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Abstract

RBM10 is a nuclear RNA-binding protein (RBP) that regulates the alternative splicing of primary
transcripts. Recently, research on RBM10 has become increasingly active owing to its clinical
importance, as indicated by studies on RBMO mutations that cause TARP syndrome, an X-linked
congenital pleiotropic developmental anomaly, and various cancers such as lung adenocarcinoma
in adults. Herein, the molecular biology of RBM10 and its significance in medicine are reviewed,
focusing on the gene and protein structures of RBM10, its cell biology, molecular functions and
regulation, relationship with the paralogous protein RBM5, and the mutations of RBM10 and
their associated diseases. Finally, the challenges in future studies of RBM10 are discussed in the
concluding remarks.
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1. Introduction

Owing to the association of RBM10 mutations with various cancers, research on

RBM10 has been rapidly expanding in recent years; in the 25 years since its discovery,
approximately half of the articles on RBM10 indexed in PubMed have been published in
the last 3 years. RBM10 is a regulator of alternative splicing (AS) of various genes (Wang
etal., 2013; Bechara et al., 2013; Zheng et al., 2013; Inoue et al., 2014; Sutherland et al.,
2017; Rodor et al., 2017; Sun et al., 2017; Collins et al., 2017). It inhibits cell proliferation
(Mueller et al., 2009; Bechara et al., 2013; Hernandez et al., 2016; Zhao et al., 2017; Han
etal., 2018; Jin et al., " 2019; Jung et al., 2020) and promotes apoptosis (Sutherland et al.,
2005; Mueller et al., 2009; Wang et al., 2012; Han et al., 2018; Jung et al., 2020); hence, it is
generally regarded as a tumor suppressor (Hernandez et al., 2016; Zhao et al., 2017; Han et
al., 2018; Jin et al., 2019; Jung et al., 2020).
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RBM10 is ubiquitously expressed in growing as well as quiescent cells. In general, RBM10
is more strongly expressed in actively transcribing cells (Inoue et al., 2008). There are
several mechanisms controlling the cellular levels of RBM10, both transcriptionally and
post-transcriptionally (Coleman et al., 1996; Goto and Kimura, 2009; Loiselle et al., 2017;
Sun et al., 2017; Loiselle and Sutherland, 2018; Wang L. et al., 2019).

In the AS reaction, RBM10 promotes the exclusion of cassette exons from target pre-
mMRNAs, and less frequently, other AS events (Wang et al., 2013; Bechara et al., 2013;
Zheng et al., 2013; Inoue et al., 2014). It is also involved in reactions other than AS, such
as 3" end processing of some pre-mRNAs (Mueller et al., 2009; Mohan et al., 2018), p53
stabilization (Jung et al., 2020), cell cycle arrest (Guan et al., 2017; Kunimoto et al., 2020),
and anti-viral reactions (Pozzi et al., 2020).

RBMS5 is similar to RBM10, functioning as a splicing regulator (Fushimi et al., 2008;
Bonnal et al., 2008; Bechara et al., 2013) and as a tumor suppressor (M.-Maarabouni and
Williams, 2002; Oh et al., 2006; Fushimi et al., 2008; Sutherland et al., 2010; Bechara et al.,
2013; Jamsai et al., 2017). There is a cross-regulation between RBM5 and RBM10 (Sun et
al., 2017; Loiselle et al., 2017). In addition, RBM10 influences the splicing or expression
of multiple other splicing regulators (Wang et al., 2013; Sun et al., 2017), and RBM10 pre-
MRNA itself is subjected to AS events. Thus, RBM10, RBM5 and other splicing regulators
constitute a splicing network(s). However, its biological significance is not well understood.

Defects in splicing regulation have been associated with various human diseases (Cooper et
al., 2009; Cieply and Carstens, 2015; Seiler et al., 2018; Urbanski et al., 2018; Coomer et al.,
2019). In fact, mutations in RBM10 cause diseases such as TARP syndrome (Gorlin et al.,
1970; Johnston et al., 2010) and various cancers (Imielinski et al., 2012; Seiler et al., 2018).
In these cancers, RBM10 has been shown to lose its tumor suppressive activity. However, in
some cases, it oppositely functions as a tumor promoter or growth enhancer (Witkiewicz et
al., 2015; Rodor et al., 2017; Loiselle et al., 2017; Loiselle and Sutherland, 2018; Sun et al.,
2019). Downstream effectors of RBM10 have been studied, and NUMB has been the most
studied. RBM10 mutations that nullify or reduce its AS activity lead to the generation of a
cell proliferative NUMB isoform, which increases proliferation of various cancers through
the Notch signaling pathway (M.-Ali et al., 2011; Bechara et al., 2013; Cieply and Carstens,
2015; Hern&ndez et al., 2016 ). Further studies on unelucidated RBM10 target genes and
RBM10-related pathways are expected to promote deeper understanding of the pathogenesis
and progression of diseases caused by RBM10 mutations, as well as the antithetical actions
of RBM10 as a tumor suppressor and tumor promoter.

In the following sections, the above-mentioned studies and other topics are reviewed in
detail.

RBM10: Gene and protein
RBM10 gene

The RBM10gene is located at p11.3 on the X chromosome; it spans ~41.6 kb and contains
24 exons (Fig. 1A). In a series of projects aiming to accumulate information on unidentified
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human genes, Nagase et al. (1995) sequenced 40 randomly selected cDNA clones from

a myeloid cell line library. One of the cDNAs, KIAA0122, was an RBM10 clone. This
polypeptide comprised 929 residues (counted from the first Met), corresponding to isoform
4 of RBM10. The sequence contained an RNP1 motif often found in RBPs (see section
2.2.1.). They also demonstrated that the gene is located on the X chromosome (Nagase et al.,
1995). During the same period, Coleman et al. (1996) identified DXS8237E (RBM10) in a
human brain cDNA library in an attempt to identify genes in the vicinity of UBE1, which
escapes X-inactivation, the mechanism by which most of the genes on one of the two X
chromosomes in female cells are transcriptionally silenced. FBAM10was the closest mapped
gene, and was shown to be subjected to X-inactivation (Coleman et al., 1996). Subsequently,
while cloning AnRNP S1 proteins B2, C1 and D1 (currently identified as AUFI (hnRNPD)
isoforms), Inoue et al. (1996) isolated a cDNA clone, S7—1, from a rat liver library by virtue
of the weak cross-reactivity of RBM10 with an anti-S1 protein antibody used in the cloning.
S1-1encoded an RBP of 852 aa residues (Inoue et al., 1996), corresponding to isoform 2 of
RBM10. Later, Thiselton et al. (2002) constructed and analyzed a ~2.7-Mb physical map of
chromosome Xp11.3-Xp11.23, which harbors several disease-related genes, and identified
RBM1I0as one of the genes on the map. The RBM10gene spanned ~41.6 kb (NCBI
Reference Sequence: NG_012548.1), consisting of 23 exons (exon 1 was not counted), and
its transcript encoded a protein of 930 residues (Thiselton et al., 2002), corresponding to
isoform 1 of RBM10 (Table 1).

RBM10 protein and domains

RBM proteins constitute a large family of more than 50 proteins, which generally have

one to several RNA-binding domains called RNA recognition motifs (RRMs). The term
“RBM” was derived from “RNA binding motif” (note that in addition to these RBM
proteins, there are > 160 other RRM-containing proteins with their respective symbol names.
HGNC: HUGO Gene Nomenclature Committee). The name “RBM10” was coined after its
paralog, LUCA-15 or H37, was renamed as RBM5 (Timmer et al., 1999). RBM10 is highly
conserved among mammals; the human RBM10 protein shares 96% and 97% aa sequence
homology with that of mice and rats, respectively. This high homology indicates that the
human, mouse, and rat RBM10 proteins perform essentially the same molecular functions.
The main domains that constitute RBM10 are shown in Fig. 1B.

2.2.1. RNA recognition motif and zinc fingers—The RRM domain, also known

as the ribonucleoprotein (RNP) domain, comprises ~75-90 aa residues that form four anti-
parallel B-sheets and two a-helices arranged in a p1-al1-p2-p3-a2-p4 fold (Wittekind et
al., 1992; Gorlach et al., 1992; Birney et al., 1993) [Fig. 2A (1)]. The sub-motifs of the 8-aa
RNP1 and N-terminal 6-aa RNP2 are conserved sequences within RRM (Dreyfuss et al.,
1988), which lie side-by-side on the two central 3- and B1-strands of antiparallel p-sheets
backed by two a-helices (a1l and a2) and form a surface to interact with RNA (Oubridge
et al., 1994) [Fig. 2A (2)]. RBM10 contains two RRMs, RRM1 and RRM2, at residues
127-213 and 294-385, respectively (Fig. 1B). RRM1 exhibits a variation in the canonical
RRM structure, with an additional B strand (83") between a.2 and B4 [Fig. 2A (2)].

