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Constitutive ablation of the Yin Yang 1 (YY1) transcription factor in mice results in peri-implantation
lethality. In this study, we used homologous recombination to generate knockout mice carrying yy! alleles
expressing various amounts of YY1. Phenotypic analysis of yy/ mutant embryos expressing ~75%, ~50%, and
~25% of the normal complement of YY1 identified a dosage-dependent requirement for YY1 during late
embryogenesis. Indeed, reduction of YY1 levels impairs embryonic growth and viability in a dose-dependent
manner. Analysis of the corresponding mouse embryonic fibroblast cells also revealed a tight correlation
between YY1 dosage and cell proliferation, with a complete ablation of YY1 inducing cytokinesis failure and cell
cycle arrest. Consistently, RNA interference-mediated inhibition of YY1 in HeLa cells prevents cytokinesis,
causes proliferative arrest, and increases cellular sensitivity to various apoptotic agents. Genome-wide expres-
sion profiling identified a plethora of YY1 target genes that have been implicated in cell growth, proliferation,
cytokinesis, apoptosis, development, and differentiation, suggesting that YY1 coordinates multiple essential
biological processes through a complex transcriptional network. These data not only shed new light on the
molecular basis for YY1 developmental roles and cellular functions, but also provide insight into the general

mechanisms controlling eukaryotic cell proliferation, apoptosis, and differentiation.

Regulation of fundamental cellular processes such as ho-
meostasis, growth, proliferation, apoptosis, and differentiation
involves complex networks of transcription factors as well as
chromatin-remodeling proteins. Dysregulation of a wide vari-
ety of transcriptional regulators has been linked to various
developmental defects and diseases, such as tumorigenesis.

Yin Yang 1 (YY1; also called delta, NF-E1, and UCRBP) is
a ubiquitously expressed GLI-Kriippel zinc finger-containing
transcription factor (23, 28, 44, 60). It is highly conserved from
Xenopus to humans and has been shown to be the vertebrate
homolog of the Drosophila melanogaster polycomb group pro-
tein Pleiohomeotic (2, 16, 64). YY1 is a multifunctional pro-
tein which can act as a transcriptional repressor or activator
through combinatorial interactions with various other tran-
scription factors, coactivators, and corepressors as well as chro-
matin-remodeling complexes displaying opposite functions, in-
cluding the histone acetyltransferase p300/CBP, the arginine
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methyltransferase PRMT1, and the histone deacetylases
HDACI1 and HDAC?2 (4, 9-12, 26, 34, 35, 45, 47, 57, 62, 65, 80,
82, 83).

Since its original isolation, YY1 has been shown to control
an ever-growing number of viral and cellular genes, among
which are the human immunodeficiency virus type 1 and hu-
man papillomavirus oncogenes E6 and E7, several proto-on-
cogenes (c-myc, c-fos, and errb2), cdc-6 (cell division cycle 6
homolog), the DNA replication-dependent histone H3.2 gene,
as well as various others (53, 59, 68, 76). With a few exceptions,
many YY1 target genes have been characterized based on
transient transfection (overexpression experiments and re-
porter gene assays) and/or in vitro approaches, and most of
them have yet to be validated as bona fide YY1 target genes in
vivo. Nevertheless, these studies suggest important roles for
YY1 in the control of cell growth, proliferation, apoptosis,
oncogenic transformation, and differentiation.

Consistent with this hypothesis, YY1 has been shown to
functionally interact with c-Myc and E1A oncoproteins (3, 34,
36, 48), as well as to control the stability of the tumor suppres-
sor p53 via a mechanism independent of its transcriptional
activity (5, 26, 65). Further supporting the potential involve-
ment of YY1 in tumorigenesis, recent studies suggest that
elevated YY1 expression and/or transcriptional activity might
contribute to tumor formation and/or progression (11, 14, 21,
56). Altogether, these findings highlight the complex nature of
YY1 functions and possible mechanisms of action, but the
molecular basis for YY1’s biological activities remains largely
unknown.
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Several lines of evidence suggest a critical requirement for
YY1 in embryonic development, morphogenesis, and organo-
genesis. Genetic and biochemical studies have attributed im-
portant roles to the Drosophila counterpart of YY1, pleio-
homeotic (pho), in embryonic patterning; mutations of pho
result in homeotic transformations associated with misexpres-
sion (i.e., derepression) of homeotic genes (15, 24, 25). YY1 is
also essential for neural induction and patterning in Xenopus
laevis (33, 51). Further emphasizing its critical requirement in
embryonic development, we previously reported that constitu-
tive ablation of YY1 in mice results in peri-implantation
lethality (20). Heterozygous mice (yy!™/~) display a mild de-
velopmental delay, and a subset of these animals exhibit neu-
rulation defects and exencephaly (20). While these observations
strongly suggest that YY1 might play important additional roles
during late embryogenesis, the early embryonic lethality caused
by constitutive loss of function precluded investigation of YY1
requirement at later developmental stages.

In this study, we report the generation of conditional knock-
out mice bearing a yy"** hypomorphic allele. Genetic crosses
with heterozygous mice carrying a wild-type allele and a null
allele of YY1 allowed us to generate mutant mice expressing
~75%, ~50%, and ~25% of the normal YY1 level. Pheno-
typic analysis of these mice and corresponding embryonic fi-
broblasts revealed a critical, dosage-dependent requirement
for YY1 in late embryonic development and cell proliferation.
Significantly, complete ablation of YY1 induced cytokinesis
failure and cell cycle arrest. Consistent with these findings,
genomewide gene expression analysis revealed that YY1 reg-
ulates various genes involved in cytokinesis, cell proliferation,
and differentiation as well as apoptosis, oncogenic transforma-
tion, and DNA repair. Taken together, these data shed new
light on YY1 developmental roles, cellular functions, and tar-
get genes and set the stage for further investigation of the
molecular mechanisms underlying its biological activities.

MATERIALS AND METHODS

Preparation of the targeting construct and generation of yyI conditional mice.
Isolation of yyI genomic clones from the mouse 129/Sv genomic DNA library has
been previously described (20). The targeting vector designed to conditionally
inactivate the yy/ locus contained a 5.8-kb Smal-Xmnl fragment for the 5 arm
and a 3.7-kb HindIII-BamHI fragment for the 3’ arm. A 3.4-kb XmnI-HindIII
fragment encompassing the proximal promoter region, the entire exon 1 (includ-
ing both the transcriptional and translational start sites), as well as part of the
first intron of the yyI locus was inserted between the two homology arms. This
3.4-kb fragment was flanked by two loxP sites, allowing Cre-mediated excision of
the promoter/exon 1 region of the yyI locus. The targeting vector also contained
the neomycin resistance gene (Neo) driven by the phosphoglycerate kinase
(PGK) promoter and flanked by two Frt sites, allowing Flp-mediated excision of
the PGK-Neo cassette.

J1 embryonic stem (ES) cell clones bearing the targeted yy** conditional
allele and chimeric mice were obtained as previously described (20, 37). Chi-
meric animals were bred to 129/Sv mice, and heterozygous yy*/* offspring
were intercrossed to obtain homozygous yy 7 mice. Insertion of a neomycin
resistance gene cassette in an intron by gene targeting has previously been
reported to alter gene expression by virtue of the potential cryptic splice sites and
polyadenylation signals it contains (39). In order to delete the selection cassette,
yy I/ mice were mated with transgenic “flipper” animals ubiquitously express-
ing Flp recombinase (22). While homologous recombination events targeting the
w1 locus were analyzed by Southern blot using external (i.e., derived from a
genomic sequence that is not present in the targeting vector) and internal probes
(20), Flp- and/or Cre-mediated recombination of the yy7’** and yy conditional
alleles was monitored using a PCR-based approach. The sequences of the PCR
primers and Southern blot probes will be made available upon request.
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Histological analysis of hypomorphic mice. Newborn mice were fixed in Bouin
solution, dehydrated in ethanol, incubated in xylene, and embedded in paraffin.
Lung sections stained with eosin and hematoxylin were observed by light micros-
copy.

Isolation of MEFs. Mouse embryonic fibroblasts (MEFs) were derived from
embryos 13.5 days postcoitum (dpc). Briefly, after removal of the head and
internal organs, embryo carcasses were digested in trypsin solution for 30 min at
37°C. After addition of Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% of fetal bovine serum (FBS), the remaining tissues were
disrupted by pipetting. The resulting cell suspension was plated and cultured in
DMEM supplemented with 10% FBS and antibiotics. Infection with adenovirus-
Cre (Gene Transfer Vector Core, University of Iowa) was performed 2 days
postisolation. Cells were maintained in the presence of viruses in DMEM con-
taining 5% of FBS for 16 h before being plated for various assays.

RNAI. HeLa cells were transfected with a control or yyI RNA interference
(RNAI) plasmid (65) using Lipofectamine 2000 (Invitrogen Life Technologies).
In some cases (see below), RNAI vectors were mixed with a puromycin resis-
tance-encoding vector, and transfected cells were selected by adding puromycin
(1.5 pg/ml; Sigma-Aldrich) to the culture medium for 2 days (65). Cells were
then trypsinized and plated for various assays.

Analysis of growth properties. For the colony formation assay, equal numbers
(5,000 to 20,000) of MEFs were seeded in six-well plates and cultured for 10 to
12 days. Cell colonies were then stained with a solution containing 30 mg/ml
crystal violet, 9 mg/ml ammonium oxalate, and 20% ethanol. The same protocol
was used for HeLa cells, but the colony formation assay was performed 14 days
after puromycin selection of the transfected cells.

For the MTT [3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide;
Sigma-Aldrich] assay, equal numbers (10,000 to 30,000) of MEFs were seeded in
six-well plates. After 2 to 10 days of culture, cells were incubated in the presence
of 400 pg/ml of MTT in DMEM for 30 min at 37°C, allowing metabolic trans-
formation of the MTT by the mitochondria and subsequent formation of an
intracellular purple formazan (41). After solubilization of this precipitate in
dimethyl sulfoxide, the absorbance was measured at 490 nm.

