conserved in Sam68, but are in GLD-1, QKI
and HOW.% Together, the evidence suggests that the Sam68 QUA2 domain diverges
significantly from the others and as such its role in RNA recognition is not clear.

In contrast, the U6 binding pocket in Sam68 is similar to the other STAR proteins.
We suggest that the first U of the Sam68 recognition sequence is equivalent to U6 in
the BPS RNA, while the second and third adenosines are equivalent to A7 and AS.
Thus, the KH domain alone could drive specific RNA recognition by Sam68. However,
because of the amino acid differences described above, specification of A7 must occur
through a different mechanism and it is not at all clear how C9 can be replaced by
an adenosine and fit within the binding pocket. The structural basis of specific RNA
recognition by Sam68 and its variants remains an important question that merits
continued investigation.

CONCLUSION

STAR domain proteins bind to short linear RNA sequences with defined sequence
specificity. While much biochemical work has been done to address STAR protein
binding specificity, little is known about the mechanism by which sequence specificity
is achieved. Some insight can be obtained through homology modeling of the KH and
QUAZ2 regions of the STAR domain using the NMR structure of SF1 as a guide. The
high level of conservation of the RNA contact residues between SF1, GLD-1, QKI and
HOW and the relative similarity of their consensus binding sites, greatly facilitate this
effort. Such comparisons fall short of explaining the basis for the remaining differences
in affinity and specificity and do not provide a compelling basis for the mechanism of
RNA recognition by Sam68 and related proteins, which falls into a different specificity
class. There is much left to be understood about RNA recognition by STAR proteins and
as such additional structures of STAR-RNA complexes are needed.

A pressing issue is the role of dimerization in defining binding specificity. STAR
proteins form stable dimers, mediated by the QUA1 domain and as such contain two
subunits capable of associating with RNA independently. Do both subunits bind to the
same sequence? If so, regulatory targets might be expected to have two copies of the
consensus binding site. Or does each subunit bind to RNA with different specificity?
If so, a bipartite recognition element comprised of different sequences, as observed by
SELEX for QKI, may in fact represent the required element in vivo. The shape of the dimer
and the path of the RNA through the dimer will likely influence the energetics of RNA
recognition. Resolution of these issues awaits functional studies and the determination
of the high resolution structure of a ternary complex between a STAR domain dimer and
its cognate RNA target sequence.

NOTE ADDED IN PROOF

Williamson and colleagues recently published the high resolution crystal structure of
the Qual dimerization domain from GLD-1.?” The structure reveals that this domain folds
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into a helix-turn-helix motif. The two protomers cross at a 90 degree angle to form the
dimer interface. Mutations within the Qual domain affect activity by destroying the fold
of the helix-turn-helix motif, rather than perturbing the interactions in the interface.
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CHAPTER 4

POST-TRANSLATIONAL REGULATION

OF STAR PROTEINS AND EFFECTS ON THEIR

BIOLOGICAL FUNCTIONS

Claudio Sette*

Abstract

STAR (Signal Transduction and Activation of RNA) proteins owed their name to
the presence in their structure of a RNA-binding domain and several hallmarks of
their involvement in signal transduction pathways. In many members of the family,
the STAR RNA-binding domain (also named GSG, an acronym for GRP33/Sam68/
GLD-1) is flanked by regulatory regions containing proline-rich sequences, which
serve as docking sites for proteins containing SH3 and WW domains and also a
tyrosine-richregion at the C-terminus, which can mediate protein-protein interactions
with partners through SH2 domains. These regulatory regions contain consensus
sequences for additional modifications, including serine/threonine phosphorylation,
methylation, acetylation and sumoylation. Since their initial description, evidence has
been gathered in different cell types and model organisms that STAR proteins can
indeed integrate signals from external and internal cues with changes in transcription
and processing of target RNAs. The most striking example of the high versatility
of STAR proteins is provided by Sam68 (KHDRBS1), whose function, subcellular
localization and affinity for RNA are strongly modulated by several signaling
pathways through specific modifications. Moreover, the recent development of
genetic knockout models has unveiled the physiological function of some STAR
proteins, pointing to a crucial role of their post-translational modifications in the
biological processes regulated by these RNA-binding proteins. This chapter offers
an overview of the most updated literature on the regulation of STAR proteins by
post-translational modifications and illustrates examples of how signal transduction
pathways can modulate their activity and affect biological processes.
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INTRODUCTION

The STAR family comprises a class of RNA-binding proteins (RBPs) that are
evolutionarily conserved from yeast to humans.! The two common features of STAR
proteins are the presence of a STAR RNA-binding domain (see below) and of several
motifs that confer the ability to form protein-protein interactions and to be modified
post-translationally. Several STAR proteins, including Sam68, GLD-1, QKI and GRP33,
are capable of homodimerizing in the cell® and this feature is required for RNA binding
and for many of their functions.** The ability to homodimerize relies on sequences in
the STAR domain,? indicating that this region mediates protein-protein interactions
in addition to RNA binding. On the other hand, motifs disseminated along the whole
structure of different STAR proteins allow heteromeric complexes with numerous
proteins involved in signal transduction events and RNA processing (Fig. 1A).>* The
only exception to this latter feature of STAR proteins is GLD-1, which lacks obvious
hallmarks of motifs involved in signaling.! Remarkably, the protein-protein interactions
engaged in by some STAR family members have been shown to play arole in propagation
of signaling events,>* but they also modulate RNA metabolism, as indicated by the
reduced affinity of Sam68 for RNA when bound to SH3 domains.® An additional layer
of plasticity is provided by the many post-translational modifications of STAR proteins
in response to activation of various signal transduction pathways. For instance, tyrosine
phosphorylation in the C-terminal tail of many STAR proteins reduces their affinity for
RNA and impairs homodimerization (Fig. 1A)." In line with the impairment of RNA
binding,”® tyrosine phosphorylation suppresses the effect of the STAR proteins Sam68 and
SLM-1 on alternative splicing.>® Similarly, serine/threonine phosphorylation of Sam68
improves its affinity for specific RNAs, thereby modulating alternative splicing of a target
pre-mRNAs (Fig. 1A,B).!° Moreover, recruitment of Sam68 onto the polysomes and its
function in translation appears to depend on phosphorylation (Fig. 1A,B).! Additional
post-translational modifications, such as methylation, acetylation and sumoylation, have
been shown to affect specific functions of at least one STAR protein, even though a link
to a specific biological process has been less firmly established (Fig. 1A).

Thus, several observations indicate that STAR proteins are crucial integrators
of signaling events with regulation of RNA metabolism. Without doubts, the most
characterized member of the family in this sense is the mammalian Sam68 protein.
For this reason, this chapter will begin with reviewing the information available on
post-translational modifications affecting Sam68 functions. Next, examples of other
STAR proteins regulated by signal transduction pathways will also be discussed.

Samé68: A BRIEF OVERVIEW

Samo68 is a prototypic STAR protein, with a STAR domain of ~200 amino acids,
including the maxi-KH domain embedded in the conserved N-terminal QUA1 and
C-terminal QUA2 regions that confer homodimerization and RNA-binding specificity
properties.’ Up-stream and downstream of the STAR domain, Sam68 contains three
proline-rich sequences (P0-P5) on each side. In addition, this RBP has RG motifs and
a C-terminal tail enriched in tyrosine residues that flank a bipartite nuclear localization
signal (Fig.2A).? These features allow Sam68 to interact with multiple proteins, " leading
to the hypothesis that it might function as a scaffold to cluster signaling proteins in
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Figure 1. Post-translational modifications of STAR proteins affect their biological functions. A) Schematic
representation of the best known post-translational modifications that affect the subcellular localization or
activity of specific STAR proteins. B) Schematic representation of the effects of ERK1/2 phosphorylation
on the activities of Sam68 in the nucleus and in the cytoplasm. In the nucleus, it was reported that
ERK /2 phosphorylation stimulated the splicing activity of Sam68;' in the cytoplasm, it was demonstrated
that this phosphorylation event enhanced translation of specific mRNAs in germ cells.'?

response to specific stimuli.** More recently, Sam68 has been demonstrated to regulate
RNA metabolism at different steps. First, it was shown that it enhanced export and
cytoplasmic utilization of viral RNAs,'*!* complementing the function of the HIV Rev
protein. This activity is likely important, because the virus replicates poorly in cells depleted
of Sam68 or expressing a dominant-negative Sam68 protein.!*!® On the other hand, this
STAR protein is also implicated in normal nuclear events, such as transcriptional and
post-transcriptional regulation of selected cellular transcripts. Through its association
with transcription factors or regulators, Sam68 modulates the transcription of target
genes.'*?! This activity could be linked to the effect of Sam68 on alternative splicing,*'-??
since the two process are tightly linked.?* Indeed, Sam68 was shown to regulate the choice
of alternatively spliced exons in CD44, Bcl-x and a subset of transcripts required for
neurogenesis.>!** Finally, Sam68 was detected in the cytoplasm of primary neurons*-¢
and germ cells,'"'>?” where it associated with the translation initiation complex eIF4F and
the polyribosomes, thereby enhancing translation of a subset of mRNAs (Fig. 1B). This
function of Sam68 is likely essential, at least in germ cells, because its genetic ablation
leads to defects in germ cell differentiation and to male infertility,'? see Chapter 5. Thus,
the many tasks carried out by Sam68 in different cell types suggest that the activity and
subcellular localization of this multifunctional RBP needs to be finely tuned according to
the specific requirements of the cell. In line with this hypothesis, Sam68 has been shown
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to undergo many post-translational modifications under various conditions and in most
cases these modifications have an impact on Sam68 function and/or localization. Hence,
it is appropriate to begin with a review of the literature illustrating the high versatility of
the most studied of the STAR proteins.

REGULATION OF Samé68 FUNCTIONS BY TYROSINE
PHOSPHORYLATION

Sam68 was originally identified by virtue of its tyrosine phosphorylation in cells
transformed with the Src oncogene?® and erroneously named p62GAP associated protein.?
A few years later, two groups independently identified this RBP as a phosphoprotein that
associated with Src in mitotic cells (Src Associated in Mitosis protein, of 68 kDa) and
renamed it Sam68.3%3! Sam68 was highly phosphorylated in tyrosine residues in mitotic
cells transformed with an oncogenic form of Src and its association with the SH3 and
SH2 domains of the kinase was required for phosphorylation. Moreover, these studies
showed that Sam68 could bind polyribonucleotides in vitro and suggested that Src might
regulate the processing of cellular RNAs through its interaction with this RBP.*° It was
subsequently demonstrated that Sam68 could also associate with the Src-related kinase
Fyn in a similar manner.”® Tyrosine phosphorylation of Sam68 likely promotes the
formation of multimolecular complexes that enhance propagation of intracellular signals,
asindicated by the activerole it plays in antigen-stimulated T-cells.*?34 Moreover, tyrosine
phosphorylation of Sam68 is part of the signaling events triggered by engagement of the
insulin and prolactin receptors.*>3¢ This suggests that this post-translational modification
insures correct hormonal response of target cells. Beside Src family kinases (SFKs),
a number of signaling proteins, like PLCyl, PI3K and the adaptor molecules NCK
and GRB2, bind to tyrosine-phosphorylated Sam68.>* In the cell, Sam68 forms two
multimolecular complexes of different size and tyrosine phosphorylation stimulates its
association with the smaller complex, which also depends on RNA binding and might
correlate with the splicing activity of this STAR protein (Huot ME, Vogel G and Richard
S; personal communication).

Regulation of signal transduction pathways by Sam68 might play arole in tumorigenesis.
Indeed, it was observed that decreased expression of Sam68 delayed the onset of mammary
tumors in vivo and that this effect was correlated with increased Src activity in tissue.”’
Remarkably, phosphorylation of Sam68 was increased in specimens from patients affected
by breast®® and prostate cancer.* In this latter tumor type, phosphorylation of Sam68
correlated with expression of a truncated form of the c-kit receptor and activation of Src.*
Notably, Sam68 was previously shown to promote a complex between these kinases.*
Furthermore, tyrosine phosphorylation of Sam68 was strongly induced by RET/PTC2, an
oncogene implicated in thyroid cancers,*' which acts upstream of SFKs. Finally, Sam68
could play an additional role as modulator of SFK activity in cancer cells. For instance, it
was proposed that Sam68 regulates the dynamic assembly of the actin cytoskeleton at the
plasma membrane through modulation of the Src signaling pathway and that depletion of
Sam68 causes aberrant activation of the Rho small GTPase.*

In addition to SFKs, other tyrosine kinases have been shown to interact with and
phosphorylate Sam68. The Tec family kinases ITK* and BTK*, which are specifically
expressed in T-cells and B-cells, respectively, ZAP-70* and BRK* all associate with
and phosphorylate Sam68 in tyrosine residues. BRK is particularly interesting for its
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Figure 2. Regulation of Sam68 subcellular localization by post-translational modifications. A) Scheme
of the structure of Sam68. PO-P5 identify the position of the proline-rich sequences that are known to
interact with SH3 and WW domains; the position of the KH domain for RNA binding and the QUALI
and QUA2 regions of homology with other GSG domains are indicated; Y-rich indicates the region
enriched in tyrosine residues that are sites of phosphorylation by BRK, Tec kinases and SFKs; NRS
indicates the position of the nuclear retention signal. B) Schematic representation of the stimulation of
Sam68 nuclear localization exerted by PRMT1-driven arginine methylation or by BRK-driven tyrosine
phosphorylation. C) Schematic representation of the stimulation of Sam68 nuclear export exerted by
ERK1/2-driven phosphorylation and of the interaction with signaling proteins containing SH2 or SH3
domains near the plasma membrane exerted by SFK-driven tyrosine phosphorylation.

subcellular localization. Indeed, this tyrosine kinase is mainly localized in the nucleus and
accumulates in the same nuclear bodies as Sam68. This suggests that it could be responsible
for regulation of the bulk of Sam68, which also resides in the nucleus of interphase cells.
Tyrosine phosphorylation by either SFKs or BRK leads to decreased affinity of Sam68
for RNA.7#¢ However, although overexpression studies have shown that the cytoplasmic
Fyn can phosphorylate Sam68 and modulate its nuclear activities, such as alternative
splicing of target pre-mRNAs® or association with the splicing factor YT521-B, it is
likely that the endogenous proteins remain separated in the cell by the nuclear envelope.
On the other hand, endogenous BRK colocalizes with Sam68 and might represent a
better regulator of its nuclear activities. In line with this hypothesis, BRK can repress
the ability of Sam68 to export viral RNAs and to promote their cytoplasmic utilization.'
Moreover, it has been shown that BRK-mediated tyrosine phosphorylation of Sam68
promotes its nuclear translocation in breast cancer cells under stimulation with epidermal
growth factor (EGF) (Fig. 2B).* Interestingly, BRK is aberrantly regulated in prostate
cancer,*® a tumor type in which Samé68 is up-regulated* and hyperphosphorylated® and
its expression supports growth and survival of the neoplastic cells.* These results suggest
that aberrant regulation of the BRK/Sam68 pathway might play a role in oncogenesis.
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Thus, the evidence above strongly indicates that tyrosine phosphorylation of
Sam68 by SFKs or Tec kinases in the cytoplasm (Fig. 2C) and by BRK in the nucleus
(Fig. 2B) affects the ability of this RBP to function as a signaling protein and as an
RNA modulator.

REGULATION OF Sam68 FUNCTIONS BY SERINE/THREONINE
PHOSPHORYLATION

Although tyrosine phosphorylation of Sam68 has been intensively studied in
various experimental settings, in several instances it was observed as a consequence of
overexpression of SFKs or other tyrosine kinases, or even expression of their constitutively
active forms. An attempt to investigate the changes in phosphorylation of the endogenous
Sam68 during the cell cycle was originally done by David Shalloway and collaborators.>
In this study, it was shown that Sam68 is phosphorylated on serine during interphase and
inmitotic cells and on threonine only in mitotic cells. The kinase responsible for threonine
phosphorylation in mitosis was identified as Cdc2, whereas the kinase(s) responsible for
serine phosphorylation in interphase and mitotic cells was not identified. Under these
conditions, no tyrosine phosphorylation of Sam68 was detected, possibly due to technical
problems.* It is conceivable that serine phosphorylation in interphase is exerted by the
extracellularregulated kinases 1 and 2 (ERK1/2), members of the mitogen activated protein
kinase (MAPK) family. Indeed, it was shown that Sam68 is phosphorylated by ERK1/2
during stimulation of T-lymphoma cells with phorbol ester.!’ Notably, phosphorylation
of Sam68 by ERK1/2 affected the splicing activity of this STAR protein (Fig. 1A,B),
enhancing the inclusion of the variable exon 5 (v5) in the CD44 mRNA..'° Since inclusion
of this variable exon positively correlates with neoplastic transformation,’! modulation
of the splicing activity of Sam68 by the MAPK-dependent phosphorylation might
represent another cancer-related event involving this multifunctional STAR protein.
Mechanistically, it was proposed that Sam68 formed a complex with the splicing factor
U2AF65, which recognizes the 3’ splice site, thereby enhancing its recruitment on the
v5 exon.>? Phosphorylation of Sam68 by ERK1/2 would favour the dynamic recruitment
of other spliceosomal components through changes in affinity of the Sam68/U2AF65
complex for the v5 RNA.*

Serine/threonine phosphorylation of Sam68 also occurs in male germ cells undergoing
the meiotic divisions.'" Similarly to somatic cells, phosphorylation was due to the activity
of Cdc2 and ERK1/2 and correlated with the localization of Sam68 in the cytoplasm
and its association with the polyribosomes (Figs. 1B and 2C). Using specific inhibitors,
it was shown that the ERK 1/2-mediated phosphorylation was the main regulator of the
association of Sam68 with the translational machinery.!" A subsequent study indicated
that translocation of Sam68 to the cytoplasm and its association with polyribosomes
was required for translational activation of a subset of mRNAs that are target of this
STAR protein in germ cells (Fig. 1B).!? This effect could be recapitulated in somatic
cells by transfecting a constitutively active form of RAS, which led to activation of
ERK1/2, enhanced phosphorylation of Sam68 and its association with polyribosomes
as in germ cells.!? Remarkably, since germ cells ablated of Sam68 express lower levels
of the proteins encoded by these target mRNAs and Sam68 knockout male mice were
sterile and produced few spermatozoa,'? it is likely that this post-translational regulation
of Sam68 is essential for male fertility in vivo.
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These observations suggest that serine/threonine phosphorylation of Sam68 mainly
affects its RNA-binding activity and the functions related to it.

REGULATION OF Sam68 FUNCTIONS BY METHYLATION

The proline-rich sequences in Sam68 are flanked by RG (arginine-glycine) repeats
that are consensus for methylation by the Type I of protein arginine methyltransferases
(Type I PRMTs).> It was shown that methylation of these RG repeats occurs in vitro
by incubation of Sam68 with PRMT1. Proline-rich sequences bind SH3 and WW
domains. Interestingly it was demonstrated that methylation of Sam68 in the RG
repeats that flanked the proline-rich sequences decreased binding to SH3 domains but
not WW domains,* suggesting that methylation could affect the choice of partners
by Sam68 in the cell. In support of a role for methylation in vivo, Sam68 associated
with PRMT1 and was constitutively methylated in live cells.** Moreover, methylation
was required for efficient nuclear localization of the protein (Figs. 1A and 2B) and
for its ability to favour the export of viral RNAs,’* suggesting that it is an essential
modification required for Sam68 function. Decreased methylation of Sam68 might
occur under pathological conditions. It was shown that peroxynitrite, a pro-atherogenic
substance known to induce endothelial dysfunction, inhibited arginine methylation of
this STAR protein. The authors reported that reduced methylation of Sam68 did not
affect its RNA binding activity, or its levels of tyrosine phosphorylation. However, they
showed that it correlated with increased rate of apoptosis and premature senescence
of endothelial cells.™ By contrast, reduction of RNA-binding by methylation of the
Sam68 RG repeats was shown by another group.’ They suggested that the RG repeats
provide an additional RNA-binding motifto STAR proteins, outside of the GSG domain
and that methylation can modify the affinity of the RG repeats for RNA.> However,
since methylation of Sam68 appears to be a constitutive event,™ it seems unlikely
that it impedes RNA binding. Although both studies employed poly-uridine synthetic
oligonucleotides to test Sam68 affinity for RNA, they reached opposite conclusions.
Thus, more physiological RNA substrates need to be tested to fully understand the
influence of methylation on Sam68 RNA-binding affinity.

Remarkably, the ability of Sam68 to interact with PRMT1 is exploited by an
oncogene to elicitneoplastic transformation. The MLL-EEN translocation causes Mixed
Lineage Leukemia (MLL) in humans. A recent study showed that the SH3 domain
of EEN is the only part of this protein required for MLL oncogenesis.’” A screen for
proteins interacting with this SH3 domain identified Sam68 and subsequent experiments
demonstrated that recruitment of Sam68 to MLL-EEN by the SH3 domain was crucial
to elicit neoplastic transformation.’” Interestingly, the activity of Sam68 important for
cell transformation was its ability to associate with PRMT1. Indeed, direct fusion of
PRMT1 with MLL bypassed the requirement of both EEN and Sam68. Thus, MLL-EEN
induced transformation through the recruitment of a complex formed by Sam68 and
PRMT1 with the SH3 domain of EEN. This complex allows PRMT]1 to be recruited
to MLL-sensitive promoters and to alter the epigenetic status of the responsive genes,
hence modifying gene expression.”’ This study links the scaffold function of Sam68
and its connection with methyltransferases with oncogenesis and highlights how a
versatile STAR protein can be used by the cell for unexpected functions, such as those
set in motion by a mutated oncogene.
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REGULATION OF Sam68 FUNCTIONS BY ACETYLATION
AND SUMOYLATION

Another post-translational modification that can affect Sam68 function in the cell is
acetylation. It was initially observed that Sam68 associated with the histone acetyltransferase
CBP on specific promoters.!® Few years later, it was observed that Sam68 is preferentially
acetylated in breast cancer cell lines as compared to normal breast epithelial cells.’®
Moreover, acetylation of Sam68 positively correlated with its ability to bind poly-uridine
synthetic RNA in extracts obtained from these cell lines. The authors also showed that
CBP could acetylate Sam68 in vitro, mainly on lysines present in the QUA1 region and
the first half of the KH domain, hence increasing RNA binding and that similar results
are obtained by overexpressing CBP in transfected cells.’® However, the role played by
acetylation in the biological functions of Sam68 still needs to be addressed.

Sam68 was shown to form complexes with transcriptional regulators and modulate
transcription of reporter genes.!*?? One of the transcriptional targets of Sam68 in normal
and cancer cells is cyclin D1.2%% This activity of Sam68 might also be subject to regulation
by a post-translational modification. It was reported that Sam68 is modified by covalent
link with the small ubiquitin-like protein SUMO.* This reaction was catalyzed by the
SUMO E3 ligase known as PIAS1 and occurred on lysine 96 of Sam68. Since mutation
of'this acceptor site enhanced the pro-apoptotic activity of Sam68, which is dependent on
its RNA-binding activity,>* it is possible that sumoylation affects the binding of Sam68
to its cellular mRNA targets. On the other hand, sumoylation increased the repression
of the cyclin D1 promoter by Sam68. A SUMO1-Sam68 fusion protein recapitulated
these events, causing stronger repression of cyclin D1 expression and lower levels of
apoptosis.*® Thus, it is possible that sumoylation of endogenous Samé68 finely tunes the
ability of this protein to regulate cell cycle progression and apoptosis in response to
specific signals. However, the mechanism by which sumoylation affects Sam68 activity
is still unknown and more work is needed to ascertain the biological importance of this
modification in live cells.

POST-TRANSLATIONAL MODIFICATIONS OF SLM-1 AND SLM-2

The STAR proteins that are more related to Sam68 are SLM-1 and SLM-2 (Sam68
Like Mammalian protein 1 and 2).%° SLM-2 was independently cloned by another group
and named T-STAR and étoile in human and mouse, respectively.®! These proteins share
approximately 65-70% sequence identity with Sam68 in their STAR domain and have
similar SH2 and SH3 domain binding sites.®® Moreover, many of the post-translational
modifications described for Sam68 apply also to SLM-1 and SLM-2 (Fig. 1A). However,
some differences exist. For instance, SLM-2 was not phosphorylated by SFKs and did
not interact with the SH3 domains of several signaling proteins tested,* suggesting that
it lacked the scaffold function of Sam68 and SLM-1. On the other hand, both SLM-1
and SLM-2 were phosphorylated by the nuclear BRK and this modification decreased
their affinity for synthetic RNA in vitro.® Another feature in common between Sam68
ans SLM-2 was their methylation by PRMT1,>* which was suggested to decrease their
affinity for RNA in the same in vitro study in which Sam68 was analysed.* In terms of
biological roles, they also share many features with Sam68. SLM proteins synergize with
the HIV protein Rev in stimulating gene expression of responsive genes, but, differently
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from Sam68, they could not substitute for the Rev function.®? Both SLM-1 and SLM-2
function in alternative splicing like Sam68,>% but only SLM-1 activity is inhibited by
SFK-mediated tyrosine phosphorylation.” Thus, SLM-1 and 2 appear to be very close
homologues of Sam68 that share many ofits features and activities. Since Sam68 knockout
mice are viable,* it is possible that they compensate for lack of their cousin STAR protein
and support viability of these mice.

POST-TRANSLATIONAL MODIFICATIONS OF THE QKI PROTEINS

The mouse quaking (Qk) gene is essential for central nervous system (CNS)
myelination and for survival of the early embryo.®® The proteins encoded by this gene
(QKIS5, QKI6 and QKI7) show the typical structure of STAR proteins, combining
RNA-binding with signal transduction properties and are expressed in myelin-forming
cells and in astrocytes.®® QKI6 and QKI7 are localized to cytoplasm, whereas a nuclear
localization signal in the C-terminus of QKI5 allows its import in the nucleus.®” Mutations
in the Ok gene that are compatible with life, named gk(v), cause severe dysmyelination
in mice, which correlates with aberrant expression of the QKI proteins in different
subsets of glial cells. On the other hand, a mutation in the STAR domain that impairs
homodimerization is lethal in vivo,*® highlighting the importance of this self-interaction
in the function of STAR proteins. QKI proteins mediate post-transcriptional regulation
of mRNAs encoding several proteins involved in the formation of the myelin sheet.
For instance, the nuclear QKIS isoform regulates alternative splicing of exon 12 in the
myelin-associated glycoprotein (MAG) pre-mRNA and this splicing event is altered
in the quaking mice.® Moreover, the QKI proteins are required for the stabilization
and export of the mRNAs encoding the myelin basic protein (MBP) isoforms, thereby
causing accumulation of this protein in cells undergoing myelinogenesis.”’! Notably,
the interaction between QKI and MBP mRNA is regulated by SFKs in the developing
CNS. It was shown that, similarly to Sam68, phosphorylation of the C-terminal tyrosine
residues in QKI proteins by Src or Fyn decreased their affinity for target RNA in vivo and
in vitro (Fig. 1A).”> When examined in the developing brain, tyrosine phosphorylation
of QKI proteins was maximal at day 7 postnatal and rapidly declined from day 7 to
day 20, concomitantly with the strong induction in MBP mRNA and protein levels and
with myelinogenesis.” In addition, expression of Fyn was elevated in oligodendrocyte
precursor cells, whereas the activity of this SFK declined later on during myelin
accumulation.” Notably, Fyn and QKI activity seemed also to antagonistically regulate
alternative splicing of MBP mRNA isoforms.” These observations strongly indicated
that post-translational regulation of QKI proteins affected the accumulation of one
component of the myelin sheet in developing neurons.

In addition to phosphorylation, QKI5 was weakly methylated in arginines in vivo
(Fig. 1A). However, in contrast to Sam68, this STAR protein did not associate with
protein methyltransferase activity and with PRMT1.>* These observations suggested that
QKI-5 is a target for a different methyltransferase in vivo and that this post-translational
modification might not require a stable interaction.> The consequences of methylation on
QKI-5 activity and whether or not other QKI isoforms are methylated in vivo, remain to
be established. Moreover, no information on additional post-translational modifications
of these STAR proteins has been reported, suggesting that more studies are required to
fully understand QKI regulation in vivo.
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POST-TRANSLATIONAL MODIFICATIONS OF SF1

The more distantly related STAR protein SF1 (Splicing Factor 1) is a branchpoint
binding protein involved in early steps of the splicing reaction.!”*7 Differently from Sam68,
SLMs and QKI proteins, the proline-rich sequences of SF1 were shown to preferentially
interact with the tyrosine kinase Abl rather than with SFKs.! Moreover, these regions allow
SF1 to interact with WW domains of proteins that may link transcription to pre-mRNA
processing.” SF1 binds the intron branch site and associates with the splicing regulator
U2AF65.7 Interestingly, the cGMP-dependent protein kinase-1 (PKG-I) phosphorylates
SF1 atserine 20, thereby impairing its interaction with U2AF65 and spliceosomal assembly
in neuronal cells.”® This observation suggested that signaling events that alter the levels
of cGMP in neurons can exert an effect on splicing through regulation of SF1. On the
other hand, the protein kinase KIS (kinase interacting stathmin) interacts with SF1 and
phosphorylates two serine residues (aa 80 and 82) flanked by a proline (SPSP motif) and
these phosphorylation events enhanced the interaction of SF1 with U2AF65.” Thus, the
splicingactivity of SF1 canbe tightly regulated through phosphorylation by differentkinases
that exert opposite effects on the recruitment of U2AF65 by this STAR protein (Fig. 1A).

CONCLUSION

Since their first identification, the structural features of members of the STAR family
suggested a role for these proteins at the crossroad between signal transduction pathways
and RNA metabolism.' Much work has been done in the past decade to confirm this initial
hypothesis. Several STAR proteins have been demonstrated to be post-translationally
modified in response to external and internal cues (Fig. 1A). Moreover, examples of their
ability to bind RNA and to affect transcriptional and post-transcriptional processing of
target mRNAs have been illustrated. Nevertheless, much remains to be done, especially
for those proteins lacking genetic support for their in vivo function(s). In addition,
the biological influence of some modifications, such as sumoylation or acetylation for
Sam68, needs to be further investigated. Another aspect to be clarified is the potential
redundancy of Sam68, SLM-1 and SLM-2. These STAR proteins are highly homologous
and share many features in terms of signal transduction and RNA activities. However,
some differences at the level of post-translational modifications have been demonstrated
(i.e., association with PRMT activity for SLM-1; tyrosine phosphorylation by SFKs
for SLM-2). Notably, although Sam68 has been implicated in many crucial biological
processes, cells can proliferate and survive without it and, in addition, knockout mice
can develop and live throughout adulthood, albeit at lower rates than their littermates.*
It is possible that SLM-1 and SLM-2 constitute a backup activity that supports cell
viability in the absence of Sam68 and that part of the defects observed in the knockout
animals are due to the slightly different post-translational modifications occurring in the
SLM proteins. Finally, post-translational modifications of other members have not been
reported yet, but hints indicate that they might occur. For instance, the D. melanogaster
HOW(L) nuclear protein contains the HPYR motif that is conserved in the nuclear
localization signal of other nuclear STAR proteins like QKI-5 and Sam68 and its mutation
caused mislocalization of HOW(L) in the cytoplasm.% This observation suggests that,
similarly to Sam68 (Fig. 2B), the nuclear localization of HOW(L) could be regulated by
post-translational modifications.
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Thus, future studies are warranted to fully determine the impact of post-translational
control on the many activities played by the STAR proteins and to elucidate the many
functions of this highly regulated family of RBPs in cells and live organisms.
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CHAPTER 5

EXPRESSION AND FUNCTIONS
OF THE STAR PROTEINS Sam68 AND T-STAR
IN MAMMALIAN SPERMATOGENESIS

Ingrid Ehrmann and David J. Elliott*

Abstract: Spermatogenesis is one of the few major developmental pathways which are
still ongoing in the adult. In this chapter we review the properties of Sam68 and
T-STAR, which are the STAR proteins functionally implicated in mammalian
spermatogenesis. Sam68 is a ubiquitously expressed member of the STAR family,
but has an essential role in spermatogenesis. Sam68 null mice are male infertile
and at least in part this is due to a failure in important translational controls that
operate during and after meiosis. The homologous T-STAR protein has a much
more restricted anatomic expression pattern than Sam68, with highest levels seen
in the testis and the developing brain. The focus of this chapter is the functional
role of Sam68 and T-STAR proteins in male germ cell development. Since these
proteins are known to have many cellular functions we extrapolate from other
cell types and tissues to speculate on each of their likely functions within male
germ cells, including control of alternative pre-mRNA splicing patterns in male
germ cells.

