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Abstract The multifunctional transcription factor YY1 is associated with the nuclear matrix. In osteoblasts, the
interaction of several nuclear matrix-associated transcription factors with the bone specific osteocalcin gene contributes
to tissue-specific and steroid hormone-mediated transcription. A canonical nuclear matrix targeting signal (NMTS) is
present in all members of the AML/CBFb transcription factor family, but not in other transcription factors. Therefore, we
defined sequences that direct YY1 (414 amino acids) to the nuclear matrix. A series of epitope tagged deletion constructs
were expressed in HeLa S3 and in human Saos-2 osteosarcoma cells. Subcellular distribution was determined in whole
cells and nuclear matrices in situ by immunofluorescence. We demonstrated that amino acids 257–341 in the
C-terminal domain of YY1 are necessary for nuclear matrix association. We also observed that sequences within the
N-terminal domain of YY1 permit weak nuclear matrix binding. Our data further suggest that the Gal4 epitope tag
contains sequences that affect subcellular localization, but not targeting to the nuclear matrix. The targeted association
of YY1 with the nuclear matrix provides an additional level of functional regulation for this transcription factor that can
exhibit positive and negative control. J. Cell. Biochem. 68:500–510, 1998. r 1998 Wiley-Liss, Inc.
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Recent studies have demonstrated that target-
ing of transcription factors to the nuclear ma-
trix is functionally linked to transcriptional
control. The nuclear matrix is a dynamic and
intricate structure involved in multiple gene
regulatory functions, as well as DNA replica-
tion [Fey et al., 1984, 1986, 1991; Berezney,
1991; van Driel et al., 1991; Pienta et al., 1991;
Stein et al., 1994; Berezney and Coffey, 1975].
The nuclear matrix consists of a peripheral
lamina-core complex and an internal filamen-
tous ribonucleoprotein network that supports
the activities of a broad spectrum of functional

subnuclear compartments including the nucleo-
lus [Scheer and Weisenberger, 1994], SC-35
RNA processing domains [Spector et al., 1991;
Fu and Maniatis, 1990], as well as PML [Weis
et al., 1994; Dyck et al., 1994] and coiled bodies
[Andrade et al., 1991; Raska et al., 1990].

The association of transcription factors with
the nuclear matrix provides a mechanism for
integration of transcriptional regulatory cues
within the context of nuclear architecture (re-
viewed in [Stein et al., 1995]). These functional
interrelationships are reflected by the selective
and/or temporal subnuclear partitioning of tran-
scription factors during cell growth and differ-
entiation. Our identification of two nuclear ma-
trix-associated DNA binding proteins, NMP-1
[Guo et al., 1995, 1997a; Bidwell et al., 1993;
Dworetzky et al., 1992] and NMP-2 [Merriman
et al., 1995; Bidwell et al., 1994], initially indi-
cated selective partitioning of regulatory fac-
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tors between the nuclear matrix and nonmatrix
nuclear fractions in osseous and nonosseous
cells. Specifically, NMP-1, identified as YY1,
has been shown to attenuate the vitamin D
responsiveness of the bone-specific osteocalcin
gene [Guo et al., 1995, 1997a] and may antago-
nize ATF/CREB activation of a cell cycle-regu-
lated histone H4 gene [Guo et al., 1997b]. An-
other example of nuclear matrix-mediated
transcriptional control involves the AML/CBFa
class of factors that are key regulators of the
hematopoietic [Meyers and Hiebert, 1995] and
osteogenic lineages [Komori et al., 1997; Ducy
et al., 1997; Banerjee et al., 1997]. AML-3/CBFa1,
for example, is relatively bone specific and is requi-
site for development of the mature osteoblast phe-
notype and contributes to the osteocalcin gene
transcriptional activity in osteoblasts. The identifi-
cation of a specific 31-amino acid nuclear matrix
targeting signal in the AML factors provides a
molecular basis for directing regulatory factors to
transcriptionally active domains in the nuclear
matrix.Although the nuclear matrix targeting sig-
nal (NMTS) can autonomously direct heterologous
proteins to the nuclear matrix (NM), it is only
present in the AML/CBFa class of runt-homology
domain (rhd) proteins. This finding further sup-
ports the concept that interactions with the nuclear
matrix contribute to promoter selective control of
transcription. In contrast to AML factors, which
are tissue-restricted and predominantly associ-
ated with the nuclear matrix, YY1 is a ubiquitous
factor that partitions between the nuclear matrix
and nonmatrix compartments. Therefore, it is nec-
essary to identify the sequences in YY1 that con-
tribute to association with the nuclear matrix.

