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ABSTRACT

Mutations in the spliceosomal RNA binding protein

RBM10 cause TARP syndrome and are frequently

observed in lung adenocarcinoma (LUAD). We have

previously shown that RBM10 enhances exon skip-

ping of its target genes, including its paralog RBM5.

Here, we report that RBM10 negatively regulates its

own mRNA and protein expression and that of RBM5

by promoting alternative splicing-coupled nonsense-

mediated mRNA decay (AS-NMD). Through computa-

tional analysis and experimental validation, we iden-

tified RBM10-promoted skipping of exon 6 or 12 in

RBM10 and exon 6 or 16 in RBM5 as the underlying

AS-NMD events. Importantly, we showed that LUAD-

associated mutations affecting splice sites of RBM10
exons 6 or 12 abolished exon inclusion and corre-

lated with reduced expression of RBM10 RNA. To-

gether, our investigations have revealed novel molec-

ular mechanisms underlying RBM10 autoregulation

and cross-regulation of RBM5, thereby providing in-

sights concerning the functions of RBM10 under var-

ious physiological and pathological conditions. Our

combined computational and experimental approach

should be useful for elucidating the role of AS-NMD

in auto- and cross-regulation by other splicing regu-

lators.

INTRODUCTION

Alternative splicing (AS) is a key molecular mechanism un-
derlying transcriptomic and proteomic diversity in eukary-
otic cells (1–3). AS plays critical roles in both normal and
disease contexts (4–7). In addition to generating protein iso-
forms with distinct functions (8) and functionally impor-
tant non-coding RNAs (9,10), AS also produces mRNA
variants that are substrates for nonsense-mediated mRNA
decay (NMD) (11). AS is largely regulated by interactions
between cis-regulatory elements in pre-mRNA and trans-
acting splicing regulators, which are primarily RNA bind-
ing proteins (RBPs) (12–14). Although themolecularmech-
anisms of many splicing regulators have been explored, it is
not fully understood how their own expression is controlled
to produce speciic RNA splicing patterns under different
physiological conditions (15).
AS events that generate premature termination codons

(PTCs) are often coupled with NMD, which is impor-
tant not only for eliminating aberrant mRNA transcripts
containing PTCs, but also for post-transcriptional tuning
of gene expression (11,16). mRNA transcripts containing
a PTC located more than 50–55 nt upstream from the
last exon-exon junction or a long 3’-untranslated region
(3’UTR) are often substrates for NMD (16–20). mRNA
degradation by this pathway depends on translation and
subsequent recruitment of essential NMD factors, includ-
ing the central factor, up frameshift 1 (UPF1) (16–18).
Intriguingly, it has been observed that some splicing reg-
ulators maintain homeostasis via negative autoregulation
mediated by AS-NMD (15). Splicing regulators that uti-
lize this mechanism include SR and hnRNP family mem-
bers (21,22), TDP43 (23), MBNL (24,25) and core spliceo-
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somal proteins (26,27). Moreover, a number of splicing
regulators have been found to regulate cellular concen-
trations of their family members and/or other splicing
modulators (27–29). Examples of cross-regulating splicing
factors include hnRNPL/hnRNPLL (30), PTBP1/PTBP2
(31) and Rbfox2/Ptbp2 (27). Notably, AS-NMD for these
splicing regulators is often associated with regulatory re-
gions containing highly evolutionarily conserved, or even
ultra-conserved elements, as reported for SR, hnRNP (32–
34) and MBNL family proteins (24). Disruption of auto-
or cross-regulation of splicing regulators has been linked
to various diseases, including neurodegenerative diseases
and cancer (25,35–37). Understanding auto- and cross-
regulatory mechanisms of splicing regulators may yield new
clues to their functions under normal and disease condi-
tions. The detection of AS-NMD, however, is often chal-
lenging due to the instability of PTC-containing transcripts.
RBM10 is an RNA binding protein and a component of

the spliceosome, where it has been shown to interact with
multiple spliceosomal proteins (38). Truncation mutations
of RBM10 have been reported to cause the X chromosome-
linked recessive genetic disorder, TARP syndrome (Talipes
equinovarus, atrial septal defect, Robin sequence and per-
sistent left superior vena cava, MIM #311900) (39–42).
In addition, RBM10 mutations are frequently observed in
lung adenocarcinomas (LUAD) (43,44) and have also been
detected in colorectal carcinomas (45), intraductal papil-
lary mucinous neoplasms (IPMN) (46) and pancreatic duc-
tal adenocarcinomas (PDA) (47).
Our previous integrative analysis of transcriptome-wide

RBM10-RNA interactions and RBM10-mediated splicing
revealed that RBM10 suppresses exon inclusion by binding
to lanking intronic regions adjacent to splice sites, includ-
ing sites in its own pre-mRNA, and regulates AS of several
RBPs, including its closest paralogRBM5 (42). Other stud-
ies have revealed RBM10-RNA interaction proiles (48,49)
similar to those described in our previous study (42). We
also identiied an in-frame deletion in RBM10 that con-
tributes to TARP syndrome, presumably via loss of its
splicing function (42). Our recent functional analysis sug-
gests that LUAD-associated RBM10 mutations contribute
to LUAD pathogenesis by deregulating splicing (50). It has
also been shown that RBM10 can suppress lung adenocar-
cinoma cell proliferation, at least partially by inhibiting in-
clusion of exon 9 in the NUMB long isoform, thereby neg-
atively regulating NOTCH signaling activity (49,51). Col-
lectively, those studies suggest that RBM10 functions as a
crucial node in splicing regulatory networks that play im-
portant roles in normal development and disease. Whether
RBM10 regulates its own expression and cross-regulates
that of RBM5, and the molecular mechanisms underlying
this regulation, however, remain unexplored.
In this study, we show that RBM10 negatively regu-

lates its own expression and that of RBM5 via AS-NMD.
By analyzing RBM10 binding sites using photoactivatable
ribonucleotide-enhanced crosslinking and immunoprecipi-
tation (PAR-CLIP) and measuring splicing changes follow-
ing perturbations of RBM10, we identiied and experimen-
tally validated previously unknownRBM10-controlled AS-
NMDevents inRBM10 andRBM5.We also found that sev-
eral LUAD-associatedRBM10 splice site mutations disrupt

splicing and thus signiicantly decreased RBM10 expres-
sion. Overall, our results reveal new molecular mechanisms
underlying RBM10 autoregulation and cross-regulation of
RBM5. The methods established here can readily be ex-
tended to investigate potential roles of AS-NMD in regu-
lating other splicing factors.

MATERIALS AND METHODS

Constructs

An expression vector encoding RBM10-EGFP was con-
structed by subcloning the RBM10 coding sequence
(NM 005676.4) from the plasmid pFRT-TO-RBM10 (42)
into pEGFP-N3 (Clontech). A tet-on lentiviral plasmid
encoding RBM10-EGFP (Tet-RBM10-EGFP) was con-
structed by subcloning RBM10-EGFP into pLVX-Tight-
Puro (Clontech). Minigene splicing reporters for test ex-
ons (RBM10-E6M/E12M/E14M/E21M for RBM10 exon
6, 12, 14 or 21, pZW2C-E6M/E12M for RBM10 exon 6
or 12, and RBM5-E6M/E8M/E16M for RBM5 exon 6,
8 or 16, respectively) were constructed. For each exon,
a chromosomal segment extending from the adjacent up-
stream exon to the adjacent downstream exon was ampli-
ied from HEK293 genomic DNA and inserted into re-
striction enzyme-linearized pcDNA3.1 vector (Invitrogen).
For RBM10 exons 6 and 12, a DNA segment including
the exon and its lanking introns was PCR-ampliied from
RBM10-E6M/E12M and inserted into the GFP coding
segment of PCR-linearized pZW2C (52) respectively. In
both cases, cloning was carried out using Clone Express
II reagent (Vazyme) following the manufacturer’s proto-
col. Mutations were introduced into the RBM10-E6M and
RBM10-E12M minigene using Mut Express II Fast Muta-
genesis Kit V2 (Vazyme) following the manufacturer’s in-
structions. Primers used are listed in Supplementary Table
S2.