GENE EXPRESSION CONTROL IN SPERMATOGENESIS

Male germ cell development (spermatogenesis) takes place in the testis and involves
the conversion of diploid stem cells into motile haploid spermatozoa that are capable of
swimming to and fertilising an egg. Spermatogenesis is very prolific-10® sperm cells are
produced in an adult mouse/day and the testis is one of the major sites of development
ongoing in the adult. A micrograph of a section of rat testis stained for Sam68 protein
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Figure 1. Spermatogenesis. Spermatogenesis is a continuous developmental process which takes place
in seminiferous tubules in the adult testis. This micrograph is a section of rat testis stained for Sam68
protein (dark staining in spermatocytes) and counterstained with haematoxylin to show the major germ
cell types. Alongside the micrograph the major cell types and direction of differentiation are shown (right
hand side: from stem cells at the top of the tissue image, to differentiated sperm at the bottom).

and counterstained using haematoxylin is shown in Figure 1, which shows the anatomic
organisation and major stages of male germ cell development.

Germ cell development takes place in the testes within seminiferous tubules (the
outside and inside of the tubules are shown as broken lines in Fig. 1). Spermatogenesis
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is a continuous process but it can be divided up into a number of distinct steps with
corresponding cell types.! Germ cell development starts from the outside of seminiferous
tubules and then progresses towards the inside, with spermatozoa being released into
the central hole or lumen of the tubule. The cells at the start of the developmental
sequence (and so on the outside of the seminiferous tubule) are called spermatogonia
and are mitotically active. Spermatogonial stem cells divide to both renew their own
population (this stem cell fraction of spermatogonia are essential to maintain the
germline and support future rounds of spermatogenesis) and to provide a source of
cells for differentiation (around half of spermatogonia enter the germline differentiation
process). A proportion of spermatogonia are eliminated by apoptosis.? Differentiating
spermatogoniareplicate their DNA in an S-phase and then enter meiosis as spermatocytes.
The first meiotic division takes around 10 days in mice and during this time homologous
chromosomes align, recombine and separate to independently assort alleles. During
meiosis I the nuclear envelope remains intact and genes are transcribed. At the end
of meiosis I the nuclear envelope breaks down and then sister chromatids separate in
meiosis II (in secondary spermatocytes) to generate haploid germ cells. After meiosis the
conversion of round spermatids into elongating spermatids involves DNA compaction
which shrinks the nucleus of the cell into a compact sperm head, ejection of cytoplasm
and growth of a motile flagellum required for sperm locomotion. This differentiation
process is called spermiogenesis and creates a small motile cell capable of delivery of
genetic information to an egg. The pathway of spermatogenesis (through all the steps
from spermatogonia to spermatozoa) takes approximately a month in the mouse and
considerably longer in humans.

Distinct genes are required and expressed in the different stages of spermatogenesis
depending on the needs of the different cell types. Specific waves of genes are transcribed
inmitotic cells, meiotic cells (including genes encoding components of the synaptonemal
complex and the meiotic recombination machinery) and in round spermatids (including
genes encoding proteins required for more mature sperm).® There are also periods of
spermatogenesis which are transcriptionally silent, particularly after the haploid genome
starts to condense within spermatid nuclei.*

As well as transcription of different genes, post-transcriptional control of gene
expression plays a critical role in male germ cell development, requiring an important
role for RNA binding proteins in the testis.* Post-transcriptional gene regulation operates
at different levels. Particularly high levels of alternative splicing have been detected in
the testis, which is the most abundant anatomic site of alternative splicing apart from
the brain. Although many testis-specific splicing isoforms are species specific in pattern,
their abundance might reflect an increased demand for mRNA isoform production in
the testis because of the ongoing cell division and differentiation.’

The mature 3’ ends of most mRNAs are generated by an RNA processing event in
which nascent pre-mRNA is cleaved by a 3’ end processing machinery and a poly(A)
tail is added. The 3’ end processing machinery recognises a conserved sequence found
downstream of genes called the poly(A) site, which includes the sequence AAUAAA.
Surprisingly within the testis many meiotic transcripts use variant poly(A) sites and so
have alternative 3’ ends compared with their somatic counterparts. The testis-expressed
protein which recognises these variant poly(A) sites is essential for proper meiotic and
postmeiotic development.®’
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EXPRESSION OF STAR PROTEINS DURING SPERMATOGENESIS

The STAR proteins are a group of related proteins which contain a KH domain
flanked by a pair of conserved sequences called QUA1 and QUA2 domains and a number
of other protein domains implicated in cellular signaling pathways.® STAR proteins thus
have possible roles in both RNA processing and intracellular signaling. Two particular
STAR proteins, T-STAR and Sam68, are not only highly expressed in the testis but also
interact with other testis-specific RNA binding proteins, suggesting that they may have
importantroles in RNA processing in mammalian spermatogenesis. T-STAR (also known
as SLM2 and KHDRBS3) and Sam68 (also known as KHDRBS1) proteins belong to a
subfamily of the STAR proteins called the KH Domain containing RNA Binding Signal
transduction associated family. This family of proteins and their encoding genes are
consequently given the acronym KHDRBS. The SLM1, Sam68 and T-STAR proteins
are encoded by separate genes on mouse chromosomes 1, 4 and 15 respectively.

T-STAR protein is mainly expressed in the adult testis, although weaker protein
expression can be detected in the brain and kidney.*!® T-STAR is a nuclear protein
with major expression in meiotic cells (spermatocytes) and some expression in round
spermatids.' Sam68 protein is also strongly expressed in spermatocytes (see Fig. 1) and is
also expressed outside the testis.'° The expression of Sam68 protein during spermatogenesis
peaks when the meiotic cells get ready to divide.'! Like T-STAR, Sam68 is also a nuclear
protein during most of spermatogenesis, but is found within the cytoplasm in meiosis
1112 Sam68 expression levels decrease in round spermatids when it is again located in
the nucleus. Despite its ubiquitous expression in the body, data obtained from the Sam68
null mouse indicates that Sam68 plays an essential role in spermatogenesis rather than
being essential for viability.!?!* The third member of the KHDRBS proteins, SLM-1 (also
known as KHDRBS?2), is not detectably expressed in the testis.

Published genome sequences predict that the T-STAR, Sam68 and Slm-1 proteins
have fairly wide phylogenetic distributions within different vertebrate classes. Orthologous
genes with their associated Ensembl identification numbers for mammals (mouse and
dolphin), reptiles (Anole lizard), amphibians (frog), fish (zebrafish) and birds (Zebra finch)
areshownin Table 1. The mouse and human Sam68 proteins have an N-terminal extension
compared with T-STAR and SIm-1 (Fig. 2), as does the dolphin Sam68 protein.

At the moment, there is no genetic evidence or particular expression data suggestive
of a specific role for other STAR family proteins in mammalian spermatogenesis. Initial
data suggested that the STAR protein Quaking (QKI) may be important for male germ
cell development, but in fact this spermatogenesis defect has now been shown to result
from co-deletion of the closely linked Parkin co-regulated gene rather than Qk itself.'*

PROTEIN STRUCTURE AND MODIFICATIONS

The protein sequences and domains of human and mouse T-STAR, Sam68 and (for
completeness) Slm-1 are shown in Figure 2. Protein homology extends over their entire
lengths and can be divided up into four distinct regions with slightly different properties.
These distinct regions are: (i) The N-terminal domain, which is considerably longer for
Sam68 protein; (ii) The STAR domain, which is composed of the KH domain itself
flanked by conserved upstream and downstream regions called QUA1 and QUA2. The
STAR domain has roles in both RNA binding and protein interactions including the
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Figure 2. Alignments of the T-STAR, Sam68 and SLM1 protein sequences from human and mouse and
the mouse SLM-1 sequence. The KH domain is boxed and shaded grey and the flanking QUA1 and QUA2
domains are boxed only. The region following the QUA2 domain is rich in arginine and glycine and so
is referred to as the RG-rich region. RG dipeptides which are potential sites of arginine methylation are
underlined. Proline rich sequences that are candidate SH3 binding sites are shaded black and tyrosine residues
that might become phosphorylated to become SH2 binding sites are shaded light grey. The C-terminal
regions of both T-STAR, Sam68 and SLM1 proteins are particularly rich in tyrosine residues. The mapped
SIAHI binding site in the human T-STAR protein, VGVVVP, is underlined by a broken line.
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formation ofhomodimers and heterodimers with other STAR proteins; " (iii) The RG-rich
domain, rich in arginine and glycine (RG dipeptides underlined). Some of these arginines
are modified by methylation by the enzyme arginine N-methyltransferase 1 (PMRT1).
Arginine methylation is important for STAR protein nuclear import and may function
to reduce RNA binding;'®'7 (iv) A tyrosine rich C-terminal domain. In addition there
are tyrosine residues at equivalent positions throughout the entire proteins (conserved
tyrosine residues are shaded light grey in Fig. 2).

Tyrosine residues are potential targets for phosphorylation by protein kinases. In some
cases (depending on the sequence context) tyrosine phosphorylation can create SH2 binding
sites which act as docking sites for signaling proteins with SH2 domains. Sam68 has been
shown to be phosphorylated by a number of tyrosine kinases including Src, Fyn and Lyn'®-2!
and is serine/threonine phosphorylated by MAP kinase (also known as ERK) following
phorbol ester stimulation of T-cells (Fig. 3).22 Okadaic Acid (OA) is a phosphatase inhibitor
which induces pachytene spermatocytes to enter into meiosis. After in vivo labelling of
spermatocytes with*?P inthe presence of OA, Sam68 was detectably phosphorylated. Inhibitors
of MPF (maturation promoting factor) and MAPKSs (mitogen-activated protein kinases)
both inhibited the phosphorylation of Sam68 showing these kinases were responsible.'' A
truncated form of the tyrosine kinase receptor (called tr-kit ) promotes tyrosine phosphorylation
of Samé68 through Fyn in HEK (human embryonic kidney) 293 cells.?® Unlike the large
group of tyrosine kinases which phosphorylate Sam68, the only known protein tyrosine
kinase to phosphorylate T-STAR is the epithelial expressed BRK/Sik kinase (also known
as Protein Tyrosine Kinase 6). Although BRK/Sik kinase is not detectably expressed in
the testis, phosphorylation of transfected T-STAR by transfected BRK/Sik kinase in the
mouse mammary gland cell line NMuMG reduced the RNA binding capacity of T-STAR.?*
T-STAR has also been shown to be phosphorylated on tyrosine residues in Rous Sarcoma
virus-infected chicken embryo fibroblasts but the kinase responsible is not known.?

Both Sam68 and T-STAR proteins also have proline rich SH3-binding sites, which are
potential docking sites for proteins that contain SH3 domains (Src homology domain 3).
The number and positions of the SH3-binding sites show some conservation between
Sam68, T-STAR and Slm1, but are more variable than the tyrosine residues. In particular,
Sam68 has 6 potential SH3-binding sites, while T-STAR just has a single SH3-binding
site within the RG-rich region (Fig. 2). T-STAR interacts with the p85 subunit of PI3
kinase through its single SH3 binding site.>> Another domain which can bind to proline
rich sequences is known as a WW domain. Samé68 can also bind some WW domain
containing proteins, including the formin binding proteins FBP21 and FBP30. Arginine
methylation negatively regulates the interactions between Sam68 and the SH3 domain
proteins but is permissive for WW domain interactions.?

Interaction maps summarising the known protein partners of T-STAR and Sam68
are shown in Figure 3. A clear difference between T-STAR and Sam68 is that human
T-STAR protein binds the E3 ubiquitin ligase SIAH1.” SIAH1-mediated ubiquitinylation
of T-STAR leads to its degradation by the proteasome. The SIAH]1 protein is essential for
male meiosis in mice,?” but this is not as a result of regulation of mouse T-STAR protein,
since the T-STAR SIAH]1 binding site evolved in the primate lineage and so is absent in
mice. Hence T-STAR has evolved an extra layer of regulation of protein stability in primates.
The mapped SIAH1 binding site within the RG-rich region of human T-STAR protein is
underlined by a dashed line in Figure 2. Although the SIAH1 binding site is not conserved
in mouse T-STAR, nor within the human Sam68 protein, just two amino substitutions
within the mouse T-STAR were sufficient to bring it under the control of SIAH1.°
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Figure 3. Known protein interaction partners of (A) T-STAR and (B) Sam68. Protein interactions are
indicated by double headed arrows and known protein partners are assembled together in groups of
interacting proteins which have similar functional properties.
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MOUSE KNOCKOUT MODELS DEFINE THE ROLES OF STAR PROTEINS
IN TESTIS FUNCTION

Genetic experiments show that Sam68 is essential for male fertility in the mouse. '3
Sam68 is encoded by a gene with nine exons. Two of these exons encode part of the KH
domain and were deleted to make a Sam68~-null mouse. Although Sam68~"-null females
were fertile, Sam68~- null male mice were incapable of fathering offspring. When the
testis morphology of the knockout and wild type mice were compared histologically,
there were fewer round spermatids and elongating spermatids in the Sam68~~ mice.
A significant number of dying cells were also identified in testes by tunnel assay at
25 days post partum in Sam68~- mice and flow cytometry indicated that all germ cell
stages were affected by an increase in apoptosis. About half of the Sam68-- mice made
a few sperm, but only about 10% of those made in wild type mice. Amongst the defects
observed in the Sam68-~ mice were sperm with two flagella and two nuclei as well as
morphological deformities. The spermatozoa that were made were unable to fertilize
eggs by in vitro fertilisation.'?

THE STAR PROTEIN Sam68 IS INVOLVED IN TRANSLATIONAL
CONTROL IN SPERMATOGENESIS

Translational control is particularly important in spermatogenesis and Sam68 protein
playsakeyroleinthis process.* In the latter stages of spermatogenesis nuclear DNA becomes
compacted through replacement of the nuclear histones, first by transition proteins and then
by protamines. This means that many mRNAs which are needed in elongating spermatids
are in fact transcribed earlier in male germ cell development in the spermatocyte and round
spermatid stages and stored in a translationally inactive form until they are needed.

Although it is mainly a nuclear protein in most cell types within the body, during
the second meiotic division Sam68 is serine/threonine phosphorylated and translocates
to the cytoplasm.!" When cell extracts from mouse secondary spermatocytes were
elutriated and fractionated on sucrose gradients, Sam68 was found to be associated with
actively translating polysomes.'> Sam68 is thought to recruit specific translationally
regulated mRNAs to polysomes. In Sam68-~ null mice these mRNAs are not recruited
normally and so become less efficiently translated and thus less abundant. Consistent
with this mechanism of translational regulation, in Sam68~~ null mice compared with
heterozygote littermates there was a decrease in the amount of mRNA recruited into
polysomes from the three important translationally regulated genes sperm associated
antigen 16,(Spagl6), neural precursor cell expressed, developmentally down-regulated
gene 1(Neddl) and speedy homolog A (Spdya). The Spagl6, Nedd1 and Spdya proteins
were also reduced in Sam68 null testes, as were levels of their cognate mRNAs.
Reduction in translational control may contribute to the infertility phenotype seen in
Sam68~- null mice. Nedd1 protein is known to localize to the centrosome and mitotic
spindle,® while Spdya is a member of a family of proteins that binds CDK1 and CDK?2
(cyclin dependent protein kinases) and helps oocyte maturation in Xenopus.?’ Spagl6
is a component of the sperm axoneme and Spag/6~ null mice also have defects in
sperm motility and are infertile.’® Although Sam68 clearly has an important role in
translation control, to date there is as no evidence to demonstrate an equivalent role
for the T-STAR protein in translational control.
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STAR PROTEINS MIGHT PLAY ROLES IN PRE-mRNA SPLICING
CONTROL IN SPERMATOGENESIS

Although Sam68 is cytoplasmic and involved in translational control in secondary
spermatocytes, during most of spermatogenesis both Sam68 and T-STAR proteins are
nuclear and likely to be involved in nuclear processes. A possible nuclear role is in
alternative splicing regulation. Up to 90% of human genes encode alternatively spliced
mRNA isoforms which can have important and divergent functions.*'** Samé68 is known
to actas a splicing regulator in neural development. Analysis of splicing patterns followed
in neuronal cell lines after Sam68 depletion led to the identification of a number of
neural alternatively spliced mRNA isoforms which depended on the normal expression
of Samé68 protein.>

Alternative splicing is controlled in part by networks of nuclear RN A binding proteins
which bind to sequences on pre-mRNAs and either serve to activate or repress inclusion
of exons. RNA sequences which lead to splicing activation are called splicing enhancers.
Splicing enhancers can be found within exons or introns (called Exonic Splicing Enhancers
(ESE) and Intronic Splicing Enhancers (ISE) respectively). Similarly cis-acting splicing
silencer sites can be found within exons (Exonic Splicing Silencers or ESSs) or within
introns (Intronic Splicing Silencers or ISSs).

The mechanisms of splicing activation by Sam68 and T-STAR are not fully understood.
Three mechanisms have been proposed and each of these mechanisms might be true for
different alternatively spliced exons: (i) Sam68 may operate through binding to ESEs.
Co-expression of either Sam68 or T-STAR with a minigene containing exon V5 from the
CD44 gene potently activates splicing of this variable exon.??** Sam68 binds the protein
U2AF, which led to the idea that Sam68 bound to an ESE sequence within the CD44 V5
exon might anchor U2AF binding to the nearby exon V5 3’ splice site and thereby activate
its splicing. Within activated T-cells, Sam68 mediated splicing activation of CD44 exon
V5 is enhanced by ERK phosphorylation, which actually leads to release of Sam68 and
U2AF proteins from the CD44 pre-mRNA, perhaps thereby promoting downstream steps
in spliceosome assembly and subsequent splicing inclusion of exon V5 into the CD44
mRNA.?2% Sam68 also interacts with the splicing co-activator SRm160 to enhance CD44
exon V5 splicing, again through facilitating spliceosome assembly.* (ii) Sam68 may affect
transcriptional elongation. Sam68 protein interacts with the Brahmin protein (also known
as Smarca2) which is part of the SWI/SNF complex which regulates chromatin structure.
The Sam68-Brahmin protein interaction causes pausing of elongating RNA polymerase
around the vicinity of the V5 exon within the chromosomal CD44 gene. This pause in
RNA polymerase II extension would give more chance for the V5 exon, which is weakly
recognised by the spliceosome, to be spliced into the CD44 mRNA before downstream
competing exons were transcribed. On the other hand, in the absence of transcriptional
pausing through Sam68, stronger downstream exons would be spliced into the CD44
mRNA instead ofthe weak exon V5.¥ (iii) Finally Sam68 protein interacts with the splicing
repressor protein hnRNP A1 and this interaction might cause selection of proximal versus
distal splice sites. This third mechanism regulates BCI-X splice isoform ratios, between
mRNAs encoding pro-apoptotic and anti-apoptotic forms of the BCL-X protein.*®

Although splicing RNA targets of either T-STAR or Sam68 proteins in the testis
have not yet been directly identified, protein interactions have been detected between
Sam68 and T-STAR and a number of testis-expressed nuclear proteins which have
known roles in pre-mRNA splicing.® These interacting nuclear proteins include a
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group of heterogeneous ribonucleoproteins (hnRNPs) including hnRNPG.** hnRNP
G is encoded by an X-chromosome located gene called RBMX which is expressed in
spermatogonia and in somatic cells. The hnRNP G protein is known to be involved in
controlling pre-mRNA splicing through binding to target RNAs which contain CCA
target motifs and also through protein interactions with other splicing factors including
the splicing activator Tra2f.**! Within male germ cells Sam68 and T-STAR have two
special protein interaction partners related to hnRNP G but encoded by distinct genes:
RBMY, the Y-chromosome gene deleted in some infertile men*? and a related protein
called hnRNP G-T which is encoded by a retrogene (RBMXL?2) derived from RBMX,
but only expressed during male meiosis.**** Normal expression levels of hnRNP G-T
protein are needed to support spermatogenesis in mice.** Nuclear RNA binding proteins
like RBMY and hnRNP G-T in the testis might functionally regulate the splicing activity
of T-STAR and Sam68 proteins. Co-expression of hnRNP G with T-STAR inhibits the
ability of T-STAR protein to mediate splicing activation of the CD44 minigene.* Protein
interactions have also been detected between Sam68 and T-STAR and the splicing regulator
proteins SRp30c and YT521B.** Other nuclear RNA binding proteins that interact with
Sam68 and T-STAR are the Scaffold Attachment Factors SAFB1 and SAFB2 which link
signaling, splicing and transcription.***

OTHER POTENTIAL ROLES OF STAR PROTEINS
IN SPERMATOGENESIS

Sam68 has also been implicated in transcriptional regulation.*® A yeast 2 hybrid
screen with human Sam68 against a testis library detected a protein interaction with the
tumour suppressor ASPP1,*” which is also nuclear in human germ cells. ASPP1 increases
the selection of apoptosis-promoting target genes by p53.%

CONCLUSION

Sam68 and T-STAR proteins interact with RNA via their single KH domains. RNA
binding specificities of these proteins have been worked out using SELEX and from
sequence characterisation of immunoprecipitated endogenous mRNAs. Recognised target
RNA sites in these experiments are AU-enriched sequences such as UAAA.*-*! Sam68
and T-STAR proteins often require at least 2 AU-rich sequences to bind to synthetic
RNAsin SELEX experiments.* A key anticipated development is the transcriptome-wide
identification of endogenous regulated target RN As for Sam68 and T-STAR proteins during
spermatogenesis. To date there is some tantalizing evidence from immunoprecipitation
experiments with the anti-Sam68 antibody in primary spermatocytes:!? identified target
RNAs included TENR which encodes a protein related to a family of adenosine deaminases
involved in RNA editing,”> PP1 gamma® and Centrin®* which encode known mouse
spermatogenic proteins.

A disadvantage of traditional immunoprecipitation techniques is that the whole mRNA
is recovered, from which it is difficult to deduce the primary binding target sequence.
Another possible route to identify endogenous RNA targets at higher resolution is the
use of Cross Linking and Immunoprecipitation coupled with high density sequencing
(HITS-CLIP), which has beenused to identify transcriptome wide targets of the NOV A and



EXPRESSION AND FUNCTIONS OF THE STAR PROTEINS 79

argonaute proteins.*>3¢ In HITS-CLIP, cells are first UV-irradiated to “freeze” RN A-protein
contacts and then trimmed with nucleases, radioactively labelled and immunoprecipitated.
HITS-CLIP produces short CLIP tags which correspond to the original binding site of
the immunoprecipitated protein and are sequenced at high density. After HITS-CLIP,
endogenous RNA targets can be annotated with respect to exons, introns, alternative
exons, microRNAs and intergenic transcripts to give a global map of RNA targets and
indications of potential roles in RNA processing.

Ideally the identification of endogenous RNA targets for Sam68 and T-STAR
should be coupled to the analysis of these RNA targets in wild type and genetically
modified mice ablated for either Sam68 or T-STAR proteins. A functional affect on the
processing of these target RNAs can then be correlated with the presence or absence of
the protein. Identification of specific splicing targets of the T-STAR and Sam68 proteins
could also be achieved through the use of microarrays which can detect alternative
mRNA isoforms®” and deep transcriptome sequencing?®'*? in testis RNA from wild type
and Sam68~- null mice.

Targeting of the gene encoding TSTAR protein has not yet been reported. An
anticipated future development is the generation and characterisation of such a mouse
strain, which will reveal whether a T-STAR null mouse has a similar or quite different
phenotype from the Sam68~- null mouse. A further important experiment which will be
made possible by the creation of new mouse models will be to test genetically if Sam68
and T-STAR functionally interact in and outside of the germline. For example, is the
phenotype of Sam68~-null mice more severe when the KHDRBS3 gene encoding T-STAR
is also absent? Linking of mouse genetics and molecular biology should prove a powerful
route to understand the biology of STAR proteins in spermatogenesis.
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CHAPTER 6

THE ROLE OF QUAKING IN MAMMALIAN
EMBRYONIC DEVELOPMENT

Monica J. Justice* and Karen K. Hirschi

Abstract:

Functional studies of the mouse quaking gene (Qk) have focused on its role in the
postnatal central nervous system during myelination. However, the death of the
majority ofhomozygous mouse quaking alleles revealed that quaking has a critical
role in embryonic development prior to the start of myelination. Surprisingly,
the lethal alleles revealed that quaking has a function in embryonic blood vessel
formation and remodeling. Further studies of the extraembryonic yolk sac showed
that Ok regulates visceral endoderm differentiated function at the cellular level,
including the local synthesis of retinoic acid (RA), which then exerts paracrine
control of endothelial cells within adjacent mesoderm. Endoderm-derived RA
regulates proliferation of endothelial cells and extracellular matrix (ECM)
production, which in a reciprocal manner, modulates visceral endoderm survival
and function. Although exogenous RA can rescue endothelial cell growth control
and ECM production in mutants carrying a lethal mutation, which lack functional
Ok, neither visceral endoderm function nor vascular remodeling is restored. Thus,
Ok also regulates cell autonomous functions of visceral endoderm that are critical
for vascular remodeling. Interestingly, quaking is highly expressed during normal
cardiac development, particularly in the outflow tract, suggesting potentially unique
functions in the developing heart. Together, the work on Ok in mammalian embryos
reveals an essential, yet under appreciated, role in cardiovascular development.
This suggests that certain functions may remain conserved in the early embryo
throughout the evolution of nonvertebrate and vertebrate organisms and that
additional roles for quaking remain to be discovered.
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INTRODUCTION

In the mouse, the quaking (Qk) gene, a member of the STAR family of signal
transduction and RNA binding proteins, was originally defined for its function in
central nervous system myelination; however, Qk also functions in early vascular
development.!? Three protein isoforms of QK (QKI5, QKI6 and QKI7), produced by
alternative splicing, share a KH domain, but differ in their carboxy-termini.> QKIS5,
which contains anuclear localization signal in its carboxy-terminus, regulates alternative
splicing in vitro*® and may regulate the splicing of Qk itself' (MJJ unpublished). QKI6
and QKI7 are predominantly cytoplasmic and QKI6 is essential for central nervous
system myelination.*%’

The multiple in vivo functions of Ok have been revealed by an allelic series of mutant
mice. The quaking viable (Ok") recessive allele, a spontaneously occurring 1 Mb deletion
within the promoter/enhancer region of Qk® affects oligodendrocytes and Schwann cells
resulting in hypomyelination.® This mutation also deletes the Parkin Co-regulated gene
(Pacrg) and the gene responsible for juvenile autosomal recessive Parkinsons’s disease
(Parkin).>! A series of N-ethyl-N-nitrosourea (ENU)-induced point mutations, Qk"',
QK Ok and Qk*?, as well as a knockout deletion allele, have demonstrated a role
for Ok independent of myelination, as these alleles when homozygous cause embryonic
death at midgestation due to cardiovascular failure (Table 1).'"""

The QK allele, which is an A to G transition, results in a glutamic acid to glycine
change inthe QUA1 region that eliminates protein dimerization, creating anull allele.'"-'>!
The Qk* mutation is a T to A transversion which changes a valine to a glutamic acid

Table 1. Mouse guaking alleles

Homozygous Phenotype
Allele* (Heterozygous Phenotype) Lesion
Ok~ Quaking, males sterile 1 Mb deletion flanking Qk, which
alters Ok expression and deletes
Parkin and Pacrg

QOk*t Embryonic lethal (Spontaneous seizures Unknown, not in coding sequence
in aged heterozygotes)

Ok*? Embryo lethal with vascular insuffi- V to G change in KH domain
ciency and heart defects (Semidominant
reduction of adult brain myelin lipids,
susceptibility to seizures)

Qs Embryo lethal with vascular E to G change/loss of protein
insufficiency and heart defects dimerization

Ok Embryo lethal with vascular in- Splice defect which results in loss of
suf-ficiency and heart defects (Transient QKIS isoform
quaking in compound heterozygotes
Ok"/Qk")

QftmiAbe Embryonic lethal with vascular Deletion of Exon 1, including the
insufficiency translational start site

Ok Extremely severe quaking and seizures  Unknown, not in coding sequence,’

Male fertile

maps between 40 kb and 640 kb
upstream of gene
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in the KH domain.>!' The Qk""! mutation abolishes the splice site necessary to produce
the QkI5 transcript by an A to G transition and homozygous Qk"'/Qk"! mutants die at
midgestation of vascular insufficiency.'*!""'> The mutation responsible for the Qk*!
embryonic lethal allele has yet to be identified.!! The Qk"! and Qk** alleles, along with
the knockout allele, were used to show that defective Ok function leads to a failure of
vascular remodeling resulting in embryonic death.?

QUAKING IS REQUIRED FOR THE FORMATION OF EMBRYONIC
VASCULATURE

QKIregulates vascular development during embryogenesis. Mammalian blood vessel
formation begins via a process termed vasculogenesis, or the de novo differentiation of
endothelial cells. It initiates shortly after gastrulation in the yolk sac mesoderm, which lies
adjacentto visceral (primitive) endoderm (Fig. 1 A).'* Mesodermal progenitors are thought
to receive cues from the visceral endoderm to direct their differentiation into primitive
endothelial and hematopoietic cells, which collectively constitute blood islands.!”!® Later
stages of vasculogenesis include formation of vascular channels and a capillary plexus,
which is then remodeled via a process referred to as angiogenesis, into a circulatory
network composed of specialized endothelial cell types (i.e., arterial, venous).'*? During
vascular remodeling, endothelial cell tubes are stabilized via recruitment of and cell—cell
interactions with, surrounding mural cells (vascular smooth muscle cells and pericytes)
and extracellular matrix produced by both cell types (Fig. 1A).

By embryonic day (E) 9.5, wild-type yolk sacs in the mouse have a well-developed
vascular system composed of endothelial cell tubes invested by surrounding mural
cells. Mice homozygous for the Qk** or Qk"! alleles have a primary defect in yolk sac
and embryonic vascular remodeling prior to the recruitment of smooth muscle cells,
resulting in vascular insufficiency and embryonic lethality by E10.5. A similar vascular
insufficiency phenotype is found in the knockout allele, although the conclusions drawn
about the primary defect are somewhat different, suggesting that quaking directly controls
smooth muscle cell recruitment and/or differentiation.' Importantly, the QKI5 isoform is
not expressed in endothelial or smooth muscle cells that form the vasculature, but rather
is expressed in the endoderm adjacent to vascular cells in the yolk sac at E8.5 and 9.5
(Fig. 2A); thus, a cell autonomous role in endothelial and/or mural cell development for
QKIS is not likely.

QKIS REGULATES QKI6 AND QKI7 IN VISCERAL ENDODERM

The quaking allelic series is a valuable tool to determine the cellular and molecular
roles of Qk in vascular development. Previous studies suggested that QKIS was
found mainly in embryos and that QKI6 and QKI7 were found in oligodendrocytes.
However, more detailed investigation showed that all three isoforms are found in the
visceral endoderm of the extraembryonic yolk sac.! Using two Qk alleles, Qk*, which
has a point mutation in the KH domain to produce a mutant QKI5 isoform and Qk"!,
which completely lacks the QKI5 isoform, we demonstrated that QKIS, through its
KH-domain, regulates the expression of the QkI6 and QkI7 transcripts. In both Qk**/
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Qk* and Qk"'/Qk""' mutant yolk sacs, the expression of the Qkl6 and QkI7 transcripts
was decreased, suggesting that functional QKIS is required for vascular development
and could regulate the expression of the other two Qk isoforms through alternative
splicing or stabilization. Both mutants fail to remodel the capillary plexus in the
embryo and yolk sac.

QKI5 regulates alternative splicing of proteins associated with myelination in
adult brain.’ In Qk"/Qk’ mutants, decreased levels of QKI5 expression correlates with
increased severity of dysmyelination and the ratio of alternative splice variants of
several myelin genes is altered. The QKI protein binds a consensus hexonucleotide
(UACU(C/A)A) found in the 3’UTR of myelin basic protein (MBP) mRNA transcripts.?!
This RNA sequence was first identified using the closely related Caenorhabditis elegans
STAR-protein germline defective (GLD-1) and allows transcripts containing it to bind to
the conserved KH and QUA2 domains.??* Interestingly, this conserved hexonucleotide
sequence lies in the unspliced Qk transcript and the QKI5 isoform lending support to
the idea that QKI binds its own transcript to regulate expression of the alternate Qk/6
and QkI7 transcripts'(Unpublished observations, MJJ).

