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ABSTRACT Transcription factors of the AML (core bind-
ing factor-a/polyoma enhancer binding protein 2) class are
key transactivators of tissue-specific genes of the hematopoi-
etic and bone lineages. Alternative splicing of the AML-1 gene
results in two major AML variants, AML-1 and AML-1B. We
show here that the transcriptionally active AML-1B binds to
the nuclear matrix, and the inactive AML-1 does not. The
association of AML-1B with the nuclear matrix is independent
of DNA binding and requires a nuclear matrix targeting signal
(NMTS), a 31 amino acid segment near the C terminus that
is distinct from nuclear localization signals. A similar NMTS
is present in AML-2 and the bone-related AML-3 transcrip-
tion factors. Fusion of the AML-1B NMTS to the heterologous
GAL4-(1-147) protein directs GAL4 to the nuclear matrix.
Thus, the NMTS is necessary and sufficient to target the
transcriptionally active AML-1B to the nuclear matrix. The
loss of the C-terminal domain of AML-1B is a frequent
consequence of the leukemia-related t(8;21) and t(3;21) trans-
locations. Our results suggest this loss may be functionally
linked to the modified interrelationships between nuclear
structure and gene expression characteristic of cancer cells.

The gene encoding transcription factor AML-1 [core binding
factor @ (CBF-a)/polyoma enhancer binding protein 2
(PEBP2)] is frequently the target of multiple chromosomal
translocations in lymphoid and myeloid leukemias (1-10).
Human AML-1 recognizes the core motif 5'-TGYGGT (Y =
C or T) and heterodimerizes with the non-DNA-binding
partner CBF-B (1, 11-14). The AML-1 class of proteins
includes AML-2 and AML-3, and also the murine homologs
PEBP 2aA and BEBP 2aB, which share a runt homology
DNA-binding domain (rhd) first documented in the Drosophila
runt gene (12-18). The human AML-1 gene comprises at least
eight different exons and multiple polyadenylylation sites (19)
and encodes multiple alternatively spliced proteins. The largest
of these is AML-1B (480 aa), a transcriptional activator (14,
17). The shorter AML-1 protein (250 aa) does not activate
transcription (13, 14). The major distinction between inactive
AML-1 and transcriptionally active AML-1B is use of the
alternative C-terminal exons 7B and 8 that are absent in
AML-1. These exons are separated from the rhd by many
leukemia-associated chromosomal translocations.
AML-related factors are expressed in a variety of tissues
including lymphoid, myeloid, and osteoblast lineages (1, 17, 18,
20-22), where they are key components of mechanisms me-
diating tissue-specific transcription (22-29). Recent studies
have shown that the nuclear matrix protein NMP-2, specific to
osseous cells, is an AML-related protein (21) and that AML
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transcription factors activate the bone-specific osteocalcin
promoter through an NMP-2 binding site (22).

Regulation of gene expression is linked to organization of
nuclear structure, a principal component of which is the filamen-
tous ribonucleoprotein network known as the nuclear matrix. The
nuclear matrix is involved in gene localization and in the con-
centration and subnuclear localization of regulatory factors (30—
35). A direct demonstration of the specificity of transcription
factor/nuclear matrix interactions would be a significant advance
for understanding the role of nuclear structure in regulating gene
expression. Here, we show that transcriptionally active AML-1B
associates with the nuclear matrix but inactive AML-1 does not.
Consequently, a fundamental question is how active AML tran-
scription factors become associated with the nuclear matrix. We
show that sequences required for targeting AML-1B to the
nuclear matrix reside in a 31-aa segment [nuclear matix targeting
signal (NMTS), amino acids 351-381] within the C-terminal
domain. The NMTS is physically distinct from the nuclear
localization signal, functions autonomously, and is closely asso-
ciated with the transactivation domain.

METHODS

Transient Transfections. Expression vectors were based on
pcDNA/ampl and contain the cytomegalovirus (CMV) pro-
moter and segments of the human AML-1B cDNA linked to the
hemagglutinin (HA)-tag fused in frame with amino acid 27 of
AML-1B (CMV/HA/AML-1B constructs). DEAE-dextran-
mediated transfection was performed with 15-20 ug of plasmid
DNA mixed with 1.5 ml of F12 serum-free medium containing 0.2
mg/ml DEAE-dextran and 0.05 mg/ml chloroquine. Aliquots of
0.5 ml of this mixture were added to each well of a six-well plate
and incubated for 1.5-2.0 hr at 37°C. Cells were subject to a 15%
glycerol shock for 2 min, washed with PBS, refed, and harvested
at 36—40 hr following transfection.

