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Inversion(16) is one of the most frequent chromosomal translocations found in acute myeloid leukemia
(AML), occurring in over 8% of AML cases. This translocation results in a protein product that fuses the first
165 amino acids of core binding factor {3 to the coiled-coil region of a smooth muscle myosin heavy chain
(CBFB/SMMHC). CBF@ interacts with AML1 to form a heterodimer that binds DNA; this interaction
increases the affinity of AML1 for DNA. The CBFB3/SMMHC fusion protein cooperates with AML1 to repress
the transcription of AML1-regulated genes. We show that CBF3/SMMHC contains a repression domain in the
C-terminal 163 amino acids of the SMMHC region that is required for inv(16)-mediated transcriptional
repression. This minimal repression domain is sufficient for the association of CBF/SMMHC with the
mSin3A corepressor. In addition, the inv(16) fusion protein specifically associates with histone deacetylase 8
(HDACS). inv(16)-mediated repression is sensitive to HDAC inhibitors. We propose a model whereby the
inv(16) fusion protein associates with AML1 to convert AMLI into a constitutive transcriptional repressor.

Human acute leukemias often arise from chromosomal
translocations targeting regulatory genes that affect cell growth,
differentiation, and apoptosis (30). These translocations often
fuse transcription factors to other proteins resulting in onco-
genic chimeric proteins. inv(16) is found in approximately 8%
of acute myeloid leukemia (AML) cases (35), making it one of
the most frequent translocations in AML. inv(16) fuses the first
165 amino acids (aa) of core binding factor 8 (CBFB) to the
C-terminal coiled-coil region of a smooth muscle myosin heavy
chain (SMMHC [the gene name is MYHI11]) (28). CBFp in-
teracts with the AML1 (also known as RUNX1) transcription
factor to increase the affinity of AMLI1 for DNA (15, 40, 47)
and to stimulate the ability of AMLI1 to either activate or
repress transcription (22, 32). Both components of the CBF-
AMLI transcription factor complex are disrupted by chromo-
somal translocations. The translocations that target AMLI
include t(8;21) and t(12;21) that result in the leukemogenic
fusion proteins AML1/ETO and TEL/AML1 (10, 16).

The CBFB-AMLI1 complex regulates genes encoding cyto-
kines and their receptors, genes involved in differentiation such
as T-cell receptors, neutrophil peptide 3, and myeloperoxidase
as well as the pI14**" tumor suppressor (4, 12, 14, 27, 36, 39, 43,
46, 52). Furthermore, CBFB/SMMHC slows the cell cycle tran-
sition from G; to S in hematopoietic cells; thus, cell cycle
regulatory genes such as cdk4 may also be targeted by this
complex (5).

Animal studies indicate that CBFB and AMLI1 are required
for hematopoiesis. CBF and AML-1 knockout mice share a
phenotype; these mice lack fetal liver hematopoiesis and are
embryonic lethal at embryonic day 12.5 (e12.5) to e13.5 (41,
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49). A similar phenotype is observed in mice expressing CBFB/
SMMHC from a “knocked-in” CBFB-MYH11 gene (7), sug-
gesting that inv(16) creates a dominant repressor of AMLI1-
and CBFB-regulated genes. Chimeric mice created using
Cbfp+/<b/B-MYHIT embryonic stem cells fail to develop leukemia
at high frequency within the first year of life. However, 4- to
16-week-old chimeras that are treated with N-ethyl-N-nitro-
sourea develop leukemia 2 to 6 months after treatment (6).
Coexpression of CBFg/SMMHC with the human papillomavi-
rus E7 oncogene or expression of the fusion protein in the
absence of the tumor suppressors pl6™~5* and p19*%F also
leads to acute leukemia in mice (51). Thus, CBFB/SMMHC
predisposes mice to leukemia, and secondary mutations are
necessary for the onset of leukemia in inv(16)-mediated cases.

CBFp and CBFB/SMMHC lack a nuclear localization signal;
thus, they must complex with AML1 in the cytoplasm in order
to be transported into the nucleus. Although a significant
amount of CBFB/SMMHC is retained in the cytoplasm in
overexpression studies, CBFB/SMMHC is both nuclear and
cytoplasmic (1, 5, 29, 31); furthermore, the fusion protein co-
operates with AML1 to repress transcription (31). AMLL1 binds
the mSin3A and Groucho corepressors, and the inv(16) fusion
protein can form a trimeric complex with AMLI1 and mSin3A
(31). In addition, the C terminus of the CBFB/SMMHC fusion
protein is required for repression (31), suggesting that the
fusion protein may cooperate with AMLI to recruit corepres-
SOrs.

Other leukemogenic fusion proteins that affect AMLI1-
dependent transcriptional control, such as AML1/ETO and
TEL/AMLI, repress transcription through interactions with
the mSin3A, N-CoR, and SMRT corepressors and histone
deacetylases (HDAC:) (2, 11, 13, 18, 33, 48). We demonstrate
here that the inv(16) fusion protein interacts with mSin3A
and HDACS. The C-terminal SMMHC portion of inv(16) is
both necessary and sufficient for transcriptional repression
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FIG. 1. The C-terminal SMMHC region of the inv(16) fusion protein contains a repression domain. (A) Schematic diagrams of internal
deletion mutants of inv(16). (B) NIH 3T3 cells were transfected with 50 ng of plasmids expressing inv(16) or inv(16) mutants and 1 pg of thymidine
kinase-firefly luciferase reporter plasmid. Fold repression was calculated after correcting for transfection efficiency using a plasmid expressing
SEAP. Levels of repression are the averages * standard errors of three experiments. Empty expression vector was used as a control. Note that
error was too small to graph in a few samples. (C) Immunoblot analysis of internal deletion mutants of inv(16) expressed in Cos7 cells (100 pg

of protein from whole-cell lysate was loaded for each mutant).

and is sufficient for association with these corepressors. This
region contains an assembly competence domain (ACD) that
is required for multimerization of the SMMHC (24, 44). The
28-aa ACD contributes to both transcriptional repression and
association with mSin3A and HDACS. Identification of the
repression domain of inv(16) and its interacting proteins may
stimulate the development of novel treatments for inv(16)-
mediated AML.

