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Yin-Yang 1 (YY1) is a ubiquitously expressed zinc finger transcription factor. It regulates a vast array of genes playing
critical roles in development, differentiation, and cell cycle. Very little is known about the mechanisms that regulate the
functions of YY1. It has long been proposed that YY1 is a phosphoprotein; however, a direct link between phosphorylation
and the function of YY1 has never been proven. Investigation of the localization of YY1 during mitosis shows that it is
distributed to the cytoplasm during prophase and remains excluded from DNA until early telophase. Immunostaining
studies show that YY1 is distributed equally between daughter cells and rapidly associates with decondensing chromo-
somes in telophase, suggesting a role for YY1 in early marking of active and repressed genes. The exclusion of YY1 from
DNA in prometaphase HeLa cells correlated with an increase in the phosphorylation of YY1 and loss of DNA-binding
activity that can be reversed by dephosphorylation. We have mapped three phosphorylation sites on YY1 during mitosis
and show that phosphorylation of two of these sites can abolish the DNA-binding activity of YY1. These results

demonstrate a novel mechanism for the inactivation of YY1 through phosphorylation of its DNA-binding domain.

INTRODUCTION

Yin-Yang 1 (YY1) is a ubiquitously expressed transcription
factor that has been implicated in the regulation of a large
number of genes critical for basic processes of development,
cell growth, differentiation, cell cycle, and even apoptosis.
The essential role of YY1 is underscored by the fact that its
deletion resulted in peri-implantation lethality in mice, and
disruption of only one allele caused severe developmental
abnormalities (Donohoe et al., 1999). A substantial amount
of information has been compiled over the past decade
about the wide variety of target genes regulated by YY1;
however, the regulation of the various functions of YY1
remains enigmatic.

The expression of the human yy1 gene is under the control
of a promoter that contains three Sp1-binding sites but nei-
ther a TATA box nor a CCAAT box, thus classifying YY1
among the constitutively expressed house keeping genes
(Yao et al., 1998). Although higher YY1 expression levels
have been detected in some types of cancers (Erkeland et al.,
2003; Seligson et al., 2005; de Nigris et al., 2006), this type of
regulation is not commonly observed for YY1. Other modes
of regulation have been proposed including localization,
cleavage, interaction with other proteins, and posttransla-
tional modification. Regulation of YY1 through changes in
subcellular localization of YY1 into the cytoplasm has been
reported during early stages of development in Xenopus
(Ficzycz et al., 2001), muscle cell differentiation (Delehouzee
et al., 2005), G1/S transition of the mammalian cell cycle
(Palko et al., 2004), and apoptosis (Krippner-Heidenreich et
al., 2005). YY1 has also been shown to be cleaved under
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certain conditions of muscle cell differentiation (Walowitz et
al., 1998) and apoptosis (Krippner-Heidenreich et al., 2005).
Several proteins have been shown to physically interact with
YY1 and regulate its DNA binding or transcriptional activ-
ity. For example, YY1 was shown to reside in a complex with
the retinoblastoma protein (Rb) in the early stages of smooth
muscle cell differentiation, preventing YY1 from binding to
DNA (Petkova et al., 2001; Hiromura et al., 2003). Overex-
pression of the viral oncoprotein E1A results in relief of YY1
repression on the adeno-associated virus (AAV) P5 pro-
moter. The interaction between E1A and YY1 switches YY1
from a repressor into an activator of gene expression on this
promoter (Shi et al., 1991).

Several types of posttranslational modifications have been
reported to occur on YY1, including acetylation (Yao et al.,
2001; Takasaki et al., 2007), O-linked glycosylation (Hiro-
mura et al., 2003), sumoylation (Deng et al., 2007), poly(ADP-
ribosyl)ation (Oei et al., 1997; Oei et al., 1998), and S-nitrosa-
tion (Hongo et al., 2005).

The involvement of YY1 in proliferation has been pro-
posed since its identification (Shi et al., 1991). Proof for this
has been provided by accumulated data showing physical
and functional interactions between YY1 and key regulators
of the cell cycle including Rb (Petkova et al., 2001; Dele-
houzee et al., 2005), c-Myc (Riggs et al., 1993; Shrivastava et
al., 1993, 1996), and p53 (Gronroos et al., 2004; Sui et al., 2004;
Yakovleva et al., 2004). Moreover, YY1 has been shown to
regulate genes in a cell cycle-dependent manner. At the
G1/6 transition of the cell cycle, YY1 plays a critical role in
the up-regulation of the replication-dependent histone gene
H3.2 (Eliassen et al., 1998) and the Cdc6 gene (cell division
cycle 6 homolog; Schlisio et al., 2002). YY1 was also shown to
up-regulate a set of genes needed upon exit from mitosis
and entry into G1 (Elkon et al., 2003). Furthermore, RNAi-
mediated inhibition of YY1 in HeLa cells resulted in prolif-
eration arrest and severe cytokinesis defects (Affar el et al.,
2006).
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The regulation of YY1 at different stages of the cell cycle is
poorly understood and has not been studied in mitosis. In
this study, we investigate the distribution of YY1 during cell
division and reveal a novel mechanism for the regulation of
YY1 through phosphorylation.

MATERIALS AND METHODS

Cell Culture

HeLa S3 cells were grown at 37°C in 5% CO, in DMEM (Cellgro, Herndon,
VA) supplemented with 10% fetal bovine serum (FBS; Mediatech, Herndon,
VA), 1% nonessential amino acids (Sigma, St. Louis, MO), and 1% penicillin-
streptomycin (Mediatech). Cells were trypsinized and split into new plates at
subconfluency every other day.

Plasmid Construction

pPET-20b(+)-YY1. The Ncol/EcoRI fragment encompassing the open reading
frame of human YY1 was subcloned from pCMV-HA-YY1 (a gift from Dr.
Bernhard Liischer, Aachen University, Germany; Austen et al., 1997) into the
Ncol/EcoRI site in the multiple cloning region of pET-20b(+) vector (Invitro-
gen, Carlsbad, CA).

pCS2(+)-Flag-YY1. pCS2(+)-Flag was a generous gift from Dr. Yoichi Kato
(Biomedical Sciences Department, Florida State University). pCS2(+)-Flag
was constructed by inserting the Flag sequence in the BamHI site of pCS2(+)
vector (Turner and Weintraub, 1994). For the construction of pCS2(+)-Flag-
YY1, the Ncol/EcoRI fragment was excised from pET-20b(+)-YY1 after blunt-
ing the Ncol site and inserted into pCS2(+)-Flag digested with BamHI/EcoRI
after blunting the BamHI site.

