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The inv(16) is one of the most frequent chromosomal transloca-
tions associated with acute myeloid leukemia (AML). The inv(16)
fusion protein acts by dominantly interfering with AML-1ycore
binding factor b-dependent transcriptional regulation. Here we
demonstrate that the inv(16) fusion protein cooperates with
AML-1B to repress transcription. This cooperativity requires the
ability of the translocation fusion protein to bind to AML-1B.
Mutational analysis and cell fractionation experiments indicated
that the inv(16) fusion protein acts in the nucleus and that repres-
sion occurs when the complex is bound to DNA. We also found that
the inv(16) fusion protein binds to AML-1B when it is associated
with the mSin3A corepressor. An AML-1B mutant that fails to bind
mSin3A was impaired in cooperative repression, suggesting that
the inv(16) fusion protein acts through mSin3 and possibly other
corepressors. Finally, we demonstrate that the C-terminal portion
of the inv(16) fusion protein contains a repression domain, sug-
gesting a molecular mechanism for AML-1-mediated repression.

The inv(16) is one of the most frequent translocations in acute
myeloid leukemia (AML) (1). It fuses most of core binding

factor b (CBFbyCBFByPEBP2B) to the C terminus of a smooth
muscle myosin heavy chain (SMMHC), MYH11 (2). CBFb is a
transcription factor that does not bind DNA directly but interacts
with the AML-1 DNA-binding transcription factor to increase its
ability to bind DNA and regulate transcription (3, 4). AML-1 is
one of the most frequently mutated genes in human leukemia
(5). It is disrupted by the t(8;21), t(3;21), and t(16;21) in AML
and by the t(12;21) in childhood B cell acute lymphocytic
leukemia (ALL). By disrupting CBFb, the inv(16) also disrupts
AML-1 functions (6). Together, these chromosomal transloca-
tions account for nearly one-quarter of all AML cases and
one-fifth of all childhood B cell ALL-containing discernible
chromosomal abnormalities (7, 8).

The largest form of AML1, termed AML-1B(9), activates
transcription of numerous tissue-specific genes, including genes
encoding cytokines and cytokine receptors, and differentiation-
specific genes such as T cell receptors, neutrophil peptide-3, and
myeloperoxidase (10). CBFb cooperates with AML-1 to activate
transcription (11). Targeted deletion of the AML1 (Cbfa2y
Pebp2aB2) or CBFb genes led to identical phenotypes: embry-
onic lethality at day 12.5–13.5 post coitus with a complete lack
of fetal liver hematopoiesis (12–15). Thus, CBFb is required for
AML-1 function.

The targeting of AML-1 by multiple chromosomal transloca-
tions in acute leukemia suggests a convergent mechanism of
leukemogenesis. The t(8;21) fusion protein creates a transcrip-
tional repressor protein by fusing the AML-1 DNA-binding
domain to ETO (MTG8), a corepressor that recruits histone
deacetylases to inhibit transcription (5). Likewise, the t(16;21)
fuses the AML-1 DNA-binding domain to an ETO family
member (16). The t(3;21) fuses the AML-1 DNA-binding do-
main to the Evi I transcriptional repressor (17). Alternatively,
the t(12;21) fuses a repressor domain from the Translocation-
Ets-Leukemia (TEL) gene to the N terminus of AML-1 to create
a constitutive repressor (18–20). These proteins all repress
AML-1-regulated promoters. The inv(16) fusion protein also

acts as a dominant inhibitor of AML-1-dependent transactiva-
tion (21, 22). Moreover, expression of the inv(16) fusion protein
during murine development resulted in embryonic lethality at
day 12.5–13.5 with a phenotype similar to loss of AML-1 or
CBFb (6). The inv(16) fusion protein colocalizes with AML-1 in
the nucleus and the cytoplasm, leading to the model that it blocks
AML-1 function by sequestering it in inactive complexes (22, 23).