MATERIALS AND METHODS

Cell culture. Cos7 cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) (BioWhittaker, Walkersville, Md.) containing 10% fetal bovine
serum (Sigma, St. Louis, Mo.), 2 mM L-glutamine (BioWhittaker), and 50 U of
penicillin per ml and 50 pg of streptomycin per ml (both antibiotics from Gibco,

Grand Island, N.Y.). NIH 3T3 cells were maintained in DMEM containing 10%
bovine calf serum (HyClone, Logan, Utah) and antibiotics.

Deletion mutants. inv(16) mutants were made by PCR amplification of inv(16)
cDNA fragments, restriction digestion of the fragments, and ligation into the
pCMV5 or pCMVS5-GAL4(M1R) vector. The CBFB portion of inv(16) (aa 1 to
165) was PCR amplified using primers at the 5’ start of the protein (5'-CGG
AAT TCA TGC CGC GCG TCG TGC CCG AC-3") and at the fusion (aa 165)
to create a BamHI site (5'-CGC GGA TCC CTC CAT TTC CTC CCG GTG
AGA-3") (restriction sites are underlined). This PCR product was cloned into
pCMV5-GAL4(M1R) using EcoRI and BamHI to make pCMV5-GAL4-CBF.
Internal deletion mutants were made by amplification of the SMMHC region
using a primer at the 3’ end of the cDNA (5'-GTC AAG CTT TTA TTC ACT
GGC CTT GGT TCC AT-3") with one the following primers: A496-720, 5'-CAG
GGA TCC GAG ACG GAA CTG GAA GAC GAG-3'; A496-945, 5'-CAG
GGA TCC GAG AT GAG AAG AAA GCC AAG AG-3'; A496-1170, 5'-CAG
GGA TCC ATG GAG GCC ATG AGC GAC CGG-3'; A496-1347, 5'-CAG
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FIG. 2. The C-terminal 163 aa of the inv(16) fusion protein are sufficient for repression. (A) Schematic diagrams of inv(16) C-terminal
fragments linked to the GAL4 DNA-binding domain. (B) NIH 3T3 cells were transfected with 50 ng of plasmids expressing inv(16) or the indicated
mutants and 1 pg of thymidine kinase-firefly luciferase reporter plasmid. Fold repression was calculated after correcting for transfection efficiency
using a plasmid expressing SEAP. Levels of repression are the averages * standard errors of three experiments. Empty expression vector was used
as a control. Note that error was too small to graph in a few samples. (C) Immunoblot analysis of internal deletion mutants of inv(16) expressed
in Cos7 cells (100 pg of protein from whole-cell lysate was loaded for each mutant).

GGA TCC AAG TTC AAA TCC ACC ATC GCG-3'; and A496-1665, 5'-CAG
GGA TCC ATG GGC CGC GAG GTG AAC GCA-3'. The fragments were
cloned into pCMV5-GALA4-CBFB after digestion with BamHI and HindIII. C-
terminal fragments of inv(16) were PCR amplified using 5'-CGG GAT CCT
TAT TCA CTG GCC TTG GTT CC-3" with the following primers: 449-611,
5'-CGG AAT TCA AGT TCA AAT CCA CCA TCG CG-3'; 502-611, 5'-CGG
AAT TCA TGG CCG AGC AGT ACA AGG AG-3'; 532-611, 5'-CGG AAT
TCC AGC GCA TCA ACG CCA ACC GC-3'; and 572-611, 5'-CGG AAT TCA
CCT CTT TCG TTC CTT CTA GA-3'. The fragments were cloned into
pCMV5-GAL4A(MIR) using EcoRI and BamHI sites. Mutants were confirmed
by sequencing.

The inv(16)AACD mutant (24) was cloned into pPCMV5-GAL4(M1R) by the
following strategy. pGEM-inv(16)AACD was digested with Xbal, and 3’ recessed
termini were filled in using Klenow fragment, followed by digestion with EcoRI.
The vector was digested with HindIII, 3’ recessed termini were filled in with
Klenow fragment, and the linearized vector was digested with EcoRI. These
fragments were ligated in order to obtain the construct used in subsequent
experiments, pPCMV-GAL4-inv(16)AACD.

The inv(16)1-449 mutants were made by PCR amplification of these amino
acids (aa 1 to 449) using the following primers: 5'-AG_GGA TTC ATG CCG
CGC GTC GTG CCC-3" was used with 5'-GTC AAG CTT TTA GGA CTT
GAC GGC CCC CTC-3" or 5'-AGT GGA TCC GGA CTT GAC GGC CCC
CTC-3'. These fragments were digested with EcoRI and HindIII (with stop

codon) or EcoRI and BamHI (to be fused to the p53 tetramerization domain)
and ligated into linearized pCMV5-MIR. The p53 tetramerization domain (aa
340 to 393) was amplified using the following primers to create restriction sites
for cloning: 5'-CCC AAG CTT TCA GTC TGA GTC AGG CCC-3' was used
with 5'-CGG GAT CCA TGT TCC GAG AGC TGA AT-3' or 5'-CGG AAT
TCA TGT TCC GAG AGC TGA AT-3'. These fragments were digested with
BamHI or EcoRI and HindIII and cloned into pCMV5-M1R-inv(16)1-449 and
pCMV5-MIR, respectively.

