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RBM15 is the fusion partner with MKL in the t(1;22) translocation of acute megakaryoblastic leukemia.
To understand the role of the RBM15-MKL1 fusion protein in leukemia, we must understand the normal
functions of RBM15 and MKL. Here, we show a role for Rbm15 in myelopoiesis. Rbm15 is expressed at
highest levels in hematopoietic stem cells and at more moderate levels during myelopoiesis of murine cell
lines and primary murine cells. Decreasing Rbm15 levels with RNA interference enhances differentiation
of the 32DWT18 myeloid precursor cell line. Conversely, enforced expression of Rbm15 inhibits 32DWT18
differentiation. We show that Rbm15 alters Notch-induced HES1 promoter activity in a cell type-specific
manner. Rbm15 inhibits Notch-induced HES1 transcription in nonhematopoietic cells but stimulates this
activity in hematopoietic cell lines, including 32DWT18 and human erythroleukemia cells. Moreover, the
N terminus of Rbm15 coimmunoprecipitates with RBPJ�, a critical factor in Notch signaling, and the
Rbm15 N terminus has a dominant negative effect, impairing activation of HES1 promoter activity by
full-length-Rbm15. Thus, Rbm15 is differentially expressed during hematopoiesis and may act to inhibit
myeloid differentiation in hematopoietic cells via a mechanism that is mediated by stimulation of Notch
signaling via RBPJ�.

Acute megakaryoblastic leukemia (AML-M7, also referred
to as AMKL) comprises approximately 10% of childhood
AML, in which it frequently presents in infants with bone
marrow fibrosis and progresses rapidly, with a median survival
of 8 months. This phenotype is associated with the t(1;22)(p13;
q13) translocation, which was first observed in several infants
with AML-M7 (5) and subsequently confirmed by others to be
associated almost exclusively with this type of AML (2, 30, 31,
34). The t(1;22) translocation has only very rarely been asso-
ciated with the AML-M7 cases that occur in association with
trisomy 21; in general, AML-M7 with trisomy 21 is nearly
always associated with mutations in the GATA1 gene (14, 32).
In t(1;22), the breakpoint on chromosome 1p13 is within a
gene that has been variably named RBM15 for RNA-binding
motif protein 15 and OTT (for one twenty-two translocation),
and the breakpoint on chromosome 22 is within the MKL1
gene (also known as MAL or BSAC).

The MKL1 gene product is a 4.5-kb transcript that is widely
expressed in normal tissues (35) and encodes one of three
members of the myocardin family. While these three members,
i.e., MKL1, MKL2, and myocardin, are only 35% similar to
one another at the protein level, they have several highly con-
served domains, including RPEL repeats in the N terminus, a

region with a B (basic amino acid) box and a glutamine-rich
domain that is involved in binding to serum response factor, a
leucine zipper-like domain that plays a role in homo- and
heterodimerization, and a C-terminal transactivation domain.
These proteins also have a SAP domain that, based on its
homology to SAF-B, is predicted to associate with matrix at-
tachment regions of transcriptionally active chromatin. Myo-
cardin and the MKL proteins promote transcriptional activa-
tion of serum response factor-responsive genes, including both
growth-related genes (e.g., c-fos) and differentiation-associated
(nonproliferative) muscle-specific genes, in different cell types
(27). In addition, MKL inhibits cell death in embryonic fibro-
blasts, which may be relevant to its role in AML-M7 (9).

The t(1;22) breakpoint on chromosome 1 is located within a
4-kb intron of the RBM15 gene downstream of the exon en-
coding the C-terminal SPOC domain, and it generates an in-
frame fusion with MKL1 that contains nearly the full-length
coding regions of both RBM15 and MKL1 with the predicted
chimeric protein containing 1,833 amino acids (1, 15, 34). Al-
though the biological function of RBM15 is not yet known,
SHARP, another member of the spen family of proteins that is
conserved from Drosophila, is associated with transcriptional
repression and can inhibit Notch signaling by binding to
RBPJ� (26, 38). In Drosophila, spen plays a role in inhibiting
cell division and affects cell fate specification, survival, and
axonal guidance via interactions with the Hox, E2F, Notch, and
Ras/Raf signaling pathways (7, 25).

This report describes a potential role for Rbm15 in normal
myelopoiesis. We show that Rbm15 is a nuclear protein that is
differentially expressed during myelopoiesis. Suppression of
Rbm15 facilitates myeloid differentiation, and enforced ex-
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pression inhibits differentiation. We find that Rbm15 can co-
immunoprecipitate in the nucleus with RBPJ�, which suggests
that its effects on myeloid differentiation may be mediated via
RBPJ�.