MOLECULAR BASIS OF BLOOD VESSEL FORMATION

Vasculogenesis and angiogenesis require the coordination of a complex
orchestration of cellular differentiation, proliferation and migration and a multitude
of different growth factors and signal transduction pathways. Each component
functions to regulate distinct stages of blood vessel assembly (reviewed in refs.
17,25-27). Our present knowledge of the regulation of mammalian endothelial cell
differentiation and its specialization has been largely derived from studies of mouse
embryonic development. In this model system, it is suggested that during yolk sac
vasculogenesis, visceral endoderm-derived soluble factors, such as Indian Hedgehog
(IHH),?? vascular endothelial growth factor (VEGF)3*3! and basic fibroblast growth
factor (bFGF)*>* promote endothelial cell formation within the underlying mesoderm
where their receptors, Patched (Ptc),’* VEGF receptor 2 (VEGFR2/Flk1)**-¢ and
fibroblast growth factor receptor 2 (FGFR2),* respectively, are localized (reviewed in
refs. 26,38,39). Other signaling molecules proposed to be downstream targets of ITHH
and VEGF signaling, such as bone morphogenetic protein 4 (BMP4), are similarly
localized within the mesoderm.?#° While all of these factors are individually important
in regulating endothelial cell formation, the signaling hierarchy among them has not
been clearly delineated in vivo.

Vascular remodeling involves other signaling pathways including retinoic acid
(RA),* which directly regulates endothelial cell proliferation and indirectly regulates
endothelial cell migration and visceral endoderm survival.** Angiopoietin 1 (Angl),
its antagonist Ang2 and the endothelial-specific receptor tyrosine kinase (Tek/Tie2),
also regulate capillary remodeling and maturation of the endothelial cells, enabling
them to recruit mural cell progenitors*“** in a process modulated by Platelet-derived
growth factor-beta (PDGFB) signaling.*¢ Differentiation of mural cell progenitors
occurs via transforming growth factor beta (TGFB) signaling*’ and requires direct
endothelial—mural cell progenitor contact and gap junction channel formation.*®
Other signal transduction factors and their receptors are also critical for early blood
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vessel formation and remodeling including Jaggedl and several forms of Notch.*-5!
In addition, many other factors are essential for proper vascularization including
transcription factors T-cell acute lymphocytic leukemia 1 (Tall/SCL) and nuclear
receptor subfamily 2, group F, member 2 (Nr2f2/COUP-TFII), extracellular matrix
proteins laminin and fibronectin (Fn) and cell adhesion molecules that include platelet
endothelial cell adhesion molecule 1 (PECAMI1), cadherin 5 (Cdh5/VE-CAD) and
intercellular adhesion molecule 1 (ICAM1) (reviewed inref. 52). Not surprisingly then,
vascular insufficiency is a common phenotype shared by numerous genetically-altered
mice with mutations in some of these pathways including vascular endothelial
growth factor A (VEGFA), IHH, bFGF, TGFB, Fn, Notch1l, Mindbomb1 (Mib1) and
RA303341L5357 (reviewed in ref. 27).

QUAKING IS REQUIRED FOR VISCERAL ENDODERM
DIFFERENTIATED FUNCTION

Although the molecular function of QKI in the early embryo is still under
investigation, we have determined that an essential cellular function of QKI is the
regulation of visceral endoderm differentiated function (Fig. 1B). A mature visceral
endoderm is needed for production of junctional proteins (i.e., claudin 7 (Cldn7), serum
proteins (i.e., alpha fetoprotein (AFP)), metabolic enzymes (i.e., aldehyde dehydrogenase
family 1, subfamily 2 (Aldhla2/Raldh2)) and soluble growth factors (i.e., VEGF-A,
IHH, bFGF) that modulate vascular development (Fig. 1A).52% Interestingly, Aldhla2/
Raldh2, the enzyme required for RA synthesis, was downregulated in QA*?/Qk** and
OKk"/Qk mutants.! We previously demonstrated that RA targets endothelial cells in the
mesoderm via retinoic acid receptors alpha 1 and 2 (RARa1/2) specifically expressed
therein*? and a hierarchy of signals downstream of RA is necessary for endothelial
cell growth control and migration, as well as visceral endoderm survival.*> Similar to
RA-deficient mutants, Qk*?/Qk*> mutants exhibited increased endothelial cell proliferation
and visceral endoderm apoptosis (Fig. 1B). Importantly, these specific defects in Ok
mutant embryos can be rescued by in vivo RA feedings of pregnant females. The
RA feedings also restored expression of VEGF1, IHH and bFGF. Although QKI is
an intracellular protein, its regulation of RA synthesis via Raldh2 production also
mediates developmental processes in the adjacent mesoderm where RARs are expressed
in endothelial cells. That is, a defect in QKI protein function leads to secondary RA
deficiency, which causes lack of endothelial cell growth control and maturation and
subsequent visceral endoderm apoptosis. RA did not, however, restore all defects such
as serum and tight junction protein production (AFP, Cldn7 and Raldh2) (Fig. 1B).
Further, vascular remodeling and embryonic survival were not rescued in spite of the
integrity ofthe visceral endoderm being restored. Therefore, QKI likely has direct targets
within the visceral endoderm, independent of RA-mediated signaling in the mesoderm,
that are required for proper vascular patterning and remodeling. Together these data
show that the Ok gene modulates vascular development via its regulation of visceral
endoderm differentiated function. These findings highlight the importance of visceral
endodermal-mesodermal interactions and hierarchies among signaling pathways that
direct vascular remodeling and embryonic morphogenesis.
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Figure 1. Model of the role of quaking in the vascular endothelium. A) In wild type yolk sacs, QKIS
regulates expression of QKI6 and QKI7 in the visceral endoderm. Production of serum proteins (AFP)
and metabolic enzymes (Aldhla2/Raldh2), as well as formation of an epithelial barrier (Cldn7) is
dependent on QKI. Retrinoic acid, produced by the visceral endoderm, targets endothelial cells within
the mesoderm via RARa and regulates TFGB1-mediated Fn deposition. Fn is necessary for growth factor
production (VEGFA, ITHH and bFGF). Figure is adapted from.! B) In homozygous quaking mutant yolk
sacs, mutation of the Qk gene results in decreased expression of QKI6 and QKI7. Visceral endoderm
differentiated function is compromised, leading to decreased retinoic acid signaling and subsequent loss
of Fn deposition. These alterations result in lack of endothelial growth control and decreased visceral
endoderm survival. Production of visceral endoderm growth factors (VEGFA, IHH and bFGF) are
mediated by retinoic acid-induced Fn, however, other functions of the visceral endoderm are directly
regulated by QKI and independent of retinoic acid.
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Figure 2. QKI5 localization in E10.5 wild type embryos. A) Expression of QKI5 protein as detected
by immunohistochemistry is localized to the endodermal layer of the yolk sac, adjacent to differentiated
endothelial cells in the mesodermal layer. B) QKI5 protein in the endocardium of the common atrium
(large arrow) and outflow tract (diamond arrow, this is the Bulbis Cordis in humans), as well as the
sinus venosus (filled block arrow). C) Magnified view of the endocardium of the common atrium and
the outflow tract.

OTHER POSSIBLE ROLES FOR QUAKING IN CARDIOVASCULAR
DEVELOPMENT

It is clear that the cause of death in quaking lethal mouse embryos results from its
earliest function in extraembryonic visceral endoderm. However, we expect that other
embryonic functions for quaking remain to be identified. For example, although we did
not find expression of QKI5 in embryonic mural cells, a reporter gene in the knockout
allele suggests that at least some isoform of quaking is expressed in these cells.!* The
Ok?/QKk? and the Qk™'/Qk™' mutants exhibit decreased vascular remodeling in the
embryo proper, the outcome of which is severe hemorrhaging.>'"'? Further, quaking
embryos have morphological heart defects, especially in the outflow tract; however,
we previously demonstrated that in the Qk*?/Qk** mutants, cardiac differentiation and
myocardial function is not compromised at E9.5.%!%13 Localization of the protein using
isoform-specific antibodies shows that QKIS is expressed in the endocardium of the
common atrium, outflow tract and sinus venosus of the developing heart at E10.5
(Fig. 2B,C). The outflow tract, which consists of neural crest and mesoderm derivatives,
will be remodeled into the aorta and pulmonary trunk. Together these data suggest that
Ok is likely required for both extraembryonic vascular and embryonic cardiovascular
development. Tissue-specific conditional knockout alleles of guaking will be required
to differentiate its roles in embryonic and extraembryonic vasculature and primary
cardiac function.

THE EVOLVING ROLES OF QUAKING FUNCTION

The quaking gene is highly conserved in human (QK/), Xenopus (Xqua), chicken
(gk) and Drosophila (who/how/qkr93F). The expression patterns of Ok homologues in
vertebrate and nonvertebrate species and the loss of function phenotypes generated in
Drosophila, Xenopus and mouse imply that the earliest vertebrate function of quaking
is in the development of the heart and vascular tissues."*-* Tanaka et al® proposed
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that the primordial function of quaking originated in the mesoderm to regulate cardiac
and muscle development as seen in Drosophila and that in vertebrates an additional
function evolved in the nervous system. However, the role of Ok in developing glial
progenitors is also likely to be functionally conserved.® In fact, vasculogenesis and
neurogenesis are coupled during embryonic development to create an intricately linked
branching pattern ofnerves and vessels.?”* VEGF signaling is important for blood vessel
formation and VEGF stimulates axonal growth and cell survival.*’ Several gene families
and signaling systems long studied for their roles in neural development and patterning
are also required for vascular development, including Notch, Delta, ephrins, Slit and
Roundabout (robo) (reviewed in refs. 67,70). Therefore, clues to quaking’s function in
vertebrate cardiovascular development may be found in its role in flies (see Chapter 7
by T. Volk). The development of the cardiovascular system in Drosophila has been
compared with the formation of primary vessels in vertebrates.”! Hypomorphic alleles
of the Drosophila homologue (How) have abnormal wing musculature resulting in the
phenotype of held out wings; however, loss of function alleles die prior to hatching
with lack of muscle movement, narrowed dorsal aortas and low heart rate.®* Recent
analyses of the signaling pathways involved in the morphogenesis of the Drosophila
cardiac tube show that How acts upstream of s/if and robo and interacts genetically with
them.” Slit is a secreted glycoprotein that signals through its receptor robo to function
in axon guidance and blood vessel patterning.”>” Perhaps quaking will also function
upstream of vertebrate slits in the induction of vessels throughout the embryo, as well
as in the formation of heart structures such as the outflow tract. By studying pathways
conserved in the vascular and nervous systems in multiple model organisms, we may
learn whether one system was altered during the process of evolution to adapt to a new
system based on the same signaling mechanisms.

CONCLUSION

Our work on quaking has raised several interesting questions for further studies
of the role of quaking in mammalian embryonic development. Quaking plays a role in
the extraembryonic visceral endoderm, which leads to early embryonic vascular failure
and death, possibly masking later acting roles. The expression of quaking isoforms in
the embryo proper suggests additional roles in mesodermal, neuroepithelial and neural
crest cells. Does quaking have an autonomous function in the developing mammalian
heart? What myriad of distinct functions may the three isoforms perform in different
cell types? Additional studies are needed to examine expression in cells of the early
embryo and developing heart. Are signaling mechanisms used by quaking in mammalian
embryonic blood vessel formation and/or the mammalian heart similar to those in
Drosophila heart morphogenesis? Qk may play a role in the induction, patterning and
development of vessels in the embryo proper and this role may be linked to the slit
robo pathway. Tools such as mouse conditional mutations and cardiovascular imaging
systems to image live embryos are now available to answer such questions. Knowledge
of common signaling pathways used by Ok in flies, worms and fish should be tapped
to answer these questions in mammals.
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CHAPTER 7

DROSOPHILA STAR PROTEINS
What Can Be Learned from Flies?

Talila Volk*

Abstract Signal transduction and activation of RNA (STAR) family of RNA binding proteins
are highly conserved through evolution indicating their core role during development,
as well as in adult life. This chapter focuses on two Drosophila STAR proteins: Held
Out Wing (HOW), the ortholog of mammalian Quaking (QKI) and Kep1, one of the
four orthologs of mammalian Sam 68. I will emphasize the orthologs similarities in
splicing pattern, functions and mode of actions of the two proteins relying on recent
and earlier findings in the field. I will start with general description of the STAR
proteins in Drosophila with an emphasis on their specific expression patterns.

STAR PROTEINS IN DROSOPHILA

The sequence of the Drosophila genome and its subsequent gene annotation led to
the identification of six STAR family members in the Drosophila genome.' These may be
divided into three sub groups according to their similarity to the mammalian STAR proteins.
The first group includes true orthologs of the Sam68/SLM1/2 STAR sub-group (also known
as KHDRBS1, KHDRBS2, KHDRBS3) and contains four of these genes (qkr54B/Sam50,
qkr38E-1, qgkr58E2 and gkr58E-3/kepl). These genes exhibit varied expression patterns;
Sam50 and gkr58E-1 are maternally contributed and are then highly expressed in males,
whereas gkr58E? is strongly expressed at all stages, including in the adult flies. Among
these, the expression pattern of kep! is unique, exhibiting peaks at different developmental
stages. It is provided maternally and it is highly expressed during embryogenesis. During
larval stages the gene is shut off and it reappears during metamorphosis. Kep-1 is involved
in apoptosis as well as in oogenesis as will describe in details below.? The second group
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includes a single representative, how, which is a true homolog of mammalian Quaking (Qk)
and of C. elegans asd-2.> Howis provided maternally, however its zygotic expression in later
developmental stages is spatially and temporally regulated; the gene product is detected in
a restricted number of tissues, including muscles, tendons and glial cells. The third group
includes the Drosophila ortholog of the mammalian splicing factor, SF'/.

The restricted number of STAR family members in the Drosophila genome in
addition to the availability of tissue specific markers and advanced genetic tools, make it
an excellent model organism in which to study the biological significance of the function
of individual STAR proteins and their contribution to developmental processes as well
as to the adult physiology.

HOW REGULATES DIFFERENTIATION OF DIVERSE TISSUES
Structural Hallmarks and Binding Specificity of HOW

An interesting aspect of both kow and quaking genes is their biogenesis as
distinct splice variants due to alternate splicing of exons at their 3’ end. The #ow gene
is alternatively spliced into three splice variants named according to their length,
HOW(L), HOW(M) and HOW(S), similar to quaking (see Fig. 1).*> The HOW(L)
isoform, which corresponds to QKI-5, is initially detected at early embryonic stages,
whereas the onset of HOW(S) expression, which corresponds to QKI-6 and QKI-7, is
in later stages of differentiated tissues. The expression pattern of HOW(M), the most
recently identified isoform, awaits further characterization. The highly conserved single
maxi-KH-RNA-binding domain shared by the STAR proteins suggests that they all
recognize similar RNA target sequences. Indeed, Gld-1, QKI and HOW bind to a core
sequence of (U/X)ACUA/CA with some differences: for HOW binding, the first residue
can be any of the four nucleotides (X), whereas for Gld-1 and QKI the first nucleotide
should be U.%#* Additional RNA secondary structural requirements for protein binding to
RNA might enhance the binding affinity and/or specificity, presumably due to favorable
positioning of the site within the entire 3'UTR. For example, HOW/RNA binding is
optimal when the consensus binding site is located on a single stranded loop of at least
12 nt, whereas no binding is detected when the response element is located on a stem,
or within a small loop (<12 nt)*(Fig. 2). Multiple binding sites within the target RNA
may also enhance the STAR-RNA binding affinity.

In summary, both the binding specificity and biogenesis of the distinct isoforms are
shared between HOW and mammalian QKI.

Functional Analysis of HOW in the Drosophila Embryo

Like Quaking, HOW is prominently expressed in a tissue-restricted pattern during
embryonic development, as well as in the adult fly.*!! In each tissue, it appears to regulate
distinct targets; thus, the identification of the set of HOW-targets in different tissues remains
a great challenge that should help to elucidate the molecular basis for HOW activity.
Analyses performed so far on HOW function during embryonic development revealed
distinct paradigms of HOW functions, depending on the tissue and the responsiveness of
its target mRNAs.
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Figure 1. Structural similarities between the STAR proteins QKI, HOW and ASD-2. The maxi KH
domain as well as the two QUAI and QUA2 flanking domains (shown in green) are conserved in the
three STAR proteins, mammalian QKI, Drosophila HOW and C. Elegeans ASD-2 are shown. In addition,
the spliced isoforms are indicated. Note that mammalian QKI and Drosophila HOW exhibit a similar
splicing pattern at the C’ terminal domain of the protein, with longer isoforms (QKI-5 and HOW(L))
that share a conserved domain (HPYQR) essential for nuclear retention, a Tyrosine rich domain (Y
rich) that might be regulated by phosphorylation by Tyrosine-Kinase and two additional distinct shorter
isoforms. In ASD-2 the splicing isoforms and the putative nuclear retention signal are slightly different.
A color version of this image is available at www.landesbioscience.com/curie.

Dual Activities of Distinct HOW Isoforms Promote Tendon Cell Differentiation

The activity of HOW during tendon cell differentiation represents an interesting and
novel paradigm for regulation of tissue differentiation employed by the interplay between
HOW(L) and HOW(S) isoforms. HOW isoforms are identical throughout most of their
sequence including the maxi-KH domain, but differ in their C-termini enabling them to
promote opposing activities, as will be exemplified bellow.

A critical step during development to achieve active functioning muscles depends
on their migration from the mesoderm layer and their attachment to tendons. Drosophila
tendon cells are specialized ectodermal cells that, upon muscle binding, undergo
differentiation into large elongated cells that become filled with polarized arrays of
microtubules. At the end of embryogenesis, these cells, as well as neighboring cells,
secrete cuticle proteins that together form the exosleleton of the hatching larvae, which,
like the skeleton in vertebrates, functions to counteract muscle contraction. A critical
stage in the differentiation state of tendon cells is their transition from competent tendon
precursors defined in the ectoderm by early patterning genes, into fully differentiated
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Figure 2. Secondary structure of the optimal binding site for HOW. The consensus RNA HOW-binding
sequence (designated by *) is shown as formed by two alternate RNA secondary structure configurations:
a loop of 12 nucleotides formed as a result of neighboring stem (left, stem and loop structure) and
a stem structure (right). Optimal binding of HOW occurs when the consensus site is within a loop.*
Reprinted with permission from: Volk T et al. Trends Genet 2008; 24:94-101;'¢ ©2008 Elsevier.

muscle-bound cells.'> HOW proteins appear to regulate this differentiation transition by
regulating the levels of the tendon’s key transcription factor, Stripe.

Stripe is an EGR-like protein, which regulates the identity of tendon cells. The stripe
gene encodes two isoforms, stripe A and stripe B, formed by alternate splicing.'* Stripe
B corresponds to the early isoform that defines the identity of tendon precursors in early
developmental stages. Stripe A represents an isoform expressed in tendon cells only following
their binding to muscle cells and is essential to promote their terminal differentiation into
mature tendons.'* Thus, the transition between cells expressing Stripe B into cells expressing
Stripe A is essential to trigger terminal differentiation of tendon cells.

HOW isoforms are highly expressed in tendon cells throughout their differentiation
and regulate stripe mRNA levels.” HOW binds to the 3'UTR of s#ripe mRNA (common to
both stripe isoforms) at four repeated HOW Response Elements (HREs) and in addition,
associates with intronic sequences specific for stripe 4.*®

In immature tendon cells, StripeB activates the expression of HOW(L), which in turn
binds to stripeB 3'UTR and reduces its mRNA levels. This creates a negative feedback
loop resulting in low StripeB expression in the tendon precursors, presumably required to
maintain the tendon precursors in their immature state (Fig. 3). Muscle binding to tendon
cells activates a positive feedback loop supporting StripeA expression. This positive loop is
initiated by the activation of the EGF receptor (EgfR) signaling pathway within the tendon
cell (as a result of muscle binding), which, among other activities, also elevates the levels
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Figure 3. HOW mediates a switch in tendon cell maturation. Tendon cells are specified in the ectoderm
by the expression of the transcription factor, StripeB. A negative feedback loop between StripeB and
HOW(L) maintains tendons at the precursor stage (upper panel). Somatic muscles migrate towards the
tendon precursor cell and provide a differentiation signal, Vein, which binds and activates the EgfR
signaling pathway in the tendon cell. This leads to elevation in HOW(S) levels, which then elevate
the StripeA isoform characteristic of the mature tendon state. Reprinted with permission from: Volk T
et al. Trends Genet 2008; 24:94-101;'¢ ©2008 Elsevier.

of the HOW(S) isoform in the muscle-bound tendon cell.*'> HOW(S) in turn increases
stripeA mRNA and protein levels. Extrapolation from a tissue culture experiment in which
HOW(S) elevated the levels of a stripeA minigene, suggests that HOW(S) elevates the levels
of StripeA by promoting its splicing.'* Therefore, the HOW-induced switch in tendon cell
differentiation depends on the relative levels of the repressor isoform, HOW(L) and the
promoting isoform, HOW(S) (Fig. 3).

In summary, in tendon cells, HOW proteins act in two distinct regulatory pathways.
Prior to muscle binding, HOW(L) is involved in a negative feedback loop, which
tempers the instructive effect of StripeB, thereby maintaining the tendon precursor
state. Later, upon tendon-muscle attachment, HOW(S) mediates the elevation of
stripeA mRNA in response to tendon-muscle binding, thereby enabling resumption of
tendon cell maturation (Fig. 3).!* Can we extrapolate from the dual activities of HOW
proteins during tendon maturation to the activities of the QKI proteins isoforms during
oligodendrocyte differentiation?

Perhaps in precursor oligodendrocytes, the QKI-5 isoform represses differentiation,
presumably inhibiting the expression of genes required for terminal differentiation such
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as myelin basic protein (Mbp), myelin protein zero (Mp0) and others, whereas following
induction of oligodendrocyte maturation, the levels of QKI-6 and QKI-7 increase, leading to
elevation of their target mRNA, essential for terminal differentiation.'”" Further functional
studies of QKI isoforms are needed to verify this.

Repression of Gene Expression during Mesoderm Development

Another mode of regulation exhibited by HOW is repression of gene expression
by inducing destabilization of specific target mRNAs. This activity is performed by
maternally contributed as well as zygotic expression of HOW during early mesoderm
development. The zygotic transcription of how(L) is promoted by Twist, a bHLH
transcription factor that specifies the mesoderm germ layer.”> HOW is essential for
early mesoderm development, as embryos lacking both maternal and zygotic how
exhibit defects in mesoderm spreading, leading to a sporadic lack of dorsal mesoderm
derivatives, including heart and dorsal muscles.?!

To identify mRNA targets whose expression might be repressed by HOW during
mesoderm spreading, a comparison between the mRNA profile of z7ow mutant embryos
versus wild type embryos was performed. Genes that exhibited changes in their mRNA
expression levels were then screened for the existence of the HRE in their 3'UTRs
and subsequently assayed for the direct binding of HOW to these 3'UTRs.?? Among
the mRNAs identified was miplel, whose levels are elevated about eight fold in the
mesoderm of zow mutant embryos. Miplel and Miple2 are the Drosophila orthologs
of the Midkine/Pleiotrophin family, whose vertebrate homologs activate receptor
tyrosine kinases.?® Repression of miplel mRNA is essential for mesoderm spreading
and mesodermal Miplel overexpression therefore phenocopies the defects in mesoderm
spreading, as well as the occasional MAPK activation that is also observed in how
mutants. Additional experiments showed that HOW binds to miple! 3'UTR and that
its mRNA levels are indeed elevated in zow mutant embryos.?? Taken together, these
results suggested that HOW directly represses miplel expression in the mesoderm
of wild-type embryos to enable correct mesoderm spreading. In this model, HOW
functions in a temporal manner to negatively regulate a set of genes transcribed by a
potent transcription factor. The expression of such genes might interfere with normal
development at certain specific developmental stages and thus, expression of these
genes must be temporarily repressed.

Facilitation of Tissue Differentiation

Whereas in early developmental stages HOW appears to repress tissue differentiation,
in later stages HOW appears to promote tissue differentiation. This has been described
in two distinct tissues, glial cells and their ability to wrap and insulate axon bundles
and dorsal vessel cardioblasts and their ability to form a lumen.

HOW Function in Glial Cell Maturation and Axon Wrapping. How is highly
expressed in several types of glia cells including midline glia, subperineurial glia and
perineurial glia.** Like QKI in mice, HOW is essential for glial cell maturation. The
repertoire of mMRNAs regulated by HOW in glial cells has not yet been characterized.
In Drosophila, glial cells are generated in the central nervous system (CNS) and
then migrate along axonal tracts. Once the entire network of neuronal connectivity
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has been established, the glial cells wrap the axons tightly to ensure their insulation
from the high potassium content in the extracellular environment.”> Whereas this
insulation does not involve myelin production, it is functionally analogous to the
mammalian myelin sheath and is essential for the efficient and fast conductance of
the action potential within axons. The mechanisms directing the arrest of glial cell
differentiation prior to and its resumption after the completion of neuronal connectivity
are currently unknown.

Recent genetic evidence suggests that maturation of glial cells depends on the
activity of HOW together with the splicing factor, Crooked neck (Crn). In both crn and
how null mutants, peripheral glial cells fail to wrap the axons, although these axons have
completed their extension and target recognition.?® A major target for HOW regulatory
activity is the neurexinlV (nrxIV) pre mRNA. NrxIV is an essential component of the
septate junctions formed between glial cells and provides axon insulation similar to
the blood brain barrier (BBB) in the mammalian nervous system. Mutations in nrx/V
disrupt both nerve insulation and the formation of the Drosophila BBB.?” The nrxIV
gene is alternatively spliced into at least two splice variants. Only one of these variants
is essential for septate junction formation.?® In both how and crn mutant embryos,
NrxIV is specifically reduced in septate junctions formed by mature peripheral glia
cells, leading to aberrant nerve insulation. Studies in S2 cells showed that Crn and
HOW(S) form a protein complex that shuttles to the nucleus and mediates alternative
splicing of a nrxIV minigene. Moreover, HOW is capable of inducing splicing of a
nrxIV minigene in S2 cells. Thus, the interaction of HOW with specific partners may
contribute to differential regulation of the target RNA.2¢

Based on the #ow and crn phenotypes, as well as other experiments, it was
suggested that HOW and Crn mediate alternative splicing of the nrx/V splice variant
characteristic of mature glia. This implicates HOW in controlling proper glial cell
maturation; however, the exact function of HOW in the splicing of nrxIV as well as
the temporal regulation of this event are yet to be elucidated.

Interestingly, QKI was shown to promote oligodendrocyte maturation by inducing
the splicing of MAG pre-mRNA.?° Although there are fundamental differences between
D. melanogaster glial cells and mammalian oligodendrocytes in their structure and lack
of myelin production, both cell types use a homologous STAR protein to control the
transition to a glial maturation program. This demonstrates evolutionary conservation
of their function in the temporal control of glial cell development.

HOW and Heart Lumen Formation. HOW is highly expressed in cardiac muscles.>®
Using a hypomorphic weak allele #Zow'® in which mesoderm development is normal, it
was shown that HOW promotes lumen formation in the “dorsal vessel”, an organ that
includes both the heart and the aorta.*® This organ consists of a simple tube opened in
one side that, upon contraction, pumps out the hemolymph throughout the entire body
of the embryo. The lumen of the dorsal vessel is created by special morphogenesis of
two rows of cardioblasts that form contacts only at the apical and basal tips while their
apical surfaces form the lumen (Fig. 5). HOW is required for the formation of this
lumen and appears to regulate the expression/distribution of Slit, shown to be required
for lumen formation.* It is still not clear whether s/it RNA is directly regulated by
HOW and at which stage this regulation occurs. This might be considered a functional
counterpart of the role of QKI in creation and maintenance of a circulatory system in
mammals, the failure of which is responsible for Qk/Qk embryonic death.
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Figure 4. HOW is essential for mesoderm invagination and spreading. Schematic representation of three
stages in early mesoderm (black) development: mesoderm specification, mesoderm invagination and mesoderm
spreading; the corresponding involvement of HOW at each stage is shown. First, Twist instructs mesoderm
specification as well as transcription of sow and string. During mesoderm invagination, HOW represses
string mRNA levels, arresting cell cycle progression. During mesoderm spreading, HOW represses the
mRNA levels of several genes, including falten, lap and miplel. The repression of miplel is essential to
maintain MAPK activation only in the most dorsal row of mesodermal cells.?> Reprinted with permission
from: Volk T et al. Trends Genet 2008; 24:94-101;'¢ ©2008 Elsevier. A color version of this image is
available at www.landesbioscience.com/curie.

HOW AND KEP1 REGULATE CELL DIVISION AND APOPTOSIS
IN DROSOPHILA

HOW Mediates Cell Cycle Arrest in the Mesoderm of Gastrulating Embryos

The involvement of HOW in cell cycle arrest has been demonstrated in gastrulation
of the Drosophila embryo. During this process, the mesoderm invaginates from the ventral
aspects of the blastoderm stage embryo to form a distinct internal germ layer, the mesoderm
(Fig.4). The invagination of the mesoderm involves significant changes in cell shape, during
which cells must temporally arrest cell cycle progression.! Embryos lacking both maternal
and zygotic HOW exhibit multiple ectopic cell divisions in the mesoderm. In these embryos,
mesoderm invagination is delayed and is unsynchronized.?! It appears that the invagination
defect in sow mutants stems from the lack of HOW(L), which is highly expressed at this
developmental stage. HOW(L) negatively regulates the mRNA levels of the cell cycle
promoting protein, String [also called Cdc25 (Cell division control 25)], during gastrulation.
String is a dual specificity phosphatase that positively regulates the cell cycle by activating
the mitotic kinase Cdc2 at the G2/M transition.*>* In postblastoderm stages, String is the
limiting factor that regulates the precise timing and sites of cell division. Once expressed,
String protein is constitutively active; therefore, its levels must be tightly regulated. Both
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Figure 5. Model for HOW activity during cardiac tube formation. Schematic representation of the interactions
between Slit, Robo, HOW and Dg in Cardioblasts that control lumen formation and growth. Dotted arrows,
hypothetic interactions. © Medioni et al, 2008. Originally published in The Journal of Cell Biology, doi:
10,1083/jcb.200801100.3> A color version of this image is available at www.landesbioscience.com/curie.

string mRNA and protein are extremely labile (half-life is <15 minutes).>* The elevation
of string causes premature cell division during the invagination process, which impairs
the synchronization and timing of mesoderm formation.*' Importantly, string contains a
consensus HRE in its 3'UTR, shown to be bound directly by HOW.

Twist, the major regulator of mesoderm formation, positively regulates s#ring and thus
can potentially induce premature cell divisions prior to mesoderm invagination. Twist also
induces the expression of zow in the mesoderm. The parallel Twist-dependent activation of
how, together with pre-existing HOW from maternal sources, leads to temporal reduction
of string levels, thereby enabling the mesodermal cells that remain arrested in cell-cycle
progression to invaginate from the ectoderm?! (Fig. 4). HOW, in this case, modulates the
instructive activity of Twist by temporal repression of one of its downstream target genes,
string, delaying cell division in the invaginating mesoderm. Cell-cycle progression resumes
once the mesoderm invaginates into the interior of the embryo. Following mesoderm

invagination, string mRNA accumulates in response to Twist transcriptional activity,
thereby enabling sufficient String production to promote cell cycle progression. Thus, the
balance between the transcriptional input by Twist and the relative amount of HOW(L)
protein levels determines the extent of cell cycle progression during mesoderm development.
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Figure 6. The involvement of HOW and Kep! in programmed cell death (PCD). Schematic representation
of the major players in PCD in Drosophila. The function of the two STAR proteins HOW and Kepl
in this regulation is shown. HOW reduces the levels of Diap/ mRNA and Kepl induces the correct
splicing of Dredd/Cas8.

Kep1 and HOW Promote the Apoptotic Process in Drosophila

Apoptosis in Drosophila is primarily mediated by the three apoptotic gene products,
Reaper, Hid and Grim, which initiate apoptosis by inhibiting the activity of the Inhibitors
of Apoptosis (IAPs).>** Drosophilainhibitor of apoptosis (Diap1) inhibits both the initiator
and effector Caspases®® (Fig. 6). QKI as well as Sam68 were shown to be involved in
apoptosis in mammalian cells in culture, however the contribution of these genes to cell
death in the whole organism remains elusive.’’** In Drosophila, both Kepl and HOW
were shown to be positive regulators of apoptosis; however, their target mRNAs differ.
Kep1 appears to promote the alternative splicing of an active isoform of the caspase-8-like
dredd > HOW appears to regulate the mRNA levels of diap1.>* In addition, Kepl is active
during oogenesis, whereas HOW promotes apoptosis in midline glial cells. kep—/~— flies
are viable but display reduced fertility in females. The un-hatched eggs display variable
phenotypes including shape changes and lack of appendages. The mutant ovaries display
reduced activity of Dredd/Caspase-8 and the mRNA levels of the active dredd isoforms
are down regulated. Significantly, Kepl binds to dredd pre-mRNA and its deficiency
prevents rpr-induced apoptosis in the eye of the adult fly.? These data support the notion
that Kep1 positively regulates apoptosis by promoting the splicing of the active isoform
of Dredd/Caspase-8. Kepl may not be constitutively active in the ovary and its tyrosine
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phsophorylation by Src appears to facilitate the association of Kepl with the splicing
factor, SF2, promoting efficient splicing.