Cell culture

HEK293 cells were cultured in DMEM (Invitrogen) con-
taining 10% fetal bovine serum (FBS, Invitrogen). 293FT
(Thermo Fisher) cells were cultured in DMEM supple-
mented with 10% FBS, 6 mM L-glutamine, 1 mM sodium
pyruvate (Sigma-Aldrich) and 0.1 mM non-essential amino
acids (NEAA, Invitrogen).Mouse neuroblastomaN2a cells
were cultured inMEM (Invitrogen) supplementedwith 10%
FBS. All cultures were maintained under standard culture
conditions (37 ◦C, 5% CO2).

Generation of tet-on RBM10-EGFP HEK293 cells

Inducible overexpression of RBM10-EGFP in HEK293
cells (tet-RBM10-EGFP) was achieved using the Lenti-
X Tet-On Advanced Inducible Expression System (Clon-
tech) according to the manufacturer’s manual. Briely,
the lentivirus constructs pLVX-Tet-On or pLVX-tight-
RBM10-EGFP were transfected into 293FT cells to-
gether with three packaging plasmids (pLP1, pLP2,
and pLP/VSVG, Invitrogen). Medium containing the
lentiviruses was collected 48 and 72 h after transfection, il-
tered and used to infect cells in the presence of 10 �g/ml
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polybrene (Sigma-Aldrich). HEK293 cells were irst in-
fected with Tet-On lentivirus and selected by culturing in-
fected cells in the presence of 500 �g/ml G418. The G418
selected cells were subsequently infected with pLVX-tight-
RBM10-EGFP lentiviruses and selected by culturing the in-
fected cells in the presence of 2 �g/ml puromycin. After se-
lection, stably transfected cells were maintained in normal
culturemediumwithout antibiotics. RBM10-EGFP expres-
sion was induced by exposing the cells to 10, 100 or 1000
ng/ml doxycycline (Dox, Sigma-Aldrich).

Minigene splicing reporter assay

To study target exon splicing following RBM10 overex-
pression (OE) or knockdown (KD), HEK293 cells were
co-transfected with minigene splicing reporters and the
RBM10-EGFP expression plasmid or siRNA oligos target-
ing the RBM10 coding sequence (siRBM10), respectively.
For RBM10 OE , HEK293 cells were seeded in six-well
plates (4 × 105 cells per well), cultured for 24 h and trans-
fected with 500 ng minigene reporter together with 500
ng RBM10-EGFP expression or EGFP-N3 control plas-
mids using Lipofectamine 3000 (Thermo Scientiic). For
RBM10 KD, siRNAs against RBM10 (siRBM10) or neg-
ative control oligos (siNC) were transfected into HEK293
cells at a inal concentration of 20 nM with Lipofectamine
RNAiMAX (Thermo Scientiic), using the reverse transfec-
tion method described in the manufacturer’s manual. The
medium was replaced with complete growth medium 8 h
after the transfection. Minigene plasmids were transfected
into the cells 24 h after siRNA transfection using Lipofec-
tamine 3000 (Thermo Scientiic). Cells were harvested 48
h after siRNA transfection and used for isolation of to-
tal RNA, cDNA synthesis and PCR analysis. Sequences of
siRNAs used in this study are listed in Supplementary Table
S2.

Nonsense-mediated mRNA decay (NMD) inhibition and
RBM10 overexpression

We carried out UPF1 depletion to directly block NMD or
cycloheximide (CHX) treatment to indirectly block NMD
under the control or RBM10 overexpression (OE) condi-
tions in HEK293 cells inducibly expressing RBM10-EGFP.
For UPF1 depletion, cells were transfected with siRNA oli-
gos targeting UPF1 (siUPF1) or negative control oligos
(siNC) at inal concentration of 20 nMusing Lipofectamine
RNAiMAX (Thermo Scientiic). Forty eight hours after
the irst transfection, the cells were again transfected with
siRNAs at the same concentrations. RBM10 OE was in-
duced with 1000 ng/ml doxycycline (Dox, Sigma-Aldrich),
which was added to the culture media with irst set of siR-
NAs. Cells were harvested 96 hrs after the irst transfection.
For CHX treatment, HEK293 cells were treated for 12 h
with 10 �g/ml cycloheximide (Sigma-Aldrich) or the vehi-
cle dimethylsulphoxide (DMSO) as a control. RBM10 over-
expression was induced by addition of 1000 ng/ml doxycy-
cline (Dox, Sigma-Aldrich) to the culturemedium48 h prior
to addition of CHX or DMSO.

Total RNA preparation, reverse transcription followed by
PCR ampliication (RT-PCR) and quantitative real-time
PCR (qPCR)

Total RNA was extracted from cell lysates in TRIzol (In-
vitrogen) according to the manufacturer’s instructions. Ge-
nomic DNA was removed using TURBO DNA-free kits
(Ambion). Puriied total RNA (1 �g for 20 �l reaction)
was reverse transcribed using HiScript II Reverse Tran-
scriptase (Vazyme) and oligo dT20 primers. Splicing out-
comes were assessed by PCR using speciic primers bind-
ing to the lanking-exons, which detect both exon-included
and skipped transcripts. PCR products were mixed with
loading buffer containing GelRed luorescent DNA stain
(GENEray), resolved in 1.5 or 2% agarose gels and visu-
alized using a UV image system. Signal intensity of bands
was quantiied using ImageJ software (http://rsb.info.nih.
gov/ij/). We deined percent-spliced-in (PSI) as: intensity
of the exon-included band/ (intensity of the exon-included
band + intensity of the exon-excluded band) × 100%.
When one product was ampliied, relative expression levels
of mRNA transcripts were measured by quantitative real-
time PCR (qPCR) using AceQ qPCR SYBR Green Mas-
ter Mix (Vazyme) and the ABI Step One Plus system (Ap-
plied Biosystems). Three technical replicates were included
for each reaction condition. Quantiication of qPCR results
was performed using the ��Ct method. Sequences of PCR
primers are listed in Supplementary Table S2.

Western blotting

Western blot analysis was performed as previously de-
scribed (42). Briely, cells were lysed in Laemmli lysis buffer
(63 mM Tris–HCl, 10% glycerol, 2 % SDS, pH 6.8), fol-
lowed by sonication, centrifugation and heat denaturation.
Cell lysates were resolved by SDS-PAGE and transferred
to PVDF membranes (Millipore). The membranes were
blocked with 5% milk in TBST and sequentially probed
with the primary antibodies and secondary antibodies cou-
pled to horseradish peroxidase (HRP). Speciic protein
bands were detected using an enhanced chemiluminescence
(ECL) system (Millipore) and visualized by ChemiDoc™
XRS+ image system (BioRad). The following antibodies
were used: RBM10 (cat. No. HPA034972, 1:10 000, Sigma),
RBM5 (cat. no. HPA017335, 1: 500, Sigma), �-tubulin (cat.
no.11224–1-AP, 1:5000, Proteintech), Goat anti-rabbit IgG-
HRP (cat. no. 458, 1:5000, MBL).