Gene. Author manuscript; available in PMC 2023 August 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Inoue

Page 4

RBM10 has two zinc fingers (ZnFs), which are motifs containing a Zn%* ion coordinated
by 4 cysteine residues or 2 cysteine and 2 histidine residues. The C4-type ZnF at residues
219-236 is next to RRML1 in the N-terminal region (Fig. 1B and 2B). It is a member of

a family of RanBP2-type ZnFs that recognize single-stranded RNA (Nguyen et al., 2011).
Together with RRML, it likely acts as a two-domain RNA-binding unit (Collins et al.,
2017). Accordingly, RBM10 has an RNA-binding region composed of this RRM1-C4 ZnF
di-domain and the RRM2 domain in the N-terminal region of the molecule. These domains
act cooperatively to increase the binding affinity for target RNA, as compared with that of
the individual motifs (Serrano et al., 2018).

The C2H2-type ZnF, which is present in the C-terminal region at residues 761-784 (Fig.
2C), is essential for the AS function of RBM10 (Zhao et al., 2017; Wang L. et al., 2019).
This ZnF also acts to localize/sequester RBM10 in the nuclear domains (S1-1 NBs) when
cellular transcription decreases (Wang L. et al., 2019).

2.2.2. Octamer repeat—An OCRE domain is composed of a tandem repeat of
octamers, each containing a complete or incomplete Tyr triplet in an archetypical 8-aa
sequence of DP-S(Q/G)YYY (Inoue et al., 1996) (Fig. 2D). NMR structure determination
has shown that the OCRE in RBM10 forms a globular structure of 55 residues (residues
564-618), consisting of an anti-parallel arrangement of six p-strands, with the first five
strands containing complete or incomplete Tyr triplets (Martin et al., 2016). An OCRE motif
is also present in the paralogous protein, RBM5, an AS regulator similar to RBM10 (see
Section 6). The OCRE in RBM5 has been shown to interact with spliceosomal SnRNP
proteins, SmMN/B/B’, and is suggested to interfere with spliceosome assembly around the
target/cassette exons and thereby to promote cassette exon skipping (Bonnal et al., 2008;
Mouréo et al., 2016). The OCRE of RBM10 is expected to have a similar function.

2.2.3. G-patch—The G-patch is a glycine-rich domain found in certain RNA-processing
proteins. A G-patch motif is present in the C-terminal region (residues 855-904, Fig.

1B) of RBM10 (Aravind and Koonin, 1999). RBM10 has been shown to interact with a
spliceosomal RNA helicase, DHX15/PRP43 (Hegele et al., 2012). Niu et al. demonstrated
that the G-patch domain of RBM5 also interacts with DHX15 and stimulates its helicase
activity (Niu et al., 2012). These findings suggest a mechanistic participation of RBM5 in
the structural modulation of target RNAs in pre-mRNA AS, and that the G-patch domain of
RBM10 likely exhibits a similar function.

2.2.4. Nuclear localization signals—RBM10 is localized in the nucleus; it contains
three NLSs (NLS1, NLS2, and NLS3) (Inoue et al., 1996; Xiao et al., 2013). NLS1 in the
C-terminal region exhibits a strong nuclear localization activity. It is a typical bipartite NLS
with an RREK—(aa)g—KRRK sequence (two basic aa clusters separated by a 9-aa spacer, Fig.
2E). The RRM1 and OCRE in RBM10 exhibit additional NLS activity, and are referred to
as NLS2 and NLS3, respectively. The multiple NLSs act cooperatively, even though NLS1
alone is nearly sufficient to localize RBM10 to the nucleus (Xiao et al., 2013). The NLS
activity of RRM motifs has also been found in other RBPs (Cassola et al., 2010).
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2.2.5. KEKE motif—The KEKE motif is characterized by a stretch greater than 12
residues in length, containing more than 60% K and E/D residues, but lacking 5 K or E/D
residues in a row, and is thought to be involved in the association between proteins (Realini
etal., 1994). RBM10 contains a KEKE motif (Inoue et al., 1996) at residues 627-646 (Fig.
2F). Together with the C2H2-type ZnF, the KEKE motif promotes RBM10 targeting toward
S1-1 NBs, wherein RBM10 is sequestered when cellular transcription declines (Wang L. et
al., 2019).

2.2.6. Tyrosine-rich hydrophilic N-terminal region—The N-terminus (residues 1—-
67) of RBM10 is hydrophilic and highly charged; 69% of its residues are hydrophilic, and

it contains 19 acidic and 14 basic residues that constitute approximately half of the region.
This region also contains as many as 7 tyrosine residues and many potential phosphorylation
sites such as Ser22, 50, 60, 61, and 65, and Tyr36, 41, 48, and 57 (Dephoure et al., 2008;
UniphoSite Plus). In addition, it contains 3 RS dipeptides and 1 SR dipeptide in residues
21-43, which likely act as a clustered dipeptide RS domain (see Section 4) used in the
interaction with other splicing factors (Long and Caceres, 2009). Therefore, this hydrophilic
N-terminal region is likely exposed and involved in inter-molecular interactions that are
controlled by phosphorylation. However, the functional significance of this region is yet to
be examined.

2.2.7. Region between RRM2 and OCRE—The middle 171-aa region of the
molecule at residues 391-561 (Fig. 1B) has a characteristically low sequence homology
(84.3%) between human and mouse proteins, in contrast to the 98.5% and 98.9% homology
of the N-terminal (residues 1-390) and C-terminal (residues 562—-930) regions, respectively.
This middle region may be involved in molecular interactions in a species-specific manner.

Isoforms of RBM10

RBM10 has multiple protein isoforms produced by AS of RBM10pre-mRNA. These events
are either an inclusion or a skipping of exon 4 that encodes a 77-aa sequence (Figs. 1B and
3B), and alternative 5 -splice site selection that generates variants with or without a GTG
(\al) codon at the end of exon 10 (Figs. 1B and 3C), thereby producing 4 transcript variants,
vI-v4, which give rise to protein isoforms 1-4, respectively [Fig. 3D; note that the isoforms
have aliases (Tessier et al., 2015)]. RBM10 has another isoform translated from transcript
v5, which is generated by an internal 5”-splice site selection in exon 1 (Fig. 3A, a2), and is
translated from a start codon in exon 1 through the same reading frame as that of transcripts
vI-v4. Accordingly, isoform 5 (995 residues) has a longer 65-aa N-terminus compared with
that of isoform 1 (930 residues) (Fig. 3D). As isoform 1 is expressed predominantly and
isoform 5 is rarely in human cells, and because isoform 1 is the most extensively studied
RBM10 isoform, the aa residue numbers of RBM10 are indicated using those of isoform 1
in this review. The residue numbers of other isoforms are specified when necessary.

The amino acid sequence of exon 4 (residues 68-144) is characteristic: it contains stretches
of a basic poly-Arg (Rg-H-R-H) sequence at residues 80-88 and an acidic poly-Glu (E7-D-
Es) sequence at residues 113-125, as well as the RNP2 submotif of RRM1 at residues
130-136 ( Figs. 1B and 2). Therefore, the RRM1 domain of isoforms 2 and 3, which do
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not contain the exon 4 sequence, is an imperfect RRM, and the RBM10 isoforms with or
without the exon 4 sequence are thought to have different specificity in their interactions
with other molecules, including target RNAs. In this respect, it should be noted that

the binding preference of RBM10 for poly (U) and poly (G) >poly (C) >poly (A) was
determined with isoform 2 (Inoue et al., 1996). However, the significance of exon 4 is
not fully understood. The expression of the exon 4-minus RBMI10 variant is associated
with high proliferation of breast cancers (M.-Arribas et al., 2006). On the other hand,

its expression is positively correlated with apoptosis as shown by proapoptotic Bax gene
expression (M.-Arribas et al., 2006) and apoptotic caspase-3 expression (M.-Garabato et
al., 2008) in breast cancers, as well as by TNF-related apoptosis-inducing ligand (7RA/L)
upregulation in MCF-7 breast cancer cells (Wang et al., 2012).

Human cells generally express isoform 1 predominantly, whereas rodent cells generally
express more isoform 2 than isoform 1 (Inoue et al., 2008). The biological rationale for this
difference in isoform expression between humans and rodents is unknown.

As mentioned above, RBM10 either contains V354 or not. This valine is located in the
middle of RRM2 (Fig. 1B), and its functional significance has been reported differently
(Loiselle and Sutherland, 2018). Hernandez et al. showed that, irrespective of the presence
of V354, RBM10 isoforms displayed similar AS activity in exon 9 skipping of the NUMB
(proliferation regulatory protein) transcript (Hernandez et al., 2016). In addition, Serrano
et al. demonstrated that the binding affinity of RRM2 for the Fas exon 6 splice site was
almost the same with or without V354 (Serrano et al., 2018). Conversely, Tessier et al.
showed that RBM10 containing V354 enhanced the NUMB exon 9 skipping (exon 11 in
their description), whereas VV354-minus RBM10 enhanced its inclusion, thereby inhibiting
or promoting cell proliferation, respectively, through the Notch signaling pathway (Tessier et
al., 2015).

Other RBM10 isoforms called RBM10 isoforms X1-X13 have been indicated, which were
derived via automated computational analysis using the gene prediction tool, Gnomon
(NCBI, human RBM10 in Gene database). The occurrence and biological significance of
these possible RBM10 isoforms remain to be verified.