YY1 regulates the expression of many cellu-
lar and viral genes by either trans-activation,
trans-repression or initiation of transcription
[Shrivastava and Calame, 1994; Hahn, 1992].
The diverse functions of YY1 may be attributed
to the interaction of YY1 with numerous cellu-
lar factors (reviewed in [Shrivastava and Cal-
ame, 1994; Hahn, 1992]). Several functional
regions of YY1 have been identified through
deletion analysis. The N-terminal portion of
the protein contains two acidic regions that are
important for the transactivation activity of
YY1 [Bushmeyer et al., 1995; Austen et al.,
1997]. A sequence between the Gly/Ala-rich re-
gion (aa 154–198) and the DNA binding domain
(aa 298–414) appears to enhance transactiva-
tion activity. The DNA binding domain is com-
posed of four zinc fingers and all four are essen-

tial for DNA binding activity [Bushmeyer et al.,
1995]. The second and third zinc finger are
required for nuclear localization [Austen et al.,
1997]. Interestingly, sequences that overlap the
zinc-fingers (aa 333–397) are important for re-
pressor activity [Bushmeyer et al., 1995]. The
DNA binding and Gly/Ala rich domains of YY1
mediate protein-protein interactions with TBP,
TFIIB, TAFII55, and CBP. The two acidic trans-
activation domains are not required for these
interactions [Austen et al., 1997].

In this study, we examined the in situ sub-
nuclear localization of YY1 using a panel of YY1
deletion constructs. These studies identified do-
mains in YY1 with low and high affinity for
association with the nuclear matrix. We showed
that the carboxy terminus of the YY1 protein
contains a strong NMTS. Our studies also indi-
cate that subnuclear localization, but not traf-
ficking to the nuclear matrix, appears to be
influenced by heterologous functional domains.

MATERIALS AND METHODS
Cell Culture

HeLa S3 cells were grown in Dulbecco’s Mini-
mal Essential Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). Saos-2 cells
were grown in McCoy’s 5A Medium supple-
mented with 15% FBS.

Transient Transfections

HeLa cells were plated on 0.5% gelatin coated
coverslips (Fisherbrand, #12-545-101, 22cir-1;
Fisher, Pittsburgh, PA) in 6 well tissue culture
trays at a density of 0.08 3 106 cells/well. Cells
were grown approximately 24 h after plating on
coverslips in the appropriate growth medium.
Cell density was approximately 60-80% at the
time of transfection. HeLa cells were tran-
siently transfected using Superfect as described
by the manufacturer (Qiagen, Santa Cruz, CA).
Saos cells were transfected by DEAE-dextran.
DNA was mixed with serum-free medium con-
taining 0.2 mg/ml DEAE-dextran and 0.5 mg/ml
chloroquine. This mixture was added to 6 well
plates and incubated 1.5–2.0 h at 37°C. Cells
were subjected to a 15% glycerol shock for 2
min, washed with phosphate-buffered saline
(PBS), and refed complete media. Cells were
processed for immunofluorescence 24 h follow-
ing transfection as described below. Epitope-
tagged full-length YY1 DNA constructs or epi-
tope-tagged YY1 deletion constructs used in
these transfections are described below.
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Plasmid Constructions

Plasmids Gal4/YY1(1-414), Gal4/YY1(1-200),
Gal4/YY1(1-256), Gal4/YY1(1-341), Gal4/YY1(201-
414) were previously described [Bushmeyer et
al., 1995]. Plasmid HA/YY1(1-414) was con-
structed by fusing the YY1 coding sequence
[Shi et al., 1991] in frame with an HA epitope
tag cloned into pcDNA1/Amp.

Cell Extraction and Fixation

All coverslips were rinsed 2 times with PBS.
For whole cells, cells were fixed 10 min in 3.7%
formaldehyde in PBS and then permeabilized
10 min in 0.1% Triton-X 100 in PBS. Unless
otherwise stated, the in situ nuclear matrix
intermediate filament (NMIF) preparation used
was essentially that of Fey et al. [1984] as
modified by Zeng et al. [1997] for transfected
cells (designated in this paper as NMIF 1).
Transfected cells overexpress the exogenous pro-
tein to greater levels than the endogenous pro-
tein is normally expressed and require an in-
creased duration for cytoskeletal (CSK) extraction
[Zeng et al., 1997]. For preparation of in situ
nuclear matrix intermediate filaments (NMIF
1), plates were placed on ice, and cells were
extracted 2 times for 15 min each with ice cold
CSK buffer (10 mM Pipes, pH 6.8, 300 mM
sucrose, 100 mM NaCl, 3 mM MgCl2, 1 mM
EGTA, 0.5% Triton) with 2 mM vanadyl ribo-
nucleoside complex (VRC). Following CSK ex-
traction, DNA was digested by the addition of
room temperature digestion buffer (DB, 10 mM
Pipes, pH 6.8, 300 mM sucrose, 50 mM NaCl, 3
mM MgCl2, 1 mM EGTA, 0.5% Triton X-100)
containing 50 U/ml RNase-free DNase I (Boer-
hringer Mannheim Biochemical, Indianapolis,
IN) and 2 mM VRC. After 30 min of incubation,
the DNase was removed and replaced with a
fresh aliquot for an additional 30 min of incuba-
tion. Following removal of the DNase solution,
chromatin and cytoskeleton proteins were re-
moved by a 10-min incubation in ice cold diges-
tion buffer supplemented with 0.25 M ammo-
nium sulfate. This solution was removed and
replaced with a fresh aliquot for an additional 5
min of incubation. This solution was removed
and the cells fixed in ice cold digestion buffer
containing 3.7% formaldehyde. After fixation,
all cells were rinsed 2 times in PBS and 2 times
in PBS containing 0.5% bovine serum albumin
and 0.05% sodium azide (PBSA) prior to the
addition of antibodies.Alternative NMIF prepa-