Fluorescence microscopy

Tet-RBM10-EGFP HEK293 cells were grown on poly-D-
lysine coated coverslips and treated with 1 �g/ml doxy-
cycline for 24 h. Cells were ixed with 4% paraformalde-
hyde, stained with 1 �g/ml DAPI and mounted on the glass
slides. Fluorescent images were acquired using a Leica DM
IL LED luorescent microscope with a 40× objective and
DFC450 C camera (Leica). Brightness and contrast were
adjusted within the linear range using ImageJ software.

http://rsb.info.nih.gov/ij/
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UV crosslinking (CL), immunoprecipitation (IP) and RT-
PCR (CLIP-PCR)

HEK293 cells (2 × 107 cells per IP) were irradiated with
254 nm UV light (300 mJ/cm2) in a UV cross-linker (HL-
2000 HybriLinker, UVP) and immediately lysed with CLIP
buffer (50 mM Tris–HCl pH 7.4, 100 mM NaCl, 1% NP-
40, 0.1% SDS, 0.5% sodium deoxycholate and Protease In-
hibitor Cocktail III) on ice for 15 min. Lysates were soni-
cated (5 min, 30 s on/30 s off), treated with Turbo DNase I
(Ambion) and cleared by centrifugation. The supernatants
were incubated with anti-RBM10 antibody or IgG-bound
beads (10 �g antibodies conjugated to 50 �l beads; anti-
RBM10, cat. no. HPA034972, Sigma Aldrich; rabbit IgG,
cat. no. I5006, Sigma Aldrich; Dynabeads Protein G, In-
vitrogen) and rotated at 4◦C for 2 h. Beads were collected
and sequentially washed six times with high salt wash buffer
(50 mM Tris–HCl pH 7.4, 1 M NaCl, 1 mM EDTA, 1%
NP-40, 0.1% SDS and 0.5% sodium deoxycholate) and
wash buffer (20 mM Tris–HCl pH 7.4, 10 mM MgCl2 and
0.2%Tween-20). PrecipitatedRNA fragments were released
from beads by Protein K (NEB) digestion and extracted by
acid phenol/chloroform/isoamyl alcohol. IP eficiency and
speciicity were conirmed byWestern blot analysis. RBM10
bound RNA fragments were and reverse-transcribed by
random primer and detected by PCR using primers listed
in Supplementary Table S2. The following negative con-
trols were used: IgG for RBM10 IP, no reverse transcrip-
tase (RT-) for DNA contamination and non-template con-
trol (NTC) for PCR artifacts.

RBM10 mutations and RNA expression in the TCGA
database

RBM10 mutation and expression data in lung adenocar-
cinoma patient samples were downloaded from The Can-
cer Genome Atlas (TCGA) website (http://cancergenome.
nih.gov/). RNA expression levels in TCGA were estimated
from RNA-Seq data using the RSEM algorithm (53) and
presented as ‘normalized counts’ following upper quartile
normalization (54).

PAR-CLIP data analysis

PAR-CLIP DNA sequencing reads were downloaded from
the NCBI GEO database (GSE44976). After trimming-off
adapter sequences, the sequencing reads were aligned to
the human genome and transcriptome (GRCh37, Ensem-
blv71) allowing at most two mismatches and/or indels us-
ing Tophat2 (55). Potential binding clusters were deined by
the overlapping reads as previously described (42). For each
cluster, the crosslinking position was deined as the position
with the highest number of T to C conversions.

RNA-Seq data analysis

RNA-Seq reads were downloaded from the NCBI GEO
database (GSE44976) and aligned to the human genome
and transcriptome (GRCh37, Ensemblv71), allowing at
most 6 mismatches and/or indels using Tophat2 (55). We
searched for all possible single and multiple-exon skipping
events in RBM10 and RBM5. For each internal exon E,

we counted the number of reads for inclusion events (reads
mapped to E or exon junctions containing E with at least 6
nt overlap) and for exclusion events (reads mapped to exon
junctions skipping E and both exons with at least 6 nt over-
lap).
We calculated the ratio between the average read coverage

for two contiguous fragments in the last exon of RBM10:
the last 100 nt of the RBM10 coding sequence and the irst
100 nt of its 3’UTR. The former fragment derives from
both exogenous and endogenous RBM10, while the lat-
ter derives from only endogenous RBM10. Under condi-
tions of RBM10 overexpression, the number of sequencing
reads supporting exon inclusion derived from endogenous
RBM10 was estimated as total number of reads supporting
exon inclusion divided by the calculated ratio.

Statistical analysis

For comparison of RBM10 RNA levels in LUAD sam-
ples, Welch’s t-test was performed using R (https://www.
r-project.org/). For all other experiments, statistical tests
were carried out using GraphPad Prism 6 (GraphPad soft-
ware). For comparisons between sample pairs, two-tailed
Student’s t-tests were used. For experiments with more than
two conditions, one-way ANOVA followed by Dunnett’s
tests were used.

RESULTS

RBM10 negatively regulates its own expression

To investigate whether RBM10 regulates its own RNA
expression, we quantiied levels of 5’-untranslated region
(5’UTR) and 3’UTR derived from endogenousRBM10 fol-
lowing overexpression (OE) of its coding sequence, using
our previously acquired RNA sequencing (RNA-Seq) data
in HEK293 cells (42). This analysis revealed that RBM10
OE dramatically and reproducibly reduced levels of both
5’UTR and 3’UTR sequences (Figure 1A), indicating that
RBM10 negatively regulates its own RNA expression.
To conirm this observation and determine whether

RBM10 OE also reduces protein levels of endogenous
RBM10, we generated a tet-on HEK293 cell line that in-
ducibly expresses an RBM10 fusion protein containing a
C-terminal enhanced green luorescent protein (EGFP) re-
porter. Expression of RBM10-EGFP mRNA and protein
following induction with two different concentrations of
doxycycline (Dox) was conirmed by reverse transcription
followed by quantitative real-time PCR (RT-qPCR) and
Western blot analysis, respectively (Figure 1B and C and
Supplementary Figure S1A). To assess the functionality of
the RBM10-EGFP fusion protein, we examined its sub-
cellular localization and effects on RNA splicing for sev-
eral RBM10 target genes. As expected, these measurements
showed that RBM10-EGFP predominantly localized to the
nucleus (Supplementary Figure S1B) and enhanced exon
skipping for 6 RBM10 target genes (Supplementary Fig-
ure S1C), indicating that fusing EGFP to the C-terminus
of RBM10 does not interfere with its function.
Using PCR primers designed to amplify RBM10 5’UTR

and 3’UTR sequences, we observed that OE of RBM10-
EGFP decreased levels of endogenousRBM10RNAby ap-

http://cancergenome.nih.gov/
https://www.r-project.org/
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Figure 1. RBM10 overexpression (OE) downregulates endogenous RBM10 RNA and protein expression. (A) Relative levels of 5’-untranslated region
(5’UTR) and 3’UTR derived from endogenous RBM10 mRNA in the absence (Ctrl) and presence of overexpressed RBM10 (RBM10 OE) in HEK293
cells. Expression levels were estimated using RNA-Seq data and normalized with respect to GAPDH expression (n = 2; error bar: range). (B) RT-PCR
analysis of total and endogenous RBM10mRNA expression in tet-onHEK293 cells inducibly expressing RBM10-EGFP in response to doxycycline (Dox),
using primers designed to amplify RBM10 coding region (CDS), 5’UTR and 3’UTR sequences, respectively. Left panel: representative agarose gel images
of RT-PCR products. Right panel: qPCR results. Data are presented as mean ± SEM for n = 4 biological replicates. **P < 0.01, ***P < 0.001 (one-way
ANOVA followed by Dunnett’s tests). (C) Western blot analysis of RBM10 protein expression under conditions in (B), using an antibody that recognizes
both endogenous and overexpressed RBM10-EGFP. �-Tubulin served as a loading control. A representative result from three independent experiments is
shown. The faint band above the endogenous RBM10 band in RBM10-EGFP overexpressed samples, indicated by the open arrowhead, is likely an artifact
resulting from RBM10-EGFP overexpression (see also Supplementary Figure S1D).