Cellular Fractionation. Nuclear matrix fractions were pre-
pared by sequential extraction (36) with CSK buffer, RSB
buffer, and digestion buffer followed by 0.25 M ammonium
sulfate extraction. Fractions for the salt-resistant nuclear re-
tention assay were prepared by sequential incubations in IsoHi
buffer (10 mM Tris-Cl, pH 8.4/140 mM NaCl/1.5 mM MgCl,/
0.5% Nonidet P-40) and high salt buffer (20 mM Hepes, pH
7.9/1 M NaCl/0.2 mM EDTA/20% glycerol/1.5 mM MgCl,/
0.1 mM EGTA/1.2 mM phenylmethylsulfonyl fluoride). West-
ern blot analysis was performed after electrophoresis in SDS/
10% or 12% polyacrylamide gels, and proteins were detected
with AML or HA antibodies (1:3,000 dilution) using enhanced
chemiluminescence (Amersham).

In Situ Nuclear Matrix Isolation and Indirect Immunofluo-
rescence Analysis. Cells on coverslips were washed in PBS and

Abbreviations: NMP, nuclear matrix protein; NMTS, nuclear matrix
targeting signal; PML, promyelocytic-leukemia factor; DAPI, 4',6-
diamidino-2-phenylindole; HA, hemagglutinin; TA, transactivation;
rhd, runt homology domain.
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FiG. 1. AML-1B is associated with the nuclear matrix. (4) AML-1B is present in the biochemical nuclear matrix and the salt-resistant insoluble
nuclear fraction. Biochemical fractionation of Jurkat cells using the nuclear matrix protocol (Upper) yields cytoplasmic (CSK and RSB), chromatin
(Nuclease), and nuclear matrix (N.M.) fractions. Nuclear extraction of Jurkat cells (Lower) results in cytoplasmic (C), salt-extractable nuclear (N),
and high salt-resistant nuclear “pellet” (P) fractions. Protein representing equal cell numbers was loaded in each lane. Western blot analysis was
performed using an affinity-purified rabbit polyclonal antibody against the 17 aa at the N terminus of AML-1. (B) Immunofluorescence localization
of AML-related proteins in ROS 17/2.8 cells. Whole cell (WC) and in situ nuclear matrix (NM) preparations were analyzed for the presence of
AML-related proteins by indirect immunofluorescence with the AML-1 anti-peptide antibody (Left). DNA content was assessed by DAPI staining
(Right). (C) Salt-resistant nuclear retention is a shared property among AML proteins. AML-1, AML-1B, AML-2, and AML-3 cDNAs were
expressed in Cos-7 cells transfected by the DEAE-dextran procedure (14). Subcellular fractions (as described in.4) were subjected to Western blot
analysis with AML-specific antibodies. AML-1 (250 aa) is a splice variant of AML-1B (480 aa) that lacks the C-terminal extension that is conserved

among AML-1B, AML-2, and AML-3.

extracted twice in CSK buffer. DNase digestion was performed
twice in digestion buffer (CSK buffer but with 100 wg/ml DNase
I and 50 mM NaCl) followed by extraction in digestion buffer
containing 0.25 M (NH4),SO4. The coverslips were fixed in 4%
formaldehyde in PBS. Whole cell samples were fixed directly after
the PBS wash, followed by permeabilization with 0.25% Triton
X-100 in PBS. The primary antibody was incubated for 1-1.5 hr
at 37°C. The primary antibodies were anti-HA (1:1,500 dilution,
12CAS mouse monoclonal, a gift from M. Czech, University of
Massachusetts Medical Center, Worcester), anti-NuMa (1:200
dilution rabbit polyclonal, a gift from Matritech, Newton, MA),
anti-AML-1 (1:200 dilution, rabbit polyclonal antibody against
the N-terminal peptide of AML-1). The secondary antibody was
incubated for 1 hr at 37°C and was either a fluorescein isothio-
cyanate-conjugated goat anti-rabbit antibody (1:400, Jackson
ImmunoResearch) or a Texas red-conjugated donkey anti-mouse
antibody (1:400, Jackson ImmunoResearch). DNA content was
evaluated by 4',6-diamidino-2-phenylindole (DAPI) staining (5
pg/ml DAPI in PBS containing BSA and 0.05% Triton X-100).
Cells were mounted in Vectashield H-1000.

