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Here, we report the identification of the RNA binding motif
protein RBM15B/OTT3 as a new CDK11p110 binding partner
that alters the effects of CDK11 on splicing. RBM15B was ini-
tially identified as a binding partner of the Epstein-Barr virus
mRNA export factor and, more recently, as a cofactor of the
nuclear export receptor NXF1. In this study, we found that
RBM15B co-elutes with CDK11p110, cyclin L2�, and serine-
arginine (SR) proteins, including SF2/ASF, in a large nuclear
complex of �1-MDa molecular mass following size exclusion
chromatography. Using co-immunoprecipitation experiments
and in vitro pulldown assays, we mapped two distinct domains
of RBM15B that are essential for its direct interaction with the
N-terminal extension of CDK11p110, cyclin L2�, and SR pro-
teins such as 9G8 and SF2/ASF. Finally, we established that
RBM15B is a functional competitor of the SR proteins SF2/
ASF and 9G8, inhibits formation of the functional spliceoso-
mal E complex, and antagonizes the positive effect of the
CDK11p110-cyclin L2� complex on splicing both in vitro
and in vivo.

The human cell division control 2-like genes Cdc2L1 and
Cdc2L2 encode two related protein kinases, denoted CDK11B
and -A, respectively, which are expressed as two predominant
protein isoforms designated by their apparent molecular mass
(p110 and p58 for the 110- and 58-kDa isoforms, respectively)

(1, 2). Because current data indicate that the products of the
two genes are functionally redundant, the term CDK11 will
refer to products from both genes hereafter. The CDK11p110
and CDK11p58 isoforms are produced from the same mRNAs
through the use of an internal ribosome entry site and two
different AUG codons located in the coding sequence of the
CDK11p110A and -B mRNAs (3).

The cyclin L proteins are the regulatory partners of
CDK11p110 and CDK11p58 (4–8). These proteins are encoded
by two genes, cyclin L1 and L2, which produce six distinct
protein isoforms of various apparent molecular masses by
alternative splicing (8). The �70-kDa cyclin L1� and L2�
proteins contain an N-terminal cyclin box and a C-terminal
arginine-serine (RS)-rich domain very similar to that of splic-
ing-regulating SR proteins, whereas the short 20–35 kDa cy-
clin L1�, L2� A/B, and L1� proteins contain the cyclin box
but lack the RS domain.
Expression of the large CDK11p110 protein kinase isoforms

is ubiquitous and constant throughout the cell cycle.
CDK11p110 protein is a nuclear protein present in two macro-
molecular complexes of 1–2 MDa and �800 kDa that contain
the cyclin Ls, the largest subunit of RNA polymerase II, the
SSRP1 and SPT6 subunits of the transcription elongation fac-
tor FACT (facilitates chromatin transcription), CK2,5 and the
Rap30 and Rap74 subunits of general transcription factor IIF
(9). Using the yeast two-hybrid strategy, we identified the
splicing factors RNPS1 (10) and 9G8 (11) as the first direct
CDK11p110 binding partners. Both RNPS1 and 9G8 belong to
the SR protein family, which stimulate excision of introns
from pre-RNAs and regulate alternative splicing (12). RNPS1
and 9G8 co-immunoprecipitate with CDK11p110 and are
phosphorylated by CK2 (13) and CDK11p110 (11), respec-
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tively. Taken together, these data suggested that CDK11p110
was involved in splicing and/or transcription. In contrast, re-
cent reports have demonstrated that the mitosis-specific
CDK11p58 protein is required for centrosome maturation,
bipolar spindle formation, and maintenance of sister chroma-
tid cohesion (14, 15).
The involvement of CDK11p110 in the regulation of tran-

scription was first demonstrated by studies from our labora-
tory that established that anti-CDK11p110 catalytic domain
antibodies reduced the synthesis of RNA transcripts produced
from both TATA-like and GC-rich promoters in standard in
vitro transcription assays (9). More recently, CDK11p110 was
also identified as a positive regulator of hedgehog signaling in
both fly and vertebrate cells (16, 17) and as a modulator of the
Wnt/�-catenin signaling cascade (18).
Several lines of evidence also confirmed the role of the

CDK11p110-cyclin L complexes in pre-mRNA splicing. Immu-
nodepletion of the CDK11p110 kinase from nuclear extracts
greatly reduced the in vitro splicing activity, whereas readdi-
tion of the CDK11p110 immunoprecipitates rescued the splic-
ing activity (11). In addition, overexpression of CDK11p110 in
cultured cells increased in vivo splicing, whereas overexpres-
sion of a catalytically inactive form of CDK11p110 inhibited
splicing (8). Similarly, preincubation of nuclear extracts with
purified cyclin L� and L� proteins bound to Sepharose beads
depletes the extract of in vitro splicing activity (8). We also
demonstrated the direct role of CDK11p110-cyclin L com-
plexes in the regulation of pre-mRNA splicing by showing
that ectopic expression of cyclin Ls individually enhances in
vivo splicing activity using a �-galactosidase/luciferase re-
porter construct (8). Moreover, enforced expression of cyclin
L proteins alone or in combination with active or catalytically
inactive CDK11p110 strongly affects in vivo alternative splicing
of an E1A minigene reporter construct (8). In addition, others
have shown that cyclin L1� is an immobile component of the
splicing factor compartment (19) that is associated with hy-
perphosphorylated RNA polymerase II (5) and that cyclin L2�
is a substrate of the nuclear protein kinase DYRK1A (7),
which is a dual specificity protein kinase that phosphorylates
several transcription factors and induces SR protein redistri-
bution. Together, these data demonstrate that CDK11p110 is
part of macromolecular complexes regulating RNA synthesis
at the interface of transcription and splicing, two tightly
linked processes occurring concomitantly and reciprocally
influencing each other. Recently, it was also shown that
CDK11 and 9G8 interact with the eukaryotic initiation factor
3 subunit f (eIF3f) and together alter the 3� processing of the
HIV-1 pre-mRNA (20). The involvement of CDK11p110 in
RNA maturation most likely requires its indirect interaction
with the nascent pre-RNAs via RNA-binding proteins such as
the SR proteins RNPS1 and 9G8, hnRNPs, and other proteins
containing RNA recognition motifs that remain to be
identified.
Here, we report the identification of a new CDK11p110 and

cyclin L2� binding partner, the RNA binding motif protein
RBM15B/OTT3 (one-twenty-two 3). RBM15B was initially
identified as a binding partner of the Epstein-Barr virus
mRNA export factor (21) and more recently was found to be a

cofactor of the nuclear export receptor NXF1 (22). In the
present study, we showed that RBM15B is located in a nuclear
macromolecular complex through its direct binding to
CDK11p110-cyclin L complexes and the splicing factor 9G8.
Using in vitro and in vivo splicing assays, we established that
RBM15B is a functional competitor of the SR proteins, capa-
ble of inhibiting the formation of the spliceosomal E complex
and antagonizing the positive effect of the CDK11p110-cyclin
L2� complex on splicing.