proximately 50% (Figure 1B, P < 0.001), a result consis-
tent with the trend observed in our RNA-Seq data (Figure
1A). Using an antibody that recognizes both endogenous
RBM10 and RBM10-EGFP, we showed that endogenous
RBM10 protein levels were also considerably reduced fol-
lowing overexpression of RBM10-EGFP (Figure 1C and
Supplementary Figure S1D). Together, these results demon-
strate that RBM10 autoregulates its own RNA and protein
levels via negative feedback.

Computational analysis identiies candidate AS-NMD events
underlying RBM10 autoregulation

Based on our previous indings on RBM10-mediated splic-
ing inhibition (42), we hypothesized that RBM10 exerts
negative autoregulation by promoting exon skipping by
binding to splice site-adjacent regions in lanking introns
within its own pre-mRNA, thereby producing mRNA iso-
forms that are degraded by NMD.
Previous studies have shown thatRNA-Seq reads of sufi-

cient depth can be used to characterize unstable splice vari-
ants, including putative substrates for NMD resulting from
exon skipping/inclusion (56). To quantify exon skipping
events promoted by RBM10, we estimated levels of individ-

ual RBM10 splice variants lacking one or multiple-coding
exons and their proportions within endogenous RBM10,
using splice junction reads in RNA-Seq data obtained from
HEK293 cells overexpressing RBM10 (42). Under condi-
tions of RBM10 overexpression (OE), levels of endogenous
RBM10 were estimated from the ratio of the average read
coverage for the last 100 nt of the coding sequence (present
in both endogenous and exogenous mRNAs) versus the
irst 100 nt of the 3’UTR (present in endogenous mRNA
only) (see Materials and Methods). This analysis showed
that RBM10 OE increased levels of the exon 6-skipped
splice variant about 2.5-fold (Figure 2A and Supplemen-
tary Figure S2A and S2B) and considerably increased its
estimated proportion within endogenous RBM10 (Supple-
mentary Figure S3). All other single exon skipping events
occurred at very low levels, except for exon 4, an in-frame
alternative exon, which showed reduced levels of exon skip-
ping that largely relect decreases in total RBM10 mRNA
(Supplementary Figure S2A and Figure 1A). Examination
of open reading frames revealed that skipping each of the
coding exons 3, 5, 6, 8, 10–16 and 22 produces a stop codon
>50 nt upstream from the last exon-exon junction and/or
creates a long 3’UTR, which would be expected to trig-
ger mRNA degradation via NMD. Through our RNA-Seq
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Figure 2. Identiication of candidate AS-NMD events underlying RBM10 autoregulation via computational analysis and conirmation of RBM10 PAR-
CLIP binding via CLIP-PCR. (A) Expression levels of RBM10 exon 6- or 12-skipped splice junctions in HEK293 cells under control (Ctrl) and RBM10
overexpression (OE) conditions, respectively. Expression levels of the splice junction were estimated from numbers of aligned RNA-Seq reads after nor-
malization to GAPDH expression. Error bar: range, n = 2 biological replicates. (B and C) Genome browser views of RBM10 PAR-CLIP binding sites
within genomic regions containing upstream and downstream exons lanking exon 6 (A) or exon 12 (B). Shown are intensities of T-to-C conversions at
reproducible crosslinking sites (purple), aligned PAR-CLIP reads (gray), and RBM10 binding sites (black boxes), as well as sequence conservation across
vertebrates. Red lines below T-to-C conversion peaks mark the region ampliied by CLIP-PCR in (D). (D) CLIP-PCR validation of RBM10 PAR-CLIP
binding inRBM10 pre-mRNA. Left panel: gel image of CLIP-PCR products using three oligonucleotide primers targeting RBM10 binding regions within
introns 6 and 12. Primers targeting sequences of RBM10 intron 4 and GAPDH, which lack of RBM10 binding sites, were included as negative controls.
RT + and – indicate with and without addition of reverse transcriptase, respectively (IP: immunoprecipitation; Int: intron; NTC: non-template control).
Right panel: Western blot assessment of the IP speciicity. GAPDH was included as a negative control.
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data analysis, we also detectedmultiple-exon skipping span-
ning exons 8–12, corresponding to a 585 nt deletion in the
RBM10 coding sequence, and showed that its expression
level increased under RBM10 OE (Supplementary Figure
S2C). Because this multiple-exon skipping is in-frame and
occurs at low levels (Supplementary Figure S2C), it is un-
likely to signiicantly contribute to RBM10 autoregulation
via NMD.
To obtain additional evidence for RBM10-enhanced

exon skipping events within its own pre-mRNA, we ana-
lyzed RBM10 binding sites in its own pre-mRNA using
our previous PAR-CLIP data obtained in HEK293 cells
inducibly over-expressing RBM10 (42). Because we previ-
ously found that RBM10 binding to lanking introns, but
not binding to exons, generally correlates with exon skip-
ping (42), we focused on intronic regions within 300 nt
of splice sites, where RBM10 binding sites are enriched
and most known splicing regulatory elements are located
(57). After iltering out background crosslinking positions
(58,59), we deined reproducible RBM10 binding sites as
those with crosslinking positions detected in both biolog-
ical replicates (42). We also examined T-to-C conversion
proiles of the reproducible RBM10 binding sites located
in those intronic regions, which are an indication of gen-
uine PAR-CLIP binding (60). Because RBM10 likely inter-
acts with multiple spliceosomal RNA binding proteins (38)
and such interactions may create many transient or weak
RBM10 binding sites, we focused on strong RNA binding
sites in our analyses. We found that introns 6 and 12 ex-
hibited strong T-to-C conversion with intensities above the
upper quartile of all observed intronic binding regions (Sup-
plementary Figure S4 and Figure 2B and C), and thus are
likely to contain true RBM10 binding sites (60).

We further veriied this binding by RNA crosslinking
immunoprecipitation followed by RT-PCR (CLIP-PCR) in
HEK293 cells using an anti-RBM10 antibody. This anal-
ysis showed that RBM10 interacted speciically with iden-
tiied RBM10 binding sites in introns 6 and 12 of its own
pre-mRNA, but not with sequences in RBM10 intron 4 or
GAPDH , which lack RBM10 PAR-CLIP binding signals
(Figure 2D). Based on our previous inding that RBM10
promotes exon skipping by binding to lanking introns at
regions near splice sites (42), the observed binding patterns
in intron 6 and 12 (Figure 2B and C) suggest that RBM10
may cause skipping of their adjacent exons. For the exons
lanking intron 6 and 12, our RNA-Seq analysis showed
that RBM10 OE dramatically increased the level of exon
6 skipping (Figure 2A). In addition, exon 12 skipped splice
variant were represented by more than 10 sequencing reads
in all the samples (Figure 2A and Supplementary Figure
S2A). By contrast, splice variants with skipped exon 7 or 13
were rarely detected (Supplementary Figure S2A), suggest-
ing that they are constitutive exons. Taken together, the re-
sults from our computational analysis and CLIP-PCR val-
idation demonstrate that RBM10 likely enhances skipping
of exons 6 and 12 by binding to splice site-adjacent regions
in their lanking introns and thereby promotes NMD of the
corresponding mRNA transcripts.