Although AML-1yCBFb cooperates with other transcription
factors to activate transcription, AML-1B is also capable of
repressing transcription (11, 34). AML-1 interacts with the
Groucho corepressor in yeast two-hybrid assays (24, 25) and with
the mSin3 corepressors in yeast two-hybrid assays and in mam-
malian cells (B.L. et al., unpublished results). In this report, we
demonstrate that the inv(16) fusion protein cooperates with
AML-1B to repress transcription. The inv(16) fusion protein also
forms a trimeric complex with AML-1B and the mSin3A core-
pressor. In addition, we demonstrate that CBFbySMMHC en-
codes a cryptic repression domain. Thus, we propose a mecha-
nism of action for the inv(16) whereby it traps AML-1 in a
repressive complex with mSin3A and, potentially, other core-
pressors.

Materials and Methods
Cell Culture. Cos-7 cells were maintained in DMEM (BioWhit-
taker) containing 10% FBS, 50 unitsyml penicillin, 50 mgyml
streptomycin, and 2 mM L-glutamine (BioWhittaker). NIH 3T3
cells were maintained in DMEM containing the same antibiotics,
but with 10% bovine serum.

Coimmunoprecipitation, Immunoblotting, and Cell Fractionation.
Cos-7 cells (3 3 106 cells in 100-mm dishes) were transfected by
using lipofectamine (BRL). For coexpression experiments, 3 mg
pCMV5-AML-1B and 3 mg pCMV5-inv(16) or pCMV5-CBFb
were cotransfected. Cells were extracted with PBS supplemented
with 1 mM EDTA, 1.5 mgyml iodoacetamide, 0.2 mM PMSF,
and 0.1 trypsin inhibitory units per ml aprotinin and containing
0.5% Triton X-100 unless otherwise noted. For immunoprecipi-
tations, cells were sonicated in extraction buffer. These lysates
were incubated with 100 ml of formalin-fixed Staphylococcus
aureus (Pansorbin; Calbiochem) for 30 min to remove proteins
nonspecifically binding to protein A. After centrifugation for 5
min at 4°C, the supernatants were collected and incubated for 1
hr with affinity-purified primary antibody [K-20 anti-mSin3A
(Santa Cruz Biotechnology) or anti-AML-1 N-terminal antipep-
tide antibody (Calbiochem)]. Fifteen microliters of a 50% slurry
of protein A-Sepharose (Amersham-Pharmacia) then was added
for 30 min to collect the immune complexes, and these complexes
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were washed three times at 4°C with lysis buffer. For immunoblot
analysis, 100 mg of protein (quantitated with the Bio-Rad DC
protein assay) or immune complexes were boiled in Laemmli
buffer for 2 min, fractionated by SDSyPAGE, and transferred to
nitrocellulose. These membranes were blocked for 1 hr with 5%
nonfat dry milk dissolved in PBS and incubated with the
indicated primary antibody overnight at 4°C. Proteins were
visualized by enhanced chemiluminescence (Pierce).

NIH 3T3 cells were transfected by using the Superfect reagent
(Qiagen) with 5 mg of the indicated plasmids. Cell pellets were
resuspended in Iso-Hi buffer [10 mM TriszHCl, pH 8.4y140 mM
NaCly1.5 mM MgCl2yComplete protease inhibitor (Roche)y1
mM EDTA] containing 0.5% Nonidet P-40. After 5 min on ice,
the nuclei were collected by centrifugation at 2,000 rpm for 5
min. Nuclei were reextracted to ensure purity. Equal proportions
of the supernatant (cytoplasmic) and nuclear fractions were
analyzed by immunoblot analysis with myosin A, mSin3A, CBFb,
and AML-1 antisera.

Transcription Assays and Plasmids. NIH 3T3 cells (35-mm dishes)
were transfected by using the Superfect reagent (Qiagen) with
300 ng WWP-Luciferase (2.4 kb of the p21Waf1yCip1 promoter)
(26), 300 ng pCMV5-AML-1B (9) or deletion constructs (B.L.
et al., unpublished results; ref. 27), 10–10,000 ng of pCMV5-
inv(16) or pCMV5-CBFb (3), and 200 ng of pCMV5-secreted
alkaline phosphatase (SEAP) plasmids. Firefly luciferase activ-
ity was measured by using the Luciferase Assay Reagent (Pro-
mega) and normalized to SEAP activity (B.L. et al., unpublished
results). The GAL4-inv(16) chimeric genes were created by
subcloning the inv(16) C-terminal deletion mutants (23) (a gift
from P. Paul Liu, National Institutes of Health, Bethesda, MD)
in-frame with the GAL4 DNA-binding domain (residues 1–147)
in the pCMV5-M1 vector (34). The AML-1B RD1,2,3 mutant
was created by truncating RD1,2 (B.L. et al., unpublished results)
with BssHII.