EXPERIMENTAL PROCEDURES

Yeast Two-hybrid Screen—The yeast two-hybrid screen was
performed as described previously (10) using the full-length
CDK11Bp110 (Cdc2L1) fused to the GAL4 DNA binding do-
main and cloned into the PAS1CYH2 plasmid and a human
B-cell cDNA library subcloned into the pACT plasmid con-
taining the GAL4 activation domain (kindly provided by
Dr. S. Elledge).
Cell Culture and Transfection—HEK293T and human fore-

skin fibroblasts were maintained in DMEM supplemented
with 10% fetal calf serum (FCS) and 2% L-glutamine. Trans-
fections of HEK293T cells with expression vectors encoding
CDK11p110, cyclins L1� and L2�, 9G8, SF2/ASF, and various
RBM15B constructs were performed using the transfection
reagents FuGENE 6 (Roche Applied Science), JetPEI
(Qbiogene), or KLN47 (23), and cells were harvested 48 h af-
ter transfection.
Recombinant Protein Production—His6-tagged (pFast Bac

expression vector, Invitrogen) full-length RBM15B and 9G8
(11) were expressed in Sf9 insect cells and purified using a
nickel-nitrilotriacetic acid affinity column under native
conditions according to the manufacturer’s protocol (The
QIAexpressionistTM, Qiagen). GST-RBM15B fusion proteins
(supplemental Data S8) were expressed in BL21 bacteria (In-
vitrogen) and purified with GSH-SepharoseTM 4B beads (Am-
ersham Biosciences) using the manufacturer’s protocol. In
vitro transcribed and translated CDK11, RBM15B, and cyclin
L2� proteins were produced using the TNT kit (Promega) and
[35S]methionine (PerkinElmer Life Sciences).
Antibodies—The CDK11 antibodies P2N100 (10) and P1C

(24) and cyclin L (8) antibodies have been described previ-
ously. The RBM15B antibody was produced by immunization
of rabbits with the purified GST-tagged N-terminal domain
(amino acids 1–154; supplemental Data S2B). Specific anti-
RBM15B immunoglobulins were affinity-purified using the
GST N-terminal domain covalently bound to Sepharose 4B
beads (supplemental Data S2, C and D). Rat monoclonal
anti-HA (Roche Applied Science), mouse M2 monoclonal
anti-FLAG (Sigma), anti-CK2� (C-18), 9G8 (H-120) and SF2/
ASF (P-15) (Santa Cruz Biotechnology), anti-9G8-ZnK poly-
clonal antibody (a kind gift from Dr. Marie-Louise Hammar-
skjold), anti-SF2/ASF polyclonal antibody (38813, Abcam),
proliferating cell nuclear antigen (PC10, Dako), and mouse
monoclonal anti-SR proteins SRp75, SRp55, SRp40,
SRp30a/b, and SRp20 (1H4, Zymed Laboratories Inc.) were
used according to the manufacturers’ instructions.
Chromatography/Size Fractionation—Size fractionation

analysis was carried out using a Superose 6 column (Amer-
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sham Biosciences). Protein standards of 737, 460, 170, and 65
kDa were used to calibrate the column in 50 mM phosphate
(pH 7), 150 mM NaCl, 0.2 mM EDTA, and 0.1% Nonidet P-40.
One milligram (�0.1 ml) of HeLaScribe� nuclear extract
(Promega) was loaded onto the Superose 6 column, and 1-ml
fractions were collected. Immunoblot analyses using 40 �l
from each fraction were performed.
Immunoblots and Immunoprecipitations—For immuno-

blots, human cell lines were washed in PBS and lysed by brief
sonication in 50 mM Tris-HCl (pH 8), 150 mM NaCl, 5 mM

EDTA, 5 mM EGTA, 15 mM MgCl2, 60 mM �-glycerophos-
phate, 1 mM DTT, 0.1 mM sodium vanadate, 0.1 mM sodium
fluoride, 15 mM p-nitrophenyl phosphate, and 0.5% Nonidet
P-40. Immunoprecipitation of endogenous CDK11 and cyclin
L proteins was performed using HEK293T cell lysates. In all
immunoprecipitation experiments, cell lines were lysed in 50
mM Hepes (pH 7.9), 150 mM NaCl, 0.1 mM EDTA, 10% glyc-
erol, 0.5% Tween 20, 10 mM �-glycerophosphate, 0.1 mM so-
dium vanadate, and 0.2 mM sodium fluoride. Lysis buffers
were supplemented with 1� Complete protease inhibitors
(Complete EDTA-free, Roche Applied Science). Lysates were
centrifuged at 14,000 rpm in a microcentrifuge for 20 min
prior to incubation overnight with antibodies (500 �g of ly-
sates and 1 �g of antibody) followed by a 2-h incubation with
GammaBind Plus Sepharose beads (Amersham Biosciences)
at 4 °C. Washes were performed four times with 1 ml of lysis
buffer each time. Immunoblotting was performed as de-
scribed previously (10).
GST Pulldown Assay—Pulldown assays were performed by

incubating GST-RBM15B fusion proteins (supplemental Data
S5) with [35S]methionine-labeled in vitro transcribed and
translated (IVTT) products or total lysates of either non-
transfected HEK293T to detect endogenous CDK11p110 and
SR proteins or transiently transfected HEK293T to detect cyc-
lins L1� and L2�, SF2/ASF, and 9G8. The lysis was performed
using immunoprecipitation buffer, and incubations were car-
ried out for 2 h at 4 °C under gentle rotation. Beads were then
washed four times with the same buffer prior to immunoblot-
ting analysis or autoradiography of [35S]methionine-labeled
IVTT products.
In Vitro Splicing Assay—The 32P-labeled �-globin

pre-mRNA substrate was prepared by in vitro transcription
using SP6 RNA polymerase and BamHI-linearized pSP64-
H��E6 plasmid as the template (25). The HeLa nuclear ex-
tracts (NEs) used for the in vitro splicing reactions were ob-
tained from Promega or prepared according to Dr. Mayeda’s
protocol (supplemental Data S7). In vitro splicing reactions
were carried out in a final volume of 25 �l with 25 �g of NE
and 20 fmol of 32P-labeled �-globin pre-mRNA substrate fol-
lowed by incubation at 30 °C for 4 h. The spliced RNA prod-
ucts were analyzed by electrophoresis on a denaturing 5.5% poly-
acrylamide, 7 M urea gel (25). Statistical analysis was performed
using the Statview software: the non-parametricMann-Whitney
test was used, and p � 0.05 was considered significant. For de-
tection of functional spliceosomal complexes E, A, B, and C,
�-globin RNA-protein complexes were resolved on native hori-
zontal agarose minigels as reported previously (26, 49).