Conirmation that RBM10 enhances skipping of its own ex-
ons 6 and 12

To conirm that RBM10 enhances skipping of its own ex-
ons 6 and 12, we performed RT-PCR using splice junction-
speciic primers to examine levels of transcript variants
lacking exon 6 or 12 (RBM10-Ex6/12-skip) in HEK293
cells overexpressing RBM10-EGFP (primer sequences are
listed in Supplementary Table S2). This analysis showed
that levels of both exon 6-skipped and exon 12-skipped
splice variants increased followingRBM10-EGFPOE (Fig-
ure 3A). By contrast, levels of splice variant lacking exon
4 (RBM10-Ex4-skip) decreased to an extent similar to the
observed decrease in total RBM10 mRNA (Supplemen-
tary Figure S5 and Figure 1B), consistent with results ob-
tained from RNA-Seq data (Supplementary Figure S2A
and Figure 1A). To further verify RBM10-mediated en-
hancement of skipping of its own exons 6 and 12, we gen-
erated minigene splicing reporters for each of the two exons
(RBM10-E6M and RBM10-E12M, respectively) contain-
ing the complete genomic sequence from the adjacent up-
stream exon to the adjacent downstream exon (Figure 3B
and C). Each of the two minigenes was then co-transfected
with RBM10-EGFP or EGFP (control) expression plas-
mids into HEK293 cells. We found that RBM10-EGFP OE
promoted the skipping of both exon 6 and exon 12 (Figure
3B and C, P = 0.0029 and 0.0026 for RBM10-E6M and -
E12M, respectively). By contrast, RBM10 depletion using
siRNAs signiicantly increased the inclusion of exon 6 (Fig-
ure 3B, P = 7.65E–05 and Supplementary Figure S6), but
not of exon 12 (Figure 3C). The lack of a signiicant increase
in exon 12 inclusion following RBM10 knockdown is likely
due to its high basal level of inclusion (PSI: ∼79%) and/or
possible antagonizing effects of other splicing factors regu-
lated by RBM10. Taken together, these results conirm that
RBM10 promotes skipping of its own exons 6 and 12, pro-
ducing transcript variants that are predicted to be substrates
for NMD.
RBM10-mediated skipping of its exons 6 and 12 was fur-

ther conirmed using heterologous minigene reporters, in
which exons 6 or 12 and their lanking introns were inserted
within the GFP coding sequence to exclude possible effects
of RBM10 binding to neighboring exons (Supplementary
Figure S7). Deletion of the two strongest RBM10 binding
sites within intron 12 in minigene reporter RBM10-E12M
attenuated RBM10-meditated exon 12 skipping (Supple-
mentary Figure S8). In addition, minigene reporters con-
taining RBM10 exons that have internal RBM10 binding
sites, but lack strong binding sites within lanking introns,
did not show splicing changes following RBM10 OE (Sup-
plementary Figure S9). Together, these observations sup-
port the importance of RBM10 binding sites within lank-
ing introns for exon skipping and the usefulness of informa-
tion concerning the RBM10 intronic binding for predicting
exon splicing outcomes.

RBM10 transcripts lacking exon 6 or 12 are substrates for
NMD

Skipping of RBM10 exon 6 or 12 is predicted to intro-
duce premature stop codons and induce NMD (16,20). To
conirm the predicted effects and the contribution of these
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Figure 3. RBM10 enhances skipping of its own exons 6 and 12. (A) Changes in expression of RBM10 transcript variants lacking exons 6 or 12 (RBM10-
Ex6/12-skip) following induction of RBM10-EGFP expression with 100 or 1000 ng/ml doxycycline (Dox) in HEK293 cells assessed by RT-PCR. Repre-
sentative agarose gel images of RT-PCR products are shown in the left panel. qPCR results are shown in right panel. Error bars represent ±SEM from four
biological replicates. ***P < 0.001 (one-way ANOVA followed by Dunnett’s tests). (B and C) Changes in splicing of minigene reporters for exons 6 and
12 (RBM10-E6M and -E12M) in HEK293 cells following RBM10-EGFP overexpression (OE) or RBM10 knockdown (KD) assessed by RT-PCR. Loca-
tions of the vector-speciic forward primer (T7-F), reverse primer (BGH-R) and target sequence-speciic forward primer (E12M-F) are indicated by arrows
above the minigene diagrams (upper panels). OE and KD eficiencies were assessed using primers targeting the RBM10 coding sequence (RBM10-CDS).
GAPDH served as a loading control. PSI: percent-spliced-in. Error bars represent ±SEM from three biological replicates (Student’s t-test).

exon skipping events to RBM10 autoregulation, we inhib-
ited NMD alone and in combination with RBM10 overex-
pression (OE).We irst directly inhibitedNMDby depleting
the NMD pathway regulator UPF1 using a previously veri-
ied siRNA (Supplementary Figure S10) (34). As predicted,
expression levels ofRBM10 transcript variants lacking exon
6 or exon 12 signiicantly increased following NMD inhi-
bition alone and synergistically increased following NMD
inhibition together with RBM10 OE (Figure 4A). To rule
out possible artifacts of UPF1 depletion unrelated toNMD
(16), we also indirectly inhibited NMD by blocking trans-
lation with cycloheximide (CHX) and obtained similar re-
sults (Figure 4B). Consistent with the observed accumula-
tion of the NMD-susceptible transcripts, expression levels
of total endogenousRBM10mRNA signiicantly increased
following NMD inhibition and decreases in mRNA levels
observed under RBM10 OE were reversed by NMD inhi-
bition (Supplementary Figure S10). Together, these results
demonstrate that RBM10-promoted skipping of its exon

6 or 12 produces RNA transcripts that are substrates for
NMD, and thereby contributes to autoregulation.

RBM10 negatively regulates its paralog RBM5 via AS-
NMD

RBM5 is the closest paralog of RBM10 with 46% amino
acid identity. Our previous results showed that RBM10
OE downregulated the expression of RBM5 mRNA, while
RBM10 knockdown (KD) upregulated its expression (Fig-
ure 5A) (42). Given the observed cross-regulation between
other paralogous splicing factors (15), we postulated that
RBM10 negatively modulates RBM5 expression through
AS-NMD. Using the computational method described
above, we found that: (i) RBM10 promoted skipping of
RBM5 exons 6 and 16, and exon 8 to a lesser extent (Figure
5B and Supplementary Figure S11A); (ii)RBM5 transcripts
lacking one of the coding exons 3, 5, 6, 8, 10–12, 14–17 or
23 are predicted to trigger NMD; and (iii) RBM10 binds to
RBM5 introns 4, 5, 6, 16, 17 and 20 at regions near the splice
sites (Figure 5C and D and Supplementary Figure S12).
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Figure 4. RBM10 splice variants lacking exon 6 or exon 12 are substrates for nonsense-mediated decay. (A and B) RT-PCR analysis of the expression of
RBM10 transcript variants lacking exon 6 or exon 12 (RBM10-Ex6/12-skip) following NMD pathway inhibition via siRNA-mediated depletion of the
regulator UPF1 (A) or cycloheximide (CHX)-mediated inhibition of protein synthesis (B) with or without RBM10 overexpression (OE) in HEK293 cells
using splice variant-speciic primers. Dox: doxycycline; NC: negative control. Left panel: representative agarose gel images of RT-PCR products. Right
panel: qPCR results. Error bars: ±SEM, n = 5 biological replicates in (A) and n = 4 biological replicates in (B). *P < 0.05, **P < 0.01, ***P < 0.001,
ns: not signiicant, compared to control sample (siNC/Dox- in (A) and DMSO/Dox- in (B), respectively) and between sample pairs indicated by lines
(Student’s t-test).