3. Cell biology of RBM10: Expression and subcellular localization

Coleman et al. (1996) first showed that RBM10 (DXS8237E) is widely expressed in human
cell lines and mouse tissues (Coleman et al., 1996). In fact, RBM10 is expressed in almost
every cell type, both growing as well as quiescent, and notably, its expression levels are
diverse [UniProtkKB-P98175 (human) and Q99KG3 (mouse); The Human Protein Atlas].

In general, RBM10 is more strongly expressed in actively transcribing cells (Inoue et al.,
2008).

Among the 22,283 sequences examined on microarrays, FBMI10in the THP-1 monocytic
leukemia cell line was one of the genes most strongly influenced by the exposure of cells to
a moderately low temperature (32 °C for 24 h), wherein the expression of RBM10 decreased
by 74% as compared to that of the control (Sonna et al., 2006). Moreover, the major target
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RNAs bound by RBM10 indicate that it is involved in various metabolic processes such

as oxidative phosphorylation, and in the pathways linked to cell proliferation, apoptosis,

cell adhesion, actin/cytoskeleton reorganization, and various diseases such as cancers and
neurodegenerative disorders (Bechara et al., 2013; Loiselle et al., 2017). These data, together
with the ubiquitous expression of RBM10, suggest that it is a general cellular component
functioning in various biological processes including homeostasis, and that its functional
aberrations bring about diseases.

RBM10 localizes to the nucleoplasm, where transcription and splicing occur, as well as

in membrane-less nuclear compartments called S1-1 NBs. There are ~10-40 S1-1 NBs

per interphase nucleus. Their numbers and sizes (about 0.5 pm) vary with cell type and
cellular conditions. When the transcription of RNA polymerase 11 decreases, RBM10 in the
nucleoplasm is sequestered in S1-1 NBs; it returns to its initial state according to elevated
cellular transcription (Inoue et al., 2008; Wang L. et al., 2019). S1-1 NBs often overlap with
nuclear speckles (also known as splicing speckles or interchromatin granule clusters) (Inoue
et al., 2008; Salichs et al., 2009), which function as sites for the storage of splicing factors
and the modification and metabolism of RNAs (Galganski et al., 2017). Like S1-1 NBs, the
speckles become larger and spherical upon inhibition of polymerase |1 transcription (Zeng
etal., 1997). These alterations and their frequent side-by-side orientations indicate a close
functional relationship between the nuclear speckles and S1-1 NBs.

Although RBM10 is generally present in the nucleus, its cytoplasmic localization has

also been observed under specific conditions. Typical examples are shown in neutrophils
(Xiao et al., 2013) and human melanoma A7 cells (Yamada et al., 2016). It is unknown
how and why RBM10 localizes outside the nucleus in neutrophils. In A7 cells, forced
expression of the Src family tyrosine kinase, Fyn, induces translocation of RBM10 from
the nucleus to the cell periphery and results in co-localization of RBM10 with FilGAP

at small cell protrusions. FilGAP is a GTPase-activating protein that suppresses lamellar
formation and cell spreading. Although RBM10 and FilGAP seem to interact indirectly and
the phosphorylated protein(s) responsible for the above phenomena have not been identified,
the suppression of cell spreading by FilGAP does not occur in the absence of RBM10
(Yamada et al., 2016). It would be intriguing if the results reflect a tumor suppressive
function of RBM10.

Interestingly, in cultured fibroblasts from patients with impaired metabolism of vitamin
B12, RBM10 and other RBPs, viz., HUR and hnRNPAL, are localized in the cytoplasm,
and their cytoplasmic mislocalization is reversed upon incubation of the cells with vitamin
B12 (a cofactor of methionine synthesis), S-adenosylmethionine, or SRT1720, an activator
of NAD*-dependent deacetylase sirtuin-1 (SIRT1) that protects cells from endoplasmic
reticulum (ER) stress (Prola et al., 2017). Ghemrawi et al. concluded that cellular stress
induced by defects in vitamin B12 metabolism (Ghemrawi et al., 2013) causes cytoplasmic
mislocalization of RBM10, HUR, and hnRNPA1 (Ghemrawi et al., 2019).
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4. Functions of RBM10

4.1. Splicing regulations

4.1.1. Regulation of alternative splicing—Nearly all eukaryotes have introns, and >
95% of human multi-exon genes undergo AS events (Black, 2003; Pan et al., 2008). There
are seven (Matlin et al., 2005; Scotti and Swanson, 2016) or eight (Wang et al., 2008;

Chen and Weiss, 2015) types of AS events. AS generates variant MRNAs from a single
gene, producing multiple protein isoforms with different biological activities or antagonistic
functions, and thereby creating cellular and functional diversity and complexity. These AS
events play critical roles in both normal and disease contexts (Chen and Weiss, 2015; Scotti
and Swanson, 2016; Yang et al., 2016).

In the AS of pre-mRNAs, RBM10 promotes exclusion of specific exons called alternative
or cassette exons from target transcripts (Wang et al., 2013; Bechara et al., 2013;

Zheng et al., 2013; Inoue et al., 2014; Rodor et al., 2017; Fig. 4A (1)). Wang et al.

(2013) demonstrated that RBM10 regulates the AS of several hundred genes in human
embryonic kidney (HEK)-293 cells. The majority (74%) of splicing changes induced by
RBM10 overexpression and knockdown were RBM10-enhanced exon skipping events,
which were confirmed in 21 candidate transcripts such as DNA methyltransferase 3 beta
(DNMT3B), DNA polymerase delta-interacting protein 3 (POLDIP3), spermidine/spermine
acetyltransferase 1 (SA71), RBMS5, poly(U)-binding splicing factor (PUF60), cell fate-
determining protein NUMB, CREB-binding protein (CREBBP), and dual specificity protein
kinase CLKZ(Wang et al., 2013). Exon skipping by RBM10 was also shown with other
transcripts such as death receptor Fas (Inoue et al., 2014), pro-apoptotic Bcl-2 member
BID, growth arrest and DNA damage-inducible protein GADDA4A (Bechara et al., 2013);
RBMI10 (Sun et al., 2017), survival of motor neuron 2 (SMN.2), RAS signaling pathway-
associated genes (Sutherland et al., 2017), microRNA pathway-related TAVRC6A, histone
deacetylase HDACI, heat shock factor protein HSF2(Collins et al., 2017), Ser/Thr protein
kinase WK1, and CDKN1A-interacting ZnF protein 1 (C/ZZ) (Rodor et al., 2017). Such
a diversity of target RNAs indicates that RBM10 participates in a variety of biological
pathways and processes (Loiselle et al., 2017).

Depending on the target exons, RBM10 may promote, albeit less frequently, other AS events
such as alternative 5’- or 3”-splice site selection, mutually exclusive exons, alternative last
exons, or intron retention [Fig. 4A, (2)-(6)] (Wang et al., 2013; Bechara et al., 2013; Inoue
et al., 2014; Rodor et al., 2017). In this respect, it is worth noting that the AS events detected
by RBM10 knockdown or overexpression represent not only the direct RBM10-targeted
splicing events but also the secondary effects of other splicing regulators whose expression
and/or splicing is changed/regulated by RBM10 (section 6.3 and Table 2) (Wang et al.,
2013).

The type of AS promoted by RBM10 is believed to be dependent on its binding position
around the exons (Ule and Blencowe, 2019) and other interacting frans-acting splicing
factors, e.g., SR proteins (a family of RBPs composed of RRM(s) and a serine-arginine-rich
domain referred to as the RS domain (Manley and Krainer, 2010), hnRNP proteins (a
group of RBPs with various RNA-binding domains (Geuens et al., 2016), and originally
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identified as the proteins binding to heterogeneous nuclear RNAs or pre-mRNAs (Dreyfuss
et al., 1993); their binding sites are usually in introns of pre-mRNAs), and/or other splicing
regulatory RBPs such as SF1 and U2AF (U2 auxiliary factor) (Fu and Ares, 2014; Lee and
Rio, 2015; Rahman et al., 2020). Cis-elements on pre-mRNAs act as splicing enhancer or
silencer sequences; SR proteins generally bind to splicing enhancer elements and promote
splicing, whereas hnRNP proteins generally bind to silencer elements and suppress splicing
(Wahl et al., 2009; Cieply and Carstens, 2015).

4.1.2. Mechanistic scheme of RBM10 action in AS: Exon-skipping—The
presence of RBM10 in spliceosomes was first shown in 2002 (Rappsilber et al., 2002);

later, RBM10 was found in the spliceosomal A (Behzadnia et al., 2007; Kuhn et al., 2009)
and B complexes (Deckert et al., 2006; Kuhn et al., 2009). The major spliceosome comprises
U1, U2, U4, U5, and U6 small nuclear ribonucleoproteins (SnRNPs), each containing
proteins and respective uridine-rich small nuclear RNA (i.e., U1-U6 snRNA). Assembly

of a spliceosome on a pre-mRNA strictly depends on the presence of the 5”-splice site,
branchpoint sequence (BPS), and 3”-splice site. It begins with the formation of the E
complex, wherein U1 snRNP binds to the 5”-splice site of an intron, splicing factor SF1
binds to the conserved adenosine-containing branchpoint sequence (BPS) in the 20-50 nt
intron region upstream of the 3”-splice site, and the 35 and 65 kDa subunits of U2AF bind
to the 3’-splice site and to polypyrimidine tract just downstream of the BPS, respectively.
U2AF then promotes the binding of U2 snRNP to the BPS, replacing SF1, to produce the A
complex (Fig. 4B). Further conformational and compositional rearrangements proceed from
the A complex to B complex, which includes U4/U6.U5 tri-snRNP, to form the catalytically
active B* complex (Wahl et al., 2009).

