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The OTT-MAL/RBM15-MKL1 fusion protein is the result of the recurrent translocation t(1;22) in acute
megakaryocytic leukemia in infants. How it contributes to the malignancy is unknown. The 3� fusion partner,
MAL/MKL1/MRTF-A, is a transcriptional coactivator of serum response factor (SRF). MAL plays a key role
in regulated gene expression depending on Rho family GTPases and G-actin. Here we demonstrate that
OTT-MAL is a constitutive activator of SRF and target gene expression. This requires the SRF-binding motif
and the MAL-derived transactivation domain. OTT-MAL localizes to the nucleus and is not regulated by
upstream signaling. OTT-MAL deregulation reflects its independence from control by G-actin, which fails to
interact with OTT-MAL in coimmunoprecipitation experiments. Regulation cannot be restored by reintroduc-
tion of the entire MAL N terminus into the fusion protein. OTT-MAL also caused a delayed induction of the
MAL-independent, ternary complex factor-dependent target genes c-fos and egr-1 and the mitogen-activated
protein kinase/Erk pathway. With testing in heterologous tissue culture systems, however, we observed con-
siderable antiproliferative effects of OTT-MAL. Our data suggest that the deregulated activation of MAL-
dependent and -independent promoters results in tissue-specific functions of OTT-MAL.

The OTT-MAL/RBM15-MKL1 fusion protein is the prod-
uct of a balanced translocation t(1;22)(p13;q13) in infant acute
megakaryocytic leukemia (AMKL; FAB M7) (3, 11–13). At the
time of their discovery, little was known about either gene,
hence the names OTT (one twenty-two) and RBM15 (RNA-
binding motif protein 15) for the 5� sequences and MAL
(megakaryocytic acute leukemia) and MKL-1 (megakaryoblas-
tic leukemia) for the 3� sequences. The breakpoint in the first
intron of OTT and the third intron (variant translocation) or
fourth intron (common translocation) of MAL leaves nearly
the full-length (f.l.) coding region of both proteins intact
(11–1, 15).

OTT encodes a protein containing three RNA recognition
motifs (RRM) and a spen paralog and ortholog C-terminal
(SPOC) domain. It belongs to the Spen family of proteins, with
OTT, MINT/SHARP, and OTT3 being the three known mam-
malian orthologs of the Drosophila spen (split ends) and spenito
genes (6–8). The RRM motifs are thought to bind to nucleic
acids (16, 32), whereas the highly conserved SPOC domain, at
least of SHARP, interacts with SMRT and NCoR corepressor
complexes (2, 6, 25). OTT, as well as MINT/SHARP and
Drosophila spen, orchestrates Notch-regulated transcription
(8–10, 17, 25). Spen family members were also found in the
spliceosome and are implicated in mRNA splicing and export
(6, 32). Deficiency of either OTT or MINT in mice causes
embryonic lethality around embryonic day 9.5 or 13.5, respec-

tively, demonstrating that they are essential genes with nonre-
dundant functions (9, 22).

The fusion partner MAL (synonyms, MKL1 and MRTF-A)
is a potent transcriptional coactivator of the myocardin-related
transcription factor (MRTF) family, which is implicated in
gene expression by serum response factor (SRF) (reviewed in
reference 21). MAL is required for the activation of a subset of
SRF target genes which are independent of mitogen-activated
protein kinase (MAPK)-regulated ternary complex factors (4,
15). A variant isoform of MAL, BSAC, was identified as a
suppressor of tumor necrosis factor-induced cell death (24).
All MRTF family members contain N-terminal RPEL motifs,
a basic box harboring the SRF interaction motif, a glutamine-
rich stretch, a SAP (SAF-A/B, acinus, PIAS) domain, a leucine
zipper motif required for dimerization, and a strong C-termi-
nal transactivation domain (11, 13, 15, 29, 31). The ubiqui-
tously expressed MAL protein is regulated by serum and Rho
family GTPases, which change the intracellular actin dynamics
(15, 26). MAL responds to these changes by altered binding to
G-actin via its RPEL motifs (15, 19). G-actin regulates MAL
activity in three ways; it inhibits nuclear import of MAL, en-
hances nuclear export, and represses transcriptional activation
of SRF targets (28). Treatment with the actin-binding drug
latrunculin B or ectopic expression of actin and nonpolymer-
izable actin mutants represses MAL nuclear accumulation and
activation of SRF (20, 26). Conversely, stimulation by serum or
cytochalasin D, which dissociates the actin-MAL complex, po-
tentiates SRF activation by MAL (15, 28).

The lack of material, due to associated myelofibrosis and the
young age of patients, has precluded analysis of tissues or cell
lines from patients expressing OTT-MAL. However, biochem-
ical and functional analyses can readily be undertaken with
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nonmyeloid cells. Comparing the properties of each partner
and the fusion product may help identify functional and mech-
anistic alterations. A previous study suggests that the fusion
protein possesses an enhanced ability to activate SRF, al-
though the molecular basis for this has remained unclear (4).
Here we show that OTT-MAL constitutively activates SRF
target gene expression even in the absence of stimuli. Neither
positive nor negative upstream signals affect OTT-MAL activ-
ity, showing that the fusion protein is functionally deregulated.
Moreover, OTT-MAL aberrantly activates ternary complex fac-
tor (TCF)-dependent gene expression. Rather than enhancing
cell growth, OTT-MAL had an antiproliferative effect, suggesting
complex and tissue-specific functions of OTT-MAL.