The observed RBM10 PAR-CLIP binding sites in RBM5
intron 5 and 6 were conirmed by CLIP-PCR (Figure 5E).
Together, these data suggest that RBM10 promotes skip-
ping ofRBM5 exon 6 and 16 by binding to lanking intronic
regions and likely promotes skipping of RBM5 exon 8 via
indirect effects, resulting in transcript variants that are sub-
ject to NMD. Notably, splice site adjacent regions in lank-
ing introns of exon 6 and 16 that contain RBM10 binding
sites are evolutionarily conserved across species (Figure 5C
and D).
Several lines of experimental evidence support our com-

putational predictions. First, both mRNA and protein lev-
els of RBM5 were reduced following RBM10-EGFP OE
(Figure 6A and B). Second, expression levels of RBM5
splice variants lacking exon 6 or 16, from both endoge-
nous pre-mRNA and the corresponding minigene splicing
reporters, increased following RBM10-EGFP OE (Figure
6A and C, respectively). By contrast, skipping of exon 8,
for which there is only very low intensity of RBM10 binding
within lanking introns (Supplementary Figure S14A), did
not signiicantly change under RBM10-EGFP OE (S14B–
D, compare DMSO/Dox– with DMSO/Dox+ levels in
S14C and S14D), suggesting that skipping of this exon is
not regulated by the binding of RBM10. Third, expression
levels ofRBM5 splice variants lacking exon 6, 8 or 16 signif-

icantly increased following NMD inhibition via UPF1 de-
pletion or CHX treatment (Figure 6D and E and Supple-
mentary Figure S13 and S14C). Skipping of exon 6 or 16,
but not exon 8, further increased followingNMD inhibition
under RBM10 OE (Figure 6D and E and Supplementary
Figure S13, S14C and S14D). Consistently, expression lev-
els of total RBM5 mRNA increased following NMD inhi-
bition, and their decreases under RBM10 OE were reversed
by NMD inhibition (Supplementary Figure S10). Collec-
tively, these observations strongly support our indings that
RBM10 negatively regulates mRNAand protein expression
of its closest paralog RBM5 via AS-NMD.

Lung adenocarcinoma (LUAD)-associated mutations affect-
ing RBM10 exons 6 and 12 splice sites disrupt splicing and
correlate with reduced RBM10 RNA expression

RBM10 mutations have been frequently observed in
LUAD patients (43,44). To examine whether these cancer-
associated mutations occur within splice sites of RBM10
and subsequently affect splicing of its pre-RNA, we an-
alyzed RBM10 mutations and RNA expression data for
LUAD patients catalogued in The Cancer Genome Atlas
(TCGA) database. In total, 9 of 43RBM10mutations found
in 546 TCGA LUAD samples are located within splicing
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Figure 5. Computational analysis identiies RBM10 binding sites and regulated AS-NMD events withinRBM5. (A) Changes in RBM5mRNA expression
inHEK293 cells, estimated byRNA-Seq data followingRBM10 overexpression (OE) or knockdown (KD), respectively. Ctrl: Control. (B) Changes in levels
of splice junctions speciic for RBM5 transcript variants lacking exon 6 or 16, respectively, following RBM10 OE, as described in the legend of Figure 2A.
Error bar: range, n = 2 biological replicates. (C and D) Genome browser view of RBM10 PAR-CLIP binding sites and sequence conservation across
vertebrates in genomic regions spanning the proximal upstream and downstream exons of RBM5 exon 6 and 16, respectively, with panels as described in
the legend of Figure 2B and C. (E) Conirmation of the RBM10 binding sites in RBM5 intron 5 and 6 using CLIP-PCR, under conditions described in
Figure 2D. GAPDH served as a negative control.
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Figure 6. RBM10 negatively regulates the expression of its paralog RBM5 via AS-NMD. (A) Changes in levels of RBM5 total mRNA and splice variants
lacking exon 6 or 16 (RBM5-Ex6/16-skip) following RBM10-EGFP overexpression (OE) assessed using RT-PCR as described in the legend of Figure
3A. n = 3 biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001, ns: not signiicant (one-way ANOVA followed by Dunnett’s tests). (B) Western
blot analysis of RBM5 protein expression levels under conditions in (A). (C) RT-PCR analysis of the expression levels of RBM5 splice variants lacking
exon 6 or 16 from minigene splicing reporters (RBM5-E6M, -E16M) co-transfected with EGFP control and RBM10-EGFP, respectively, as in Figure 3B.
n = 4 biological replicates for RBM5-E6M and n = 3 for RBM5-E16M (Student’s t-test). (D and E) RT-PCR analysis of expression changes of RBM5
splice variants lacking exon 6 or 16 following NMD inhibition via UPF1 depletion (D) or CHX treatment (E) with or without RBM10 OE, respectively,
as described in the legend of Figure 4. Upper panels: representative gel images; lower panels: qPCR results. n = 5 biological replicates in (D) and n = 4
biological replicates in (E). *P< 0.05, **P< 0.01, ***P< 0.001, ns: not signiicant, compared to control sample (siNC/Dox– in (A) and DMSO/Dox- in
(B), respectively) and between sample pairs indicated by lines (Student’s t-test).
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sites. Of particular interest, 5 of these 9 mutations are lo-
cated within splice sites for exons 6 or 12 (Figure 7A and
Supplementary Table S1). To determine the effects of these
mutations on exon inclusion, we introduced them into the
RBM10-E6M/E12M minigene reporters and transfected
the wild type and mutant RBM10 minigene reporters into
two cell lines with different genetic backgrounds: N2a, a
mouse neuroblastoma cell line, and HEK293. Analysis of
minigene splicing in these cells revealed that each of the
ive mutations completely disrupted the inclusion of their
affected exons in both cell lines (Figure 7B and Supplemen-
tary Figure S15). Interestingly, exon 6 of RBM10-E6M re-
porter has higher inclusion levels in N2a cells compared
to HEK293 cells, suggesting cell type speciic regulation of
RBM10 viaAS-NMD(compareFigure 7B and Supplemen-
tary Figure S15).
Since RBM10 transcript variants lacking exon 6 or 12

were predicted to be substrates for NMD, we expected that
splice site mutations for these exons would greatly reduce
RNA expression levels of RBM10. To rule out the poten-
tial inluence of copy number alteration (CNA) on gene ex-
pression, we excluded LUAD samples with RBM10 CNA
from our analysis, including one case carrying an RBM10
mutation in an exon 6 splice site (Supplementary Table
S1). As expected, we observed that RNA expression levels
of RBM10 in the remaining four patients carrying splice
site mutations for exon 6 or 12 as the only RBM10 mu-
tations were signiicantly lower compared with LUAD pa-
tients without RBM10 mutations or CNA (Figure 7C, P =
0.0077). Of note, one case among the four patient samples
showed higher RBM10 RNA expression than the others.
After careful inspection, we found that the frequency of the
mutant allele in the tumor tissue excised from this individual
is much lower than the others (Supplementary Table S1), in-
dicating that wild type RBM10 constitutes the majority of
this sample (44,61,62). The difference in RBM10 RNA ex-
pression levels is even more signiicant after removing this
case (P = 7.41e–07), strongly supporting our inding that
skipping of RBM10 exon 6 or 12 activates NMD and con-
sequently decreases levels of RBM10 RNA.