RBM10 interacts with SF1 and U2AF (Hegele et al., 2012), as well as U2 snRNA (Makarov
etal., 2011; Wang et al., 2013; Rodor et al., 2017). In accordance with these associations,
the RBM10 binding sites on pre-mRNAs are highly enriched within the BPS-containing
~70-100 nt intronic region upstream of cassette exons (Fig. 4B). The binding sites are also
detected within an ~100 nt intronic region downstream of cassette exons, as well as in the
exons (Wang et al., 2013; Bechara et al., 2013; Rodor et al., 2017; Collins et al., 2017).

The presence of RBM10 near the 5”-splice site in the downstream intron was experimentally
shown to enhance cassette-exon skipping (Wang et al., 2013). These data suggest that in the
splicing reaction of target pre-mRNAs, RBM10 binds close to the splice sites of cassette
exons and interferes with the 3"~ and 5”-splice site recognition and/or splice site pairing,
thereby enhancing the pairing of the 5”- and 3”-splice sites distal to the cassette exons and
ultimately leading to the exclusion of the cassette exons and the flanking upstream and
downstream introns (Wang et al., 2013; Bechara et al., 2013; Zheng et al., 2013) (Fig. 4C).
This mechanism is consistent with the expected function of the OCRE domain of RBM10
(see Section 2). The possible simultaneous interference of the 3’- and 5’-splice sites at
cassette exons by RBM10 may be brought about by the formation of its dimer (Hegele et al.,
2012) or an exon loop using its two RNA-binding domains (Fig. 1B).

4.1.3. RBM10 target sequences—In the process of AS, RBM10 recognizes and binds
to target pre-mRNAs. RBM10 contains two RNA-binding domains in the N-terminal region:

Gene. Author manuscript; available in PMC 2023 August 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Inoue

Page 10

the RRM1-C4-type ZnF di-domain, which recognizes a GGA-centered motif, and the
RRM2 domain, which recognizes a C-rich sequence (Collins et al., 2017). However, the
target sequences identified using CLIP-Seq, PAR-CLIP, and iCLIP (Wang et al., 2013;
Bechara et al., 2013; Maaskola and Rajewsky, 2014; Rodor et al., 2017), or in vitro assays
(Nguyen et al., 2011; Collins et al., 2017) show a considerably broad spectrum (Loiselle

and Sutherland, 2018). For instance, the most enriched motifs are CUCUGAACUC and
GAUCCC(U/A) in HelLa cells (Bechara et al., 2013), and UCCAA, CCAAA, and CCCCA
in mouse mandibular MEPA cells (Rodor et al., 2017). The reason for such low consensus or
diversity in the binding sequences of RBM10 is unclear. However, it is noteworthy that the
RNA-binding domains of RBPs generally recognize short (i.e., 3-4 nt) motifs, and that many
RBPs interact cooperatively to achieve the regulation of AS (Ule and Blencowe, 2019).

4.2. Splicing-independent functions of RBM10

4.2.1. RBM10 regulates transcription—RBM10 influences the expression of many
genes as shown in HEK-293 cells (Wang et al., 2013; Mohan et al., 2018), HeL a cells
(Bechara et al., 2013), lung cancer cells (Loiselle et al., 2017; Guan et al., 2017), and

mouse mandibular cell lines (Rodor et al., 2017). For example, RBM10 knockdown in

HEK cells upregulates 801 genes and downregulates 1166 genes (Mohan et al., 2018), and
overexpression of RBM10 in lung adenocarcinoma (LUAD) cells upregulates 304 genes and
downregulates 386 genes (Guan et al., 2017).

Thus, RBM10 regulates the transcription of many genes. However, in most cases, this
regulation is likely brought about indirectly via its AS function. For example, RBM10
regulates the AS of DNA (cytosine-5)-methyltransferase 3b (DNMT73B). Under RBM10
deficiency, the level of the active DNMT3B2 isoform increases, which in turn increases
DNA methylation of the promoters of NF-xB-responsive genes, resulting in the suppression
of NF-xB-mediated transcription (Atsumi et al., 2017). Similarly, overexpression of RBM10
has been shown to enhance the transcription of TNF-a in the human breast adenocarcinoma
cell line, MCF-7, the Jurkat human T lymphoblastic leukemia cell line (Wang et al., 2012),
and in osteosarcoma cells (Han et al., 2018). The increase in TNF-a levels correlated with
an increase in apoptosis, presumably through the TNF-TNFR signaling pathway. It was
suggested that the regulation of TNF-a. transcription occurred indirectly through an AS
event promoted by RBM10 (Wang et al., 2012).

Histone H2A deubiquitinase (2A-DUB) forms a complex with approximately 10 proteins
such as histone acetyltransferase p300/CBP-associated factor (p/CAF; presently, PCAF),
thyroid hormone receptor-interacting protein 5 (Trip5) and RBM10 (Zhu et al., 2007). The
2A-DUB complex epigenetically regulates transcriptional initiation by coordinating histone
acetylation and de-ubiquitination and by destabilizing the association of linker histone H1
with nucleosomes (Zhu et al., 2007). As frequently observed in transcriptional regulation by
co-association between transcription factors and RBPs at gene promoters (Xiao et al., 2019),
RBM10 may be involved in the transcriptional regulation by 2A-DUB.

4.2.2. Splicing-independent RNA-binding reactions—RBM10 also participates
in splicing-independent RNA-binding events. Mueller et al. showed that S1-1 (RBM10)
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stabilizes angiotensin Il receptor (AT1) mRNA by binding to its 3’-UTR in vascular smooth
muscle cells (Mueller et al., 2009). Mohan et al. demonstrated that RBM10 mediates anti-
hypertrophy of the heart by acting as a co-regulator of Star-PAP (TUT1). Star-PAP is a
non-canonical poly(A) polymerase that exhibits polyadenylation and uridylation activity.
The RRM2 domain of RBM10 binds to the catalytic domain of Star-PAP and stimulates
Star-PAP activity for polyadenylation (but not uridylation). Along with Star-PAP, RBM10
binds to the 3’-UTRs of various cardiac pre-mRNAs of anti-hypertrophy regulators and
participates in the production of their mature MRNAs (Mohan et al., 2018). These data
indicate that RBM10 controls the 3" end processing of distinct subsets of pre-mRNAs, a
splicing-independent regulatory mechanism of RBM10 for protein expression and function
(Lietal., 2017; Mohan et al., 2018).

MicroRNAs (miRNAS) regulate gene expression by reducing target mMRNAs or their
translational efficiency. RBM10 binds to a hairpin structure of the let-7 g miRNA precursor
and likely participates in regulating the biogenesis of let-7 g miRNA (Treiber et al., 2017),
whose major function appears to be the promotion of terminal differentiation in development
and tumor suppression (E.-Kerscher and Slack, 2006). Intriguingly, binding of RBM10 to a
variety of non-coding RNASs has been also observed (Rodor et al., 2017).

4.2.3. p53 stabilization, cell cycle arrest, and anti-viral function—RBM10
exhibits another function through protein—protein interactions. In a study on the role of
RBM10 in tumor suppression, Jung et al. showed that overexpressed RBM10 stabilizes p53
by binding to MDM2. MDM2 is a major negative regulator of p53, acting as an E3 ubiquitin
ligase to trigger the degradation of p53 via a proteasome pathway. They concluded that

by interfering with the p53—-MDM2 interaction, RBM10 suppresses the ubiquitination and
degradation of p53, and thereby enhances the p53-dependent apoptosis and inhibition of cell
proliferation (Jung et al., 2020).

Kunimoto et al. reported that overexpressed RBM10 or its C-terminal half (residues 401—
930) causes monopolar spindle formation and cell cycle arrest in the M phase in HepG2
cells. Overexpressed RBM10 forms large nuclear domains, which sequester PLK4, STIL,
and SASG (the regulatory proteins involved in centriole duplication), resulting in centrioles
without PLK4 and STIL and impairment of centriole duplication. In contrast, RBM10
knockdown increases the cytoplasmic PLK4 levels and causes abnormal cells with more
than 4 centrioles in HepG2 cells, but not in A549 cells. This is an example to indicate that
the cellular levels of RBM10 should be securely controlled (Kunimoto et al., 2020). Guan
et al. also reported cell cycle arrest due to overexpressed RBM10 in the GO/G1 phase in
A549 cells and in the S phase in H1299 cells (Guan et al., 2017). These different phases in
cell cycle arrest by overexpressed RBM10 seem to result from different cellular conditions
and/or contexts.