Transcription assays. GAL4 reporter assays were performed in 3T3 cells
transiently transfected with the indicated amounts of pCMV5-GALA4-inv(16) or
plasmid expressing mutant inv(16) proteins, 1 pug of GAL4-thymidine kinase-
luciferase (GAL-TK-Luc) reporter construct, and 200 ng of pPCMVS5-SEAP plas-
mid. The GAL-TK-Luc reporter contains four GAL4 DNA-binding sites in front
of the thymidine kinase promoter that drives expression of the luciferase gene.
Cells were lysed in 1X reporter lysis buffer (Promega, Madison, Wis.) and
centrifuged at 16,000 X g for 20 s, and the supernatant was used in luciferase
assays. Luciferase activity was measured using the luciferase assay system from
Promega and normalized to secreted alkaline phosphatase (SEAP) activity.

For trichostatin A (TSA) experiments, cells were transfected with 100 ng of
pCMV5-GALA4-inv(16) or empty expression vector, 1 pg of GAL-TK-Luc, and
100 ng of pRL-TK plasmid (thymidine kinase promoter driving expression of
Renilla luciferase). Cells were treated with TSA (Biomol, Plymouth Meeting, Pa)
for 48 h posttransfection and lysed as described above. Luciferase activity of the
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experimental (GAL-TK-Luc) and internal control (pRL-TK) reporters was mea-
sured using the Dual Luciferase Reporter Assay System from Promega, and
GAL-TK-Luc activity was normalized to that of pRL-TK.

co-IP, immunoblotting, and cell fractionation. For mSin3A coimmunoprecipi-
tations (co-IPs), Cos7 cells were transiently transfected with GAL4-inv(16) or the
GALA4-tagged inv(16) mutants using Lipofectamine (Gibco BRL, Carlsbad, Cal-
if.). Forty-eight hours posttransfection, cells were lysed in 300 wl of phosphate-
buffered saline (PBS) containing 0.5% Triton X-100, 0.1% sodium deoxycholate
(DOC), 0.1% sodium dodecyl sulfate (SDS), and protease inhibitors (0.5%
Triton X-100 for co-IPs with internal deletion mutants; 0.5% Triton X-100 and
0.1% DOC for co-IPs with C-terminal fragments). ME-1 cells were lysed in 400
wl of PBS containing 0.5% Triton X-100, 0.3% DOC, and 0.2% SDS. Lysates
were sonicated and precleared with pansorbin (Calbiochem, La Jolla, Calif.) and
protein A (Amersham Pharmacia, Uppsala, Sweden) or protein G (Sigma)
beads. Endogenous mSin3A was immunoprecipitated with anti-mSin3A antibody
(K-20; Santa Cruz Biotechnology, Santa Cruz, Calif.). For ME-1 lysates, endog-
enous HDAC?2 was precipitated with anti-HDAC2 antibody (H-54; Santa Cruz
Biotechnology). The proteins were separated by SDS-10% polyacrylamide gel
electrophoresis (PAGE) (SDS-7.5% PAGE for ME-1 IPs) and transferred to
nitrocellulose.

For HDAC co-IPs, Cos7 cells were cotransfected with pCMV5-GAL4-inv(16),
GALA4-tagged inv(16) mutants, or AML-1B and FLAG-, hemagglutinin (HA)-,
or Myc-tagged HDACs. Forty-eight hours posttransfection, cells were lysed in
300 wl of PBS containing 0.5% Triton X-100 and protease inhibitors (0.5%
Triton X-100 and 0.3% DOC for co-IPs with C-terminal fragments; 0.5% Triton
X-100, 0.1% DOC, and 0.1% SDS for co-IPs with AML-1B). Lysates were
sonicated and precleared with protein G. HDACs were immunoprecipitated with
antibodies to their tags (anti-Flag M2 [Sigma]; anti-Myc 9E10 and anti-HA [both
from Covance, Richmond, Calif.]). Proteins were separated by SDS-PAGE and
transferred to nitrocellulose. Membranes were blocked in PBS containing 5%
nonfat dry milk for 1 h at room temperature and immunoblotted with primary
antibodies to the tagged proteins overnight at 4°C. Membranes were washed in
PBS and blotted with secondary antibodies. Proteins were visualized by enhanced
chemiluminescence (Pierce, Rockford, Ill.).

Cellular fractionation was performed in isotonic buffer (0.01 M Tris-HCI [pH
8.4], 0.14 M NaCl, 0.0015 M MgCl,) containing 0.5% Nonidet P-40 (NP-40) by
low-speed centrifugation as described previously (31). Equal proportions of the
cytoplasmic and nuclear fractions were analyzed by immunoblotting with anti-
bodies to phospholipase Cyl (Robert Abraham, The Scripps Research Institute,
San Diego, Calif.), HDAC2 (Santa Cruz Biotechnology), and the GAL4 DNA-
binding domain (Santa Cruz Biotechnology).