rations are described below. For NMIF 2, cells
were extracted one time for 10 min with CSK
buffer (without VRC). Following CSK extrac-
tion, cells were extracted for 10 min in 0.25 M
ammonium sulfate in CSK buffer (without
VRC). Nuclease digestion included 100 µg/ml
DNase I (Sigma, St. Louis, MO) and 100 µg/ml
RNase A (Sigma) for 20 min on ice. Nuclease
digestion was followed by a 10-min 0.25 M
ammonium sulfate extraction in CSK buffer (no
VRC). Cells were fixed as described for NMIF 1.
NMIF 3 was the same as NMIF 2 procedure,
except that RNase A was excluded from the
nuclease treatment step, to better preserve mor-
phology.

Immunofluorescence

PBSA was used as the wash solution and for
antibody dilution, unless otherwise indicated.
Antisera were as follows: a rabbit polyclonal
antiserum to the yeast GAL4 DNA binding
region (Upstate Biotechnology, Lake Placid, NY,
#06-262) was diluted 1/1,000; a rabbit poly-
clonal antiserum to the HA epitope was diluted
1/1,000 (Santa Cruz Biotechnology, Santa Cruz,
CA, #sc805); a monoclonal antibody to B23 was
diluted 1/100 (provided by P-K. Chan, Baylor
College of Medicine, TX). Diluted antibody was
added to coverslips in wells (or 20 µl of diluted
antibody was added to coverslips, covered lightly
with parafilm and incubated for 1 h at 37°C).
Coverslips were rinsed 4 times for 5 min, and
secondary antibody was added. Secondary anti-
body was goat anti-rabbit IgG conjugated to
fluorescein or donkey anti-mouse IgG conju-
gated to Texas Red (Jackson Immunoresearch
Laboratories, West Grove, PA) diluted 1/200,
added to coverslips and incubated 1 h at 37°C.
Following incubation coverslips were washed
one time for 3 min with PBSA containing 0.1%
Triton X-100 and 0.05 µg per ml of the DNA
counterstain DAPI; one time in PBSA-Triton;
and twice in PBS. Coverslips were mounted in
Vectashield (Vector Laboratories, Burlingame,
CA) as an antifade mounting media.

Microscopy

A Zeiss axiophot microscope equipped with
epifluorescence filters was used. A CCD camera
interfaced with a digital imaging microscope
was used to record fluorescent images.
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RESULTS
C-Terminal Domain of YY1 Is Required

for Targeting to the Nuclear Matrix In Situ

The transcription factor YY1 has been shown
to associate with the nuclear matrix both in
situ and through biochemical analysis [Guo et
al., 1995]. To address whether a specific domain
of YY1 mediates interaction with the nuclear
matrix, we assayed a series of Gal4/YY1 fusion
proteins (Fig. 1). We previously showed that
Gal4 (aa 1–147) alone enters the nucleus but is
not associated with the nuclear matrix [Zeng et
al., 1997]. Initially, we established that a chi-
meric protein containing the yeast Gal4 DNA
binding domain fused to the full-length wild-
type YY1 protein (1–414 amino acids) is tar-
geted to the nuclear matrix in situ (Fig. 2). Saos
cells were transiently transfected with the Gal4/
YY1(1–414) fusion construct, and the subcellu-

lar distribution of the expressed protein was
detected by in situ immunofluorescence analy-
sis using anti-Gal4 antibody. Gal4/YY1(1–414)
is distributed throughout the nucleus of whole
cells (Fig. 2A,B) and nuclear matrix (NMIF)
preparations (Fig. 2C). Similar results are ob-
tained in HeLa cells (see below).

To characterize specific domains of YY1 re-
quired for NMIF association, additional Gal4/
YY1 deletion constructs were examined. HeLa
cells were transfected with various deletion con-
structs, processed for whole cell and NMIF in
situ preparations, and examined for retention
of the expressed proteins in the nuclear matrix.
The expression pattern of Gal4/YY1(201–414)
is indistinguishable from that of the full-length
fusion protein; and this half of the YY1 protein
is retained in the NMIF at levels similar to the
wild-type protein (Fig. 3). Both the full-length

Fig. 1. Summary of Gal/YY1 and HA/YY1 constructs. The functional domains of YY1 (designated with different
patterns) are shown on the upper line. The segments of YY1 in each construct used to map nuclear matrix targeting
domains are shown below.
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Fig. 2. Gal4/YY1 protein is targeted to the nuclear matrix
when expressed in Saos cells. Saos cells were transfected with a
Gal4/YY1(1–414, full length) expression construct, incubated
24 h, and whole cells and in situ nuclear matrix intermediate
filament (NMIF) preparations were detected with the polyclonal
anti-Gal4DNA binding domain antibody and stained with a
fluorescein isothiocyanate-conjugated (FITC) second antibody
(green fluorescence). Endogenous nucleolar phosphoprotein

B23 was detected with the monoclonal antibody anti-B23 and
visualized with a Texas Red-conjugated secondary antibody
(red fluorescence). (A) Gal4/YY1(1–414), whole cell, 40X objec-
tive; anti-Gal4DBD; (B) Gal4/YY1(1–414), whole cell, 40X
objective; anti-B23; (C) Gal4/YY1(1–414), in situ nuclear matrix
preparation, 100X objective; anti-Gal4DBD. Removal of the
majority of chromatin is indicated by absence of DAPI staining
in the NMIF preparation (data not shown).