RBM10 performs an anti-viral task (Pozzi et al., 2020). SAT1 (spermidine/spermine
acetyltransferase 1) is known for its anti-viral action, where it decreases the reservoir of
cellular polyamines and thereby limits viral replication (Li and MacDonald, 2016). In
dengue virus-infected A549 cells, RBM10 is a target of the dengue virus polymerase,
NS5, which binds to RBM10 and mediates its proteasomal degradation. The decrease in
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RBM10 levels alters the AS of SA7Z pre-mRNA and generates the exon 4-containing

SAT1 transcript, which contains a premature termination codon (PTC) and is degraded by
nonsense mediated mMRNA decay (NMD). Hence, the anti-viral SAT1 is downregulated in
dengue virus-infected cells. Conversely, RBM10 overexpression in infected cells prevents
SAT1 splicing changes and limits viral replication. In addition, RBM10 interacts with

viral RNA and RIG-I (retinoic acid-inducible gene I), which is an essential protein in the
innate immune system for sensing viral RNA. Furthermore, RBM10 depletion attenuates the
expression of interferon and pro-inflammatory cytokines. These results suggest that RBM10
fulfills diverse pro-inflammatory anti-viral tasks in addition to AS regulation (Pozzi et al.,
2020).

5. Regulation of RBM10

5.1. Transcriptional regulation of RBM10 gene

In female somatic cells, one of the two X chromosomes undergoes X-inactivation.
Approximately 85% (Balaton et al., 2015) of the genes in the inactive X chromosome

(Xi) are transcriptionally silenced by heterochromatin formation, which is brought about
by progressive coating of the chromosome with Xistlong noncoding RNA. In 1996,
Coleman et al. isolated a cDNA clone, DXS8237E (presently, RBM10), which was the
closest gene to that of ubiquitin-activating enzyme E (UBEI, currently called ubiquitin-like
modifier activating enzyme [UBA1]) in Xp11.23 (Xp11.3, to be exact) and showed that
these genes had discordant X-inactivation statuses; FBM10is subjected to X-inactivation,
whereas UBE1 escapes it (Coleman et al., 1996). The 5’ region of the active UBE1/UBA1
gene on Xi is unmethylated and enriched with acetylated H3K9, indicating its escape from
gene inactivation (Carrel et al., 1996), whereas the exon of the adjacent RBM10gene

and its proximal intergenic region have high levels of inactive heterochromatin markers,
viz., tri-methylated histone H3 at lysine 9 (H3K9me3) and tri- methylated H4 at lysine

20 (H4K20me3) (Chadwick and Willard, 2004; Goto and Kimura, 2009). In addition, the
insulator protein CTCF (also known as CCCTC-binding factor) (Cuddapah et al., 2009)
and site-specific CpG hypomethylation are distributed between UBEI and RBM10genes,
constituting the chromatin boundary that prevents the spread of transcriptional silencing
(Goto and Kimura, 2009).

The transcriptional control of RBM10in active X chromosome has also been reported.

The expression of RBMI10was repressed in endometrial tumor cells, and this decrease

in expression correlated with low H3K27 acetylation and an increase in CpG island
methylation in the gene promoter (Dou et al., 2020). In addition, RBM10 expression is
shown to decrease strongly under hypothermal conditions (Sonna et al., 2006; see section 3).

5.2. Autoregulation of RBM10

As described above, most genes on one of the two X chromosomes in female cells are
transcriptionally inactivated, and RBM10is one of the genes subjected to this X-inactivation
(Coleman et al., 1996; Thiselton et al., 2002; Goto and Kimura, 2009). This implies that a
double dose of RBM10 can be unfavorable to cells. In fact, cellular levels of RBM10 are
regulated by several mechanisms.
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Sun et al. found that the RNA and protein levels of endogenous RBM10 were considerably
reduced by the overexpression of exogenous RBM10-EGFP in HEK cells; hence, a
feedback-type autoregulation likely operated in RBM10 expression. In fact, overexpressed
RBM10 binds to its own pre-mRNA and brings about AS to exclude exon 6 or 12 (see Fig.
4A (1) for the exon-exclusion/skipping reaction). The resulting transcripts contain a PTC
and undergo degradation via NMD, ultimately downregulating both the RBM10 mRNA and
protein levels (Sun et al., 2017). Multiple skipping events at exons 6 and 12 are expected
to reduce the cellular concentration of RBM10 efficiently. Sun et al. further suggested that
auto-regulation by AS-coupled NMD (AS-NMD) would operate similarly in other splicing
regulators to maintain transcriptome homeostasis, as has been shown with polypyrimidine
tract-binding proteins (PTBPs) (Wollerton et al., 2004; Sun et al., 2017).

In addition, another self-regulatory mechanism of RBM10 was reported. In RBM5-null GLC
cells, RBM10 (most likely, isoform 1) binds to RBM10 mRNAs (the smaller v2variant

in particular), which leads to downregulation of RBM10 expression, seemingly through
translational self-regulation (Loiselle et al., 2017; Loiselle and Sutherland, 2018).

RBM10 further undergoes a different autoregulation. When transcription by RNA
polymerase 11 decreases, RBM10 sequesters itself in nuclear domains called S1-1 NBs.

This process is reversible, and RBM10 returns to its initial state when cellular transcription
is restored (Inoue et al., 2008). RBM10 has a C2H2-type ZnF, which is not only essential for
AS regulatory function but also for targeting the RBM10 molecule toward S1-1 NBs (Zhao
etal., 2017; Wang L. et al., 2019). The NB-targeting activity of the ZnF is likely exerted
when it becomes free from AS under decreased transcription. The multiple auto-regulation
mechanisms of RBM10 described above suggest that the cellular levels of RBM10 should be
controlled not to exceed necessary levels.

RBM10 also undergoes downregulation by microRNA-335, as shown in endometrial tumors.
This microRNA is upregulated in the tumor and targets the 3’-UTR of RBM10 mRNA,
resulting in a reduction in RBM10 protein levels. This decrease in RBM10 levels brings
about the AS of NUMB transcripts to produce the cell-proliferative NUMB isoform, which
promotes tumor growth by activating the Notch signaling pathway (Dou et al., 2020).

5.3. Post-translational modifications of RBM10

5.3.1. Phosphorylation—RBM10 undergoes various post-translational modifications.
It is phosphorylated at serine, threonine, and tyrosine residues, and more than 50
phosphorylation sites have been identified (UniProtkKB-P98175; PhosphoSitePlus RBM10).
This large number suggests that the activity and function of RBM10 are regulated by
phosphorylation in response to various cellular conditions or stimuli. A significantly high
number of modification sites are found in the N-terminal region (residues 22—91) upstream
of RRM1 and in the C-terminal region (residues 708-797) (Fig. 1B). In the M/G1 phase,
RBM10 is phosphorylated at S723, S733, S736, and S738, and in the G1 phase, at Y48

and Y57, as well as S60, S61, S65, and S797 (Dephoure et al., 2008). Stimulation with
epidermal growth factor (EGF) results in phosphorylation at Y732, S733, S736, and S738
(Olsen et al., 2006), and overexpression of c-Src kinase or stimulation with platelet-derived
growth factor (PDGF) leads to tyrosine phosphorylation at Y16, Y435, and Y906 (Amanchy
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et al., 2008). Phosphorylation at S517, S736, and S738 has also been observed in the
absence of stimulation (Beausoleil et al., 2004). In addition, S60, S288, and S517 are
phosphorylated in the DNA damage response caused by ionizing radiation (Matsuoka et al.,
2007). As above, the phosphorylation sites on RBM10 have been identified; however, how
these modification events (1) regulate the activity and function of RBM10 as well as the
RBM10-related cellular processes remains to be elucidated.

5.3.2. Ubiquitylation and acetylation—RBM10 undergoes ubiquitylation at K126,
K246, K335, K383, K834, K880, and K881 (Stes et al., 2014; Akimov et al., 2018). The
lysine residue at position 383 undergoes acetylation as well (Choudhary et al., 2009). A
cross-talk between these modifications at K383 may control the cellular levels of RBM10
via proteasome-mediated degradation of RBM10, by ubiquitylation, and its prevention, by
acetylation.

5.3.3. Methylation—Guo et al. identified over 1000 and ~160 arginine and lysine
methylation sites, respectively, in the human colon cancer cell line, HCT116. They showed
that RBM10 isoform 2 was modified by monomethylation at K803, R817, and R824.
Interestingly, R824 methylation occurs in a tissue-specific manner; it is detected in a mouse
embryo, but not in the mouse brain (Guo et al., 2014). However, the biological significance
of these methylation events is not known.

As discussed above, the cellular levels and activity of RBM10 are controlled by X-
inactivation and several post-transcriptional self-regulations, and most likely by post-
translational modifications as well. These multiple mechanisms of RBM10 regulation
indicate that proper levels or activity of RBM10 are important for the cellular processes
in which RBM10 is involved (Sun et al., 2017). Hence, experimental data obtained by
overexpression of exogenously introduced RBM10 need to be carefully interpreted, and
its expression should be controlled to avoid possible biological artifacts caused by its
overproduction. To this end, more physiological experiments, such as RBM10 depletion,
may be required to support the data obtained by RBM10 overexpression.