MATERIALS AND METHODS

Plasmids, cells, and reagents. Details are available upon request. The se-
quence of human OTT-MAL was cloned into pcDNA3 or pEF harboring an
N-terminal hemagglutinin (HA) tag or a C-terminal Flag tag. For deletions, see
Fig. 2A. All constructs were verified by sequencing. OTT-123MAL was gener-
ated by cloning the amplified N-terminal murine MAL (f.l.) sequence (Leu-1 to
Arg-122) into the Xba site of human OTT-MAL. OTT-MAL YY and MAL YY,
harboring alanines instead of tyrosines in the SRF-binding motif LKYHQYI
(31), were cloned into pCMX-HA. The SRF reporter (p3D.A-Luc) and plasmids
pRL-TK, pMLV-LacZ, pSRF-VP16, pEF-C3, pEF-Flag-Actin(s), pEF-Flag-
NLS-Actin(s), and pEF-MAL (f.l.) have been described previously (15, 20). NIH
3T3 and NIH 3D.A-FosHA cells (1) were cultivated in Dulbecco modified Eagle
medium supplemented with 10% fetal bovine serum (Gibco). Mo7e cells were
grown in RPMI medium supplemented with 10% fetal calf serum (FCS) and
20% conditioned medium as a source of interleukin-3. UT7/mpl cells have been
described elsewhere (18). For generation of inducible cell lines, HEK293-TR
cells (Invitrogen) were transfected with HA-OTT-MAL or HA-MAL subcloned
into pcDNA4-TO (Invitrogen) and selected by 2.5 �g/ml blasticidin (Calbio-
chem) and 500 �g/ml phleomycin (Zeocin; Invitrogen). Latrunculin B and cy-
tochalasin D were from Calbiochem.

Reporter assays, immunoprecipitations, and Western blotting. Transfections
of NIH 3T3 cells were carried out with Lipofectamine (Invitrogen) according to
the manufacturer’s protocols, as described previously (20). For luciferase assays,
35,000 cells/1-cm-diameter dish (12-well plate) were transfected with 15 ng
p3DA-Luc, 40 ng pRL-TK, and 50 ng pMLV-LacZ together with the indicated
amounts of plasmids in a total of 500 ng DNA. For UT7 and Mo7e cells, 5 �106

to 8 �106 cells were electroporated at 250 V with 2.5 to 10 �g reporter and 5 to
10 �g of OTT-MAL expression plasmids. Luciferase activity was measured with
a dual-luciferase assay kit (Promega) and normalized to either pRL-TK lucifer-
ase (after 1 day) or pMLV-LacZ activity (after 2 days), as indicated. Figures show
percentages of induction compared to SRF-VP16 (80 ng) or n-fold induction
compared to the unstimulated control. Error bars usually indicate the standard
error of the mean (SEM) of three independent experiments. Statistical analysis
was done by unpaired Student t test. Statements of synergistic effects upon
simultaneous stimulation were statistically tested as described previously (30).

Immunoprecipitation of actin-MAL complexes was done as described previ-
ously (19). HEK293 cells, 4 � 106/10-cm-diameter dish, were transfected with 3
�g of pEF-Flag-actin constructs by using Lipofectamine. The following day, cells
were further cultivated with 0.5% FCS and 1 �g/ml doxycycline for 24 h. Flag-
tagged actins were precipitated with M2-agarose (Sigma), and proteins were
blotted with anti-HA antibody-peroxidase conjugate (3F10; Roche) or anti-Flag
antibody-peroxidase conjugate (M2; Sigma). For visualizing proteins in radioim-
munoprecipitation assay lysates, anti-phospho-Erk (1:1,000; Cell Signaling), anti-
pan-Erk (1:1,000; Transduction Laboratories), antitubulin (1:10,000; Sigma), and
rabbit anti-MAL (1:500) antibodies were used subsequent to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and Western blotting according to
standard protocols.

Immunofluorescence microscopy. For immunofluorescence staining, cells
were fixed with 4% paraformaldehyde, permeabilized in 0.2% Triton X-100, and
blocked with 10% FCS–1% gelatin–0.05% Triton X-100 in phosphate-buffered
saline. Staining conditions were as follows: anti-Flag antibody (rabbit; Sigma-
Aldrich), 1:100; rhodamine-phalloidin (Molecular Probes), 1:50; anti-HA anti-
body (mouse; Babco), 1:500; Alexa Fluor 488- or Alexa Fluor 546-conjugated
anti-mouse antibody (immunoglobulin G [heavy and light chains]; Invitrogen),
1:1,000; tetramethyl rhodamine isocyanate- or fluorescein isothiocyanate-conju-

gated anti-rabbit antibody (Dako Cytomation), 1:40. Microscopy was performed
with a Zeiss Axioplan 2 and a 63�, numerical aperture 1.4 oil immersion
objective fitted with appropriate filters (Chroma). Pictures were taken with a
cooled monochrome SPOT RT charge-coupled device camera (Diagnostic In-
struments) with MetaVue software (Universal Imaging), and images were pro-
cessed with Photoshop (Adobe Systems). Growth curves were determined in
triplicate with a cytometer (Beckman-Coulter).