Mutagenesis

Point mutants of YY1 at serine 247, threonine 348, and threonine 378 residues
to aspartic acid and alanine were generated using QuikChange II Site-Di-
rected Mutagenesis Kit from Stratagene (LaJolla, CA). Mutagenesis was
performed according to manufacturer’s instructions, using the human YY1
open reading frame in pET-20b(+)-YY1 plasmid as a template. Primers were
designed using the QuikChange Primer Design Program on the Stratagene
Web site. All mutations were confirmed by sequencing. The mutated YY1
sequences were then subcloned from pET-20b(+) into pCS2(+)-Flag vector as
described above.

Transfections and Stable Cell Line Generation

The plasmid of interest was transfected into HeLa S3 cells (grown as de-
scribed earlier) using Lipofectamine transfection reagent (Invitrogen), accord-
ing to manufacturer’s instructions. For the generation of a HeLa cell line
stably overexpressing Flag-YY1, HeLa S3 cells were cotransfected with
pCS2(+)-Flag-YY1 and the selection marker pSV-Neo plasmid at a ratio of
15:1. Individual colonies of stable transfectant HeLa cells were selected by
G418 addition as previously described (Hurt ef al, 1991) and tested for
Flag-YY1 expression. The stable cell line selected for this study is referred to
here as HeLa-Flag-YY1.

Cell Synchronization

To synchronize HeLa cells at G1/S, a double-thymidine arrest was performed
as previously described (Whitfield et al., 2000). For endogenous YY1 immu-
nostaining in the different phases of mitosis, HeLa cells were grown on
coverslips, blocked with double-thymidine arrest, and then released into fresh
medium. Samples were collected at 7-9 h after release. To arrest cells in
S-phase, single-thymidine arrest was performed by adding thymidine to a
final concentration of 2 mM for 18 h. To synchronize cells at prometaphase,
nocodazole (Sigma) was added to the medium to a final concentration of 50
ng/ml for 18 h. For the nocodazole arrest/release experiment, cells were
synchronized with nocodazole, as described above. Mitotic cells were de-
tached from the plate surface by tapping the plate and collected by aspiration.
Cells were washed two times with PBS and then one time with medium and
replated in fresh growth medium. Samples were collected at indicated times
for preparation of whole-cell extracts (WCEs).

WCE Preparation

HeLa cells were washed three times with ice-cold PBS. Cells were then
scraped in freshly prepared ice-cold lysis buffer (20 mM HEPES, pH 7.5, 150
mM NaCl, 0.5% Triton-X 100, 1 mM EDTA, 2.5 mM EGTA, 2 mM DTT, 1 mM
sodium orthovanadate, 10 mM NaF, and 25 mM B-glycerophosphate), sup-
plemented with a cocktail of protease inhibitors (Sigma). Cells were lysed on
ice for 15 min. Lysates were then pipetted up and down several times to shear
DNA and centrifuged at 18,000 X g for 15 min at 4°C.
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Immunoprecipitation

Immunoprecipitation (IP) of YY1 was performed using anti-YY1 (C-20) rabbit
polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA). WCEs were
incubated with antibody for 3 h, rotating at 4°C. Protein A-agarose beads
(Santa Cruz Biotechnology) were then added to the mixture and incubated for
an additional hour. Immune complexes bound to the beads were collected by
centrifugation at 500 X g at 4°C for 2 min and then washed three times with
lysis buffer. SDS-PAGE buffer was added to the beads and boiled for 5 min.
For IP of Flag-YY1 with anti-Flag antibody, the same procedure was followed,
except that anti-Flag mouse mAb cross-linked to resin beads (Resin M2,
Sigma) was added to the lysates and the mixture was incubated for 4 h at 4°C
with rotation.

Purification of Flag-YY1 and Phosphatase Assay

HeLa-Flag-YY1 cells were blocked at prometaphase with nocodazole as de-
scribed above. WCEs were prepared, followed by Flag-YY1 IP as described
above. Resin M2-Flag-YY1 complex was washed three times with lysis buffer
and one additional time with lysis buffer without phosphatase inhibitors.
Flag-YY1 was eluted from the beads by addition of elution buffer (50 mM Tris,
pH 7.5,150 mM NaCl, and 200 ug/ml Flag-peptide) for 5-10 min at 4°C, with
shaking. Equal aliquots of the purified Flag-YY1 were then incubated at 30°C
with or without A-phosphatase (New England BioLabs, Beverly, MA) for 30
min, in the presence or absence of phosphatase inhibitors (10 mM NaF and 25
mM B-glycerophosphate), before the electrophoretic mobility shift assay
(EMSA).

Western Blotting

Protein samples were separated on SDS-PAGE gels and then transferred by
electroblotting onto a nitrocellulose membrane (Hybond-C extra, GE Health-
care, Piscataway, NJ). The membrane was blocked for 30 min at RT in
blocking solution (PBS, 0.5% Tween-20, and 5% nonfat dry milk). Mouse
monoclonal (H-10), rabbit polyclonal (H-414) anti-YY1 antibodies, mouse
monoclonal anti-cyclin B antibody, or mouse monoclonal anti-GAPDH (Santa
Cruz Biotechnology) were added to the membrane, in blocking solution, for
2 h at room temperature (RT) or overnight at 4°C. The membrane was washed
three times for 10 min with PBST. Horseradish peroxidase (HRP)-conjugated
anti-mouse and anti-rabbit secondary antibodies (GE Healthcare, Waukesha,
WI) were then added to the membrane in blocking solution and incubated for
an hour at RT, after which it was washed three times as above. Specific
protein bands were detected by the addition of SuperSignal West Pico Chemi-
luminescent Substrate (Pierce, Rockford, IL) for 5 min and exposure to X-ray
film (Fuji Medical Systems, Stamford, CT).

EMSA

Double-stranded DNA oligonucleotides were end-labeled using T4-polynu-
cleotide kinase (New England Biolabs) and [y-*2P]JATP (Perkin Elmer-Cetus,
Boston, MA). EMSA conditions were as previously described (Eliassen ef al.,
1998), except that the native gels were 6% polyacrylamide and the dry gels
were exposed to a phosphorimager screen and scanned using a Typhoon 9410
Imager (GE Healthcare). The DNA probes used were as follows: H3.2a:
5'-GATCCTCGGCCGTCATGGCGCTGCAGGAGGCA-3" (Eliassen et al.,
1998), adeno-associated virus (AAV) promoter (p5-60): 5'-GATCCGTTTTGC-
GACATTTTGCGACACA-3" (Shi et al.,, 1991), and Cdc6é promoter region
(Cdc6p): 5'-GATCTGTGGCCATTCGGATTTGGCGCGCGAG-3" (Schlisio et
al., 2002). To test the specificity of the YY1 shift, 1 ug of anti-YY1 (C-20),
anti-green fluorescent protein (GFP), or anti-Sp1 antibodies (Santa Cruz Bio-
technology) were added to the binding reactions.