MATERIALS AND METHODS

Cell cultures. Chinese hamster ovary (CHO) cells were grown in F12 medium
(GIBCO/BRL, Rockville, MD) with 5% fetal calf serum, 2 mM glutamine, 50
units/ml penicillin, and 50 �g/ml streptomycin. EML cells were grown in Iscove
modified Eagle medium with 20% horse serum, 15% BHK conditioned medium
(as a source of stem cell factor), 0.1 mM nonessential amino acids, 2 mM
glutamine, 50 units/ml penicillin, and 50 �g/ml streptomycin. EML cells were
induced to differentiate with 10 �M all-trans retinoic acid, and interleukin-3
(IL-3) (10 ng/ml) for the indicated times. 32DWT18 cells (hereafter called WT18
cells; a gift from Daniel Link, Washington University, St. Louis, MO) were
derived from 32D cells that were stably transfected with a chimeric receptor
containing the extracellular domain of the erythropoietin receptor and the in-
tracellular domain of the granulocyte colony-stimulating factor receptor. They
were grown in Iscove’s modified Dulbecco’s medium, 10% fetal bovine serum,
10% WEHI-3B conditioned medium (as a source of IL-3), 2 mM glutamine, 50
units/ml penicillin, and 50 �g/ml streptomycin (22). WT18 cells were induced to
differentiate into neutrophils by withdrawal of IL-3 and addition of 2 U/ml of
erythropoietin (EPO). The retroviral packaging cell line PT67 was cultured in
Dulbecco modified Eagle medium, 10% fetal calf serum, 2 mM glutamine, 50
units/ml penicillin, and 50 �g/ml streptomycin.

Cloning of mouse Rbm15 cDNA and construction of its derivatives. Total RNA
from EML cells was isolated using TRIzol reagent according to the manufac-
turer’s instruction (Invitrogen). Primers for amplifying mouse Rbm15 were Pf (5�
CCAATGAGGTCTGCGGGGCG) and Pr (5�CCTCAAAAGAAACAATTTA
TTTAGAA). All Rbm15 fragments and positions referred to in this paper cor-
respond to DDBJ/EMBL/GenBank accession number BC057038. Reverse tran-
scription-PCR (RT-PCR) was carried out following standard protocols. The
full-length mouse Rbm15 open reading frame was inserted into pNTGFP vector,
yielding an expression construct, pNTGFP-Rbm15, containing an in-frame fusion
of the green fluorescent protein (GFP) gene downstream from Rbm15. The
Rbm15 N-terminal (amino acids [aa] 1 to 608) truncated fragment was inserted
into pcDNA3HA vector to generate HA-N/Rbm15, and the C-terminal (aa 635
to 962) truncated fragment was inserted into pcDNA3myc vector to generate
myc-C/Rbm15. The shorter truncated fragments for N-terminal V-Rbm15-F1 (aa
1 to 453), V-Rbm15-F2 (aa 1 to 355), V-Rbm15-F3 (aa 1 to 306), and V-Rbm15-F4
(aa 1 to 198) were generated by insertion of the fragments into the pcDNA3V5
TOPO cloning vector. Mouse RbpJ� expression vector pcDNA3Flag-RBPJ� was
previously described (29).

Northern blot analysis. For Northern blot analysis, 12 �g total RNA was run
on a 1% agarose–0.6% formaldehyde gel, transferred to a Hybond-N (Amer-
sham Inc., Piscataway, NJ) membrane, and hybridized according to the supplier’s
protocol. The probe for Rbm15 mRNA detection encompassed the full-length
open reading frame. A murine multitissue RNA blot was purchased from Clon-
tech.

Real-time RT-PCR to detect Rbm15 expression in hematopoietic cells. Total
RNA was isolated from 1 � 106 cells using the Roche High Pure RNA isolation
kit. Two micrograms of total RNA was reverse transcribed with Superscript II
RNase H� reverse transcriptase (Invitrogen) and 100 ng of random hexamers.
Real-time PCR analysis was performed with a Bio-Rad iCycler using the
iQSYBER green supermix (Bio-Rad) for murine GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) internal control (forward primer, 5�GGTGAAGGT
CGGTGTGAA; reverse primer, 5�AATGAAGGGGTCGTTGATG). We used
Applied Biosystems TaqMan Gene Expression Assays Mm01207208 and the
default cycles for detecting the murine Rbm15. Standard curves for Gapdh and
Rbm15 were measured each time to determine the relative level of the respective
transcript. The copy number was normalized to Gapdh levels.

Immunoprecipitation and Western blot analysis. Antibodies against GFP and
RBPJ�, as well as anti-GFP-conjugated beads were purchased from Santa Cruz
Inc. CHO cells were transfected with plasmids and 24 h later were washed and
scraped into 5 ml of phosphate-buffered saline, centrifuged, and resuspended in
3 packed cell volumes of Triton lysis buffer (9 mM Tris-HCl [pH 8.0], 60 mM
EDTA, 1 mM dithiothreitol [DTT], 0.5 mM phenylmethylsulfonyl fluoride, and
0.3% Triton X-100). After 5 min on ice, the lysates were sedimented by centrif-
ugation, and the supernatant was used as the cytoplasmic extract. The pelleted
nuclei were washed, and nuclear proteins were extracted with 2 packed cell
volumes of nuclear extract buffer (20 mM HEPES [pH 8.0], 420 mM NaCl, 1.5