In Vivo �-Galactosidase/Luciferase Splicing Assay—
HEK293T cells were transfected using FuGENE 6 (Roche Ap-
plied Science) as described by the manufacturer. The optimal
amounts of DNA expression vectors for RBM15B, CDK11,
cyclin L2�, SF2/ASF, and 9G8 used in the transfections were
established in pilot experiments that were performed to opti-
mize protein expression (data not shown). The cyclin L2�
cDNA (1 �g) containing an N-terminal FLAG tag was cloned
into the pFlex vector. CDK11Bp110 (Cdc2L1, 6 �g) and
CDK11Bp110 DN (catalytically inactive due to mutation of
amino acid Asp-567 to Asn) (3 �g) containing a C-terminal
FLAG tag were in the pUHD 10-3 vector. N-terminal HA-
tagged RBM15B wild type (WT) (0.5 �g) was in the pCMV
vector, whereas RBM15B Core (amino acids 1–609; 0.5 �g)
and RBM15B Core/NLS constructs (amino acids 1–609 � the
putative nuclear localization signal (NLS); 0.5 �g) were in the
pcDNA 3.1 vector. All RBM15B truncated mutants are de-
picted in supplemental Data S8 and contain an N-terminal
HA tag. The C-terminal His6-tagged 9G8 and the N-terminal
His6-tagged SF2/ASF constructs (0.5 �g) were in the pCEP4-
E1A vector (gifts from Dr. W.-Y. Tarn). The splicing reporter
vector pTN24 (a gift from Dr. I. C. Eperon) (27) was used (1
�g) in all experiments. Cells were harvested 24 h after trans-
fection for the enzymatic assays. �-Galactosidase and lucifer-
ase activities were measured using the Dual-Light System
(Applied Biosystems), Bright-Glo Luciferase Assay System
(Promega), and Beta-Glo Assay System (Promega). All mea-
surements were within the linear range that was established
using luciferase and �-galactosidase standards. All samples
were measured in quadruplicate, and 3–10 independent
transfected cultures were assayed per data point. Immunoblot
analyses of equal volume cell lysates were performed using
anti-CDK11, -cyclin L2�, -RBM15B, -9G8, and -SF2/ASF
polyclonal antibodies. 9G8 construct enforced expression was
also detected by quantitative RT-PCR using 9G8-specific
primers (5�-GTTGGTAACCTGGGAACTGG-3� and (5�-
CGAATTCCACAAAGGCAAAT-3�) and SYBR Green (Ap-
plied Biosystems). PCR samples were incubated for 10 min at
95 °C followed by the following cycling parameters: 95 °C for
15 s, 60 °C for 1 min for 40 cycles. For the statistical signifi-
cance analyses of this in vivo splicing assay, Drs. W. Zhao and
M. Kocak (Department of Biostatistics, St. Jude Children’s
Research Hospital, Memphis, TN) have developed a specific
non-parametric rank-based test as described previously (8)
that is available upon request.

RESULTS

RNA Binding Motif Protein RBM15B Interacts with
CDK11p110 and Is Present in Large Nuclear Complex—To
identify new CDK11p110 binding partners, a yeast two-hybrid
screen was performed using the full-length CDK11p110 as bait
and a human B-cell library. In addition to RNPS1, a known
interactor of CDK11p110 (10), one of the proteins we identi-
fied in this screen was a partial cDNA (clone 33) that encoded
the majority of the RNA binding motif 15B protein (RBM15B/
OTT3) but lacked the 5�-end of the full-length cDNA (supple-
mental Data S1). RBM15B is an intronless gene that produces
a 110-kDa protein (supplemental Data S1C and S2C) that was
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initially identified through its physical interaction with the
EB2 protein of the Epstein-Barr virus (21). RBM15B is highly
similar to RBM15/OTT1 (supplemental Data S3), which was
originally discovered as a fusion partner with the gene
megakaryoblastic leukemia 1 (MKL1) in the translocation
t(1;22)(p13;q13) associated with childhood acute megakaryo-
cytic leukemia (28, 29). RBM15/OTT1 and RBM15B proteins
both contain three RNA recognition motifs (RRMs) localized
within the N-terminal half, a consensus nuclear localization
signal, and a (Spen (split end) paralog and ortholog C-termi-
nal) (SPOC) domain (supplemental Data S1 and S3), which
mediates interaction with the co-repressors of transcription
silencing mediator for retinoic and thyroid receptors (SMRT)
and nuclear receptor co-repressor (NCoR). Data from Hiriart
et al. (21) suggested that the RBM15B gene encodes two tran-
scripts containing the same open reading frame but using al-
ternative poly(A) signals: a major 3.5-kb short mRNA and a
minor 6.6-kb variant including a 3.1-kb 3�-UTR. In our exper-
imental conditions, the 3.5-kb mRNA was the only transcript
detected by Northern blot in human foreskin fibroblast and
HepaRG cells (data not shown). However, RT-PCR experi-
ments confirmed the production of two RBM15B mRNA vari-
ants from mouse, rat, and human in normal liver as well as
HepaRG and human foreskin fibroblast cell lines (supplemen-
tal Data S1B).
To confirm the interaction between CDK11p110 and

RBM15B, transient transfections were performed in
HEK293T using expression vectors encoding HA- and GFP-
tagged RBM15B followed by immunoprecipitation (IP) of en-
dogenous CDK11p110 and immunoblotting of RBM15B using
anti-HA and -GFP antibodies (supplemental Data S2A).
RBM15B was found in CDK11p110 IP, demonstrating that
these two proteins co-immunoprecipitated. The reciprocal
IPs using anti-HA and -GFP antibodies further confirmed the
interaction between RMB15B and CDK11p110 (supplemental
Data S2A). In addition, an anti-RBM15B-specific antibody
was raised (Fig. 1A and supplemental Data S2, B–D) to verify
the interaction of endogenous CDK11p110 and RBM15B. En-
dogenous CDK11p110 and cyclin L proteins were immunopre-
cipitated from HEK293T cells, and the specific anti-RBM15B
antibody was used for immunoblotting. RBM15B associated
with both CDK11p110 and cyclin L protein IPs but not in the
control IP using total immunoglobulins (Fig. 1B).
In situ detection of HA-RBM15B fusion protein and indi-

rect immunofluorescence of endogenous RBM15B revealed a
pattern of diffuse nucleoplasmic staining and an intense stain-
ing in large speckles (supplemental Data S4 and S5B). Inter-
estingly, we did not find any enrichment of RMB15B at the
nuclear envelope as had been reported for the highly related
protein RMB15/OTT1 (30). However, we observed a partial
nuclear co-localization of RBM15B with both CDK11p110 and
the SR proteins SRp75, SRp55, and SRp20 (supplemental Data
S4). By Western blotting, we found that expression of both
CDK11p110 and RBM15B was constant throughout the cell
cycle of synchronized human foreskin fibroblasts, whereas
there was a slight increase in CDK11p110 levels during S and
G2/M phases (supplemental Data S5A). The nuclear co-local-
ization of these two proteins was observed throughout inter-

phase, whereas they were evenly distributed in the cytoplasm
during mitosis (supplemental Data S5B).
Previously, we reported that CDK11p110 and cyclin Ls are

present in two different macromolecular complexes contain-
ing transcription and splicing factors (8, 9, 11). Our co-IP and
nuclear co-localization of RBM15B with CDK11p110 suggested
that this RNA-binding protein should also be present in these
nuclear complexes. To confirm this hypothesis, HeLa nuclear
extract was fractionated using Superose 6 size exclusion chro-
matography (Fig. 1C). As expected, CDK11p110 and cyclin L2�
were detected in two large complexes of �1 MDa and �500
kDa and co-eluted with SR proteins including SF2/ASF. Inter-
estingly, RBM15B was found predominately in a large com-
plex of �1 MDa, indicating that only a fraction of CDK11p110
was associated with RBM15B in a macromolecular nuclear
complex.
Two Distinct Domains of RBM15B Are Involved in Binding

to CDK11p110, Cyclin L2�, and 9G8—We next performed
pulldown assays using bacterially expressed GST-RBM15B
fusion proteins to map the domain of interaction with
CDK11p110. In the initial two-hybrid screening, we pulled out
a partial RBM15B cDNA that lacked the N-terminal segment
containing the first 154 amino acids (clone 33; see supple-
mental Data S1 and S8) using CDK11p110 as bait. This
strongly suggested that the binding between RBM15B and
CDK11p110 involved an RBM15B motif downstream of the
N-terminal domain. To confirm this hypothesis, we produced
a series of recombinant proteins containing the N-terminal
domain peptide, a protein lacking the N-terminal domain
(clone 33), and full-length RBM15B proteins fused to the GST
to perform pulldown assays (supplemental Data S8 and Fig.
2A). These recombinant proteins, bound to Sepharose beads,
were incubated with HEK293T total cell extracts. The pres-
ence of interacting proteins including CDK11p110, SR proteins
SRp75/55/35, and SF2/ASF was then detected by immunoblot
analysis (Fig. 2A, left panel). As expected, CDK11p110; SR pro-
teins SRp75, SRp55, and SRp20; and SF2/ASF were found as-
sociated with the clone 33 and the full-length RBM15B pro-
teins, but surprisingly, these proteins were also detected in
the N-term RBM15B pulldown, suggesting that the N-termi-
nal domain of RBM15B contained another binding motif for
CDK11p110. No proteins were detected in the negative control
pulldown using the GST protein.
To further localize the interaction sites, we divided