A

B

C

D

Figure 3.



Gal4/YY1 and the Gal4/YY1(201–414) fusion
proteins are retained in the NMIF at levels
similar to whole cell preparations (Fig. 3). How-
ever the retention of Gal4/YY1(1–200) and Gal4/
YY1(1–256) fusion proteins in the nuclear ma-
trix is significantly reduced when compared to
the whole cells. Taken together, these results
indicate that the C-terminal domain of the YY1
protein is necessary for efficient targeting to
the nuclear matrix.

Although the N-terminal region is not required
for association of YY1 with the nuclear matrix,
variation was observed in the retention of Gal4/
YY1(1–200) and Gal4/YY1(1–256) fusion proteins
in the NMIF. These differences were evaluated by
counting similar numbers of plated cells for each
experiment. For the full-length construct, Gal4/
YY1(1–414), we observed that most of the trans-
fected cells retained the fusion protein in the NMIF
preparation (Table I). However, for constructs lack-
ing the C-terminal domain of YY1, the fusion pro-
teins were retained in the NMIF in only a small
percentage of cells (Table I). From these findings in
both Saos and HeLa cells (Table I), we conclude
that sequences between amino acids 200 and 414
are required for nuclear matrix targeting of the
YY1 protein. Because the Gal4/YY1(1–200 and
1–256) fusion proteins were retained at low per-
centages in the NMIF preparations, sequences
that reside in the N-terminal half of the YY1 pro-
tein may mediate low-affinity nuclear matrix asso-
ciation.

We further delineated the sequences between
amino acids 200 and 414 by examining two addi-
tional C-terminal deletion constructs. These fu-
sion proteins Gal4/YY1(1–341) (Fig. 4) and Gal4/
YY1(1–370) (data not shown) were retained in the
NMIF at levels quantitatively similar to those of
the wild type. This result indicates that the do-
main between amino acids 256 and 341 is neces-
sary for nuclear matrix association. However, the

whole cell preparations of cells transfected with
Gal4/YY1(1–341) show a different pattern of
subcellular localization than observed for the
full-length Gal4/YY1(1–414) fusion protein. The
Gal4/YY1(1–341) fusion protein is observed
throughout the cytoplasm, as well as the
nucleus, of both Saos and HeLa transfected
cells (Fig. 4 and data not shown). This unusual
distribution of YY1 was also observed with the
fusion protein Gal4/YY1(1–370) where only the
44 C-terminal amino acids are deleted. These
data suggest that deletion of C-terminal se-
quences (370-414 amino acids) causes an in-
creased accumulation of Gal4/YY1 fusion pro-
tein in the cytoplasm. These results are in
agreement with those of Austen et al. [1997],
which indicate that the C-terminus of YY1 con-
tains the nuclear localization signal. Taken to-
gether, these findings suggest that there is a
hierarchy of signals for protein localization
within the cell.

Affinity-Dependent Retention of YY1
in the Nuclear Matrix

Our studies show limited but detectable reten-
tion of Gal4/YY1(1–200 and 1–256) in the
nuclear matrix by in situ immunofluorescence
(Table I). However, identical constructs were
used by Bushmeyer et al. [1998], and the fusion
proteins were not detected in the biochemical
NMIF preparation. Different methods are rou-
tinely used for biochemical and in situ NMIF
analyses. These variant methodologies differ in
utilization of cell type, temperature of isolation,
detergents, salts, and nucleases [reviewed by
Fey et al., 1991]. The goal of in situ studies is to
use a nuclear matrix preparation that best pre-
serves the morphological integrity of the nuclear
matrix, while extracting proteins that are not
matrix associated. Therefore, we specifically
compared several different methods for prepa-
ration of nuclear matrices to determine the
consequences on morphological integrity and
retention of YY1.

HeLa cells were transfected with Gal4/YY1
fusion constructs and then processed for in situ
examination of whole cells or nuclear matrices
prepared by one of three methods (described in
the Methods section). The number of cells re-
taining the Gal4/YY1 fusion protein were
counted. Table II compares the percentage of
Gal4 immunopositive cells retaining the Gal4/
YY1 fusion proteins in the nuclear matrix by
the in situ procedure [Zeng et al., 1997; NMIF
1], a biochemical procedure [Bushmeyer et al.,