Indirect Immunofluorescence

For indirect immunofluorescence, cells grown on coverslips were washed
three times with PBS, fixed with 3.7% formaldehyde for 10 min RT, and then
washed three times with PBS. Cells were permeabilized for 10 min at RT with
PBS containing 0.2% Triton-X-100 and subsequently were washed three times
with PBS. Immunostaining was performed by overlaying the coverslips with
blocking solution (PBST, 1% IgG-free BSA) for 30 min at 37°C. Primary
antibodies were then added to the coverslips, in blocking solution, and
incubated for 1 h at 37°C. Anti-YY1 (H-414, Santa Cruz Biotechnology) and
anti-Flag antibody (Sigma) were added at a final concentration of 1 ug/ml.
Anti-lamin A/C (Santa Cruz Biotechnology) was added at 0.2 ug/ml. Cov-
erslips were then washed three times with PBST, and anti-rabbit Alexa-Fluor
546 and anti-mouse Alexa-Fluor 647 (Molecular Probes, Eugene, OR) second-
ary antibodies (2 ug/ml in blocking solution) were then applied to the
coverslips and incubated for 1 h at 37°C. After washing three times with
PBST, cells were overlaid with DAPI solution (2 pug/ml in PBS) for 5 min,
washed briefly, and mounted in Vectashield (Vector Laboratories, Burlin-
game, CA). Images were captured using a confocal microscope (Leica Micro-
systems, Exton, PA), taking 1-um sections of the cells. The overlay images
were generated using Leica LCS Lite Software.
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In Vivo Labeling of YY1

An asynchronous population of HeLa cells was starved for phosphate for 30
min in phosphate-free medium (DMEM, Cellgro). 32P-Orthophosphate was
added to a final concentration of 1 mCi/ml and incubated with the cells for
2 h. After washing three times in ice-cold PBS, WCE was prepared, and
endogenous YY1 was immunoprecipitated with anti-YY1 (C-20) antibody. To
label Flag-YY1 in vivo, HeLa cells were transiently transfected with pCS2(+)-
Flag-YY1 in parallel with negative control cells that did not receive DNA.
Eighteen hours after transfection, the 32P-orthophosphate labeling procedure
described above was followed, except that the labeling time was extended to
4 h to enhance the signal. Flag-YY1 was immunoprecipitated using rabbit
polyclonal anti-Flag antibody (Sigma), followed by IP with anti-YY1 (C-20)
antibody. SDS-PAGE buffer was added to the beads and boiled for 5 min. The
immunoprecipitated proteins were separated on a 10% SDS-PAGE gel and
then transferred to a nitrocellulose membrane. The membrane was first
exposed to a Phosphorimager screen and then probed with anti-YY1
(H-10) antibody. The screen was scanned using a Typhoon 9410 Imager
(GE Healthcare).

Phosphospecific Protein Staining

Flag-YY1 was immunoprecipitated from asynchronous or nocodazole-ar-
rested HeLa-Flag-YY1 cells. After boiling in SDS-PAGE buffer, the immuno-
precipitated complex was loaded and separated on a 10% SDS-PAGE gel. The
fluorescent phosphospecific stain ProQ Diamond (Molecular Probes) was
applied according to the manufacturer’s instructions. The fluorescent signal
was captured on a Typhoon 9410 Imager (GE Healthcare).

Mass Spectrometric Analysis

Flag-YY1 was immunoprecipitated from nocodazole-arrested HeLa-Flag-YY1
cells. The immunoprecipitated proteins were separated on a 10% SDS-PAGE
gel and stained with Coomassie blue. The Flag-YY1 band was excised from
the gel and analyzed at the UNC-Duke Proteomics Center. Briefly, processing
of Flag-YY1 was as follows: samples were submitted as in gel bands, which
were tryptic-digested and extracted as previously described (Parker ef al.,
2005). The gel extracts were lyophilized and resuspended in water. The
samples were enriched for phosphopeptides using Perkin Elmer-Cetus’s
PhosTrap beads and analyzed directly on the MALDI target (Raska ef al.,
2003), using a Bruker Reflex II MALDI TOF/TOF mass spectrometer (Marl-
borough, MA), operated in the positive ion, reflectron mode. The mass
spectrometer was scanned over the mass range 739-4560 Da. The matrix used
was DHB (2,5-dihydroxybenzoic acid). For comparison, an aliquot of the
supernatant, depleted of phosphopeptides, was also analyzed in the same
matrix.

Fluorescence-activated Cell Sorter Analysis

Asynchronous or synchronized HelLa cells were trypsinized, washed two
times with PBS, and then fixed in 70% ethanol on ice for at least 2 h. After
washing off the ethanol, cells were resuspended in propidium iodide (PI)
solution (50 pg/ml PI, 200 wg/ml RNase A, 0.1% Triton-X 100 in PBS) and
incubated for 30 min at 30°C. The cell suspension was then passed through a
50-um nylon mesh to remove clumps. Cells were then analyzed based on
DNA content on a fluorescence-activated cell sorter (FACS; FACS Canto;
Becton Dickinson, San Jose, CA), and images were generated using BD FACS
Diva software.

RESULTS

Changes in Subcellular Distribution of YY1 during Mitosis

YY1 is primarily a nuclear protein, in accordance with its
function as a transcription factor. Previous studies have
reported changes in the subcellular localization of YY1 dur-
ing certain stages of development (Ficzycz et al., 2001), dif-
ferentiation (Delehouzee ef al., 2005), and G1/S transition of
the cell cycle (Palko et al., 2004). The localization and distri-
bution of YY1 during mitosis, in the absence of the nuclear
envelope and relative to the condensed chromosomes, have
not been reported. To examine the subcellular distribution of
YY1 during mitosis, HeLa cells were synchronized in early
S-phase and then released back into the cell cycle. Cells were
fixed for immunostaining of YY1 at 7-9 h after release. The
nuclear envelope was visualized by immunostaining with
anti-lamin A/C antibody, and the DNA was stained with
DAPI. The physical appearance of the DNA was used to
define the different stages of mitosis (Mitchison and Salmon,
2001; Pines and Rieder, 2001; Watrin and Legagneux, 2003).
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As shown in Figure 1, YY1 is primarily nuclear at the
G2/M transition of the cell cycle, colocalizing with the DAPI
signal of the uncondensed DNA. As cells proceed into
prophase and DNA appears to condense into chromosomes,
YY1 is dispersed into the cytoplasm. By the end of prophase,
YY1 appears to be homogenously dispersed throughout the
cell. This dispersed pattern of YY1 is maintained in promet-
aphase, metaphase, and anaphase, and YY1 appears to be
excluded from the condensed DNA. In telophase, the YY1
signal colocalizes with the decondensing chromosomes very
rapidly. The distribution of YY1 into the cytoplasm corre-
lates with the breakdown of the nuclear envelope in
prophase, as is observed in Figure 1. The return of YY1 back
to the DNA during telophase appears to precede the com-
plete formation of the nuclear envelope (Supplementary
Figure S1).