RBM15B into four distinct domains (supplemental Data S8):
the N-terminal end (N-term; amino acids 1–154), the three
RRMs (amino acids 141–489), the C-terminal domain con-
taining a putative NLS (C-term/NLS; amino acids 490–720),
and the SPOC domain at the very C-terminal end of the pro-
tein (amino acids 721–890). In addition, we generated a
RBM15 fusion protein lacking only the SPOC domain
(�SPOC mutant; amino acids 1–720). To demonstrate that
two CDK11p110 binding motifs were present in RBM15B, we
used these GST fusion proteins to perform the pulldown as-
say (Fig. 2A, right panel). CDK11p110, SR proteins SRp75/55/
35, and SF2/ASF were found associated with the N-term and
C-term/NLS domains and the �SPOC mutant but not with
the RRM domain. These data suggested that CDK11p110 bind-
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ing motifs were present in both the N- and C-terminal do-
mains of RBM15B and that the SPOC domain is dispensable
for these interactions. Similar experiments were performed
using RNase-treated HEK293T cell extracts, which gave the
same interactions, indicating that binding of CDK11p110, SR
proteins SRp75/55/35, and SF2/ASF to RBM15B was not me-
diated by RNA.
To further map the motifs of interaction in RBM15B, we

generated additional GST-N-term and -C-term fusion pro-
teins of various lengths (supplemental Data S8) that were used
for pulldown assays to detect CDK11p110, cyclins L1 and L2�,
9G8, SF2/ASF, and SR proteins p75/55/35 by immunoblot
analysis (Fig. 2B). No proteins were detected in the negative
control pulldown using the GST protein alone, and only very

minimal binding of cyclin L and SR proteins was seen in the
shortest GST-N-term RBM15B protein (�5), whereas all of
the proteins were bound to the other N-term constructs (�6–
�9; Fig. 2B, left panel). Similarly, CDK11p110, cyclins L1� and
L2�, 9G8, SF2/ASF, and SR proteins p75/55/35 were not de-
tected in the shortest three GST-C-term RBM15B proteins
(�11–�13) but were all present in the longest truncation pro-
teins (�14–�17; Fig. 2B, right panel). These data confirmed
that two domains of RBM15B are involved in the interac-
tion with CDK11p110 and its associated proteins and sug-
gested that the segments containing the amino acids
48–67 (C terminus of �6) and 585–607 (C terminus of
�14), respectively, localized within the N-terminal and C-
terminal domains of RBM15B (Fig. 2) are essential either

FIGURE 1. CDK11p110-cyclin L and RBM15B co-immunoprecipitate and are present in large nuclear macromolecular complexes. A, characterization of
RBM15B antibody. An anti-RBM15B-specific rabbit polyclonal antibody was raised against the GST-N-term domain of RBM15B (amino acids 1–154; supple-
mental Data S8) and affinity-purified (supplemental Data S2, B–D). Immunoblots were performed with this affinity-purified antibody using cell lysates from
HEK293T cells transfected with empty vector or GFP- or HA-tagged RBM15B expression vectors. Actin was used as loading control. B, co-immunoprecipita-
tion of CDK11p110 and cyclin L with RBM15B. Endogenous CDK11p110 and cyclin L proteins were immunoprecipitated from HEK293T cell lysates with anti-
CDK11 (P1C), -cyclin (CYC) pan-L, -cyclin L1�, and -cyclin L2� antibodies. Purified rabbit IgG was used as a negative control (CTRL). Immunoprecipitates were
analyzed by immunoblotting using CDK11 (P1C), cyclin L1�, cyclin L2�, and RBM15B antibodies. C, co-elution of CDK11p110, cyclin L2�, SR proteins, and
RBM15B following size exclusion chromatography. Extracts from HeLa nuclei (NE; 1 mg) were fractionated using a Superose 6 column and analyzed by im-
munoblotting using the CDK11 (P1C), cyclin L2�, SF2/ASF, anti-SR protein (1H4 mAb), and RBM15B antibodies. The anti-SR antibody recognizes SRp75,
SRp55, SRp40, SRp30a/b, and SRp20 proteins. Input lanes contain 20 �g of HeLa NE, whereas other lanes contain 40 �l from each 1-ml fraction.
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for the direct binding to CDK11p110 or required for proper
folding of the associated amino acids into the interaction
domains. These results also indicated that the peptide
(amino acids 1–607) including the N-term, RRM domains,
and amino acids 490–607 from the C-terminal domain
(supplemental Data S8, RBM15B “Core”) is sufficient for
the interaction with the splicing regulators such as SR pro-
teins and CDK11p110-cyclin L complexes.

To delineate the domain of CDK11p110 required for its in-
teraction with RBM15B, we set up pulldown assays using the
GST-RBM15B full length (FL) and IVTT products of
CDK11p110 labeled with [35S]methionine (Fig. 3). In vitro
transcription and translation of CDK11Ap110 cDNA gener-
ated nine products (Fig. 3A) as observed previously (10) be-
cause of the initiation of translation from the eight internal
AUG codons upstream of the CDK11p58 AUG. Pulldown as-

FIGURE 2. Domain mapping of RBM15B for its interaction with CDK11p110. GST pulldown assays were performed using a series of GST-RBM15B fusion
peptides (supplemental Data S8) incubated with lysates from HEK293T cells transfected with expression vectors for cyclins L1� and L2�, 9G8, and SF2/ASF
or lysates of non-transfected cells for CDK11p110 and SR protein SRp75, SRp55, and SRp35 binding assays. Detection of proteins bound to GST and GST-
RBM15B beads was performed using specific antibodies. A, GST pulldown assays with the RBM15B FL, N-term (�9; amino acid 1–154), clone 33 (amino acids
249 – 890), RRM (�10; amino acids 141– 489), C-term/NLS (�17; amino acids 490 –720), and �SPOC (�1; amino acids 1–720). GST pulldown assays using re-
combinant GST-RBM15B mutants �9, �10, �17, and �1 were performed in the absence (�RNase) or presence (�RNase) of RNase (20 units/ml Benzonase�,
Merck). B, GST pulldown assays with deletion constructs for the N-term (�5–�9) and C-term/NLS regions (�11–�17) of RBM15B and mapping of the two
CDK11-cyclin L� binding domains.
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says using these IVTT reaction products showed that the full-
length CDK11p110 proteins and at least five truncated IVTT
products bound to the GST-RBM15B full length but not with
the GST control protein (Fig. 3A). In this experiment, we did
not detect the IVTT product of CDK11p58, suggesting that
RBM15B specifically binds to the N-terminal domain of the
CDK11p110 form.
To confirm this hypothesis and to determine whether