Analysis of cell viability and apoptotic cell death. Puromycin-selected HeLa
cells were treated with various apoptotic agents 4 days after transfection of the
RNA:I vectors. Briefly, cells were treated with 200 nM of staurosporine (Sigma-
Aldrich), 100 wM of etoposide (Sigma-Aldrich), 100 ng/ml of Fas ligand (Alexis
Corporation), or 10 wg/ml of tumor necrosis factor alpha (R&D Systems) and
harvested at various time points posttreatment. While viable cells were
trypsinized and counted, apoptotic cell death was quantified by Western blot
analysis of poly(ADP-ribose) polymerase (PARP) cleavage.

Flow cytometry analysis. The DNA content of MEF cells and puromycin-
selected HeLa cells was analyzed essentially according to Shah et al. (58). Briefly,
cells were harvested by trypsinization 4 days postinfection by adenovirus-Cre or
posttransfection of the RNAi vectors and fixed with 50% ethanol. After one wash
with phosphate-buffered saline (PBS), cells were treated with RNase A (100
pg/ml; Sigma-Aldrich) for 30 min at 37°C, stained with 50 wg/ml propidium
iodide (Sigma-Aldrich), and analyzed with a FACSCalibur machine and Cellquest
software (Becton Dickinson).

Bromodeoxyuridine incorporation and indirect immunofluorescence. MEFs
and unselected RNAi-treated HeLa cells were cultured on coverslips and incu-
bated with 10 pM bromodeoxyuridine (5-bromo-2'-deoxyuridine; Sigma-Al-
drich) for 4 h prior to fixation in a 3% paraformaldehyde solution for 20 min.
Cells were then permeabilized with 0.5% of NP-40 in PBS for 20 min and washed
with PBS containing 0.1% NP-40. The cells were further treated with 4 M HCI
for 30 min, followed by one wash with PBS and another wash with 100 mM borax
solution. After an additional wash in PBS containing 0.1% NP-40, cells were
incubated in blocking solution (PBS containing 0.1% NP-40 and 10% of FBS)
and costained with a mouse monoclonal antibromodeoxyuridine (BU33; Sigma-
Aldrich) and a rabbit polyclonal anti-YY1 (H414; Santa Cruz Biotechnology,
Inc.).

Expression of various cell cycle markers was analyzed by immunostaining of
HelLa cells, using antibodies directed against PCNA (PC10; Santa Cruz Biotech-
nology, Inc.), cyclin B1 (GNS1; Santa Cruz Biotechnology, Inc.), cyclin E (HE12;
Santa Cruz Biotechnology, Inc.), phosphorylated (Ser10) histone H3 (06-570;
Upstate Cell Signaling Solutions), a-tubulin (B512; Sigma-Aldrich), or YY1
(H10; Santa Cruz Biotechnology, Inc.). With the exception of cyclin E immuno-
detection, which required methanol fixation, all immunofluorescence experi-
ments were conducted on paraformaldehyde-fixed HeLa cells, as described pre-
viously (66).

Western blot analysis. Total cell extracts were prepared in lysis buffer (50 mM
Tris-HCI, pH 7.3; 5 mM EDTA; 50 mM KCI; 0.1% NP-40; 1 mM phenylmethyl-
sulfonyl fluoride; 1 mM dithiothreitol) supplemented with a complete antipro-



VoL. 26, 2006 YY1 REGULATES EMBRYOGENESIS AND CELL CYCLE PROGRESSION 3567
A)
s
X8 X E H Xm P_‘I HH B E
wtyyl locus = } + —f zon 1 — i —
- i T~ 7 3’ probe
SSEE —_ ~~ /
T — T - Y
—== >
e Smesi /T~
—_ TSS g =
; = E B ATG T ExB TS B
targeting S 3 | v Xan}m KLy X XH |
construct L 5.8 kb J4Kb Neo K| 3.7kb |
LoxP LoxP” “Frt NFrt
Homologous recombination T kb
TsS
N X H xm B xm ATG H ExB S oy B )
: D¢ I | E
yyler allele - g —r ( TTKG -
LoxP) LoxP Lo m ]\Frt 3’ probe
probe
<
o x
B) N QG*\S\ g\d&
\¢ A\ A\
g
s | -10.5 kb: wt yy!
3" probe
—— —— 6.4 kb
‘- ]_yy!ﬁru
Neo probe | - | 8kb

FIG. 1. Conditional targeted disruption of the mouse yy! locus. (A) Schematic representation of the mouse yy/ locus and targeting strategy:
genomic organization of a 15-kilobase fragment of the wild-type (wt) yyI allele, the targeting vector, and the targeted yy** allele obtained after
homologous recombination. In addition to the 5.8-kb and 3.7-kb homology arms, the targeting vector contains a 3.4-kb genomic fragment
encompassing the promoter-proximal region, the entire exon 1, as well as part of the first intron of the yy/ locus. The targeting vector also contains
two loxP sites (black triangles), a neomycin resistance gene (Neo) driven by the PGK promoter, and two Frt sites (white triangles) flanking the Neo
cassette. Restriction enzymes sites: B, BamHI; E, EcoRV; S, Smal; X, Xbal; H, HindIII; Xm, Xmnl. The transcription start site (TSS) and
translation start site (ATG) are represented by arrows; the 3’ and Neo hybridization probes used for genotyping and the size of a 1-kilobase
fragment are also shown. (B) Identification of the yy1/*** targeted allele by Southern blot. Genomic DNAs from wild-type (yyI */*) and mutant mice
were digested with EcoRV or Xbal and subsequently hybridized with the 3’ probe and Neo probe, respectively. The sizes of the fragments

corresponding to the wt and yy’** alleles are indicated in kilobases.

tease cocktail (Roche Diagnostics), and protein concentration was assessed by
Bradford assay. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
Western blotting, and peroxidase-based chemiluminescence detection were con-
ducted according to standard laboratory procedures. Anti-YY1 (H414 and H10)
and anti-PARP (F2) were from Santa Cruz (Santa Cruz Biotechnology, Inc.), the
anti-lamin A and C antibody (2032) was from Cell Signaling (Cell Signaling
Technology, Inc.), and the antiactin antibody (MAB1501) was from Chemicon
International Inc. p53 induction was analyzed using an anti-p53 antibody
(PAB240; Santa Cruz Biotechnology, Inc.), adriamycin treatment (2 pg/ml for
10 h) being used as a positive control. Densitometry analysis of YY1 protein
levels in tissues and MEFs was performed using a digital camera coupled with
band quantification software (Quantity One; Bio-Rad).

Microarray. MEFs were isolated from three wild-type (yy/ /) embryos and
compound heterozygous mutant (yy*”~) littermates, and RNA samples were
prepared 4 days postisolation. Briefly, RNAs were prepared using Trizol reagent
(Life Technologies) and the RNeasy kit (QIAGEN). cDNAs were generated
from total RNAs with the Superscript Choice system (Gibco BRL Life Technol-
ogies) and T7-oligo(dT),, primers. Subsequently, biotin-labeled cRNAs were
synthesized using a BioArray high-yield RNA transcript labeling kit (Enzo Di-
agnostic, Inc.). After cleanup, fragmentation, and quality controls, the frag-
mented cRNAs were subjected to hybridization with a DNA-Chip mouse ge-
nome 430A array (Affymetrix) containing over 22,600 probe sets corresponding
to transcripts and variants from approximately 15,000 well-characterized mouse
genes. Data analysis was performed using DNA-Chip expression analysis soft-
ware. Briefly, after determining the presence call and average differentiation

parameters of each gene, gene expression levels from yyl */* and yy"*~ MEFs
were subjected to comparative analysis.

RT-PCR analysis. Reverse transcription (RT)-PCR analysis was performed to
compare the mRNA expression levels of putative YY1 target genes inyy/ */* and
yyIfo'= MEFs 4 days postisolation, as well as in Cre-treated yyI*/* and yy "/
MEFs 6 days postinfection. Reverse transcription was carried out with 2 ug of
total RNA (prepared as described above) using the Superscript III reverse
transcriptase and oligo(dT),, 5 primers (Invitrogen Life Technologies). Once
the semiquantitative conditions were set up, equivalent amounts of yyl*/*,
yy I’/ and yy 1~ RT products were submitted to amplification with various sets
of PCR primers, and the PCR products were analyzed on ethidium bromide-
stained agarose gels. The sequences of the PCR primers will be made available
upon request.

RESULTS

Conditional targeted disruption of the yyI locus. To circum-
vent the early embryonic lethality of conventional yyl '~
knockout mice (20) and gain further insights into YY1 biolog-
ical functions during development, we generated a conditional
allele based on the Cre/loxP knockout system (52). Deletion
of exon 1 of yyI, which contains the translation initiation site
(Fig. 1A) and encodes more than 50% of the protein, has been
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FIG. 2. Hypomorphism of the yyl™* allele. (A) Weight of the con-
ditional knockout mice. Heterozygous yy '+ mice were intercrossed,
and the weight of their offspring was determined 3 to 6 weeks after
birth. The weight of mice heterozygous for the constitutive yy/ knock-
out allele (yyI™'™) generated from independent crosses is shown as a
comparison. Within each litter, the weight of the mutant (yyl",
yylofox and yyI™~) mice was expressed as the percentage of the
average weight of their wild-type (yyI*/™") littermates of the same sex.
Each bar corresponds to the mean * standard deviation of n mice,
with values obtained from several (>5) independent crosses. *, P <
0.001, yy1//f1ex and yy1 ™'~ versus ypI */* littermates (Student’s ¢ test).
(B) YY1 expression in the yy "% conditional knockout mice. West-
ern blot analysis of YY1 expression level in various organs harvested
from 3-week-old homozygous yy*** mice and their wild-type
(yI™'") littermates. YY1 was detected with an anti-YY1 (H414) an-
tibody, and an antiactin (MAB1501) antibody was used to verify equal
loading of the protein extracts. Densitometry analysis revealed that the
YY1 protein level in the liver, lung, kidney, and thymus of the yy 1/«
mice corresponded to 52%, 46%, 54%, and 46%, respectively, of that
detected in tissues isolated from their wild-type littermates.

shown to result in a null yy/ allele (20). Therefore, we con-
structed a targeting vector (Fig. 1A) containing a 3.4-kb
genomic fragment encompassing the promoter-proximal re-
gion, the entire exon 1, as well as part of the first intron of the
yyI locus. This fragment was inserted between two loxP sites,
designed to direct Cre-mediated excision of the promoter/exon
1 region of the yy! locus. The targeting vector also contained
the neomycin resistance gene driven by the phosphoglycerate
kinase promoter and flanked by two Frt sites, allowing Flp-
mediated excision of the PGK-Neo cassette. As shown in Fig.
1B, homologous recombination events generating the “floxed”
(i.e., flanked by loxP sites) yyI allele were monitored by South-
ern blot analysis of genomic DNA from wild-type (yyI1*'"),
heterozygous (yy /™), and homozygous yy /"**/'** mice, using
a 3’ external probe and an internal neo probe.