Loss of YY1 DNA-binding Activity in Prometaphase HeLa
Cells

To determine whether the change in subcellular distribution
of YY1 in prophase correlates with loss of YY1’s DNA-
binding activity, WCEs were prepared from asynchronous,
S-phase, and prometaphase HeLa cells. S-phase cells were
obtained by thymidine arrest and prometaphase cells were
obtained by nocodazole arrest. The DNA-binding activity of
YY1 in these extracts was tested in an in vitro EMSA. A
radioactively labeled double-stranded oligonucleotide, en-
compassing the YY1-binding site in histone H3.2 coding
region (H3.2a) was used in this assay (Eliassen et al., 1998).
The YY1 protein in the WCEs from asynchronously growing
and thymidine-blocked Hela cells was able to bind the
H3.2a probe efficiently. However, the DNA-binding activity
in extracts from nocodazole-arrested HeLa cells was greatly
decreased (Figure 2A). To confirm that the observed shift is
the result of the YY1 binding to H3.2a, anti-YY1 (C-20)
antibody was incubated with the binding reaction using
asynchronous WCE. This antibody specifically recognizes
and binds to the DNA-binding domain of YY1, interfering
with its DNA-binding activity (Eliassen et al., 1998). As
shown in Figure 2A addition of Anti-YY1(C-20) antibody
significantly decreased the shift. Addition of antibodies
against GFP or Spl had no effect on the shift. This experi-
ment was repeated several times, and decreased binding
activity of YY1 was always observed in nocodazole-arrested
cells. It has been previously reported that the YY1 expres-
sion and protein levels do not fluctuate significantly during
the various stages of the mammalian cell cycle (Whitfield et
al., 2002; Palko et al., 2004; Wilkinson ef al., 2006). However,
to exclude the possibility that YY1 is degraded in nocoda-
zole-arrested cells, samples from the WCEs were analyzed
on a Western blot, using monoclonal anti-YY1 specific anti-
body (H-10). As shown in Figure 2B, comparable levels of
YY1 protein were detected in all three cell extracts. The
levels of cyclin B were elevated in nocodazole-arrested cells,
as expected (Sullivan and Morgan, 2007). GAPDH was used
to show equal loading. In addition, the cell cycle distri-
bution of asynchronous, thymidine-arrested, or nocoda-
zole-arrested HeLa cells was confirmed by FACS analysis
(Figure 2C).

The inability of YY1 in extracts from nocodazole-arrested
cells to bind DNA in vitro was correlated with in vivo
dissociation of YY1 from the DNA. This was shown by
immunostaining of YY1 in nocodazole-blocked HeLa cells
(Supplementary Figure S2). The distribution of YY1 in no-
codazole-arrested cells was identical to what was observed
in prometaphase cells in Figure 1.

Molecular Biology of the Cell
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Figure 1. Subcellular distribution of YY1

changes during mitosis. Indirect immunoflu-
orescence of Hela cells during mitosis. En-
dogenous YY1 (red) was immunostained with
anti-YY1 antibody (H-414). The nuclear enve-
lope was visualized by immunostaining of
lamin A/C (green), followed by DAPI stain-
ing of DNA (blue). The different phases of
mitosis were determined based on DNA con-
formation and nuclear envelope breakdown
and reassembly (Mitchison and Salmon, 2001;
Pines and Rieder, 2001; Watrin and Lega-
gneux, 2003). Bar, 5 um. Further analysis of
telophase is presented in Supplementary Fig-
ure S1.

Anaphase

Telophase

Increase in DNA-binding Activity of YY1 as Cells Progress
through Mitosis

To examine the DNA-binding activity of YY1 in cells pro-
gressing from prometaphase through mitosis, HeLa cells
were first blocked by nocodazole. After 18 h, cells were
collected, washed, and then replated into fresh growth me-
dium. Samples were harvested for WCE preparation at time
points 0, 30, 60, 90, and 120 min after release. These extracts
were tested in an in vitro EMSA with labeled H3.2a probe.
A gradual increase in the binding activity of YY1 was ob-
served as cells progressed toward telophase. Anti-YY1(C-
20), anti-GFP, or anti-Sp1 antibodies were incubated with
WCE from the 120-min time point to confirm the specificity
of the YY1 shift. WCE from the different time points were
also assessed by Western blot with anti-YY1 (H-10) and
anti-cyclin B, and anti-GAPDH antibodies. The YY1 protein
levels remained constant as the cells progressed through
mitosis (Figure 3A). Progression through mitosis was veri-
fied by examining cyclin B protein levels. Expression of
cyclin B increases during S-phase and accumulates at the
G2/M boundary when it plays a key role in activating Cdk1
(cyclin-dependent kinase 1), which initiates entry into mito-
sis. In anaphase, cyclin B levels drop dramatically through
rapid degradation by the anaphase-promoting complex
(APC; Sullivan and Morgan, 2007). Thus, cyclin B can be
utilized as a marker for the end of metaphase and progres-
sion through the end of mitosis. As observed in Figure 3B,
declining levels of cyclin B indicate that the cells proceeded
through mitosis, after release from the nocodazole block.

Vol. 20, November 15, 2009

The elimination of cyclin B after metaphase is usually very
rapid and is required for the cell to proceed into anaphase.
The gradual decrease observed in Figure 3B indicates that,
as might be expected, the cells do not exit from the nocoda-
zole block at the exact same rate. The released cells were
observed under the microscope before WCE preparation. A
large variety of cell shapes was detected at each time point.
Some of the cells were already in telophase stage as early as
60 min after the release, while some were still in late meta-
phase (data not shown). Thus, each time point after the
removal of the block contained cells that are in slightly
different stages. From these results, it is clear that the inhi-
bition of the DNA-binding activity of YY1 in prometaphase
is reversed later in mitosis.