RESULTS

The Transcription Factor AML-1B Is Associated with the
Nuclear Matrix. We initially investigated subcellular partitioning
of AML-1B in Jurkat T cells using two different extraction
protocols. Nuclear matrix/intermediate filament preparations
were obtained from Jurkat cells. Western blot analysis shows that
most of AML-1B is associated with the nuclear matrix fraction
(Fig. 14 Upper), which is also positive for the nuclear matrix
specific marker lamin B (data not shown). Thus, AML factors are
present in the nuclear matrix in cells of both bone (21, 35) and
hematopoietic lineages. Like many other NMPs, AML-1B is not
extracted from nuclei by high salt (14) (Fig. 14 Lower). We also
visualized the cellular distribution of AML proteins by immuno-
fluorescence analysis in ROS 17/2.8 osteosarcoma cells. Bio-
chemical analysis previously showed that ROS 17/2.8 cells con-
tain AML-related transcription factors in their nuclear matrix
(21). Fig. 1B shows that endogenous AML-related factors are
retained throughout the nuclear matrix preparations from which
all chromatin detectable by DAPI staining has been removed.
This finding supports the specific association of AML-related
factors with the nuclear matrix.

We analyzed the subcellular partitioning of several distinct
AML proteins to determine whether these might also be
associated with the nuclear matrix. AML-1B, AML-2, and

AML-3 are encoded by three different genes, but each pos-
sesses a similar C-terminal extension that is absent from
AML-1, the 33-kDa splice variant of the AML-1 gene. We
expressed these proteins in Cos-7 cells. The results show clearly
that AML-1B, AML-2, and AML-3 remain in the high-salt-
resistant fraction, while AML-1 is extracted into both cyto-
plasmic and nuclear fractions and is absent from the salt-
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F1G. 2. Nuclear matrix association of AML-1B is independent of
DNA binding and CBF- interaction. (4) Subcellular partitioning of
AML-1B/rhd substitution mutants that affect DNA binding and/or
CBF-B interactions (37). Nuclear extraction results in cytoplasmic (C),
salt-extractable nuclear (N), and salt-resistant nuclear “pellet” (P)
fractions. (B) In situ immunofluorescence analysis of the HA-tagged
AML-1B/A155-258 protein expressed in ROS 17/2.8 cells; this pro-
tein lacks a portion of the rhd and is defective for DNA binding.
Immunostaining with a NuMa antibody (eNuMa) and/or an HA
antibody («HA) for detection of HA/AML is observed in both whole
cell (WC) and in situ nuclear matrix preparations (NM). (Bar = 10 um.)
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FIG. 3. Delineation of the AML-1B NMTS by in situ immunofluorescence analysis. Wild-type HA/AML-1B (4), HA/AMLI1-289 (B),

HA/AML1-381 and HA/AML1-290/351-381 (C), HA/AML1-346 (D), and HA/AML1-290/432-480 (E) were transiently transfected into ROS
17/2.8 cells and analyzed in whole cell (WC) or in situ nuclear matrix (NM) preparations. Preparations were visualized with a fluorescein
isothiocyanate-conjugated secondary antibody detecting NuMa (aNuMa; green) and a Texas red-conjugated antibody detecting the HA epitope
(aHA; red). DNA was visualized by DAPI staining (DAPI; blue). (Bar = 10 um.) Regions of colocalization appear yellow. However,
high-resolution, computer-enhanced images reveal that the staining patterns for NuMa and AML-1B are dispersed and punctate but nonoverlapping
(F). Constructs lacking the NMTS (AMLI1-346 and AML1-290/432-480) localize in the nucleus but are not retained in the nuclear matrix.

resistant fraction (Fig. 1C). Hence, it appears that molecular
differences between AML-1 and AML-1B result in specific
differences in their partitioning between subnuclear fractions.
The observation that AML-1B, AML-2, and AML-3 all local-
ize to the nuclear matrix-containing fraction suggests that
association with the nuclear matrix is a property shared among
these three AML family members.