RBM15B interacted directly with other proteins in the com-
plex such as cyclin L2� and 9G8, we set up pulldown assays
using the GST-RBM15B N-term (�9) and C-term RBM15B
(�15) fusion proteins and IVTT products of CDK11p110, the
N-terminal domain of CDK11p110 upstream of the CDK11p58
sequence, CDK11p58, cyclin L2�, and bacterially produced
recombinant 9G8 (Fig. 3B). Full-length CDK11p110 IVTT
product interacted with the C-terminal domain of RBM15B,
but unexpectedly, it did not bind the N-terminal motif in con-
trast to the interaction data obtained from the pulldown as-
says performed with total cell lysates (Fig. 2B). Similarly, the
N-terminal CDK11p110 IVTT product was found associated
with the C-terminal domain of RBM15B and not the N-termi-
nal motif, whereas the CDK11p58 IVTT product did not bind
either of the two RBM15B recombinant peptides. We also
found that cyclin L2� IVTT protein interacted with both N-
and C-terminal domains of RBM15B, whereas recombinant
9G8 bound only to the RBM15B C-terminal motif. These data
indicated that only the N-terminal extension of CDK11p110
interacts with the C-terminal domain of RBM15B, whereas
the cyclin L2� binds to both domains of RBM15B and poten-
tially bridged CDK11p110 to the N-terminal domain of
RBM15B in the total cell lysate assays (Fig. 2B).
RBM15B Inhibits Pre-mRNA Splicing in Vitro—Because

Hiriart et al. (21) reported that RBM15B affected the alterna-
tive splicing of a �-thalassemia reporter pre-RNA (containing
a G-to-A transition at position 1 of intron 1 that results in the
usage of three cryptic 5�-splice sites and expression of three

mRNA variants by alternative splicing) in transfected cells,
indicating that the RBM15B protein could regulate pre-
mRNA splicing, we investigated whether RBM15B could
affect splicing in vitro using the radiolabeled human �-glo-
bin pre-RNA, HeLa NE, and recombinant GST-RBM15B
fusion proteins (Fig. 4). Addition of increasing amounts of
GST-RBM15B full length, GST-RBM15B lacking the C-
terminal SPOC domain (�1 or �SPOC; amino acids 1–720),
or the truncated GST-RBM15B Core (�3 mutant) proteins
resulted in a dose-dependent decrease in the ability of the NE
to catalyze the excision of the pre-RNA intron (Fig. 4),
whereas addition of GST alone did not affect the splicing rate.
Supplementation of splicing assays with the N-term domain
(�9; amino acids 1–159) had no significant effect, whereas
GST-RRM (�10) and GST-C-term/NLS (�17) domains sepa-
rately showed a �40–60% decrease in the amount of spliced
�-globin RNA. Furthermore, addition of the GST-RRM �
C-term/NLS domains (�2) resulted in a strong inhibition of
�-globin splicing (Fig. 4), demonstrating that the most potent
inhibitory effects were observed with the RRM associated
with the N- and/or C-terminal/NLS domains. Together, these
results demonstrate that RBM15B is a strong inhibitor of
pre-mRNA splicing.
RBM15B Inhibits Pre-mRNA Splicing in Vivo—The double

�-galactosidase/luciferase reporter system, designed to mea-
sure splicing activity in vivo (27), was next used to ascertain
whether RBM15B full length or mutants affect splicing in vivo
and to see which regions of RBM15B are important for its
ability to regulate splicing. Unspliced transcripts produced by
transiently transfecting the pTN24 construct into HEK293T
cells yields a protein with only the �-galactosidase activity,
whereas properly spliced intronless mRNAs are translated
into a fusion protein with both �-galactosidase and luciferase
activities. Thus, the ratio of luciferase to �-galactosidase ac-
tivity in the cell lysate allows us to measure the proportion of
spliced mRNA. Co-transfection of RBM15B expression con-

FIGURE 3. RBM15B interacts with N-terminal extension of CDK11p110, cyclin L2�, and 9G8. A, [35S]methionine-labeled CDK11p110 IVTT products were
generated from translation initiating at several internal AUG codons indicated as their corresponding methionines (1–9). Methionine (Met) 1 corresponds to
the translation start for full-length CDK11p110, whereas Met-9 is the translation start for the CDK11p58 isoform. The polyglutamine (poly E) domain of
CDK11p110 is located between methionines 8 and 9. The GST pulldown assay was performed using CDK11p110 IVTT products incubated with GST-RBM15B FL
and GST as control. B, pulldown assay using the GST-RBM15B N-term (�9) and C-term RBM15B (�15) fusion proteins incubated with [35S]methionine-la-
beled IVTT products of CDK11p110, the N-term domain of CDK11p110 upstream of the sequence of CDK11p58, CDK11p58, cyclin L2�, and bacterially produced
recombinant 9G8 protein. IVTT products were visualized by autoradiography, whereas 9G8 was detected by immunoblotting.
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structs was conducted to evaluate the effects of RBM15B on
splicing in comparison with co-transfection of pTN24 with
control empty expression vector (data were normalized to
base-line control activity seen upon co-transfection with the
empty vector, which was arbitrarily set as 1). Titration experi-
ments showed that transfections performed using 0.5 �g of
RBM15B full length and mutant expression vector plasmid
DNAs did not significantly affect the �-galactosidase expres-
sion, whereas higher amounts (�1 �g) significantly decreased
expression (data not shown). Ectopic expression of full-length
RBM15B (WT), the GST-RBM15B protein lacking the SPOC
domain (�SPOC: �1), the RBM15B Core (�3), or the core
peptide plus an exogenous nuclear localization domain
(RBM15B Core/NLS: �4) all significantly repressed the rela-
tive splicing activity compared with the control cells trans-
fected with empty expression vectors (Fig. 5A). Conversely,
enforced expression of the RBM15B-N-term (�9; amino acids
1–154) showed no effect on splicing (Fig. 5A). For these ex-
periments, protein expression was verified by immunoblot-
ting (Fig. 5B). As seen in the in vitro splicing assays, the RRM
domains were necessary for inhibition of splicing. Thus, ex-
pression of RBM15BWT or the truncated RBM15B con-
structs containing the RRM domains inhibit excision of the
intron from the �-galactosidase/luciferase reporter pre-
mRNA in vivo. To determine whether inhibition of splicing by

RBM15B was specific to �-globin or whether RBM15B could
affect splicing of other pre-mRNAs, we used an in vivo E1A
minigene reporter system (supplemental Data S6) that en-
codes an unspliced RNA and five splice variants (13, 12, 11,
10, and 9 S). In these experiments, HepaRG cells were tran-
siently transfected with 2 �g of E1A encoding vector, increas-
ing amounts of RBM15B expression vectors, and appropriate
amounts of empty vector to reach equal concentrations of
plasmid in all conditions (supplemental Data S6). RBM15B
expression was verified by immunoblotting (supplemental
Data S2C). RT-PCR and gel electrophoresis were performed
to detect E1A RNAs (supplemental Data S6B). We found that
enforced expression of RBM15B led to the increase in un-
spliced E1A pre-RNA content and a decrease in the levels of
the 12 and 9 S splice variants. Interestingly, the amounts of
the 13 and 10 S forms were not significantly affected by ex-
pression of RBM15B, whereas the 11 S variant was not de-
tected in these cells. Together, these in vivo data indicate that
RBM15B most likely affects the overall exon splicing and con-
firm that RBM15B affects alternative splicing (21).
RBM15B Inhibits Splicing by Competition with SR