MoL. CELL. BIOL.

Dosage-dependent functions of YY1 during development.
Mice heterozygous for the yyI™* conditional allele were born
at the expected frequency and developed into fertile adults
phenotypically indistinguishable from their wild-type litter-
mates. Genotype analysis of the offspring from heterozygous
(yy ™) intercrosses revealed that the number of yy /i
newborn pups represented approximately 74% of that ex-
pected according to the Mendelian ratio, suggesting that a
small subset of homozygous mice died during embryonic de-
velopment. The remaining yy”**#%** mice were viable and ap-
peared normal despite a significant reduction in body size and
weight (Fig. 2A). This developmental delay is reminiscent of
the phenotype displayed by mice heterozygous for the consti-
tutive yyI knockout allele (20), raising the possibility that the
yy1/° allele was hypomorphic. Consistent with this hypothesis,
Western blot analysis demonstrated that YY1 expression in
various tissues of the yy//°* mice was reduced to approxi-
mately 50% of that expressed by their wild-type littermates
(Fig. 2B).

Since the presence of selection markers in the targeted locus
is the most common cause of hypomorphism, the neomycin
resistance cassette was removed by intercrossing the yyl/***
mice with “flipper” mice ubiquitously expressing Flp site-spe-
cific recombinase (22). Flp-mediated recombination targeting
the Frt sites (see Fig. S1 in the supplemental material) allowed
us to generate homozygous yy’” mice, which were born at the
expected frequency, were indistinguishable in size and weight
from their wild-type littermates, and did not display any other
detectable defects (data not shown). As anticipated based on
the rescue of the growth retardation phenotype observed after
deletion of the PGK-Neo cassette, Western blot analysis re-
vealed that wild-type and yyI”’ MEFs expressed identical levels
of YY1 protein (see Fig. 4C; see also Fig. S1 in the supple-
mental material). These data demonstrate that removal of the
selection cassette restores normal expression of YY1 and
strongly suggest that the yy™** allele is a hypomorphic allele.

Intercrossing of the hypomorphic yy > mice with yyI */~
heterozygotes carrying a null yy/ allele (20) allowed us to
generate compound heterozygous mutant embryos (yy//**' )
expressing only approximately 25% of the normal amount of
yvI mRNA (see Fig. 5; see also Fig. S1 in the supplemental
material) and protein (see Fig. 4A and B; see also Fig. S1in the
supplemental material). As shown in Table 1, genotype anal-
ysis of the progeny obtained from such crosses demonstrated
that the majority of the compound heterozygous mutants
(yy ™'~ developed beyond the time of implantation (4.5 to 6

TABLE 1. Dosage-dependent requirement for YY1
in embryonic development®

No. of embryos (no. expected)
Time

(de) yy] +/+ yylﬂox/+ yyl”’ yylﬂox/f
(100% YY1)  (~75% YY1)  (50% YY1)  (~25% YY1)
13.5-14.5 14 (13) 26 (21) 13 (13) 16 (21)
16.5-19.5 7 (6) 39 (31) 6 (6) 21 (31)
Postnatal 55 (43) 139 (105) 51 (43) 52 (105)

@ Heterozygous yyl ™/~ mice were crossed with yyl//* and yy1o¥fiox mice,
and the offspring were genotyped at various developmental stages. For each
genotype, the number of embryos obtained is compared to that expected accord-
ing to the Mendelian ratio (shown in parentheses).
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FIG. 3. Phenotype of the hypomorphic yy**'~ mice. (A) Morpho-
logical appearance of the growth-retarded subset of hypomorphic em-
bryos. Heterozygous yy " mice were crossed with yyZ*/~ mice, and
the morphology of their offspring was observed at 17.5 dpc. While the
yy I~ embryo shown in the middle is representative of most animals
within the growth-retarded subset, the rightmost embryo displays
more-severe developmental defects observed in only a few embryos. A
wild-type (yyI*/*) littermate at the same developmental stage is shown
for comparison. (B) Weight of the hypomorphic knockout mice at
birth. Homozygous yy 7/ mice were crossed with yyI™/~ mice, and
the weight of their newborn pups was measured. Within each litter, the
weight of the yy/®~ mice was expressed as a percentage of the
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dpc), the stage at which embryonic lethality induced by a com-
plete loss of yy! function was previously shown to occur (20).
Indeed, comparison of the number of yy™/~ embryos ob-
tained from our crosses to that predicted by Mendel’s law
revealed that only ~25% of the yy/*~ animals died before
day 14.5 dpc (Table 1). The discrepancies in the frequency of
yy 1~ embryos expected and obtained became even more
pronounced at later stages, indicating that a fraction of em-
bryos died between 13.5 and 14.5 dpc and 16.5 and 19.5 dpc,
while another subpopulation died between 16.5 and 19.5 dpc
and birth (Table 1). Examination of the morphological appear-
ance of the yy/~ mice before birth (17.5 dpc) revealed that
a significant subset of yy™~ embryos were severely growth
retarded and displayed other developmental defects with var-
ious degrees of severity (Fig. 3A).

While half of the yy"**~ animals died during late embryo-
genesis, the other half survived until birth (Table 1). This
subpopulation of yy/"*’~ animals displayed only a marginal
delay in overall growth, the weight of the newborn yy/*~
pups representing approximately 80% of that of their wild-type
littermates (Fig. 3B). Morphological examination of these em-
bryos did not reveal any obvious developmental defects (Fig.
3C). While the majority of the newborn yy*/~ animals were
alive at birth, they appeared pale and slightly cyanotic com-
pared to their wild-type littermates, suggesting possible abnor-
malities in hematopoiesis, vascularization, circulation, and/or
respiratory function. Importantly, most yy*~ animals died
within the first day after birth, with the remainder dying within
the next 24 h.

To gain further insights into the cause of perinatal lethality
of the yyI®/~ mice, embryos were isolated and examined at
19.5 dpc. As expected, most of the wild-type embryos isolated
at this stage were able to breathe autonomously. In contrast,
the yy /'~ animals that were alive and reacted to mechanical
stimulation at the time of isolation appeared unable to breathe
despite frequent gasping and died within an hour postisolation.
Postmortem analysis of lungs isolated from newborn yy /%~
pups indicated that they were not filled with air. Consistently,
histological examination revealed collapsed alveoli (Fig. 3D),
confirming that the lungs failed to inflate at birth. Together,
these results demonstrate an essential, dosage-dependent re-
quirement for YY1 in late embryonic development.

Inhibition of YY1 function impairs cell proliferation in pri-
mary cells. As mentioned earlier, generation of the yyl/’*
hypomorphic allele allowed us to produce mouse strains ex-
pressing different levels of YY1. As shown in Fig. 4A and B,

average weight of their yy 7" littermates, whose weights are indis-
tinguishable from those of their wild-type littermates. Each bar corre-
sponds to the mean = standard deviation of n embryos, and values
were obtained from several (>5) independent crosses. *, P < 0.001,
yy o= versus yy 17 littermates (Student’s ¢ test). (C) Gross mor-
phology of the yy ™~ pups at birth. Homozygous yy **/* mice were
crossed with yy/™/~ mice, and the morphological appearance of their
newborn pups was analyzed. Two yy"*/* neonates, whose size and
appearance are indistinguishable from those of wild-type pups, are
shown for comparison. (D). Histological analysis of lungs from yy /"'~
and yy*’* newborn littermates stained with hematoxylin and eosin.
Bar, 100 pm.
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Western blotting and densitometry analysis of YY1 expression
in yy™* yy1*/~ and yy}"*~ MEFs demonstrated that these
cells expressed ~75%, 50%, and ~25% of the normal YY1
level, respectively. In contrast, MEFs isolated from embryos
carrying two copies of the conditional yy/' allele (which lacks
the PGK-Neo cassette [see above and Fig. S1 in the supple-
mental material]) expressed YY1 levels indistinguishable from
that detected in their wild-type counterparts (Fig. 4C and Fig.
S1H in the supplemental material). Time course analysis re-
vealed that infection of yy*~ and yy/” MEFs with adeno-
virus-Cre led to a gradual decrease in YY1 protein level, YY1
expression becoming undetectable 2 to 3 days postinfection
(Fig. 4B and C; see also Fig. S1 in the supplemental material).
To gain insights into YY1 cellular functions, we took advan-
tage of these conditional MEFs and examined the phenotype
induced by partial and complete inhibition of YY1.

We first analyzed the viability and growth properties of
MEFs of various genotypes in the absence and presence of
adenovirus-Cre by a colony-forming assay. As shown in Fig.
4D, untreated yy ™" MEFs expressing ~75% of the normal
YY1 complement displayed growth properties very similar to
those of wild-type cells. While infection of the wild-type cells
by adenovirus-Cre did not significantly affect their growth
properties, reduction of the YY1 level to ~50% in Cre-treated
yy* MEFs led to a marked decrease in cell proliferation
(Fig. 4D). The growth-suppressive effect induced by depletion
of YY1 became even more pronounced in untreated yyl**~
cells expressing ~25% of normal YY1, with complete deple-
tion of YY1 in Cre-treated yy/™~ MEFs further increasing
the severity of this proliferation defect (Fig. 4D). Interestingly,
while reduction of YY1 expression to ~25% of the normal com-
plement in untreated yy™/~ MEFs affected mostly the size of
the colonies formed by these cells, a marked decrease in both
colony size and colony number was observed after complete de-
pletion of YY1 in yy/*~ MEFs infected with adenovirus-Cre
(Fig. 4D).