Nuclear Matrix Targeting of AML-1B Is Independent of DNA
Binding. The rhd is the most strongly conserved protein segment
among the AML class of transcription factors, and it mediates
both DNA binding and protein—protein interactions with the
AML partner CBF-B. To assess whether these two functions are
required for salt-resistant nuclear retention, we analyzed sub-
nuclear partitioning of AML-1B proteins containing single amino
acid substitutions in the rhd (37). One mutation affects DNA
binding but not CBF-B interaction (K144M), others eliminate
both activities (L148D, F146Y), while another does not affect
wild-type function (L148F). Each of these mutant proteins re-
mained in the salt-resistant insoluble nuclear fraction (Fig. 24),
showing that neither DNA binding nor CBF-B interaction is
required for association with the nuclear matrix.

Further evidence for independence of nuclear matrix attach-
ment and DNA binding was afforded by an HA-tagged mutant
of AML-1B with an internal deletion of amino acids 155-258
(AMLA155-258). This mutation removes the distal portion of the
rhd encompassing critical motifs involved in DNA binding (38)
and an auxiliary determinant for nuclear localization (39). This
mutant protein does not bind DNA but nevertheless resists
extraction from the nuclear matrix (Fig. 2B). Hence, DNA
binding is not necessary for nuclear matrix association in situ.

The C-Terminal Domain of AML-1B Is Required for Targeting
to the Nuclear Matrix. AML-1B is associated with the nuclear
matrix, while AML-1 is not. An obvious difference between the
two proteins is the C-terminal extension of AML-1B that is absent
in AML-1 (see Fig. 44). This protein segment contains a strong
transcriptional activation domain (15). We established the im-
portance of the C-terminal domain in linking AML to the nuclear
matrix by constructing a version of AML-1B (AML1-289) that is
truncated beyond amino acid 289 and resembles the AML-1
(33-kDa) splice variant (see Fig. 4). We found a marked differ-
ence in the partitioning of the two proteins in biochemical
fractionation: AML-1B remains entirely in the nuclear matrix
fraction, while AML1-289 is not bound to the matrix but elutes
completely with the chromatin fraction (data not shown).

We also carried out in situ immunofluorescence analysis of
whole cells and nuclear matrices in transfected ROS 17/2.8
cells expressing HA-tagged AML proteins (Fig. 3). Visualiza-
tion of the nuclear matrix was achieved by immunostaining
with an antibody that detects the nuclear matrix protein NuMa
(Fig. 3). Both AML-1B and AML1-289 proteins show a similar
broad distribution throughout the nucleus. However, both
biochemical and in situ assays show that AML1-289 is not
present in the nuclear matrix, while AML-1B is nuclear matrix
associated. We conclude that the C terminus of AML-1B
(amino acids 290-480) contains a segment essential for asso-
ciation with the nuclear matrix.

The NMTS of AML-1B Resides Between Amino Acids 351 and
381. To establish the specific domains in the C-terminal region of
AML-1B required for binding to the nuclear matrix and for
transactivation, we constructed a series of HA-tagged C-terminal
deletion mutants, as well as mutants with deletions in internal
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F16.4. Delineation of the transactivation domain in the C terminus of AML-1B. (4 and C) Diagrams of C-terminal and internal deletion mutants
of AML-1B. Dark shading designates sequences unique to AML-1. (B and D) Transactivation analysis of AML-1B deletion mutants using the
AML-1B-responsive reporter construct TCRB-CAT. The bar graph shows the fold induction of transcription with each AML protein as the average
of three separate experiments. (Bar = SD.) C33A cells were transfected by the calcium phosphate method (14) using 1 ug of TCRB-CAT (25),
pCMVS5, or pPCMVS vectors expressing AML-1 or the AML-1B deletion mutants, and 5 pug of pRSV-long terminal repeat/SEAP expressing a
secreted alkaline phosphatase gene (SEAP) (40). pBlueScript was added to bring each transfection to 25 pg of total DNA. Promoter activity was

normalized for transfection efficiency by using SEAP.

domains of AML-1B (see Fig. 4). We determined the subcellular
location of these AML-1B mutants by indirect immunofluores-
cence labeling of nuclear matrix preparations (Fig. 3). The data
show that AML1-381 and AML1-290/351-381, but not AML1-
346 and AML1-290/432-480, associate with the nuclear matrix
of ROS 17/2.8 cells (Fig. 3). Western blot analysis of subcellular
fractions corroborates these findings (data not shown). We
conclude that amino acids between 351 and 381 contain a unique
NMTS that is necessary for directing the rhd-containing portion
of AML-1B (amino acids 1-289) to the nuclear matrix.