DISCUSSION

In this study, we uncovered a novel molecular mecha-
nismunderlyingRBM10 negative autoregulation and cross-
regulation of its paralog RBM5. Taking advantage of our
RNA sequencing data following RBM10 perturbations and
published RBM10 PAR-CLIP results (42), we identiied
RBM10-enhanced exon skipping events that trigger NMD
for four exons and RBM10 binding sites in RBM10 and
RBM5. Notably, alternative splicing (AS) of these exons
has not previously been linked to NMD, thus highlighting
the advantage of ourmethods for characterizing AS-NMD-
mediated auto- and cross-regulation of splicing regulators.
Together, our indings provide new insights regarding the
functions of RBM10 in normal and disease contexts. The
approach established here should be useful for elucidating
the mechanisms of auto- or cross-regulation by other splic-
ing factors.
Our study began with an integrative analysis of RNA-

seq and CLIP data to systematically search for candidate

AS-NMD events in RBM10 and RBM5, which were then
thoroughly validated by experiments. RNA sequencing is
a powerful and extensively used method for the system-
atic identiication of new splicing events, including those
couple to NMD (56). NMD transcripts are often dificult
to detect due to rapid degradation. However, we success-
fully identiied changes in three of four exon skipping events
that trigger NMD in RBM10 and RBM5 using RNA-
Seq data under control and RBM10 OE conditions (Sup-
plementary Figure S2A, S3 and S11). RNA-Seq data is
also useful for detecting highly unstable mRNA transcripts,
for example RBM10 transcripts lacking exon 12, although
additional experiments such as those carried out in our
study may be required for conirmation. Notably, the fact
that splice site-adjacent intronic regions lanking RBM10
exon 12 lack high sequence conservation implies that, al-
though often correlated with splicing regulatory functions
(15), sequence conservation is not necessarily required for
exon skipping/inclusion-coupled NMD events that under-
lie auto- or cross- regulation of splicing regulators.
In cases where splicing regulator-RNA interaction data

are available, binding sites in target RNAs can be precisely
identiied, thereby providing evidence for regulation. Cau-
tion should to be taken, however, concerning identiication
of the biologically meaningful binding sites using CLIP, be-
cause CLIP is a very sensitive method that can capture both
stable and transient binding. In addition, UV crosslinking,
immunoprecipitation and deep sequencing procedures may
produce artifacts, even when carried out in a stringently
controlled manner (59). Control CLIP experiments charac-
terizing background binding have been shown to be helpful
for excluding experimental artifacts, but have not been rou-
tinely included in most published CLIP datasets (59,63).
Because our previous study found that RBM10 binding

to splice site-adjacent regions in lanking introns, but not
binding to exons, globally correlates with exon skipping
(42), we analyzed RBM10 intronic binding to its own pre-
mRNA and that of RBM5. Results from our study sup-
port a role for RBM10 binding to lanking introns near
splice sites in exon skipping and the usefulness of RBM10
intronic binding information for predicting exon splicing
outcomes (Supplementary Figure S7-S9 and S14). Because
several independent CLIP studies identiied RBM10 bind-
ing to exons (42,48,49) and a very recent study showed that
RBM10 promotes skipping of TNRC6A exon7 partly by
binding to this exon (64), we do not preclude possible func-
tions of exonic binding sites in individual cases. It should be
noted that the observedRBM10 binding to its own exons in
our study may be overrepresented because the PAR-CLIP
data was obtained in HEK293 cells inducibly overexpress-
ing FLAG-tagged RBM10, where its coding sequence were
overexpressed.
After iltering out common PAR-CLIP background

binding signals (59), we prioritized intronic RBM10 PAR-
CLIP binding regions within RBM10 and RBM5 based
on T-to-C conversions intensities, an indication of gen-
uine PAR-CLIP binding (60), to identify candidate binding
sites. Because potential interactions of RBM10 with other
spliceosomal RNA binding proteins (RBPs) (38) may give
rise to many transient or indirect weak RBM10 binding
sites, we focused on strong binding sites that are more likely
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Figure 7. LUAD-associated splice site mutations in RBM10 exons 6 and 12 disrupt splicing and correlate with signiicantly reduced RBM10 RNA expres-
sion. (A) Locations of splice site mutations for RBM10 exon 6 and 12 identiied in TCGA LUAD patients. Ex: exon; In: intron. (B) RT-PCR analysis of
exon 6 and 12 inclusion levels derived from wild type and splice site mutants of minigene reporters RBM10-E6M and -E12M transfected in N2a cells.
PCR primers are indicated by black arrows and positions of mutations are marked by red arrowheads in minigene diagrams (upper panel). PSI: percent-
spliced-in. n = 2 biological replicates. (C) RBM10 RNA expression levels in four LUAD patients harboring splice site mutations for RBM10 exons 6 or
12 compared to individuals lacking RBM10mutations or copy number alternation (CNA). Data from TCGA, see Materials and Methods for details. P=

0.0077 (Welch’s t-test).

to be functional. In this way, we discovered that RBM10
binding sites are enriched in introns lanking RBM10 ex-
ons 6 and 12 and introns lanking RBM5 exon 6 and 16
(Figures 2B, C, 5C and D and Supplementary Figure S4
and S12), suggesting that RBM10 promotes skipping of the
these exons. Notably, combined with the analysis of CLIP
data, we found that skipping of RBM10 exon 12 is pro-
moted by RBM10, but the magnitude of change is too low
to be precisely quantiied by RNA-Seq alone (Figure 2A
and Supplementary Figure S2A). We also found that skip-
ping ofRBM5 exon 8, which lacks RBM10 binding in adja-
cent introns, is likely not signiicantly promoted by RBM10
(Supplementary Figure S14), even though RNA-Seq data
suggests that skipping of this exon is weakly promoted by
RBM10 (Supplementary Figure S11A).
We also used our computational method to analyze the

splicing regulators PTBP1 and PTBP2, a well-characterized
example of autoregulation and cross-regulation mediated
by AS-NMD (31,65). Skipping of PTBP1 exon 11 and
PTBP2 exon 10 was previously identiied as the underly-
ing AS-NMD events by analyzing expressed sequence tags
(ESTs) and/or sequence conservation (31,65). To determine
if our method conirms these results, we analyzed publically
available RNA-seq data following PTBP1 depletion and
PTBP1 CLIP data in Hela cells (66,67). Using this RNA-