Fig. 3. The C-terminal sequences of YY1 are sufficient for
association with the nuclear matrix. HeLa cells were transfected
with Gal4/YY1(1–414) and Gal4/YY1 deletion constructs and
incubated 24 h. Whole cell and in situ nuclear matrix prepara-
tions were stained with anti-Gal4/DBD antibody, detected with
FITC-conjugated second antibody and anti-B23 antibody, de-
tected with Texas Red-conjugated second antibody. For each of
the constructs, Gal4/YY1(1-414), A; Gal4/YY1(201–414), B;
Gal4/YY1(1-200), C; and Gal4/YY1(1–256), D; immunofluores-
cence signals are shown for whole cell (WC) and nuclear matrix
intermediate filament (NMIF) preparations. Single channel sig-
nals are shown for detection of Gal4/YY1 proteins (green) or the
nucleolar protein B23 (red) are shown. All panels were imaged
using an objective with 40X magnification.
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1998; NMIF 2], and the biochemical procedure
omitting the RNase to better preserve nuclear
morphology (NMIF 3). A high percentage of
protein encoded by the full-length construct
was retained in the NMIF by all these proce-
dures (84-100%). A high percentage of protein
encoded by the construct containing the C-
terminal domain was also retained in the NMIF
1 and NMIF 3 preparations and was somewhat
reduced in the NMIF 2 preparation. In agree-
ment with Bushmeyer et al. [1998], the N-
terminal fusion protein is clearly not retained
in the NMIF biochemical procedure, but a low
percentage of Gal4-positive cells are observed
in the in situ NMIF preparation. In this experi-
ment, the quantitation is based on a lower total
number of transfected cells than in the experi-
ment described in Table I (500 vs 2,000), which
contributes to the variability of retention that
we observed with the N-terminal domain. The
structure of the nucleus in the biochemical pro-
cedures (NMIF 2 and NMIF 3) was not well
preserved compared to the in situ procedure
(NMIF 1) where nuclear morphology is pre-
served (Fig. 5). In all methods, the DNA was
completely removed as detected by the obser-
vance of DAPI staining (data not shown). Our
results also suggest that, at least with overex-
pressed YY1 proteins, there may be different
affinities of interactions between YY1 domains
and the nuclear matrix. The C-terminal do-
main of the YY1 protein appears to have a high

affinity for the nuclear matrix. By contrast, the
N-terminus may contain sequences that inter-
act with lower affinity with the nuclear matrix.
Taken together, these findings confirm that the
C-terminus of YY1 is important for targeting to
the nuclear matrix in situ.

Intranuclear Trafficking of YY1 to the Nucleolus

Endogenous YY1 protein is known to be asso-
ciated with the nucleoli of whole cells and the
nuclear matrix in situ [Guo et al., 1995]. None
of the Gal4 epitope tagged full-length or dele-
tion proteins that we examined in this study is
detected in the nucleolus of whole cell or the
NMIF preparations. We therefore compared
HA/YY1 and Gal4/YY1 epitope tagged fusion
proteins in situ. Cells were transfected with
Gal4/YY1 or HA/YY1 fusion constructs, pro-
cessed for immunofluorescence and immuno-

TABLE I. The C-Terminal Domain of YY1
Contains Sequences Necessary for Association

With the Nuclear Matrix in Both Saos and
HeLa Cells*

Construct
transfected

HeLa
cells (%)

Saos
cells (%)

Gal4/YY1(1–414) 100 80
Gal4/YY1(201–414) 100 125
Gal4/YY1(1–200) 0 3
Gal4/YY1(1–256) 4 33
Gal4/YY1(1–341) 100 100

*Equivalent numbers of cells were examined for each con-
struct within each experiment. For Saos cells, 300–500 cells
were counted for each construct. For HeLa cells, 1,500–
2,000 cells were counted for each construct. The number of
Gal1 cells among the counted cells was recorded. The
transfection efficiencies were determined to be consistent
for each construct based on in situ b-galactosidase assays.
Note percentage of transfected cells that retain the ex-
pressed Gal4/YY1 protein in the NMIF, determined using
the following formula: the percentage of cells retaining
fusion protein in the NMIF 5 number of Gal1 cells in the
NMIF/number of Gal1 cells in the whole cells.

Fig. 4. Deletion of C-terminal sequences leads to an increased
accumulation of Gal4/YY1 fusion protein in the cytoplasm in
addition to nuclear localization. Saos cells were transfected
with Gal4/YY1(1–414) and Gal4/YY1(1–341) and incubated 24
h. Whole cell and in situ nuclear matrix intermediate filament
preparations were stained with anti-Gal4DBD antibody and
Gal4/YY1 fusion proteins were detected with FITC-conjugated
second antibody. (A) whole cells, Gal4/YY1(1–414); (B) whole
cells, Gal4/YY1(1-341); (C) NMIF, Gal4/YY1(1–414); (D) NMIF,
Gal4/YY1(1–341). Fields were imaged using a 40X objective.

Fig. 5. Nuclear matrix association of Gal4/YY1 deletion pro-
teins and nuclear morphology is affected by the NMIF prepara-
tion method. In situ immunofluorescence analysis of the Gal4/
YY1(1–414) fusion protein expressed in HeLa cells.
Immunostaining with anti-Gal4DBD antibody is observed in
both whole cell (WC) and NMIF preparations. (A) NMIF method
1, in situ method; (B) NMIF method 2, biochemical method;
(C) NMIF method 3, biochemical method without RNase.

