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ABSTRACT The AML/CBFa runt transcription factors
are key regulators of hematopoietic and bone tissue-specific
gene expression. These factors contain a 31-amino acid nu-
clear matrix targeting signal that supports association with
the nuclear matrix. We determined that the AML/CBF«
factors must bind to the nuclear matrix to exert control of
transcription. Fusing the nuclear matrix targeting signal to
the GAL4 DNA binding domain transactivates a genomically
integrated GAL4 responsive reporter gene. These data suggest
that AML/CBFa must associate with the nuclear matrix to
effect transcription. We used fluorescence labeling of epitope-
tagged AML-1B (CBFA2) to show it colocalizes with a subset
of hyperphosphorylated RNA polymerase II molecules con-
centrated in foci and linked to the nuclear matrix. This
association of AML-1B with RNA polymerase II requires
active transcription and a functional DNA binding domain.
The nuclear matrix domains that contain AML-1B are distinct
from SC35 RNA processing domains. Our results suggest two
of the requirements for AML-dependent transcription initi-
ation by RNA polymerase II are association of AML-1B with
the nuclear matrix together with specific binding of AML to
gene promoters.

Many observations suggest a linkage between nuclear archi-
tecture and the regulation of gene expression. These include
drastic changes in nuclear morphology often seen in differen-
tiation and in transformation to malignancy. The filamentous
ribonucleoprotein network known as the nuclear matrix is a
major component of nuclear structure (1-5). It serves to
localize gene sequences and may maintain the distribution of
regulatory factors throughout the nuclear space (6-19).

The AML/CBFa transcription factors are key regulators of
hematopoietic and bone-tissue-specific gene expression (20—
23). We have recently shown that the transcriptionally active
AML factors contain a specific sequence that targets them to
the nuclear matrix (24). In contrast, several inactive forms of
AML that lack this targeting signal do not associate with the
matrix (24). The targeting sequence resides in a 31-aa segment
(nuclear matrix targeting signal, NMTS; aa 351-381) within
the C-terminal domain. This NMTS is physically distinct from
the nuclear localization signal and functions autonomously to
direct AML-1B (CBFA2) to the nuclear matrix (24). These
findings suggest that association with nuclear structure may be
an important aspect of the mechanisms of gene regulation.

In this report we begin to examine the significance of the
AML-1B transcription factor binding to the nuclear matrix.
We show that AML-1B localizes to sites where there is also
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active transcription. We demonstrate that the NMTS, which
directs AML-1B to the nuclear matrix, functions as a transacti-
vation domain when interacting with an appropriate promoter.
Furthermore, we show that the AML-1B transcription factor is
targeted to discrete sites on the nuclear matrix. These sites also
contain the hyperphosphorylated active form of RNA polymer-
ase II. Colocalization of AML transcription factors with RNA
polymerase II on the nuclear matrix is dependent on ongoing
transcription and requires the promoter-recognition function of
the runt homology domain of AML/CBFa.

MATERIALS AND METHODS

Transient Transfections. The AML-1B expression vector
was based on pcDNA /ampl and contains the cytomegalovirus
(CMV) promoter and the human AML-1B ¢cDNA linked to the
hemagglutinin (HA)-tag fused in frame with aa 27 of AML-1B
(CMV/HA/AML-1B construct). DEAE-dextran-mediated
transfection was performed with 9 ug of plasmid DNA in 3 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. SAOS cells were subject to a
15% glycerol shock for 2 min, washed with PBS, refed, and
harvested at 24 hr following transfection. Identical results were
obtained by transfection with lipofectamine using a protocol
provided by GIBCO/BRL.

In Situ Nuclear Matrix Isolation and Indirect Immunoflu-
orescence Analysis. In situ nuclear matrices were prepared as
described (25). Cells on coverslips were washed in PBS and
extracted twice in CSK buffer (25) for 15 min each. DNase
digestion was performed twice in digestion buffer (CSK buffer
with 50 mM NacCl) containing 100 wg/ml DNase I for 30 min,
followed by extraction in digestion buffer containing 0.25 M
(NH4)2SO4 for 10 min. The coverslips were fixed in 4% formal-
dehyde 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 mAb, a gift from M. Czech, University of
Massachusetts Medical Center, Worcester; or a 1:1000 dilution
of polyclonal anti-HA antibodies from Santa Cruz Biotech-
nology), anti-RNA polymerase I, (B3 mouse IgM mAb) that
recognizes the hyperphosphorylated large subunit (250 kDa)
of RNA polymerase II (26), anti-SC35 and anti-BrdUrd (Sig-
ma). The secondary antibody was incubated for 1 hr at 37°C
and was either a fluorescein isothiocynate-conjugated goat
anti-rabbit antibody (1:400, Jackson ImmunoResearch), a
Texas red-conjugated donkey anti-mouse antibody (1:400,
Jackson ImmunoResearch), or a rhodamine-conjugated goat
anti-mouse IgM antibody. DNA content was evaluated by
4’ 6-diamidino-2-phenylindole staining (5 pg/ml 4',6-