RESULTS

inv(16) contains a C-terminal repression domain. The ini-
tial analysis of deletion mutants of the inv(16) fusion protein
indicated that the C-terminal 95 aa were required for active
transcriptional repression (31). To define the minimal domain
sufficient for transcriptional repression, we created progressive
internal deletions of the SMMHC region (Fig. 1A). The
inv(16) fusion protein lacks a nuclear localization signal; it is
both cytoplasmic and nuclear unless it is coexpressed with
AMLI1, which carries it into the nucleus (1, 23, 31). Therefore,
to target CBFB/SMMHC to the nucleus and measure tran-
scriptional repression independent of AMLI, we fused these
deletion mutants to the GAL4 DNA-binding domain. GAL4-
inv(16) repressed a GAL4-dependent reporter plasmid fivefold
(using the thymidine kinase promoter linked to firefly lucif-
erase [Fig. 1B]). Internal deletion of up to 284 aa in the
SMMHC region of CBFB/SMMHC was tolerated with little to
no effect on repression (A166-390 [Fig. 1B]). However, further
deletion past residue 449 eliminated repression. The mutants
were expressed at levels similar to that of the full-length fusion
protein (Fig. 1C). Note that these proteins migrated as multi-
ple bands, possibly due to cryptic alternative splicing with 3’
vector sequences (K. L. Durst, unpublished data). Thus, the
slowest migrating band is the full-length form. The transcrip-
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FIG. 3. The inv(16) fusion protein interacts with mSin3A. (A)
Cos7 cells were transfected with pCMV5-GAL4-inv. Cell lysates
were prepared in PBS containing 0.5% Triton X-100, 0.1% DOC,
and 0.1% SDS. Endogenous mSin3A was precipitated with anti-
Sin3A (amSin3A) polyclonal antibody. Copurifying GAL4-inv(16)
was detected by immunoblotting with antibodies to the GAL4 DNA-
binding domain. Lanes: WCL, whole-cell lysate; control, lysate incu-
bated with protein A-agarose (no primary immunoglobulin G [IgG]);
amSin3A, lysate incubated with mSin3A IgG; amSin3A+pep, lysate in-
cubated with peptide-blocked mSin3A IgG. (B) ME-1 cells were lysed
in PBS containing 0.5% Triton X-100, 0.3% DOC, and 0.2% SDS.
Endogenous mSin3A and HDAC2 were precipitated with anti-mSin3A
(amSin3A) and anti-HDAC2 («HDAC?2) polyclonal antibodies. Co-
purifying inv(16) was detected by immunoblotting with anti-CBFp.
The position of a nonspecific (NS) band is indicated by the arrow.

tion assay results indicate that CBFB sequences alone are not
sufficient and the C-terminal 163 aa of SMMHC are required
for inv(16)-mediated repression.

To demonstrate that the C-terminal 163 aa of SMMHC are
sufficient for repression, we removed the CBFB sequences
from the fusion protein and created three additional mutations
(Fig. 2A). When completely isolated, the C-terminal 163 aa of
CBFB/SMMHC were sufficient for maximal repression (449-
611 [Fig. 2B]). However, residues 502 to 611 retained about
50% of maximal activity, and residues 532 to 611 retained some
ability to repress transcription (twofold [Fig. 2B]). The nonhe-
lical tail of CBFB SMMHC, consisting of residues 572 to 611,
displayed no ability to repress transcription (Fig. 2B), consis-
tent with C-terminal deletion analysis (31). Once again, the
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FIG. 4. The C-terminal domain of CBFB/SMMHC is sufficient for association with mSin3A. (A) Cos7 cells were transfected with GAL4-inv(16)
and the GALA4-inv(16) internal deletion mutants (Fig. 1A). Cell lysates were prepared in PBS containing 0.5% Triton X-100, 0.1% DOC, and 0.1%
SDS. Endogenous mSin3A was precipitated with anti-mSin3A antibody. Copurifying proteins were analyzed by immunoblot analysis using
antibodies to mSin3A and the GAL4 DNA-binding domain. The lysates were incubated with mSin3A immunoglobulin G (IgG) (IP lanes) or with
peptide-blocked mSin3A IgG (C lanes). (B) Same as panel A except that lysates were prepared in PBS containing 0.5% Triton X-100. Nonspecific
bands are indicated by the asterisks. W, whole-cell lysate. (C) Cos7 cells were transfected with GAL4-inv(16)449-611 or GALA4-inv(16)532-611 (Fig.
2A). Cells were lysed in PBS with 0.5% Triton X-100 and 0.1% DOC followed by mSin3A immunoprecipitation. Immunoblot analysis was

performed as in panel A.

steady-state expression levels of each mutant were similar (Fig.
20).

inv(16) interacts with mSin3A. We previously reported that
CBFB/SMMHC forms a trimeric complex with AML1 and the
mSin3A corepressor (31). While the inv(16) fusion protein did
not contact mSin3A in the absence of AMLI in these initial

assays, it is possible that it failed to localize properly in the
absence of AMLI1 (1, 23, 31). Therefore, we used GAL4-
inv(16) constructs to localize the proteins to the nucleus and to
determine whether the inv(16) fusion protein could interact
with mSin3A in the absence of coexpressed AML1. Cos7 cells
were transiently transfected with GAL4-inv(16), and endoge-



612 DURST ET AL.

A.

MoL. CELL. BIOL.

GAL4-Inv(16) + FLAG-HDACs 1-6, 9

c1234569 c1234569 c1234569

233 -
-—-
135 — -
112 ~ n- o —-E:‘—H__::-:-=
. -
sxl® -
e d
—
oFlag blot «GAL blot aGAL blot
FLAG IP 0.5% Triton Whole Cell Lysate
c 7 c 8 c 7 8
HDAC7 —» = J—
— | % Inv(16)
& | «HpACs
oHA IP aMyc IP o-tag blot
aHA/aGAL blot oMyc/aGAL blot Whole Cell
0.5% Triton 0.5% Triton Lysate
B. WCL Myc IP
Inv(16) A2-11 Inv(16) A2-11
Myc-HDAC8 - + - + - 4+ - +
e——  — —— —— | Inv(16)/
m [— 52-11
aGAL/
aMyec blot
51—