Loss of YY1 DNA-binding Activity Due to
Phosphorylation during Mitosis

The YY1 protein levels do not fluctuate during the cell cycle,
including mitosis, as previously reported (Palko et al., 2004)
and shown in Figures 2B and 3B. Thus, it seems likely that
the change in the DNA-binding activity is due to posttrans-
lational modification. To investigate whether phosphoryla-
tion plays a role in the loss of DNA-binding activity of YY1
in mitosis, Flag-YY1 was purified from the HeLa-Flag-YY1
cell line blocked at prometaphase by nocodazole for 18 h.
WCEs were prepared and purification of Flag-YY1 was per-
formed by IP using an anti-Flag antibody and competitive
elution with excess Flag peptide. Three different double-
stranded DNA oligonucleotides were used as probes in the
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Figure 2. YY1 DNA-binding activity is lost in prometaphase. WCEs were prepared from asynchronous (Asy), nocodazole-arrested (Noc),
or thymidine-arrested HeLa cells (Th), separated by SDS-PAGE, and analyzed by Western blot using anti-YY1 (H-10), anti-cyclin B, or
anti-GAPDH antibodies (A) and electrophoretic mobility shift assay (EMSA) using >?P-labeled H3.2« as probe (B). The specificity of the YY1
shift was tested by addition of anti-YY1 (C-20), anti-GFP, or anti-Spl to the WCE from asynchronous cells as indicated. The cell cycle
distribution of the cells was assessed by FACS analysis (C). Confocal images of nocodazole-arrested cells are presented in Supplementary

Figure S2.

EMSA experiment, containing three different YY1-binding
sites. The three probes were defined in Materials and Methods.
The H3.2a-binding site was described earlier (Eliassen et al.,
1998), AAV p5-60 is part of the promoter region of the
adeno-associated virus (Shi ef al., 1991), and Cdcé6p is part of
the Cdc6 promoter (Schlisio et al., 2002). The use of three
different YY1-binding sites excluded the possibility of con-
text-specific DNA-binding activities. Flag-YY1 purified from
nocodazole-blocked HeLa cells showed almost no binding
activity to H3.2a, shown in Figure 4A. EMSA using p5-60
and Cdc6p probes is shown in Supplementary Figure S3.
When A-phosphatase, a general protein phosphatase, was
added to Flag-YY1 at 30°C, a significant increase in the
binding activity was observed with all three probes (Figure
4A and Supplementary Figure S3). The addition of phospha-
tase inhibitors along with A-phosphatase prevented this in-
crease in binding activity, further demonstrating that de-
phosphorylation of Flag-YY1 is the cause of this recovery in
binding. Equal levels of the Flag-YY1 protein in all three
reactions (with or without A-phosphatase and phosphatase
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inhibitors) was confirmed by Western blotting using anti-
YY1 antibody (Figure 4B). The specificity of the YY1 shift
was confirmed by incubation of anti-YY1 (C-20), anti-GFP,
or anti-Sp1 antibodies to the binding reactions containing
Flag-YY1 and A-phosphatase. Only anti-YY1(C-20) was able
to abolish the shift (Figure 4A and Supplementary Figure
S3).

These results clearly indicate that specific phosphoryla-
tion events negatively regulate the DNA-binding activity of
YY1 in mitosis.

Increase in the Phosphorylation Level of YY1 during
Mitosis
If a phosphorylation event negatively regulates the binding
activity of YY1 in mitosis, then we might expect the phos-
phorylation level of the protein to increase in prometaphase
cells, relative to asynchronous cells.

Direct evidence of phosphorylation of a protein under
physiological conditions is obtained by metabolic radioac-
tive labeling of the protein in vivo. It has been previously

Figure 3. YY1 DNA-binding activity in-
creases after release from nocodazole arrest.
HeLa cells were blocked with nocodazole for
18 h, then washed, and released into fresh me-
dium. WCEs were prepared from blocked cells
and from cells released for 30, 60, 90, and 120
min. (A) Electrophoretic mobility shift assay
(EMSA) was performed using WCE from re-
leased cells using *?P-labeled H3.2« as a probe.
The time points for WCEs are indicated. The
specificity of the YY1 shift was assessed by
addition of anti-YY1 (C-20), anti-GFP, or anti-
Sp1 to the WCE from cells released for 120 min,
as indicated. (B) Western blot of extracts pre-
pared from the different time points after re-
lease from nocodazole arrest was performed.
The blot was first probed with anti-YY1 (H-10)
antibody, stripped, and reprobed with anti-cy-
clin B antibody and then anti-GAPDH.

30" 60" 90" 120’
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Figure 4. Dephosphorylation of Flag-YY1 from nocodazole-arrested
HeLa cells increases its DNA-binding activity. Flag-YY1, purified from
nocodazole-arrested HeLa cells, stably transfected with pCS2(+)-Flag-
YY1, was incubated 30°C, with or without A-phosphatase for 30 min
before use in the EMSA. The specificity of the YY1 shift was assessed
by addition of anti-YY1 (C-20), anti-GFP, or anti-Sp1 to the reaction
containing Flag-YY1 and A-phosphatase, as indicated in A. Equal load-
ing of Flag-YY1 in these reactions was assessed by Western blotting
using anti-YY1 (H-10) antibody (B).

reported that YY1 is phosphorylated, using 3?P-orthophos-
phate labeling, but the results were not shown (Austen et al.,
1997). To confirm this result, radioactive orthophosphate
was added to the growth medium of asynchronously grow-
ing HeLa cells for 2 h under normal growth conditions.
WCEs were then prepared, and endogenous YY1 was im-
munoprecipitated.

When analyzed on an SDS-PAGE gel and transferred to a
nitrocellulose membrane, a radioactive band was observed
at the molecular weight where YY1 is usually observed
(Figure 5A, left panel). To confirm the identity of this radio-
active band, the membrane was probed with mouse mono-
clonal YY1 antibody (H-10). Indeed, the immunoprecipi-
tated radioactive band was confirmed to be YY1 (Figure 5A,
right panel). The radioactive labeling of endogenous YY1 in
a relatively short incubation time with orthophosphate in-
dicates that phosphorylation of YY1 in vivo is a dynamic
process.

The increase in DNA-binding activity of YY1 from no-
codazole-arrested cells, upon in vitro dephosphorylation
(Figure 4), was performed using overexpressed Flag-tagged
form of YY1. To confirm that Flag-YY1 is phosphorylated as
well as the endogenous YY1, the in vivo labeling experiment
described above was repeated with Hela cells transiently
transfected with pCS2(+)-Flag-YY1. When anti-Flag anti-
body was used in the IP, only one radioactive band was
detected, because the anti-Flag antibody would only detect
the overexpressed Flag-tagged form of YY1. The nontrans-
fected negative control lane did not show a radioactive band
(Figure 5B, top left panel). The identity of the radioactive
protein in the Flag-YY1 lane was further confirmed as YY1 in
the Western blot analysis (Figure 5B, top right panel). Sub-
sequently, IP by the YY1 C-terminal specific antibody (C-20)
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was performed. Two radioactive proteins were detected in
the transfectant cell lane because this antibody recognizes
both endogenous and overexpressed Flag-tagged YY1 (Fig-
ure 5B, bottom left panel). Only endogenous YY1 was de-
tected in the negative control lane. The identity of these
bands was confirmed by Western blot analysis (Figure 5B,
bottom right panel).