mM MgCl2, 0.5 mM DTT, 0.2 mM EDTA, and 25% glycerol) at 4°C for 45 min.
Soluble material was pelleted, and the supernatant was dialyzed at 4°C for 1 h
against Shapiro’s buffer D (20 mM HEPES [pH 7.9], 20% glycerol, 100 mM KCl,
2 mM DTT, 0.2 mM EDTA, 0.2 mM EGTA, 0.5 mM phenylmethylsulfonyl
fluoride, 0.7 mg/liter pepstatin A, and 0.5 mg/liter leupeptin). The precipitate was
removed by centrifugation, and the supernatant fraction was the nuclear extract.
The nuclear extract was then precleared with 0.25 �g of the appropriate control
immunoglobulin G (goat immunoglobulin G; anti-GFP was from goat) together
with 20 �l of protein L-agarose and incubated at 4°C for 30 min, beads were
pelleted by centrifugation, and the supernatant was then mixed with anti-GFP
beads and incubated at 4°C with rotation for at least 3 h. The beads were then
washed and collected by centrifugation. The protein bound to the beads was
eluted with sample loading buffer, boiled for 5 min, analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and immunoblotting, and visualized
using the ECL system (Amersham Biosciences). Anti-Flag M2 affinity gels were
purchased from Sigma. Antihemagglutinin (anti-HA) antibody and anti-myc
antibody were purchased from Santa Cruz Biotechnology Corp. The anti-V5
antibody and pcDNA3-V5-His-TOPO vector were purchased from Invitrogen
Corp.

Microscopy and flow cytometry. CHO cells in two-well chamber slides were
transfected with 0.5 �g total of pNTGFP-Rbm15 or pNTGFP expression plas-
mids using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
protocol. After 24 h, the fluorescence of transfected cells was detected by con-
focal microscopy to show the subcellular localization of RBM15 protein. For
fluorescence-activated cell sorter (FACS) analysis, cells were stained with
fluorescein isothiocyanate-conjugated anti-Mac-1 (CD11b) antibody (BD Bio-
sciences), washed three times, and analyzed using a FACSCalibur (BD Bio-
sciences).

Construction and packaging of shRNA vectors. The four following Rbm15-
specific small hairpin RNA (shRNA) oligomers were tested: 5�GATCCGAGGAA
CCTTGTGTCCTATTTAAATTCAAGAGATTTAAATAGGACACAAGGTTC
CTTTTTTACGCGT (shRNA-Oligo I, corresponding to nucleotides 2668 to 2689),
5�GATCCGACTCTGCTATTGTGATGCCAATGTTCAAGAGACATTGGCA
TCACAATAGCAGATTTTTTTACGCGT (shRNA-Oligo II, corresponding to
nucleotides 3028 to 3049), 5�GATCCGACCGAGACTATCCGTTCTATGACTT

FIG. 1. Mouse RBM15 protein sequence and subcellular localiza-
tion. (A) Full-length mouse Rbm15 protein sequence, with predicted
nuclear localization signals shown in boldface. (B) CHO cells were
transfected with plasmids encoding GFP (left) or GFP-Rbm15 (right)
proteins. The upper panels show Rbm15 subcellular localization
(right) (based on GFP fluorescence) by confocal microscopy at 24 h
posttransfection. Images in the lower panels reveal the autofluores-
cence of the cells above. (C) Western blot analysis of CHO cells
transiently transfected with plasmid encoding GFP or GFP-Rbm15.
Cytoplasmic extract (CE) and nuclear extract (NE) were derived from
the CHO cells, and the transgenes (as indicated above each lane) were
detected with anti-GFP. Numbers at right represent relative locations
of molecular mass standards.
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CAAGAGAGTCATAGAACGGATAGTCTCGTTTTTTTACGCGT (shRNA-
Oligo III, corresponding to nucleotides 986 to 1007), and 5�GATCCGACTCCG
AGAAGTGGATGAGATATTTCAAGAGAATATCTCATCCACTTCTCGGAAT
TTTTTACGCGT (shRNA-Oligo IV, corresponding to nucleotides 1068 to 1089).
Sequences corresponding to the target-specific small interfering RNA duplex are
underlined, and target nucleotide sequences are shown in parentheses. Sense and
antisense oligomers were used to produce double-stranded oligomers, and the
oligomers were inserted into the retroviral vector RNAi-pSIREN-RetroQ, which
drives shRNA production from the U6 promoter and also contains puromycin
resistance (Clontech, Palo Alto, CA). Inserts were confirmed by sequencing, and
we called the vectors shRNA-I, shRNA-II, shRNA-III, and shRNA-IV, respec-
tively. Retroviral constructs were transiently transfected into PT67 amphotropic
packaging cells using Lipofectamine 2000 (Invitrogen), and the viral superna-
tants were collected at 24 to 48 h after transfection and stored at �80°C for
future use.