Proteins—The double �-galactosidase/luciferase reporter sys-
tem was also used to determine whether RBM15B could an-
tagonize the stimulation of splicing induced by the SR pro-
teins 9G8 and SF2/ASF. Expression vectors encoding

FIGURE 4. RBM15B inhibits in vitro splicing of �-globin pre-RNA. HeLa NE was used for an in vitro splicing assay using the pre-RNA of the human �-glo-
bin gene as a substrate. Five well characterized �-globin RNA species with different electrophoretic mobilities (25) are represented: white and black rectan-
gles indicate exons 1 and 2, respectively, whereas the line represents the intron separating the two exons. The splicing reaction was supplemented with GST
(5 pmol/25-�l splicing reaction) and increasing concentrations (0.5, 2.5, and 5 pmol/splicing reaction) of GST-RBM15B fusion proteins (supplemental Data
S5): FL, RBM15B Core (�3), �SPOC (�1), N-term (�9), RRM (�10), C-term/NLS (�17), and RRM � C-term/NLS (�2). The data in the chart represent the mean of
three independent experiments. Standard deviation from the mean is shown by the error bars. Statistical analysis was done using the non-parametric
Mann-Whitney test: *, p (probability value) � 0.05 versus GST control condition (CTRL).

RMB15B Interacts with CDK11-Cyclin L to Antagonize Splicing

154 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 1 • JANUARY 7, 2011

http://www.jbc.org/cgi/content/full/M110.192518/DC1
http://www.jbc.org/cgi/content/full/M110.192518/DC1
http://www.jbc.org/cgi/content/full/M110.192518/DC1
http://www.jbc.org/cgi/content/full/M110.192518/DC1
http://www.jbc.org/cgi/content/full/M110.192518/DC1
http://www.jbc.org/cgi/content/full/M110.192518/DC1
http://www.jbc.org/cgi/content/full/M110.192518/DC1


RBM15B, 9G8, and SF2/ASF and control expression vectors
were co-transfected with pTN24. As expected, a strong in-
crease in the ratio of luciferase to �-galactosidase activity was
observed in cells expressing 9G8 and/or SF2/ASF (Fig. 6A).
Consistent with the results shown above, ectopic expression
of RBM15B alone decreased splicing activity. Importantly, the
relative splicing activity was significantly reduced in cells co-
expressing RBM15B with 9G8 and/or SF2/ASF compared
with cells expressing the SR proteins alone (Fig. 6A), demon-
strating that RBM15B was indeed capable of antagonizing the
positive effects of SR proteins on splicing. For these experi-
ments, protein expression was verified by immunoblot (Fig.

6B), and the overall increase in 9G8 expression was confirmed
by quantitative RT-PCR (Fig. 6C). To further demonstrate
that RBM15B was a direct competitor of SR proteins, we per-
formed in vitro splicing assays using the �-globin construct
and S100 cell extract supplemented with recombinant SF2/
ASF and 9G8 (Fig. 6D). S100 cytoplasmic extracts contain
components of the spliceosome but lack the SR proteins
needed for recruiting the factors required to catalyze the in-
tron excision of the �-globin pre-RNA and to generate the
spliced product (Fig. 6D, lane 2). Addition of 50 ng (�2 pmol)
of recombinant purified SF2/ASF or 9G8 to the S100 extract
allowed the splicing reaction to occur (Fig. 6D, lanes 3 and 7).
Importantly, when increasing amounts of GST-RBM15B were
added to the S100 supplemented with SF2/ASF or 9G8, a
dose-dependent inhibition of the splicing process was ob-
served (Fig. 6D, lanes 4–6 and 8–10), whereas addition of
control GST did not affect the amount of spliced product (Fig.
6D, lanes 3 and 7). Together, these data demonstrate that
RBM15B is able to inhibit SF2/ASF- and 9G8-mediated splic-
ing, indicating a direct competition between the positive
splicing factors SF2/ASF and 9G8 and the splicing inhibitor
RBM15B. Importantly, these in vitro data also allow us to con-
clude that RMB15B directly affects splicing regardless of its
effect on RNA export (30) because detection of the spliced
product in this assay does not require transport of the RNA.
To further elucidate whether RBM15B inhibited spliceoso-

mal assembly, the formation of spliceosomal complexes (E, A,
B, and C complexes) corresponding the sequential recruit-
ment of the spliceosome subunits (26) was investigated using
the �-globin pre-RNA and nuclear extract supplemented with
recombinant GST and GST-RBM15B proteins (Fig. 6E and
supplemental Data S7B). Without any recombinant proteins
added, we detected the sequential formation of E (Fig. 6E), A,
B, and C (supplemental Data S7B) complexes. Addition of 5
pmol of GST did not affect formation of spliceosomal com-
plexes, whereas increasing amounts (0.5–5 pmol) of RBM15B
strongly prevented formation of all complexes, demonstrating
that RBM15B inhibited the first step of spliceosome assembly,
the formation of the E complex corresponding to the recruit-
ment of the U1 small nuclear ribonucleoprotein onto
pre-RNAs.
RBM15B Antagonizes Positive Effect of CDK11p110-Cyclin

L2� Complex on Pre-mRNA Splicing—We have recently es-
tablished that CDK11p110 interacts physically and functionally
with cyclin L proteins to regulate splicing (8). We also showed
that ectopic expression of CDK11p110 and cyclin Ls individu-
ally enhances splicing activity and, importantly, that co-ex-
pression of CDK11p110 and cyclin L2� resulted in a greater
splicing activity than either of these two proteins alone (8).
Because RBM15B interacts with and is found in a nuclear
complex with CDK11 and cyclin L2�, we next addressed the
question of whether RBM15B could modulate splicing pro-
moted by the CDK11p110 and cyclin L2� complex. Using the
same in vivo assay shown in Figs. 5 and 6, splicing activity was
measured following co-expression of wild-type or kinase-dead
CDK11p110 with cyclin L2� and RBM15B (Fig. 7B). Each pro-
tein was expressed individually and in combination to be able
to compare the effects of individual expression and combined

FIGURE 5. RBM15B inhibits in vivo splicing of �-galactosidase/luciferase
reporter system. Expression constructs for RBM15B WT, N-term, �SPOC,
Core, and Core/NLS and empty vector were transiently co-transfected into
HEK293T cells with the pTN24 splicing reporter plasmid for 24 h. RBM15B
expression vector was titered to determine the optimal amount for in vivo
splicing assays (0.5 �g). A, relative splicing activities were calculated using
the ratios of luciferase to �-galactosidase activities with the activity of the
control cells transfected with empty expression vectors (Control Vector) set
at 1. The results shown represent three to six independent transfection ex-
periments in which one plate was transfected, and each lysate was mea-
sured in quadruplicate. The error bars represent the S.E. and (p) denotes
probability values. * denotes p � 0.001 compared with empty vector calcu-
lated using a non-parametric rank model. B, cell lysates were analyzed by
immunoblotting for expression of RBM15B proteins (anti-RBM15B anti-
body). Relative protein loading was confirmed by immunoblotting with
anti-actin antibody.
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co-expression on the relative splicing activities. In these ex-
perimental conditions, the total amount of plasmid DNA in
the transfection was equalized by addition of the appropriate

empty vector. Protein expression levels for the “paired” trans-
fections are shown in Fig. 7A. As expected, individual expres-
sion of CDK11p110 WT and cyclin L2� and their co-expres-