-_— e 4 qd-HnAcs

0.5% Triton

FIG. 5. The inv(16) fusion protein interacts with HDACS. (A) Cos7 cells were transfected with pCMV5-GAL4-inv(16) and FLAG-tagged
HDACI to HDAC6 and HDACY (HDRP fragment), HA-tagged HDAC7, or Myc-tagged HDACS. Cell lysates were prepared in PBS containing
0.5% Triton X-100. Co-IPs were performed using antibodies to the tagged HDACs and were analyzed by immunoblotting with antibodies to FLAG
(aFlag), HA («HA), Myc (a«Myc), and the GAL4 DNA-binding domain (¢GAL). Cells transfected with GAL4-inv(16) alone are shown in c lanes.
The positions of molecular mass markers (in kilodaltons) are shown to the left of the blots. (B) GAL4-inv(16) or GALA4-inv(16)A2-11 expressing
plasmids were cotransfected with (+) Myc-tagged HDACS and analyzed as in panel A. WCL, whole-cell lysate.

nous mSin3A was immunoprecipitated from lysates prepared
in PBS containing 0.5% Triton X-100, 0.1% DOC, and 0.1%
SDS. GALA4-inv(16) was detected by immunoblot analysis us-
ing anti-GAL4. The GALA4-inv(16) fusion protein copurified
with mSin3A, but not when the mSin3A antibody was blocked
with antigenic peptide (Fig. 3A), indicating that the inv(16)
fusion protein associates with mSin3A in the absence of AML1
overexpression. The association was not abrogated when the
mSin3A antibody was preincubated with a nonspecific peptide
(data not shown). The corepressor association was reduced
when lysates were prepared in higher stringency with PBS
containing 0.5% Triton X-100, 0.3% DOC, and 0.2% SDS
(data not shown).

The association observed in Cos7 cells transiently trans-
fected with inv(16) led us to test whether endogenous CBFp/
SMMHC associates with mSin3A. We performed the mSin3A

co-immunoprecipitations in the inv(16)-expressing ME-1 cell
line that was established from blood cells of a patient with
AML M,E,, (50). In buffer containing 0.5% Triton X-100, 0.1%
DOC, and 0.1% SDS (data not shown) or the more stringent
conditions of 0.5% Triton X-100, 0.3% DOC, and 0.2% SDS,
the inv(16) fusion protein appeared to associate with mSin3, as
a specific band that comigrated with CBFB/SMMHC was de-
tected (just above a nonspecific band labeled NS [Fig. 3B,
middle panel]). The coprecipitation was blocked when the
antibody was preincubated with antigen specific to the anti-
body. The mSin3A corepressor is known to associate with
HDACI1 and HDAC?2 (25). Therefore, we immunoprecipitated
HDAC2 from ME-1 cells to determine if a trimeric complex
containing the inv(16) fusion protein could be detected. Under
the conditions used to detect the inv(16)-mSin3A association,
only a small amount of HDAC?2 associated with mSin3A (Fig.
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3B, bottom blot) and no inv(16) fusion protein copurified with
HDAC?2, suggesting a direct interaction between CBFp/
SMMHC and mSin3A.

Having defined a transcriptional repression domain within
the myosin heavy chain portion of the fusion protein, we asked
whether mSin3A binding cosegregated with the ability to re-
press transcription. The GAL4-inv(16) deletion mutants (Fig.
1A and 2A) were expressed in Cos7 cells and assayed for
mSin3A association by co-IP, followed by immunoblot analysis.
In contrast to full-length CBFB/SMMHC, all of the deletion
mutants failed to bind mSin3A (Fig. 4A) in buffer containing
0.5% Triton X-100, 0.1% DOC, and 0.1% SDS, even though
several mutants retained the ability to repress transcription
(e.g., A166-240 [Fig. 1B]). Therefore, we repeated the assay
using only 0.5% Triton X-100 in PBS to detect weaker inter-
actions. Under these conditions, GAL4-inv(16) as well as the
GAL4-inv(16)A166-315 and GALA4-inv(16)A166-390 mutants
coimmunoprecipitated with mSin3A (Fig. 4B). The associ-
ation was blocked when the antigenic peptide was included
in the assay (Fig. 4B, lanes labeled C). In contrast, GAL4-
inv(16)A166-555, which fails to repress transcription (Fig. 1B),
also failed to bind mSin3A (Fig. 4B). However, under this
milder condition, we also observed some level of nonspecific
association of GAL4-inv(16) with the protein G-Sepharose
beads. By these criteria, mutants that retained the ability to
repress transcription also associated with mSin3A (Fig. 1B and
4B).

GALA4-inv(16)A166-449, which contains the minimal repres-
sion domain, displayed too much background binding to pro-
tein G-Sepharose in PBS containing 0.5% Triton X-100 to
make a clear determination as to whether it retained the ability
to bind mSin3A (data not shown). Therefore, we surveyed a
range of lysis conditions to determine whether residues 449 to
611 are sufficient to bind mSin3A. GAL4-inv(16)449-611 co-
immunoprecipitated with mSin3A when cells were prepared in
PBS containing 0.5% Triton X-100 and 0.1% DOC (Fig. 4C,
left blot) but did not copurify in the presence of the antigenic
peptide as a control (lanes labeled C). Under the same condi-
tions, GAL4-inv(16)532-611, which retained some ability to
repress transcription, also weakly associated with mSin3A (Fig.
4C, right blot). The C-terminal fragment (572-611) that had no
activity in the GAL4 repression assay (Fig. 2B) failed to bind
mSin3A, while the larger fragment, 502-611, showed nonspe-
cific binding in the control immunoprecipitation (data not
shown).