Seq data, we found that expression levels of PTBP2 exon
10 skipping and the proportion of the resulting splice vari-
ant dramatically decreased (Supplementary Figure S16A
and S16B), and PTBP2 expression dramatically increased
(Supplementary Figure S16E), following PTBP1 depletion,
consistent with previous indings (31). By contrast, skipping
of other PTBP2 exons showed no change or very small de-
creases (Supplementary Figure S16A and S16B). It is difi-
cult to estimate changes of speciicPTBP1 exons under con-
ditions of PTBP1 depletion, because the siRNA-mediated
depletion affects levels of all PTBP1 transcripts (Supple-
mentary Figure S16C and S16D). Instead, we observed that
the proportion of exon 11 skipping is very low under con-
trol conditions (Supplementary Figure S16C and S16D).
As described for RBM10 in this study, RNA-Seq data ob-
tained under conditions of PTBP1 overexpression should be
helpful for identifying candidate AS-NMD events underly-
ing negative autoregulation. Using PTBP1 PAR-CLIP data
with high sequencing depth (67), we detected PTBP1 bind-
ing to lanking intronic regions close to splice sites for both
PTBP1 exon 11 and PTBP2 exon 10 (Supplementary Fig-
ure S17). Based on a proposed model for PTBP1-mediated
splicing regulation (66), the observed binding patterns sug-
gest that PTBP1 suppresses inclusion of these exons.
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These results demonstrate the usefulness of our method
for identifying candidate AS-NMD events underlying auto-
and cross-regulation of splicing regulators. It should be
noted, however, that we observed differences in PTBP1
binding between the two CLIP datasets (Supplementary
Figure S17). Thismay be due to large differences in sequenc-
ing depth and distinctmethods used in correspondingCLIP
experiments (66,67). Again, as discussed above, highly re-
producible and well-controlled CLIP datasets are essential
for identifying true binding sites and interpreting their func-
tions.
The RBM10 transcript lacking exon 6 is predicted

to encode a truncated protein in the UCSC database
(uc004dhe.2, GRCh37) and RBM10 exon 12 is not an-
notated as an alternative exon in the Refseq and UCSC
databases. Similar to RBM10, the RBM5 transcript variant
lacking exon 6 is listed in the UCSC database (uc011bdk.2,
GRCh37) and predicted to encode an alternative protein us-
ing a different downstream start codon. By contrast, this
transcript is annotated as a non-coding transcript in Ref-
seq (NR 036627,GRCh37). Based on similar RBM10 bind-
ing patterns and high conservation in lanking intronic se-
quences for RBM5 exon 6 and RBM10 exon 6, we specu-
late that skipping of the two exons induces NMD in a simi-
lar manner. Although exogenous overexpression of the pre-
dicted coding sequence of RBM5 transcript variant lack-
ing exon 6 was shown to accelerate cell cycle and suppress
apoptosis (68), the full-length and functions of this tran-
script have not been characterized in vivo.RBM5 exon 8 and
16 are not annotated as alternative exons in the Refseq and
UCSC databases. AlthoughRBM5 exon 8 is likely not regu-
lated via direct binding of RBM10, our results identify it as
a new alternative exon for which skipping results in NMD
(Supplementary Figure S14).
Theoretically, multiple AS-NMD events can be used by

splicing regulators to increase the eficiency of auto- and
cross-regulation. As illustrated in Figure 8A, AS-NMD
events in RBM10 or RBM5 can increase the magnitude of
auto- and cross-regulation in an additive manner. Specif-
ically, when cellular concentrations of RBM10 increase,
skipping of exon 6 also increases, thus activating NMD
and decreasing levels of RBM10 mRNA and protein. RNA
transcripts that contain exon 6, however, may undergo exon
12 skipping, thereby further reducing mRNA and protein
levels and increasing the effectiveness of negative autoreg-
ulation. A similar mechanism holds true for negative cross-
regulation of RBM5, where RBM10 enhances skipping of
RBM5 exons 6 and 16. Conversely, when cellular concen-
trations of RBM10 decrease, inclusion levels of RBM10 ex-
ons 6/12 andRBM5 exons 6/16 increase, thereby increasing
mRNA and protein levels of both splicing regulators (Fig-
ure 8A).

Additionally, given that different cofactors likely con-
tribute to the regulation of splicing of the four identi-
ied NMD exons in RBM10 and RBM5 (12), the AS-
NMD events individually and in combination could pro-
vide RBM10 with multiple ways to differentially modulate
its own expression and that of RBM5 under different nor-
mal and pathological contexts. We hypothesize that neg-
ative autoregulation of RBM10 can be used by the cells
to maintain homeostasis. Meanwhile, cross-regulation of

RBM5 can give rise to varying combinations of RBM10
and RBM5 concentrations, thereby potentially expanding
functional diversity.
Importantly, the circuit for RBM10 autoregulation and

cross-regulation of RBM5 established in this study (Sup-
plementary Figure S18) has also been observed in other
splicing regulators (15), and thus may represent a com-
mon mechanism for controlling splicing regulatory net-
works. The functional signiicance of such regulatory cir-
cuits is clearly demonstrated by PTBP1 and PTBP2. PTBP1
is expressed in most types of cells, while PTBP2 is pri-
marily expressed in neurons (69). PTBP1 can negatively
autoregulate its own expression and cross-regulate that of
PTBP2 by triggering AS-NMD (31,65). During neuronal
differentiation, expression of PTBP1 is repressed, alleviat-
ing the negative cross-regulation of PTBP2 and leading to
a switch to PTBP2 expression (69,70). In addition, deple-
tion of PTBP1 in ibroblasts has been shown to be suf-
icient to induce PTBP2 expression and neuronal trans-
differentiation (71), strongly supporting the functional im-
portance of these splicing regulators in determining neu-
ronal cell states.
Since RBM10 regulates alternative splicing of hundreds

of target genes, including its paralog RBM5 and several
other RBPs (42), it is crucial for cells to tightly regulate its
expression. In this regard, it is not surprising that RBM10
mutations cause multifaceted developmental abnormalities
in patients with TARP syndrome (39–42) and contribute to
molecular changes in LUAD (43,44) and other types of can-
cer (45–47).

LUAD-associated splice site mutations of RBM10 exon
6 or 12 correlated with signiicantly reduced RNA expres-
sion ofRBM10 (Figures 7 and 8B), strongly supporting our
inding that skipping of one of these exons triggers NMD
(Figure 8B). We hypothesize that the occurrence of muta-
tions that block inclusion of these exons is not a coinci-
dence, but instead the consequence of positive selection of
tumor clonal evolution process. This hypothesis is consis-
tent with reported suppressive role of RBM10 in LUAD
(49,51). More broadly, splice site mutations that promote
transcript degradation via NMD may be one of the strate-
gies used by tumor cells to block the expression of tumor
suppressive genes and consequently promote tumor devel-
opment and maintenance.
Because RBM5 shares 46% identify in amino acid se-

quence and high similarity in conserved protein domains
with RBM10, it is conceivable that there are functional
redundancies between them. Indeed, compensation at the
protein level betweenRBM10 andRBM5has been reported
in mouse brain and neuroblastoma-derived SH-SY5Y cells,
suggesting possible functional compensation (72). Notably,
emerging evidence suggests that RBM10 and RBM5 target
different sets of RNAs and exhibit distinct regulatory and
biological functions, at least with respect to regulating splic-
ing and apoptosis (49,72). For these reasons, possible con-
founding effects resulting from cross-regulation of RBM5
by RBM10 should be taken into consideration when inves-
tigating the functions of RBM10 under various physiologi-
cal conditions. It should also be pointed out that RBM10-
mediated cross-regulationmay play an important role in the
regulation of RBM5 levels and functions in different cell
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Figure 8. (A, B) Proposed model for RBM10 autoregulation and cross-regulation of RBM5 in normal cells (A) and possible mechanisms for disruption
of RBM10 expression due to speciic splice site mutations in lung adenocarcinoma (LUAD) cells (B).

types, such as shaping the high levels of RBM5 expression
in brain and testis cells (72,73). Elucidating the various pos-
sible roles of auto- and cross-regulation by RBM10 remains
an important goal for further investigations.
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