Retroviral infection and cell proliferation assay. 32DWT18 cells were plated
24 h before infection at 1 � 106 to 5 � 106/100-mm dish. Viral supernatants
containing shRNA-negative, shRNA-III, or shRNA-IV retrovirus were added
individually at a 1:2 dilution to medium supplemented with WEHI conditioned
medium (containing IL-3) and 6-�g/ml Polybrene. After 24 h, fresh medium
containing 2 �g/ml of puromycin was added, and cells were cultured for 3 days.
After 3 days, surviving cells, i.e., those containing puromycin-resistant/shRNA
retrovirus, were induced to undergo myeloid differentiation by the withdrawal of
IL-3 and addition of EPO. Proliferation was measured by counting the number
of cells per culture well at 3 and 6 days postinduction. To study the effects of
enforced expression of RBM15, WT18 cells were transduced with retrovirus
encoding the Rbm15 protein or empty vector. Cells were then induced to dif-
ferentiate with EPO, and differentiation was assayed by cell morphology and
surface expression of Mac1 by flow cytometry.

Transient transfection and luciferase assays. Luciferase assays were per-
formed using the dual luciferase reporter system (Promega, Madison WI).
Briefly, 5 � 104 CHO cells were seeded in 12-well plates and cotransfected with
0.5 �g of Hes-Luc reporter gene, 0.1 �g of the intracellular domain of Notch
(NICD), 2 ng of pRL-CMV-Rluc (for normalization), and various amounts of
Rbm15 plasmid (0.01 to 0.95 �g) using Lipofectamine 2000. For experiments
with human erythroleukemia (HEL) cells, 1 � 106 cells were seeded in 12 well
plates and cotransfected with 0.5 �g of Hes-Luc reporter gene, 0.1 �g of NICD,

5 ng of pRL-CMV-Rluc, and various amounts (0.1 to 0.5 �g) of Rbm15 plasmid
(or empty vector), using the DMRIE-C reagent according to the manufacturer’s
instructions (Invitrogen). The total DNA content was kept at 2 �g with the use
of empty plasmid pCDNA3.1 (Invitrogen, Carlsbad CA). For experiments with
32DWT18 cells, 1 � 107 cells were electroporated (400 V, 250 �F; Bio-Rad) with
5 �g Hes-Luc, 1 �g of NICD, 0.5 �g of pRL-CMV-Rluc (Renilla luciferase), and
various amounts (1 to 10 �g) of the Rbm15 plasmid. The total DNA content was
kept at 20 �g using empty pCDNA3.1 plasmid. After 24 h, the transfected cells
were washed and lysed with passive lysis buffer (Promega), and luciferase activity
was measured using a Luminoscan EL (Thermo Electron) luminometer. Firefly
luciferase activity from Hes-Luc was normalized for transfection efficiency using
Renilla luciferase activity from pRL-CMV-Rluc. All experiments were per-
formed in triplicate, and each study was performed at least three times.

Alignments. The evolutionary distance for the SPOC domain of different spen
family members was determined by using ClustaIW software from the European
Molecular Biological Laboratory-European Bioinformatics Institute (EMBL-
EBI), and the phylogenetic tree was generated to show the relationships between
RBM15 and other members.

RESULTS

Rbm15 is localized to the nucleus. Based on the presence of
several potential nuclear localization signals in its amino acid
sequence (Fig. 1A), we predicted that Rbm15 is a nuclear
protein. To determine the subcellular localization of Rbm15,
we transiently expressed either GFP (Fig. 1B, left panels) or a
GFP-Rbm15 fusion protein (Fig. 1B, right panels) in CHO
cells. After 24 h, cells were analyzed for GFP localization. In
cells transfected with GFP-Rbm15, the GFP signal was local-
ized to the nucleus (Fig. 1B, right panels). Analysis of autofluo-
rescence (Fig. 1B, lower panels), confirmed that the cytoplasm
was intact and negative for the GFP-Rbm15 fusion protein. In
contrast, there was fluorescence throughout the cytoplasm and

FIG. 2. Rbm15 expression in tissues and myeloid cells. (A to C) Analysis of Rbm15 using a murine multitissue Northern blot (A), as well as
during myeloid differentiation of EML (B) and 32DWT18 cells (C). �-Actin mRNA was probed as a loading control (bottom). Note that two forms
of Rbm15 predominate, one at approximately 9 kb (full length [FL]) and the other at 4 kb (spliced [SP]) in the tissues but not in the myeloid cell
lines. (D) qRT-PCR data for Rbm15 in primary lineage-negative murine bone marrow cells, as well as in macrophages and megakaryocytes
differentiated from primary bone marrow. Error bars indicate standard deviations.
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nucleus in cells transfected with GFP cDNA (Fig. 1B, left
panels). This subcellular localization was confirmed by West-
ern blot analysis for GFP or GFP-Rbm15 in isolated cytoplas-
mic and nuclear fractions of CHO cells. As shown in Fig. 1C,
the 133-kDa GFP-Rbm15 fusion protein was found exclusively
in the nuclear extract, whereas the 35-kDa GFP protein was
present in both the cytoplasmic and nuclear extracts.