Abbreviations: NMTS, nuclear matrix targeting signal; CMV, cyto-
megalovirus; HA, hemagglutinin; AML, acute myelogenous leukemia.
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diamidino-2-phenylindole in PBS containing BSA and 0.05%
Triton X-100). Cells were mounted in Vectashield H-1000.
Microscopic images were obtained by using a CCD camera
interfaced with a digital microscope system or a Bio-Rad MRC
1000 confocal microscope. Images were displayed by using the
Adobe PHOTOSHOP program.

RNA Synthesis Inhibition and BrUTP Labeling. Cells were
transfected as above for 21 hr. Actinomycin D (5 pg/ml) or
5,6-dichlorobenzimidazole riboside (40 wg/ml) RNA synthesis
inhibitors were added for 3 hr. The cells were harvested after
24 hr. BrUTP labeling was conducted on Triton X-100 per-
meabilized cells as described (27, 28).

Transactivation Assays. Transactivation assays were per-
formed with HeLa GAL-5-Luc, a stable cell line carrying an
integrated luciferase gene with five tandem GAL4 binding
sites. This cell line was transfected with pCMV driven GAL4/
AML-1B fusion proteins (250 ng pDNA per well) by using the
polycation Superfect (Qiagen, Chatsworth, CA). Construct
pCMV Sport B-galactosidase (GIBCO/BRL) was used as a
control for transfection efficiency. Luciferase activity was used
to calculate the average fold-induction relative to control
(pCMYV). Statistical comparisons were performed by using the
unpaired Student’s ¢ test (STATVIEW II, MacIntosh).

RESULTS

The NMTS of the AML Transcription Factor Acts as a
Context-Dependent Activation Domain. We have shown pre-
viously that the C terminus of AML-1B contains a 31-aa
NMTS (aa 351-381), as well as a transactivation domain (aa
432-480) that functions within the context of the TCRf
promoter (24, 29). Transcriptional activation controlled by
AML depends on promoter context and interactions with
additional factors (22, 23, 29). We tested whether either the
C-terminal AML domain (aa 432-480) or the NMTS (aa
351-381) will transactivate gene transcription when interacting
with a heterologous promoter. We fused each of these two
segments separately to the GAL4 DNA binding domain (aa
1-147). The fusion proteins expressed by these two constructs
have very different activities when interacting with a promoter
containing multiple GAL4 binding sites.

The transactivating activities of the two resulting GAL4/
AML-1B fusion proteins were assayed by transfection and
expression in a genetically modified HeLa cell line. This cell
line contains a stably integrated reporter construct with five
GALA4 responsive sites upstream of the TATA box that to-
gether drive the luciferase (LUC) gene. Fig. 1 shows the
experimental results. Expression of the GAL4 (aa 1-147)
protein alone results in, at most, a modest 1.5-2-fold increase
over basal LUC activity (control). Fusing the C-terminal AML
(aa 432-480) segment to GAL4 has almost no effect on
promoter activity although this segment is known to be a
powerful activation domain when present in the TCRp pro-
moter (24, 29). Conversely, although the NMTS targeting
sequence does not enhance TCR promoter activity (24, 29),
it does function as a potent transactivation domain when
assayed here with the GAL4 promoter (Fig. 1). The results
show that LUC activity is enhanced 5-fold relative to the
control (Fig. 1). The NMTS appears to be a context-dependent
transactivation domain.

AML Regulatory Factors Associate with a Subset of RNA
Polymerase II Domains on the Nuclear Matrix. The interest-
ing finding that the NMTS (aa 351-381) domain affects both
nuclear matrix targeting and transcriptional activation suggests
that these two functions are causally related. One consequence
of such a linkage would be the association of actively tran-
scribing RNA polymerase II with AML-1B. We performed
double label immunofluorescence experiments to ascertain
the extent of colocalization of nuclear matrix-associated
AML-1B with the hyperphosphorylated form of RNA poly-
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FiG. 1. The NMTS of AML-1B trans-activates heterologous re-
porter gene expression. The reporter gene is chromosomally inte-
grated and is composed of multimerized GAL4-sites fused to the
Adenovirus minimal E1A promoter that drives expression of luciferase
activity. Data are expressed as fold-induction in response to CMV
driven coexpression of fusion-proteins between the GAL4 DNA
binding domain (aa 1-147; GAL) and C-terminal segments of
AML-1B (GAL/AML 432-480 and GAL/AML 351-381), relative to
cells transfected with the CMV-vector alone (control). Each bar
represents the data from 5 experiments (2-3 replicates). The asterisks
indicates statistically significant differences relative to the control
(*P = 0.0005; **P = 0.005).

merase II (pol IIy) (Fig. 2). We confirmed that RNA poly-
merase II domains associated with the nuclear matrix are
transcriptionally active by immunofluorescence analysis of
BrUTP-labeled RNA transcripts and RNA polymerase II in
SAOS cells. The majority (>95%) of RNA polymerase II-
containing foci are labeled with BrUTP (Fig. 3) consistent with
previous reports (9, 26). Therefore, the RNA polymerase Il
domains detected in SAOS cells with the B3 antibody used in
this study represent sites of ongoing transcription.