inv(16) interacts with HDACS. Corepressors recruit HDACs
to promoters where HDACs alter chromatin structure by
deacetylating histones in order to repress transcription. They
are divided into two classes. The class I HDACs (HDACI,
HDAC2, HDAC3, and HDACS) are mainly composed of the
catalytic domain, while the larger, class I HDACs (HDACH4 to
HDAC6, HDAC7, and HDACY) include a noncatalytic do-
main (3, 9). Because HDAC: interact with other leukemogenic
fusion proteins that disrupt AML1, we determined whether the
inv(16) fusion protein could bind HDACs. GAL4-inv(16) was
coexpressed with FLAG-tagged HDACI to HDAC6 and a
large fragment of HDACDY, also known as HDAC-related pro-
tein (HDRP) (53), as well as HA-tagged HDAC7 and Myc-
tagged HDACS (Myc-HDACS). The inv(16) fusion protein
coimmunoprecipitated with Myc-HDACS but failed to bind
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FIG. 6. AML-1 binds HDAC1, HDAC3, and HDAC9. AML-1 was
coexpressed with HDACT to -8 or -9 (HDRP fragment) in Cos7 cells
and coimmunoprecipitated with anti-FLAG, Myc, or HA in PBS con-
taining 0.5% Triton X-100, 0.1% DOC, and 0.1% SDS (top blot).
Copurifying AML-1 was detected by immunoblot analysis using anti-
RHD (Calbiochem). The bottom blot shows HDAC and AML-1B
expression in whole-cell lysate. The positions of the HDACs (shown in
the figure without the HDAC prefix) are indicated by the arrows.
a-AMLI and «-Rhd, anti-AMLI antibodies. Lane C, AMLI expressed
in the absence of HDAC:.

the class I HDACs and HDAC1 to HDAC3 (Fig. 5A). Un-
fortunately, we were unable to detect HDACS protein in ME-1
cells, although HDAC8 mRNA is expressed in these cells
(Durst, unpublished).

To confirm that the association between CBFB/SMMHC
and HDACS8 was not mediated by endogenous AMLI1, we
repeated this assay using the GAL4-inv(16)A2-11 mutant that
no longer binds AMLI1 (1). This mutant also associated with
HDACS (Fig. 5B), suggesting that the interaction is mediated
by the SMMHC sequence. Furthermore, mSin3A and HDACS
did not associate by in Cos7 cells (data not shown), indicating
that the association between the fusion protein and HDACS is
not mediated by mSin3A.

We also tested whether AMLL1 could associate with HDAC1
to HDACY in order to confirm that the inv(16)-HDACS inter-
action was not mediated by AMLI1. Epitope-tagged forms of
each HDAC were coexpressed with AMLI, and the cell lysates
were immunoprecipitated with antibodies directed to the epi-
tope tag (FLAG, HA, or Myc); coimmunoprecipitating AML1
was detected by immunoblot analysis (Fig. 6, upper blot).
AMLI1 associated with HDAC1, HDAC3, and HDAC9 and
more weakly copurified with HDAC2, HDACS, and HDAC6.
However, we did not detect an association with HDACS.

The association between CBFB/SMMHC and HDACS did
not appear to be mediated by AMLI or mSin3A. Therefore,
we used the GAL4-inv(16) deletion mutants to define the
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FIG. 7. Mapping the HDACS binding domain in CBFB/SMMHC. (A) Cos7 cells were cotransfected with Myc-tagged HDACS8 and GALA-
inv(16) or one of the GAL4-inv(16) deletion mutants (Fig. 1A). Cells were lysed in PBS containing 0.5% Triton X-100. HDACS8 was immuno-
precipitated with antibodies to the Myc tag (a«Myc), and copurifying proteins were analyzed with antibodies to the GAL4 DNA-binding domain
and the Myc epitope tag («GAL/aMyc). Lanes: W, whole-cell lysate; IP, lysates immunoprecipitated with anti-Myc; C, Cos7 cells transfected with
only GAL4-inv(16) or the GAL4-inv(16) deletion mutants and lysates immunoprecipitated with anti-Myc. The positions of molecular mass markers
(in kilodaltons) are indicated to the left of the blot. The positions of nonspecific bands are indicated by asterisks. (B) Cos7 cells were cotransfected
with Myc-HDACS and GAL4-inv(16) or one of the GAL4-inv(16) deletion mutants (Fig. 2A) and analyzed as in panel A except that PBS contained

0.5% Triton X-100 and 0.3% DOC.

domain within the SMMHC sequences that was required for
association with HDACS. Only GALA4-inv(16)A166-555, which
failed to repress transcription, was impaired in binding
HDACS (Fig. 7A). Some of the mutants showed nonspecific
binding to protein G-Sepharose. Therefore, 0.3% DOC was
added to the lysis buffer for copurification with the C-terminal
fragments in which GALA4-inv(16)449-611 and GALA4-
inv(16)502-611 coimmunoprecipitated with Myc-HDACS with
only modest background levels (Fig. 7B). However, GAL4-
inv(16)532-611, which retains some ability to repress transcrip-
tion and weakly associates with mSin3A, failed to bind
HDACS under these conditions.

The multimerization domain of inv(16) contributes to re-
pression and interactions with corepressors. The ability of the
inv(16) protein to repress transcription and bind mSin3A and