Consistent with their ability to express wild-type levels of
YY1 (Fig. 4C), no significant differences in cell colony forma-
tion were observed when comparing the untreated and yy/”
MEFs with their wild-type counterparts (Fig. 4E). As expected
based on our previous results (Fig. 4D), infection of the yy /"
MEFs with adenovirus-Cre led to a dramatic decrease in cell
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colony size and cell colony number (Fig. 4E). Immunofluores-
cence experiments revealed that the few cell colonies formed
by the Cre-treated yyI’/ MEFs were mainly attributable to the
presence of YYl1-positive cells (i.e., cells that had not been
infected by adenovirus-Cre and therefore displayed normal
YY1 expression levels and proliferation rates; data not shown).
Taken together, these results demonstrate that inhibition of
YY1 function in primary cells impairs cell viability and/or pro-
liferation in a dose-dependent manner.

The dosage-dependent effect of YY1 on cell viability and/or
proliferation was confirmed by the MTT assay, performed on
wl ™, yy " yy1*'~ ) and yy 1"~ MEFs expressing 100%,
~75%, 50%, and ~25%, respectively, of the normal amount of
YY1 (Fig. 4F). Using a similar approach, we analyzed the
growth kinetics of untreated and Cre-treated yyI ™/, yy 1/~
and yy "/ MEFs (Fig. 4G and data not shown). Consistent with
our previous observations (Fig. 4D), the MTT assay confirmed
that yyI*~ MEFs expressing ~25% of normal YY1 prolifer-
ate at a much lower rate than wild-type cells (Fig. 4G). Despite
their impaired growth properties, untreated yyl’*/~ MEFs
were found to proliferate steadily throughout the course of the
experiment (Fig. 4G). In contrast, complete depletion of YY1
in both Cre-treated yy*/~ MEFs (Fig. 4G) and Cre-treated
ywI”f MEFs (data not shown) abolished cell proliferation.

The decrease in viable cell number caused by depletion of
YY1 could result from an increase in cell death, a decrease in
cell proliferation, or both. Microscopic observation of the un-
treated and Cre-treated yy/*~ and yy "/ MEFs demonstrated
that these cells did not detach and/or die (data not shown).
Consistently, these cells did not display any characteristics of
apoptotic cells, including nuclear fragmentation or cleavage of
lamins A and C, and no significant accumulation of apoptotic
(sub-G,) cells was detected by fluorescence-activated cell sort-
ing (FACS) analysis in either untreated or Cre-treated yy /'~
and yy I’ cell populations (Fig. 4H and data not shown).

Besides the appearance of a small subpopulation of cells
having an 8N DNA content (see below), the major alteration
of cell cycle profile observed upon treatment of the yy’/ cells
with Cre was an accumulation of cells with a 4N DNA content
(Fig. 4H). Indeed, 4 days posttreatment, the tetraploid cell
population in the yy’/ MEFs treated with Cre was ~62%,
while the percentage of cells with a 4N DNA content in the

FIG. 4. Dose-dependent effect of YY1 on cell proliferation in MEFs. (A to C) Western blot analysis of YY1 expression level in MEFs isolated
from yy 2" yy1*/~ yy1#¥~and yyIf littermates and their wild-type (yyI*’") littermates. In panels B and C, MEFs were infected with
adenovirus-Cre and harvested at various time points postinfection. In all panels, YY1 was detected with an anti-YY1 antibody (H414), and equal
loading of the protein extracts was assessed using an antiactin (MAB1501) antibody. Densitometry analysis revealed that the YY1 protein level
in yy1/* yy1*/~ and yyl"'~ MEFs corresponded to 71%, 54%, and 23%, respectively, of that detected in MEFs isolated from their wild-type
littermates. (D and E) Dosage-dependent growth defects of yyI-deficient cells. yyI /", yy1#*  yy 1o~ “and yyl”/ MEFs were infected with
adenovirus-Cre, and their growth properties were analyzed by the colony-forming assay. (F) Growth properties of MEFs expressing different levels
of YY 1.yyI */*, yy"'* yp1*/~, and yy"*~ MEFs were subjected to the MTT assay 6 days postisolation. *, P < 0.014, yyI */~ versusyyl */* MEFs;
kP < 0.001, yyl~ versus yyI"'* and yyl ™'~ MEFs (Student’s ¢ test, n = 6). (G) Growth kinetics of MEFs after complete depletion of YY1.
yyI™'* and yy/*~ MEFs were infected with adenovirus-Cre, and cell proliferation was assessed by the MTT assay performed at various time
points (5, 8, and 10 days) postinfection. In both panels F and G, the results are expressed in relative units (RU) and correspond to the mean *
standard deviation of three values obtained in a representative experiment. *, P < 0.001, untreated yy /¥~ versus untreated yyI /" MEFs; **, P
< 0.001, Cre-treated yy1™~ versus Cre-treated yyI */* and untreated yy/™~ littermates (Student’s ¢ test). (H) Cell cycle profile resulting from
complete depletion of YY1. MEFs isolated from yyZ and yyI */* littermates were submitted to FACS analysis 4 days postinfection by adenovirus-
Cre. (I) Cytokinesis defects induced by complete depletion of YY1. MEFs isolated from yyI™/* and yyI”/ littermates were infected with
adenovirus-Cre, and the number of cells with more than one nucleus was counted at 2, 3, and 6 days postinfection. Each value corresponds to the
mean =+ standard deviation of three values obtained in independent experiments in which at least 500 cells per sample were scored. *, P < 0.001,
Cre-treated yy I’/ versus Cre-treated yyl*'* MEFs (Student’s ¢ test).
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TABLE 2. Functional classification of YY1 target genes identified in MEF cells expressing 25% of the normal amount of YY1¢

Gene group and symbol

Gene name and/or description

Accession no.

Fold change

Cell cycle
Ccna2
Cenbl
Cenb2
cdca3
Gadd45y
NP95
p21/Cdknla
p57/Cdknlc
vavl
cdc25¢

Mitosis and cytokinesis
Aurka
Aurkb
Survivin/Birc5
Bublb
Bublb/Bubrl
CenpA
CenpH
Cap-g
Cap-d2
Incenp
Kif10/CenpE
Kifl1
Kif20a
Kif23
Kif2c
Kif5b
Mad2l1
Nipsnapl
Pik1
Prel
Top2a
Tacc3

DNA replication and repair
cdc6
Fenl
Mcmd5/cdc46
Mcmd6
Mcmd7
Mcmad4
Mpg
Polal
Polh
Polk
Radl8
Rad51apl
Ung

Apoptosis
Api5
Bakl1/N-Bakl
Biklk
Bel-xL
Casp7
Brtg2/TIS21
Clu
Fas/Tnfrsfo
Gadd45y
Noxa/Pmaipl
Perp
Pawr/Par4
Plagll/Zacl
SIP27
Survivin/Birc5
Tnfrsf10b
Tgm2

Cell growth and proliferation

Brg2/TIS21
Fos

Gfer

Gpc3

Igfop5
MKi67
Mxd3/Mad3
Pdgfa

Rbbp4
RhoE/ArhEe

Cyclin A2

Cyclin Bl

Cyclin B2

Cell division cycle-associated 3

Growth arrest and DNA-damage-inducible 45 gamma
Nuclear protein 95

Cyclin-dependent kinase inhibitor 1A (p21)
Cyclin-dependent kinase inhibitor 1C (p57)

vavl oncogene

Cell division cycle 25 homolog C (Saccharomyces cerevisiae)

Aurora kinase A (serine/threonine kinase 6)

Aurora kinase B (serine/threonine kinase 12)
Survivin/baculoviral IAP repeat-containing 5

Budding uninhibited by benzimidazoles 1 homolog (S. cerevisiae)
Budding uninhibited by benzimidazoles 1 homolog beta (S. cerevisiae)
Centromere autoantigen A

Centromere autoantigen H

Chromosome condensation protein G

Chromosome condensation-related SMC-associated protein 1
Inner centromere protein

Kinesin family member 10/centromere protein E

Kinesin family member 11

Kinesin family member 20a

Kinesin family member 23

Kinesin family member 2C

Kinesin family member 5b

MAD?2 (mitotic arrest-deficient homolog)-like 1 (yeast)
4-Nitrophenylphosphatase domain and nonneuronal SNAP25-like homolog 1
Polo-like kinase 1 homolog (Drosophila)

Protein regulator of cytokinesis 1-like

Topoisomerase (DNA) II alpha

Transforming, acidic coiled-coil-containing protein 3

Cell division cycle 6 homolog (S. cerevisiae)

Flap structure-specific endonuclease 1
Minichromosome maintenance-deficient 5 (S. cerevisiae)
Minichromosome maintenance-deficient 6 (S. cerevisiae)
Minichromosome maintenance-deficient 7 (S. cerevisiae)
Minichromosome maintenance-deficient 4 homolog (S. cerevisiae)
N-Methylpurine-DNA glycosylase

Polymerase (DNA-directed) alpha 1

Polymerase (DNA-directed) eta (RAD30 related)
Polymerase (DNA-directed) kappa

RAD18 homolog (S. cerevisiae)

RAD51-associated protein 1

Uracil-DNA glycosylase

Apoptosis inhibitor 5

Bcl2-antagonist/killer 1 (Bak1)

Bcl2-interacting killer-like

Bel2-like 1

Caspase-7

B-cell translocation gene 2, antiproliferative

Clusterin

Tumor necrosis factor receptor superfamily, member 6
Growth arrest and DNA-damage inducible 45 gamma
Phorbol-12-myristate-13-acetate-induced protein 1

p53 apoptosis effector related to Pmp22

PRKC, apoptosis, WT1, regulator

Pleiomorphic adenoma gene-like 1

Stress-induced protein 27

Survivin/baculoviral IAP repeat-containing 5

Tumor necrosis factor receptor superfamily, member 10b
Transglutaminase 2, C polypeptide