6. Relationship between RBM5, RBM6, and RBM10

RBM5, RBM6, and RBM10are paralogs that arose from gene duplications during genome
evolution. RBM5 was first identified in 1996 (Wei et al., 1996), and called LUCA-15
(M.-Maarabouni and Williams, 2002) and 437 (Oh et al., 1999). RBM6 was identified as
NY-LU-12in 1998, a partial sequence of which had been called g76 (Gure et al., 1998),
and subsequently as DEF-3 (Drabkin et al., 1999). The names “RBM5” and “RBM6”

were coined by Timmer et al. in 1999 (Timmer et al., 1999), and RBM10 was so called
afterwards, by replacing the previous name S1-1 (chronologically, RBM10 was discovered
before RBM5). The RBM5and RBM6 genes are separated by ~11 kb and tandemly map
to 3p21.31 (Timmer et al., 1999), a tumor suppressor region that frequently shows loss of
heterozygosity in various cancers (for a review, see Ref. Ji et al. (2005)). In fact, RBM5 and
RBM6 are tumor suppressors (Oh et al., 2006; Sutherland et al., 2010; Jamsai et al., 2017,

1some post-translational modification sites are shown in the supplemental data of the references.
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Wang Q. et al., 2019). They regulate cell growth and cell cycle progression (M.-Maarabouni
and Williams, 2002; Oh et al., 2006), promote apoptosis (Sutherland et al., 2005; Fushimi
et al., 2008; Bonnal et al., 2008), and suppress transformation-associated processes (Jamsai
etal., 2017; Wang Q. et al., 2019). In general, RBM5 retards cell growth (e.g., see Refs.
Sutherland et al. (2010) and Shao et al. (2012)). As with RBM10, RBM5 and RBM6 are
found in spliceosome complexes (Deckert et al., 2006; Hegele et al., 2012; Papasaikas et al.,
2015), and function as AS regulators of various genes (Fushimi et al., 2008; Bonnal et al.,
2008; Bechara et al., 2013).

6.1. Origin of genes

There are different views on which gene among RBM5and RBM10evolved first

and produced the other via gene duplication. RBM5'is predicted to be the progenitor
gene, based on shared synteny indicating preserved co-localization of genes around USP
(deubiquitinating enzymes) genes on chromosomes (Vlasschaert et al., 2015; Loiselle and
Sutherland, 2018). RBM10(DXS8237E) has been predicted to be so, based on gene
orientations and distances with respect to nearby UBE genes (ubiquitin-like modifier
activating enzymes) (Timmer et al., 1999). Although the data suggest that RBM5 is likely
the progenitor gene, further analysis is required to clarify this issue. On chromosome 3,
RBMe6 is present next to RBMS5, and is thought to have arisen by gene duplication from
RBM5 and then undergone considerable sequence alterations (Timmer et al., 1999).

6.2. Comparison: Sequences and functions of RBM5, RBM6, and RBM10

RBM5, RBM6, and RBM10 commonly contain two RRMs, two ZnFs, an OCRE, a bipartite
NLS (NLS1), and a G-patch domain (Sutherland et al., 2005; Bechara et al., 2013) (Fig.
1B). The protein sequences of RBM5 (815 residues) and RBM10 isoform 1 (930 residues)
or isoform 3 (853 residues) show 52% identity. The sequence identity of RBM5 and RBM6
(1123 residues) is 24%, and that of RBM6 and RBM10 (isoform 1) is 25%. Their C-terminal
halves containing the C2H2 ZnF, OCRE, NLS1 and G-patch domains are more homologous
than the N-terminal regions: the sequence identity is 68% in the C-terminal two fifths

of the RBM5 and RBM10 molecules, in contrast to 41% in the remaining N-terminal
regions including the RNA-binding domains. The corresponding RBM6 N-terminal region
shows very low homologies with those of RBM5 and RBM10. In AS, RBM5 and RBM6
preferentially bind to exon regions in target RNAs, whereas RBM10 binding sites are
enriched in the intronic regions close to splice sites (Bechara et al., 2013; Rodor et al.,
2017). In some cases, these RBM proteins likely bind to the same target RNAs; about 10%
of the RNAs immunoprecipitated with an anti-RBM10 antibody from small-cell lung cancer
cell line extracts were also precipitated with an anti-RBMD5 antibody (Loiselle et al., 2017).
In fact, in the AS events in HeLa cells, about 20% of target transcripts regulated by RBM5,
RBMS6, or RBM10 are controlled by more than one RBM protein, suggesting also that these
RBM proteins act synergistically or antagonistically on a subset of their targets (Bechara et
al., 2013).

The antagonistic actions of RBM6 and RBM10 during cell proliferation have been observed
in HelLa cells (Bechara et al., 2013). RBM10 knockdown enhances cell proliferation and
colony formation, whereas RBM6 knockdown decreases these processes. Their antagonistic
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effects on cell proliferation are explained by their opposite AS actions on NUMB:

RBMB&6 enhances NUMB exon 9 inclusion, whereas RBM10 enhances NUMB exon 9
skipping (Bechara et al., 2013). Similarly, RBM5 knockdown in neuronal cells decreases
staurosporine-induced caspase-9 activation, whereas RBM10 knockdown increases it
(Jackson et al., 2015). In addition, their effects can overlap. Both RBM5 and RBM10
similarly enhance the AS of exon 6 skipping in Fas receptor pre-mRNA (Bonnal et al.,
2008; Inoue et al., 2014). In many cases, however, they do not correlate to each other. For
instance, RBM5 enhances the skipping of exon 9 of caspase 2 pre-mRNA (Fushimi et al.,
2008) and exon 7 of c-FLIP (a regulator of the Fas signaling pathway) pre-mRNA (Bonnal
et al., 2008), RBM10 is hardly involved directly in these reactions (Inoue et al., 2014).

6.3. Cross-regulation and networks of splicing regulation

7.

RBM10 negatively cross-regulates RBM5. Overexpression of RBM10 enhances the skipping
of exons 6 and 16 of RBM5 transcripts, and introduces PTCs, thereby causing AS-coupled
NMD and ultimately reducing RBM5 expression (Sun et al., 2017). In addition, although
RBMS5 does not influence the transcription or AS of RBM10, overexpressed RBM5
specifically binds to RBM10 v2transcript and significantly increases its protein levels,
presumably by promoting RBM10v2translation (Loiselle et al., 2017).

As described above, RBM5 and RBM10 act on the same subset of target RNAs (Bechara

et al., 2013) and there are cross-regulations between RBM5 and RBM10 (Sun et al., 2017;
Loiselle et al., 2017). Furthermore, RBM10 perturbation (knockdown or overexpression)
alters the splicing of eight splicing regulators, including RBM5, and significantly influences
the expression of six others, including RBM10 (Table 2) (Wang et al., 2013; Sun et al.,
2017). In addition, RBM10 itself undergoes multiple AS events, producing its isoforms by
the action of unidentified splicing regulators (see section 2). These data suggest that RBM10
constitutes a splicing network(s), which presumably functions in transcriptomic homeostasis
or in organized cellular processes/pathways (Jangi and Sharp, 2014; Ule and Blencowe,
2019).

RBM10 mutations and associated diseases

Mutations in splicing regulators and abnormal splicing of RNA targets are associated with
various human diseases (Cooper et al., 2009; Cieply and Carstens, 2015; Seiler et al.,

2018; Urbanski et al., 2018; Coomer et al., 2019). RBM10 regulates many genes, and

the phenotypes caused by its mutations differ by the stages of development and tissues.
Examples include TARP syndrome (Gorlin et al., 1970; Johnston et al., 2010), a rare
X-linked congenital disorder with various phenotypes in male neonates, and cancers such as
lung adenocarcinoma (LUAD) (Imielinski et al., 2012) and bladder carcinoma (BLCA) in
adults (Seiler et al., 2018). Probably because #FBM10is located on the X chromosome, its
mutations are found differently in males and females, as observed in TARP syndrome and
LUAD, which are more common in men than in women (Cancer Genome Atlas Research
Network, 2014; Yuan et al., 2016; Yin et al., 2018; Seiler et al., 2018). RBM10 generally
functions as a tumor suppressor; however, it may exert an opposite oncogenic function. The
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antithetical effects of RBM10 in cell proliferation and apoptosis are shown below, as well as
in the review by Loiselle and Sutherland (2018).

7.1. TARP syndrome

TARP syndrome is characterized by pleiotropic defective development and malformations
(Johnston et al., 2010; Schneider et al., 2011; Gripp et al., 2011). The term “TARP” comes
from 7alipes equinovarus (clubfoot), Atrial septal defect, ARobin sequence [micrognathia
(undersized jaw), glossoptosis (tongue displacement or retraction), and cleft palate], and
Persistent left superior vena cava. In 2010, Johnston et al. identified a frameshift and a
nonsense mutation in RBM10in two families of individuals afflicted with TARP syndrome
(Johnston et al., 2010), one of which was originally described by Gorlin et al. (1970).