The Transactivation Domain of AML-1B (Amino Acids 432—-
480) and the NMTS (Amino Acids 351-381) Are Both Encoded
by Exon 8. The C terminus of AML-1B (amino acids 290—480)
contains, in addition to the NMTS, a potent transactivation (TA)
domain. The absence of this region in AML1-289 correlates with
dramatically reduced transactivation potential (Fig. 4). We
mapped the specific domain in the C-terminal region of AML-1B
required for transactivation by using a series of C-terminal and
internal deletion mutants (Fig. 4). Deletion of C-terminal resi-
dues 382-480 (AML1-381) abolishes transactivation (Fig. 4).
Internal deletions of either 291 to 315 (AML1-290/316-480) or
291 to 350 (AML1-290/351-480) do not significantly reduce the
transactivation potential of AML-1B (Fig. 4). We also observed
that AML1-290/387-480 and AML1-290,/432-480 proteins are
maximally active, whereas AML1-290/351-381 is not (Fig. 4).

These results clearly show that the main TA domain of AML-1B
is found at the C terminus between amino acids 432 and 480 and
is separable in vitro from the NMTS. However, both the TA
domain (amino acids 432-480) and the NMTS (amino acids
351-381) are encoded by the same exon (exon 8). Thus, although
the TA and NMTS domains can be separated experimentally, the
transactivation and nuclear matrix targeting functions are not
dissociated in vivo.

The NMTS Is Sufficient to Target a Heterologous Nuclear
Protein to the Nuclear Matrix. If the C-terminal segment of
AML-1B contains a targeting signal and represents an autono-
mous protein domain, it should direct a heterologous protein to
the nuclear matrix. We compared binding to the nuclear matrix
in cells expressing GAL4-(1-147) protein (41) alone or chimeric
proteins with GAL4-(1-147) fused to the C terminus of AML-1B
(amino acids 171-480), to the NMTS (amino acids 351-381), or
to the TA domain (amino acids 432-480). Nuclear matrices were
labeled for immunofluorescence with an antibody to GAL4. Fig.
5 shows that both the GAL4/AML-1B C-terminal fusion protein
and the GAL-4/AML351-381 fusion protein are bound to the
nuclear matrix. In contrast, although the GAL4-(1-147) protein
and the GAL-4/AML432-480 fusion protein are transported
into the nucleus, these proteins do not bind to the nuclear matrix.
We conclude that the NMTS of AML-1B (amino acids 351-381)
(Fig. 5B) is necessary and sufficient for targeting this protein to
the nuclear matrix.
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F16.5. The NMTS is sufficient to direct a heterologous nuclear protein to the nuclear matrix. (4) In situ immunofluorescence analysis of nuclear
matrices prepared from ROS 17/2.8 cells transfected with expression vectors for GAL4-(1-147), GAL4-(1-147)/AML171-480, GAL4/AML351-
381, and GAL4/AMLA432-480 as indicated. Fusion proteins were visualized using a GAL4-specific primary antibody and a fluorescein
isothiocyanate-conjugated secondary antibody. (Bar = 10 um.) (B) Comparison of the amino acid sequence of the AML-1B NMTS with sequences
of other members of the AML family, including the bone-related AML-3 factor (62, 63). Three motifs (boxes A, B, and C) show conservation of
amino acids with either aliphatic (®), aromatic (O), aliphatic hydroxyl (v), or basic (+) side chains. The brackets denote segments with a propensity
to form turns or a preponderance of hydrophobic or hydrophilic residues, based on the Kyte—Doolittle hydropathy plot using Genetics Computer
Group (Madison, WI) software. The NMTS is devoid of negatively charged amino acids; 20 of 31 amino acids are G, A, Y, T, or S.