HDACS localized to the C-terminal 163 aa. This domain con-
tains the ACD (residues 514 to 542) that catalyzes multimer-
ization of the SMMHC as well as the inv(16) fusion protein
(24, 44). Progressive deletion of residues 502 to 532, which
includes 18 aa of the ACD, significantly impaired transcrip-
tional repression and HDACS binding (Fig. 2B and 7B), and
complete deletion of this domain (A166-555 [Fig. 4B]; 572-611
[data not shown]) eliminated mSin3A binding. These data sug-
gest that the N-terminal boundaries of the HDACS and
mSin3A binding motifs overlap with the ACD. Therefore, we
tested whether this motif was required for inv(16)-mediated
repression and corepressor binding. The inv(16) cDNA with a
deletion of aa 514 to 542 (AACD) (24) was subcloned into the
GAL4-expressing plasmid (Fig. 8A). We fused this mutant to
GALA4 for use in the transcription assays; however, previous
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FIG. 8. ACD is required for transcriptional repression and interaction with corepressors. (A) Schematic of inv(16)AACD mutant. (B) Cos7
cells were transfected with GAL4-inv(16) or GAL4-inv(16)AACD. Cells were fractionated in isotonic buffer containing 0.5% NP-40 by low-speed
centrifugation. Equal proportions of the cytoplasmic (C) and nuclear (N) fractions were analyzed by SDS-PAGE and immunoblotting with
antibodies to phospholipase Cyl («PLCy1), GAL4 DNA-binding domain (¢GAL4DBD), and HDAC2 (aHDAC2). Untransfected Cos7 cells were
used as a control. (C) NIH 3T3 cells were transfected with increasing amounts of GAL4-inv(16)- or GAL4-inv(16)AACD-expressing plasmid, 1
wg of thymidine kinase-firefly luciferase reporter plasmid, and 200 ng of pCMV-SEAP. Fold repression was calculated after correcting for
transfection efficiency using SEAP; each value is the average = standard error of two experiments. Empty expression vector was used as a control.
Note that error was too small to graph in several samples. (D) Cos7 cells were transfected with pCMV5-GAL4AACD. Cell lysates were prepared
in PBS containing 0.5% Triton X-100. Co-IPs were performed using anti-mSin3A (amSin3A) polyclonal antibody and were analyzed by
immunoblotting with antibodies to mSin3A and the GAL4 DNA-binding domain. WCL, whole-cell lysate; control, immunoprecipitation using
peptide-blocked anti-mSin3A. (E) Cos7 cells were transfected with pCMV5-GAL4inv(16) or pCMV5-GAL4AACD alone or with Myc-tagged
HDACS. Cell lysates were prepared in PBS containing 0.5% Triton X-100. Co-IPs were performed using anti-Myc and were analyzed by
immunoblotting with antibodies to Myc and the GAL4 DNA-binding domain.

data showed that it may be retained in the cytoplasm to a
greater extent than the wild-type protein (24). Cell fraction-
ation indicated that a significant amount of the GAL4-
inv(16)AACD did reach the nucleus (Fig. 8B). In transient-
transfection assays using the GAL4-TK-Luc reporter, this
mutant exhibited impaired transcriptional repression com-
pared to the full-length protein, even at high levels of input
inv(16)AACD plasmid (Fig. 8C). Deletion of the ACD also
resulted in a loss of interaction between inv(16) and mSin3A
(Fig. 8D) as well as HDACS (Fig. 8E) in co-IP assays. Thus,
the ACD contributes to transcriptional repression and core-
pressor binding.

To determine if multimerization of the inv(16) amphipathic

helices alone could induce association with mSin3A or cause
transcriptional repression, we replaced the C-terminal 163 aa
of inv(16) with the p53 multimerization domain (p53tet). This
domain consists of residues 340 to 393, which form an «-helical
basic region that is sufficient for tetramerization (45). p53tet
was fused to the GAL4 DNA-binding domain and a GAL4-
inv(16)1-449 mutant that lacks both the ACD and the C-ter-
minal repression domain (Fig. 9A). Once again, the wild-type
inv(16) fusion protein associated with mSin3A, and the AACD
mutant failed to bind to mSin3A (Fig. 9B). Addition of the
p53 multimerization domain to the GAL4 DNA-binding do-
main did not induce an mSin3A association. Although GAL-
inv(16)1-449 alone did display a weak association with
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FIG. 9. Artificial multimerization of the inv(16) fusion protein does not induce corepressor binding. (A) Schematic diagrams of mutants of
inv(16) and the p53 tetramerization domain. (B) Cos7 cells were transfected with pCMV5-GALA4-pS3tet, pCMV5-GALA4-inv(16) or plasmids
expressing mutant inv(16) proteins. Cell lysates were prepared in PBS containing 0.5% Triton X-100. Co-IPs were performed using anti-mSin3A
(amSin3A) and were analyzed by immunoblotting with antibodies to mSin3A and the GAL4 DNA-binding domain («GAL4DBD). Lysates were
incubated with mSin3A immunoglobulin G (IgG) (IP lanes) or with peptide-blocked mSin3A IgG (C lanes). (C) NIH 3T3 cells were transfected
with 100 ng of plasmids expressing inv(16)- or inv(16) mutants or p53tet and 1 pg of thymidine kinase-firefly luciferase reporter plasmid. Fold
repression was calculated after correcting for transfection efficiency using a plasmid expressing SEAP. Levels of repression are the averages =+
standard errors of three experiments. Empty expression vector was used as a control. Note that error was too small to graph in some samples.

mSin3A, the addition of the p53 sequences did not induce
binding to mSin3A (Fig. 9B). In addition, these mutants did
not significantly repress transcription compared to the full-
length fusion protein (Fig. 9C). Thus, the addition of a mul-
timerization domain to the coiled-coil domain of the inv(16)
fusion protein is not sufficient for transcriptional repression or
corepressor binding.

inv(16)-mediated repression is impaired by a HDAC inhib-
itor. The association of CBFB/SMMHC with mSin3A and
HDACS led us to determine whether inhibitors of HDACs
affect inv(16)-mediated repression. NIH 3T3 cells were trans-
fected with GAL4-inv(16) and the GAL4-TK-Luc reporter
plasmid, and TSA, a HDAC inhibitor, was added to the culture
medium for 48 h prior to the preparation of cell lysates for
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FIG. 10. TSA treatment impairs inv(16)-mediated transcriptional
repression. (A) inv(16)-expressing plasmid (100 ng) was cotransfected
with 1 pg of thymidine kinase (TK)-firefly luciferase reporter plasmid
and 100 ng of pRL-TK. After transfection, TSA at the indicated con-
centrations was added to the culture medium for 48 h. Fold repression
was calculated after normalizing to pRL-TK activity. Note that TSA
affected the control (empty expression vector) to some degree (data
not shown), and the values reported are relative to controls that were
untreated (bar 0) or treated with TSA (bars 10, 25, and 50). Levels of
repression are the averages * standard errors of three experiments.
Note that error was too small to graph in one sample. (B) Immunoblot
analysis of transfected NIH 3T3 cell lysates from the experiment in
panel A.

luciferase assays. Even very small amounts of TSA impaired
inv(16)-mediated repression (Fig. 10A) compared with treated
cells transfected with empty expression vector, although the
levels of CBFR/SMMHC were greatly induced by TSA (Fig.
10B). These data suggest that HDAC:s play a role in inv(16)-
dependent transcriptional repression.