They also showed that RBM10 was highly expressed in the branchial arches and limbs of
mid-gestation mouse embryos, consistent with the human malformation sites observed in
TARP syndrome (Johnston et al., 2010). Although TARP syndrome is pre- or postnatally
lethal and affected males generally do not survive, patients with TARP aged 11, 14, and

28 years have been reported (Wang et al., 2013; Hgjland et al., 2018; Niceta et al., 2019).
Their phenotype is variable and includes expanded TARP syndrome phenotypes, some of
which are low-set posteriorly angulated ears, upslanting palpebral fissures, various structural
abnormalities of the brain, imperforate anus, cryptorchidism (absence of one or both testes
in the scrotum), scoliosis (curved spine), multiple hemivertebrae, aplasia of thumbs and
first toes, and intellectual disability. Hence, abnormal features may be observed in the ears,
eyes, oral region, head, heart, spine, hands, and feet, and in the cardiovascular, skeletal,
genitourinary, and nervous systems (Gripp et al., 2011; Johnston et al., 2014; Powis et al.,
2017; Hgjland et al., 2018).

In this disorder, mutations are found throughout the RBM10gene (Johnston et al., 2010,
2014; Gripp et al., 2011; Wang et al., 2013; Powis et al., 2017; Hgjland et al., 2018;

Niceta et al., 2019), and most of them are null or highly likely to be null, owing to PTCs
that cause NMD, and thus, loss of RBM10 function. The first patient to have survived

to adulthood (28 years old) had a mutation, c.273_283delinsA, in exon 4 (Hgjland et al.,
2018) (Fig. 1A and B) that caused a frameshift and produced a PTC in the transcript
(p.G92AfsX39). It has been suggested that such transcripts undergo AS to skip exon 4

and generate normal RBM10 isoforms 2 and 3 (Fig. 3), resulting in a milder phenotype

and survival into adulthood (Hgjland et al., 2018). The mutation identified in a 14-year-old
patient with intellectual disability and multiple congenital malformations as well as the main
pathological phenotypes was an in-frame deletion of residues 651-889, which removed the
C-terminal region spanning 6 exons (Wang et al., 2013). The lost region included the second
ZnF (C2H2 ZnF) domain and an NLS (NLS1) of RBM10 (Fig. 1B). Although these domains
are important for the AS function of RBM10 in the nucleus (Wang Y. et al., 2013; Wang L.
et al., 2019), its molecular function(s) seemed to have arisen partly.

7.2. Lung adenocarcinoma

In 2012, Imielinski et al. identified somatic mutations in RBM10 in LUAD samples
(Imielinski et al., 2012). RBM10 mutations in LUAD occur throughout the RBM10
coding region rather than at the same recurrent aa positions (Imielinski et al., 2012;
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Zhao et al., 2017). In addition, many RBM10 mutations are protein-truncating variants,
including nonsense, frameshift, and splice site mutations, which often cause loss of function.
Therefore, the mutational spectra of these RBM10 mutations are similar to those of tumor
suppressor genes (Vogelstein et al., 2013; Zhao et al., 2017); hence, RBM10 is often
classified as a tumor suppressor (Imielinski et al., 2012; Vinayanuwattikun et al., 2016;
Zhao et al., 2017; Seiler et al., 2018). In fact, overexpression of RBM10 mutants identified
in LUAD or knockdown of wild-type RBM10 results in enhanced cell proliferation, reduced
apoptosis, and malignant cancer cell behavior in various cultured or xenografted cells
(Bechara et al., 2013; Hernandez et al., 2016; Guan et al., 2017; Yin et al., 2018; " Jin

et al., 2019). In addition, a decrease in the expression of wild type RBM10 was observed in
the tissues of patients with LUAD and in patients with poor prognosis (Guan et al., 2017; Ji
etal., 2017; Yin et al., 2018). Conversely, overexpression of wild-type RBM10 reduces cell
growth and enhances apoptosis (Guan et al., 2017; Ji et al., 2017; Zhao et al., 2017; Yin et
al., 2018; Han et al., 2018; Jin et al., 2019; Jung et al., 2020), and high levels of wild-type
RBM10 expression correlates with longer overall survival of patients with LUAD (Zhao et
al., 2017). Thus, these data reinforce the notion that RBM10 is a tumor suppressor.

The frequency of RBM10 mutation in LUAD has been reported as 7% (Imielinski et al.,
2012); 8% (Cancer Genome Atlas Research Network, 2014); 21% (Vinayanuwattikun et
al., 2016), and 22% (Yin et al., 2018), and the mutation frequency increases to 22% in the
advanced tumor stage of LUAD (Yin et al., 2018).

RBM10 regulates AS of NUMB. NUMB is the most studied downstream effector of
RBM10, and misregulation of NUMB AS is often found in lung cancer (M.-Ali et al.,
2011). Wild-type RBM10 promotes skipping of exon 9 of NUMB, generating a NUMB
isoform that causes ubiquitination followed by proteasomal degradation of the Notch
receptor, thereby inhibiting the Notch signaling cell-proliferation pathway (M.-Ali et al.,
2011; Bechara et al., 2013; Cieply and Carstens, 2015). An RBM10 mutation, VV354E,
found in the lung cancer cell line A549, for example, inhibits the AS activity of RBM10
and produces an exon 9-including NUMB isoform. This isoform promotes cell proliferation
and LUAD pathogenesis (Bechara et al., 2013; Hernandez et al., 2016). Zhao et al. also
showed that an increase in the proliferation rate of LUAD cells correlates with a decrease
in the AS activity of RBM10 caused by missense mutations, and suggested that RBM10
mutations contribute to LUAD pathogenesis by deregulating NUMB splicing (Zhao et al.,
2017). Notably, the same group recently reported that not NUMB but eukaryotic translation
initiation factor 4H (£/F4H) is the main effector of RBM10 in suppressing lung cancer
progression; loss of RBM10 promotes the expression of exon 5-containing EIF4H isoform
(named EIF4H-L) that is critical for LUAD progression (Zhang et al., 2020).

Renal cell carcinoma

Translocation or inversion of the 7FE3gene is associated with some renal cell carcinomas
(RCCs). The gene encodes a transcription factor and maps at Xp11.2. In Xp11 translocation
RCCs, TFEZis fused with various genes present on other chromosomes such as
chromosome 1 or 17 or on the same X chromosome (Gotoh et al., 2014; Just et al., 2016).
The RBM10gene at Xp11.3 and the 7FE3gene have opposite transcriptional orientations.
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Their fusion produces the RBM10-TFE3 inversion variant, which appears to be a recurrent
molecular event in Xp11.2 RCCs (Xia et al., 2017; Argani et al., 2017; Kato et al., 2019).
The inversion occurs between RBMI0exon 17 and TFE3exon 5, resulting in a chimeric
gene that produces a transcript composed of RBMI10exons 1-17 and 7FE3exons 5-10,
with their reading frames conserved (Gotoh et al., 2014; Just et al., 2016). The fusion likely
activates or dysregulates TFE3 activity (Pei et al., 2019) and promotes the expression of a
wide variety of genes involved in cell proliferation or may inactivate the tumor suppressor
activity of RBM10.

7.4. Other RBM10-related cancers

7.5.

RBM10 mutations or reduced expression of RBM10 has also been demonstrated in various
other cancers (Loiselle and Sutherland, 2018) such as bladder carcinoma (Seiler et al.,
2018), pancreatic cancers (Furukawa et al., 2011; Witkiewicz et al., 2015), colorectal
cancers (Lawrence et al., 2014; Giannakis et al., 2016), thyroid cancers (Ibrahimpasic et al.,
2017, 2019; Antonello et al., 2017), breast cancers (Kan et al., 2010), prostate cancer (Kan
et al., 2010), bile duct cancers (Tian et al., 2020; Schwab et al., 2020), and hepatocellular
carcinoma (Zhao et al., 2020), as well as in brain tumor meningiomas (Juratli et al., 2018)
and astroblastomas (Majd et al., 2019).

Pathways involving RBM10 in cancers

RBM10 regulates the splicing of hundreds of genes (Wang et al., 2013; Bechara et al.,

2013; Sutherland et al., 2017; Sun et al., 2017; Collins et al., 2017; Guan et al., 2017).
Accordingly, it is thought to be involved in various pathways, as suggested or shown

in the EGFR/KRAS/MAPK (Imielinski et al., 2012; Guan et al., 2017), NRAS/PIK3CA
(Imielinski et al., 2012; Ibrahimpasic et al., 2017) and RAP1A/AKT/CREB (Guan et al.,
2017; Jin et al., 2019) pathways. Jin et al. demonstrated that RBM10 suppresses the
RAP1/AKT/CREB signaling pathway (Jin et al., 2019). In this pathway, RAP1 (a small
GTPase that acts as a cellular switch in signal transduction) activates AKT (also known

as protein kinase B), which in turn phosphorylates and activates CREB (a transcription
factor that induces cell proliferation and reduces apoptosis). Overexpression of RBM10 in
LUAD A549 cells decreases RAP1 activation, which reduces the phosphorylation/activation
of AKT and CREB, and suppresses the proliferation of cells. Thus, these results suggest that
RBM10 suppresses LUAD cell proliferation by inhibiting the RAP1/AKT/CREB signaling
pathway (Guan et al., 2017; Jin et al., 2019). Further studies on various RBM10 target genes
and RBM10-related pathways are expected to provide new clues/strategies for the diagnosis
and treatment of cancers caused by RBM10 mutations.