Results
The Inv(16) Protein Cooperates with AML-1B to Repress Transcription.
The inv(16) protein dominantly inhibits AML-1yCBFb-
dependent transactivation (21, 22). However, the effect of the
inv(16) fusion protein on AML-1B-dependent repression has not
been tested. We have demonstrated previously that AML-1B
physically interacts with the mSin3 corepressors to repress
transcription of the p21Waf1yCip1 promoter (B.L., J. Westendorf,
B. Linggi, E. Seto, and S.H., unpublished results). Therefore, we
tested the inv(16) fusion protein’s ability to affect AML-1B-
mediated repression. To measure potential effects of the inv(16)
fusion protein, we selected a level of AML-1B that yielded 2- to
5-fold repression (Fig. 1A). On its own, the inv(16) fusion protein
had little effect on transcription from the p21Waf1yCip1 promoter
(Fig. 1 A). However, with as little as 10 ng of inv(16) plasmid
there was an enhancement of AML-1B-mediated repression, and
at 100 ng of input plasmid the inv(16) fusion protein synergized
with AML-1B to repress the p21Waf1yCip1 promoter (Fig. 1 A).
Importantly, the internal control promoter was not affected by
either AML-1B or the inv(16) (data not shown). Because CBFb
stimulates AML-1’s ability to bind DNA and activate transcrip-
tion, we tested the ability of wild-type CBFb to cooperate with
AML-1B in this assay. CBFb did not repress on its own nor did
it cooperate with AML-1B at low levels of plasmid. However, at
100 ng of input plasmid, CBFb also cooperated with AML-1B to
repress transcription (Fig. 1 A). Thus, although CBFb can co-
operate with AML-1B to both activate (11) and repress (Fig. 1 A)
transcription, the inv(16) fusion protein instead blocks AML-1-
dependent activation and it cooperates with AML-1B to repress
transcription (Fig. 1 A).

To confirm the specificity of the role of inv(16) in repression,
we used a mutant of the inv(16), which lacks residues 2–11 and

which fails to bind AML-1 (23). Detection of the inv(16) fusion
protein and this mutant was difficult to confirm at the low levels
of input plasmid used in these experiments. However, previous
work has established that the 2–11 mutant is stably expressed
(23), and at higher levels we confirmed this result (Fig. 1B).
Titration experiments indicated that at 30 ng of input, inv(16)-
expressing plasmid repression reached maximal levels (data not

Fig. 1. The inv(16) fusion protein cooperates with AML-1B to repress tran-
scription. (A) CBFb and CBFbySMMHC cooperate with AML-1 to repress.
Increasing amounts of the inv(16)-expressing plasmid or CBFb-expressing
plasmid were cotransfected with 300 ng of p21(WWP)-firefly luciferase re-
porter plasmid in the presence or absence of 300 ng of AML-1B-expressing
plasmid. (B) Comparison of the ability of wild-type inv(16) fusion protein and
the 2–11 deletion mutant. The inv(16) or inv(16) 2–11 plasmid (150 ng) was
cotransfected with 300 ng of AML-1B and 300 ng of p21-reporter plasmid.
(Right) Immunoblot analysis of the inv(16) and 2–11 deletion mutant by using
anti-CBFb serum. Note that the inv(16) lane is the same as in Fig. 2. (C) AML-1B
DNA-binding activity is required for AML-1Byinv(16) cooperative repression.
An inv(16)-expressing plasmid was cotransfected with 300 ng of p21(WWP)-
firefly luciferase reporter plasmid and 300 ng of plasmids expressing AML-1B
or the AML-1B mutant proteins. Fold repression was calculated after correct-
ing for transfection efficiency by using a plasmid expressing a secreted form
of alkaline phosphatase (SEAP). The levels shown are the average of duplicate
experiments. In those samples lacking error bars, the error was too small to
graph. Control, empty expression vector.