DISCUSSION

Transcriptional repression by chromosomal translocation fu-
sion proteins is a common theme in AML. The t(15;17), t(8;
21), and t(11;17) fusion proteins contact corepressors that re-
cruit HDAC:S or directly bind HDACsS to repress transcription
(17, 19-21, 26, 34). Here we demonstrate that the inv(16)
fusion protein has the ability to interact with mSin3A and
HDACS through an unexpected repression domain within the
SMMHC portion of the fusion protein. The mSin3A and
HDACS binding domains cosegregate with the ability of the
inv(16) fusion protein to repress transcription, implying that
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these factors contribute to inv(16)-mediated repression. In
addition, inv(16)-mediated repression was sensitive to TSA,
a potent, broad-spectrum HDAC inhibitor. Taken together,
these data suggest that HDACsS, including HDACS8 and
HDAC: recruited by mSin3A, contribute to active repression
mediated by this chromosomal translocation fusion protein.

The contribution of a transcriptional repression domain by
the myosin heavy chain portion of the inv(16) fusion protein
was unexpected. This domain contains two known protein in-
teraction motifs: the ACD, which regulates multimerization of
the myosin heavy chain, and the coiled-coil domains that make
extensive contacts between the chains. While the majority of
the coiled-coil domains could be deleted with little or no effect
on transcriptional repression (residues 166 to 449 [Fig. 1B]),
deletion of these domains did impair mSin3A binding because
ionic detergents could not be used to coimmunoprecipitate
these deletion mutants (Fig. 4A). Nevertheless, the C-terminal
163 aa were sufficient for interaction with mSin3A and
HDACS (Fig. 4C and 7B). Thus, the coiled-coil domain may
contribute a mSin3A interaction motif, or oligomerization of
these domains may yield a more stable association with core-
pressors binding the C-terminal domain. However, if the
coiled-coil domains can contact mSin3A, this association alone
is not sufficient to mediate repression (Fig. 8C).

The ability of a nucleus-localized myosin heavy chain to
associate with corepressors could be a result of spurious ho-
mology to transcription factors. The Ski and Sno oncogenes
that were transduced by avian leukemia viruses contain regions
of homology to myosin heavy chains (8, 37, 42). Both of these
oncogenes associate with mSin3A and are capable of repress-
ing transcription and/or acting as corepressors (38). A com-
parison of the repression domain of the inv(16) fusion protein
with the mSin3A binding domain of Ski (38) indicates 23%
identity within these domains. We also considered the possi-
bility that the inv(16) fusion protein may associate with Ski or
Sno to repress transcription, given that they contain homolo-
gous protein interaction motifs. However, we did not observe
an interaction between Ski or Sno and the inv(16) fusion pro-
tein (data not shown).

Our deletion mapping studies pinpointed a domain that was
necessary and sufficient for active transcriptional repression.
While this domain was sufficient for binding corepressors, it
also contains the ACD that is required for multimerization of
the inv(16) fusion protein. We were able to separate these two
functions, as deletion of the first 18 aa of this domain (GALA4-
532-611) impaired but did not eliminate mSin3A association
(Fig. 4C). In addition, replacement of this domain with the p53
tetramerization domain failed to complement the loss of re-
pression or corepressor binding (Fig. 9B and C). Previous
studies also predict that the 502-611 and 532-611 C-terminal
fragments of CBFB/SMMHC, which coimmunoprecipitate
with mSin3A, will not multimerize (24). These data argue that
the ACD contributes directly to association with the corepres-
sors, rather than causing oligomerization of a distal corepres-
sor binding domain. However, under our assay conditions, the
fusion protein most likely retains its ability to dimerize (and
GALA4 forms dimers). Thus, it is possible that dimerization of
the fusion protein would amplify the ability of the fusion pro-
tein to bind mSin3A and HDACS and repress transcription.

The inv(16) fusion protein acts as a corepressor for AMLL1 to
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repress AMLI1-regulated genes (31). Because AMLI1 can also
associate with mSin3A to repress transcription and this repres-
sion is sensitive to TSA, we screened the known class I and
class II HDACs for binding to AMLI1. Although HDACS
failed to bind AML1, HDAC1, HDAC3, and HDAC9 associ-
ated with AMLI (Fig. 6). Given that both the inv(16) fusion
protein and AMLL1 bind mSin3A, we speculate that association
of AML1 with mSin3A is stabilized by the inv(16) fusion pro-
tein to convert AML1 from a regulated transcription factor to
a constitutive repressor.

inv(16) is one of the most frequently observed chromosomal
translocations associated with AML. Our data imply that those
HDAC:s associated with mSin3, and perhaps HDACS, contrib-
ute to the biological actions of inv(16). The observation that
TSA impairs inv(16)-mediated repression provides hope that
directed therapies for this leukemia may be developed using
rational drug design. However, it is likely that targeted thera-
peutic strategies must account for the HDACs that associate
with AML1, the inv(16) fusion protein, and mSin3A.
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