HOW was shown to mediate apoptosis in the midline glia (MG) cells of the Drosophila
embryo. These cells are essential to promote axonal pathfinding across the midline and to
separate between the anterior and posterior commissures. In early developmental stages,
six MG cells are present. These cells undergo selective cell death during their migration
to the midline resulting in three surviving cells at Stage 16.4%4! In zow mutant embryos,
the number of MG cells remains high, leading to an aberrant pattern of the ventral cord
commissures. This phenotype can be rescued by midline expression of the HOW(L)
isoform. The basis for the HOW-dependent apoptosis of MG cells appears to be its
negative regulation of the mRNA levels of the caspase inhibitor of apoptosis, diapl. In
how mutant embryos, the levels of Diap1 are elevated, in parallel to reduction in the levels
of the activated effector caspase 3. Accordingly, reducing the levels of HOW in S2 cells
leads to elevation of Diap1, whereas over expression of HOW(L) promotes reduction of
Diapl1 protein as well as mRNA levels. Importantly, deletion of the two HREs from diap 1
3'UTR abrogates HOW-dependent repression of Diap1, suggesting that HOW represses
diap1 by direct binding to its 3'UTR. Therefore, HOW(L) enhances the sensitivity of
MG cells to apoptotic signals by reducing the levels of diap! in these cells.?

In summary, HOW and Kepl appear to promote apoptosis by regulating different
RNA targets. Kepl positively regulates the splicing of an active isoform of dredd/
caspase-8, whereas HOW negatively regulates the levels of the inhibitor of apoptosis,
Diap1. Importantly, the apoptosis-dependent regulation of each of these proteins depends
primarily on the initial activity of the pro-apoptotic genes reaper, hid and grim; thus, their
activity is exhibited mainly in the modulation of a pre existing apoptotic signal.

CONCLUSION

Among other RNA binding proteins, STAR proteins affect protein synthesis and
mRNA stability rather than controlling the transcription of target genes, enabling a
potentially rapid regulatory mechanism of gene expression. In addition, this mechanism
allows differential gene regulation in diverse tissues while presumably keeping the
expression driven by transcription factors constant. The restricted number of Drosophila
STAR proteins and their distinct tissue distribution suggest that they display nonredundant
functions during embryonic and adult life. The wide range of phenotypes observed in
how or kep I mutant flies suggests the functional importance of these gene products in
the distinct tissues.

Several open questions arise regarding the function of STAR proteins: First, what
mechanism regulates their activity in distinct tissues. One level of regulation was shown
in tendon cells maturation where signaling mediated by the EGF receptor pathway led
to differential expression of each HOW isoform. In addition, several phosphorylation
sites for different kinases (MAPK and Src kinase) are present in the coding sequence of
both HOW and Kep 1. It will be of great importance to define whether these sites are
indeed phosphorylated in vivo and whether this phosphorylation affects their activity.
Importantly, this information might reveal the link between various signal transduction
pathways and STAR proteins in vivo. An additional open question is the contribution of
the different spliced forms to distinct developmental processes as well as the mechanism
regulating their differential expression.
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In summary, the study of STAR proteins in Drosophilahas provided novel insights into
their function during the development and differentiation of distinct tissues. Future studies
are expected to define which of these functions are conserved in higher organisms.

NOTE ADDED IN PROOF

Acrecentstudy of HOW functionin fly spermatogenesis indicated that HOW is essential
to specify the four spermatogonial transit-amplifying divisions in the testis by regulating
both CyclinB as well as Bag of marbels (Bam) mRNA levels. This suggests a novel and
important function for HOW in stem cell maintenance in the male germline.*
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CHAPTER 8

C. ELEGANS STAR PROTEINS,
GLD-1 AND ASD-2, REGULATE SPECIFIC
RNA TARGETS TO CONTROL DEVELOPMENT

Min-Ho Lee* and Tim Schedl

Abstract: A comprehensive understanding of the C. elegans STAR proteins GLD-1 and ASD-2
is emerging from a combination of studies. Those employing genetic analysis reveal
in vivo function, others involving biochemical approaches pursue the identification
of mRNA targets through which these proteins act. Lastly, mechanistic studies
provide the molecular pathway of target mRNA regulation.

MULTIPLE FUNCTIONS OF GLD-1 IN GERMLINE DEVELOPMENT

The gld-1 gene (GermLine development Defective) was identified by forward genetic
screens to isolate mutations resulting in sterile hermaphrodites or altered hermaphrodite
germline sex determination.' Multiple functions of g/ld-1 were revealed through various
mutant phenotypes that disrupted different aspects of germline development. In C. elegans
there are two sexes, self-fertile hermaphrodites and males.? Hermaphrodites are somatically
female with a germline that first undergoes male development (spermatogenesis) during
late larval stages and then undergoes female development (oogenesis) in adulthood.?
The wild-type adult hermaphrodite germline resides within two U-shaped gonads with
the different germ cell types spatially arrayed in a distal to proximal developmental
gradient. For a single gonad (Fig. 1), at the distal end is a population of mitotically
dividing cells, including germline stem cells, which enter meiotic prophase in the
transition zone (leptotene/zygotene). As these germ cells move proximally, they progress
through an extended pachytene region, followed by diplotene and then diakinesis, where
morphological differentiation of oocytes occurs. In a sequential fashion the most proximal
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Figure 1. g/d-1 has various functions in C. elegans germline development. A dissected germline from a
wild-type adult hermaphrodite is stained with DAPI to visualize DNA (light grey or blue, upper panel).
Composite shows a surface view of the distal region (left) and an interior focal plane in the proximal
region (right). The germline functions of GLD-1 are indicated on the various positions where each
developmental decision likely occurs. Diagram of a single wild-type adult hermaphrodite gonad arm (lower
panel) is drawn linearly instead of its normal reflex shape for comparison purpose. The adult hermaphrodite
germline contains about 1000 germ nuclei. In the distal region, nuclei are arranged primarily around the
periphery of the gonadal tube. Each nucleus is partially enclosed by plasma membranes; although this is
a syncytium, each nucleus and its surrounding cytoplasm and membranes is called a germ cell. See text
for details. A color version of this image is available at www.landesbioscience.com/curie.

oocyte undergoes meiotic maturation, is ovulated, then fertilized by sperm that reside in
the spermatheca and begins embryonic development.

Among multiple developmental processes underlying meiotic prophase progression
and oogenesis, those particularly relevant to g/d- I function include: (A) mRNA synthesis
primarily occurring in pachytene to be supplied for oocyte development and/or for
embryogenesis as maternal mRNAs.*’ (B) Apoptosis occurs in substantial portion of germ
cells in the proximal half of the pachytene region, as they appear to function as nurse cells.®
Additional apoptosis can occur in this region if there is unrepaired DNA damage, either
generated by irradiation or because of failure to complete meiotic recombination.’

gld-1 has an essential function in promoting meiotic prophase progression during
oogenesis (Fig. 1).'%° In gld-1 null hermaphrodites, the distal most germ cells proliferate
and enter meiotic prophase normally; however, germ cells in pachytene exit meiotic
prophase, proliferate ectopically leading to the formation of a tumor in the proximal
part of the germline. They consequently fail to undergo oocyte development (Fig. 2C).
In contrast, germline development in g/d-1 null males is normal, indicating g/d-/ has no
essential function in male germline. Some partial loss-of-function alleles show pachytene
arrest, while others form abnormal oocytes, consistent with a role for g/d-1 in meiotic
prophase progression and oocyte development.' Subsequent studies by Ciosk et al'® found
that some cells in the pachytene region, where return to proliferation is occurring, express
markers and display morphology consistent with muscle and neuronal cell development,
as well as loss of expression of germ cell specific P-granule components. Additionally, it
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Figure 2. GLD-1 acts as a translational repressor. RME-2 yolk receptor accumulation is regulated by
GLD-1. Gonad arms, dissected from (A) a wild-type adult hermaphrodite or from (C) a gl/d-1 null
adult hermaphrodite, are stained with DAPI (blue) to visualize DNA, anti-GLD-1 antibody (green)
and anti-RME-2 antibody (red). (B) Schematic representation of the adult hermaphrodite germline and
qualitative depiction of GLD-1 protein (green solid line) levels and mRNA (black dashed line) and
protein (purple solid line) levels of some GLD-1 mRNA targets such as RME-2, OMA-1/-2 and PUF-5.
Our qualitative assessment of mRNA and protein levels (y-axis) in the corresponding regions of the
germline (x-axis) is shown in the graph. GLD-1 and RME-2 accumulation are mutually exclusive in
wild-type germlines. Composite shows a surface view of the distal region (left) and an interior focal
plane in the proximal region (right). GLD-1 staining is the strongest in the transition zone and pachytene
region. At the loop, as GLD-1 staining decreases rapidly, RME-2 staining starts to appear. RME-2 levels
increase and are localized at the plasma membrane as proximal oocytes become more fully cellularized
and increase in volume in the proximal region. RME-2 is mis-expressed in early pachytene stage germ
cells in the distal region of gld-/ null adult hermaphrodite germlines. At the proximal end, as germ
cells proliferate ectopically, RME-2 staining is variable.
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was found that mRNAs corresponding to the earliest zygotic transcripts of the embryo are
expressed in the region where return to proliferation occurs.!! These results indicate that
oogenic germ cells can transdifferentiate to somatic cell types in the absence of GLD-1.
Thus gld-1 acts to maintain germ cell identity during oogenesis and g/d-/ null germline
tumors may represent a C. elegans analog of the mammalian teratoma. '

During late pachytene stage of female germ cell development, g/d-1 also functions to
inhibit germ cell apoptosis.'? A temperature sensitive allele (op236) of gld- I was identified,
which has increased apoptosis following irradiation at the permissive temperature (20'C),
but, in the absence of irradiation resembles wild type. At the restrictive temperature
(25°C), gld-1(op236) hermaphrodites display a high level of apoptosis even in the absence
of irradiation. Increased apoptosis is not observed in g/d-1 null, possibly because germ
cells return to mitosis in early pachytene, prior to the time when they become capable
of undergoing apoptosis.

Genetic analysis revealed that gld-1 functions redundantly with a pair of genes,
gld-2 and gld-3, to inhibit the germ cell proliferative fate in the distal mitotic region
and/or to promote entry into meiotic prophase.®!*!* In double mutants of g/d-1 null with
either gld-2 or gld-3 null, a germline tumor forms in both hermaphrodites and males and
in this tumor, germ cells fail to initiate meiotic development.®!*-'> The etiology of this
tumor formation is thus distinct from g/d-1 null single mutant hermaphrodites where
germ cells leave pachytene of oogenesis and return to mitotic proliferation. GLP-1 Notch
receptor signaling acts as a major switch controlling the decision between germline
stem cell proliferation versus entry into meiotic prophase.'® Genetic epistasis analysis
demonstrates that the redundant gl/d-1 and gld-2/gld-3 pathways function downstream
of and are inhibited by GLP-1 Notch signaling.'”!#

gld-1 also functions to specify the male fate in the hermaphrodite germline.'® This
functionis most clearly revealed by a haplo-insufficient feminization of the hermaphrodite
germline by gld-1 null alleles and multi-locus deletions. However, gld-1 action in sex
determination is complex. First, while g/d-/ null tumorous hermaphrodites usually do
not undergo male germline development, the addition of some morphological markers
(e.g., Uncs) that normally do not affect sex determination significantly increases the
frequency of male germline development in g/d-1 null hermaphrodite germlines. These
morphological markers can slow the pace of larval germ cell development, which may,
directly or indirectly, affect the decision to begin male germ cell development. Second,
dominant antimorphic poisoning alleles of g/d- 1 have been identified that either feminize
or masculinize the germline. Third, a few of the feminizing antimorphic poisoning alleles
(e.g., ¢126) also feminize the germline of males, even though null alleles do not effect
male germline development.

GLD-1 MOLECULAR ANALYSIS

Concrete hypotheses on how gld-1 governs in C. elegans germline development
became possible following its molecular cloning demonstrating that it encodes an RNA
binding protein that contains a STAR domain and from finding a nonhomogenous gld-/
protein (GLD-1) distribution in the hermaphrodite germline.’ First,among the many STAR
domain containing proteins across phyla, GLD-1 is one of two proteins most closely
related to human/mouse Quaking (QKI) and Drosophilaheld out wings (HOW).2%24 The
other protein is ASD-2 (see below). Furthermore, based on a structure of another STAR



110 POST-TRANSCRIPTIONAL REGULATION BY STAR PROTEINS

protein, in complex with RNA splicing factor 1 (SF1, also known as the splicing branch
point sequence), the amino acid residues predicted to contact RNA in GLD-1, Quaking
and HOW are 84% identical (16 out of 19 residues). In contrast, other STAR domain
containing proteins such as the Sam68 subfamily have significant amino acid differences,”
suggesting that the RNA binding specificity of GLD-1, Quaking and HOW are likely
similar to each other. The STAR domain of GLD-1 has been shown to be essential in
vivo because all 10 missense mutations identified thus far, which reduce, eliminate or
alter GLD-1 function, are in conserved amino acids within the STAR domain."'%!1?

Second, GLD-1 is localized in the cytoplasm and its distribution throughout the
germline is nonhomogenous.’ In the wild-type adult hermaphrodite germline, the amount
of GLD-1 is low at the distal end and increases to its maximum level in the transition zone
where germ cells enter meiotic prophase. GLD-1 level remains high in the cytoplasm
of pachytene stage germ cells in the distal region while in proximal pachytene, GLD-1
levels begin to decrease and then fall rapidly in diplotene, as oocytes begin morphological
differentiation. They are then undetectable in diakinesis stage oocytes (Fig. 2A,B).

The multiple g/d-1 functions in germline development indicated by the various mutant
phenotypes suggest that GLD-1 has multiple mRNA targets, where GLD-1 regulation
of individual mRNA targets contribute to one or more of its functions. Additionally, the
nonhomogenous distribution of GLD-1, its role as a cytoplasmic RNA binding protein and
its oogenesis specific tumor production when g/d-1 function is eliminated, led to a model of
how GLD-1 likely functions as an RNA binding protein.!® The oogenic germline produces
many maternal nRNAs during early prophase (primarily in pachytene) that are translationally
repressed to prevent premature function. These maternalmRNAs are subsequently translated
so that the protein products can be used in late stage oocytes, meiotic maturation, meiotic
divisions and/or embryogenesis. Thus GLD-1 would bind and repress the translation
of its mRNA targets during early meiotic prophase while translational repression of its
targets would be relieved after GLD-1 is eliminated as oocytes grow and differentiate in
the proximal region. This model also predicts that the germline tumor, arising from germ
cells exiting meiotic prophase, likely occurs as a result of premature translation of GLD-1
mRNA targets. The inappropriate activity of certain prematurely translated GLD-1 targets
would, in some way, be incompatible with early meiotic prophase, causing germ cells to
leave meiotic prophase and begin ectopic proliferation. Thus for GLD-1, as is true for any
RNA binding protein, significant advancement in understanding function and regulation
comes from identification and study of their mRNA targets.

mRNA TARGETS: GLD-1 IS A TRANSLATIONAL REPRESSOR

A number ofin vivo GLD-1 mRNA targets were identified that co-immunoprecipitate
(IP) with functional GLD-1 from wild-type adult hermaphrodite cytosol extracts (see
Table 1).2?7 These 16 mRNA targets are preferentially expressed in the germline and
many exhibit essential functions in meiotic prophase progression/oogenesis and early
embryogenesis, as would be expected of GLD-1 mRNA targets. Other GLD-1 targets
were identified through a yeast three hybrid screen (fra-2 mRNA),?® or by candidate
gene approaches based on the mutually exclusive expression pattern with GLD-1 and
the corresponding mRNA target proteins and/or genetic relationships between g/d-1 and
its target genes (mes-3, glp-1, pal-1, cep-1 and cye-1 mRNAs, Table 1).!1:122%3! Recently,
a more systematic approach to identify most GLD-1 mRNA targets was performed
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using GLD-1 IP followed by a microarray detection strategy. From this study almost
all previously known targets were identified but in addition, more than 100 additional
targets were discovered (Lee et al, unpublished data).

Theidentification of multiple GLD-1 mRNA targets made it possible to address several
important questions. Does GLD-1 regulate the expression of all targets at the same level
of RNA metabolism? As a cytoplasmic RNA binding protein, GLD-1 might regulate the
stability and/or translation of its targets after mRNA binding. For example, GLD-1 may
repress the translation of all targets, as proposed. Alternatively, GLD-1 may repress the
translation of some targets while, for other targets, GLD-1 may activate translation or
regulate mRNA stability. For all targets examined in detail thus far, GLD-1 functions as a
translational repressor: tra-2, rme-2, gna-2, oma-1,oma-2, mes-3, pal-1, glp-1, cep-1 and
cye-1 mRNAs (see Table 1).'112263! For most targets the mRNAs are present throughout
the germline, whether GLD-1 is present or not. However, their proteins are absent in
early meiotic (leptotene/zygotene/pachytene) germ cells of wild-type hermaphrodites
where GLD-1 is abundant in the cytoplasm; and are then expressed in the developing
diplotene/diakinesis oocytes in the proximal region where GLD-1 is absent (Fig. 2A, B).
Asexpected, in g/d- I null germlines, the target proteins are mis-expressed in early meiotic
germ cells (Fig. 2C).!1:12:26.27.29-31

Two additional levels of regulation can affect the expression of GLD-1 mRNA targets.
First, atthe distal end where germ cells are proliferating mitotically, GLD-1 levels are low.
Thus GLD-1 mRNA targets are likely translated, which occurs for some targets such as
MES-3, GLP-1, CEP-1 and CYE-1. However, other targets such as RME-2, OMA-1/-2
and PUF-5 are not expressed (see Table 1). This difference, however, appears to be
independent of GLD-1 but dependent on whether the transcript of each target is present
or not.!"122627.2930 Second, in proximal diplotene/diakinesis oocytes where GLD-1 is
nearly absent, proteins corresponding to most mRNA targets accumulate as theirmRNAs
are relieved from the GLD-1 dependent translational repression. However there are two
exceptions, PAL-1and GLP-1. Asdescribed, PAL-1 and GLP-1 proteins are not expressed
in pachytene stage germ cells in the distal region. However, in the proximal region, even
though GLD-1 is absent, pal-1 and glp-1 mRNA translation continues to be repressed
(Table 1). Interestingly, this repression occurs via other RNA binding proteins, MEX-3
for pal-1 mRNA and PUF-5/-6/-7/-10 for glp-1 mRNA.*"** Thus while the translation
of pal-1 and glp-1 mRNAs in the distal meiotic region are repressed by GLD-1, these
mRNAs are continuously repressed in the proximal region by other RNA binding proteins
even though GLD-1 is absent. Importantly, PUF-5 expression (PUF-6/-7/-10 have not
yet been examined) is restricted to the proximal germline and this restriction likely
occurs through translational repression by GLD-1 since puf-5 and puf-6/-7/-10 mRNAs
were identified as GLD-1 targets.® Therefore, translational repression of pal-1 and
glp-1 mRNAs requires two distinct regulatory systems that are spatially and temporally
separated in the germ line.

Interestingly, among the GLD-1 mRNA targets characterized thus far, subsets of
three gene families exist; 2 genes of a 6 member family that contains a “chitin binding”
domain, 4 genes of a 10 member pumilio/fbf (puf) family and 2 closely related zinc finger
proteins (oma-1/-2)(see Table 1). RNAi studies indicate that the two chitin binding domain
containing proteins function redundantly in early embryogenesis, puf-5/-6/-7/-10 in late
oogenesis and oma-1/-2 in oocyte maturation.??’34 Thus, GLD-1 appears to co-regulate
functionally redundant subsets of the chitin binding domain gene family, the puf gene
family and oma-1/-2.
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The data accumulated to this point clearly shows that GLD-1 regulates the expression
of its mRNA targets at the same level of RNA metabolism, by acting as a translational
repressor. In addition, GLD-1 appears to have a very similar function in closely related
nematodes C. briggsae and C. remeini. Loss of GLD-1 function results in essentially
the same tumor phenotype in germ cells undergoing oogenesis in C. briggsae.*® The
orthologous C. briggsae and C. remeini GLD-1 proteins also repress the translation of
C. briggsae and C. remeini rme-2 mRNAs.?*° These data suggest that C. briggsae and
C. remeini GLD-1 proteins likely repress the translation of similar sets of mRNA targets
to C. elegans GLD-1.

mRNA TARGETS: FURTHER INSIGHTS INTO GLD-1 FUNCTION
IN GERMLINE DEVELOPMENT

The identification of multiple GLD-1 targets that have important functions during
various aspects of germline development provides significant clues as to why GLD-1
regulation of these mRNA targets is necessary to maintain the integrity of germline
development. The various germline functions of the targets also begin to explain how
the germline tumor/teratoma arises in the absence of GLD-1.

GLD-1 mediated translational repression of at least two mRNA targets, cye-1 (Cyclin
E) and /in-45 (RAF kinase), contributes to meiotic prophase progression and prevention
of return to mitotic proliferation (thus germline tumor and teratoma formation)(Lee
et al, unpublished).!" Although the exact sequence of events that result in an exit from
pachytene and a return to proliferation in g/d-1 null mutant germlines remains uncertain,
some features are known. The synaptonemal complex mediated pairing of maternal and
paternal homologs during meiotic prophase is lost in g/d-7 null germlines, resulting in 12
condensed univalent chromosomes instead of 6 bivalent chromosomes. These 12 univalent
chromosomes organize in a mitotic prophase configuration where a bipolar mitotic spindle
with astral microtubules forms and a mitotic division occurs prior to additional rounds of
S-phase and M-phase."!' When CYE-1 (or CDK-2) mRNA is knocked down by RNAi in
gld-1 null mutants, germ cells in the central pachytene region retain meiotic prophase-like
morphology and fail to display mitotic prophase chromosome morphology, spindle
formation or mitotic divisions.!'' Cyclin E (CYE-1)/CDK-2 complexes are well known
for their functions in the G1 to S phase transition and centrosome duplication.** However,
since the CYE-1 dependent events of DNA replication and centrosome duplication occur
in meiotic S-phase before germ cells enter meiotic prophase, misexpression of CYE-1
in the pachytene stage germ cells of g/d-1 null germlines likely leads to deregulation of
other functions that result in return to mitosis.

In C. elegans, the ERK MAP kinase signaling module, which includes LIN-45
RAF, MEK-2 MEK and MPK-1 ERK, has multiple functions during oogenesis including
being required for progression of germ cells through pachytene.’” In wild type adult
hermaphrodite germlines, MPK-1 is activated in proximal pachytene, but not earlier in
meiotic prophase.’” However, in g/d-1 null hermaphrodites, MPK-1 is activated earlier in
meiotic prophase, possibly due to inappropriate early translation of /in-45 mRNA in the
absence of GLD-1. Importantly, in gld-1; lin-45, as well as in gld-1; mpk-1 null double
mutant germlines, germ cells arrest in pachytene and do not return to mitotic proliferation
(Lee et al, unpublished). Experiments have not yet addressed whether mis-expression
of CYE-1 or LIN-45 in early meiotic prophase of the wild type germline is sufficient
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to induce pachytene stage germ cells to return to mitotic proliferation. It is likely that
translational repression of additional GLD-1 targets, along with CYE-1 and LIN-45, is
necessary for meiotic prophase progression/oogenesis and that mis-expression of multiple
targets would be required to provide conditions favorable for exit from meiotic prophase
and ectopic proliferation.

PAL-1, a Caudal ortholog, is a homeodomain transcription factor that is required
for specification of muscle cell precursors in the embryo. GLD-1 mediated translational
repression of pal-1 is required,’! in part, to prevent transdifferentiation of pachytene germ
cells into muscle-like somatic cells.!® RNAi knockdown of pal-1 in sensitized gld-1 null
hermaphrodite germlines significantly suppresses muscle cell differentiation but does
not affect the extent of transdifferentiation to neurons. Thus translational repression of
additional GLD-1 mRNA targets is likely to be important for preventing transdifferentiation
into other somatic cell types.

CEP-1 is the primordial p53 protein in C. elegans and functions as a transcription
factor that is necessary for DNA damage induced apoptosis. Schumacher et al'> proposed
that GLD-1 mediated translational repression of cep-1 functions to titrate levels of CEP-1
in late pachytene so that the extent of apoptosis is responsive to DNA damage signals.
In wild-type and the cep-1(op236) mutant at the permissive temperature (20°C), CEP-1
does not promote apoptosis in proximal pachytene cells in the absence of DNA damage.
However, in cep-1 at the restrictive temperature (25°C), high levels of CEP-1 caused
by failure of translational repression leads to increased apoptosis, even in the absence
of DNA damage.

Germline sex determination in C. elegans is controlled by a complex network of
more than 20 genes.’ The GLD-1 function to promote the male fate during hermaphrodite
spermatogenesis, as revealed by a haploinsufficiency, may be explained by the identification
of tra-2 mRNA as a target.”® TRA-2, which promotes the female germline fate, needs to
be translationally repressed by GLD-1 to allow spermatogenesis. Consistent with this
proposal was the identification of fog-2, which also functions to promote the male fate in the
hermaphrodite but not in the male germline, as a cofactor with GLD-1 in the translational
repression of fra-2 mRNA.*® FOG-2 appears to function in the translational repression
mechanism as it binds to GLD-1 but does not appear to contact the fra-2 mRNA directly.
FOG-2 has not been found to function in translational repression of other GLD-1 mRNA
targets examined, suggesting that it is likely a target specific cofactor. LIN-45 Raf, along
with MEK-2 and MPK-1, also function in germline sex determination, promoting the
male germ cell fate in both hermaphrodites and males.?” Translational repression of /in-45
mRNA would thus promote female germline development. The opposite effects on the
sex determination network caused by GLD-1 mediated translational repression of tra-2
and /in-45 mRNAs may explain the incomplete penetrance of the sexual transformation
observed in g/d-1 null mutants as well as the dominant/antimorphic sex determination
phenotypes observed for specific g/d-1 alleles."®

mRNA TARGETS: TOWARDS DEFINING THE GLD-1 RNA BINDING
MOTIF AND MECHANISM OF TRANSLATIONAL REPRESSION

One important question is how GLD-1 represses translation of its mRNA targets. Two
major mechanisms of translational repression have been uncovered—repression prior to/
at translation initiation and post-initiation repression. Examples of repression prior to/at
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translation initiation include certain Xenopus maternal mRNAs. For these mRNAs, 5 CAP
dependent translation initiation requires the interaction of elF4G and eIF4E. CPEB binds to
a3'UTR element and recruits Maskin and eIF4E, which are thought to circularize the mRNA
and block translation initiation by masking the e[F4G binding site on eIF4E,* Examples of
post-initiation repression are C. elegans lin-14 and lin-28 and Drosophila nanos mRNAs,
which are found on polysomes but without stable translation products being detected.**+?
Two studies have suggested that GLD-1 can repress translation by either mechanism:
repression of the #ra-2 mRNA has been reported to occur prior to/at initiation,** while
repression of pal-1 mRNA hasbeen reported to be post-initiation.*! One possibility to explain
the contradictory #ra-2 and pal-1 results is that some GLD-1 targets are repressed prior
to/at initiation while others are repressed post-initiation. With the multiple mRNA targets
identified through the GLD-1 IP/microarray analysis that are more significantly enriched
than tra-2 and pal- 1, this issue can be addressed using polysome profiling of multiple targets.
Atleast three outcomes are possible: all GLD-1 targets are repressed at the level of prior to/
at initiation, or all during elongation or some targets are repressed at the level of prior to/at
initiation while others during elongation, which would indicate that GLD-1 employs more
than one mechanism to repress translation. Translational repression mechanisms can also
employ micro RNAs (miRNAs). Itis not currently known whether miRNAs bind to GLD-1/
mRNA target complexes and contribute to the translational repression activity of GLD-1.
Interestingly, work by Zhang et al*® identified GLD-1 as a binding partner of the GW182
protein AIN-2. AIN-2 has been shown to interact only with miRNA-specific Argonaute
proteins ALG-1 and ALG-2 and therefore it regulates protein expression of miRNA target
mRNAs but not miRNA biogenesis. Thus miRNAs and AIN-2 may well collaborate with
GLD-1 to repress the translation of some, if not all, GLD-1 mRNA targets.

Another outstanding question that can be addressed with the multiple targets is
how GLD-1 specifically recognizes different mRNAs in vivo. GLD-1 has at least 100
but probably less than 500 mRNA targets (Lee et al, unpublished data). Thus GLD-1
mRNA specificity should not be too tight or too loose. GLD-1 may recognize one or
more sequences and/or structural features. In a well executed biochemical study, Ryder
et al* used recombinant GLD-1 purified from E. coli and one GLD-1 target, the tra-2
3'UTR, to provide the first solid evidence that GLD-1 has sequence specific binding
activity. Purified recombinant GLD-1 forms a homodimer in vitro in the absence of RNA.
This homodimer binds to two sub-sites (bipartite sites) in a single 22-nucleotide TGE
(tra-2 and GLI element) of the #ra-2 3'UTR, in which both sub-sites are required for the
strong binding. The authors showed that one sub-site has a hexanucleotide consensus
(UACU(C/A)A) while the other sub-site was not defined. Another study by Galarneau
and Richard*’ also showed that bipartite RNA motifs are required for the high affinity
binding of GLD-1 to RNA in vitro. They defined the motif as one full and at least a half
site of essentially the same sequence as the hexanucleotide consensus. Interestingly, the
hexanucleotide consensus identified in the fra-2 3'UTR is also present in the GLD-1
binding regions of other mRNA targets such as rme-2, glp-1 and cep-1,'>**** indicating
thatthe hexanucleotide consensus is an important sequence feature for GLD-1 recognition.
However, in vivo, it is not clear whether GLD-1 forms only a homodimer or different
complexes with different mRNA targets. It is also unclear whether all GLD-1 binding in
vivo requires the hexanucleotide consensus and whether the presence of hexanucleotide
consensus alone is sufficient to predict specific GLD-1 binding. Some results suggest that,
in addition to the hexanucleotide consensus, GLD-1 containing complexes from worm
cytoplasmic extracts likely utilize additional features (sequences, structures, binding
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partners, etc) to achieve specificity. First, several GLD-1 binding regions ranging from
50-250 base-long have been identified from the various GLD-1 mRNA targets (Lee et al,
unpublished). While most of these GLD-1 binding regions contain the hexanucleotide
consensus supporting its importance in GLD-1 binding, a few binding regions do not
contain this motif. Thus GLD-1 must interact with a different motif{(s) in these regions.
Second, the hexanucleotide consensus does not appear sufficient for GLD-1 binding.
Ryder et al* proposed several de novo GLD-1 targets (mes-4, cdc-25.1, peb-1 and puf-8)
that have at least one hexanucleotide in their 3’'UTRs. However, none was enriched in
the GLD-1 IP/microarray analysis. They also proposed 20 de novo targets that have a
relaxed hexanucleotide consensus in the 3'UTR ((U > G > C/A)A(C > A)U(A/C > U)A).
Only one of them, pie-1, is specifically enriched in the GLD-1 IP. While it is unlikely
that all GLD-1 targets would be identified by the GLD-1 IP/microarray analysis, these
data indicate that the hexanucleotide consensus alone is not sufficient to predict specific
GLD-1 binding. Third, wild-type GLD-1 binds rme-2, tra-2, cep-1 and gna-2 mRNAs
with similar efficiency. However, we found that two GLD-1 mutant proteins, ¢/26 and
op236, which contain missense changes in the conserved RNA binding domain, are
disrupted in both translational repression in vivo and binding in cytosol extracts for tra-2
and cep-1 mRNAs, while other targets are unaffected.'>*® The target-specific defects
of two GLD-1 mutant proteins suggest that GLD-1 may interact with distinct mRNAs
through different sub-domains or with different partners. One possibility is that more than
one consensus sequence exists. Alternatively, other factors (proteins and/or miRNAs?)
are likely important in binding specificity and translational repression. Interestingly,
Lehmann-Blount and Williamson? proposed that missense mutations of GLD-1 that
produce a variety of germline defects are probably not involved in RNA binding directly
when their structure is compared to that of SF1 (the splicing branch point sequence). Thus
the authors proposed that if GLD-1 and SF1 adopt similar structural folds, many missense
mutations likely disrupt GLD-1 structure. This structural change may disrupt specific
interactions with GLD-1 binding proteins, which can cause the defects in RNA binding,
the alteration of binding specificity and/or the inability to repress the translation.

HOW IS GLD-1 EXPRESSION REGULATED?