Quantitative real-time (RT) PCR. RNA preparation (Qiagen) and first-strand
cDNA synthesis (ABgene) were done according to the manufacturers’ protocols.
For cDNA synthesis, 1 �g of RNA and anchored oligo(dT) primers were used.
For cDNA quantitation, 1/40 of the reverse transcription reaction mixture was
mixed with gene-specific primers (0.5 �M), MgCl2 (3 mM), and LightCycler
FastStart DNA Master Sybr green I mix (1.5 �l; Roche) to a total volume of 15.5
�l. The primers used for quantitative RT-PCR are as follows: alas1, CTGCAA
AGATCTGACCCCTC (forward) and CCTCATCCACGAAGGTGATT (re-
verse); acta2, CGGTGCTGTCTCTCTATGCC (forward) and AGCAGTAGTA
ACGAAGGAATAGCCA (reverse); c-fos, TAGCCTCTCTTACTACCACT
CACC (forward) and GAATGAAGTTGGCACTGGAG (reverse); egr-1, ACC
TGACCGCAGAGTCTTTTC (forward) and GCCAGTATAGGTGATG
GGGG (reverse). The PCR was carried out on a LightCycler instrument
(Roche) according to the manufacturer’s instructions. Calculation was done by
the ��Ct method.

RESULTS

OTT-MAL constitutively activates SRF. We have previously
shown that MAL (synonyms, MRTF-A and MKL-1) acts as a
serum-regulated transcriptional coactivator for SRF and accu-
mulates in the nucleus upon signaling (15). We therefore in-
vestigated the localization and activity of the fusion protein
OTT-MAL (synonym, RBM15-MKL1) resulting from the
common (1, 22) translocation in human AML M7. When ex-
pressed in NIH 3T3 fibroblasts, OTT-MAL was found almost
exclusively in the nucleus (Fig. 1A). Constitutive nuclear accu-
mulation was also shown by MAL �N, which lacks the regu-
latory RPEL domain. In contrast, MAL (f.l.) was predomi-
nantly cytoplasmic in serum-starved cells. This demonstrated
that regulation of nuclear shuttling is severely disrupted in
OTT-MAL compared to MAL (f.l.).

We then tested how OTT-MAL affects SRF activity. OTT-
MAL activated an SRF-dependent luciferase reporter con-
struct comparably to serum stimulation (Fig. 1B). In contrast,
expression of the OTT sequences alone had no effect. Unlike
MAL (f.l.), however, OTT-MAL showed only slight additive
but not synergistic SRF activation when used for costimulation
with serum (P � 0.05; for a statistical test of synergism versus
additivity, see reference 30). This suggests that OTT-MAL
activity is not potentiated by serum-induced signaling.

The N-terminal RPEL domain was previously shown to me-
diate nucleocytoplasmic shuttling and regulation (15, 28).
While the OTT-MAL rearrangement retains two of the three
RPEL motifs, its behavior is similar to that of MAL �N, which
lacks all RPEL motifs; MAL �N also activates SRF in a non-
synergistic manner with serum (Fig. 1B). However, OTT-MAL
activated the reporter in starved cells somewhat less effectively
than MAL �N, possibly reflecting its lower expression level
(Fig. 1B, inset). In contrast, the basal activity of MAL (f.l.)
which is overexpressed severalfold is considerably lower.

To investigate whether OTT-MAL requires binding to SRF,
we utilized OTT-MAL �QB, which harbors a deletion includ-
ing the SRF-binding domain. �QB did not activate SRF in the
reporter assay (Fig. 1B). To gain more detailed insights into
the role of SRF binding of OTT-MAL, we mutated the ty-
rosines in the SRF-binding motif LKYHQYI (31) to alanines.
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Mutation of the tyrosine residues in either MAL or OTT-MAL
abrogated SRF activation and caused dominant negative ef-
fects on serum stimulation. This demonstrates that OTT-MAL
activates SRF in a manner which depends on the known SRF
interaction surface.

Whereas we mainly analyzed OTT-MAL in the best-under-
stood signaling context of fibroblasts to allow comparison with
MAL, we also tested megakaryocytic cells, in which the OTT-
MAL translocation is linked to AML. Following transfection
of the UT7 and Mo7e cell lines by electroporation, we ob-
served an SRF reporter activation by MAL and OTT-MAL
comparable to that in fibroblasts (Fig. 1C). Although the up-
stream regulation of MAL in hematopoietic cells is unknown,
activation by OTT-MAL again required the SRF-binding do-
main. This result suggests that no fundamental differences exist
in megakaryocytic cells regarding SRF activation by OTT-
MAL.

OTT-MAL requires the MAL activation domain. To analyze
which domains are essential for OTT-MAL activity, we tested
the deletion mutant constructs depicted in Fig. 2A. Protein
expression levels are shown in Fig. 2B. A complete loss of

constitutive SRF activation was found in mutant constructs
lacking the C terminus, demonstrating that the MAL-derived
transcriptional activation domain is required for SRF induc-
tion (Fig. 2C). Moreover, these constructs significantly re-
pressed SRF activation by serum stimulation. A similar repres-
sion was observed for �QB, as before. This suggests that loss of
either SRF binding or transactivation results in a dominant
negative protein which sequesters endogenous MAL and SRF
in inactive complexes, respectively.