Lutterbach et al. PNAS u October 26, 1999 u vol. 96 u no. 22 u 12823

M
ED

IC
A

L
SC

IE
N

CE
S



shown). Therefore, to judge the effectiveness of the 2–11 dele-
tion protein, we used levels of input plasmid five times higher
than that needed for maximal repression by wild-type inv(16)-
expressing plasmid. Even at 150 ng of input plasmid, this mutant
failed to cooperate with AML-1B (Fig. 1B).

AML-1B DNA Binding Is Required for Cooperation with the Inv(16)
Fusion Protein. Random mutagenesis identified two point muta-
tions in AML-1B that affect DNA binding and association with
CBFb (28). To confirm that the cooperative repression observed
between AML-1B and the inv(16) fusion protein occurred at the
level of DNA binding, we used the AML-1B L175D mutant
(leucine 175 changed to aspartic acid) that fails to bind DNA and
CBFb and the K171M (lysine 171 changed to methionine)
mutant that weakly binds DNA, but binds CBFb at wild-type
levels (K171M) (28). Both of these mutants failed to repress the
p21Waf1yCip1 promoter on their own (Fig. 1C). The L175D mutant
also failed to cooperate with either CBFb or the inv(16) protein
to repress transcription. The K171M mutant was impaired in its
ability to cooperate with the inv(16) fusion protein, but retained
some activity (Fig. 1C). This is probably because the K171M
mutant retains approximately 10% of wild-type DNA-binding
function (28). Therefore, AML-1B DNA binding is required for
AML-1yinv(16) cooperative repression.

The Inv(16) Fusion Protein Is Found in Both the Cytoplasm and the
Nucleus. Direct and indirect f luorescence experiments have in-
dicated that the inv(16) fusion protein is either cytoplasmic,
cytoplasmic and nuclear, or nuclear (22, 23, 29). However, in
inv(16)-containing leukemic blasts, as determined by both cell
fractionation and by immunofluorescence assays, the protein is
primarily nuclear (29). Moreover, our transcriptional analysis
implies that the inv(16) fusion protein acts in the nucleus, at the
promoter. To determine the cellular localization of the inv(16)
fusion protein in our cells, we fractionated NIH 3T3 cells
expressing AML-1B, the inv(16) fusion protein, or both of these
proteins into cytoplasmic and nuclear fractions to assess the
relative amounts of these proteins in both cellular compart-
ments. To extend these results, we used a detergent extraction
and isotonic buffer to avoid possible multimerization of CBFby
SMMHC. As a control, we used the cytoplasmic protein non-
muscle myosin A, and it indeed was found in the cytoplasmic
fractions (Fig. 2, top image). As a nuclear marker, we used
mSin3A and found that it was mostly nuclear under these
conditions, although some mSin3A did leak into the cytoplasmic
fractions (Fig. 2, second image). When expressed alone, the
inv(16) fusion protein was found in both cytoplasmic and nuclear
fractions, although the predominant form found in the cyto-
plasm migrated faster (denoted by the asterisk) than the CBFby
SMMHC found in the nuclear factions (Fig. 2, third image). The
identity of these bands as inv(16) fusion proteins was confirmed
by using two mAbs that recognize CBFb (ref. 13 and data not
shown; note that CBFb is an approximately 25-kDa protein and
was electrophoresed off this gel). The prominent approximately
110-kDa protein in the cytoplasmic fractions is not related to
CBFbySMMHC as it is also in the untransfected sample and,
thus, serves as a further control for the fractionation. Finally,
AML-1B is a component of the nuclear matrix (27), and, even
under the stringent conditions used here where mSin3A was
partially extracted, it was found in the nuclear fractions (Fig. 2
bottom image). When AML-1B was coexpressed with the
inv(16) fusion protein, AML-1B and CBFbySMMHC were
mostly nuclear. Upon longer exposure CBFbySMMHC also was
found in cytoplasmic fractions, consistent with previous results
(22, 23). Thus, the inv(16) fusion protein likely stimulates
AML-1’s repressive functions in the nucleus.