As discussed earlier, the nonhomogenous distribution of GLD-1 throughout the
hermaphrodite germline (Fig. 2A,B) is essential for GLD-1’s function to produce healthy
gametes, to prevent germline tumor formation and to maintain germ cell identity. In the
distal mitotic region, gld-1 functions redundantly with g/d-2 (and gl/d-3), to inhibit the
germline proliferative fate and/or promotes initiation of meiotic development. The low
level of GLD-1 in the distal mitotic region and the steep rise of GLD-1 as germ cells
enter meiosis indicate that it likely inhibits the translation of factors that promote the
proliferation and/or inhibit the entry into meiosis. Since gld-I mRNA is present throughout
the hermaphrodite germline, the level of GLD-1 protein is likely regulated at the level of
translation and post-translation (see Fig. 3).° Indeed, at the distal end, FBF-1 and FBF-2,
puf(Pumilio and FBF) family of RNA binding proteins, function redundantly to maintain
the low level of GLD-1 protein.*** FBF-1 and FBF-2 (collectively referred to as FBFs)
have been shown to bind to FBF binding elements (FBE) in the g/d-7 3'UTR and repress
translation, thus inhibiting the accumulation of GLD-1.* The maintenance of low levels
of GLD-1 at the distal end by FBFs is important to maintain the germline proliferative
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Figure 3. GLD-1 expression is regulated throughout the germline development by multiple pathways.
The upper panel is a diagram of a single wild-type adult hermaphrodite gonad arm drawn linearly. The
lower panel is a graph showing the relative accumulation pattern of g/d-I mRNA (grey dashed line)
and GLD-1 protein (grey [green] solid line) in adult hermaphrodites germline. The factors controlling
GLD-1 accumulation are shown with inhibitory activities depicted by a bar and promoting activities
depicted with an arrow. GLP-1 Notch signaling inhibits GLD-1 accumulation, partly through FBF-1/-2
and partly through an unknown factor(s).!”%> Thus GLD-1 levels are low in the distal end where GLP-1
Notch signaling is highest. GLD-1 levels become higher as germ cells enter meiotic development in
the transition zone where GLP-1 Notch signaling is reduced. Thus FBF is no longer inhibiting GLD-1
accumulation and the GLD-2/GLD-3 complex promotes GLD-1 accumulation redundantly with NOS-3.
In addition, a cytoplasmic poly(A) polymerase, GLD-2 functions redundantly with another cytoplasmic
poly(A) polymerase, GLD-4 to promote GLD-1 accumulation. NOS-3 and GLD-4 may function in the
same pathway, although this has not yet been examined. GLD-1 sharply decreases as gem cells leave
the pachytene stage to enter diplotene/diakinesis in the proximal region. Destabilization of GLD-1 and
inhibition of new synthesis together are likely responsible for the absence of GLD-1 in the proximal
region. A color version of this image is available at www.landesbioscience.com/curie.

fate.®” Interestingly, FBFs also bind to the g/d-3 3'UTR to repress the accumulation of
GLD-3." GLD-3 is an RNA binding protein, a Bicaudal-C homolog, that forms a complex
with GLD-2, a cytoplasmic poly(A) polymerase. Thus by repressing translation of gld-/
and g/d-3, FBFs can strongly block initiation of meiotic development. However, it should
be noted that additional regulators must also be involved as FBF is not required for the
proliferative fate in larvae or in adults grown at 25°C and, GLD-3 levels appear not to be
significantly regulated in the adult (see Fig. 3).'”

The steep increase in GLD-1 level at the end of the proliferative region and into the
transition zone promotes initiation of meiotic development.'>* This steep increase is
likely a result of a relief from FBF translational repression and a translational activation
by GLD-2 and NOS-3. The level of FBFs is decreasing as germ cells enter meiosis,>
which should then relieve the translation repression of gld-1 and gld-3 mRNAs. Thus
GLD-1 and GLD-3 protein production should increase. Since GLD-3 can antagonize FBF
RNA binding activity,'**! the increased production of GLD-3 can further antagonize FBF
activity ensuring the complete relief of the translational repression of gld-1 and gld-3
mRNAs by FBF. The removal of both g/d-2 and nos-3 activity results in a very significant
reduction of GLD-1 accumulation,'” suggesting that GLD-2 and NOS-3 activate the
translation of g/d-/ mRNA independently. In fact, g/ld-1 mRNA is a direct target of the
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GLD-2 cytoplasmic poly(A) polymerase,*? indicating that GLD-2 will increase the length
of the gld-1 mRNA poly(A) tail to enhance its translation. However, GLD-2 cannot be a
sole activator of gld- mRNA poly(A) addition (thus translation) since GLD-1 translation
is still activated in the absence of GLD-2. Interestingly, another cytoplasmic poly(A)
polymerase, GLD-4 has been identified recently.” The elimination of g/d-2 and gld-4
activity together generates several germ cell defects that resemble those observed in gld-1
null germlines and prevents GLD-1 accumulation,®® suggesting that GLD-2 and GLD-4
act redundantly to add poly(A) tail to g/d-I mRNA to activate translation (Fig. 3).

The level of GLD-1 protein sharply decreases as germ cells leave the pachytene stage
to enter diplotene (Figs. 2 and 3) and is essentially absent in the late stage diakinesis
oocytes in the proximal region. Apparently this is due to destabilization of GLD-1 as well
as inhibition of new GLD-1 synthesis. These controls should be critical for the production
of normal, healthy oocytes, however, the molecular mechanisms are not yet understood.
Some limited and indirect data suggest that the ubiquitin mediated protein degradation
is likely important for the destabilization of GLD-1 (Nayak et al, unpublished).

ASD-2, ANOTHER C. ELEGANS STAR PROTEIN, FUNCTIONS
IN ALTERNATIVE SPLICING

Recently, another STAR protein, ASD-2 (Alternative Splicing Defective-2) has been
identified genetically while searching for factors that control developmental switching of
the mutually exclusive alternative splicing of the /let-2 gene during larval development.>*
let-2 encodes a Type IV collagen and employs mutually exclusive exon 9 and exon 10 in
body wall muscles. In embryos, an mRNA isoform with exon 9 is exclusively present,
while in late larval and adult stages, an mRNA isoform with exon 10 predominates.>¢
This suggests that switching of exon 9 and exon 10 likely alters the characteristics of
basement membranes during larval development.

asd-2 mutant animals are defective in switching of alternative splicing, suggesting
that ASD-2 promotes biased inclusion of exon 10 in the late larval and adult stages.
Several missense mutations that disrupt the in vivo function of ASD-2 were identified
and they are exclusively located in the STAR domain, indicating the importance of
the STAR domain in its function.* ASD-2 is more closely related to GLD-1, Quaking
and How/Who subfamily than to SF1 or SAM68 subfamilies. Thus ASD-2 may bind
to sequences similar to the hexanucleotide consensus that is bound by GLD-1. In fact,
a similar sequence is present in /e-2 intron 10 and, when mutated, alternative splice
switching did not occur. ASD-2 also directly binds to this sequence in vitro, suggesting
that /e-2 mRNA is likely a direct target of ASD-2.3 It will be interesting to determine
whether ASD-2 regulates alternative splicing of other genes with exon switching from
early to late larval/adult stages.

CONCLUSION

The C. elegans STAR proteins GLD-1 and ASD-2 were first identified genetically.
Germline developmentbecomes defective upon loss of gld-1 function while developmental
switching of mutually exclusive alternative splicing of the /et-2 gene becomes defective
with the removal of asd-2 function. The identification of multiple mRNA targets make
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it possible to acquire a comprehensive understanding of how GLD-1 regulates its targets
to control C. elegans germline development. With the identification of multiple mRNA
targets, one can determine why GLD-1 regulation of specific targets is crucial in maintaining
intact germline development. In addition, several key questions that have not been clearly
addressed with STAR or other RNA binding proteins can be addressed; whether GLD-1
represses translation of all targets by the same mechanism or different sets of targets
by distinct mechanisms and what are the specific features (sequences, structures, etc)
and rules that distinguish targets from nontargets. GLD-1 may use distinct interacting
partners such as different proteins and/or miRNAs on different sets of targets, which can
potentially allow GLD-1 to have distinct sets of binding specificity while using different
mechanisms to repress translation.

ACKNOWLEDGEMENTS

Work in the authors laboratories was supported by NIH GM 63310 (TS) and American
Cancer Society grant RSG0718101DDC (MHL). We are grateful to Swathi Arur and
Dave Hansen for critically reading this chapter.

REFERENCES

1. Francis R, Barton MK, Kimble J et al. gld-1, a tumor suppressor gene required for oocyte development in
Caenorhabditis elegans. Genetics 1995a; 139:579-606.

2. Zarkower D. Somatic sex determination. WormBook 2006; 1-12.

3. Ellis R, Schedl T. Sex determination in the germ line. WormBook 2007; 1-13.

4. Gibert MA, Starck J, Beguet B. Role of the gonad cytoplasmic core during oogenesis of the nematode
Caenorhabditis elegans. Biol Cell 1984; 50(1):77-85.

5.Wolke U, Jezuit EA, Priess JR. Actin-dependent cytoplasmic streaming in C. elegans oogenesis. Development
2007; 134(12):2227-2236.

6. Gumienny TL, Lambie E, Hartwieg E et al. Genetic control of programmed cell death in the Caenorhabditis
elegans hermaphrodite germline. Development 1999; 126(5):1011-1022.

7. Gartner A, Milstein S, Ahmed S et al. A conserved checkpoint pathway mediates DNA damage—induced
apoptosis and cell cycle arrest in C. elegans. Mol Cell 2000; 5(3):435-443.

8. Francis R, Maine E, Schedl T. Analysis of multiple roles of gld-1 in germline development: interactions with
the sex determination cascade and the glp-1 signaling pathway. Genetics 1995b; 139:607-630.

9. Jones AR, Francis R, Schedl T. GLD-1, a cytoplasmic protein essential for oocyte differentiation, shows
stage-and sex-specific expression during Caenorhabditis elegans germline development. Dev Biol 1996;
180:165-183.

10. Ciosk R, DePalma M, Priess JR. Translational regulators maintain totipotency in the Caenorhabditis elegans
germline. Science 2006; 311(5762):851-853.

11. Biedermann B, Wright J, Senften M et al. Translational repression of cyclin E prevents precocious mitosis
and embryonic gene activation during C. elegans meiosis. Developmental Cell 2009; 17(3):355-364.

12. Schumacher B, Hanazawa M, Lee MH et al. Translational repression of C. elegans p53 by GLD-1 regulates
DNA damage-induced apoptosis. Cell 2005; 120(3):357-368.

13. Kadyk LC, Kimble J. Genetic regulation of entry into meiosis in Caenorhabditis elegans. Development
1998; 125(10):1803-1813.

14. Eckmann CR, Crittenden SL, Suh N et al. GLD-3 and control of the mitosis/meiosis decision in the germline
of Caenorhabditis elegans. Genetics 2004; 168(1):147-160.

15. Hansen D, Wilson-Berry L, Dang T et al. Control of the proliferation versus meiotic development decision
in the C. elegans germline through regulation of GLD-1 protein accumulation. Development 2004a;
131(1):93-104.

16. Austin J, Kimble J. glp-1 is required in the germ line for regulation of the decision between mitosis and
meiosis in C. elegans. Cell 1987; 51(4):589-599.



C. ELEGANS STAR PROTEINS, GLD-1 AND ASD-2 121

17.

18.

19.

20.

21.

Hansen D, Schedl T. The regulatory network controlling the proliferation-meiotic entry decision in the
Caenorhabditis elegans germ line. Curr Top Dev Biol 2006; 76:185-215.

Kimble J, Crittenden SL. Controls of germline stem cells, entry into meiosis and the sperm/oocyte decision
in Caenorhabditis elegans. Annu Rev Cell Dev Biol 2007; 23:405-433.

Jones AR, Schedl T. Mutations in gld-1, a female germ cell-specific tumor suppressor gene in Caenorhabditis
elegans, affect a conserved domain also found in Src-associated protein Sam68. Genes Dev 1995;
9:1491-1504.

Gibson TJ, Rice PM, Thompson JD et al. KH domains within the FMR1 sequence suggest that fragile
X syndrome stems from a defect in RNA metabolism. Trends Biochem Sci 1993; 18(9):331-333.

Musco G, Stier G, Joseph C et al. Three-dimensional structure and stability of the KH domain: molecular
insights into the fragile X syndrome. Cell 1996; 85(2):237-245.

22.Lewis HA, Musunuru K, Jensen KB et al. Sequence-specific RNA binding by aNova KH domain: implications

23.

24.

25.

26.

217.

28.

for paraneoplastic disease and the fragile X syndrome. Cell 2000; 100(3):323-332.

Di Fruscio M, Chen T, Bonyadi S et al. The identification of two Drosophila KH domain proteins:
KEP1 and SAM are members of the Sam68 family of GSG domain proteins. J Biol Chem 1998;
273:30122-30130.

Vernet C, Artzt K. STAR, a gene family involved in signal transduction and activation of RNA. Trends
Genet 1997; 13(12):479-484.

Lehmann-Blount KA, Williamson JR. Shape-specific nucleotide binding of single-stranded RNA by the
GLD-1 STAR domain. J Mol Biol 2005; 346(1):91-104.

Lee MH, Schedl T. Identification of in vivo mRNA targets of GLD-1, a maxi-KH motif containing protein
required for C. elegans germ cell development. Genes Dev 2001; 15(18):2408-2420.

Lee MH, Schedl T. Translation repression by GLD-1 protects its mRNA targets from nonsense-mediated
mRNA decay in C. elegans. Genes Dev 2004; 18(9):1047-1059.

Jan E, Motzny CK, Graves LE et al. The STAR protein, GLD-1, is a translational regulator of sexual identity
in C. elegans. EMBO J 1999; 18:258-269.

29.XuL,PaulsenJ, YooY etal. Caenorhabditis elegans MES-3 is a target of GLD- 1 and functions epigenetically

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

in germline development. Genetics 2001; 159(3):1007-1017.

Marin VA, Evans TC. Translational repression of a C. elegans Notch mRNA by the STAR/KH domain
protein GLD-1. Development 2003; 130(12):2623-2632.

Mootz D, Ho DM, Hunter CP. The STAR/Maxi-KH domain protein GLD-1 mediates a developmental
switch in the translational control of C. elegans PAL-1. Development 2004; 131(14):3263-3272.

Evans TC, Hunter CP. Translational control of maternal RNAs. WormBook 2005; 1-11.

Lublin AL, Evans TC. The RNA-binding proteins PUF-5, PUF-6 and PUF-7 reveal multiple systems for
maternal mRNA regulation during C. elegans oogenesis. Dev Biol 2007; 303(2):635-649.

Detwiler MR, Reuben M, Li X et al. Two zinc finger proteins, OMA-1 and OMA-2, are redundantly required
for oocyte maturation in C. elegans. Dev Cell 2001; 1(2):187-199.

Nayak S, Goree J, Schedl T. fog-2 and the evolution of self-fertile hermaphroditism in Caenorhabditis.
PLoS Biol 2005; 3(1):e6.

Hwang HC, Clurman BE. Cyclin E in normal and neoplastic cell cycles. Oncogene 2005;
24(17):2776-2786.

Lee MH, Ohmachi M, Arur S et al. Multiple functions and dynamic activation of MPK-1 extracellular
signal-regulated kinase signaling in Caenorhabditis elegans germline development. Genetics 2007;
177(4):2039-2062.

Clifford R, Lee MH, Nayak S et al. FOG-2, a novel F-box containing protein, associates with the GLD-1
RNA binding protein and directs male sex determination in the C. elegans hermaphrodite germline.
Development 2000; 127(24):5265-5276.

Stebbins-Boaz B, Cao Q, de Moor CH et al. Maskin is a CPEB-associated factor that transiently interacts
with elF-4E. Mol Cell 1999; 4(6):1017-1027.

Olsen PH, Ambros V. The lin-4 regulatory RNA controls developmental timing in Caenorhabditis elegans by
blocking LIN-14 protein synthesis after the initiation of translation. Dev Biol 1999; 216(2):671-680.
Clark IE, Wyckoff D, Gavis ER. Synthesis of the posterior determinant Nanos is spatially restricted by a

novel co-translational regulatory mechanism. Curr Biol 2000; 10(20):1311-1314.

Seggerson K, Tang L, Moss EG. Two genetic circuits repress the Caenorhabditis elegans heterochronic
gene lin-28 after translation initiation. Dev Biol 2002; 243(2):215-225.

Goodwin EB, Okkema PG, Evans TC et al. Translational regulation of tra-2 by its 3" untranslated region
controls sexual identity in C. elegans. Cell 1993; 75(2):329-339.

Kuersten S, Goodwin EB. The power of the 3' UTR: translational control and development. Nat Rev Genet
2003; 4(8):626-637.



12

45

46

47

48.

49.

50.

5

—_

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

—

62.

2 POST-TRANSCRIPTIONAL REGULATION BY STAR PROTEINS

. Zhang L, Ding L, Cheung TH et al. Systematic identification of C. elegans miRISC proteins, miRNAs
and mRNA targets by their interactions with GW182 proteins AIN-1 and AIN-2. Mol Cell 2007;
28(4):598-613.

. Ryder SP, Frater LA, Abramovitz DL et al. RNA target specificity of the STAR/GSG domain
post-transcriptional regulatory protein GLD-1. Nat Struct Mol Biol 2004; 11(1):20-28.

. Galarneau A, Richard S. The STAR RNA binding proteins GLD-1, QKI, SAM68 and SLM-2 bind bipartite

RNA motifs. BMC Mol Biol 2009; 10:47.

Zhang B, Gallegos M, Puoti A et al. A conserved RNA-binding protein that regulates sexual fates in the
C. elegans hermaphrodite germ line. Nature 1997; 390(6659):477-484.

Crittenden SL, Bernstein DS, Bachorik JL et al. A conserved RNA-binding protein controls germline stem
cells in Caenorhabditis elegans. Nature 2002; 417(6889):660-663.

Lamont LB, Crittenden SL, Bernstein D et al. FBF-1 and FBF-2 regulate the size of the mitotic region in
the C. elegans germline. Dev Cell 2004; 7(5):697-707.

. Eckmann CR, Kraemer B, Wickens M et al. GLD-3, a bicaudal-C homolog that inhibits FBF to control
germline sex determination in C. elegans. Dev Cell 2002; 3(5):697-710.

Suh N, Jedamzik B, Eckmann CR et al. The GLD-2 poly(A) polymerase activates gld-1 mRNA in the
Caenorhabditis elegans germ line. Proc Natl Acad Sci USA 2006; 103(41):15108-15112.

Schmid M, Kuchler B, Eckmann CR. Two conserved regulatory cytoplasmic poly(A) polymerases, GLD-4
and GLD-2, regulate meiotic progression in C. elegans. Genes Dev 2009; 23(7):824-836.

Ohno G, Hagiwara M, Kuroyanagi H. STAR family RNA-binding protein ASD-2 regulates developmental
switching of mutually exclusive alternative splicing in vivo. Genes Dev 2008; 22(3):360-374.

Sibley MH, Johnson JJ, Mello CC et al. Genetic identification, sequence and alternative splicing of the
Caenorhabditis elegans alpha 2(IV) collagen gene. J Cell Biol 1993; 123(1):255-264.

Graham PL, Johnson JJ, Wang S et al. Type IV collagen is detectable in most, but not all, basement
membranes of Caenorhabditis elegans and assembles on tissues that do not express it. J Cell Biol 1997;
137(5):1171-1183.

Grant B, Hirsh D. Receptor-mediated endocytosis in the Caenorhabditis elegans oocyte. Mol Biol Cell
1999; 10(12):4311-4326.

Derry WB, Putzke AP, Rothman JH. Caenorhabditis elegans p53: role in apoptosis, meiosis and stress
resistance. Science 2001; 294(5542):591-595.

Shimada M, Kawahara H, Doi H. Novel family of CCCH-type zinc-finger proteins, MOE-1, -2 and -3,
participates in C. elegans oocyte maturation. Genes Cells 2002; 7(9):933-947.

Johnston WL, Krizus A, Dennis JW. The eggshell is required for meiotic fidelity, polar-body extrusion
and polarization of the C. elegans embryo. BMC Biol 2006; 4:35.

. Olson SK, Bishop JR, Yates JR et al. Identification of novel chondroitin proteoglycans in Caenorhabditis
elegans: embryonic cell division depends on CPG-1 and CPG-2. J Cell Biol 2006; 173(6):985-994.

Hansen D, Hubbard EJ, Schedl T. Multi-pathway control of the proliferation versus meiotic development
decision in the Caenorhabditis elegans germline. Dev Biol 2004b; 268(2):342-357.



CHAPTER 9

THE BRANCHPOINT BINDING PROTEIN
In and Out of the Spliceosome Cycle

Brian C. Rymond*

Abstract:

The Saccharomyces cerevisiae branchpoint binding protein (BBP) is a 53 kDa
pre-mRNA processing factor with characteristic STAR/GSG protein organization.
This includes a central RNA binding site composed of an extended Type I KH domain
with an adjacent QUA2 motif. Downstream of KH-QUA2 are two CCHC-type
zinc knuckles and a proline-rich C-terminal interaction domain (Fig. 1A). The
QUA1 homodimerization motif found upstream of the KH-QUA2 sequence in
other STAR/GSG family members is absent in BBP and replaced by a site for
the phylogenetically conserved binding partner, Mud2/U2AF65. BBP’s name
reflects the fact that it binds the conserved RNA sequence, UACUAAC, called the
branchpoint motif found near the 3’ end of yeast introns. This sequence contains
the catalytic adenosine (underlined) which directs the first RNA transesterification
reaction in splicing chemistry. BBP recruitment to the branchpoint initiates a series
of' spliceosomal subunitaddition and rearrangement events thatultimately configures
the active site of this enzyme.! The mammalian homolog, ZFM1/ZNF162/D11S636/
SF1 (henceforth, SF1), was first identified in a screen for genes associated with
Type 1 multiple endocrine neoplasia® and was subsequently shown to act similarly
to BBP in mammalian splicing.>* BBP/SF1 is essential for viability in organisms
spanning the evolutionary spectrum from yeast to Caenorhabditis elegans to mice. In
addition, mice heterozygous for a SF'/ knockout allele show enhanced susceptibility
to azoxymethane-induced colon tumorigenesis® adding BBP/SF1 to the growing list
of RNA processing factors implicated in genetic disease.®* Summarized below is our
current understanding of BBP structure and its proposed multifaceted contribution
to mRNA biogenesis and function. Reference to SF1 will be made to fill gaps in
our understanding of BBP and to highlight areas of clear similarity or difference
between yeast and mammals.

*Brian C. Rymond—Biology Department, University of Kentucky, 675 Rose Street, Lexington,
Kentucky 40506-0225 USA. Email: rymond@uky.edu

Post-Transcriptional Regulation by STAR Proteins: Control of RNA Metabolism in Development
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©2010 Landes Bioscience and Springer Science+Business Media.
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BBP AND SF1 ARE SITE-SPECIFIC RNA BINDING PROTEINS

MSLS5, the gene encoding BBP, was one of seven MUD?2 Synthetic Lethal mutants
identified by the Rosbash lab as inviable when combined with a nonlethal mud?2 mutation.”
Mud2 is the yeast homolog of the mammalian U2 small nuclear ribonucleoprotein (snRNP)
particle recruitment factor U2AF65.% MSL5 is essential in yeastand ms/5 mutants are splicing
impaired especially with pre-mRNA that has a nonconsensus branchpoint sequence.”!'
Extracts depleted of BBP fail to assemble the so-called CC2 commitment complex that
corresponds to the first stable interaction between proteins bound at the pre-mRNA
branchpoint and the U1 snRNP bound at the 5’ splice site.”!' Commitment complex (or
mammalian E-complex)'>!* assembly confers a competitive advantage to the RNA during
in vitro splicing and, in vivo, is thought to direct (or commit) pre-mRNA into the splicing
pathway and away from a presumed default path of RNA export from the nucleus.

BBP and SF1 bind directly and specifically to the branchpoint motif of intron-bearing
RNA."* Indeed, the most prevalent natural yeast branchpoint sequence, UACUAAC, was
found as the most preferred target of BBP by SELEX." The SELEX studies also suggest
that less conserved flanking nucleotides and in particular an adjacent upstream hairpin
structure may enhance BBP binding.! RNA secondary structures can increase or decrease
splicing efficiency'® and it is conceivable that a branchpoint-proximal hairpin, while not
a general feature of yeast introns, can influence the processing of select pre-mRNAs
through stabilized BBP association.

The SF1/BBP RNA binding site is organized into a faafipoc protein folding pattern
typical of an extended Type 1 KH domain.'” Based on an NMR structure of a SF1 peptide
bound with a synthetic oligonucleotide,'® the splicing substrate is expected to lie within
a cleft formed by the conserved GXXG loop between the second and third o helices and
a highly variable loop between the second and third § strands (Fig. 1B). As expected,
mutations within KH-QUA2 can greatly reduce the strength and specificity of RNA
binding.!*!>81 In addition, mutational studies conducted with recombinant peptides
show that the first zinc knuckle segment modestly increases BBP’s affinity for RNA.'
Surprisingly, the zinc knuckle per se is not required as mutation of the first two metal
coordinating residues has little impact on RNA binding. This zinc knuckle is predicted
to interact with nonconserved intron sequence upstream of the branchpoint in SF1'8 and
in BBP feature also appears to bind RNA nonspecifically."” A second zinc knuckle is not
conserved in SF1 and its function in BBP is more ambiguous as its deletion enhances
rather than reduces RNA interaction.'’ This unexpected finding has prompted speculation
that the second zinc knuckle may facilitate later steps in spliceosome assembly when
release of BBP from the branchpoint is required. '’

SF1 binds RNA approximately 200-fold less tightly and with less specificity than
its yeast counterpart® but can be made much more BBP-like by R240K and K241R
substitutions within alpha helix 4 of QUA2,">1%% (see Fig. 1B). K241R is predicted to
favor stacking interactions between the arginine residue of SF1 and the branchpoint
adenosine; it is less clear why the R240K enhances SF1-RNA association.'®! The more
limited affinity and specificity of SF1 toward RNA is understandable given the greater
natural variability of the mammalian branchpoint motif, YNCURAY .?! Weaker binding
by SF1 favors competition among sub-optimal splice sites and fosters alternative splicing
so critical for mammalian gene expression."** In contrast, only ~5% of yeast genes have
introns and most of these contain a single unregulated intron. Tight and specific binding
by BBP is expected to favor the efficient constitutive splicing typical in yeast.
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A BBP-MUD2 HETERODIMER FUNCTIONS IN BRANCHPOINT
RECOGNITION

The genetic incompatibility of certain ms/5 and mud2 mutations reflects physically
and functionally the interaction between the encoded proteins.”!**2* Unlike MSLS5, MUD?2
is not essential and mud2 null mutants grow well although with modestly reduced splicing
efficiency.?>?* BBP and Mud? largely copurify from yeast as a simple heterodimer that
does not require an RNA tether.'® The amino terminus of BBP contains the Mud2 binding
site; amino acids 41-141 are sufficient for stable Mud2 association* while deletion of
amino acids 2-56 blocks recovery of the BBP-Mud?2 heterodimer.!® An atypical RNA
recognition motif (RRM) called the U2AF homology motif (UHM) in the carboxyl
terminus of Mud?2 serves as the contact point for BBP.*?* The UHM is adapted to protein
rather than RNA interaction by the presence of a C-terminal alpha helix that occludes the
remnant RNA binding surface.”’ UHM elements bind a complementary surface within
target proteins called the UHM ligand motif (ULM). Cooperative effects contributed
by U2AF65 increase SF1’s affinity for RNA ~ 20-fold.?* U2AF65 itself binds RNA at
a pyrimidine-rich sequence commonly positioned between the branchpoint and the 3’
splice site of mammalian introns. This interaction is mediated by the two canonical RRM
motifs positioned upstream of the U2AF65 UHM and is required for U2AF65 stimulated
U2 snRNP recruitment in spliceosome assembly.®3!

A comparison of the BBP-Mud2 and SF1-U2AF65 interactions reveals both conserved
and unique features of subunit association. For instance, similar to BBP the N-terminus
of SF1 binds a hydrophobic pocket between helices A and B of the UHM domain of
U2AF65.32 The SF1 ULM includes residues 15 KKRKRSRW?22 where mutation of the
conserved serine and tryptophan residues (underlined), phosphorylation of this serine or
multiple charge reversals of the basic amino acids inhibit SF1-U2 AF65 interaction.?*** The
SF1-U2AF65 association is further stabilized by phosphorylation of SF1 79SPSP82 (Fig.
1B) by the KIS kinase, an enzyme composed of another UHM motif fused to a unique
kinase domain. The putative ULM motif within BBP is interrupted by a seven amino
acid insertion. While this specific sequence of BBP may augment Mud?2 binding it is not
required for this interaction.* The SPSP phosphorylation motifis conserved in position and
sequence within BBP but it is not known whether this sequence (93SPSP96) or a second
copy within BBP (376SPSP379) is modified or contributes to Mud?2 association.

Mud2 binds RNA but has less conserved RRM sequences and lacks the N-terminal
domain of clustered arginine-serine (RS) peptides that provide RNA substrate specificity
for U2AF65. In addition, the polypyrimidine U2AF65 binding site is not conserved in
yeast introns suggesting relaxed stringency for Mud2 association. Mud2 interaction with
RNA requires its BBP binding site and this is consistent with BBP-directed substrate
association. Indeed, crosslinking of Mud2 to RNA does not increase when Mud2 is
overexpressed which suggests RNA association only in the context of the BBP-Mud2
heterodimer.?3* This reduced binding specificity correlates with a more limited role for
Mud?2 in splicing. Whereas U2AF65 is critical for efficient splicing in mammals, MUD2
is not required for cell viability and the removal of Mud2 or all natural RNA sequence
downstream ofthe branchpoint does not inhibit first step splicing catalysis.?>**7 The RNA
binding site for Mud?2 is unidentified, but extrapolating from U2AF65, likely consists of
poorly conserved sequence near the branchpoint.

The mammalian U2AF65 protein is found stably associated with a smaller U2AF
subunit called U2AF35.273 This interaction occurs through a ULM motif within U2AF65
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and a UHM within U2SF35. U2AF35 can be crosslinked to the pre-mRNA 3’ splice site
and this interaction stabilizes the association of U2AF65 with the adjacent polypyrimidine
tract.**! Together SF1, U2AF65 and U2AF35 complete a 3-subunit assemblage that
defines the 3 end of the intron (i.e., 5’ SF1/branchpoint ->U2AF65/polypyrimindine
tract ->U2AF35/3” splice site). In the fission yeast, the large and small subunit of
U2AF form a stable complex with the SF1 homolog* and presumably bind the splicing
substrate as aunit. The mammalian SF1/U2AF65/U2AF35 proteins may also assemble an
extra-spliceosomal complex* although the SF1 association is much more labile than what
is seen in fission yeast. Homologs of U2AF35 are widely distributed in nature but are not
found in baker’s yeast.'° The absence of a U2AF35-like subunit and the independence of
first step catalysis from sequence downstream of the branchpoint are two of the clearest
differences between yeast and mammals in the basal splicing apparatus.