DISCUSSION

Nuclear Architecture and Transcription Factor Targeting. The
nuclear matrix may contribute to control of gene expression by
localizing and/or concentrating transcription factors. We have
defined a 31-amino acid segment (NMTS) that mediates associ-
ation of transcriptionally active AML-1B with the nuclear matrix,
and we have shown a close physical linkage of this NMTS to the
transactivation domain. Furthermore, the transcriptionally inac-
tive AML-1 splice variant lacks the NMTS. Our results provide
insight into mechanisms by which gene-regulatory factors are
targeted to the nuclear matrix. The existence of a nuclear matrix
targeting module that functions independent of the AML-1B
DNA-binding domain provides evidence for the specificity of
these factor/nuclear matrix interactions. Specific targeting argues
against indiscriminate attachment of such proteins to the nuclear
matrix during subcellular fractionation.

The functional complexity of nuclear organization is re-
flected by the multiplicity of specialized nuclear substructures
contributing to DNA replication and/or gene expression,
including the nucleolus, RNA polymerase II transcription and
processing domains, coiled bodies, promyelocytic-leukemia
factor (PML) domains, and Barr bodies (42-50). The nuclear
matrix, the anastomosing network of nuclear filaments, may
provide the underlying structure that supports nuclear com-
partmentalization, and is itself a specialized nuclear structure.
The nuclear matrix mediates long-range control of gene tran-
scription, and several DNA-binding proteins involved in gene/
matrix interactions have been identified, including SATB-1
(51), ARBP (52, 53), lamin B (54, 55), NMP-1 (56), and NMP-2
(21, 35). The nuclear matrix is a developmentally modulated
structure as reflected by its protein composition that is specific
to tissue type and differentiation stage (reviewed in refs. 30
and 31). One basic question is how proteins traffic selectively
to such specialized domains within the nucleus to become
components of functional complexes.

Previous data and the current study show that at least two
trafficking signals are required for subnuclear targeting of AML
transcription factors; the first supports nuclear import (nuclear
localization signal) and a second mediates association with the
nuclear matrix (NMTS). Lu et al. (39) observed that both the
N-terminal (amino acids 94-221) and C-terminal (amino acids
221-513) regions of the murine AML-1 homolog contribute to
nuclear import. Our data show that amino acids between 351 and

381 of human AML-1B confer nuclear matrix association
(NMTS). The NMTS and the transactivation domain of AML-1B
are both encoded by exon 8. Although the NMTS and transac-
tivation domains can be separated by in vitro manipulation, in vivo
splicing of exon 8 will always result in AML proteins that contain
both functional domains. The multiplicity of determinants for
nuclear localization and alternative splicing of AML mRNAs may
provide the requisite complexity to support targeting to specific
sites within the nucleus in response to diverse biological condi-
tions. Furthermore, because gene regulation by AML-1B involves
contributions by other factors—such as CBF-g (11, 12), ets-1 (57),
and C/EBP (58)—AML-1B may facilitate recruitment of these
factors to the nuclear matrix.

Implications of Chromosomal Translocation for Transcrip-
tion Factor Targeting in Leukemic Cells. AML-1 is one of the
most frequently affected genes in human leukemia. Mapping
of the nuclear matrix attachment site to exon 8 reveals that this
domain is not present in the t(8;21) fusion protein (AML-1/
ETO), but is replaced by sequences from the MTGS gene (59,
60). Thus, intranuclear targeting of the AML transcription
factor may be abrogated because of chromosomal transloca-
tions in leukemic cells. Fidelity of transcriptional control may
involve the localization of gene-regulatory proteins to the
correct subnuclear region. For example, PML bodies are
nuclear structures that are associated with the nuclear matrix
and modified in promyelocytic leukemia cells (30, 49, 61). In
normal cells the PML protein resides in discrete PML bodies.
However, in leukemic cells the PML protein is genetically
rearranged and dispersed throughout the nucleus. We suggest
that perturbations in subnuclear location and/or nuclear ma-
trix association of proteins may be related to modifications in
gene expression that are linked to leukemias. These pertur-
bations may also effect the alterations in nuclear organization
that are the hallmarks of cancer cells.

We thank Liz Allison for helpful comments, Elizabeth Bronstein for
editorial assistance, and John McNeil for high-resolution image anal-
ysis. These studies were supported by National Institutes of Health
Grants AR42262 and CA64140 and by the Our Danny Cancer Fund.
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