B-cell translocation gene 2, antiproliferative

FBJ osteosarcoma oncogene

Growth factor, ervl (S. cerevisiae)-like (augmenter of liver regeneration)
Glypican 3

Insulin-like growth factor binding protein 5

Antigen identified by monoclonal antibody Ki67

Max dimerization protein 3

Platelet-derived growth factor alpha

Retinoblastoma binding protein 4

Ras homolog gene family, member E

X75483
AU015121
AK013312
NM 013538
AK(07410
NM_010931
NM_007669
NM_009876
NM 011691
NM_009860

U80932
BC003261
BC004702
AF002823
NM_009773
AVI32173
BC025084
BB702347
BC025460
BB418702
BG068387
BM234447
NM_009004
BG082989
NM_134471
BF099632
NM_019499
BC010837
NM_011121
NM_145150
BMZ211413
NM 011524

NM_011799
NM_007999
NM_008566
NM_008567
NM_008568
NM_008565
BC014754

NM_008892
NM_030715
BC008105

BCO11120

NM_009013
NM_ 011677

NM_007466
AF402617
BB251824
U51278
NM_007611
BG965405
AV152288
NM_007987
AK007410
NM 021451
NM_022032
BB398886
NM_009538
NM_021897
BC004702
NM_020275
BBO41811

BGY65405
NM 010234
NM_023040
AWT07802
BF225802
X82786
NM_016662
BB371842
AU040918
NM 028810

—2.66
—2.34
—2.39
—2.52

2.76
-2.12

3.30

2.02
-3.17
-2.32

—1.95
—2.47
—2.14
—2.14
—2.02
-2.18
—2.60
-2.22
-2.19
—2.08
—2.33
—2.42
-2.09
-2.10
—2.26

2.46
—1.85
-1.73
—2.24
—1.98
—2.21
-2.18

—3.02
—2.01
—2.76
-1.85
—1.88
—1.94

3.79
—1.89
-2.09

2.15
-2.03
-1.72
—1.86

—1.78
2.55
1.82
1.81
6.91
2.59
2.21
2.41
2.76
2.47
7.61
1.89
1.84
2.55

—2.14
2.15
3.01

2.59
3.02
2.48
2.65
—2.87
-2.09
-2.31
2.32
—1.83
2.20

Continued on following page
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Gene group and symbol

Gene name and/or description

Accession no.

Fold change

Src Rous sarcoma oncogene NM_001025 1.81
Tgfbi Transforming growth factor beta induced, 68 kDa NM_009369 —1.78
Development
Actcl Actin, alpha, cardiac NM_009608 2.37
Alcam Activated leukocyte cell adhesion molecule U95030 2.65
BMS8 BMS8 antigen NM_021316 3.12
Bmp4 Bone morphogenetic protein 4 NM_007554 2.09
Bmp6 Bone morphogenetic protein 6 NM_007556 1.84
Bdnf Brain-derived neurotrophic factor NM_007540 2.69
Ankrdl/Crap Cardiac responsive adriamycin protein/ankyrin repeat domain 1 NM_013468 2.16
Col9a3 Procollagen, type IX, alpha 3 NM_009936 2.05
Coll0al Procollagen, type X, alpha 1 NM_009925 1.94
Col19al Procollagen, type XIX, alpha 1 NM_007733 3.28
Coll5al Procollagen, type XV AF011450 —2.41
Ctnnd2 Catenin delta 2 NM_008729 2.39
Crabpl Cellular retinoic acid binding protein I NM_013496 —2.69
CryaB Crystallin, alpha B AV016515 2.10
Dkk2 Dickkopf homolog 2 (Xenopus laevis) NM_020265 —2.39
Dix3 Distal-less homeobox 3 NM_010055 -2.02
Dml15 Dystrophia myotonica kinase, B15 AW108486 2.18
Ebf2 Early B-cell factor 2 U71189 2.29
Efna3 Ephrin A3 AA388313 2.92
Foxml Forkhead box M1 NM_008021 —2.28
Hells/Lsh Helicase, lymphoid specific NM_008234 -1.99
Hmgh3 High-mobility-group box 3 NM_008253 —3.31
Id4 Inhibitor of DNA binding 4 NM_031166 2.59
Kdr Kinase insert domain protein receptor NM_010612 2.74
Lmnbl Lamin B1 BG064054 -1.97
Lip2 Low-density lipoprotein receptor-related protein 2 BM119915 2.57
Mmpl3 Matrix metalloproteinase 13 NM_008607 —2.11
Mmp2 Matrix metalloproteinase 2 BF147716 2.10
Mydl16 Myeloid differentiation primary response gene 116 NM_008654 1.86
Myom1 Myomesin 1 NM_010867 2.36
Myhll Myosin heavy chain 11, smooth muscle NM_013607 2.13
Myh6 Myosin heavy chain, cardiac muscle, adult NM_010856 2.85
Myll Myosin light chain, alkali AK003182 2.34
Mylpf Myosin light chain, phosphorylatable NM_016754 2.78
Myhl Myosin, heavy polypeptide 1 AJ002522 2.21
Myh2 Myosin, heavy polypeptide 2, skeletal muscle, adult NM_144961 2.25
Myh3 Myosin, heavy polypeptide 3 M74753 4.89
Ngfr Nerve growth factor receptor NM_033217 4.24
Nrinl Neuralin 1 NM_031258 —2.71
Neurod6 Neurogenic differentiation 6 NM_009717 3.98
Nnat Neuronatin NM_010923 2.05
Nif3 Neurotrophin 3 NM_008742 2.71
Pdgfra Platelet-derived growth factor receptor, alpha polypeptide AWS537708 —2.23
Prox1 Prospero-related homeobox 1 NM_008937 2.36
Rest RE1-silencing transcription factor AK004945 —12.47
Sfxnl Sideroflexin 1 BB478992 —1.98
Siml1 Single-minded 1 NM_011376 2.19
Suv39h2 Suppressor of variegation 3-9 homolog 2 (Drosophila) NM_022724 —4.24
Tslp Thymic stromal lymphopoietin NM_021367 2.79
Tgfb2 Transforming growth factor beta 2 NM_009367 1.78
Tgfbrl Transforming growth factor beta receptor 1 NM_009370 —2.10
Tpml Tropomyosin 1, alpha NM_024427 1.78
Tnncl Troponin C, cardiac/slow skeletal NM_009393 2.04
Tnnc2 Troponin C, fast skeletal NM_009394 1.70
Tnnil Troponin 1, skeletal, slow 1 NM_021467 1.86
Tphl Tryptophan hydroxylase 1 NM_009414 2.50
Wt1 Wilms’ tumor homolog NM_144783 3.25

@ The putative YY1 target genes identified by comparing gene expression profiles inyy**~ and yyl */* MEFs are organized according to their biological function(s).

Only the functional groups most relevant to the phenotypes induced by depletion of YY1 are presented; the complete list of putative target genes is provided in the
supplemental material in Table 1. Genes used for validation of the microarray data by RT-PCR are in bold. Genes whose expression was reduced in yy/*/~ MEFs
compared to yyI*/* MEFs (i.e., genes activated by YY1) are listed with negative values for changes. Conversely, genes whose expression was induced after partial

depletion of YY1 (i.e., genes repressed by YY1) display positive changes.

wild-type (treated or untreated) and untreated yy/” MEFs
ranged from 26 to 39% (Fig. 4H). Based on these observations,
we conclude that inhibition of YY1 function in primary cells
does not trigger apoptosis but impairs cellular proliferation in
a dosage-dependent manner. Strikingly, complete depletion of
YY1 leads to cell cycle arrest and accumulation of tetraploid
cells.

YY1 is required for cytokinesis in primary cells. The accu-
mulation of tetraploid cells observed after inhibition of YY1

function could be due to the inability of the cells to progress
from G, phase to mitosis (blockage at the G,/M transition), to
successfully complete mitosis (mitotic arrest, failure of chro-
mosome segregation), to initiate or complete cytokinesis, or to
enter G, phase. To characterize the proliferative arrest caused
by depletion of YY1 in more detail, we examined the cellular
and nuclear morphology of the YY1-depleted cells by phase-
contrast light microscopy and fluorescence microscopy after
4',6'-diamidino-2-phenylindole (DAPI) staining. Most cells
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had nuclei with uncondensed chromosomes, arguing against
mitotic arrest (data not shown). However, depletion of YY1
resulted in the gradual accumulation of binucleated cells (Fig.
41). No sign of DNA condensation or cell cleavage was ob-
served in these binucleated cells (data not shown), strongly
suggesting that inhibition of YY1 function results in cytokinesis
failure.

Identification of YY1 target genes in primary cells. While a
substantial body of studies established a role for YY1 in tran-
scriptional regulation, most YY1-responsive genes identified
so far have yet to be validated as bona fide YY1 target genes
in vivo. To gain mechanistic insights into YY1 developmental
and cellular functions, we used a genomewide approach to
identify YY1 target genes in mouse embryonic fibroblasts. Mi-
croarray analysis performed on yyI */* and yy1"~ MEFs (ex-
pressing ~25% of the normal complement of YY1) allowed us
to identify 524 genes whose expression was affected by a re-
duction of the YY1 level. The complete list of YY1-responsive
genes is provided in Table S1 in the supplemental material,
and the target genes whose functions are the most relevant to
the phenotypes described in this study are presented in Table
2. It is worth mentioning that approximately 90% of the genes
affected by partial depletion of YY1 were found to display
similar (i.e., comparable or more pronounced) changes in their
expression profiles after complete depletion of YY1 in Cre-
treated yy2~ MEFs (data not shown).

Consistent with the ability of YY1 to act as a transcriptional
activator and a transcriptional repressor, inhibition of YY1
function led to up-regulation of 231 genes and down-regula-
tion of 293 genes. In addition to key regulators of cell cycle
progression, various genes involved in cytokinesis, mitosis,
DNA replication, and apoptosis were also affected. YY1 de-
pletion also led to the deregulation of a plethora of genes
involved in various aspects of cellular functions such as cell
survival, growth, and proliferation; oncogenic transformation;
cell adhesion/migration; cytoskeleton biogenesis and organiza-
tion; DNA repair; transcription; and epigenetic regulation of
gene expression, metabolism, and signal transduction. Consis-
tent with its essential role during development, YY1 depletion
affected the expression of various genes required for cellular
differentiation, embryonic patterning, and morphogenesis. Fi-
nally, genes required for homeostasis, DNA repair, and stress
and immune responses were found among the most-repre-
sented functional groups, suggesting that YY1 might influence
a broad spectrum of biological processes through a diverse and
complex network of transcriptional changes.