FIGURE 6. RBM15B suppresses in vivo and in vitro splicing mediated by SR protein SF2/ASF. Expression constructs for RBM15B WT and the SR proteins
SF2/ASF and 9G8 were transiently co-transfected with the splicing reporter plasmid pTN24 for 24 h. A, relative splicing activities were calculated using the
ratios of luciferase to �-galactosidase activities with the activity of the control cells transfected with empty expression vectors (Ctrl Vecs) set at 1. The results
shown represent six independent transfection experiments in which one plate was transfected, and each lysate was measured in quadruplicate. The error
bars represent the S.E. Statistically significant comparison data are indicated by the following symbols: *, p � 0.0007 for comparisons with control vec-
tors; �, p � 0.01 for RBM15B with RBM15B/SF2 and RBM15B/9G8/SF2; #, p � 0.01 for 9G8 with 9G8/SF2, RBM15B/9G8, and RBM15B/9G8/SF2; ^, p � 0.01 for
SF2 with 9G8/SF2, RBM15B/SF2, and RBM15B/9G8/SF2; and $, p � 0.01 9G8/SF2 with RBM15B/9G8/SF2. B, cell lysates were analyzed by immunoblotting for
expression of the exogenous and endogenous proteins. *, His6-tagged 9G8 was detected by immunoprecipitation from cell lysates using nickel-nitrilotri-
acetic acid-agarose (Qiagen) and immunoblotting with anti-9G8-ZnK polyclonal antibody. Actin detection demonstrated that equal lysate volume loading
resulted in comparable total protein levels. C, overall enforced expression of 9G8 was confirmed by quantitative RT-PCR. D, cytoplasmic S100 cell extract
was used for an in vitro splicing assay using the pre-RNA of the human �-globin gene as substrate. S100 extract does not catalyze excision of the �-globin
intron without the addition of SR proteins. The accumulation of the mature �-globin spliced product in the presence of HeLa NE (lane 1) is not observed
using the S100 fraction alone (lane 2). Addition of 2 pmol/splicing reaction recombinant SF2/ASF (lane 3) or 9G8 (lane 7) proteins to the S100 fraction is suffi-
cient to activate splicing of the �-globin pre-RNA. Increasing amounts (0.5, 2.5, and 5 pmol/splicing reaction) of GST-RBM15B FL protein inhibited the SF2/
ASF- (lanes 4 – 6) and the 9G8-mediated splicing (lanes 8 –10), whereas addition of GST alone (5 pmol/splicing reaction; lanes 3 and 7) had no effect. In vitro
splicing assays using SF2/ASF were performed with HeLa nuclear extract produced according Mayeda and Krainer (48), whereas splicing reactions with 9G8
were performed using HeLaScribe nuclear extract (Promega). These two extracts differed in splicing activities (supplemental Data S7A). Higher activity was
observed in the HeLaScribe as demonstrated by the low abundance of the intermediate splicing product (intron-exon 2). However, RBM15B inhibited splic-
ing with both extracts. E, detection of the spliceosomal complex E was performed using the �-globin substrate and native horizontal agarose minigels. The
ATP-independent spliceosomal complex E was detected after a 40-min incubation of the �-globin pre-RNA with HeLa nuclear extract at 30 °C (lane 2). At a
temperature of 0 °C (lane 1), this complex did not form. Addition of increasing amounts (0.5, 2.5, and 5 pmol/splicing reaction) of GST-RBM15B FL protein
inhibited formation of the E complex at 30 °C, whereas 5 pmol of GST did not affect this splicing step. The H complex is a nonspecific complex resulting
from binding of hnRNP proteins to pre-RNAs.
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sion enhanced splicing, whereas expression of RBM15B and
kinase-dead CDK11p110 (DN mutant) alone or in combination
with cyclin L2� repressed splicing. Finally, co-expression of
RBM15B with CDK11p110 WT and/or cyclin L2� inhibited
splicing activities by 4–5-fold compared with the conditions
without enforced expression of RBM15B. Thus, the protein
RBM15B antagonizes the positive effect of the CDK11p110-
cyclin L2� complex on splicing in vivo.

DISCUSSION

Previous data from our laboratory demonstrated that
CDK11p110 and its regulatory cyclin L subunits interact with
several splicing factors and regulators of transcription to form
at least two large macromolecular complexes involved in the
regulation of transcription and RNA splicing (8, 9, 11). In ad-
dition, we established that CDK11p110-cyclin L complexes
promote splicing (8, 11) most likely through phosphorylation
of splicing factors such as 9G8 (11). Here we report the identi-
fication of RBM15B/OTT3 as a new binding partner for
CDK11p110, cyclins L1� and L2�, and the splicing factor 9G8.
We also demonstrated that RBM15B/OTT3 and CDK11p110-
cyclin L complexes co-immunoprecipitate and that RBM15B/
OTT3 co-elutes with CDK11p110, the cyclins L1� and L2�,
and SR proteins including SF2/ASF in a large nuclear complex
of �1-MDa molecular mass following size exclusion chroma-
tography. Using in vitro pulldown assays, we mapped two
distinct domains of RBM15B responsible for its direct interac-
tion with the N-terminal extension of CDK11p110 as well as
the cyclin L� isoforms and the splicing factor 9G8.

RBM15B/OTT3 is a member of the Spen family of proteins
(31). This family includes huSHARP (SMRT/HDAC1-associ-

ated repressor protein), muMINT (Msx2-interacting nuclear
target), RBM15/OTT1, and RBM15B/OTT3 (supplemental
Data S3). RBM15B (21) is the most highly related to RBM15/
OTT1 (supplemental Data S3), which was originally discov-
ered as a fusion partner with the geneMKL1 in the trans-
location t(1;22)(p13;q13) associated with childhood acute
megakaryocytic leukemia (28, 29). All of these proteins con-
tain three highly conserved N-terminal RNA binding motifs,
suggesting that they play a role in mRNA synthesis, process-
ing, or export, and a C-terminal SPOC domain, which medi-
ates interaction with the co-repressors of transcription SMRT
and NCoR. SHARP binds these co-repressors with a high af-
finity and strongly represses transcription (32, 33). Repression
of transcription mediated by SHARP and its associated co-
repressors SMRT and NCoR (32, 33) is thought to involve
modification of chromatin structure by recruitment of his-
tone deacetylases (HDACs), especially HDAC3, that directly
bind to both co-repressors SMRT and NCoR (34). RBM15/
OTT1 and RBM15B also interact with each other (22),
strongly suggesting their involvement in the same biochemi-
cal processes. Importantly, Spen proteins also function in sev-
eral signaling cascades including mitogen-activated protein
kinase (MAPK) (35), Wnt (36), Notch (37), Hox10 (38), and
epidermal growth factor receptor (39).
In the first report investigating the function of RBM15/

OTT1 and RBM15B, their involvement in the regulation of
transcription was not clear because neither of these proteins
strongly represses transcription of reporter constructs in
transfected cells (21). In agreement, the SPOC domain of
these proteins interacts weakly with SMRT, and they lack the