Vice versa, conserved regions of OTT, such as the RRM and
the SPOC domain, were dispensable for constitutive transac-
tivation (Fig. 2C). Similar results were obtained with HeLa
cells (T. Mercher, D. Bluteau, and O. A. Bernard, unpublished
data). Further deletions at the N terminus, covering two pre-
dicted N-terminal nuclear localization signals (NLSs) or the
first RRM, also failed to abolish reporter activation (Fig. 2D).
This indicates that the constitutive activity of OTT-MAL can-
not be assigned to a specific single region of the OTT protein
sequence. Furthermore, none of the OTT-MAL constructs
showed synergistic SRF activation (P � 0.05) when used for
costimulation with serum, in contrast to MAL (f.l.) (Fig. 2C

FIG. 1. OTT-MAL is constitutively activated. (A) Intracellular localization of OTT-MAL in comparison with MAL (f.l.) and MAL �N. NIH
3T3 cells transfected with HA-tagged MAL or OTT-MAL were stimulated for 1 h with 15% serum or left untreated and subjected to staining with
anti-HA antibodies (green). IF, immunofluorescence. (B) OTT-MAL is transcriptionally active and requires binding to SRF. NIH 3T3 cells were
transfected with SRF reporter 3D.A-Luc, pRL-tk, and the indicated constructs. Fifty or 150 ng of OTT-MAL YY and MAL YY plasmid was
transfected, in which the two tyrosine residues required for SRF binding were mutated to alanine (31). Following serum starvation overnight, cells
were stimulated with 15% serum for 7 h (as indicated) prior to lysis. Shown is the mean relative luciferase activity, normalized to Renilla luciferase,
of three independent experiments. The inset shows the expression levels of the transfected constructs obtained by blotting with anti-HA antibody.
Only MAL (f.l.) shows synergistic activation together with serum stimulation (P � 0.01; indicated by the red plus sign). w/o, without FCS. (C) SRF
activation by OTT-MAL in UT7 and Mo7e human megakaryocytic cells. Cells were transfected by electroporation with the indicated constructs.
Shown is the mean relative luciferase activity, normalized to Renilla luciferase, after 1 day (Mo7e) or LacZ activity after 2 days (UT7). Error bars
indicate the SEM of three independent experiments. Single asterisks indicate significant activation (P � 0.05), and double asterisks indicate
significant repression (P � 0.05), according to an unpaired Student t test.
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and D). When analyzed for intracellular localization, all OTT-
MAL mutant proteins were found almost exclusively in the
nucleus, even in the absence of serum (Fig. 3). This demon-
strates that proper regulation of transcriptional activity and
nuclear shuttling cannot be restored by deleting a single re-
gion. Together, our data suggest that either multiple domains
or steric hindrance is responsible for the deregulated activity of
OTT-MAL.

Surprisingly, deletion of the leucine zipper motif of OTT-
MAL, which facilitates dimerization in MAL (15), resulted in

enhanced activation of the reporter (Fig. 2C). This does not
merely reflect increased protein amounts, since the expression
of �LZ is comparable to that of wild-type OTT-MAL and
endogenous MAL (Fig. 2B). Rather, it suggested that the
leucine zipper limits the transactivating potential of OTT-
MAL, possibly by dimerization with regulated, endogenous
MAL. To functionally test the potential heterodimerization,
we transfected MAL together with OTT-MAL into HeLa cells.
Increasing amounts of OTT-MAL reduced the MAL-mediated
reporter activation (Fig. 4A). Deletion of the leucine zipper in

FIG. 2. OTT-MAL activates SRF through the MAL transactivation domain. (A) Schematic drawing of the OTT-MAL fusion protein and the
mutant constructs used in this study. LZ, leucine zipper. (B) Expression levels of MAL and OTT-MAL in transiently transfected NIH 3T3 cells.
Total lysates were immunoblotted (IB) with anti-HA (upper panel) or anti-MAL (lower panel) antibodies. The values on the left are molecular
sizes in kilodaltons. (C) Deletions in OTT-MAL covering the C-terminal domain block the SRF luciferase reporter activation in NIH 3T3 cells
transiently transfected with 50 ng of the indicated constructs. (D) N-terminal deletions in OTT-MAL do not abrogate activation or restore
synergistic regulation by serum. SRF luciferase reporter activity was analyzed following serum starvation overnight and normalized to Renilla
luciferase, as before. Error bars indicate the SEM (n � 3). Single asterisks indicate significant activation (P � 0.05), double asterisks indicate
significant repression (P � 0.05), and the plus sign indicates synergy with FCS (P � 0.02, according to an unpaired Student t test). w/o,
without FCS.
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OTT-MAL abrogated this negative interference with MAL
and restored a dose-dependent additive activation of the SRF
reporter (Fig. 4B). In contrast, the SRF binding-deficient mu-
tant OTT-MAL YY effectively prevented MAL from activating
SRF (Fig. 4B), similar to the dominant negative effects on
serum stimulation noted above. Together, these results suggest
that OTT-MAL forms heterodimers with MAL via the leucine
zipper and that such complexes have reduced transcriptional
activity.

Independence of OTT-MAL from upstream signals. MAL is
regulated by Rho family GTPases and G-actin (15). Different
actin-binding drugs can regulate MAL either positively and
negatively: cytochalasin D induces SRF activity by dissociating
MAL from its inhibitory interaction with G-actin, whereas
latrunculin B blocks this dissociation, thereby inhibiting SRF
(15, 28). We thus tested the dependence of OTT-MAL on
Rho-actin signaling. Whereas both serum-stimulated and
MAL-mediated SRF activities were efficiently inhibited by la-
trunculin B treatment or C3 transferase expression, OTT-
MAL-induced luciferase activity was not affected; indeed, SRF
activity increased upon blockade of RhoA (Fig. 5A). In addi-
tion, the nuclear localization of OTT-MAL did not change in
the presence of latrunculin B, which readily results in nuclear
export of MAL, even in the presence of serum (Fig. 5B).
Together, these results show that OTT-MAL activity is inde-
pendent of Rho-actin signaling.