Fig. 6. HA tagged YY1 protein is selectively targeted to the
nucleolus. Gal4/YY1 and HA/YY1 constructs were transiently
transfected in Saos and HeLa cells and analyzed in whole cells
(not shown) and NMIF preparations. Preparations were visual-
ized with an FITC-conjugated secondary antibody recognizing
the anti-Gal4DBD polyclonal antibody, which detects Gal4/
YY1 fusion proteins (green) (A,B) or the anti-HA polyclonal
antibody, which detects the HA/YY1 fusion protein (green)
(C,D). The nucleolus was visualized using a Texas Red-
conjugated secondary antibody detecting the anti-B23 antibody
(red) (B,D). DAPI fluorescent signal (blue) was observed for
whole cell but not for NMIF preparations (data not shown).
Wild-type HA/YY1(1–414) fusion protein, but not Gal4/YY1(1–
414) fusion protein, is predominantly localized to the nucleolus.
Endogenous nucleolar phosphoprotein B23 is predominantly
localized to the nucleolus as detected by anti B23 antibody.
HA/YY1 and B23 colocalize (yellow) as detected by both anti-HA
(green) and anti-B23 (red), whereas Gal4/YY1 does not show
colocalization (red nucleolus).
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Figure 4.

Figure 5.

Figure 6.

Targeting of YY1 Transcription Factor to Nucleolous and Nuclear Matrix 507



stained with anti-Gal or anti-HA, and anti-B23,
which detects the nucleolar phosphoprotein B23.
Gal4/YY1(1–414) fusion protein is not associ-
ated with nucleoli and does not colocalize with
B23 in NMIF preparations (Fig. 6A,B). HA/YY1
(1–414) fusion protein is detected throughout
the nucleus and prominently in the nucleoli.
Colocalization with the nucleolar phosphopro-
tein B23 occurs in NMIF preparations (Fig.
6C,D). Our findings suggest that the nucleolar
detection of HA/YY1 fusion protein more closely
reflects the endogenous localization than Gal4/
YY1 fusion protein. These results were consis-
tent in both HeLa and Saos cells. Although the
Gal4/YY1 fusion proteins interact with the
nuclear matrix in situ, signals for subcellular
trafficking to sites within the nuclear matrix
may be affected by the Gal4 epitope tag.

DISCUSSION

In this study, we established that the C-
terminal domain of YY1 is necessary for high-
affinity interactions with the nuclear matrix.
The N-terminal domain of YY1 only supports
low-affinity association with the nuclear ma-
trix. We note that the stringency of nuclear
matrix protein isolation influences the experi-
mental ability to detect low-affinity interac-
tions of YY1 with the nuclear matrix in situ.
Similar to YY1, there are several examples of
transcription factors with more than one pro-
tein domain for nuclear matrix interaction. The
human androgen receptor (hAR) and the hu-
man glucocorticoid receptor (hGR) were both
shown to interact with the nuclear matrix

through their C-terminal domains and the hGR
also requires the DNA binding domain for ma-
trix association. The hAR also retains a weak
interaction with the nuclear matrix upon dele-
tion of the C-terminal domain, which was shown
to be required for strong nuclear matrix associa-
tion. This weak interaction is variable and is
dependent on the method of matrix preparation
[van Steensel et al., 1995].

The association of YY1 with the nuclear ma-
trix occurs in both nucleolar and non-nucleolar
domains. The nucleolus is an integral part of
the NMIF scaffold and represents the sub-
nuclear location of protein/protein interaction
between YY1 and the nucleolar phosphoprotein
B23. This interaction relieves YY1 mediated
transcriptional repression [Inouye and Seto,
1994]. The B23 protein may be involved in
subcellular trafficking [Borer et al., 1989], as
well as ribosome assembly [Busch et al., 1984;
Yung et al., 1985; Prestayko et al., 1974]. The
localization of a subset of YY1 to the nucleolus
with the B23 protein, is an example of the
targeted distribution of transcription factors to
different subnuclear domains, which support
distinct gene regulatory functions.

Subcellular targeting to specific sites within
the nuclear matrix may be affected by the addi-
tion of chimeric sequences to the YY1 protein.
We observed that fusion of the Gal4 DNA bind-
ing domain (aa 1–147) results in an apparent
lack of Gal4/YY1 in the nucleolus. However,
fusion of a short HA epitope tag (11 amino
acids), results in association with the nucleo-
lus, as is observed for the endogenous YY1
protein. This result suggests that there could
be a signal present in the Gal4 DNA binding
domain (aa 1–147) that inhibits trafficking to
the nucleolus. This observation is novel and
may only affect proteins that are normally di-
rected to the nucleolus. Zeng et al. [1997] ob-
served no difference in the targeting of Gal4/
AML1B and HA/AML1B. AML1B is not located
in the nucleolus. Further analyses will be re-
quired to better understand the hierarchy of
signals that control selective trafficking to the
nuclear matrix and the nucleolus.