To confirm the microarray data, the expression of 22 puta-
tive YY1 target genes was analyzed by RT-PCR in untreated
1" and yy™~ MEFs (Fig. 5A). A similar approach was
used to investigate the effects of complete depletion of YY1 on
the expression of 21 of these putative targets in Cre-treated
yyI™* and yy/’ MEFs (Fig. 5B). Among the candidates ana-
lyzed were the genes for cell cycle regulators p21, p57, cdc46/
mcm5, polal, cyclin Bl and cyclin B2, known regulators of
mitosis and cytokinesis (Incenp, CenpA, Plkl, Birc-5/Survivin,
and Cap-d2), and epigenetic regulators of mammalian devel-
opment (Suv39h2 and Dnmt3a). The p53 target genes Mdm?2,
Sip27, Gadd45v, Dda3, and Perp were selected due to their
involvement in p53-dependent regulation of the cell cycle and
apoptosis. Several genes involved in the regulation of cell sur-
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FIG. 5. Confirmation of potential targets of YY1 by semiquantita-
tive RT-PCR. (A) Validation of the microarray data in yyl*'~ MEFs.
Eleven genes whose expression was higher in the yy/**~ MEFs than
in their wild-type (yyI*/") counterparts (Table 2 and Table 1 in the
supplemental material) were selected for RT-PCR analysis using
RNAs extracted from untreated yy/ ™" and yy™/~ MEFs 4 days
postisolation (left panel). Eleven genes expected to be down-regulated
in the mutant cells were also analyzed (middle panel). (B) Deregula-
tion of putative YY1 target genes upon complete depletion of YY1 in
ME-Fs. Nine genes whose expression was induced by partial depletion
of YY1 (i.e., untreated yy*/~ MEFs) were selected for RT-PCR
analysis performed on RNAs isolated from Cre-treated yyI*'* and
yyI’V MEFs at 6 days posttreatment (left panel). The expression of 12
genes expected to be down-regulated upon partial depletion of YY1
was also analyzed (middle panel). In both panels A and B, the YY1
and actin control RT-PCRs are shown in the right panels.

vival, growth, and differentiation during development (e.g.,
Bdnf, Ntf3, Nsgl, Tgf32, and Btg2), as well as a few other genes
(BMS88, Hmgb3, Nisnapl, and Sfxnl) regulating diverse biolog-
ical processes, were also studied. The expression of all candi-
date target genes tested was found to be affected by partial
(Fig. 5A) and/or complete (Fig. 5B) depletion of YY1, as
predicted based on the microarray results (Table 2; see also
Table S1 in the supplemental material).

Depletion of YY1 does not lead to p53 induction in primary
cells. We and others have previously shown that, in some
cellular contexts, ablation of YY1 results in elevated levels of
the tumor suppressor pS3 and subsequent activation of p53-
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FIG. 6. Depletion of YY1 does not affect p53 expression in MEFs.
(A) RT-PCR analysis of p53 mRNA level in MEFs isolated from
yy I~ mice and their wild-type (yyI */") littermates 2 days postinfec-
tion with adenovirus-Cre (i.e., 4 days postisolation). The YY1 and
actin RT-PCRs are shown as controls. (B) Western blot analysis of p53
protein levels in yy "~ and yyl*/* MEFs was performed at various
time points postinfection with adenovirus-Cre, using an anti-p53 anti-
body (PAB240). Adriamycin treatment (2 pg/ml for 10 h) of wild-type
(p537'%) and p53 null (p53~'7) MEFs was used as a control. Equal
loading of the protein extracts and Cre-mediated depletion of YY1
were ensured by using antiactin (MAB1501) and anti-YY1 (H414)
antibodies, respectively.

dependent pathways controlling cell growth and/or apoptosis
(5, 26, 65). Strikingly, analysis of the microarray data revealed
that approximately 40 YY1-responsive genes have previously
been identified as p53 target genes (18, 27, 31, 40, 42, 74), their
deregulation upon depletion of YY1 mimicking the effects of
p53 induction (see Table 2; see also Table S1 in the supple-
mental material). Taken together, these results raise the pos-
sibility that the cellular phenotype (i.e., cell cycle arrest) and
changes in gene expression profiles induced by depletion of
YY1 in mouse embryonic fibroblasts might be mediated, at
least in part, via an increase in p53 expression and/or stability.

To investigate this hypothesis, we analyzed the effects of
YY1 depletion on the cellular levels of p53 mRNA and protein
(Fig. 6). Consistent with our microarray data (see Table S1 in
the supplemental material, and data not shown), we did not
observe any significant effect of partial (i.e., untreated yy /">~
MEFs) or complete (i.e., Cre-treated yy/**/~ MEFs) deple-
tion of YY1 on p53 mRNA levels (Fig. 6A). While a strong
increase in p53 protein level was observed in adriamycin-
treated wild-type MEFs (used as a positive control for p53
induction), Western blot analysis showed that YY1 depletion
did not affect the steady-state level of p53 protein in yy 2™~
MEFs (Fig. 6B). Consistently, no significant fluctuations of p53
mRNA and protein levels were detected after complete deple-
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tion of YY1 in yy MEFs (data not shown).Together, these
results strongly suggest that the cellular phenotype and molec-
ular targets induced by depletion of YY1 in MEFs are unlikely
to result from induction of p53.

Depletion of YY1 inhibits cell proliferation and cytokinesis
in HeLa cells. In order to circumvent some of the limitations
associated with mouse embryonic fibroblasts and confirm our
results in a different cellular context, we investigated the effect of
RNAi-mediated inhibition of YY1 in HeLa cells, in which p53 is
inactivated by the human papillomavirus oncoprotein E6.

The effects of YY1 depletion on cell viability and prolifera-
tion were assessed by a colony-forming assay (Fig. 7B) and
FACS analysis (Fig. 7C), performed after transfection with a
control or YY1 RNAI vector and subsequent selection of the
transfected cells. Under these conditions, the YY1 protein
level was dramatically reduced upon transfection of the YY1
RNAi vector (Fig. 7A). We found that the number and size of
cell colonies formed by the RNAi-depleted cells were greatly
reduced compared to those of mock-transfected cells (Fig. 7B).
This is consistent with the phenotype resulting from complete
depletion of YY1 in mouse primary cells (Fig. 4D and E,
Cre-treated yy2/~ and yy’/ MEFs) and reinforces the idea
that YY1 is required for cell survival and/or cell proliferation.

Microscopic observation of the cells (see below), Western
blot analysis of PARP cleavage (a marker of apoptotic cell
death; see Fig. 8), as well as FACS analysis (Fig. 7C) did not
reveal any sign of apoptosis in the RNAi-treated cells. Al-
though inhibition of YY1 function also resulted in the appear-
ance of a small fraction of polyploid cells (i.e., cells having a
DNA content higher than 4N), the most dramatic effect of
YY1 RNAI on the cell cycle profile was a pronounced accu-
mulation of cells having a 4N DNA content (Fig. 7C). Based on
FACS analysis of three independent experiments, the percent-
age of tetraploid cells in the control and YY1 RNAI cell pop-
ulations was estimated to be 24.7% * 1.8% and 43.2% * 1%,
respectively.

To characterize the proliferative arrest caused by depletion
of YY1 in more detail, we examined the cellular and nuclear
morphology of the YY1-depleted cells by phase-contrast light
microscopy (data not shown) and fluorescence microscopy af-
ter DAPI staining (Fig. 7D to F). Costaining of the control and
YY1 RNAi-treated cells with anti-YY1 and antitubulin anti-
bodies revealed that most cells affected by the YY1 RNAi had
nuclei with uncondensed chromosomes, excluding mitotic ar-
rest as the cause of the accumulation of the tetraploid cells
(data not shown; see Fig. 7E). The most striking effect induced
by inhibition of YY1 function was the gradual accumulation of
cells containing more than one nucleus and/or displaying var-
ious other types of nuclear abnormalities (Fig. 7D).