Next we used increasing amounts of cytochalasin D to acti-
vate SRF in cells transfected with MAL, OTT-MAL, or a
vector control. At low levels of cytochalasin D, MAL and the
drug synergistically activated the SRF reporter (P � 0.02) (Fig.
5C). In contrast, OTT-MAL does not show synergistic activa-
tion with cytochalasin D; only a slight increase, depending on
the amounts of cytochalasin D, is observable. Comparing the
dose-response curves of OTT-MAL-, MAL-, and mock-trans-

FIG. 3. Intracellular localization of OTT-MAL deletions in the absence of serum. NIH 3T3 cells were transfected with the HA-tagged
OTT-MAL deletion mutant constructs indicated, and serum-starved cells were stained with anti-HA antibodies and phalloidin on the following
day. Shown are immunofluorescence micrographs for OTT-MAL (green, upper panels) and merged images (lower panels). Nuclei were stained
blue with Hoechst 33258.

FIG. 4. OTT-MAL interferes with MAL via the leucine zipper
dimerization domain. (A) HeLa cells were cotransfected with the SRF
reporter, MAL (0.4 �g), and various amounts (0.4, 0.6, and 1 �g) of
OTT-MAL. (B) Cotransfection of HeLa cells with MAL (0.2 �g) and
various amounts of OTT-MAL �LZ or OTT-MAL YY. Luciferase was
measured as before. Shown is the mean luciferase activity of duplicates
(error bars indicate the half range).
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fected cells actually showed that OTT-MAL inhibited the abil-
ity of higher concentrations of cytochalasin D to activate the
reporter, in contrast to MAL (Fig. 5C, compare bars 10 and
12). This indicates that OTT-MAL activity is not positively
regulated by cytochalasin D-induced changes of G-actin, in

contrast to MAL. Together, the results suggest that the con-
stitutive activity of OTT-MAL is caused by uncoupling from
upstream signaling pathways.

Deregulation of OTT-MAL. We previously showed that ec-
topic expression of wild-type actin and nonpolymerizable point
mutant actin R62D inhibits MAL and SRF (15, 20). To test
whether OTT-MAL is inhibited by actin, SRF reporter activity
was determined in cells cotransfected with actin constructs.
OTT-MAL-mediated SRF activation was not affected by either
wild-type actin or actin R62D, in contrast to MAL (Fig. 6A).
Since these actins are mostly cytoplasmic, whereas OTT-MAL
appears to be entirely nuclear, we also tested actins which are
fused to an NLS. These NLS-actins readily accumulate in the
nucleus and colocalize there with MAL but still efficiently
inhibit SRF activity (15, 20). However, OTT-MAL-induced
SRF activity was not inhibited (Fig. 6B). Rather, an elevation
of the SRF reporter was observed when increased levels of
NLS-actins were expressed, reminiscent of the effect seen
when C3 is coexpressed. No difference was found with OTT-
MAL �RPEL, excluding the possibility that actin is directly
enhancing OTT-MAL activity by binding to the RPEL motifs.
Together, these results suggest that OTT-MAL is not regu-
lated by G-actin.

OTT-MAL fails to bind actin. Critical for the activation of
MAL is its dissociation from G-actin, rather than its nuclear
accumulation per se (28). We therefore tested whether dereg-
ulation of OTT-MAL reflects a decreased interaction with
actin. To analyze this, stable HEK293 cell lines harboring a
doxycycline-inducible OTT-MAL expression plasmid were
generated. Following induction, coimmunoprecipitation failed
to reveal any protein complexes between OTT-MAL and ei-
ther actin R62D, NLS-actin R62D, or wild-type NLS-actin.
(Fig. 7A). However, coexpressed MAL was readily detectable
in Flag-tagged R62D mutant actin immunoprecipitates, dem-
onstrating that such complexes readily form in these clonal
HEK293 cells. This indicates that OTT-MAL cannot bind to
actin, despite the presence of two intact RPEL motifs which
suffice in MAL for actin binding.

To test whether close proximity to OTT-derived sequences
hampers binding of and regulation by actin, we engineered an
OTT-123MAL construct harboring the entire MAL N termi-
nus containing all three RPEL motifs. However, OTT-
123MAL was still nuclear, even when actin R62D was coex-
pressed (Fig. 7B). Moreover, OTT-123MAL constitutively
activated SRF and was not regulated by increasing amounts of
latrunculin B, C3 transferase, wild-type actin, actin R62D, or
NLS-actin R62D (data not shown). Similarly, the deletions of
OTT-derived sequences in �RRM and �SPOC did not restore
proper regulation of OTT-MAL, which was, in contrast, evi-
dent for MAL and in control cells (not shown). This suggested
that deregulated OTT-MAL activity is not caused by a single
domain in OTT nor by a lack of N-terminal MAL sequences.

Induction of gene expression. The RRM and the SPOC
domain of OTT were suggested to have functions in splicing
and chromatin remodeling via corepressor recruitment, re-
spectively (6, 22, 32). Since the luciferase reporter plasmid is
not integrated into the genome and does not require splicing,
we sought to analyze the regulation of integrated and endog-
enous genes. For this, NIH 3T3 cells harboring a stainable,
integrated FosHA fusion gene driven by the same SRF-con-