The Inv(16) Associates with AML-1B in a Complex with the mSin3A
Corepressor. AML-1B repressed the p21Waf1yCip1 promoter, in
part, through association with the mSin3A corepressor (B.L., J.
Westendorf, B. Linggi, E. Seto, and S.H., unpublished results).
Therefore, we asked whether the inv(16) fusion protein could
associate with mSin3A directly or could interact with the AML-
1BymSin3A complex. The inv(16) fusion protein was expressed
in Cos-7 cells in the absence or the presence of AML-1B. Cell
lysates were immunoprecipitated by using anti-mSin3A IgG and
the inv(16) fusion protein detected by immunoblot analysis by
using anti-CBFb IgG (Fig. 3). Under these conditions, the
inv(16) fusion protein did not associate with mSin3A directly.
However, in the absence of SDS, the fusion protein was present
in mSin3A immune complexes when AML-1B was coexpressed
(Fig. 3). Thus, we infer that the inv(16) fusion protein forms a
ternary complex with AML-1B and mSin3A.

Definition of AML-1B Domains Required for Inv(16) Cooperation. The
mSin3A interaction domain is necessary, but not sufficient, for
AML-1B-mediated repression of the p21 promoter (34). To
define the regions of AML-1B that are required for cooperation
with the inv(16) fusion protein, we used deletion mutants of
AML-1B (Fig. 4A) that remove the mSin3A interaction domain
(residues 208–237, RD1) and a second repression domain (RD2,
residues 290–432) (B.L., J. Westendorf, B. Linggi, E. Seto, and
S.H., unpublished results). Deletion of the mSin3A interaction
domain reduced, but did not eliminate, the cooperative repres-
sion observed upon coexpression with CBFbySMMHC (Fig.
4B). Deletion of residues 290–432, which ablated the function of
AML-1B in repressing the p21Waf1yCip-1 promoter, had only a
2-fold effect on AML-1yinv(16)-cooperative repression (Fig.
4B). When the deletion of the mSin3A-binding domain was
coupled with the 290–432 mutation, cooperative repression was
impaired further; however, even this double mutant was still
capable of cooperating with the inv(16) protein to some degree
(Fig. 4B). Therefore, we coupled a deletion of the Groucho-

Fig. 2. The inv(16) fusion protein is nuclear and cytoplasmic. NIH 3T3 cells
were transfected with pCVM5-AML-1B, pCMV5-inv(16), or pCVM5-inv(16) 1
pCMV5-AML-1B. Cells were disrupted by using isotonic buffer containing
0.5% Nonidet P-40 on ice for 59 and nuclei were collected by low-speed
centrifugation as described (27). Equal proportions of each fraction were
analyzed by immunoblot with anti-myosin A (top), anti-mSin3A (second),
anti-CBFb (third), and anti-AML-1 (bottom). Asterisk denotes a faster-
migrating form of CBFbySMMHC.
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binding motif (RD3) with the deletion of RD1 and RD2 and
directly compared the ability of CBFb and CBFbySMMHC to
repress transcription (Fig. 4B Right). CBFb stimulated AML-
1B-dependent repression, but had no effect in the context of the
triple mutant. By contrast, the inv(16) protein retained the
ability to act through this AML-1B mutant. The ability of the
inv(16) protein to repress transcription by interacting with this
mutant AML-1 suggests that simply recruiting the fusion protein
to a promoter is sufficient for repression.

The Inv(16) Fusion Protein Contains a Repression Domain. Given that
the inv(16) fusion protein, but not CBFb, acted through the
AML-1B RD1,2,3 mutant, we tested whether the SMMHC
sequences of the inv(16) protein contain a repression domain. A
series of C-terminal inv(16) deletion mutants was used for this
analysis (Fig. 5A). Once again, wild-type CBFbySMMHC co-
operated with the AML-1B mutant to repress transcription
approximately 6-fold (Fig. 5B; note that in this figure we show
the corrected relative light units). Deletion of the C-terminal 57
aa did not impair CBFbySMMHC function; rather, this mutant
was consistently a better repressor in this assay (1–554, Fig. 5B).
However, deletion of as little as 95 aa from the C terminus
(1–516, Fig. 5B) ablated CBFbySMMHC’s effects.