As shown in Fig. 7E, the majority of Y'Y 1-negative cells (i.e.,
in which YY1 nuclear staining was extremely low or undetect-
able) containing more than one nucleus were binucleated and
showed no detectable sign of DNA condensation or cell cleav-
age. Only a very small percentage of YY1-negative cells accu-
mulated more than two nuclei (Fig. 7E and data not shown).
The YYI1-RNAI treated cells also displayed other nuclear
anomalies, including deformed or bilobed nuclei, micronuclei,
and DNA bridges, with a high frequency (Fig. 7D and F).
Besides these alterations of their nuclear morphology, we
found that most cells affected by the YY1 RNAi were abnor-
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FIG. 7. Depletion of YY1 induces proliferation and cytokinesis de-
fects in HeLa cells. (A) Efficient depletion of YY1 after RNAi in HeLa
cells. After cotransfection of a control or YY1 RNAi plasmid with a
puromycin resistance-encoding vector, the transfected cells were selected
by puromycin treatment, and the expression level of YY1 was assessed by
Western blot using an anti-YY1 antibody (H414). Equal loading of the
protein extracts was confirmed using a monoclonal antiactin (MAB1501)
antibody. (B) Effect of YY1 depletion on cell proliferation. HeLa cells
were cotransfected and selected as in panel A, and their growth properties
were analyzed by the colony-forming assay. (C) Cell cycle profile induced
by depletion of YY1. FACS analysis was performed on HeLa cells co-
transfected and selected (as described for panel A) 4 days after transfec-
tion with the RNAI plasmids. (D to F) Cytokinesis defects and nuclear
abnormalities induced by depletion of YY1. HeLa cells transfected with a
control or a YY1 RNAI plasmid were plated on coverslips and analyzed
by immunofluorescence using an anti-YY1 antibody (H414; red), DAPI
to stain the DNA (blue), and an antibody directed against a-tubulin
(B512; green). Representative pictures are shown in panel E, and cells
displaying more than one nucleus are indicated by solid arrows. Examples
of the nuclear abnormalities induced by inhibition of YY1 (scored as
other nuclear abnormalities in panel D) are shown in panel F. These
nuclear defects include micronuclei (open arrowheads), DNA bridges
(solid arrowheads), bilobed and dumbbell-shaped nuclei (open arrows),
and other alterations of the nuclear morphology (solid arrows). Note that
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FIG. 8. RNAi-mediated depletion of YY1 sensitizes HeLa cells to
various apoptotic agents. Puromycin-selected HeLa cells were treated
with various apoptotic agents (200 nM of staurosporine, 100 M of eto-
poside, 100 ng/ml of Fas ligand, and 10 ng/ml of tumor necrosis factor
[TNF] alpha) 4 days after transfection of the control and YY1 RNAi
vectors. Cell viability (A) and cell death (B) were then quantified at
various time points posttreatment. The results shown in panel A corre-
spond to the mean * standard deviation of three values obtained in
independent transfections, the number of viable cells in the treated con-
trol and YY1 RNAI cell populations being expressed as a percentage of
that observed in the corresponding untreated samples harvested at the
same time points. *, P < 0.01, YY1 RNAI versus control cells; **, P <
0.05, YY1 RNAI versus control cells (Student’s ¢ test). Western blot anal-
ysis of PARP cleavage was used to determine apoptotic cell death (panel B);
full-length PARP and cleavage fragment are indicated by a solid and an open
arrowhead, respectively. Efficient depletion of YY1 upon transfection of the
RNAI plasmid and equal loading of the total cell extracts were ensured by
using anti-YY1 (H10) and antiactin (MAB1501) antibodies.

mally flat and large compared to the control cells, and the size
of their nucleus was also increased (Fig. 7E and F, and data not
shown). Thus, the phenotype induced by depletion of YY1 in
HeLa cells is essentially identical to that observed in mouse

this panel is a montage generated by selecting only YY1-negative cells
displaying nuclear anomalies. In panels E and F, the bar corresponds to 10
pm. The percentages of cells with more than one nucleus or with nuclear
abnormalities were determined 4 and 5 days posttransfection. The results
are shown in panel D and correspond to the mean *+ standard deviation
of three values obtained in independent experiments. Within each exper-
iment, at least 500 cells per sample were scored, with only Y'Y1-negative
cells being analyzed in the YY1 RNAi samples. *, P < 0.001, YY1 RNAi
versus the control (Student’s ¢ test).
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TABLE 3. Effect of YY1 depletion on cell cycle progression
in HeLa cells”

Mean % of cells = SD

RNAi G S G,/early M Late M/cytokinesis

! (pro- to anaphase) (ana- to telophase)
Control 22.1*+19 41*=1.7 29.7 £ 0.9 72+1.2
YY1 258 £02 455*=13 265+ 1.1 21x02

“HeLa cells were transfected with a control or YY1 RNAi plasmid and
stained with antibodies directed against PCNA (S phase), cyclin B1 (Gy/early M
phases), and a-tubulin (midbody/cytokinesis). Costaining with an anti-YY1 an-
tibody was performed to identify YY1-negative cells. The percentages of cells in
Gy, S, Gy/early M, and late M/cytokinesis phases were determined 5 days post-
transfection. The results are expressed as the mean = standard deviation of three
values obtained in independent experiments. In each experiment, at least 500
cells were counted, with only YY1-negative cells being scored in the YY1 RNAi
samples.

primary cells (Fig. 4) and strongly suggests that inhibition of
YY1 induces cytokinesis failure.

To gain further insights into the molecular mechanisms un-
derlying the role of YY1 in the regulation of cell cycle pro-
gression and cell ploidy, we examined the expression of various
markers specific to the different phases of the cell cycle (Fig. S2
and S3 in the supplemental material). Based on these stainings,
the percentages of cells in Gy, S, G,/early M (i.e., prophase-
end of metaphase), and late M/cytokinesis (i.e., anaphase-
telophase) phases in the control and YY1 RNAI cell popula-
tions were determined (Table 3).

YY1 RNAI did not significantly affect the percentage of G,
cells (data not shown) or G,/early M cells (Table 3). In con-
trast, inhibition of YY1 function led to a pronounced diminu-
tion of the percentage of cells undergoing cytokinesis during
late M phase (Table 3). We did not observe any significant
increase in the percentage of G, cells in the YY1 RNAIi sam-
ples, arguing against a G, cell cycle arrest. Similarly, depletion
of YY1 did not significantly affect the percentage of cells in S
phase, strongly suggesting that a significant number of the
binucleated cells (representing ~35% of the YY1-depleted
cells) were undergoing DNA replication.

Considering exclusively YY1-negative cells containing more
than one nucleus, we determined that 44% = 3% of such
cells contained PCNA-positive DNA replication foci. Consis-
tently, a significant number of binucleated YY1-negative cells
(24.3% = 1%) were found to be in G, phase (see also Fig. S2
in the supplemental material). Based on these immunostaining
experiments, we conclude that (i) the proliferation defects and
accumulation of tetraploid cells induced by depletion of YY1
do not result from a blockage at the G,/M transition, (ii)
depletion of YY1 impairs cytokinesis initiation, leading to the
accumulation of cells containing two nuclei, and (iii) binucle-
ated cells do not undergo cell cycle arrest immediately after
cytokinesis failure, but instead progress through the next G,
phase and subsequently undergo at least one round of illegit-
imate DNA replication leading to polyploidization. The small
percentage of YYl-negative cells displaying more than two
nuclei strongly suggests that most binucleated cells cannot pro-
ceed to the next round of mitosis, but rather undergo cell cycle
arrest. Supporting this view, the percentage of YY1-negative
cells initiating mitosis (i.e., cells in early M phase) decreased
slowly but gradually throughout the course of the experiment,
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while the percentage of control cells undergoing mitosis was
not significantly affected (data not shown).

Taken together, these results demonstrate that complete
inhibition of YY1 function results in cytokinesis failure and
induces severe cell proliferation defects, uncovering new p53-
independent functions of YY1-mediated regulation of cell cy-
cle progression.

Depletion of YY1 sensitizes HeLa cells to various apoptosis-
inducing agents. Inhibition of YY1 function has previously
been shown to modulate the cellular sensitivity to p53-medi-
ated apoptosis in response to DNA damage (26). In the
present study, we report that depletion of YY1 leads to a
deregulation of several apoptosis-related genes without any
significant effect on p53 levels (Table 2 and Fig. 6). These
observations led us to investigate the potential direct involve-
ment of YY1 in the regulation of apoptotic programs. There-
fore, we analyzed the effects of YY1 depletion on the cellular
response of HeLa cells, which lack functional p53, to various
DNA-damaging and nondamaging apoptotic inducers.

As shown in Fig. 8, puromycin-selected HeLa cells trans-
fected with the control or YY1 RNAi were treated with known
activators of mitochondrion-dependent apoptotic pathways
(i.e., staurosporine and etoposide) and of the death receptor-
dependent pathways (i.e., tumor necrosis factor and Fas li-
gand). After ensuring efficient depletion of YY1 in the YY1
RNAi-treated cells (Fig. 8B), we quantified cell viability (Fig.
8A) and cell death (using PARP cleavage as a marker of
apoptotic cell death; Fig. 8B) in the untreated and treated
control and YY1 RNAI cell populations. Consistent with our
previous observations (see above), RNAi-mediated inhibition
of YY1 in HeLa cells did not trigger apoptosis in the absence
of any apoptotic agents (Fig. 8B, and data not shown). How-
ever, depletion of YY1 dramatically increased the cellular sen-
sitivity to all apoptotic agents tested. Indeed, treatment with
staurosporine, etoposide, tumor necrosis factor, and Fas ligand
led to a much greater decrease in the number of viable cells in
the YY1 RNAI cell population than in the control cell popu-
lation (Fig. 8A).

Consistently, treatment of the YY1-depleted cells with stau-
rosporine, etoposide, and Fas ligand led to a marked increase
in PARP cleavage, this effect being much more pronounced
than that observed upon treatment of the control cells (Fig.
8B). Taken together with previous results showing that YY1
inhibits genotoxic stress-induced activation of p53 (26), our
data strongly suggest that YY1 plays important roles in the
regulation of multiple p53-dependent as well as p53-indepen-
dent pathways mediating programmed cell death in response
to a broad spectrum of apoptotic agents.

DISCUSSION

In this study, we used conditional gene targeting to investi-
gate the developmental, cellular, and molecular functions of
the transcription factor YY1 during mouse embryogenesis and
in cultured primary cells. Taking advantage of a yy/ hypomor-
phic allele, we demonstrate the essential dosage-dependent
requirement for YY1 in late embryogenesis. Indeed, while
mice expressing ~75% of the normal level of YY1 are viable
and do not display any obvious developmental defects, reduc-
tion of the YY1 protein level by ~50% induces lethality in a
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small subset of mice and affects embryonic growth. Further
diminution of the YY1 level significantly increases the pen-
etrance of the growth retardation and embryo-lethal pheno-
type. Approximately half of the mice expressing ~25% of
normal YY1 levels died during late embryogenesis, a develop-
mental period during which active morphogenesis and organo-
genesis are occurring. Thus, the phenotype of mice expressing
~25% of normal YY1 levels differs dramatically from that of
yyI null embryos, which die around the time of implantation, a
stage characterized by intense cell proliferation (20). These
observations suggest that ~25% of the normal YY1 level can
support cellular proliferation, at least to some extent, while
complete depletion of YY1 cannot, which is consistent with the
dose-dependent growth suppressor effect of YY1 observed in
cultured embryonic fibroblasts (see below).