FIG. 5. OTT-MAL cannot be regulated by actin drugs or RhoA, in
contrast to MAL. (A) No inhibition of OTT-MAL by either latrunculin
B (LB; 0.3 �M) or C3 transferase (20 ng). Transiently expressing cells
were serum starved for 40 h. Treatment with latrunculin B was for
8.5 h, 30 min prior to serum stimulation of mock-transfected control
cells for 8 h. SRF luciferase reporter activity was normalized to LacZ
and is shown as n-fold activation compared to unstimulated control
cells (un.). Error bars, SEM (n � 4). (B) Latrunculin B inhibits nuclear
accumulation of MAL but not of OTT-MAL. Transfected cells were
pretreated with latrunculin B 30 min prior to FCS stimulation, when
indicated, and stained with anti-HA antibodies to visualize the MAL
and OTT-MAL proteins. (C) No synergism between OTT-MAL and
cytochalasin D. Cells were transfected with the SRF reporter and a
vector control (mock), MAL, or OTT-MAL. Following serum starva-
tion overnight, cells were treated with 1, 3, or 10 �M cytochalasin
D (CytoD) or left untreated (�). As controls, cells were transfected
with SRF-VP16 (set at 100). Cells were lysed after 7 h, and lucif-
erase activities were determined. Shown are mean relative lucifer-
ase activities, normalized to Renilla, with error bars indicating SEM
(n � 3). Single asterisks indicate significant activation (P � 0.01),
double asterisks indicate significant repression (P � 0.05), and the
red plus sign indicates synergism of MAL and cytochalasin D (P �
0.02).
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trolled promoter as in the luciferase reporter (1) were used.
Both OTT-MAL and the �RRM deletion induced the expres-
sion of the reporter protein in transfected cells in the absence
of serum (Fig. 8B). In contrast, control cells required serum
stimulation for induction of this stainable SRF reporter pro-
tein (Fig. 8A). This suggests that, regardless of its RRM motifs,
OTT-MAL is sufficient to activate the expression of integrated,
intron-containing target genes, although we cannot exclude the
possibility of reduced splicing or export efficiencies on other
genes.

We then examined the expression of an endogenous SRF
target gene. HEK293 cell lines with doxycycline-inducible ex-
pression of MAL, OTT-MAL, or OTT-MAL �RRM were
analyzed for induction of the mRNA of the known SRF target
smooth muscle 	-actin (acta2). Upon expression of MAL or
OTT-MAL �RRM, acta2 mRNA was considerably induced
compared to cells not treated with doxycycline and mock-
transfected control cells (Fig. 8C). The cells expressing OTT-
MAL showed elevated levels of acta2 already in the absence of
doxycycline, indicating functional leakiness; this was neverthe-
less further enhanced following doxycycline addition. Induc-
tion of acta2 by OTT-MAL �RRM varied between clonal
lines, which correlated with the expression level of the fusion
protein (Fig. 8D). MAL protein expression reached higher
levels than OTT-MAL, although acta2 induction was weaker;
this is likely explained by its regulatability by G-actin. To-
gether, the results indicate that the presence of the OTT-MAL
fusion protein constitutively activates SRF target genes in
cells, which are usually tightly controlled by Rho-actin-MAL
signaling.

Aberrant induction of TCF targets. It was previously shown
that OTT-MAL activates SRF promoters which are indepen-
dent of MAL (4). We thus analyzed whether OTT-MAL ele-
vated the endogenous levels of the c-fos and egr-1 mRNAs,
which are ternary complex factor-dependent SRF targets. At
24 h after induction of OTT-MAL expression, no increase in
c-fos or egr-1 mRNA was observed (Fig. 9A). After 72 h,
however, OTT-MAL, but not MAL, resulted in elevated c-fos

and egr-1 levels. This result demonstrates that OTT-MAL ab-
errantly activates the expression of immediate-early genes.

The Drosophila OTT ortholog spen was genetically identified
as a positive regulator of the Ras pathway (5). This raised the
possibility that OTT-MAL triggers ternary complex factor-de-
pendent transcription via activation of the MAPK/Erk path-
way. Expression of OTT-MAL, as well as the �RRM mutant
protein, resulted in increased Erk phosphorylation after 72 h,
but not after 24 h (Fig. 9B). This is consistent with the delayed
induction of c-fos and egr-1, compared to acta2. Together,
these results suggest that c-fos and egr-1 expression by OTT-
MAL is a secondary consequence of increased MAPK/Erk
signaling, rather than direct activation of their ternary complex
factor-dependent promoters.

In the course of these experiments, a certain toxicity of
OTT-MAL expression became apparent. Therefore, the
growth of HEK293 cells inducibly expressing OTT-MAL was
analyzed. Induction of OTT-MAL expression by doxycycline
sharply reduced cell proliferation, and cell numbers dropped
after 2 to 3 days following induction (Fig. 9C). Thus, OTT-
MAL negatively affects cell growth, despite the induction of
c-fos, egr-1, and the MAPK/Erk pathway.

DISCUSSION

We show here that the oncogenic fusion protein OTT-MAL/
RBM15-MKL1 activates MAL- and SRF-dependent gene ex-
pression independently of Rho-actin signaling. This constitu-
tive activation is dependent on binding to SRF and the potent
MAL-derived transcriptional activation domain. The activity
of OTT-MAL is resistant to both negative and positive control
by upstream signaling. We show that OTT-MAL fails to be
regulated at any of the three actin-dependent levels which were
previously shown for MAL (28). The failure to coprecipitate
OTT-MAL–G-actin complexes suggests that defective actin
binding underlies the constitutive activity of OTT-MAL.