Rbm15 is differentially expressed during hematopoiesis. By
Northern blot analysis of a murine multitissue RNA blot,
Rbm15 is expressed at variable levels throughout the body,
with the highest levels of expression in adult heart, liver, kid-
ney, and testis (Fig. 2A). As reported previously (31), two
splice variants of Rbm15 mRNA are prominent, with the larger
form reflecting the presence of a long 3� untranslated se-
quence. We next determined whether Rbm15 mRNA levels
change during myeloid differentiation. As can be seen in Fig.
2B and C, Rbm15 levels steadily decline when EML and
32DWT18 cells differentiate into promyelocytes and more mature
neutrophils. Likewise, based on quantitative RT-PCR, the rela-
tive levels of Rbm15 in primary murine bone marrow cell sub-
populations are highest in lineage-depleted bone marrow cells,
with less expression in differentiated macrophages and mega-
karyocytes (Fig. 2D).

Development of shRNA vectors to decrease Rbm15 expres-
sion. In order to determine the effect of decreasing Rbm15
levels on hematopoiesis, we produced several shRNA se-
quences targeted to different regions of the Rbm15 mRNA
(Fig. 3A) and cloned each into a retroviral vectors. We tested
the efficacy of each sequence by cotransfecting the shRNA
retroviral constructs along with GFP-Rbm15 and looked for
knockdown of the fusion by Western blotting. Whereas shRNA-I
had a minimal effect on the amount of GFP-Rbm15 protein
produced, shRNA-II, -III, and -IV sequences caused a nearly
100% decrease in GFP-Rbm15 protein (Fig. 3B). A control
shRNA against luciferase had no effect on GFP-Rbm15 ex-
pression (Fig. 3B). We confirmed shRNA efficacy by observing
a loss of GFP fluorescence by FACS when cells were cotrans-
fected with the GFP-Rbm15 vector plus Rbm15-specific
shRNA vector (data not shown). Based on our findings, we
chose to perform further studies with shRNA-III and shRNA-
IV. To first test the effect of shRNA against Rbm15 on prolif-
eration of myeloid cells, 32DWT18 cells were transduced with
retroviruses encoding shRNA-III, shRNA-IV, or the negative
control shRNA. Both shRNA-III and shRNA-IV slowed the
growth of WT18 cells by 80 to 90% (Fig. 3C). Therefore,
Rbm15 may play a role in promoting proliferation of myeloid
progenitors.

Small inhibitory RNA against Rbm15 promotes myeloid dif-
ferentiation. We next assessed the effect of Rbm15 knockdown
on myeloid differentiation by morphological and FACS analyses.
When transduced with negative control shRNA retrovirus,
32DWT18 cells began to undergo morphological differentiation
into metamyelocytes by day 4 of EPO induction (Fig. 4A and B).
In contrast, cells transduced with shRNA-III or shRNA-IV were
further along in differentiation by this time point, with the ap-
pearance of bands and maturing neutrophils (Fig. 4C and D).
FACS analysis for Mac1 expression demonstrated that cells trans-
duced with shRNA-III also showed a more rapid onset of Mac 1
expression than those transduced with the negative control
shRNA (Fig. 4E and F). Both shRNA-III and shRNA-IV (not

shown) caused a 30 to 50% increase in Mac 1 expression at days
4 and 6. By day 10, however, all cells were Mac1 positive, includ-
ing those that had been transduced with the negative control
shRNA (Fig. 4G). The increase in myeloid differentiation with
shRNA against Rbm15 is consistent with the observed decrease in
cell proliferation.

Enforced expression of Rbm15 inhibits myeloid differentia-
tion. Consistent with the enhancement of differentiation by
shRNA, enforced expression of Rbm15 in 32DWT18 cells via
retroviral transduction inhibits differentiation. As seen in Fig.
4H, the percentage of cells expressing Mac1 is significantly
decreased throughout the time course of myeloid differentia-
tion in the Rbm15-overexpressing cells compared to control
cells transduced with empty control vector MigR1. Taken to-
gether, these data suggest that Rbm15 promotes cell prolifer-
ation and inhibits myeloid differentiation.

FIG. 3. Targeted inhibition of Rbm15 expression by RNA interfer-
ence. (A) Schematic showing locations of four shRNAs tested for inhibi-
tion of Rbm15 expression. (B) Transient cotransfection of CHO cells
using a GFP-Rbm15 expression plasmid together with shRNA-I, shRNA-
II, shRNA-III, shRNA-IV, or negative control (luciferase shRNA) retro-
viral constructs separately. After transfection, nuclear lysates were ana-
lyzed for GFP-Rbm15 expression by Western blot analysis using anti-GFP
antibody. The upper panel shows the GFP-Rbm15-specific band, and the
lower panel shows the protein loading (Coomassie blue stain) for the blot.
(C) Relative cell numbers of 32DWT18 cells transduced with retroviruses
and cultured in the presence of growth factors as indicated on the x axis.
Cell counts were assessed after 6 days of culture. The shRNA-IV vector
was used in the experiment shown.
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Rbm15 is a member of the spen family. Rbm15 contains a
C-terminal SPOC domain (spen paralog and ortholog C-ter-
minal domain), which has been conserved from the Drosophila
spen (derived from split ends) gene (see Fig. S1 in the supple-
mental material). The mammalian SPOC family protein most
closely related to Rbm15 is SHARP (the murine homolog of
which is called Mint), which has been shown to act as a tran-
scriptional repressor by binding to proteins in the nuclear core-
pressor complex, including histone deacetylase 1, histone
deacetylase 3, and SMRT (45, 47). The SPOC domain of
Rbm15 is 35% homologous to SHARP. Published experimen-
tal data demonstrating a transcriptional repressor function for
SHARP suggest that Rbm15 may act as a transcriptional re-
pressor. Also, evolutionary tree analysis (see Fig. S1 in the
supplemental material) indicates that Spen2 and Spen3 are
more similar to human SHARP and mouse Mint than Spen1.