The presence of both high- and low-affinity
nuclear matrix targeting signals in distinct seg-
ments of YY1 suggest that YY1 interfaces with
different components of nuclear architecture to
facilitate its multiple transcriptional functions.
The YY1 C-terminal domain that contains the
high-affinity nuclear matrix targeting signal

TABLE II. Nuclear Matrix Association of
Gal4/YY1 Deletion Proteins Is Affected by the

NMIF Preparation Method*

Construct
transfected

NMIF 1
(%)

NMIF 2
(%)

NMIF 3
(%)

Gal4/YY1(1–414) 100 96 84
Gal4/YY1(1–200) 20 0 0
Gal4/YY1(201–414) 100 60 94

*HeLa cells were transiently transfected with Gal4/YY1
constructs; 24 h later, the cells were processed for whole
cells, and one of three nuclear matrix preparations before
immunostaining with anti-Gal4DBD antibody and detec-
tion with FITC-conjugated second antibody. Equivalent
numbers of cells were examined for each construct within
each experiment (500 total cells were examined for each
preparation). The percentage of transfected cells that re-
tain the expressed Gal4/YY1 protein in the NMIF were
determined as described in Table I.
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has been shown to be important for repressor
activity [Bushmeyer et al., 1995]. This C-
terminal domain of YY1 interacts with proteins
that relieve repressor activity including c-Myc
[Shrivastava et al., 1993] and the adenovirus
E1A product [Shi et al., 1991], both of which are
also associated with the nuclear matrix [Carv-
alho et al., 1995; Eisenman et al., 1985]. Tran-
scriptional activity of YY1 is mediated by pro-
tein–protein interactions with several
transcriptional co-factors, including histone
acetylase CBP/p300 [Austen et al., 1997; Lee et
al., 1995] and the histone deacetylase Rpd3p
[Yang et al., 1996]. Histone acetylase and
deacetylase activities have been shown to be
associated with the nuclear matrix [Davie,
1997]. The association of YY1 with these chro-
matin modifying factors at the nuclear matrix
may mediate nucleosomal remodelling within
specific nuclear domains to modulate transcrip-
tion.

In summary, the results of this study are
consistent with the concept that the subcellular
localization of YY1 and/or its interactions with
other nuclear matrix-associated regulatory fac-
tors may be determinants of YY1 mediated
transcriptional control within the context of
nuclear architecture.

ACKNOWLEDGMENTS

We thank Elizabeth Buffone for technical as-
sistance, Dr. P-K. Chan for the B23 antibody,
and John McNeil for assistance with imaging
microscopy. We also thank Judy Rask for assis-
tance with preparation of this manuscript. The
contents are solely the responsibility of the
authors and do not necessarily represent the
official views of the National Institutes of
Health.

REFERENCES

Andrade LE, Chan EK, Raska I, Peebles CL, Roos G, Tan
EM (1991): Human autoantibody to a novel protein of the
nuclear coiled body: immunological characterization and
cDNA cloning of p80-coilin. J Exp Med 173:1407–1419.

Austen M, Luscher B, Luscher-Firzlaff JM (1997): Charac-
terization of the transcriptional regulator YY1. J Biol
Chem 272:1709–1717.

Banerjee C, McCabe LR, Choi J-Y, Hiebert SW, Stein JL,
Stein GS, Lian JB (1997): Runt homology domain pro-
teins in osteoblast differentiation: AML-3/CBFA1 is a
major component of a bone specific complex. J Cell Bio-
chem 66:1–8.

Berezney R (1991): The nuclear matrix: A heuristic model
for investigating genomic organization and function in
the cell nucleus. J Cell Biochem 47:109–123.

Berezney R, Coffey DS (1975): Nuclear protein matrix:
association with newly synthesized DNA. Science 189:
291–292.

Bidwell JP, van Wijnen AJ, Fey EG, Dworetzky S, Penman
S, Stein JL, Lian JB, Stein GS (1993): Osteocalcin gene
promoter-binding factors are tissue-specific nuclear ma-
trix components. Proc Natl Acad Sci USA 90:3162–3166.

Bidwell JP, van Wijnen AJ, Fey EG, Merriman H, Penman
S, Stein JL, Stein GS, Lian JB (1994): Subnuclear distri-
bution of the vitamin D receptor. J Cell Biochem 54:494–
500.

Borer RA, Lehner CF, Eppenberger HM, Nigg EA (1989):
Major nucleolar proteins shuttle between nucleus and
cytoplasm. Cell 56:379–390.

Busch RK, Chan PK, Busch H (1984): Actinomycin D inhibi-
tion of monoclonal antibody binding to nucleolar phospho-
protein 37/5.2 (B23). Life Sci 35:1777–1785.

Bushmeyer S, Park K, Atchison ML (1995): Characteriza-
tion of functional domains within the multifunctional
transcription factor, YY1. J Biol Chem 270:30213–30220.

Bushmeyer S, Atchison M (1998): Identification of YY1
sequences necessary for association with the nuclear
matrix and for transcriptional repression functions. J
Cell Biochem 68:484–499.

Carvalho T, Seeler J-S, Ohman K, Jordan P, Pettersson U,
Akusjärvi G, Carmo-Fonseca M, Dejean A (1995): Target-
ing of adenovirus E1A and E4-ORF3 proteins to nuclear
matrix-associated PML bodies. J Cell Biol 131:45–56.

Davie JR (1997): Nuclear matrix, dynamic histone acetyla-
tion and transcriptionally active chromatin. Mol Biol Rep
24:197–207.

Ducy P, Zhang R, Geoffroy V, Ridall AL, Karsenty G (1997):
Osf2/Cbfa1: A transcriptional activator of osteoblast dif-
ferentiation. Cell 89:747–754.