OTT-MAL localizes to the nucleus. When we analyzed OTT
alone, we also found the protein in the nucleus (data not

FIG. 6. Ectopic expression of actin constructs is unable to regulate OTT-MAL. (A) Cells were cotransfected with MAL or OTT-MAL and
either wild-type actin or nonpolymerizable actin R62D. SRF luciferase reporter activity was normalized to LacZ and is shown as n-fold activation
compared to unstimulated control cells (un.). (B) Effects of actin constructs fused to an NLS on SRF activity. Increasing amounts (100 and 300
ng) of either wild-type NLS-actin (wt.) or NLS-actin R62D were cotransfected with vector control (mock), MAL, OTT-MAL, or OTT-
MAL�RPEL into NIH 3T3 cells. One day after transfection, SRF-luciferase activity was determined and normalized to pRL-tk. Shown is the
average of three independent experiments, with error bars indicating the SEM. w/o, without FCS.
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shown), raising the possibility that the regulated nucleocyto-
plasmic shuttling of MAL usually observed is overridden by
OTT sequences. Consistent with this, several potential NLSs
were recently identified in murine OTT/RBM15, resulting in
nuclear accumulation of a green fluorescent protein-OTT fu-
sion protein (10). None of the deletions analyzed here are
depleted of all putative OTT-derived NLSs, since they are
stretched out over most of the OTT protein. In this respect,
OTT-MAL is effectively comparable to NLS-MAL—but unlike
OTT-MAL, nuclear NLS-MAL still responds to signaling via

FIG. 7. OTT-MAL fails to interact with actin. (A) HEK293 cells
harboring a doxycycline-inducible OTT-MAL expression vector were
transiently transfected with Flag-tagged actin R62D, NLS-actin R62D,
wild-type (wt.) NLS-actin, or actin S14C. As a control, cells were
cotransfected with HA-MAL and Flag-tagged actin R62D (lane 1).
Following induction of HA-OTT-MAL expression by doxycycline (1
�M, 24 h), cell lysates were subjected to coimmunoprecipitation (IP)
with anti-Flag–agarose. Precipitated proteins were separated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and immuno-
blotted (IB) with antibodies against HA (MAL and OTT-MAL) and
Flag (actins). Expression was controlled by immunoblotting of the total
lysates (lower panels). The values on the left of the upper panel are
molecular sizes in kilodaltons. (B) Reconstitution of the entire N-
terminal RPEL domain in OTT-MAL does not restore regulation by
serum or actin. The graph shows the created OTT-123MAL construct
harboring the entire region N terminal to the second RPEL motif in
MAL (f.l.) (compare to Fig. 1A). NIH 3T3 cells transfected with
OTT-123MAL and either the vector control or actin R62D were
stained with anti-HA antibody (green, top panel) and phalloidin or
anti-Flag antibody (red, merged images in the lower panel). Nuclei
were stained blue with Hoechst 33258.

FIG. 8. Induction of integrated and endogenous target genes by
OTT-MAL. NIH 3T3 cells harboring an integrated 3D.A-FosHA re-
porter gene whose expression requires proper splicing were immuno-
stained with anti-HA antibodies (red) and Hoechst 33258 (blue). As
controls, cells were either left untreated (A, top) or serum stimulated
for 1 h (A, bottom). In panel B, cells were transiently transfected with
either Flag-tagged OTT-MAL or OTT-MAL�RRM, kept under se-
rum-starved conditions, and subsequently coimmunostained with anti-
Flag antibodies (green), anti-HA antibodies (for detection of reporter
gene expression; red), and Hoechst 33258 (blue). (C) Induction of
smooth muscle 	-actin by MAL, OTT-MAL, and OTT-MAL�RRM.
Expression in stably transfected HEK293 clonal cells was induced by
doxycycline (Dox; 1 �g/ml, 24 h), and the mRNA was isolated and
subjected to quantitative RT-PCR with primers specific for acta2 and
alas1. Shown is the average induction of acta2 compared to mock-
transfected control cells after normalization to alas1 (error bars indi-
cate the half range). The expression levels of the MAL, OTT-MAL,
and OTT-MAL�RRM proteins in the various clonal lines are visual-
ized in panel D by immunoblotting (IB) against HA. The values on the
left are molecular sizes in kilodaltons.
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the Rho-actin pathway, which potentiates its transcriptional
activity (28).

Previous work has established that, mechanistically, the crit-
ical regulatory step in the activation of target gene transcrip-

tion is not nuclear accumulation but (at least partial) dissoci-
ation of the actin-MAL complex (28). Even when NLS-actin
relocalizes MAL to the nucleus, it represses SRF-mediated
gene expression (15, 20). Similarly, MAL accumulates in the
nucleus when CRM1-dependent export is blocked by leptomy-
cin B but SRF targets are not activated unless the actin-MAL
complex is dissociated, e.g., by cytochalasin D (20, 28). In
contrast, OTT-MAL constitutively activates transcription and
its effect cannot be potentiated. Thus, we suggest that the
constitutive activity of OTT-MAL at SRF target genes is not
solely because it is always nuclear but because it escapes reg-
ulation by G-actin, similar to MAL �N (15). The failure to
delineate this deregulation to a specific region of the OTT
protein suggests that there are either multiple activating do-
mains or, perhaps, steric blockage of G-actin binding by bulky
N-terminal extensions. In both cases, the loss of binding to
G-actin appears to be the critical deregulatory event when
MAL is fused to OTT in t(1,22).

Consistent with this idea, transcriptional activation by OTT-
MAL �RPEL, which lacks the potential actin-binding motifs,
is not enhanced compared to the intact OTT-MAL protein. In
fact, we observed a slightly reduced SRF activation by OTT-
MAL �RPEL (Fig. 2C). It therefore remains possible that this
mutant is partially defective in SRF binding. It also remains
possible that the fused OTT sequences antagonize transcrip-
tional activation by the MAL C terminus.