BBP-MUD2 AND THE DYNAMICS OF EARLY SPLICEOSOME ASSEMBLY

Spliceosome assembly progresses through an ordered sequence of snRNP particle
addition, rearrangement and dissociation steps that collectively define the spliceosome cycle
(Fig. 2 and reviewed in ref. 1). Eight structurally related DExD/H-box protein ATPases
serve to advance the steps of assembly and disassembly and assure the fidelity of splice
site choice.** The stable binding of the initiating unit, the U1 snRNP particle, requires
Watson-Crick basepairing between the 5’ end of the Ul snRNA and the pre-mRNA
5’splice site. This interaction is stabilized by the yeast Ul C protein and other proteins
associated with the Ul snRNP particle, the pre-mRNA cap-binding complex and the
pre-mRNA branchpoint regions. The resulting commitment complex serves to retain
the unprocessed pre-mRNA in the nucleus and to promote the next step of spliceosome
assembly, namely the ATP-dependent addition ofthe U2 snRNP particle.**>! Two integral
U1l snRNP proteins Prp40 and Prp39 bind BBP while another, Snu56, interacts with
Mud2 and thereby help initially juxtapose the 5’ splice site with the branchpoint motifs
that direct in the first chemical step in splicing.”***? The U1 snRNP protein Prp39 was
also reported to bind Mud2* but this interaction is indirect and mediated by the stable
BBP-Mud?2 heterodimer.'°

The commitment complex is normally a transient intermediate easily seen only
when the next step in spliceosome assembly is blocked by the removal of ATP or by the
inactivation of an essential U2 snRNP component. Otherwise, the U2 snRNP particle is
rapidly incorporated to form the prespliceosome. As the BBP-branchpoint interaction is
incompatible with U2 snRNA basepairing across this same region of pre-mRNA, a major
reorganization ofthe pre-mRNP must occur during prespliceosome formation.?* The initial
docking of the U2 snRNP particle is likely protein-directed. This step is perhaps better
studied in mammals where U2AF6 binds SF3b155 (also called SAP155),% a conserved
protein within the SF3b sub-particle of the U2 snRNP.*** The U2AF65-SF3b155
interaction occurs though a ULM segment located between amino acids 317-357 of
SF3b155 and the same UHM motifof U2AF65 that mediates the U2AF65-SF1 interaction.
SF3b155 binding is expected to lower SF1’s affinity for RNA.*>57% SF3b155 itself can
be crosslinked across both sides of the branchpoint when integrated into the splicing
complex,”” an observation consistent with both SF3b155 and its binding partner U2AF65
acting to stabilize the essential U2 snRNA/pre-mRNA branchpoint interaction.’! Another
UHM-bearing RNA-binding protein called Puf60 binds a second ULM within SF3b155
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Figure 2. Schematic representation of the spliceosome cycle. A two-exon pre-mRNA is shown progressing
through the steps of snRNP (U1, U2, U4/U6.U5) addition, rearrangement, splicing and subunit release.
The assembly process is driven by eight DExD/H-box ATPases (Prp5, Sub2, Prp28, Prp2, Prpl6, Prp22,
Brr2 and Prp43) that promote conformational changes within the evolving RNP particle. prp43 mutants
suppress multiple assembly defects and Prp43p may function to dissociate defective spliceosomes as
well as the postcatalytic spliceosome!*®!* (spliceosome integrity). An asterisk on the postcatalytic
spliceosome shows the form of this complex typically recovered from yeast.'6%!¢!

(residues 194-229) and acts cooperatively with U2AF65 to enhance splicing on RNAs
with weak 3’ sites.”

The yeast SF3b155 homolog is Hsh155% and similar to the U2AF65- SF3b155
interaction, Hsh155 binds Mud2 (Fig. 3).>° There is no Puf60 homolog in yeast although
two-hybrid interactions between Mud2 and the U2 snRNP proteins Cusl and Prpll
suggest additional stabilizing contacts for U2 snRNP particle recruitment®- that are
consistent with similar observations from the mammalian system.”’! Hsh155 also binds the
conserved PrpS DExD/H-box protein suggested to play a non-enzymatic role in bridging
the U1 snRNP-U2 snRNP particles.’>®* Prp5’s enzymatic activity is also critical and helps
configure the U2 snRNP particle into a state competent for spliceosome assembly® and
assure the fidelity of splice site choice.54%

Although docking of the U2 snRNP particle almost certainly weakens BBP’s
association with the RNA, its actual displacement likely requires a second DExD/H-box
protein, Sub2 (Fig. 3). Sub2 and its mammalian counterpart, UAP56, function both in
pre-mRNA splicing and in the export of mRNA from the nucleus.®*%® Sub2 is recruited
to the nascent transcript as part of the multi-subunit transcription and export (TREX)
complex independent of whether an intron is present in the RNA.%¢ SUB? is required
for viability in most genetic backgrounds and yet deletion of MUDZ2™ or mutation of the
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Figure 3. BBP-Mud2 displacement in prespliceosome formation. A hypothetical 2-step path for the
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proteins are listed inside the oval or on the oval surface. The Ul snRNA is shown inverted and basepaired
with the 5’ splice site. Two-hybrid interactions reported for BBP and Mud2 with the Ul snRNP particle
are shown in solid lines with biochemical or genetic interactions between the cap binding complex
(Cbc2, Stol) and the Ul and U2 snRNP particles shown by dashed lines. The U2 snRNP proteins are
listed to the right of the U2 snRNP oval. Although shown as an early event, ATP hydrolysis by Prp5
may occur after U2 snRNA/pre-mRNA basepairing.®® The association of RES with the branchpoint
region is conjecture based on published genetic and biochemical observations.
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Mud?2 binding domain within BBP!? eliminates this requirement. The suppression of sub2
lethality by mud?2 and msl5 mutations has been taken to suggest that the critical function of
Sub? is to advance spliceosome assembly by the removal of Mud2 and BBP.!*7 Indeed,
extracts with reduced Sub2 activity show spliceosome assembly defects consistent with
improper U2 snRNP incorporation.®””7' From this perspective, persistent BBP or Mud2
association with the splicing substrate restricts spliceosome assembly while either the
presence of Sub2 or mutations that weaken BBP-Mud2 affinity for RNA bypass this block.
Null alleles of ms/5 remain lethal independent of the SUB2 status as BBP is required for
cell viability whether or not the Sub2 helicase is present. In contrast to U2AF65, once
the Sub2-dependent step has been executed and the prespliceosome is fully formed BBP
and Mud2 no longer stably associate with the splicing apparatus.’’

CO-TRANSCRIPTIONAL PRE-mRNA SPLICING

Research conducted over the past decade has provided much evidence for crosstalk
among the pathways governing transcription, splicing, mRNA 3’ end formation, nuclear
export, translation and mRNA decay (reviewed in refs. 72,73). For instance, several
groups have used cell-based assays to investigate the temporal and functional coupling
of spliceosome assembly with transcription. The general approach taken was to induce
gene expression and then monitor splicing factor or RNA polymerase association across
a specific transcription unit. Target chromatin was recovered with splicing factor or RNA
polymerase-specific antibodies and the sites of nucleic acid-protein interaction determined
by quantitative PCR (see refs. 74-83 and references within). Three generalizations can
be made from this work. First, in both yeast and metazoa splicing factor recruitment
to the target gene requires transcriptional activation and RNA synthesis. Second,
while spliceosomes can be assembled co-transcriptionally in both yeast and mammals,
co-transcriptional splicing appears much more common in mammals. Third, the general
pattern of spliceosome assembly observed in vitro (Fig. 2) is recapitulated in vivo. For
instance, BBP, Mud2, U1 snRNP and the cap-binding complex factors are recruited early,
U2 snRNP recruitment requires prior U1 snRNP association, U4/U5.U6 tri-snRNP addition
occurs after prespliceosome assembly and the postcatalytic spliceosome accumulates
only if tri-snRNP addition is allowed. This ordered addition of splicing factors is less
compatible with an alternative model for the cellular spliceosome based on a preformed
penta-snRNP particle,* a complex already demonstrated not to be essential for splicing
in vitro.®

The carboxyl-terminal domain (CTD) of the largest RNA polymerase Il subunit
is required but is not sufficient to promote co-transcriptional pre-mRNA splicing (see
refs. 86,87 and references within). The CTD is positioned adjacent to the exit channel
for RNA on the polymerase, an ideal location to facilitate splicing factor recruitment and
deposition.® In yeast, the Ul snRNP protein Prp40 binds the phosphorylated CTD* in
addition to BBP.” In principle, this association of U1 snRNP (and indirectly BBP) with the
RNA polymerase provides an efficient means to load the factors nucleating spliceosome
assembly as soon as the pre-mRNA 5’ splice site and branchpoint regions are transcribed.
SF1 and an number of other splicing factors such as mammalian CA 150 protein (which
also binds the CTD and interacts with SF1), Cus2 (mammalian TAT-SF1), yeast Prp45
(mammalian NCoA-62/hSKIP) and certain mammalian SR protein family members appear
to function in both splicing and transcription and may help functionally integrate these
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two processes.”>*?! Mammalian U1 snRNA also interacts with the TAF15 transcription
factor®* although the relationship, if any, between this complex and the splicing machinery
is obscure. What is clear is that inhibiting the rate of transcriptional elongation by genetic
or chemical means profoundly alters the pattern of splice site selection and mRNA 3’ end
processing (e.g., refs. 79,93,94). The potential contribution of transcriptional pause sites,
elongation factors and nucleosome positioning or modification states to the regulation of
pre-mRNA processing is a fascinating but largely undeveloped area in our understanding
of gene expression.’7>%

BUT IS BBP REALLY AN ESSENTIAL SPLICING FACTOR?

One of the more puzzling observations concerning BBP is that while inactivation
of this protein inhibits cellular splicing its removal from extracts has little impact on
splicing in vitro. BBP-depleted extracts fail to produce the gel-shift band defining the
CC2 commitment complex but this is seen only when further spliceosome assembly
is artificially blocked. Otherwise, the removal of >99% of BBP does not appreciable
reduce the rate of spliceosome assembly or the extent of pre-mRNA splicing.’” An
argument has been made that BBP may act catalytically in splicing with only trace
amounts needed for function®” or to stimulate the recycling of other splicing factors.
Direct evidence to support such models has not been forthcoming, however. As it
stands the data support a simpler possibility, namely, that branchpoint recognition by
BBP-Mud2 can be bypassed in vitro and the U2 snRNP recruited directly to the Ul
snRNP-bound pre-mRNP.

If the BBP function can be so easily bypassed in spliceosome assembly then why
is this protein necessary for cell viability? One possibility is that BBP is required only
for the splicing of certain transcripts, such as pre-mRNAs with sub-optimal splice
sites or other features that render these RNAs less efficient in spliceosome assembly.
Substrate-specific differences have been observed after the inactivation of other core
splicing factors in yeast (e.g., refs. 26,96). Also, SF1 knockdown experiments suggest
that SF1 is not needed for the processing of at least certain mammalian pre-mRNAs.”’
Alternatively, BBP may be a general splicing factor but essential only for a feature of
splicing or an aspect of pre-mRNA fate restricted to the cellular state. For instance, BBP
may be critical for co-transcriptional RNA processing or where the nuclear surveillance
of inefficiently processed RNA becomes relevant. In support of the latter possibility it is
interesting to note that the growth of yeast mutant for RRP6 is exacerbated when BBP
becomes limiting.*® Rrp6 is a nuclear exosome subunit® that contributes to the turnover
of improperly processed RNA. The ms/5-rrp6 genetic interaction raises the possibility
that BBP may mitigate the cytotoxic effect of improperly processed RNAs. Finally, it
remains possible that the BBP requirement for cell viability reflects an unknown novel
contribution of BBP to cellular biochemistry.

BBP IS NEEDED FOR THE NUCLEAR RETENTION
OF UNPROCESSED PRE-mRNA

Eukaryotic organisms prevent the export of unspliced RNA from the nucleus in a
number of ways. For example, the prevalence of co-transcriptional splicing in mammals
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restricts most RNA to the site of synthesis until it is largely or completely processed.
This may be less common in yeast where many pre-mRNAs appear to be spliced
post-transcriptionally.'® However in both systems early acting splicing factors restrict
the export of pre-mRNA until splicing is complete. Mutation of either MSL5 or MUD?2
significantly increases the abundance of unspliced pre-mRNA in the cytoplasm.®!%-3
The reduction of splicing substrate through increased nuclear export of pre-mRNA
almost certainly contributes to the slow growth of ms/5 mutants. Indeed, deletion of
the gene for the Yra2 RNA export factor improves the growth of yeast limited for
BBP suggesting that slowed RNA export partially compensates for the detrimental
affects of reduced BBP levels.”® Any pre-mRNA that successfully exits the nucleus is
expected to compete with properly processed mRNA for ribosome occupancy and, if
not degraded, has the potential to direct the synthesis of toxic peptides. This appears
to be the case as a number of viable ms/5 mutants become lethal when the cytoplasmic
nonsense mediated decay (NMD) pathway that degrades cytoplasmic pre-mRNA is
blocked by mutation of UPF1.°

While an exhaustive survey has not been conducted, a number of other yeast
splicing factors clearly contribute to the nuclear retention of unprocessed RNA. These
include the Ul snRNA, the U2 snRNP particle proteins Prp9 and Ysf3/Rcpl0, the U2
snRNP-associated proteins Bud13 and Ist3/Snul7 and the U4/U6.US5 tri-snRNP protein,
Prp6.35555610L102 Byd 13 and Ist3/Snul7 are especially interesting as these proteins enhance
the splicing of atypical pre-mRNAs such as those with a nonconsensus branchpoint
sequence and Mer1-dependent meiotic pre-mRNA.'%31%]st3/Snul7 interacts with Mud2
in the two-hybrid assay®® and is structurally quite similar to the mammalian SF3bl4a
protein that is found crosslinked to the pre-mRNA branchpoint after SF1 displacement.'®
While not essential, mutation of /ST3/SNU17 alters the electrophoretic mobility of the
U2 snRNP particle suggesting a defect in particle assembly or stability.'* Ist3/Snul7
and Bud13 are detected in the SF3b sub-particle of the U2 snRNP that includes the
phylogenetically conserved proteins Hsh155, Rsel, Hsh49, Cus! and Rds3 and Ysf3/
Rep10.54°¢ When the reciprocal purification is done, multiple SF3b proteins copurify
with Ist3/Snu17.% Ist3/Snul7 and Bud13 can also be recovered with the Pml1 protein in
a three-component assemblage called the RNA Export and Splicing (RES) complex.*®
Pmll is needed for the efficient nuclear retention of pre-mRNA but this protein does
not appear to act in splicing. The RES-SF3b association raises the possibility that
the phylogenetically conserved RES complex helps mark unspliced pre-mRNA for
nuclear retention soon after synthesis but hands this job off to the U2 snRNP later in
assembly. At that time, at least Bud13 and Ist3/Snul7 remain bound to the splicing
apparatus, possibly interacting with SF3b near the branchpoint to enhance splicing
efficiency (Fig. 3).

Therelease of pre-mRNA from the nucleus observed after splicing factor inactivation
is not restricted to yeast. For instance, when components of mammalian SF3b are
inactivated pharmacologically or by RNAi splicing is inhibited and pre-mRNA is released
into the cytoplasm.'®”!% Finally, it is also clear that proteins unrelated to splicing help
retain unprocessed RNA in the nucleus'®-!!! although little is known at a mechanistic
level of how these factors function in pre-mRNA retention or communicate with the
splicing apparatus.
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UNCOUPLING PRE-mRNA SPLICING FROM THE SYNTHESIS
OF FUNCTIONAL mRNA

Inappropriately or incompletely processed RNA is targeted for destruction by
nuclear and cytoplasmic surveillance systems.” %113 These activities not only eliminate
the mistakes of RNA processing but also act with the RNA processing machineries
to down-regulate gene expression through auto-regulatory loops or, by more broadly
based regulatory schemes.'"* One example where the splicing apparatus is co-opted in
this way is the regulated unproductive splicing and translation or RUST mechanism
of mammals.'”® Here alternative splice site selection directs the inclusion of an exon
containing a premature translational termination codon (PTC) thatisrecognized during the
first round of translation to activate the NMD pathway and stimulate RNA turnover.!¢!!7
The magnitude of RUST regulation in the mammalian transcriptome is controversial yet
several unambiguous examples clearly establish RUST as a regulatory pathway (e.g.,
managing the abundance of SR protein alternative splicing factors).!18:11?

A second instance where gene expression is regulated by the directed decay of
unprocessed RNA was recently discovered in yeast by the Guthrie and Chanfreau
laboratories. Here amino acid starvation induced by the addition of the anti-metabolite
3-aminotriazole is shown to inhibit the splicing'?° with the unspliced pre-mRNA exported
to the cytoplasm and degraded by NMD.'*! Similar to RUST regulation, this nutrient
regulation is pathway-specific with transcripts contributing to ribosome biogenesis being
acutely sensitive and most other pre-mRNAs unaffected. As such, this uncoupling of
splicing from RNA export defines a novel homeostatic response to adjust for decreased
ribosome demand when translation is limited by amino acid availability. Ribosome
biogenesis is controlled at multiple transcriptional and post-transcriptional levels and
regulated by TOR, PKA and PKC signaling (reviewed in ref. 122). The specific response
to amino acid starvation has been well studied'?*!?* although the signaling molecules and
targets that mediate splicing inhibition and the nuclear release of unprocessed pre-mRNA
remain unknown.

DOES BBP HAVE A CYTOPLASMIC FUNCTION?

BBP binds Smy2,%!2126 a protein that is enriched in cytoplasmic P-bodies, sites
of mRNA storage and RNA decay.'”” The BBP-Smy2 interaction is intriguing from the
perspective that should pre-mRNA exit the nucleus bound with BBP, interaction with
Smy?2 might help segregate and turnover this intron-bearing RNA. Smy2 and a highly
related second protein called Syh1 are members of the GYF family of polyproline binding
proteins.'?® Peptide binding and protein purification studies show that Smy2 binds six
peptides defined by the consensus PPG (F/I/L/M/V) in the C-terminus of BBP, a region
much expanded in SF1% (see Fig. 1A,B). Smy2 was also found to bind peptides in the
Prp8 splicing factor and in Eap1, a protein implicated in TOR signaling and suggested
to act as a translational inhibitor.!?

The first hint of SMY2 function came with its identification as a dosage-dependent
suppressor of a mutant Type V myosin motor protein, myo2-66. Type V myosin promotes
intracellular sorting and asymmetry, includingmRNA localization. A large number of RNAs
associate with Myo2 in cytoplasmic foci that appear to be P-bodies.'** Myo4, a second
Type V myosin, directs the transport of yeast ASH/ and other bud-localized mRNAs to the
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site of daughter cell synthesis.'*! Translation of Myo4-asociated mRNAs is arrested during
transport. Another KH-domain RNA-binding protein, Hek2/Khdl, is present with Smy2
in Myo2 and Myo4 complexes and is implicated with Eap1 in translational arrest.'3*'3
The interaction of Smy2 with a Type V myosin motor, its enrichment in P-bodies and
its association with Kdh1, Eapl and other proteins acting in translational regulation or
RNA decay (i.e., Ascl, Ccr4, Keml, Mot2, Patl, Pop2 and Scp160 and)'?*!* strongly
implicate Smy?2 in the transport, sequestration and turnover of RNA.

It is tempting to speculate that Smy?2 recruits BBP-bound pre-mRNA exported to the
cytoplasm (by error in RNA processing or in response to specific signals) and directs this
RNA via a myosin motor to the P-body. Such a scheme necessitates a cytoplasmic phase
for BBP although under standard growth conditions BBP appears largely nuclear.'* There
has been no direct test for nucleocytoplasmic shuttling by BBP although GFP-localization
studies suggest that its binding partner, Mud2, has a cytoplasmic phase.'* Consistent
with at least transient residence in the cytoplasm, BBP was reported as a possible
ribosome-associated protein in a recent survey for regulators of translation.'*

Additional correlative evidence suggests that Smy2 association may promote the
translational arrest of BBP-bound RNA in yeast. When a deletion of the SMY2 gene is
combined with a mud2 mutation, the expression of a reporter that requires translation
through an in-frame intron significantly increases.!® Translation is a cytoplasmic event
and this intron- reporter system was initially designed to identify mutations that allow
for the nuclear export of unprocessed pre-mRNA.!°! The smy2 mutation does not alter
splicing efficiency in this background thus ruling out the trivial explanation that a splicing
block causes pre-mRNA levels to rise. While other explanations are possible, the data are
consistent with enhanced cytoplasmic pre-mRNA stability or increased translation after
smy2 deletion when BBP binding to RNA is compromised by removal of Mud2. This
experiment does not directly address the question of whether BBP is associated with the
reporter pre-mRNA in the cytoplasm. However, deletion of one of two yeast genes that
encode the elF-5A translation elongation factor has been shown to improve the growth
of yeast limited for BBP.”® The molecular basis for this interaction is not known yet the
observation generally supports a model in which BBP restricts the synthesis of toxic
proteins and that reduced translational efficiency can partially compensate for lowered
BBP activity.

DOES BBP REGULATE THE FATE OF INTRONLESS RNA?

BBP is a sequence-specific RNA binding protein that in principle binds any RNA
with the UACUAAC motif. At least 375 yeast genes have one or more perfect matches
to this motif within protein-coding sequence. The number of potential BBP targets
increases substantially if the 5” and 3° UTR regions of protein coding genes or the
transcribed portions of noncoding RNAs are considered. The protein coding capacity of
the UACUAAC sequence is relevant to protein structure and may well be conserved for
this reason in specific genes. However, the coding capacity of UACUAAC has no obvious
bearing on the ability of BBP to bind the cognate RNA. Indeed, a number of intronless
mRNAs containing the UACUAAC sequence have already been shown to copurify with
BBP from yeast.*” The biological relevance of this association has not been addressed
but, based on the established or predicted BBP function, one would speculate that bound
mRNAs might be preferentially retained in the nucleus or translationally repressed in the
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cytoplasm. The intronless mRNAs recovered with BBP function in a number of metabolic
and gene expression processes but do not cluster in a way to suggest clear patterns of
coordinated regulation. Nevertheless, if this indicates a true intracellular association, one
anticipates that BBP removal will be necessary for efficient protein expression. Sub2 is
a likely candidate for promoting BBP dissociation and in this light the suppression of
a lethal sub2 mutant by weak ms/5 (or mud2 knockout) mutations conceivably reflects
not only BBP displacement from pre-mRNA but also from intronless RNAs bearing the
UACUAAC motif.

CONCLUSION

The accumulated evidence suggests that BBP/SF1 functions from the earliest steps of
co-transcriptional spliceosome assembly through to the turnover of aberrant or otherwise
unneeded RNA (Fig. 4). Other STAR/GSG proteins show similar multidimensional
contributions in nucleic acid metabolism and function. For instance, the mammalian quaking
(QKI) and Sam68 proteins are implicated in alternative RNA splicing, RNA export from
the nucleus and translational regulation,**'* the Drosophila HOW protein in pre-mRNA
splicing and RNA stability,'* the C. elegans GLD-1 protein in translational repression and
RNA stability and the C. elegans ASD-2 protein in alternative splicing and possibly RNA
stability.'*! These proteins promote a wide range of signal mediated developmental and

Cell signal such as
amino acid starvation

export w/o
Sub2-dependent
BBP/Mud2 removal

” Translational arrest of
UACUAAC-bearing
intronless RNA?

Figure 4. BBP contribution to gene expression. The accumulated evidence suggests that BBP may have
multiple intracellular functions including the nuclear retention of UACUAAC-bearing RNA, facilitation
of nuclear spliceosome assembly and the translational arrest or turnover of RNA in the cytoplasm.
Export to the cytoplasm is presented as Sub2 dependent and the cytoplasmic P-body association directed
through Smy?2 and associated proteins (Syhl, Myo2).
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tissue-specific events (see refs. 139,142-149 and references within). The overlap of RNA
binding specificity of SF1, GLD-1, HOW, Sam68 and QKI is remarkable and has led to
the suggestion that competitive binding at the pre-mRNA branchpoint may explain the
influence of these proteins on splice site selection.’*® Other RNA-binding proteins, such
as U2AF65/Mud2, muscleblind, SF2/ASF, SC35 and additional SR protein members also
clearly contribute to the functional integration of transcription, RNA processing, RNA
export, translation and RNA decay.'”'"'” Much work lies ahead in defining the intricacies
of RNA-protein and protein-protein interactions linking these steps of gene expression.

A number of preliminary studies with BBP raise intriguing questions that deserve
further study. For instance, is BBP essential because of its role in spliceosome assembly
or some other aspect of cell biochemistry? Is the BBP interaction with the CDT-binding
protein Prp40 important for co-transcriptional splicing? Does amino acid starvation
promote BBP-Mud?2 dissociation from pre-mRNA to stimulate nuclear export or is the
pre-mRNA exported to the cytoplasm bound with this heterodimer? What signaling
pathways are involved in this amino-acid starvation response of splicing inhibition? Is
BBP post-translationally modified similar to SF1 and if so does this modification influence
its activity in the nuclear retention of pre-mRNA, splicing or other aspects of RNA fate?
If cytoplasmic pre-mRNA is BBP-bound, does Smy2 (or Syhl) interaction promote
translational arrest or RNA turnover? Does BBP influence expression of proteins from
intronless RNA by nuclear retention of the mRNA or by translational inhibition and, if
s0, is Sub2 involved in this regulation? Many of the same questions can be asked of SF1
and this topic is further enriched by the presence of multiple STAR/GSG proteins with
overlapping specificities in mammals.
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CHAPTER 10

REACHING FOR THE STARS
Linking RNA Binding Proteins to Diseases

Stéphane Richard*

Abstract:

The prototype STAR (Signal Transductionand Activation of RNA) proteinis Sam68,
the Src-associated substrate during mitosis of 68 kDa. Sam68, like all other STAR
proteins, belongs to the large class of heteronuclear ribonucleoprotein particle K
(hnRNP K) homology (KH) domain family of RNA-binding proteins. The KH
domain is an evolutionarily conserved RNA binding domain that consists of 70-100
amino acids. The KH domain is one of the most prevalent RNA binding domains that
directly contacts single-stranded RNA with a signature topology. Sam68 contains a
single KH domain that harbors additional conserved N- and C-terminal sequences
also required for RNA binding specificity and dimerization. Sam68 frequently
contains post-translational modifications including serine/threonine, tyrosine
phosphorylation, lysine acetylation, arginine methylation and sumoylation. The
phosphorylation of Sam68 or its association with SH3 domain containing proteins
has been shown to influence its RNA binding activity. Hence Sam68 behaves as a
STAR protein, whereby extracellular signals influence its ability to regulate RNA
metabolism. Studies in mice have revealed physiological roles linking Sam68 to
osteoporosis, cancer, infertility and ataxia. The role of Sam68, a closely related
family member quaking (QKI), the KH domain and their links with human disease
will be discussed in the present chapter.

Samé68: ITS DISCOVERY AND NOMENCLATURE

The official symbol for Sam68 in the National Center for Biotechnology Information
(NCBI) database is abbreviated as KHDRBS1 for KH Domain containing, RNA Binding,
Signal transduction associated 1. Sam68 has two close mammalian members, known
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as Sam68-like mammalian proteins 1 and 2 (slm1 and slm2),'? now officially called
KHDRBS2 and 3, respectively. The human sam68 gene contains 9 exons and is located
on chromosome 1p32 spanning 30,834 base pairs. In 1992, Sam68, then called p62, was
immunopurified from v-Src-transformed NIH3T3 cells by using anti-phosphotyrosine
antibodies. An amino acid sequence from the purified protein was then used to design
oligonucleotides to screen a human placenta library.> Two years later, five different
groups identified p62 as an SH3 domain binding protein and as a substrate of Src family
kinases.*®* Courtneidge and Shalloway noticed that ‘p62’ migrated at 68 kDa and was a
Src substrate during mitosis, hence the name Sam68.%!° Over the years, Sam68 has also
been shown to be a substrate of other tyrosine kinases and of Src kinases during cell
processes other than mitosis.!!'* Thus Sam68 has broader roles than implied by its name.
For example, Sam68 is a substrate of the BReast tumor Kinase (BRK, also called protein
tyrosine kinase PTK6) during epidermal growth factor (EGF) stimulation'? and it is a
substrate of Src kinases near the plasma membrane during cell attachment.!' Sam68 also
participates in T-cell receptor,'>'¢ leptin'” and insulin receptor signaling.'s-"?

The sam68 gene has been cloned from many species including human, rodents,
chimpanzee, cow, fish, frogs, dog and chicken (Fig. 1). The human Sam68 cDNA
encodes 443 amino acids® and the protein migrates on SDS polyacrylamide gels with a
mass of 68kDa most likely because of its acidic C-terminus. Homologs for Sam68 do not
exist in C. elegans, Drosophila and yeast. However, Drosophila, does express Sam50,
a protein that bears 50% sequence identity in the STAR domain of human Sam68 and
is the closest ortholog.?

THE KH DOMAIN

STAR proteins contain a KH domain flanked by conserved sequences ~80 and ~30
amino acids referred to as the N-terminal of KH (NK) and the C-terminal of KH (CK)
regions, respectively (Fig. 2). The entire region is called the STAR domain or GSG domain
or maxi-KH domain. The NK and CK regions are also called the QUA1 and QUA2
regions in the QKI protein (see Fig. 2). The role of these extended conserved domains is
to mediate homodimerization and to extend the nucleic acid region of recognition.?!

The KH domain is conserved in a variety of organisms ranging from bacteria, archaea
and eukaryotes.?>* The KH domain has been shown to bind single-stranded RNA as well
as DNA with a lala2p2p3 topology (Type I) and a1 B1p20203p3 topology (Type II).
The feature of the KH domain is the conserved GXXG loop that provides close contact
with the phosphate groups, such that the neighboring nucleotides can directly interact
with RNA.? KH domains are often repeated in proteins and each domain exhibits its own
RNA binding preference and affinity. As such, multiple KH domains within the same
protein likely cooperate together to exhibit a multitude of RNA binding affinities to one
protein. For example, the K-homology splicing regulator protein (KSRP) contains four
KH domains and each domain exhibits its own specificity and affinity.>® The presence
of multiple copies of the KH domain within proteins is an indication that KH-type RNA
binding proteins likely require more than one KH domain for high affinity interactions
with RNA in vivo. Subsequently, KH domains are also necessary for homo-dimerization
and STAR proteins require this property for their RNA binding activity.?! The Sam68 KH
domain loops 1 and 4 are necessary for this homo-oligomerization. These oligomers are
disrupted by tyrosine phosphorylation by Src family tyrosine kinases.?! The dimerization
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Figure 1. Multiple sequence alignment of Sam68 orthologues performed using ClustalW. The STAR
domain is boxed in white, the KH domain is boxed in medium grey or blue, the arginine-glycine (RG)
repeats are in light grey or yellow and the C-terminal tyrosine are in dark grey or red. A color version
of this figure is available at www.landesbioscience.com/curie.
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Figure 2. Schematic diagram representing the structural/functional domains of Samé68. The protein is
composed of the STAR domain, a tripartite of a single RNA binding KH domain, flanked with the NK
(N-terminal of KH) and the CK (C-terminal of KH) regions; six consensus proline-rich motifs (shaded
regions P0-P5); RGG boxes; C-terminal tyrosine-rich domain (YY) and a nuclear localization signal
(NLS). Relative amino acids positions are indicated.

sequences for QKI were mapped to the NK region which contains a predicted coiled-coil
region. Interestingly, an ethylnitrosourea-induced mutation that alters glutamic acid 48
(E48G) and disrupts the coiled-coil region abolishing dimerization. This is likely the
molecular defect causing embryonic lethality in these mice.??

Sam68 RNA TARGETS

Sam68 has been shown to bind poly (U) and poly (A) homopolymeric RNAs (reviewed
inref. 10). Selection of RNA aptamers using SELEX (systematic evolution of ligands by
exponential enrichment) has been performed with several STAR proteins. Recombinant
Sam68 was shown to associate with high affinity to RNA sequences containing UAAA
or UUUA sequences.”” SLM-2 selected a bipartite consensus sequence with direct repeats
of U(U/A)AA and interestingly, Sam68 also bound this sequence.?® The RNA targets that
QKI selected were also bipartite consensus sequences with a core and half site sequence
(NACUAAY-N(1-20)-UAAY, where N and Y represent any nucleotide and pyrimidine,
respectively).?? With this consensus sequence a total of 1430 mRNAs were predicted to
be potential QKI RNA targets.”

RNA targets for STAR proteins were also identified using various other approaches.
The splicing factor SF1 (also called mammalian branch point binding protein)*
recognizes the RNA branch point sequence UACUAAC discovered by cross-linking
studies.’! Based on sequence comparison between SF1 and GLD-1, a consensus sequence
was determined for GLD-1 with the UACUCA sequence.”? Sam68 RNA targets were
identified using differential display and cDNA representational difference analysis and
led to the identification of 29 potential RN A-binding targets including mRNAs encoding
DAP3/IRCP, nucleolar protein-p40, hnRNP A2/B1, PAP/ANXS, PBP/PEA-BP and
B-actin.® Cross-linking protein and RNA led to the identification of 23 putative Sam68
targets.>* The expression of 418 mRNAs was differentially expressed in testis between
Sam68 deficient and wild type mice.® Select mRNAs such as K/kI, Neddl, Park2,
Spagl6 and Spdya were validated as Sam68 RNA targets during spermatogenesis.® A
repertoire of neuronal Sam68-associated mRNAs including the elongation factor eEF1A4
was identified using co-immunoprecipitation followed by microarray analysis.*
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Sam68 has been shown to regulate alternative splice selection by recognizing RNA
sequences neighboring the included/excluded exon(s).’” Sam68 was proposed to flag certain
exons that are to be alternatively spliced.*® It has been shown to regulate the inclusion of
the variable exon 5 (V5) of CD44 correlating with cell migration potential.*’*? Sam68
has been shown to play a role in cell survival by regulating the alternative splicing of
BclxL.!3 Sam68 has also been implicated in the regulation of androgen induced alternative
splicing in prostate cancer cells.* It has been demonstrated to regulate the leptin-induced
alternative splicing of the leptin receptor mRNA.*! Sam68 was also shown to regulate a
set of alternative spliced exons during neurogenesis.* The absence of Sam68 modified
the alternative splicing of exons across 24 different genes in Neuro2a cell line.** Sam68
was shown to participate in neural stem cell differentiation and proliferation. This
coincided with the modulation of the alternative splicing of tenascin-C, an extracellular
matrix glycoprotein.* The challenge that lies ahead is to link the RNA targets with the
particular pathway(s) and physiological response regulated by Sam68, especially those
identified using mice models.