7.6. Antithetical effects of RBM10

With respect to cell proliferation and apoptosis, most cancer studies on RBM10 have
suggested that it functions as a tumor suppressor (Wang et al., 2012; Bechara et al., 2013;
Hernandez et al., 2016; Ji et al., 2017; ~ Zhao et al., 2017; Han et al., 2018; Jin et al.,
2019; Jung et al., 2020). However, in certain cases, RBM10 acts as a tumor promoter

or growth enhancer (Loiselle and Sutherland, 2018). For instance, RBM10 expression
can reduce p53 expression, inhibit apoptosis, and promote cell growth as well as other
transformation-associated processes as shown in human lung cancer cell lines A549, p53-

Gene. Author manuscript; available in PMC 2023 August 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Inoue

Page 20

deficient H1299 (Sun et al., 2019), and RBM5-null GLC20 (Loiselle et al., 2017). In
addition, RBM10 depletion leads to proliferation defects in mouse ES cells (Rodor et

al., 2017). Furthermore, patients with PDAC (pancreatic ductal adenocarcinoma) harboring
RBM10 mutations exhibit a survival rate remarkably higher than the general 5-year PDAC
survival rate of less than 7-8% (Witkiewicz et al., 2015; Balachandran et al., 2017; Siegel et
al., 2018). These studies are in contrast with those showing RBM10 as a tumor suppressor.
As discussed by Rodor et al. (2017) and Loiselle et al. (2017), these antithetical effects

of RBM10 are thought to arise from different experimental conditions or cellular contexts
composed of different responsible constituents or biological pathways. For instance, Loiselle
and Sutherland showed that in an RBM5-suppressed environment, RBM10 promotes cell
transformation (Loiselle and Sutherland, 2018). Further elucidation of RBM10-mediated
biological pathways will help understand the antithetical outcomes of RBM10 actions.

8. Concluding remarks

Progress has been made in understanding the molecular and cellular biology of RBM10
and diseases caused by its mutations. However, many aspects remain unclear and need to
be studied further. These include (1) the molecular structure of RBM10, (2) the functional
significance of RBM10 domains such as the region encoded by exon 4 and the tyrosine-
rich hydrophilic N-terminal region, (3) the molecular mechanisms of RBM10-mediated
AS events, and the basis for the broad spectrum of RNA sequence motifs recognized

by RBM10, (4) the cellular processes and pathways in which RBM10 is involved based
on the fact that RBM10 regulates the splicing of hundreds of genes, (5) the regulation

and mechanisms of RBM10 gene expression, (6) the effects of various post-translational
modifications on the activity and functions of RBM10, (7) the biological significance of AS
networks organized by RBM10, RBMS5, and other splicing regulators, (8) the mechanisms
of antithetical RBM10 actions in cancers as a tumor suppressor and tumor promoter, and
(9) further understanding of the disease pathogenesis and progression caused by RBM10
mutations.

Studies on these aspects are mutually correlated and will promote the development of
strategies to treat the diseases caused by RBM10 mutations.
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Abbreviations:

RBP RNA binding protein

RRM RNA recognition motif

aa amino acid

OCRE octamer repeat

NLS nuclear localization signal
ZnF zinc finger

NB nuclear body

AS alternative splicing

NMD nonsense mediated mMRNA decay
AS-NMD AS-coupled NMD

PTC premature termination codon
BPS branchpoint sequence
LUAD lung adenocarcinoma
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Fig. 1.
Gene and Domain Structure of RBM10. (A) RBM10gene structure (NCBI Reference

Sequence: NG_012548.1). The RBM10 gene contains 24 exons, indicated by vertical closed
boxes, with some of these humbered. Horizontal lines between exons indicate introns. Intron
2 is indicated with its relative length shortened by two-sevenths. (B) Schematic domain
structure of RBM10. The structure of isoform 1 (930 aa residues) is shown. RBM10 has

two RNA-binding domains in the N-terminal region: the RRM1-C4 ZnF di-domain and
RRM2 domain. RBM10 isoforms 1 — 4 are determined by the inclusion or exclusion

of the region encoded by exon 4 (box at residues 68-144) and of a Val residue at 354

(open triangle) (see also Fig. 3). The brackets at the bottom (residues 22—91 and 709-797)
indicate the regions where phosphorylation occurs at multiple sites. K383 (closed triangle)
undergoes acetylation/ubiquitylation. Note that the beginning and ending residue-numbers of
the domains may not be strictly defined.
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Fig. 2.
Domain structures of RBM10. (A) RNA recognition motifs (RRMSs). (1) Schematic

representation of a canonical RRM. RRM is composed of four -sheets and two a-helices
arranged in the order Bl-a1-p2—B3-a2-p4. (2) 3D structure of RRM1. The figure
schematically shows the RRM1 structure of RBM10 determined by NMR (Serrano et al.,
2018; Protein Data Bank: 2LX1). The f3- and B1-strands containing RNP1 and RNP2
shown in panel (1) form an RNA-binding surface. (B and C) C4 ZnF and C,H, ZnF.

The cysteine and histidine residues critical for the C4- and C,H»-type ZnF structures and
functions are highlighted in boldface. (D) OCRE (Octamer repeat). Brackets 1-5 represent
five repeating octamers (8 aa) originally assigned based on hydrophilicity/hydrophobicity
profiles (Inoue et al., 1996). The extended aa 564—618 forms a globular fold of 6 anti-
parallel B-sheets (Martin et al., 2016). (E) NLS1. Basic aa residues in the bipartite sequence
are highlighted. (F) KEKE region. Positive and negative aa residues characterizing the
KEKE region are highlighted.
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variant 4 (v4) al-b1-c2 isoform 4 v1(V354del) 929
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Fig. 3.

Trgnscript variants and protein isoforms of RBM10. Alternative splicing events in the
primary transcript of RBM10 (A ~ C) generate mMRNA variants vZ-v5, which give rise

to protein isoforms 1-5 (D). Exons, introns, and splice choices are illustrated using boxes,
thick lines, and angled lines, respectively. The exons and introns are not shown to scale.
Translation of v1-v4 and v5 starts from an initiation codon AUG (1) in exon 2 and an AUG
codon (2) in exon 1, respectively. The isoforms have aliases (D), whose V354 and V277
correspond to the GTG (Val) codon at the end of exon 10 shown in C. The aliases in italic
stand for their corresponding transcripts (not shown). The RefSeq numbers of each transcript
and their protein isoforms as well as their sequences are found in the gene section of NCBI
under RBM10.
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Fig. 4.
Action model of RBM10. (A) AS events promoted by RBM10. RBM10 promotes skipping

of target exons in substrate pre-mRNAs (1). In addition, it may promote other AS events
(2) - (6), albeit less frequently. Exons, introns, and splice choices are illustrated using
boxes, thick lines, and angled lines, respectively. (B) Association of RBM10 with the
vicinity of the 3”-splice site (ss) of a target cassette exon in the spliceosome A complex.
RBM10 brings about AS (skipping) of the cassette exon in association with the 35- and
65-kDa subunits of splicing factor U2AF and U2 snRNA of U2 snRNP. (C) Model of
RBM10-mediated skipping of a cassette exon. RBM10 is believed to interfere with the 3”-
and 5’-ss recognition and/or splice site pairing of the cassette exon, and to enhance the
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pairing of the distal 5"- and 3’-ss (in boldface). Exons, introns, and exon skipping by pairing
of distal splice sites are indicated using boxes, thick harizontal lines, and an angled line,
respectively.
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Table 1

Basic properties of the RBM10gene and its protein product.

Human Mouse
Gene symbol RBM10 Rbm10
NCBI Gene ID 8241 236732
Chromosome Xp11.3 X ALl3
Uniprot ID P98175 Q99KG3
Ensembl ID ENSG00000182872 ENSMUSG00000031060
Gene length 41593 bp 33532 bp

(24 exons and 23 introns) (24 exons and 23 introns)
Protein length: residue number and mass (Da) 930 aa (103533 Da) 930 aa (103492 Da)
?sfoform 1

The recent NCBI data on the human RBM10gene (as of Dec. 1, 2020) indicate the presence of an additional exon between exons 9 and 10, and
thereby a total of 25 exons on the RBM10 gene. Based on automated computational analysis using the Gnomon gene prediction tool (NCBI Gene),
the additional exon was indicated as the 5" untranslated exon 1 of the predicted RBM10 mRNA variant X14 (XM_024452465.1), which encodes
the predicted isoform X13 (XP_024308233.1). In this review, the conventional number of 24 exons was adopted to follow the literature until the
assignment of 25 exons is verified to be generally accepted.
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Table 2
Splicing regulators affected by RBM10

Expression  PPIH, PTBP2, APEH, PRPF39, U2AF2, RBM10
Splicing ZRANB2, PTBP2, CELF1, PCBP2, HNRNPM, RALY, THOC5, RBM5

The splicing regulators whose expression or splicing is altered by RBM10 perturbation (overexpression or knockdown) are indicated. PPIH is
downregulated by RBM10 knockdown. PTBP2, PRPF39 and U2AF2 are upregulated and APEH is downregulated by RBM10 overexpression
(Supporting information in Ref. Wang et al. (2013)). RBM10 is decreased by auto-regulation via AS-NMD (Sun et al., 2017).
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