FIGURE 7. Expression of RBM15B suppresses in vivo splicing enhancement by CDK11p110WT-cyclin L2�. WT or kinase-dead (DN) CDK11p110, cyclin L2�,
RBM15B, and empty vector (Control Vectors) were transiently expressed alone or in combination with the splicing reporter construct pTN24 and harvested
after 24 h as indicated in the figure. In all conditions, the total amount of plasmid DNA in the transfection was equivalent. A, cell lysates were analyzed by
immunoblotting for expression of CDK11, cyclin L2�, and RBM15B. Actin detection demonstrated that equal lysate volume loading resulted in comparable
total protein levels. B, relative splicing activities were calculated using the ratios of luciferase to �-galactosidase activities with the activity of the control
cells transfected with empty expression vectors (Ctrl Vecs) set at 1. The results shown represent 5–10 independent transfection experiments in which one
plate was transfected, and each lysate was measured in quadruplicate. The error bars represent the S.E. Statistically significant comparison data are indi-
cated by the following symbols. The probability value is denoted as p. *, p � 0.003 for comparisons with the control vectors; �, p � 0.05 for RBM15B/
CDK11p110WT with CDK11p110WT, RBM15B/CDK11p110WT-cyclin L2� with CDK11p110WT-cyclin L2�, RBM15B-cyclin L2� with cyclin L2�; $, p � 0.03 for
RBM15B/CDK11p110WT-cyclin L2� with CDK11p110WT; ^, p � 0.02 for RBM15B/CDK11p110WT-cyclin L2� with cyclin L2� and RBM15B/CDK11p110DN-cyclin L2�
with cyclin L2�.
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domains of SHARP (nuclear receptor-interacting domain and
recombination signal binding protein-J� interaction domain)
that target SHARP to specific promoters to repress transcrip-
tion (33). However, these two proteins do interact with
HDAC3 like the other family members (40). In addition, re-
cent data indicated that RBM15 and the RMB15-MKL1 fusion
protein can modulate the levels of multiple mRNAs including
the proto-oncogene c-myc (41), although this study did not
conclusively establish that these changes in gene expression
resulted from the direct effects of RBM15 or RBM15-MKL-1
on transcription (41). Taken together, these recent data sug-
gest that the two Spen family members RBM15/OTT1 and
RBM15B may play some role in the regulation of
transcription.
In contrast to the inconclusive data on the role of RBM15/

OTT1 and RBM15B in transcription, existing data and the
studies presented herein demonstrate that RBM15/OTT1 and
RBM15B are involved in RNA splicing and/or mRNA export.
The conclusion that RBM15/OTT1 plays a role in mRNA ex-
port is based on studies showing that RBM15/OTT1 binds to
the RNA transport element and the mRNA export factor
NFX1 (42). Furthermore, recent data by Zolotukhin et al. (30)
support the hypothesis that RBM15/OTT1 promotes the rec-
ognition of spliced RNA-NFX1 complexes by the RNA heli-
case Dbp5, thereby contributing to efficient messenger ribo-
nucleoprotein complex export through the nuclear pore
complex. Similarly, RBM15B associates with NFX1 and con-
tributes to mRNA export (30). In fact, RBM15B was initially
isolated as an interactor of the Epstein-Barr virus early pro-
tein EB2, a viral protein that exhibits properties of an mRNA
export factor (43). Of particular relevance to our study, Hiri-
art et al. (21) demonstrated that RBM15B/OTT3 regulates
alternative splicing.
The fact that RBM15B is part of a large nuclear complex

containing CDK11p110-cyclin L complexes as well as several
SR proteins strongly reinforced the hypothesis that this RNA-
binding protein could also be involved in RNA maturation
upstream of its involvement in export. Here, we used in vitro
and in vivo splicing assays to further investigate the involve-
ment of RBM15B in constitutive exon splicing. We demon-
strated for the first time that recombinant RBM15B/OTT3
added to nuclear extract strongly inhibits in vitro splicing of a
human �-globin construct. Similarly, enforced expression of
RBM15B in transiently transfected mammalian cells led to a
significant reduction of pre-RNA reporter systems that moni-
tor constitutive splicing, adding to the conclusion that
RBM15B is a potent inhibitor of splicing. RBM15B possesses
three RNA recognition motifs very similar to hnRNPs (31).
Most hnRNPs inhibit splicing by competition with SR pro-
teins (12, 44). Although SR proteins bound to exonic or in-
tronic splicing enhancer sequences of the pre-RNA generally
promote recruitment of the spliceosome subunits, many
hnRNPs bind to exonic or intronic splicing silencer sequences
and inhibit spliceosome activation or cancel the positive ef-
fects of SR proteins on splicing (12, 44). Thus, we tested
whether RBM15B was able to antagonize the positive effect of
SR proteins on splicing. For these studies, we performed in
vitro experiments using S100 cytoplasmic extract, which is

unable to catalyze in vitro splicing of the �-globin reporter
pre-RNA unless it is supplemented with SR proteins. In our
assay, S100 extract was supplemented with the recombinant
SF2/ASF and 9G8 SR proteins, and addition of recombinant
RBM15B decreased splicing mediated by both SF2/ASF and
9G8. Moreover, using the �-galactosidase/luciferase reporter
system, we confirmed that RBM15B inhibited splicing pro-
moted by SF2/ASF and 9G8 in transfected cells. These data
led us to determine whether RBM15B could affect the assem-
bly of spliceosome subunits. Using the �-globin in vitro splic-
ing assay, we showed that RBM15B prevented formation of
the E spliceosomal complex, the first step of the assembly.
Altogether, these data indicate that RBM15B negatively regu-
lates splicing by acting as a functional competitor of SR
proteins.
Because we previously established that CDK11p110-cyclin L

complexes enhance splicing (8), we also investigated whether
RBM15B could negatively regulate the splicing mediated by
CDK11p110 and/or cyclin L proteins. Using �-galactosidase/
luciferase reporter in vivo splicing assays, we established that
RBM15B antagonizes the positive effect on splicing of
CDK11p110 or cyclin L2� expressed separately or co-ex-
pressed in HEK293T cells. Thus, the large molecular complex
containing CDK11p110 either contains both positive and nega-
tive regulators of splicing and/or CDK11p110 forms multiple
complexes alternatively containing either SR proteins or
RBM15B. Based on our pulldown and co-IP experiments us-
ing CDK11, RBM15B, and SR proteins, we favor the hypothe-
sis that both positive and negative regulators of splicing co-
exist in CDK11p110 protein complexes, but we cannot rule out
the possibility of multiple complexes. The synthesis of mRNA
is indeed a highly dynamic process that recruits multiple posi-
tive and negative factors at different steps of transcription,
elongation, and splicing. In addition, cyclin Ls also bind to
CDK12 (45) and CDK13 (46, 47) to regulate splicing. Thus, it
appears important to further investigate whether these other
CDKs can also bind RBM15B via their cyclin L partners. The
multiple potential interactions between CDKs, cyclin Ls, SR
proteins, and hnRNPs such as RBM15B also raise the ques-
tions of relevance of these complexes in the regulation of the
multiple processes occurring during mRNA synthesis. Beyond
the description of these interactions, a major challenge re-
mains to decipher how the CDKs affect pre-mRNA process-
ing by the identification of specific phosphorylation substrates
and by characterization of responses to various signaling
pathways.
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