To further test whether tethering the inv(16) fusion protein to
a promoter is sufficient for repression, we fused the wild-type
and C-terminally truncated CBFbySMMHC proteins to the
GAL4 DNA-binding domain. The GAL4 DNA-binding domain
did not significantly affect the GAL4 reporter gene (data not
shown). However, at only 2 ng of input plasmid, the GAL-4y
inv(16) fusion protein was able to repress transcription more
than 2.5-fold from a reporter plasmid containing four GAL4
DNA-binding sites upstream of the thymidine kinase promoter
(Fig. 5C). At 10 ng of input plasmid, maximal levels of more than
5-fold repression were obtained. At higher levels of effector

plasmid, repression diminished, perhaps because of ‘‘squelch-
ing.’’ Cell fractionation experiments confirmed that the GAL4y
inv(16) chimeric protein was nuclear (data not shown). The
expression of the C-terminal inv(16) deletion mutants was
confirmed in Cos7 cells (data not shown), but at the levels of
plasmid used in these transcription assays, we were unable to
confirm expression of the GAL-4-inv(16) fusion mutants. There-
fore, we tested the activity of the C-terminal truncation mutants
at 50 and 100 ng of plasmid, which is 5- to 10-fold more plasmid
than required for the wild-type plasmid to repress transcription.
In this assay, truncation of as little as 57 aa from the C terminus
impaired repression, and deletion of 95 aa nearly ablated the
repression (Fig. 5D). Thus, in two different contexts, the MYH11
portion of the fusion protein appears to encode a cryptic
transcriptional repression domain.

Discussion
The inv(16) fusion protein dominantly interferes with AML-1-
dependent transactivation of transcription (22). We have dem-
onstrated that CBFbySMMHC stimulates the ability of AML-1B
to repress transcription (Figs. 1, 4, and 5). Repression was not
limited to the p21 promoter because we also observed repression
when using the Rous sarcoma virus long terminal repeat (data
not shown). Cooperative repression required an intact AML-1
DNA-binding domain, implying that it occurs at the promoter.
Moreover, we showed that the inv(16) fusion protein associates

Fig. 3. The inv(16) fusion protein forms a trimeric complex with AML-1B and
mSin3A. Cos-7 cells were transfected with pCVM5-AML-1B, pCMV5-inv(16), or
pCVM5-inv(16) 1 pCMV5-AML-1B. Cell lysates were prepared with the indi-
cated detergents and analyzed by immunoblot either before or after immu-
noprecipitation with anti-mSin3A IgG. The mobility of molecular weight
markers are shown at the right. Tx, Triton X-100; Doc, sodium deoxycholate.

Fig. 4. Definition of AML-1B C-terminal domains required for cooperation
with the inv(16) fusion protein. (A) Schematic representation of AML-1B and
the C-terminal deletion mutants used. RD, repression domain. (B) Transcrip-
tional analysis of the AML-1B mutants alone or when coexpressed with the
Inv(16) fusion protein or CBFb. AML-1B (300 ng) was cotransfected with 300 ng
of p21-reporter plasmid in the absence or presence of 150 ng of the inv(16) or
CBFb plasmids. Fold repression was calculated after correcting for transfection
efficiency by using a plasmid expressing a secreted form of alkaline phospha-
tase (SEAP). Control, empty expression vector.
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with AML-1 in a complex with the mSin3A corepressor (Fig. 3).
CBFbySMMHC, but not CBFb, repressed transcription through
an AML-1B mutant lacking three repression domains and when
linked to the GAL4 DNA-binding domain. We conclude that the
inv(16) fusion protein functions as an AML-1 corepressor.