Sam68 CELLULAR LOCALIZATION

In most cell types, Sam68 is predominantly nuclear and this is directed
by a nuclear localization signal (NLS) embedded in the last 24 amino acids
(*'RPSLKAPPARPVKGAYREHPYGRY*?). This segment has several sparsely spread
basic residues and contains two nuclear targeting motifs: PPXXR and RXHPYQ/GR.
The RXHPYQ/GR motif, originally identified and mapped in QKI-5, is also conserved
in other QKI homologs as well as mammalian Sam68, SLM1, SLM2 and nonSTAR
protein Drosophila HNF-4 homolog; all of which have a nuclear localization signal.** The
arginines at both ends of the RXHPYQ/GR motif are essential for nuclear localization as
replacing them with alanines abolishes nuclear targeting of GFP-QKI-5.

Sam68 localizes in nuclear foci called Sam68/SLM nuclear bodies (SNBs). These
dynamic structures are unique, measuring > 1 uM in diameter and are adjacent to nucleoli.*
SNBs disassemble during mitosis and upon treatment with transcription inhibitors. SNBs
are distinct from other specialized subnuclear structures such as the PML nuclear bodies,
interchromatin granules or speckles and Cajal bodies.* SNBs are observed inimmortalized
and transformed cells but absent in normal cells. In general, SNB prevalence correlates
with the differentiation status and tumorigenicity of cancer lines such as BT-20, Hs 578T
and MCF-7 cells.® In cells with SNBs, there is a correlation with the existence of a large
Sam68 complex with a mass >1 MDa that is composed of ~40 proteins, many of which are
RNA binding proteins.*’ BT-20 cells that are poorly differentiated and highly tumorigenic
in nude mice display over 90 % SNB prevalence compared to nontumorigenic Hs 587T
cells withabout 50% SNB prevalence. However, only 5% of the well-differentiated MCF-7
cells contain SNBs. In HeLa cells, endogenous or transfected Sam68 shows a diffuse
nucleoplasmic staining with several SNBs. Sam68 mutant proteins containing a deletion
within the KH domain loops 1 and 4 were sufficient to concentrate Samé68 exclusively in
SNBs, indicating the importance of the KH domain in SNB organization.* SNBs have also
been shown to contain the tyrosine kinase BRK, also called Src-like Intestinal Kinase in
mice (SIK),'? the alternative splicing factor YT521-B* and hnRNP A interacting protein
(HAP), a multifunctional protein involved in RNA metabolism.*’ In heat-shocked HeLa
cells, HAP colocalizes with SNBs in the so called “stressed-induced SNBs” and recruits
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SRp30c and 9GS proteins, splicing factors of the SR family.** Although the function of
SNBs is unknown, their predominant presence in highly transformed cells may serve as
a marker for the host cancer cells. In addition, the colocalization within SNBs of RNA
processing factors such as STAR proteins, HAP and splicing factors suggest a role of
SNBs in RNA metabolism.

Although Sam68 is predominantly nuclear, there are numerous circumstances
where it has been shown to be cytoplasmic. Sam68 localizes in the soma and dendrites
of hippocampal neurons during depolarization,*® where it associates with a number of
plasticity-related mRNAs including the translation elongation factor eEF1A.* Sam68 is
localized to the cytoplasm of spermatocytes during meiosis where it promotes the translation
ofasubset of mMRNAs.*! Total internal reflection fluorescence (TIRF) microscopy was used
to observe Sam68 near the plasma membrane during cell attachment where it regulates
the activity of Src by associating with c-src tyrosine kinase (Csk).!! The presence of RNA
binding proteins near the plasma membrane has been revealed by using quantitative mass
spectrometry and defining a new structure termed spreading initiation centers (SICs).*
Cells differentially labeled with light and heavy (deuterium) amino acids in suspension
and cells attached on fibronectin, respectively, were lysed and cell lysates utilized to
immunoprecipitate vinculin and talin complexes. The components were identified by mass
spectrometry and the major category of proteins identified were RNA binding proteins
including Sam68. Messenger RNAs were differentially identified at sites of membrane
attachment using microarray analysis.*® Thus specific RNAs are present near the plasma
membrane during cell attachment, suggesting that RNA binding proteins are likely to
also participate in RNA regulation near the plasma membrane.

In response to extracellular stress, Sam68 localizes to stress granules within the
cytoplasm. Sam68 also accumulates in cytoplasmic granules with poliovirus infection,
urate crystals and oxidative stress.’*¢ In addition, Sam68 mutant proteins are known
to localize to cytoplasmic granules.***%>" Actually Sam68 with C-terminal deletions
are restricted to the cytoplasm and have been shown to function as dominant inhibitors
of HIV-1 replication.’*>® Therefore, manipulating Sam68 function may be a means to
prevent HIV replication.>3%0

Sam68 SIGNALING MOTIFS

The key feature of STAR proteins is the presence of various motifs that mediate
protein-protein interactions and consensus sequences for enzymes thatadd post-translational
modifications. Sam68 contains 6 polyproline rich sequence motifs that are the sites of
interaction with numerous SH3 and WW domain binding proteins.®> Sam68 has been
observed to interact with the SH3 domains of Src kinases, SIK/BRK, PI3K p85a, PLCy-1,
PRMT2, Grb-2, Grap, Itk/Tec/BTK, Nck and Vav (reviewed in ref. 10 and 61). The
Sam68 proline motif P3 and P4 are sites of interactions with the formin binding proteins
FBP21 and FBP30 WW domains. The association with WW domain containing proteins
likely represents a nuclear function of Sam68.

The STAR proteins Sam68, SLM1, SLM2 and QKI have tyrosine-rich C-termini
which are sites of tyrosine phosphorylation. Sam68 is tyrosine phosphorylated by
numerous soluble tyrosine kinases including p60*<, p59%", p56**, ZAP-70 and SIK/
BRK. QKI and SLM1 have been shown to be substrates of p60*¢ and p59%". However,
the tyrosine kinases that phosphorylate SLM2 remain unknown. There are reports of
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several cell surface receptors that induce the tyrosine phosphorylation of Sam68. Insulin,
leptin and ligation of CD16, CD32 and T-cell receptors have been observed to increase
the tyrosine phosphorylation of Sam68.% Tyrosine phosphorylated Sam68 leads to the
association of Sam68 with numerous SH2 domain containing proteins including Src
family kinases, SIK/BRK, Grb2, Grap, Nck, PLCy-1, RasGAP, PI3K p85a, Itk/Tec
and Csk family kinases (reviewed in refs. 10 and 11). These observations are consistent
with the fact that Samé68 functions as an adapter protein.!!** It is known that each SH2
domain has its own specificity. However, determining the sites of SH2 domain binding
in Samo68 is difficult as it contains 16 tyrosines in 50 amino acids and the tyrosines are
often clustered together. In addition, the absence of lysine and arginines in the C-terminus
of Sam68 has prevented traditional tryptic mapping analyses. The best way to study the
phosphorylation is by using phosphospecific antibodies which have been generated for
Sam68 tyrosines 435, 440 and 443.12

Sam68 has also been shown to be lysine acetylated by the acetyltransferase CBP in
its N-terminal region flanking the KH domain. Elevated acetylated Sam68 is observed
in certain tumorigenic breast cancer cell lines and correlates with increased association
of RNA as assessed by poly (U) binding.® Sam68 was also shown to be sumoylated by
PIASI at lysine 96 and this influences the ability of Sam68 to regulate apoptosis and
regulate transcription.®

ARGININE METHYLATION

Many RNA binding proteins including STAR proteins contain glycine-arginine rich
(GAR)motifsand RGGboxes. Thelatteris aknown as a RNA binding domain as exemplified
by FMRP where the RGG boxes recognize RNA that contains G quartets.” Arginines within
GAR motifs and RGG boxes are known sites of arginine methylation by protein arginine
methyltransferases.®® Protein arginine methyltransferases (PRMTs) catalyze the sequential
transfer of methyl groups from S-adenosyl-L-methionine to the guanidino nitrogen atoms
of certain arginine residues. The guanidino nitrogens normally favor hydrogen bonding
and Van der Waal contacts which is disrupted in the presence of sterically hindering
methyl group(s). The arginine methylation of GAR motifs in RNA binding proteins has
been shown to alter protein-protein interactions, protein-RNA interactions and protein
localization.®® STAR proteins Sam68, SLM1, SLM2, GRP33, QKI5 and the original KH
domain containing protein, hnRNPK, are methylated in vivo.® In Samé68, RG sequences
flank proline-rich motifs PO (RQPPLPHRGGGGSRG), P3 (RGRGAA PPPPPVPRGRG)
and P4(RGVPPPPTVRG).In vivo assays confirm that these arginines are indeed methylated
by PRMT1. Moreover, mass spectrometry revealed that Sam68 Arg 45 and Arg 52 within
proline motif PO region and Arg 304 within the P3 region are dimethylated, whereas Arg
310, 315, 320 and 325 present in P4 undergo monomethylation.®® Overall, at least half of
the 14 arginine residues within the RG-rich cluster are methylated.”® Methylation of Sam68
is markedly reduced in PRMT1-~ ES cells, confirming that PRMT1 is the major enzyme
catalyzing the methylation of Sam68 in vivo.® Hypomethylated Sam68 is mislocalized®
and displays defective protein-protein interactions.® Thus, Sam68 arginine methylation
negatively regulates SH3, but not WW domain interactions. The prevention of interaction
with cytoplasmic SH3 domain-containing proteins suggests a mechanism by which the
cytoplasmic functions of Sam68 are switched to predominantly nuclear functions .
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STAR PROTEIN MOUSE MODELS

Yeast, C. elegans, Drosophila, Xenopus and mouse models are powerful genetic
models to assess the physiological role of genes. The roles of Sam68 and QKI established
from mouse models are discussed.

Sam68 NULL MICE

Sam68-deficient mice were generated by the targeted disruption of sam68 exons 4 and
5 encoding most of the KH domain.” Heterozygous Sam68+- mice are normal. At birth,
few Sam68~~ pups survived the first day and the reason for this is unknown. However,
the few Sam68-"- mice that did survive the perinatal period lived a normal lifespan with
no major illnesses or visible defects. However, Sam68-- males are infertile and the
Sam68--females have difficulty caring for their young.>>’""? Moreover, the Sam68~-mice
weigh significantly less than their heterozygous and wild-type littermates.” A battery of
behavior tests were performed and the Sam68-- mice exhibited behavior abnormalities
with motor coordination defects, as assessed by beam walking and rotorod performance.”
Similar to Quaking mice, these findings support a role for Sam68 in the central nervous
system (CNS) in the regulation of motor coordination.

The Src tyrosine kinase is known to play a role in bone metabolism’” and since
Sam68 is a substrate of Src, Sam68 deficient mice were assessed for skeletal abnormalities.
Mammals are known to lose bone mass with age and 12 month-old wild-type mice have
a decrease of ~75% in bone mass compared with younger 4 month-old wild-type mice.”
However, the bone mass of Sam68-~ mice was preserved with age. In fact, the bone
volume of the 12 month-old Sam68-- mice was virtually indistinguishable from that of
4 month-old wild-type or Sam68~- mice suggesting that old Sam68-- mice maintain a
“young” bone phenotype. This was confirmed histologically. It was also noted that bone
marrow stromal cells derived from Sam68-- mice have a differentiation advantage for
the osteogenic pathway compared to their wild-type counterparts. > As bone marrow
cells have the potential to differentiate into the osteogenic or adipogenic pathway, it
was shown that the mouse embryo fibroblasts (MEFs) derived from Sam68-- mice were
compromised in their ability to differentiate into adipocytes.” Furthermore, in vivo it
was observed that sections of bones from 12 month-old Sam68-- mice had fewer bone
marrow adipocytes compared with their age-matched wild-type littermate controls. These
findings identify Sam68 as a regulator of bone marrow mesenchymal stem cell fate.” A
role for Sam68 in mesenchymal stem cells is consistent with the observation that Sam68
was identified as a key protein in the differentiation of neural stem cells using a gene
trap strategy.®

A striking phenotype observed in Sam68 deficient mice is the fact that the males
are infertile’! and contain severe defects in spermatogenesis.*® The males generate
few spermatozoa and the ones that are generated exhibit dramatic motility defects and
were unable to fertilize eggs. Microarray analysis revealed over 400 genes that are
differentially expressed in testis between wild-type and Sam68 deficient mice.* Sam68
is required for polysomal recruitment of specific mRNAs during spermatogenesis,
demonstrating a physiological role for Sam68 in mRNA translation®>*' (see Ehrmann
and Elliott chapter for details). A similar function in depolarized neurons has been
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proposed.*®*® A role in escorting and ‘marking’ viral RNAs out of the cytoplasm was
also suggested for Sam68.7

Sam68 deficient mice were bred with the mammary-targeted polyoma middle T
antigen oncogene (MMTV-PyMT) transgenic mice”’ to examine whether the loss of
Sam68 affected mammary tumor onset. Interestingly, Sam68 haploinsufficiency impedes
mammary tumor onset in vivo driven by the potent PyMT oncogene.” The effect was
cell-autonomous as the Sam68 knockdown in PyMT-transformed cell lines also delayed
tumorigenesis and metastasis formation in nude mice. Interestingly, tumor extracts
isolated from PyMT/Sam68+*- mice compared with PyMT/Sam68++ mice contained
activated Src kinases suggesting that Sam68 may negatively regulate Src kinase activity.”
It was also observed that Sam68 deficient MEFs exhibited sustained Src activity after
cell attachment resulting in the constitutive tyrosine phosphorylation and activation of
p190RhoGAP.!"" As a result, Sam68-deficient MEFs exhibited cell migration defects,
as a consequence of deregulated RhoA and Racl activity.!' By total internal reflection
fluorescence (TIRF) microscopy, Sam68 was localized near the plasma membrane after
cell attachment coinciding with its tyrosine phosphorylation at its C-terminal tyrosines
and association with Csk. These findings showed that Sam68 localizes near the plasma
membrane during cell attachment and serves as an adaptor protein to modulate Src
activity for proper signaling to small Rho GTPases.!" These findings demonstrate that
Sam68 is a modulator of Src tyrosine kinase activity in vivo and a signaling requirement
for tumorigenesis and metastasis.

QKI MOUSE MODELS

The homozygous quaking viable (Qk") mice, initially described in 1964, display
vigorous tremors in their hind limbs starting around postnatal day 10 (P10) and develop
tonic clonic seizures as adults (for review see ref. 78). Qk” mice have pronounced
dysmyelination in the CNS and peripheral nervous systems (PNS). This dysmyelination
phenotype results from reduced numbers of mature oligodendrocytes in the CNS, defects
in Schwann cell maturation in the PNS, reduced number of myelin lamellae produced
and the failure of the resulting myelin to properly compact.”®#° The myelination defects
were studied extensively for years, but the molecular defect was only uncovered in
1996.8' The QKT gene is located on human chromosome 6q26-q27 and encodes three
major isoforms, QKI5, QKI6 and QKI7.3! These isoforms are alternatively spliced at the
C-terminus and the QKIS protein harbors a nuclear localization signal that is absent in
QKI6 and QKI7.#%2 The genetic defect of the Qk” is a IMB deletion encompassing part of
the Qk promoter®' preventing the expression of QKI6 and QKI7 isoforms in myelinating
cells, but not astrocytes.®* The proper expression of QKI6 and QKI7 has been shown to
contribute to the many observed defects in RNA metabolism in oligodendrocytes and
Schwann cells.™

A Ok null allele has been generated by homologous recombination in mice and
the embryos die at E9.5-10.5 with defects in blood vessel and neural tube formation.
Four Qk mutant alleles were generated with N-ethyl-N-nitrosourea (ENU) and these
also exhibit embryonic lethality consistent with these mutants resulting in the complete
loss-of-function of QKI.¥#¢ There exists a viable ENU induced viable Ok allele (Qk*)
that displays a phenotype similar to Qk" mice but much more severe.’” The reason for
the viability of the Ok" andQk® mice is likely the result of the maintenance of the QKIS
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isoform during embryogenesis (see Justice and Hirschi chapter for more detail). A QKI6
expressing transgenic allele under the control of the proteolipid protein (PLP) promoter
expresses the isoform in a glial-specific manner and is able to rescue the dysmyelination
phenotype of the Ok mice.™®

In mice, the peak expression of the QKI6 and QKI7 isoforms coincides with
myelination at postnatal day 14.%! The observed defects in oligodendrocyte and Schwann
cell differentiation and myelination of Qk" mice is caused by improper QKI6 and
QKI7 expression.®? Indeed, the over-expression of QKI6 and QKI7 promote glial
cell differentiation, at least in part, through the stabilization of the p27¥*! mRNA.%
It is known that cellular differentiation initially requires cell cycle arrest followed by
changes in gene expression. p27%®! is a cyclin-dependent kinase (CDK) inhibitor that
binds to and prevents the activation of cyclin E-CDK2 or cyclin D-CDK4 complexes
and thus controls the cell cycle progression at G, phase.’’ p27X"! accumulation is
required for oligodendrocyte precursor differentiation.”*®> When QKI16/7 are expressed,
the p27¥"" mRNA and subsequently the protein accumulates causing cell cycle
arrest and then differentiation.®*° In addition to regulating glial cell fate, the ectopic
expression of QKI6 and QKI7 are able to direct the progenitor cells of the ventricular
zone to migrate to areas of high myelination, such as the corpus callosum and become
oligodendrocytes.® In vivo, progenitors expressing QKI6 and QKI7 also developed
into astrocytes, migrated and localized to the border of the corpus callosum into the
rostral marginal zone.*

The QKI proteins are sequence-specific RNA binding proteins. The QKI recognition
element (QRE) was defined as direct repeats of the hexanucleotide 5’-ACUAAY -3’ and
a half-site 5’-UAAY-3" spaced by 1 to 20 nucleotides.?**? A bioinformatics analysis
identified 1433 putative mRNA targets involved in development, cell adhesion and cell
differentiation.”” The mRNAs that contain a QRE include p27%"!| Krox2(0 and myelin
basic proteins (MBP). The MBP mRNA stability and nuclear retention were observed
in Ok’ mice resulting in severe hypomyelination.”*?’

STAR PROTEINS AND HUMAN DISEASES

Since STAR proteins are key components in RNA metabolism, regulating the temporal,
spatial and functional dynamics of RNAs; altering their expression should have major
implications for human disorders. In this section, the current literature that links QKI,
Sam68 and SLM2 to complex human disorders is discussed.

OSTEOPOROSIS

A physiological role for RNA metabolism in human bone metabolism is implied
from the Samé68-deficient mice.”! Aberrant alternative splicing of collagen, Type I,
alpha 1 (COLA1) and CD44 antigen has been linked with osteoporosis.”®* Thus,
strategies that can inhibit Sam68 RNA binding should prevent age-related bone loss.
Furthermore, altered Sam68 expression, polymorphisms, or mutations within the human
sam68 gene may influence development of bone marrow adipocyte accumulation and
osteoporosis.
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SCHIZOPHRENIA

It was observed that myelin and oligodendrocyte defects may contribute to the
development of schizophrenia.'® A decreased oligodendrocyte density in the white matter
of schizophrenia patients and other alterations in schizophrenia brains resemble those
observedinthe Qk'mice.'"! A schizophrenia susceptibility locus was mapped to chromosome
6425-6q26, the location of the QKT gene.'*'"'% However, seven genetic markers around the
QKT promoter region were not associated with schizophrenia in 288 individuals diagnosed
with schizophrenia in a Chinese study.'® Several studies have examined the expression
of various transcripts in areas of the brain affected by schizophrenia such as the anterior
cingulated cortex and the superior temporal cortex. Several myelin-related genes were
decreased in the white matter of schizophrenia patients including the mRNA encoding
myelin-associated glycoprotein (MAG),!**!% proteolipid protein 1 (PLPI) and QKI.'%"-1%
Many of these transcripts are identified targets of the QKI proteins and the differences
observed can be explained by variation in the relative mRNA levels of QK/. These findings
suggest more studies are required to firmly link QKI to the pathology of schizophrenia.

ATAXIA

There currently exists no genetic association between STAR domain proteins and
ataxia in humans. Studies using Qk” and Sam68 deficient mice do provide evidence,
however, linking STAR proteins to ataxia and cerebellar defects. The QKI isoforms link
ataxia with the Qk" and Qk* mice and show Purkinje cell axonal swelling, indicative of
neuronal degeneration.?”'% Moreover, a protein-protein interaction map was generated
for genes involved in ataxia and, interestingly, many RNA binding proteins including
QKI were part of this interactome.'”’

Sam68 is highly expressed in the brain especially the cerebellum. Sam68-null
mice exhibit motor coordination defects, as assessed by beam walking and rotorod
performance.”” The Sam68-null mice exhibit more hind paw faults in beam walking
tests and fell from the rotating drum at lower speeds when compared to their wild-type
controls. These findings support a role for Sam68 in the CNS in the regulation of motor
coordination.” Actually several splicing and RNA gain-of-function defects have been
linked to ataxia in humans.?*!1

CANCER

RNA binding proteins are known regulators of key events in RNA metabolism
influencing the cell cycle, proliferation and cellular migration.”* Therefore, it is not
surprising that RNA binding proteins have intimate links with cellular transformation,
cancer initiation and progression. The fact that Sam68 is a known substrate of Src family
kinases and BRK,!® suggests that the tyrosine phosphorylation of Sam68 may be required
for the maintenance of tumors. Interestingly, the BRK tyrosine kinase is not expressed in
normal mammary gland, but is overexpressed in over 60% of primary breast tumors.!1%!!
Actually using 426 archival breast cancer samples, the BRK expression was of significant
prognostic value and correlated with the expression of PTEN, MAPK, p-MAPK and
Sam68.112113 Consistent with these findings, Sam68 is tyrosine phosphorylated in many
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human breast tumors and cell lines'>% and this regulates its complex composition and
function.?’ The elevated expression of Sam68 has been observed in 35% of prostate cancers
examined in a small cohort and its expression was necessary to maintain cell survival
of the LNCaP prostate cell line.'"* Sam68 mRNA and protein expression was elevated
in 241 renal cell carcinoma cell lines and tissues examined. The elevated expression
and the cytoplasmic localization of Sam68 correlated with poor prognosis in renal cell
carcinomas.'’® These data suggest that strategies that neutralize Sam68 function in vivo
should be of therapeutic value for cancer treatment. This statement is reinforced by data
in Sam68 deficient mice showing that PyMT-driven mammary tumorigenesis is delayed
compared to wild type mice.”

Gliomas represent > 70% of all brain tumors and the overall prognosis of treatment
success is poor with a mean survival of 12.2 to 18.2 months after diagnosis and a 5-year
survival rate that ranges 42 to 92%.''° Glioblastoma multiforme (GBM) often harbor
alterations affecting the p53 and retinoblastoma pathways, amplification of the epidermal
growth factor receptor, deletion of PTEN and deletion of chromosome 6q26-27."'¢ The
QKI gene spans over 159 kb on human chromosome 6p26 and, not surprisingly, it has
been identified to be deleted in several GBMs. ! In addition, alterations in QKI isoform
expression is observed in ~30% (6/20) of human GBM, whereas QKI isoform expression
was unchanged in all of the Schwannomas and Meningiomas tested.'? As the majority of
GBMs also show alterations in genes such as p53 and retinoblastoma,!!® amplifications
and/or rearrangements of EGFR, or loss of wild-type PTEN; it remains to be determined
if QK1 alteration leads to the initiation or the progression of GBM.

CONCLUSION

The Sam68 deficient mice and Qk” mice have provided important information about
the physiological role of STAR proteins. The challenge ahead will be to define the
regulation of STAR proteins, their RNA targets and the molecular function(s) of individual
isoforms. In addition, the knowledge of the composition of STAR RNP complexes and
the development of animal models that closely resembles human diseases will facilitate
the development of novel therapeutics for the associated particular disease.

ACKNOWLEDGEMENTS

The work on Sam68 was supported by a grant from the Canadian Institutes of Health
Research (CIHR) MT-13377 and work on QKI was supported by a grant from the Multiple
Sclerosis Society of Canada.

REFERENCES

1. Di Fruscio M, Chen T, Richard S. Two novel Sam68-like mammalian proteins SLM-1 and SLM-2: SLM-1 is
a Src substrate during mitosis. Proc Natl Acad Sci USA 1999; 96:2710-2715.

2. Venables JP, Vernet C, Chew SL et al. T-STAR/ETOILE: a novel relative of Sam68 that interacts with an
RNA-binding protein implicated in spermatogenesis. Hum Mol Genetics 1999; 8:959-969.

3. Wong G, Muller O, Clark R et al. Molecular cloning and nucleic acid binding properties of the GAP-associated
tyrosine phosphoprotein p62. Cell 1992; 69(3):551-558.



154 POST-TRANSCRIPTIONAL REGULATION BY STAR PROTEINS

4. Vogel LB, Fujita DJ. p70 phosphorylation and binding to p56lck is an early event in interleukin-2 induced
onset of cell cycle progression in T-lymphocytes. J Biol Chem 1995; 270:2506-2511.

5. Fumagalli S, Totty NF, Hsuan JJ et al. A target for Src in mitosis. Nature 1994; 368:871-874.

6. Taylor SJ, Shalloway D. An RNA-binding protein associated with src through its SH2 and SH3 domains in
mitosis. Nature 1994; 368:867-871.

7. Richard S, Yu D, Blumer KJ et al. Association of p62, a multi-functional SH2- and SH3-binding protein, with
src-family tyrosine kinases, Grb2 and phospholipase Cy-1. Mol Cell Biol 1995; 15:186-197.

8. Weng A, Thomas SM, Rickles RJ et al. Identification of Src, Fyn and Lyn SH3-binding proteins: Implications
for a function of SH3 domains. Mol Cell Biol 1994; 14:4509-4521.

9. Lock P, Fumagalli S, Polakis P et al. The human p62 cDNA encodes Sam68 and not the RasGAP-associated
p62 protein. Cell 1996; 84(1):23-24.

10. Lukong KE, Richard S. Sam68, the KH domain-containing superSTAR. Biochim Biophys Acta 2003;
1653:73-86.

11. Huot ME, Brown CM, Lamarche-Vane N et al. An adaptor role for cytoplasmic Sam68 in modulating Src
activity during cell polarization. Mol Cell Biol 2009; 29:1933-1943.

12. Lukong KE, Larocque D, Tyner AL et al. Tyrosine phosphorylation of sam68 by breast tumor kinase regulates
intranuclear localization and cell cycle progression. J Biol Chem 2005; 280:38639-38647.

13. Paronetto MP, Achsel T, Massiello A etal. The RNA-binding protein Sam68 modulates the alternative splicing
of Bcl-x. J Cell Biol 2007; 176:929-939.

14. Sanchez-Margalet V, Gonzalez-Yanes C, Najib S et al. The expression of Sam68, a protein involved in insulin
signal transduction, is enhanced by insulin stimulation. Cell Mol Life Sci 2003; 60(4):751-758.

15. Lang V, Mege D, Semichon M et al. A dual participation of ZAP-70 and scr protein tyrosine kinases is
required for TCR-induced tyrosine phosphorylation of Sam68 in Jurkat T-cells. Eur J Immunol 1997;
27(12):3360-3367.

16. Jabado N, Jauliac S, Pallier A et al. Sam68 association with p120GAP in CD4+ T-cells is dependent on CD4
molecule expression. J Immunol 1998; 161:2798-2803.

17.Martin-Romero C, Sanchez-Margalet V. Human leptin activates PI3K and MAPK pathways in human peripheral
blood mononuclear cells: possible role of Sam68. Cell Immunol 2001; 212:83-91.

18. Medema JP, Pronk GJ, de Vries-Smits AM et al. Insulin-induced tyrosine phosphorylation of a M(r) 70,000
protein revealed by association with the Src homology 2 (SH2) and SH3 domains of p120GAP and Grb2.
Cell Growth Differ 1996; 7(4):543-550.

19. Sanchez-Margalet V, Najib S. Sam68 is a docking protein linking GAP and PI3K in insulin receptor signaling.
Mol Cell Endocrinol 2001; 183(1-2):113-121.

20. Di Fruscio M, Chen T, Bonyadi S et al. The identification of two Drosophila K homology domain proteins.
Kepl and SAM are members of the Sam68 family of GSG domain proteins. J Biol Chem. Nov 13 1998;
273(46):30122-30130.

21.Chen T, Damaj BB, Herrera C etal. Self-association of the single-KH-domain family members Sam68, GRP33,
GLD-1 and Qk1: role of the KH domain. Mol Cell Biol 1997; 17(10):5707-5718.

22. Glisovic T, Bachorik JL, Yong J et al. RNA-binding proteins and post-transcriptional gene regulation. FEBS
Lett 2008; 582:1977-1986.

23. Lukong KE, Chang KW, Khandjian EW et al. RNA-binding proteins in human genetic disease. Trends Genet
2008; 24:416-425.

24. Valverde R, Edwards L, Regan L. Structure and function of KH domains. FEBS J 2008; 275:2712-2726.

25. Garcia-Mayoral MF, Diaz-Moreno I, Hollingworth D et al. The sequence selectivity of KSRP explains its
flexibility in the recognition of the RNA targets. Nucleic Acids Res 2008; 36:5290-5296.

26. Chen T, Richard S. Structure-function analysis of Qk1: a lethal point mutation in mouse quaking prevents
homodimerization. Mol Cell Biol 1998; 18(8):4863-4871.

27. Lin Q, Taylor SJ, Shalloway D. Specificity and determinants of Sam68 RNA binding. Implications for the
biological function of K homology domains. J Biol Chem 1997; 272(43):27274-27280.

28. Galarneau A, Richard S. The STAR RNA binding proteins GLD-1, QKI, SAM68 and SLM-2 bind bipartite
RNA motifs. BMC Mol Biol 2009; 10:47.

29. Galarneau A, Richard S. Target RNA motif and target mRNAs of the Quaking STAR protein. Nat Struct
Mol Biol 2005; 12:691-698.

30. Arning S, Gruter P, Bilbe G et al. Mammalian splicing factor SF1 is encoded by variant cDNAs and binds
to RNA. RNA 1996; 2:794-810.

31. Berglund JA, Chua K, Abovich N et al. The splicing factor BBP interacts specifically with the pre-mRNA
branch-point sequence UACUAAC. Cell 1997; 89:781-787.

32. Ryder SP, Frater L, A et al. RNA target specificity of the STAR/GSG domain post-transcriptional regulatory
protein GLD-1. Nat Struct Mol Biol 2004; 11:20-28.

33. Itoh M, Haga I, Li Q-H et al. Identification of cellular mRNA targets for RNA-binding protein Sam68. Nucl.
Acids Res 2002; 30:5452-5464.



STAR RNA BINDING PROTEINS IN HUMAN DISEASES 155

34. Tremblay GA, Richard S. mRNAs associated with the Sam68 RNA binding protein. RNA Biology 2006;
3:1-4.

35. Paronetto MP, Messina V, Bianchi E et al. Sam68 regulates translation of target mRNAs in male germ cells,
necessary for mouse spermatogenesis. J Cell Biol 2009; 185:235-249.

36. Grange J, Belly A, Dupas S et al. Specific interaction between Sam68 and neuronal mRNAs: Implication for
the activity-dependent biosynthesis of elongation factor eEF1A. J Neurosci Res 2009; 87:12-25.

37. Matter N, Herrlich P, Konig H. Signal-dependent regulation of splicing via phosphorylation of Sam68. Nature
2002; 420:691-695.

38. Batsche E, Yaniv M, Muchardt C. The human SWI/SNF subunit Brm is a regulator of alternative splicing.
Nat Struct Mol Biol 2006; 13:22-29.

39. Cheng C, Sharp PA. Regulation of CD44 alternative splicing by SRm160 and its potential role in tumor cell
invasion. Mol Cell Biol 2006; 26(1):362-370.

40.Rajan P, Gaughan L, Dalgliesh C etal. The RNA-binding and adaptor protein Sam68 modulates signal-dependent
splicing and transcriptional activity of the androgen receptor. J Pathol 2008; 215:67-77.

41. Maroni P, Citterio L, Piccoletti R et al. Sam68 and ERKSs regulate leptin-induced expression of OB-Rb mRNA
in C2C12 myotubes. Mol Cell Endocrinol 2009; 309:26-31.

42. Chawla G, Lin CH, Han A et al. Sam68 regulates a set of alternatively spliced exons during neurogenesis.
Mol Cell Biol 2008; 29:201-213.