Effect of Rbm15 on transcription is cell type dependent. We
first tested whether Rbm15 acts as a transcriptional repressor
by using luciferase assays with CHO cells. Neither GFP nor
GFP-Rbm15 had any effect on luciferase expression driven by
the cytomegalovirus promoter (Fig. 5A). We next determined
whether Rbm15 affects Notch-induced activation of the HES1
promoter by cotransfecting a HES1-luciferase reporter plasmid
and a plasmid expressing NICD, which acts as the transactiva-
tor of the HES1 promoter (3, 10, 18, 19, 44), together with
either GFP or GFP-Rbm15 expression plasmid. As seen in Fig.
5B, Rbm15 has a dose-dependent inhibitory effect on NICD-
induced activation of the HES1 promoter. In addition, Rbm15
also inhibits NICD-induced HES1 promoter activity in HeLa
cells (data not shown).

In contrast, when we performed analogous studies with he-

matopoietic cells, we observed the opposite effect. Rbm15 en-
hances NICD-induced HES1 promoter activity in 32DWT18
cells in a dose-dependent manner (Fig. 5C). Analogous results
were obtained with the HEL and promyelocytic (NB4) cell
lines (data not shown). Therefore, the effect of Rbm15 on
NICD-induced HES1 promoter activity is cell type dependent,
with an inhibitory effect in nonhematopoietic CHO and HeLa
cells and a dramatic enhancing effect in three different hema-
topoietic cell lines. This result was particularly surprising given
the known inhibitory effect of SHARP on transcription (see
Discussion). In the absence of exogenous NICD, GFP-Rbm15
has no effect on HES1 promoter activity in hematopoietic or
nonhematopoietic cells, consistent with the lack of Notch ac-
tivity in these cells.

Rbm15 binds to RBPJ�. To test whether Rbm15 interacts
with RBPJ�, as has been shown previously for the fellow spen
family member SHARP, coimmunoprecipitation experiments
were performed using nuclear extracts of CHO cells that had
been transfected with expression plasmids for RBPJ� and ei-
ther GFP or GFP-Rbm15. As shown in Fig. 6A, immunopre-
cipitation with an anti-RBPJ� antibody followed by Western
blot analysis with anti-GFP antibody revealed that RBPJ�
binds to GFP-Rbm15 but not to GFP alone. Reciprocal exper-
iments in which we used anti-GFP for immunoprecipitation
and probed with anti-RBPJ� confirmed that GFP-Rbm15
binds to RBPJ� and that GFP does not (Fig. 6C). In order to
determine which domain of Rbm15 is necessary for binding to
RBPJ�, several truncation mutants of Rbm15 were tested for
binding to RBPJ� (Fig. 6B). An N-terminal polypeptide of 608
aa (called N/Rbm15) was able to bind to RBPJ�, but a C-
terminal 327-aa polypeptide (called C/Rbm15) was not (Fig.

FIG. 4. Altered Rbm15 expression affects myeloid differentiation of 32DWT18 cells. 32DWT18 cells were induced to undergo myeloid
differentiation by removal of IL-3 and addition of EPO. (A to D) Wright-Giemsa-stained cytospins of day 0 cells (A) and cells on day 4
postdifferentiation transduced with negative control shRNA (B), shRNA-III (C), or shRNA-IV (D). (E to G) FACS analysis histograms using
anti-CD11b (Mac1) for 32DWT18 cells transduced with either the negative control shRNA (dark gray) or shRNA-III (light gray) as indicated and
then treated with EPO for 4, 6, and 10 days, as indicated. The isotype control (black line) was identical for cells transduced with negative control
shRNA or shRNA-III. Untransduced controls gave staining identical to that for shRNA-negative cells (not shown). (H) Percentage of 32DWT18
cells that were Mac1� (y axis) at different days after EPO induction (x axis) for cells transduced with control retrovirus (MIGR1, black lines) or
Rbm15-encoding retrovirus (gray lines). Data are representative of two experiments.
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6C). Further mapping was performed on the N-terminal por-
tion of Rbm15, and we show that a fragment containing only
the N-terminal 198 aa of the protein (Rbm15-F4) is adequate
for binding RBPJ� (Fig. 6D).