Our cell fractionation studies (Fig. 2) indicated that the
inv(16) fusion protein is both cytoplasmic and nuclear, which is
consistent with other overexpression studies (22, 23). However,
we found that the majority of the protein is nuclear, which is
more consistent with previous studies of leukemic blasts con-
taining the inv(16) (29). Although our results do not address a
possible role for the fusion protein in the cytoplasm, our work
does define a nuclear function for CBFbySMMHC. CBFb
stimulates AML-1-dependent activation (22) and repression
(Figs. 1, 4, and 5). However, the inv(16) fusion protein only
represses transcription [that is, it blocks AML-1-dependent
activation (22) or cooperates with AML-1 to repress]. The use
of AML-1B mutants lacking the repression domains and the
C-terminal truncations of the inv(16) fusion protein uncovered
a repression function unique to the inv(16). This observation
may explain why the inv(16) protein only stimulates AML-1’s
repressive functions. We hypothesize that the fusion of the

cryptic repression domain in MYH11 to CBFb converts CBFb
from a protein that can cooperate with AML-1 to both activate
(22) and repress transcription (Fig. 1) to one that can only
repress transcription. Thus, it is possible that the inv(16) fusion
protein traps AML-1 in a complex with corepressors to consti-
tutively repress AML-1-regulated genes.

Expression of the inv(16) fusion protein during embryogenesis
produced the same phenotype as AML-1 deficiency (6). Coupled
with the ability of the inv(16) fusion protein to block AML-1-
dependent transactivation, these observations lead to the hy-
pothesis that the inv(16) creates a dominant negative protein to
block AML-1’s functions. However, our work suggests that the
inv(16) creates a dominant transcriptional repressor, thus block-
ing only the transactivation function of AML-1. Thus, we
speculate that the developmental phenotype of AML-1 defi-
ciency is due to the lack of AML-1-dependent transactivation.
AML-1 is expressed early in the developing embryo, but the mice
lacking AML-1 develop normally until embryonic day 12.5–13.5.
It is possible that, like its Drosophila homologue Runt (25),
AML-1 is a repressor early in development and acts as a
molecular switch to turn genes on at specific times in develop-
ment. Our results would suggest that, when expressed during

Fig. 5. The inv(16) encodes a repression domain. (A) Schematic diagram of the inv(16) mutants. (B) Transcriptional analysis of the mutants shown in A in
conjunction with the AML-1B RD1,2,3 mutant. (C) Transcriptional repression by a GAL4-inv(16) chimeric protein. Increasing amounts of GAL4-inv(16) were
transfected with 500 ng of GAL4-TK-Luc plasmid. (D) Mapping the CBFbySMMHC repression domain. GAL4 fusion proteins containing the deletion mutants
shown in A were assayed at 50 ng (Left) or 100 ng (Right) by using the GAL4-responsive promoter. RLU, relative light units. Control, empty expression vector.
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development, the inv(16) fusion protein traps AML-1 in the
repressive state and inhibits the expression of AML-1 target
genes, which leads to embryonic lethality. This is consistent with
the observation that the t(8;21) also creates a dominant repressor
of AML-1 target genes (5) and expression of the t(8;21) fusion
protein during development leads to a phenotype similar to that
observed with embryonic expression of CBFbySMMHC (30,
31). Therefore, our proposed model of the inv(16) fusion protein
acting as an active repressor explains the functional data to date:
the inv(16) protein blocks AML-1-dependent activation by add-
ing a repression domain to CBFb, it yields a phenotype in mice
similar to AML-1yETO (a repressor), and it cooperates with
AML-1 to repress transcription.

AML-1 is the target of multiple translocations in acute
leukemia. The t(8;21) and the t(12;21) fusion proteins interact
with mSin3A and other corepressors to form AML-1-dominant
repressor proteins (5, 34). Our current work indicates that the
inv(16) also creates a dominant repressor that can use the
mSin3A corepressor (Figs. 3 and 4). Thus, these translocations

may act through a common mechanism. Likewise, the t(15;17)
and t(11;17), which are characteristic of acute promyelocytic
leukemia, create fusion proteins that interact with N-CoR,
SMRT, the mSin3 corepressors, and histone deacetylases to
repress transcription (32). The t(8;21) also interacts with N-CoR
and histone deacetylases 1 and 2 to repress transcription. Given
that mSin3A can recruit histone deacetylases to repress tran-
scription (33), it is possible that targeting mSin3 or histone
deacetylases may provide therapeutic benefit to a large number
of leukemia patients, including those containing the inv(16).
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