Human SAOS osteosarcoma cells were transfected with
AML-1B tagged with the HA epitope (Fig. 2). The cells were
extracted to obtain the nuclear matrix, which was then labeled
with antibodies to HA and to RNA polymerase Ily. Fig. 2
shows that AML-1B and RNA polymerase Iy molecules are
bound to the nuclear matrix and distributed throughout the
nuclear space. AML-1B is localized in a few prominent foci but
most are more broadly distributed. RNA polymerase 11, shows
a similar but not identical distribution in large foci and in
smaller domains throughout the nucleus. The number and size
of RNA pol IIj foci in SAOS cells showed cell-to-cell variation,
possibly related to cell cycle stage and/or metabolic state.
Strikingly, AML-1B and RNA polymerase II, colocalize at
some of the most prominent foci in the nuclear matrix as well
as at many of the smaller, more numerous sites. The colocal-
ization of AML-1B and RNA polymerase I, suggests that
nuclear matrix association of AML-1B is related to RNA
polymerase II activity.

The foci labeled by fluorescent antibodies to AML-1B and
polymerase Il are distinct from the RNA processing domains.
We compared the immunofluorescence pattern of AML-1B to
that of SC-35, a spliceosome assembly factor that is associated
with domains enriched in splicing factor (2, 18, 30). The results
show that immunofluorescence signals for SC-35 and HA/
AML-1B antibodies do not overlap (Fig. 4). Hence, AML-1B
nuclear matrix domains clearly do not coincide with SC-35
domains.

Association of AML/CBFa to RNA Polymerase II Domains in
the Nuclear Matrix Requires a Functional runt Homology DNA-
Binding Domain. In our earlier studies we have shown that the
NMTS in AML-1B is by itself sufficient to insure the association
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Fi1G. 2. AML-1B is targeted to transcriptionally active nuclear matrix domains. (4 and B) A subset of AML-1B and RNA polymerase II are
colocalized in the nuclear matrix. Human osteosarcoma SAOS-2 cells were transiently transfected with a construct expressing HA-tagged
CBFa2/AML-1B. In situ nuclear matrix samples were prepared 24 hr after transfection as described in Materials and Methods. HA/AML-1B was
detected with an antibody against HA (green) (Left) and RNA polymerase 1Ip with the B3 anti-RNA polymerase II antibody (red) (Center). The
merged image is shown in the Right panel; yellow indicates colocalization of AML-1B with RNA polymerase IIy. The colocalization of AML-1B
with RNA polymerase IIp was evaluated by digital immunofluorescence microscopy (4) and by confocal microscopy (B) with a series of optical
sections (0.5 wm intervals) through a single cell. B shows single-color and merged images (green, HA/AML-1B; red, RNA polymerase II; yellow,
colocalization) for one of the optical sections. (C) Promoter recognition is required for the colocalization of AML-1B with RNA polymerase II.
SAOS-2 cells were transfected with the HA-tagged L148D mutant that contains a point mutation in the runt homology domain and lacks
DNA-binding activity. In situ nuclear matrix preparations were visualized as described in 4 (green, HA/AML-1B; red, RNA polymerase II; yellow,
colocalization). The images shown were obtained by digital fluorescence microscopy. Similar images were obtained by directly photographing
immunofluorescence signals (data not shown).

of the factor with the nuclear matrix (24). However, auxiliary scriptionally active RNA polymerase II,. The role of the runt
signals may be required for colocalization of AML with tran- homology domain in establishing effective interactions of
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F1G.3. AML-1B/RNA polymerase IIj sites are coupled with RNA synthesis. The HA/AML-1B construct was transfected into SAOS and ROS
17/2.8 cells. BrUTP labeling was performed with Triton X-100 permeabilized cells. Cells were double-stained with the B3 anti RNA polymerase
II antibody and the BU33 anti-BrdUrd antibody. BrUTP (green) and RNA polymerase 11y (red) single-color channels and the merged image are
each shown, with yellow indicating colocalization of BrUTP and RNA polymerase IIo. The same extent of colocalization was observed in

mock-transfected and untransfected cells (data not shown).