43.Moritz S, Lehmann S, Faissner A et al. An induction gene trap screen in neural stem cells reveals an instructive
function of the niche and identifies the splicing regulator sam68 as a tenascin-C-regulated target gene. Stem
Cells 2008; 26:2321-2331.

44. WuJ, Zhou L, Tonissen K et al. The quaking I-5 (QKI-5) has a novel nuclear localization signal and shuttles
between the nucleus and the cytoplasm. J Biol Chem 1999; 274:29202-29210.

45. Chen T, Boisvert FM, Bazett-Jones DP et al. A role for the GSG domain in localizing Sam68 to novel nuclear
structures in cancer cell lines. Mol Biol Cell 1999; 10(9):3015-3033.

46. Spector DL. Nuclear domains. J Cell Sci 2001; 114:2891-2893.

47. Huot ME, Vogel G, Richard S. Identification of a Sam68 ribonucleoprotein complex regulated by epidermal
growth factor. J Biol Chem 2009; [Epub ahead of print].

48. Hartmann AM, Nayler O, Schwaiger FW et al. The interaction and colocalization of Sam68 with the
splicing-associated factor YT521-B in nuclear dots is regulated by the Src family kinase p59fyn. Mol Biol
Cell 1999; 10:3909-3926.

49. Denegri M, Chiodi I, Corioni M et al. Stress-induced nuclear bodies are sites of accumulation of pre-mRNA
processing factors. Mol Biol Cell 2001; 12:3502-3514.

50. Grange J, Boyer V, Fabian-Fine R et al. Somatodendritic localization and mRNA association of the splicing
regulatory protein Sam68 in the hippocampus and cortex. J Neurosci Res 2004; 75:654-666.

51. Paronetto MP, Zalfa F, Botti F et al. The nuclear RNA-binding protein Sam68 translocates to the cytoplasm
and associates with the polysomes in mouse spermatocytes. Mol Biol Cell 2006; 17:14-24.

52.de Hoog CL, Foster LJ, Mann M. RNA and RNA binding proteins participate in early stages of cell spreading
through spreading initiation centers. Cell 2004; 117:649-662.

53. Mili S, Moissoglu K, Macara IG. Genome-wide screen reveals APC-associated RNAs enriched in cell
protrusions. Nature 2008; 453:115-119.

54. McBride AE, Schlegel A, Kirkegaard K. Human protein Sam68 relocalization and interaction with poliovirus
RNA polymerase in infected cells. Proc Natl Acad Sci USA 1996; 93:2296-2301.

55. Gilbert C, Barabe F, Rollet-Labelle E et al. Evidence for arole for SAM68 in the responses of human neutrophils
to ligation of CD32 and to monosodium urate crystals. J Immunol 2001; 166:4664-4671.

56. Henao-Mejia J, Liu Y, Park IW et al. Suppression of HIV-1 Nef translation by Sam68 mutant-induced stress
granules and nef mRNA sequestration. Mol Cell 2009; 33:87-96.

57. Soros V, Valderamma H, Richard S et al. Inhibition of HIV-1 Rev function by a dominant negative mutant of
Sam68 through sequestration of unspliced RNA at perinuclear bundles. J Virology 2001; 75:8203-8215.

58. Reddy TR, Xu W, Mau JK et al. Inhibition of HIV replication by dominant negative mutants of Sam68, a
functional homolog of HIV-1 Rev. Nat Med 1999; 5(6):635-642.

59. Suhasini M, Reddy TR. Cellular proteins and HIV-1 Rev function. Curr HIV Res 2009; 7:91-100.

60. Cochrane A. Inhibition of HIV-1 gene expression by Sam68 Delta C: multiple targets butacommon mechanism?
Retrovirology 2009; 6:22.

61. Lazer G, Pe’er L, Schapira V et al. The association of Sam68 with Vavl contributes to tumorigenesis. Cell
Signal 2007; 19:2479-2486.

62. Bedford MT, Frankel A, Yaffe MB et al. Arginine methylation inhibits the binding of proline-rich ligands to
Src homology 3, but not WW, domains. J Biol Chem 2000; 275:16030-16036.

63. Najib S, Martin-Romero C, Gonzalez-Yanes C et al. Role of Sam68 as an adaptor protein in signal transduction.
Cell Mol Life Sci 2005; 62(1):36-43.



156 POST-TRANSCRIPTIONAL REGULATION BY STAR PROTEINS

64. Cheung N, Chan LC, Thompson A et al. Protein arginine-methyltransferase-dependent oncogenesis. Nat Cell
Biol 2007; 9:1208-1215.

65. Babic I, Jakymiw A, Fujita DJ. The RNA binding protein Sam68 is acetylated in tumor cell lines and its
acetylation correlates with enhanced RNA binding activity. Oncogene 2004; 23:3781-3789.

66. Babic I, Cherry E, Fujita DJ. SUMO modification of Sam68 enhances its ability to repress cyclin D1 expression
and inhibits its ability to induce apoptosis. Oncogene 2006; 25:4955-4964.

67. Darnell JC, Jensen KB, Jin P et al. Fragile X mental retardation protein targets G quartet mRNAs important
for neuronal function. Cell 2001; 107:489-499.

68. Bedford MT, Richard S. Arginine methylation an emerging regulator of protein function. Mol Cell 2005;
18:263-272.

69. Coté J, Boisvert FM, Boulanger MC et al. Sam68 RNA binding protein is an in vivo substrate for protein
arginine N-methyltransferase 1. Mol Biol Cell 2003; 14(1):274-287.

70. Rappsilber J, Friesen WJ, Paushkin S et al. Detection of Arginine Dimethylated Peptides by Parallel Precursor

Ion Scanning Mass Spectrometry in Positive Ion Mode. Anal Chem 2003; 75(13):3107-3114.
. Richard S, Torabi N, Franco GV et al. Ablation of the Sam68 RNA binding protein protects mice from
age-related bone loss. 2005; 1:¢74.

72. Richard S, Vogel G, Huot ME et al. Sam68 haploinsufficiency delays onset of mammary tumorigenesis and
metastasis. Oncogene 2008; 27:548-556.

73. Lukong KE, Richard S. Motor coordination defects in mice deficient for the Sam68 RNA-binding protein.
Behav Brain Res 2008; 189:357-363.

74. Soriano P, Montgomery C, Geske R et al. Targeted Disruption of the c-src Proto-Oncogene Leads to
Osteopetrosis in Mice. Cell 1991; 64:693-702.

75. Miyazaki T, Tanaka S, Sanjay A et al. The role of c-Src kinase in the regulation of osteoclast function. Mod
Rheumatol 2006; 16:68-74.

76. Coyle JH, Guzik BW, Bor YC et al. Sam68 enhances the cytoplasmic utilization of intron-containing RNA
and is functionally regulated by the nuclear kinase Sik/BRK. Mol. Cell Biol 2003; 23:92-103.

77. Andrechek ER, Muller WJ. Tyrosine kinase signalling in breast cancer: tyrosine kinase-mediated signal
transduction in transgenic mouse models of human breast cancer. Breast Cancer Res 2000; 2:211-216.

78. Chenard CA, Richard S. New implications for the QUAKING RNA binding protein in human disease. J
Neurosci Res 2008; 86:233-242.

79. Hogan EL, Greenfield S. Animal models of genetic disorders of myelin. Myelin 1984:489-534.

80. Hardy RJ. Molecular defects of the dysmyelinating mutant quaking. J Neurosci Res 1998; 51:417-422.

81. Ebersole TA, Chen Q, Justice MJ et al. The quaking gene unites signal transduction and RNA binding in the
developing nervous system. Nature Genetics 1996; 12:260-265.

82. Pilotte J, Larocque D, Richard S. Nuclear translocation controlled by alternatively spliced isoforms inactivates
the QUAKING apoptotic inducer. Genes & Dev 2001; 15:845-858.

83. Hardy RJ, Loushin CL, Friedrich Jr. VL et al. Neural cell type-specific expression of QKI proteins is altered
in the quaking viable mutant mice. J Neuroscience 1996; 16:7941-7949.

84. Li Z, Takakura N, Oike Y et al. Defective smooth muscle development in gklI-deficient mice. Dev Growth
Differ 2003; 45(5-6):449-462.

85. Justice MJ, Bode VC. Three ENU-induced alleles of the murine quaking locus are recessive embryonic lethal
mutations. Genet Res 1988; 51:95-102.

86. Cox RD, Hugill A, Shedlovsky A et al. Contrasting effects of ENU induced embryonic lethal mutations of
the quaking gene. Genomics 1999; 57:333-341.

87. Noveroske JK, Hardy R, Dapper JD et al. A new ENU-induced allele of mouse quaking causes severe CNS
dysmyelination. Mamm Genome 2005; 16:672-682.

88.Zhao L, Tian D, Xia M et al. Rescuing gkV dysmyelination by a single isoform of the selective RNA-binding
protein QKI. J Neurosci 2006; 26:11278-11286.

89. Larocque D, Galarneau A, Liu HN et al. Protection of the p27KIP1 mRNA by quaking RNA binding proteins
promotes oligodendrocyte differentiation. Nat Neurosci 2005; 8:27-33.

90. Larocque D, Fragoso G, Huang J et al. The QKI-6 and QKI-7 RNA binding proteins block proliferation and
promote Schwann cell myelination. PLoS ONE 2009; 4:e5867.

91. Besson A, Dowdy SF, Roberts JM. CDK inhibitors: cell cycle regulators and beyond. Dev Cell 2008;
14:159-169.

92. Friessen AJ, Miskimins WK, Miskimins R. Cyclin-dependent kinase inhibitor p27kip1 is expressed at high
levels in cells that express a myelinating phenotype. J Neurosci Res 1997; 50(3):373-382.

93.Dyer MA, Cepko CL. p27Kip1 and p57Kip2 regulate proliferation in distinct retinal progenitor cell populations.
J Neurosci 2001; 21(12):4259-4271.

94. Durand B, Gao FB, Raff M. Accumulation of the cyclin-dependent kinase inhibitor p27/Kip1 and the timing
of oligodendrocyte differentiation. EMBO J 1997; 16(2):306-317.

7

—_



STAR RNA BINDING PROTEINS IN HUMAN DISEASES 157

95. Casaccia-Bonnefil P, Hardy RJ, Teng KK et al. Loss of p27Kip! function results in increased proliferative
capacity of oligodendrocyte progenitors but unaltered timing of differentiation. Development 1999;
126(18):4027-4037.

96. LiZ, Zhang Y, Li D et al. Destabilization and mislocalization of the myelin basic protein mRNAs in quaking
dysmyelination lacking the Qk1 RNA-binding proteins. J Neurosci 2000; 20:4944-4953.

97. Larocque D, Pilotte J, Chen T et al. Nuclear retention of MBP mRNAs in the Quaking viable mice. Neuron
2002; 36:815-829.

98. Vidal C, Cachia A, Xuereb-Anastasi A. Effects of a synonymous variant in exon 9 of the CD44 gene on
pre-mRNA splicing in a family with osteoporosis. Bone 2009; 45:736-742.

99. Xia XY, Cui YX, Huang YF et al. A novel RNA-splicing mutation in COL1A1 gene causing osteogenesis
imperfecta type I in a Chinese family. Clin Chim Acta 2008; 398:148-151.

100. Stewart DG, Davis KL. Possible contributions of myelin and oligodendrocyte dysfunction to schizophrenia.
Int Rev Neurobiol 2004; 59:381-424.

101. Haroutunian V, Katsel P, Dracheva S et al. The human homolog of the QKI gene affected in the severe
dysmyelination “quaking” mouse phenotype: downregulated in multiple brain regions in schizophrenia.
Am J Psychiatry 2006; 163:1834-1837.

102. Aberg K, Saetre P, Jareborg N et al. Human QKI, a potential regulator of mRNA expression of human
oligodendrocyte-related genes involved in schizophrenia. Proc Natl Acad Sci USA 2006; 103:7482-7487.

103. Aberg K, Saetre P, Lindholm E et al. Human QKI, a new candidate gene for schizophrenia involved in
myelination. Am J Med Genet B Neuropsychiatr Genet 2006; 141B:84-90.

104. Huang K, Tang W, Xu Z etal. No association found between the promoter variations of QKI and schizophrenia
in the Chinese population. Prog Neuropsychopharmacol Biol Psychiatry 2009; 33:33-36.

105. McCullumsmith RE, Gupta D, Beneyto M et al. Expression of transcripts for myelination-related genes in
the anterior cingulate cortex in schizophrenia. Schizophr Res 2007; 90:15-27.

106. Suzuki K, Zagoren JC. Variations of Schmidt-Lanterman incisures in Quaking mouse. Brain Res 1976;
106(1):146-151.

107. Lim DA, Suarez-Farinas M, Naef F et al. In vivo transcriptional profile analysis reveals RNA splicing
and chromatin remodeling as prominent processes for adult neurogenesis. Mol Cell Neurosci 2006;
31(1):131-148.

108. Cooper TA, Wan L, Dreyfuss G. RNA and disease. Cell 2009; 136:777-793.

109. Derry JJ, Richard S, Carvajal HV et al. Sik (BRK) phosphorylates Sam68 in the nucleus and negatively
regulates its RNA binding activity. Mol Cell Biol 2000; 20:6114-6126.

110. Barker KT, Jackson LE, Crompton MR. BRK tyrosine kinase expression in a high proportion of human
breast carcinomas. Oncogene 1997; 15:799-805.

111. Serfas MS, Tyner AL. Brk, Srm, Frk and Src42A form a distinct family of intracellular Src-like tyrosine
kinases. Oncol Res 2003; 13:409-419.

112. Aubele M, Auer G, Walch AK et al. PTK (protein tyrosine kinase)-6 and HER2 and 4, but not HER1 and 3
predict long-term survival in breast carcinomas. Br J Cancer 2007; 96:801-807.

113. Aubele M, Walch AK, Ludyga N et al. Prognostic value of protein tyrosine kinase 6 (PTK6) for long-term
survival of breast cancer patients. Br J Cancer 2008; 99:1089-1095.

114. Busa R, Paronetto MP, Farini D et al. The RNA-binding protein Sam68 contributes to proliferation and
survival of human prostate cancer cells. Oncogene 2007; 26(30):4372-4382.

115. Zhang Z, Li J, Zheng H et al. Expression and Cytoplasmic Localization of SAM68 Is a Significant and
Independent Prognostic Marker for Renal Cell Carcinoma. Cancer Epidemiol Biomarkers Prev 2009;
[Epub ahead of print].

116. Sanai N, Berger MS. Glioma extent of resection and its impact on patient outcome. Neurosurgery 2008;
62:753-764.

117. Mulholland PJ, Fiegler H, Mazzanti C et al. Genomic profiling identifies discrete deletions associated with
translocations in glioblastoma multiforme. Cell Cycle 2006; 5:783-791.

118. Ichimura K, Mungall AJ, Fiegler H et al. Small regions of overlapping deletions on 6q26 in human astrocytic
tumours identified using chromosome 6 tile path array-CGH. Oncogene 2006; 25:1261-1271.

119. Yin D, Ogawa S, Kawamata N et al. High-resolution genomic copy number profiling of glioblastoma
multiforme by single nucleotide polymorphism DNA microarray. Mol Cancer Res 2009; 7:665-677.

120. Li ZZ, Kondo T, Murata T et al. Expression of Hgk encoding a KH RNA binding protein is altered in human
glioma. Jpn J Cancer Res 2002; 93(2):167-177.



INDEX

A

Alternative splicing 4, 6, 25,27, 28, 30,
37,41, 55, 56, 58, 62, 69, 77, 83, 85,
99, 102, 119, 124, 133, 135, 146, 151

Apoptosis 60, 61, 69, 76, 78, 86, 93,
100, 102, 103, 107, 109, 111, 115,
148

Arginine methylation 58, 60, 73, 74,
142, 148

ASD-2 1,2,94,095,106, 109, 119, 135

Ataxia 5,6, 142,152

B

Blood vessel 82, 84, 85, 89, 150

Brain development 26, 27, 31, 33

Branch point binding protein (BBP) 2,
43, 123-136, 145

Breast cancer 58, 61, 148, 152

C

Caenorhabditis elegans 1,2,6, 12,
13, 38-40, 85, 94, 106, 107, 109,
114-116, 119, 120, 123, 135, 143,
149
Cancer 8,26, 27,32, 57-59, 61, 64, 120,
142, 146-148, 152, 153
Cardiovascular development 82, 88, 89
CD44 56,59,77,78, 146, 151

Cell cycle 27-29, 32,59, 61, 100, 101,
151, 152

Cell differentiation 5, 6, 27, 28, 56, 85,
95,97, 99, 115, 146, 151

Cell growth 27,28, 82, 86

Cell signaling 25-27, 30, 33

CLIP 78,79

Commitment complex 124, 127, 129,
131

Consensus sequence 21, 39, 41, 43, 54,
117, 145, 147

Conservation 3, 8,9, 39, 45, 48, 50, 74,
99

D

Drosophila 1-4, 6, 13-15, 17, 25, 38, 42,
88, 89, 93-95, 98-100, 102-104, 109,
116, 135, 143, 146, 149

Dynamics 21, 32,47, 57,59, 127, 146,
151

E

Embryo 4,5, 26, 62, 74, 82-86, 88, 89,
94,98-101, 103, 109, 111, 112, 115,
119, 149, 150

Embryogenesis 84, 93, 95, 107, 110,
113, 150

Exonic splicing enhancer (ESE) 77

Exonic splicing silencer (ESS) 77



160 POST-TRANSCRIPTIONAL REGULATION BY STAR PROTEINS

F
Fyn 3,4,28-33,57, 58, 62, 74

G

Gel mobility shift 39, 40, 42
Germ cell 56, 59, 67-71, 76, 78,
106-110, 113-115, 117-119
Germline defective (GLD-1) 1,2,
6, 38-43, 48-50, 54, 55, 85, 94,
106-111, 113-120, 135, 136, 145
Germline development 39, 106, 107,
109, 110, 114, 115, 118-120
Germline tumor 109, 110, 114, 117
Glia 4, 5,6, 10,26, 27,30, 32, 62, 89,
94,98, 99, 102, 103, 151
Glioma 32,153
GYF protein 133

H

Heart 5, 82, 83, 88, 89, 98, 99

Held out wing (HOW) 1, 4, 25, 38-43,
48-50, 63, 89, 93-104, 109, 110, 117,
135, 136

hnRNP G 78

|

Intron 6,7, 33,43, 63,77,79, 119, 123,
124, 126-128, 133, 134

Intronic splicing enhancer (ISE) 77

Intronic splicing silencer (ISS) 64, 77

K

Kepl 2,93, 100, 102, 103

KH domain 3,4, 8, 11-13, 20, 27, 39,
43-45, 47, 50, 55, 58, 61, 70, 73, 76,
78, 83, 84, 95, 123, 124, 142-146,
148, 149

KHDRBS1/2/3 1,2, 11,42, 54, 70-72,
79,93, 142, 143

Kinase 3,4, 6,8, 10,12, 14, 17, 25, 28,
30, 31, 33, 57-59, 63, 74, 76, 85, 95,
98, 100, 103, 112, 114, 126, 143,
146-148, 149-152

M

Maternal mRNA 107, 110, 116

Meiosis 67, 69, 70, 74,78, 117, 118,
147

Metastasis 16, 150

Methylation 54, 55, 58, 60-62, 73, 74,
142, 148

MicroRNA (miRNA) 1, 6-8, 10-21, 79,
116, 117,120

Mouse model 79, 149, 150

mRNA target 25-29, 33, 37,43, 61, 98,
106, 108, 110, 111, 113-117, 119,
120, 151

mRNA translation 113

MSL5 2,124,126, 130-132, 135

Mud2 123-132, 134-136

Muscle 1, 5,27, 84, 89,94-99, 107, 115,
119

Myelin 4, 6,7, 14, 15,26-33, 40, 41, 62,
83, 85, 98,99, 150-152

Myelination 4-6, 11, 27-32, 62, 82, 83,
85,150, 151

Myelin formation 26-28, 30, 31

N

NMR Spectroscopy 43

Nonsense mediated decay (NMD) 132,
133

Nucleus 3,4, 28, 29, 56, 58, 59, 62,
69, 70, 76, 99, 107, 124, 127, 128,
131-135

0]

Oligodendrocyte 6, 15,26, 29, 31, 41,
62, 83, 84,97-99, 150-152

Osteoporosis 142, 151

Outflow tract 82, 88, 89

P

P-body 133-135

Phosphorylation 3, 25-28, 30, 31, 33,
54-60, 62, 63, 74,77, 95, 103, 125,
126, 142, 143, 147, 148, 150, 152

Post-transcriptional regulation 8§, 38, 42,
56, 62, 69



INDEX

Pre-mRNA Splicing 5, 6, 67, 77,78,
128, 130, 131, 133, 135

Prespliceosome 127, 129, 130

Protamine 76

Protein interaction 54, 55,70, 75,77,
78,130, 136, 147, 148, 152

Protein-RNA interaction 38, 148

Purkinje cell 5-7, 152

Q

Quaking (QKI) 1-8, 10-12, 14, 20,
25-33, 38-44, 47-50, 55, 62, 63, 70,
82-89, 93-95, 97-99, 102, 109, 110,
119, 135, 136, 142, 143, 145-147,
149, 150-153

R

RBMX 78
Retinoic acid (RA) 59, 82, 85-87
RNA 1-6,11,12,17,20, 21, 25-30,
33, 37-50, 54-63, 69-71, 74, 77-79,
83, 85, 93, 94, 96, 99, 103, 106,
109, 110, 113, 114, 116-118, 120,
123-128, 130-136, 142, 143, 145-153
binding protein 4, 29, 37-39, 44, 54,
55,69-71, 77,78, 83,93, 103,
109, 110, 113, 117, 118, 120, 124,
127, 134, 136, 142, 143, 146-148,
151,152
export 124,132,133, 135, 136
metabolism 1, 3-5, 11, 21, 55, 56,
63, 113, 114, 142, 146, 147, 150,
151,152
processing 5, 12, 17, 55, 69, 70, 79,
123, 131, 133, 134, 136, 147
stability 135
Round spermatid 69, 70, 76

S

Saccharomyces cerevisiae 10,17, 123

SAFB1/2 78

Sam68 1-6, 11, 20, 25, 27, 28, 33,
38-42, 48-50, 54-63, 67, 68, 70, 71,
73-79, 93,102, 110, 119, 135, 136,
142-153

161

Sam68-like mammalian protein 1 (Slm1)
1,2,5, 11,70, 73, 74, 93, 146-148

Sam68-like mammalian protein 2 (SIm2)
1,2,5,11,42,70,71, 146-148, 151

Schizophrenia 7, 16, 26, 33, 152

SH2 3,54,57,58,61,73,74, 148

SH3 3.4, 16, 26, 27, 54, 55, 57, 58, 60,
61,73, 74, 142, 143, 147, 148

SIAH1 73,74

Signaling 3, 16, 25-33, 38, 42, 54, 55,
57-59, 61, 63, 70, 74, 78, 85-87, 89,
96,97, 103, 109, 114, 118, 133, 136,
143, 147, 150

Signal transduction 1, 3-5, 11, 21, 25,
38, 54, 55, 57, 62, 63, 70, 83, 85, 93,
103, 142

Signal transduction and activator
of RNA (STAR) 1-6, 8, 11, 20,
21,25,37-43, 47, 48, 50, 54-57,
59-64, 67, 70-79, 83, 85, 93-95, 99,
102-104, 106, 109, 110, 119, 120,
123, 135, 136, 142-145, 147-149,
151-153

Small nuclear ribonucleoprotein (snRNP)
124, 126-132

Small nuclear RNA (snRNA) 127, 129,
131, 132

Smy2 125, 133-136

Sperm 67-69, 76, 107

Spermatocyte 68, 69, 70, 74, 76-78, 147

Spermatogenesis 40, 67, 68-70, 76-79,
104, 106, 115, 145, 149

Spermatogonia 69, 78

Spliceosome cycle 123,127, 128

Splicing factor 1 (SF1) 1-6, 11, 38,
43-50, 63, 94, 110, 117, 119,
123-127, 130-132, 135, 136, 145

Src family protein tyrosine kinase 4

SRp30c 78, 147

STAR protein 2, 4-6, 8, 21, 25, 37-39,
41-43, 48, 50, 54-57, 59-64, 67,
70,71, 73, 74, 76-79, 93-95, 99,
102-104, 106, 110, 119, 142, 143,
145, 147-149, 151-153

Sub2 128,130, 135, 136

Systematic evolution of ligands through
exponential enrichment (SELEX)
39,42,49, 50, 78, 124, 145



162 POST-TRANSCRIPTIONAL REGULATION BY STAR PROTEINS

T

Teratoma 109, 114

Testis 67-70, 74, 76-79, 104, 145, 149

Thermodynamics 37

Tissue differentiation 95, 98

Tra2p 78

Transition protein 76

Translation 6, 28, 29, 30, 41, 55, 56, 76,
110, 113-120, 130, 133, 134, 136,
147

Translational control 64, 67, 76, 77

Translational repression 110, 113-118,
135

T-STAR 61, 67, 70-79

Tumorigenesis 5, 26, 27, 32, 33, 57,
150, 153

Type V myosin 133, 134

Tyrosine kinase 3, 4, 8, 10, 14, 25, 30,
31, 57-59, 63, 74, 85, 98, 143, 146,
147, 149, 150, 152

Tyrosine phosphorylation 26, 33, 55,
57-60, 62, 63, 74, 142, 143, 147,
148, 150, 152

U

3’UTR 7,9-19, 85, 134

U2AF 77,126,127

U2AF65 59, 63, 123-128, 130, 136
U2AF homology motif (UHM) 126, 127
UHM ligand motif (ULM) 125-127

A\

Vascular endothelium 87
Vasculogenesis 84, 85, 89
Visceral endoderm 5, 82, 84-89

Y

Yolk sac 82, 84, 85, 87, 88
YT521B 78



	Title Page
	Copyright Page
	DEDICATIONS
	PREFACE
	ABOUT THE EDITORS...
	ABOUT THE EDITORS...
	PARTICIPANTS
	Table of Contents
	CHAPTER 1. STAR TREK AN INTRODUCTION TO STAR FAMILY PROTEINS AND REVIEW OF QUAKING (QKI)
	History of the STAR Family
	The Domain Structure and Alternate Splicing of STAR Proteins
	STAR Proteins Have a Multitude of Developmental Functions
	Diverse Molecular Functions of STAR Proteins in RNA Processing
	Qk Expression in the Adult Nervous System and Disease
	Qk 3' UTR Conservation and a High Theoretical Number of miRNA Binding Sites
	Discussion and Conclusion
	Future Applications, New Research, Anticipated Developments
	REFERENCES

	CHAPTER 2. THE STAR FAMILY MEMBER QKI AND CELL SIGNALING
	Introduction
	QKI Is Essential for Embryonic and Postnatal Development
	Phosphorylation of QKI Isoforms by Src-PTKS Regulates the Cellular Fate of QKI mRNA Targets at Multiple Post-Transcriptional Steps
	Numerous Extracellular Signals Can Be Linked to the Src-PTK-QKI Pathway
	Potential Role of QKI And Src-PTK Signaling in Tumorigenesis and Cognitive Diseases
	Conclusion
	REFERENCES

	CHAPTER 3. INSIGHTS INTO THE STRUCTURAL BASIS OF RNA RECOGNITION BY STAR DOMAIN PROTEINS
	Introduction
	The STAR Domain
	RNA Recognition by STAR Proteins
	Recognition of RNA by GLD-1
	Recognition of RNA by QKI
	RNA Recognition by Other STAR Domain Proteins

	Star Domain Structure
	The NMR Structure of SF1 Bound to RNA
	Overview of the Structure
	Recognition of RNA by SF1
	The NMR Structure of the KH and QUA2 Regions of QKI
	Conservation of RNA Contact Residues between SF1 and STAR Proteins

	Conclusion
	Note Added in Proof
	REFERENCES

	CHAPTER 4. POST-TRANSLATIONAL REGULATION OF STAR PROTEINS AND EFFECTS ON THEIR BIOLOGICAL FUNCTIONS
	Introduction
	Sam68: A Brief Overview
	Regulation of Sam68 Functions by Tyrosine Phosphorylation
	Regulation of Sam68 Functions by Serine/Threonine Phosphorylation
	Regulation of Sam68 Functions by Methylation
	Regulation of Sam68 Functions by Acetylation and Sumoylation
	POST-TRANSLATIONAL MODIFICATIONS OF SLM-1 AND SLM-2
	POST-TRANSLATIONAL MODIFICATIONS OF THE QKI PROTEINS
	POST-TRANSLATIONAL MODIFICATIONS OF SF1
	Conclusion
	REFERENCES

	CHAPTER 5. EXPRESSION AND FUNCTIONS OF THE STAR PROTEINS Sam68 AND T-STAR
IN MAMMALIAN SPERMATOGENESIS
	Gene Expression Control in Spermatogenesis
	Expression of STAR Proteins during Spermatogenesis
	PROTEIN STRUCTURE AND MODIFICATIONS
	MOUSE KNOCKOUT MODELS DEFINE THE ROLES OF STAR PROTEINS
IN TESTIS FUNCTION
	The STAR Protein Sam68 Is Involved in Translational Control in Spermatogenesis
	STAR Proteins Might Play Roles in Pre-mRNA Splicing Control in Spermatogenesis
	Other Potential Roles of STAR Proteins in Spermatogenesis
	Conclusion
	REFERENCES

	CHAPTER 6. THE ROLE OF QUAKING IN MAMMALIAN EMBRYONIC DEVELOPMENT
	Introduction 
	Quaking Is Required for the Formation of Embryonic Vasculature
	QKI5 Regulates QKI6 and QKI7 in Visceral Endoderm
	Molecular Basis of Blood Vessel Formation
	Quaking Is Required for Visceral Endoderm Differentiated Function
	Other Possible Roles for Quaking in Cardiovascular Development
	The Evolving Roles of Quaking Function
	Conclusion
	REFERENCES

	CHAPTER 7. DROSOPHILA STAR PROTEINS: WHAT CAN BE LEARNED FROM FLIES?
	STAR Proteins in Drosophila
	HOW Regulates Differentiation of Diverse Tissues
	Structural Hallmarks and Binding Specificty of HOW
	Functional Analysis of HOW in the Drosophila Embryo

	HOW and Kep1 Regulate Cell Division and Apoptosis in Drosophila
	HOW Mediates Cell Cycle Arrest in the Mesoderm of Gastrulating Embryos
	Kep1 and HOW Promote the Apoptotic Process in Drosophila

	Conclusion
	Note Added in Proof
	REFERENCES

	CHAPTER 8. C. ELEGANS STAR PROTEINS, GLD-1 AND ASD-2, REGULATE SPECIFIC RNA TARGETS TO CONTROL DEVELOPMENT
	Multiple Functions of GLD-1 in Germline Development
	GLD-1 Molecular Analysis
	mRNA Targets: GLD-1 Is a Translational Repressor
	mRNA Targets: Further Insights into GLD-1 Function in Germline Development
	mRNA TARGETS: TOWARDS DEFINING THE GLD-1 RNA BINDING
MOTIF AND MECHANISM OF TRANSLATIONAL REPRESSION
	How Is GLD-1 Expression Regulated?
	ASD-2, Another C. elegans STAR Protein, Functions in Alternative Splicing
	Conclusion

	CHAPTER 9. THE BRANCHPOINT BINDING PROTEIN: IN AND OUT OF THE SPLICEOSOME CYCLE
	BBP AND SF1 ARE SITE-SPECIFIC RNA BINDING PROTEINS
	A BBP-Mud2 Heterodimer Functions in Branchpoint Recognition
	BBP-MUD2 and the Dynamics of Early Spliceosome Assembly
	Co-Transcriptional Pre-mRNA Splicing
	But Is BBP Really an Essential Splicing Factor?
	BBP Is Needed for the Nuclear Retention of Unprocessed Pre-mRNA
	Uncoupling Pre-mRNA Splicing from the Synthesis of Functional mRNA
	Does BBP Have a Cytoplasmic Function?
	Does BBP Regulate the Fate of Intronless RNA?
	Conclusion 
	REFERENCES

	CHAPTER 10. Reaching for the STARS Linking RNA Binding Proteins to Diseases
	Sam68: Its Discovery and Nomenclature
	The KH Domain
	Sam68 RNA Targets
	Sam68 Cellular Localization
	Sam68 Signaling Motifs
	Arginine Methylation
	STAR Protein Mouse Models
	Sam68 Null Mice
	QKI Mouse Models
	STAR Proteins and Human Diseases
	Osteoporosis
	Schizophrenia
	Ataxia
	Cancer
	Conclusion
	REFERENCES

	INDEX 


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