Full-length Rbm15 is required for stimulation of NICD-
induced HES1 promoter activity. We next sought to determine
the domains of Rbm15 required for enhancement of NICD-
induced HES1-Luc activity in 32DWT18 cells. Only full-length
Rbm15 showed this effect (Fig. 5D). Neither the N/Rbm15 nor
the C/Rbm15 polypeptide alone had any effect on NICD-in-
duced luciferase activity, suggesting that domains throughout
the protein are required for this response. Similarly, the 198-aa
N-terminal fragment of Rbm15 (Rbm15-F4) did not affect
NICD-induced HES1 promoter activity. Since N/Rbm15 can
bind to RBP-J� but does not activate HES1 promoter activity,

we hypothesized that this fragment may interfere with the
activity of full-length Rbm15. We tested this by cotransfecting
N/Rbm15 along with the full-length Rbm15, NICD, and HES1-
Luc plasmids (Fig. 5D). N/Rbm15 partially inhibits the en-
hancement of HES1 promoter activity by FL Rbm15. Consis-
tent with the need for full-length Rbm15 to enhance HES1-Luc
activity, C/Rbm15 also inhibits the activity of full-length
Rbm15 (Fig. 5D). Thus, both the N- and C-terminal segments
have a dominant negative effect on full-length Rbm15.

DISCUSSION

The data presented here demonstrate that the murine ho-
molog of human RBM15, the fusion partner of MKL1 in the
AML-M7 t(1;22) translocation, plays a role in normal myelo-

FIG. 5. Effect of Rbm15 on Notch-induced HES1 promoter activity is cell type dependent. (A) CHO cells were cotransfected with
CMV-Luc along with differing amounts of the GFP-Rbm15 expression plasmid as indicated by the dark black wedge. A GFP expression
plasmid was used to maintain a constant DNA amount as indicated by the gray wedge. Data are presented as means � standard deviations
of luciferase activity from triplicate samples from one representative experiment of three that gave similar data. (B) Hes-1-Luc was used as
the reporter plasmid, which is activated by NICD via its binding to RBPJ� on the Hes-1 promoter. As in panel A, different amounts of
GFP-Rbm15 or GFP expression plasmid were cotransfected into CHO cells with the Hes-Luc and NICD expression plasmids as indicated.
(C) 32DWT18 cells were transfected with Hes-Luc and NICD expression plasmids as indicated plus different amounts of GFP and/or
GPP-Rbm15 expression plasmids as indicated. Note that a constant amount of DNA was included in every transfection. (D) Relative
luciferase activity in 32DWT18 cells transfected as before with Hes-Luc (all lanes), NICD expression plasmid, and plasmids encoding various
fragments of Rbm15. Plasmid names are as indicated in Fig. 6B.
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poiesis. We show that Rbm15 is expressed at higher levels in
hematopoietic progenitor cells than in more mature progeny,
and inhibition of its expression by shRNA slows proliferation
and promotes differentiation. Given our observation that
Rbm15 expression stimulates the transcriptional activation of
the HES1 promoter by intracellular Notch in 32DWT18 and
HEL cells, the proliferation/differentiation effects of Rbm15
may be mediated, at least in part, via its effect on Notch
signaling. In support of this hypothesis, we also show that
Rbm15 is a nuclear protein that binds to RBPJ�, the key
downstream target of activated intracellular Notch.

Notch receptors and ligands are widely expressed in the
hematopoietic system, including hematopoietic stem cells, as

well as in the lymphoid, myeloid, and erythroid lineages (8, 24,
41). Several studies show that Notch facilitates bone marrow
stem cell expansion and plays a role in the stem cell niche in
vivo (11). In vitro activation of Notch in hematopoietic stem
cells leads to increased proliferation and survival (13, 49).
Notch signaling facilitates T-cell development and plays a role
in biphenotypic fate decisions (24). The first mammalian ho-
molog of Drosophila Notch was identified in a T-cell leukemia
with aberrant constitutive Notch expression (12). Data regard-
ing the effects of Notch on myeloid differentiation are incon-
sistent. In different situations, Notch has been shown to either
inhibit (4, 36, 37) or enhance (42, 43) differentiation down the
granulocytic and macrophage lineages. Consistent with publi-