To directly test if there is an increase in the phosphoryla-
tion status of YY1 in nocodazole-blocked cells, Flag-YY1 was
immunoprecipitated from either nocodazole-blocked or
asynchronous HeLa-Flag-YY1 cells. The immunoprecipi-
tates were separated on an SDS-PAGE gel and stained with
ProQ Diamond. ProQ Diamond is a fluorescent stain that
binds to phosphorylated amino acid residues on proteins.
An increase in phosphorylation of a protein is observed by
increase in the fluorescent signal. In this case, Flag-YY1
immunoprecipitated from cells blocked by nocodazole in
prometaphase showed an increase of fluorescent signal
when compared with Flag-YY1 immunoprecipitated from
asynchronous cells. Staining of the gel with the general
protein stain, Coomassie blue, showed equal protein levels
for both lanes (Figure 5C). The difference in ProQ Diamond
signal was a threefold increase. This quantification is an
average resulting from five independent experiments. The
synchrony of the nocodazole-arrested cells was verified by
FACS analysis (Figure 5C).

Mapping of Three Phosphorylation Sites on Flag-YY1
Purified from Nocodazole-blocked Cells

To identify potential phosphorylation sites on YY1, Flag-
YY1 was immunoprecipitated from nocodazole-arrested
HeLa-Flag-YY1 cells and loaded on an SDS-PAGE gel. After
staining the gel with Coomassie blue, the Flag-YY1 protein
band was excised and subjected to mass spectrometry anal-
ysis. Flag-YY1 was digested by trypsin, and YY1 phos-
phopeptides were enriched on phospho-specific binding
beads (PhosphoTrap beads). The enriched peptides were
analyzed by MALDI-TOF mass spectrometry. Three phos-
phopeptides were detected and further sequenced to iden-
tify the amino acid residues carrying the phosphorylations.
The three amino residues identified were serine 247 and
threonines 348 and 378. Figure 6 shows the location of the
three sites relative to the functional domains of YY1. The
diagram of YY1 used here is based on previous studies
characterizing the various functional domains of YY1 (Bush-
meyer ef al., 1995; Austen et al., 1997). Serine 247 is located
within what is known as the spacer region of YY1. The
function of this region is not understood. Threonines 348
and 378 are located within the DNA-binding domain of YY1.
The DNA-binding domain of YY1 is composed of four C,H,
zinc fingers. Threonine 348 is located between zinc fingers 2
and 3, and threonine 378 is located between zinc fingers 3
and 4. A closer examination of these two sites revealed that
they are part of a consensus linker peptide sequence. Linker
peptides, short amino acid sequences found in almost all
zinc-finger proteins, play a critical role in joining and regu-
lating the flexibility of the two adjacent fingers (Choo and
Klug, 1993; Wuttke et al., 1997; Laity et al., 2000).

In a previous mass spectrometric analysis of Flag-YY1
purified from an asynchronous population of HeLa-Flag-
YY1 cells, only the phosphorylation of serine 247 was de-
tected (Hurt lab, unpublished results). The phosphorylation
of threonines 348 and 378 was only detected on Flag-YY1
from nocodazole-arrested cells.
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Figure 5. Phosphorylation of YY1 increases in nocodazole-arrested

HeLa cells. (A) Endogenous YY1 was immunoprecipitated from

HeLa cells incubated with radioactive orthophosphate for 2 h. Radioactive proteins were detected by Phosphorimager, and the identity
of the protein was confirmed by Western blot using anti-YY1 (H-10). (B) HeLa cells transfected with pCS2(+)-Flag-YY1 or with no DNA
as negative control were incubated with radioactive orthophosphate for 4 h, and WCEs were prepared. Two successive IPs were

performed, a first with anti-Flag antibody (top) and the second with

anti-YY1 (C-20) (bottom). Radioactive proteins were detected by

Phosphorimager (left panels), and the identity of the proteins was confirmed by Western blot using anti-YY1 (H-10). (C) Flag-YY1 was
immunoprecipitated from asynchronous (Asy) or nocodazole-arrested (Noc) HeLa cells, stably transfected with pCS2(+)-Flag-YY1, and
separated on a 10% SDS-PAGE gel. The gel was stained with phosphospecific ProQ Diamond and subsequently with Coomassie blue.
The graph represents results of quantification of five independent experiments. The synchrony of the cells was verified by FACS

analysis.

Effect of Mutation of Serine 247 of YY1 on Subcellular
Localization and DNA-binding Activity

To test the possible roles that a modification of YY1 at serine
247 can play in its regulation, YY1 mutants with a serine 247
substitution to aspartic acid or to alanine (were generated).
To examine effects of these substitutions on the DNA-bind-
ing activity of YY1, WCEs were prepared from HeLa cells
transiently  transfected ~with  pCS2(+)-Flag-YY1(WT),
(S247A), or (S247D). WCEs were also prepared from HeLa
cells that received only the transfection reagent and served
as negative control (Mock). Overexpression of these proteins
was examined by Western blot, probed with anti-YY1 (H-10)
antibody (Figure 7A). When the WCEs were tested in an in
vitro EMSA with H3.2a-labeled probe, Flag-YY1 wild type
generated a shift slightly higher than that of the endogenous

\o(\

YY1 shift, as expected. Alanine or aspartic acid substitutions
at serine 247 had only minor effects on the DNA-binding
activity of YY1 (Figure 7B). Because the loss of DNA-binding
activity of YY1 in nocodazole-arrested cells was dramatic, it
is improbable that phosphorylation of serine 247 is respon-
sible for this loss.