AML-1B with RNA polymerase IIj at specific sites within the
nucleus was assessed by analyzing the distribution of an AML-1B
mutant (L148D). This mutant protein contains an amino acid
substitution in the runt homology domain that abrogates recog-
nition of gene-specific promoters. Fig. 2C shows the distribution
of this mutant AML-1B protein. There is no longer overlap with
the RNA polymerase Il domains. Clearly, a functional runt
homology domain is essential for AML-1B to colocalize with
RNA polymerase II,. This result reinforces the proposal that
promoter recognition plays an essential role in forming foci
containing both AML-1B and active RNA polymerase II. Also,
loss of AML-1B and RNA polymerase Il colocalization occurs
following inhibition of transcription with either actinomyocin D
or dichlorobenzimidazole riboside, although the mechanism re-
mains to be determined (data not shown).

DISCUSSION

Association of genes and cognate factors with the nuclear
matrix may support the formation and/or activities of nuclear

domains that facilitate transcriptional control (1-13). Our
findings indicate that the association of a transcription factor
with the nuclear matrix is obligatory for its activity. The results
presented here provide insight into control of tissue-specific
gene expression in situ. First, we show that active transcription
is required for colocalization of AML-1B and RNA polymer-
ase II at the nuclear matrix. Second, we show that the
promoter-recognition function of the runt homology domain
of AML-1B, and thus the consequential interactions with
AML responsive genes is essential for formation of transcrip-
tionally active foci containing AML and RNA polymerase II
in the nuclear matrix.

Several sites on the nuclear matrix have been implicated in
gene expression and DNA replication, including the nucleolus,
RNA polymerase II-containing transcriptional domains,
SC-35 domains, coiled bodies, and PML domains (16-19, 27,
28, 30). Furthermore, many regulatory and catalytic compo-
nents of macromolecular complexes that mediate transcription
and DNA replication are associated with the nuclear matrix

FiG. 4. AML-1B does not colocalize with SC-35 RNA processing domain. SAOS cells were transfected with HA/AML-1B and evaluated by
immunofluorescence analysis of the nuclear matrix in situ by using the HA antibody (green, AML-1B) and the SC-35 antibody (red, SC-35) that
recognizes SC-35 RNA processing domain. In some cells, proximity of AML-1B and SC-35 domains is reflected by limited yellow staining.
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(6-14, 31, 32). To function, transcription factors that concen-
trate in the nuclear matrix must colocalize with coactivators
and RNA polymerase II at nuclear sites that support RNA
synthesis. We propose that control of gene expression requires
a molecular mechanism that targets regulatory proteins to
specific spatial domains within the nucleus.

We have previously demonstrated that targeting of AML-1B
to specific sites within the nucleus involves at least two
trafficking signals, one of which mediates nuclear import and
the other promotes association with the nuclear matrix (24).
Analogous but distinct trafficking signals dictate association of
proteins with DNA replication foci (31, 32). This multiplicity
of determinants for intranuclear targeting presumably pro-
vides some of the requisite complexity to direct proteins to
specific sites within the nucleus in response to diverse biolog-
ical signals. In this study we have established that AML-1B and
RNA polymerase II colocalize at defined nuclear foci. Apart
from a nuclear localization signal and the NMTS of AML-1B,
this colocalization requires a third molecular determinant, the
runt homology domain. This domain is responsible for DNA
binding and interacts with the CBFf partner protein (22, 23).
Our findings suggest that promoter recognition by nuclear
matrix associated AML-1B, recruitment of RNA polymerase
IIy and the ensuing formation of nascent RNA transcripts are
functionally linked.

We note that association with the nuclear matrix is necessary
but not sufficient to support AML-1B enhanced transcription.
Only a subset of AML-1B is associated with RNA polymerase
IIp in the nuclear matrix. Those AML sites that are not
colocalized with RNA polymerase II, may represent locations
of AML responsive genes that are poised but not fully com-
petent to be transcribed. Alternatively, these AML domains
may represent inactive storage sites.

AML factors transactivate a broad spectrum of genes with
different promoter organizations that must be regulated under
diverse biological conditions (22, 23). Consistent with this
concept, we find that both a previously identified C-terminal
transactivation domain (aa 432-480) (24, 29) and the NMTS
(aa351-381) (24) support transactivation when associated with
an appropriate promoter. However, there are key distinctions
in the manner by which the NMTS (aa 351-381) and the
C-terminal AML(432-480) region activate transcription. In
contrast to the AML C-terminal region (432-480), the tran-
scriptional activity of the NMTS depends on association with
the nuclear matrix.

In summary, our data provide evidence that targeting of
AML/CBFa transcription factors to the nuclear matrix is
important for their function in gene transcription. Further
studies will be necessary to identify components of the nuclear
matrix that function as acceptor sites.

The authors thank Elizabeth Bronstein for help in preparation of the
manuscript. These studies were supported by the National Institutes of
Health (AR42262).
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