FIG. 6. Rbm15 coimmunoprecipitates with RBPJ�. (A) CHO cells were cotransfected with expression plasmids for either GFP or GFP-Rbm15,
as indicated, plus expression plasmids for RBPJ� (all lanes). Nuclear extracts were immunoprecipitated with either anti-GFP (lanes 1 and 2) or
anti-RBPJ� (lanes 3 and 4) and probed by Western analysis using anti-GFP. Lanes 5 and 6 show unmanipulated input. Bands representing the
GFP-Rbm15 fusion protein and GFP are indicated. The band of approximately 60 kDa in lanes 3 and 4 likely represents the anti-RBPJ� antibody.
(B) Schematic representation of Rbm15 truncations tested. The full-length (FL) mouse Rbm15 protein contains 962 aa. RNA recognition motifs
(RRM) are located at aa 178 to 247, 374 to 446, and 455 to 524. The conserved SPOC domain is located at the C terminus from aa 778 to 957.
Nuclear localization signal (NLS) sequences are predicted as shown. The pcDNA N/Rbm15 plasmid contains the 608-aa N-terminal fragment in
frame with an HA tag. C/Rbm15 contains a 327-aa C-terminal fragment in frame with a myc tag. Rbm15-F1 through -F4 represent the truncated
fragments from the N terminus with 453, 355, 306, and 198 aa, all fused in frame to a V5 tag. (C) Immunoprecipitation (IP) of Flag-tagged RBPJ�
(F-RBPJ�) cotransfected with full-length Rbm15, empty pcDNA3, N/Rbm15, pcDNA-myc-tagged empty vector, and C/Rbm15, as indicated.
Lysates were immunoprecipitated with anti-GFP, anti-HA, and anti-myc antibodies as shown, and the Western blot (IB) was probed with anti-Flag
antibody. (D) Immunoprecipitation of the truncated Rbm15 fragments with anti-Flag antibody as indicated. The upper panel (right side) shows
that the truncated Rbm15 polypeptides are all coimmunoprecipitated with RBPJ� (anti-Flag). The middle panel shows that the anti-Flag antibody
precipitates the Flag-tagged RBPJ� protein. The bottom panel shows that the anti-Flag antibody in the presence of the Flag-tagged expression
plasmid alone does not immunoprecipitate the truncated fragments of Rbm15.
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cations showing that Notch signaling inhibits myeloid differen-
tiation of 32D cells (4, 36, 37), our data show that Rbm15,
which promotes Notch signaling in myeloid cells, has an inhib-
itory effect on myeloid differentiation. Similarly, we show that
shRNA-mediated knockdown of Rbm15 leads to more rapid
differentiation, suggesting that Notch is involved in inhibiting
myeloid differentiation in our system. In preliminary studies,
inhibition of Notch signaling by overexpression of a dominant
negative form of mastermind (33) had only a small stimulatory
effect on induction of Mac1 expression on 32DWT18 cell dif-
ferentiation (data not shown). However, before dissection of
the mechanisms involved, the relevance of these findings will
first need to be confirmed using primary cells in follow-up
studies.

The opposing effects of Rbm15 on NICD-induced HES1
promoter activity in nonhematopoietic versus hematopoietic
cells suggest that Rbm15 functions in a cell type-specific man-
ner. This finding is reminiscent of the role of SKIP during
Notch signaling. SKIP was identified as a component of a
corepressor complex that represses RBPJ� transcriptional ac-
tivity, but it was subsequently shown to bind to the Notch
intracellular domain and to promote Notch activation (28, 51).
It is possible that Rbm15 functions in a similar manner, asso-
ciating with different cofactors in a cell-specific context that
determines either an activation or a repression activity.

Since the Rbm15 homolog SHARP is thought of as a tran-
scriptional repressor, we were surprised to observe a transcrip-
tional activation activity of Rbm15 in hematopoietic cells.
However, this disparity is in agreement with a recent study
suggesting opposing roles for the RBM15 and SHARP Dro-
sophila homologs, NITO and SPEN, respectively (20). In that
study, although family members NITO and SPEN shared the
common SPOC domain, they had opposing roles in Drosophila
eye development (20). The authors proposed that there may be
two classes of SPOC domain-containing proteins: large pro-
teins such as SHARP and spen, which inhibit transcription,
and small proteins such as Rbm15 and NITO, which have the
opposite effect. This hypothesis is consistent with our data.
Whether, like RBPJ� (38) and SKIP (51), there is competition
between coactivators and corepressors for binding to the
SPOC domain is not yet known.

We report that Rbm15 interacts via its N terminus (aa 1 to
198) with RBPJ�. Protein alignments and structural domain
predictions show little homology with known RBPJ� interac-
tion domains of other proteins, such as SHARP (38), the RTA
protein of the Kaposi’s sarcoma-associated herpesvirus (29),
the Epstein-Barr virus nuclear antigens 2 and 3 (16), and the
Notch1 RAM domain (23). The low sequence similarity among
these domains probably reflects varied binding sites on RBPJ�.
Differential binding of Rbm15 and SHARP to RBPJ� may
underlie the functional differences between these two proteins
of the same family.

AML, like other hematological malignancies, arises from an
accumulation of mutations in hematopoietic stem and/or pro-
genitor cells (6, 39, 40). Perhaps a clue as to the function of
Rbm15 in hematopoiesis can be found by studying other ge-
netic mutations that contribute to the genesis of AML-M7. In
patients with Down syndrome who develop AML-M7 with
trisomy 21, the 1;22 translocation is very rarely found; however,
mutations in GATA1 that generate a truncated GATA1 pro-

tein are typically present (50). These GATA1 mutants retain
their ability to bind DNA but lose transactivation ability (21).
It is therefore possible that Rbm15 acts, in part, via inhibition
of GATA1 activity, which is essential for normal erythroid and
megakaryocytic development (46, 48). Moreover, interaction
between Notch signaling and GATA1 transcriptional activity
was demonstrated by the suppression of GATA1 activity by
Notch-induced HES1 expression (17). If RBM15 normally
inhibits hematopoietic differentiation, the involvement of
RBM15 in the leukemia-associated RBM15-MKL1 fusion pro-
tein could possibly contribute to leukemogenesis by maintain-
ing megakaryoblasts in an undifferentiated, proliferative state.
Additional studies using RBM15, MKL1, and the RBM15-
MKL1 fusion protein in erythromegakaryocytic progenitors
will be required to more fully elucidate the role of the fusion
protein in the development and/or maintenance of megakaryo-
blastic leukemia.
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