Dworetzky SI, Wright KL, Fey EG, Penman S, Lian JB,
Stein JL, Stein GS (1992): Sequence-specific DNA-
binding proteins are components of a nuclear matrix-
attachment site. Proc Natl Acad Sci USA 89:4178–4182.

Dyck JA, Maul GG, Miller WH, Chen JD, Kakizuka A,
Evans RM (1994): A novel macromolecular structure is a
target of the promyelocyte-retinoic acid receptor oncopro-
tein. Cell 76:333–343.

Eisenman RN, Tachibana CY, Abrams HD, Hann SR (1985):
v-myc- and c-myc-encoded proteins are associated with
the nuclear matrix. Mol Cell Biol 5:114–126.

Fey EG, Wan KM, Penman S (1984): Epithelial cytoskeletal
framework and nuclear matrix-intermediate filament
scaffold: Three-dimensional organization and protein com-
position. J Cell Biol 98:1973–1984.

Fey EG, Krochmalnic G, Penman S (1986): The nonchroma-
tin substructures of the nucleus: The ribonucleoprotein
RNP-containing and RNP-depleted matrices analyzed by
sequential fractionation and resinless section electron
microscopy. J Cell Biol 102:1654–1665.

Fey EG, Bangs P, Sparks C, Odgren P (1991): The nuclear
matrix: Defining structural and functional roles. Crit Rev
Eukaryot Gene Expr 1:127–143.

Fu XD, Maniatis T (1990): Factor required for mammalian
spliceosome assembly is localized to discrete regions in
the nucleus. Nature 343:437–441.

Guo B, Odgren PR, van Wijnen AJ, Last TJ, Nickerson J,
Penman S, Lian JB, Stein JL, Stein GS (1995): The
nuclear matrix protein NMP-1 is the transcription factor
YY1. Proc Natl Acad Sci USA 92:10526–10530.

Targeting of YY1 Transcription Factor to Nucleolous and Nuclear Matrix 509



Guo B, Aslam F, van Wijnen AJ, Roberts SGE, Frenkel B,
Green M, DeLuca H, Lian JB, Stein GS, Stein JL (1997a):
YY1 regulates VDR/RXR mediated transactivation of the
vitamin 12D responsive osteocalcin gene. Proc Natl Acad
Sci USA 94:121–126.

Guo B, Stein JL, van Wijnen AJ, Stein GS (1997b): ATF1
and CREB trans-activate a cell cycle regulated histone
H4 gene at a distal nuclear matrix associated promoter
element. Biochemistry (in press).

Hahn S (1992): The Yin and the Yang of mammalian tran-
scription. Curr Biol 2:152–154.

Inouye CJ, Seto E (1994): Relief of YY1 induced transcrip-
tional repression by protein–protein interaction with the
nucleolar phosphoprotein B23. J Biol Chem 269:6506–
6510.

Komori T, Yagi H, Nomura S, Yamaguchi A, Sasaki K,
Deguchi K, Shimizu Y, Bronson RT, Gao Y-H, Inada M,
Sato M, Okamoto R, Kitamura Y, Yoshiki S, Kishimoto T
(1997): Targeted disruption of Cbfa1 results in a com-
plete lack of bone formation owing to maturational arrest
of osteoblasts. Cell 89:755–764.

Lee JS, Galvin KM, See RH, Eckner R, Livingston D,
Moran E, Shi Y (1995): Relief of YY1 transcriptional
repression by adenovirus E1A is mediated by E1A-
associated protein p300 [published erratum appears in
Genes Dev 1995 Aug 1;9:1948–199]. Genes Dev 9:1188–
1198.

Merriman HL, van Wijnen AJ, Hiebert S, Bidwell JP, Fey E,
Lian J, Stein J, Stein GS (1995): The tissue-specific
nuclear matrix protein, NMP-2, is a member of the AML/
CBF/PEBP2/runt domain transcription factor family: In-
teractions with the osteocalcin gene promoter. Biochemis-
try 34:13125–13132.

Meyers S, Hiebert SW (1995): Indirect and direct disrup-
tion of transcriptional regulation in cancer: E2F and
AML-1. Crit Rev Eukary Gene Expr 5:365–383.

Pienta KJ, Getzenberg RH, Coffey DS (1991): Cell structure
and DNA organization. Crit Rev Eukaryot Gene Expr
1:355–385.

Prestayko AW, Klomp GR, Schmoll DJ, Busch H (1974):
Comparison of proteins of ribosomal subunits and nucleo-
lar preribosomal particles from Novikoff hepatoma asci-
tes cells by two-dimensional polyacrylamide gel electro-
phoresis. Biochemistry 13:1945–1951.

Raska I, Ochs RL, Andrade LE, Chan EK, Burlingame R,
Peebles C, Gruol D, Tan EM (1990): Association between
the nucleolus and the coiled body. J Struct Biol 104:120–
127.

Scheer U, Weisenberger D (1994): The nucleolus. Curr Opin
Cell Biol 6:354–359.

Shi Y, Seto E, Chang L-S, Shenk T (1991): Transcriptional
repression by YY1, a human GLI-Krüppel-related pro-
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