MAL dimerizes via the leucine zipper when forming a tran-
scriptionally active complex with SRF and DNA (15). Whereas
we consider the variations in transcriptional activation by the
various mutant constructs to mainly reflect their expression
level, OTT-MAL �LZ shows a clearly enhanced effect on SRF.
Since we showed functional interaction between MAL and
OTT-MAL, it is likely that much of the poorly expressed OTT-
MAL protein normally forms heterodimers with endogenous
MAL. Binding to MAL may even inhibit OTT-MAL, which
would be relieved in �LZ. In line with this hypothesis, we
observed slightly enhanced activities when endogenous MAL
was inhibited either by C3 or ectopic expression of actins. Such
conditions result in a reduced level of nuclear MAL, since Rho
and actin regulate MAL import and export rates (28). We
speculate that signals from activated RhoA or actin limit the
activating potential of OTT-MAL via leucine zipper-depen-
dent dimerization with endogenous MAL. However, we cannot
exclude the possibility that OTT-MAL also forms homodimers
with detrimental effects; maybe the fusion to OTT renders the
complex too big or leads to steric hindrance.

Our study supports previous findings (4) that OTT-MAL
also enhances the transcription of MAL-independent SRF tar-
get genes such as c-fos and egr-1. One possible explanation for
their induction is that OTT-MAL lost its target gene specific-
ity; however, this is inconsistent with the observed delay of
MAL-independent targets. In addition, there is a similarly de-
layed activation of MAPK/Erk signaling by OTT-MAL (Fig.
7), and genetic studies with Drosophila have identified the OTT
ortholog spen as a positive regulator of the Ras pathway (5).
Thus, we favor the hypothesis that OTT-MAL indirectly acti-
vates Ras-MAPK-TCF signaling by secreted or cellular factors,
ultimately resulting in the expression of immediate-early genes
c-fos and egr-1.

We demonstrate here an antiproliferative effect of OTT-

FIG. 9. OTT-MAL induces delayed c-fos and egr-1 gene expression
and Erk phosphorylation but inhibits cell growth. (A) Activation of
c-fos and egr-1 transcription by MAL and OTT-MAL. Expression in
stably transfected HEK293 clonal cells was induced by doxycycline
(Dox; 1 �g/ml) for 24 h (left) or 72 h (right), and the mRNA was
isolated and subjected to quantitative RT-PCR with primers specific
for c-fos, egr-1, and alas1. Shown is the average induction upon doxy-
cycline addition, normalized to alas1. Error bars, SEM (n � 3). (B) Ac-
tivity of MAPK/Erk upon expression of MAL, OTT-MAL, and OTT-
MAL�RRM for 24 h (top) or 72 h (bottom). As a control, Erk was
activated by epidermal growth factor (EGF) treatment (25 ng/ml) for
30 min. Immunoblotting of cell lysates was performed with anti-phos-
pho-Erk, anti-pan-Erk, antitubulin, and anti-HA (MAL/OTT-MAL)
antibodies. (C) Growth curve of stably transfected HEK293 cells fol-
lowing induction of OTT-MAL expression (}) by doxycycline (1 �g/
ml) for 3 days. Triangles, control HEK cell line; open symbols, without
induction by doxycycline.
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MAL in adherent cells, however. This finding is somewhat
counterintuitive, since an “oncoprotein” would be expected to
promote growth. Why does OTT-MAL not induce growth?
Firstly, the inability to mimic OTT-MAL’s oncogenic function
in tissue culture may be caused by cell-type-specific effects or
the microenvironment for cells harboring the fusion protein is
lost. Consistent with such non-cell-autonomous effects, we
failed to see colony formation by bone marrow cells when
OTT-MAL was introduced ex vivo (Robert Slany and G.
Posern, unpublished data). Secondly, another MRTF family
member and SRF coactivator, the muscle-specific myocardin
protein, has antiproliferative activity and was recently identi-
fied as a suppressor of malignant growth (14). It remains pos-
sible that MAL exhibits similar functions and that the dereg-
ulated activation of MAL target genes by overexpression of
OTT-MAL contributes to the observed antiproliferative effect.
Finally, one functional MAL allele (as well as one OTT allele)
is lost in the AML M7 leukemias. This situation is not mim-
icked in our experiments, and we cannot exclude the possibility
that such loss of alleles affects leukemogenesis.

It appears likely that functions mediated by OTT-derived
sequences also affect cells harboring the fusion protein. It was
previously shown that OTT, as well as the paralogs SHARP
and MINT, binds to RBPJ and either activates or represses
Notch-regulated gene expression, depending on the cell con-
text (9, 10, 17). Activated Notch signaling has also been impli-
cated in both hematopoietic stem cell immortalization and
cancer (23, 27). Stimulation of Notch-regulated genes by high
levels of OTT alone was recently suggested to inhibit the dif-
ferentiation of myeloid precursor cells (10). Conversely, con-
ditional knockout of OTT in adult mice caused defects in
hematopoiesis, affecting both lymphoid and myeloid lineages
(22). This study, however, implicated OTT as a negative reg-
ulator of megakaryocyte proliferation and suggested that OTT-
MAL possibly harbors a dominant negative effect over endog-
enous OTT function, thereby contributing to AMKL (22).
Together, we speculate that the combination of OTT dysregu-
lation and activation of MAL-dependent and TCF-dependent
target genes elicits the pathogenic effect of OTT-MAL in
AMKL. Further studies will have to delineate the individual
and cell type-specific contributions.
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