To test the importance of serine 247 modification on the
nuclear localization of YY1, HelLa cells were transfected with
Flag-YY1 (WT), (S247A), or (5247D). The overexpressed pro-
teins were visualized using anti-Flag antibody, and DNA
was stained with DAPI to visualize the nucleus. No differ-
ence was detected between localization of the mutants and
wild-type Flag-YY1, showing that phosphorylation at serine
247 does not regulate the localization of YY1 (Supplemen-
tary Figure S4).
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Figure 6. Three phosphorylation sites are identified in
YY1. Three phosphorylation sites were identified by
mass spectrometry in tryptic digests of Flag-YY1 immu-
noprecipitated from nocodazole-arrested HelLa cells.
The location of these sites is indicated relative to the
functional domains of YY1 previously reported by
Austen ef al. (1997). Serine 247 is found in the spacer
region. Threonines 348 and 378 are found in the
DNA-binding domain, specifically in the linker pep-
tides between fingers 2-3, and 3-4.
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Figure 7. Mutation of S247 has little effect on YY1 75— @ ((\,pq '\ ,\ ~
DNA-binding activity. HeLa cells were transiently Flag-YY1
transfected with pCS2(+)-Flag-YY1 WT, S247A, or -... £ Endogenous
5247D mutants. Cells that did not receive DNA served 50 YY1

as negative control (Mock). Eighteen hours after trans-
fection, WCEs were analyzed by Western blot using
anti-YY1 antibody (H-10) (A), and EMSA using 32P-
labeled H3.2a as probe (B). Confocal imaging of Hela
cells transfected with Flag-YY1 (WT) or 5247 mutants is
presented in Supplementary Figure S4.

Effect of Mutation of Threonines 348 and 378 of YY1 on
Subcellular Localization and DNA-binding Activity

It has previously been shown that all four zinc fingers of YY1
are required for its full DNA-binding activity (Austen ef al.,
1997). The phosphorylation sites threonine 348 and 378 on
YY1, identified in nocodazole-arrested cells, are not located
in any of the four zinc fingers. Interestingly, they are located
in the linker peptides (the “knuckles”) joining zinc fingers 2
and 3, and 3 and 4. To test the effect of phosphomimetic
substitutions at these two sites, three YY1 mutants were
generated. HeLa cells were transiently transfected with
pCS2(+)-Flag-YY1 (T348D), pCS2(+)-Flag-YY1 (T378D), or
pCS2(+)-Flag-YY1 (T348D, T378D), as well as pCS2(+)-Flag-
YY1 (WT). HeLa cells receiving only the transfection reagent
served as a negative control (Mock). WCEs prepared from
the transfected cells were analyzed by Western blot with
anti-YY1 (H-10) antibody. Equal levels of overexpression of
Flag-YY1 wild type or Flag-YY1 mutants were detected in all
transfections (Figure 8A). When tested in an EMSA experi-
ment with labeled H3.2a as probe, equivalent shifts for the
endogenous YY1 were detected in all lanes. Flag-YY1(WT)-
bound DNA efficiently. However, no binding activity was
detected for Flag-YY1 (T348D) and Flag-YY1(T348D, T378D).
Only minimal binding activity was detected for Flag-
YY1(T378D) (Figure 8B). This result indicates that modifica-
tion of either of these two sites would have drastic effects on

Figure 8. T348D and T378D mutations abol-
ish YY1 DNA-binding activity. HeLa cells
were transiently transfected with pCS2(+)-
Flag-YY1 wild type (WT), (T348D), (T378D),
and the double mutant (T348D, T378D). Cells
that did not receive DNA served as negative
control (Mock). Eighteen hours after transfec-
tion, WCEs were analyzed by Western blot
using anti-YY1 antibody (H-10) (A), and
EMSA using 3*P-labeled H3.2« as probe (B).
Confocal imaging of Hela cells transfected with
Flag-YY1 (WT) or T348, T378 mutants is pre-
sented in Supplementary Figure S6.
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YY1’s DNA-binding activity, as observed in prometaphase
YY1. Interestingly, substitution of threonines 348 and 378
with alanine residues resulted in the same loss of binding
activity (Supplementary Figure S5).

Threonines 348 and 378 are also found in the region of
YY1 that has been shown to be essential for nuclear local-
ization (Austen et al., 1997). Because YY1 also distributes to
the cytoplasm during mitosis, we wanted to test whether
substitutions of these two sites would have effects on the
localization of YY1. pCS2(+)-Flag-YY1 (WT), (T348, T378D),
or (T348, T378A) were transfected into HeLa cells growing
on coverslips. Eighteen hours after transfection, cells were
fixed, permeabilized, and immunostained with anti-Flag an-
tibody for visualization of the overexpressed proteins. DNA
was stained with DAPI to visualize the nucleus. Flag-YY1
wild type, and both mutants (to aspartic acid or alanine)
localized equally to the nucleus (Supplementary Figure S6).
This indicates that although modifications at these two sites
abolish the DNA-binding activity of YY1, it is not likely
involved in the export of YY1 to the cytoplasm.

DISCUSSION

The regulation of the transcription factor YY1 by phosphor-
ylation has long been proposed, but how a specific phos-
phorylation event can regulate the function of YY1 has never

oY)
=
&1\5

S
76\
Q‘é)%f Q‘Q’Q /\"?(é) /\{&0 R

Flag-YY1 shift
— ' wwt b s & Endogenous

o YY1 shift
™ Q@
R &
O & &
L o

YY1

«— Free probe

4773



R. Rizkallah and M. M. Hurt

been reported. The results presented in this study elucidate
a mechanism for the inactivation of YY1, during cell divi-
sion, through phosphorylation of its DNA-binding domain.

YY1 is a global regulator of vertebrate gene expression.
The pivotal role of YY1 has become more evident as our
knowledge of the genes regulated by this factor has grown
since its identification. Genes shown to be repressed or
activated by YY1 are involved in the regulation of most basic
biological processes, including development, cell prolifera-
tion, and differentiation (Affar el et al., 2006; Gordon et al.,
2006). Furthermore, YY1 has been shown to play a role in
resistance to apoptosis in cancerous cells and down-regula-
tion of YY1 led to increased sensitivity of HeLa cells to
apoptotic stimuli (Affar el et al., 2006). Inhibition of the
DNA-binding activity of YY1, through S-nitrosation of its
DNA-binding domain upon nitric oxide treatment of some
prostatic and ovarian cancer cell lines, resulted in sensi-
tization of these cells to apoptotic stimuli (Garban and
Bonavida, 2001; Hongo et al., 2005; Huerta-Yepez et al., 2009).
Many of the cancer therapies in use or in development today
are based on inhibition of certain phosphorylation pathways
(Zhang et al., 2009). Previous studies have proposed that
phosphorylation can affect the DNA-binding activity of YY1
(Becker et al., 1994; Kaludov et al., 1996; Shi et al., 1997;
Eliassen et al., 1998). However, these studies did not provide
direct evidence or a mechanism for this effect. In addition,
they reported contradictory effects for the phosphorylation
of YY1. For example, phosphorylation was proposed to be
essential for the ability of YY1 to bind the upstream con-
served region in the murine leukemia virus long terminal
repeat (Becker ef al., 1994), to have no effect on YY1-binding
activity to the AAV P5 promoter (Shi et al., 1997), or to have
a negative effect on the binding activity of YY1 to the alpha
element of the replication-dependent histone gene H3.2
(Kaludov et al., 1996; Eliassen et al., 1998). These discrepan-
cies could be due to the use of different experimental sys-
tems, including cell lines, DNA-binding sites, and phospha-
tases. But, more importantly, these studies have applied
indirect in vitro approaches, using nuclear extracts and not
purified YY1. The heterogeneous protein composition of
nuclear or WCEs allows for the possibility of complicating
effects.

YY1 has been shown to regulate specific genes at the entry
into mitosis (Affar el et al., 2006) and exit from mitosis (Elkon
et al., 2003). However, the activity of YY1 between these two
stages has not been examined. In this study, immunofluo-
rescence staining of HeLa cells during the different stages of
mitosis revealed that YY1 leaves the DNA and distributes to
the cytoplasm in prophase. This redistribution persists
throughout metaphase and anaphase of mitosis and then
YY1 is rapidly recruited back to the DNA at telophase,
before complete decondensation of the chromosomes and
nuclear envelope reassembly. Exclusion from DNA in vivo
was correlated with loss of YY1 DNA-binding activity in
vitro, as was shown by EMSA assays. Using WCEs of syn-
chronized Hela cells, we show that YY1 regains its DNA-
binding activity as cells progress toward the exit from
mitosis.

The YY1 protein levels do not fluctuate significantly
throughout the different phases of the cell cycle, including
mitosis. Therefore, we hypothesized that YY1 could be the
substrate of a posttranslational modification that inactivates
its DNA-binding activity, and consequently, its transcrip-
tional activity, upon entry into mitosis. To test if phosphor-
ylation is responsible for this inactivation, Flag-YY1 was
purified from prometaphase HeLa cells using a mild purifi-
cation approach, yielding a fully functional protein. When
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Flag-YY1 was dephosphorylated in vitro before an EMSA
assay, a significant increase was observed in its DNA-bind-
ing activity. Three different DNA probes (H3.2«, p5-60, and
Cdc6p) were used in this experiment and gave the same
result. These probes represent three different genetic con-
texts for YY1 binding in vivo, which suggests that the neg-
ative effect of phosphorylation on the DNA-binding activity
of YY1 is not context specific.

To identify the specific phosphorylation sites causing this
loss of binding activity, mass spectrometric analysis was
performed using Flag-YY1 purified from prometaphase
HeLa cells. Three phosphorylation sites were identified:
serine 247, threonine 348, and threonine 378. Consistent with
this result, a recent large-scale study of the mitotic phospho-
proteome identified three mitotic phosphopeptides that
match these three sites in YY1 (Dephoure et al., 2008).

To examine if phosphorylation at these sites can cause the
loss of YY1 DNA-binding activity, we generated phospho-
mimetic mutations at the identified sites. Phosphomimetic
substitution at serine 247 did not have a substantial effect on
the DNA-binding activity of YY1. On the other hand, phos-
phomimetic substitutions at threonines 348 and 378 abol-
ished YY1 DNA-binding activity.

Threonines 348 and 378 are not located in any of YY1’s
four zinc finger domains, all of which are required for full
DNA-binding activity (Austen et al., 1997). In fact, these
critical threonines are located within linker peptides joining
zinc fingers 2 and 3 (threonine 348), and fingers 3 and 4
(threonine 378). The presence of linker peptides is very well
conserved among C,H, zinc finger proteins (Wolfe et al.,
2000), and a critical role has been attributed to these peptides
in DNA-binding activity (Choo and Klug, 1993; Wuttke et al.,
1997; Laity et al., 2000). It is noteworthy to mention that
substitution of threonines 348 and 378 with alanine residues
also abolished the DNA-binding activity of YY1. It appears
that the hydroxyl group of threonines 348 and 378 is essen-
tial for the “capping” mechanism that occurs during binding
of zinc finger protein to DNA. This group mediates interac-
tions between the linker part and the preceding zinc finger
(Laity et al., 2000). Addition of a phosphate molecule to this
group would prevent this interaction and affects the ability
of the protein to bind DNA properly. Thus, it is not unex-
pected that the addition of a phosphate group at threonines
348 and 378 of YY1 would drastically affect its DNA-binding
activity.

Additional support of this conclusion was shown in an in
vitro biochemical study that demonstrated that addition of a
phosphate group to the linker peptides of zinc finger pro-
teins results in a dramatic reduction in DNA-binding affinity
(Jantz and Berg, 2004). This mode of inactivation is not a
unique to YY1. Similar observations have been reported for
the zinc finger transcription factors Ikaros and Sp1 (Dovat et
al., 2002).

Silencing of gene expression during mitosis has long been
known in mammalian cells (Prescott and Bender, 1962). It
has also been shown that the loss of transcriptional activity
in mitosis is not only due to condensation of chromatin, but
is also due to inactivation of binding activities of some
transcription factors (Gottesfeld and Forbes, 1997). Other
studies have proved this model for several sequence-specific
transcription factors like Oct-1 (Segil et al., 1991), GHF-1
(Caelles et al., 1995), and Sp1 (Martinez-Balbas et al., 1995;
Dovat et al., 2002). Here we show that the DNA-binding
activity of YY1 is also inactivated upon entry into mitosis,
further enhancing our understanding of mitotic cessation of
transcription.
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YY1 has been shown to physically interact with and re-
cruit several chromatin modifiers to sequence specific re-
gions of the genome, including histone acetyltransferases
(Lee et al., 1995, 1998), deacetylases (Yang et al., 1996, 1997;
Ren et al., 2009), and methyltransferases (Rezai-Zadeh et al.,
2003; Baumeister et al., 2005; Ko et al., 2008). In addition, YY1
has been shown to play a role in genomic imprinting (Kim et
al., 2006, 2008). The rapid recruitment of YY1 to the decon-
densing chromosomes in telophase, before the formation of
the nuclear envelope (Supplementary Figure S1), raises the
possibility of a role for YY1 in marking active and repressed
genes in newly formed daughter cells. Adding evidence to
this hypothesis is that in our immunostaining studies, YY1
appears to be equally distributed between the two new cells
possibly by an active mechanism as is the case for the
transcription factor Sp1 (He and Davie, 2006).

In summary, herein we provide concrete and direct evi-
dence for the regulation of the DNA-binding activity of YY1
by phosphorylation. We show that specific phosphorylation
of YY1 at threonines 348 and 378 plays an essential role in
the dynamic removal of YY1 from DNA during mitosis.
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