Approximately half of the mice expressing ~25% of the
normal complement of YY1 developed and survived until birth
but died shortly thereafter from respiratory failure. While his-
tological examination demonstrated that the lung alveoli were
collapsed, electronic microscopy did not reveal any major ul-
trastructural defects. In particular, alveolar type II cells, which
are responsible for the synthesis of lung surfactant, appeared
normal (data not shown), suggesting that the respiratory fail-
ure induced by depletion of YY1 results from developmental
defects affecting organs other than the lung. Interestingly, in-
activation of several of the novel YY1 target genes identified here
(including lamin B1, Bdnf, the transcription factor FoxM1, and the
cell cycle regulator p57) impairs the development of various tis-
sues and causes respiratory failure (30, 32, 67, 73, 81).

Functional defects of the respiratory musculature, of its mo-
tor innervation, as well as of the central control center (i.e.,
respiratory rhythm-generating neurons) have been shown to
cause respiratory failure. In this regard, it is worth pointing out
that a large number of muscle-specific genes were derepressed
after depletion of YY1 in MEFs (including various myosin-,
procollagen-, troponin-, and actin-encoding genes [Table 2; see
also Table S1 in the supplemental material]). Importantly,
YY1 was recently shown to recruit HDACI as well as the
polycomb group protein EZH?2 (enhancer of zeste homolog 2),
a histone H3 methyltransferase whose activity is associated
with stable transcriptional repression, to genomic regions of
silent muscle-specific loci in undifferentiated myoblasts (17).
Polycomb group proteins play important roles in long-term,
inheritable gene silencing required for maintenance of cell
identity during development and differentiation. However, the
mechanisms underlying the recruitment of polycomb group
protein complexes to their molecular targets as well as the
identity of these targets remain largely unknown. It would be
extremely interesting to investigate the possibility that YY1
might target HDACs and/or polycomb group protein-contain-
ing complexes to specific DNA recognition sites within the
regulatory regions of its target genes and induce stable tran-
scriptional repression of muscle-specific genes in undifferenti-
ated muscle progenitor cells and differentiated nonmuscle
cells.

Strikingly, depletion of YY1 in embryonic fibroblasts also
led to the activation of various genes whose expression and
function are normally restricted to neuronal cells, including the
neuronal survival and plasticity factors neurotrophin 3 (Ntf3)
and brain-derived neurotrophic factor (Bdnf), the imprinted
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gene neuronatin, and the brain-specific helix-loop-helix proteins
encoded by Neurod6 (neurogenic differentiation 6), BM8S, and
several others. Although YY1 might directly repress some neu-
ron-specific genes, the observation that YY1 depletion dramat-
ically inhibits the expression of REST (repressor element 1
silencing transcription factor [Table 2]) in MEFs suggests al-
ternative regulatory mechanisms.

Several studies demonstrated that the transcriptional repres-
sor REST plays essential roles in restricting expression of neu-
ronal genes to neurons by mediating active repression as well
as long-term epigenetic silencing of these genes in differenti-
ated nonneuronal cells (6, 8, 19, 29, 38, 43, 49, 50, 54, 55).
Importantly, REST is highly expressed in pluripotent cells, in
which it also represses neuron-specific gene expression, but is
dramatically down-regulated during the transition to lineage-
restricted neural progenitors, completely disappearing as pro-
genitors exit the cell cycle and differentiate into mature neu-
rons (7, 54). It is thus conceivable that YY1 might, directly or
via the modulation of REST expression, participate in the
maintenance of nonneuronal cell identity by contributing to
neuron-specific gene silencing in such cells and/or play a role in
the acquisition of neuronal traits in differentiating neuronal
precursors. It would be extremely interesting to study YY1
expression during neuronal cell specification and differentia-
tion and take advantage of our conditional knockout mice to
investigate its role during neurogenesis.

While YY1 target genes are likely to play crucial roles in its
developmental functions, various YY1-binding partners could
also contribute to its biological activities. In this regard, it is
interesting that abrogation of the acetyltransferase activity of
p300, which acetylates YY1 and modulates its activity (34, 80),
also causes neonatal lethality due to respiratory failure in mice
(61). In addition, constitutive inactivation of p300 in mice
reveals important dosage-dependent effects on cell prolifera-
tion, embryonic growth, and viability, as well as a partially
penetrant neural tube closure defect similar to that displayed
by a subset of heterozygous (yy! */~) and compound heterozy-
gous (yyI*~) mutant mice (20, 79) (data not shown). These
phenotypic similarities suggest that YY1-p300 functional inter-
play could play an important role during development. Further
analysis will be required to decipher the mechanisms underly-
ing YY1 developmental functions and determine the contribu-
tions of its target genes and interacting partners.

Analysis of the cellular phenotypes induced by partial and
complete depletion of YY1 in MEF cells (Fig. 4) allowed us to
demonstrate that YY1 regulates cell proliferation in a dose-
dependent manner. Interestingly, while the growth properties
of MEFs expressing ~50% and ~25% of the normal com-
plement of YY1 were indisputably impaired, these cells kept
proliferating at a slow but steady rate. In contrast, complete
depletion of YY1 in primary and tumor cells induced prolif-
erative arrest (Fig. 4 and 7). In addition, loss of YY1 function
resulted in cytokinesis failure in both embryonic fibroblasts
(Fig. 4) and Hela cells (Fig. 7), but no significant accumula-
tion of binucleated cells was observed in untreated yyl/"*/~
MEFs expressing ~25% of the normal complement of YY1
(data not shown). Taken together, theses results strongly sug-
gest that partial depletion of YY1 impairs cell proliferation by
inducing an extension of the cell cycle phases, while complete
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loss of YY1 blocks cell cycle progression and leads to cell cycle
arrest.

Consistently, genome-wide gene expression analysis re-
vealed that various cell cycle-related genes were deregulated
upon depletion of YY1 (Table 2; see also Table S1 in the
supplemental material). Interestingly, a large number of YY1-
responsive genes involved in cell cycle control have previously
been shown to be regulated by E2F transcription factors (13,
46). Among these YY1- and E2F-regulated genes are p21,
cyclin A2, memd4-7, polal, polo-like kinase, and aurora kinase
B, as well as various other checkpoint regulators (including
Bubl, Bublb, Mad2, and CenpE). Supporting the hypothesis
that YY1 might share common functions and/or molecular
targets with E2Fs, coincident binding of YY1 and E2F2 or
E2F3 on adjacent recognition sites within the cdc6 promoter
results in synergistic activation of this promoter (53). As sev-
eral other YY1 and/or E2F target genes contain binding sites
for both transcription factors (Y. Shi, unpublished observa-
tions) (53), this mechanism might provide a molecular basis for
the specificity of E2F functions as well as for YY1 in cell cycle
control.

Consistent with the novel and unanticipated function for
YY1 in cytokinesis uncovered in this study, several known key
regulators of mitosis and cytokinesis, such as survivin/Birc5,
polo-like kinase, inner centromere protein, aurora kinases A
and B, and various others (Table 2), were found to be dereg-
ulated by depletion of YY1. Interestingly, RNAi-mediated in-
hibition of survivin, the expression of which is significantly
down-regulated upon depletion of YY1, impairs cytokinesis
and cell proliferation (78). Inactivation of survivin was shown
to induce p53 up-regulation and subsequent activation of a
pS53- and p21-dependent checkpoint, resulting in cell cycle ar-
rest in G, phase (78). Despite contradictory reports, other
studies support the hypothesis that cytokinesis failure activates
a tetraploidy checkpoint response blocking cell cycle progres-
sion in G, phase (1, 63, 69, 70, 75).

Several lines of evidence argue against the cell cycle arrest
induced by complete depletion of YY1 being the result of the
activation of such a checkpoint response. Indeed, we did not
detect any significant effect of YY1 depletion on p53 levels in
MEFs (Fig. 6), which, together with the previous demonstra-
tion that YY1 negatively regulates p53 stability in other cellu-
lar contexts (5, 26, 65), suggests that YY1-mediated regulation
of p53 might be cell type and/or species specific. Consistent
with the observation that depletion of YY1 does not affect
steady-state p53 levels in MEFs, RNAi-mediated inhibition of
YY1 function was found to induce proliferative arrest in p53
null mouse embryonic fibroblasts (Y. Shi, unpublished obser-
vation). In addition, inhibition of YY1 expression in HeLa
cells, in which p53 is inactivated by the papillomavirus onco-
protein E6, also resulted in cell cycle arrest and cytokinesis
failure.

Immunostaining of HeLa cells allowed us to demonstrate
that binucleated cells did not undergo cell cycle arrest imme-
diately after cytokinesis failure, but progressed through the
next G, phase and underwent at least one round of DNA
endoreplication before exiting the cell cycle (see Fig. S2 and S3
in the supplemental material). Similarly, a significant fraction
of YY1-depleted binucleated MEFs were found to undergo
DNA replication, as indicated by their ability to incorporate

YY1 REGULATES EMBRYOGENESIS AND CELL CYCLE PROGRESSION 3579

bromodeoxyuridine (data not shown). Further strengthening
the idea that YY1 ablation does not trigger activation of a p53-
and p21-dependent tetraploidy checkpoint response, genetic
rescue experiments demonstrated that YY1 depletion in-
duced similar defects regardless of the status of p27. Indeed,
no significant differences in growth properties or binucle-
ated cell numbers were observed when comparing the effects
of YY1 depletion in p21*/* versus p21 null MEFs (see Fig.
S4 in the supplemental material; also data not shown). To-
gether, these data demonstrate that the effects of YY1 on
cell cycle progression and cell proliferation are essentially
p53 and p21 independent.

Despite the strong evidence that the effects of YY1 deple-
tion on cell cycle progression and cell proliferation reported
here are essentially p53 independent, we identified approxi-
mately 40 YY1-responsive genes that are known p53 targets
(18, 27, 31, 40, 42, 74), suggesting that YY1 and p53 might
directly regulate a common subset of related target genes in an
antagonistic manner. While further analysis will be required to
validate this hypothesis, it is supported by the recent finding
that YY1 inhibits p53-mediated activation of p21 and Gadd45,
through a mechanism involving competitive binding for over-
lapping DNA recognition sites within these promoters (77).
Together with the transcription-independent cross talk be-
tween these two transcription factors (26, 65), such conver-
gence of YY1 and p53 on shared molecular targets could
contribute to their antagonistic effects on cell growth and apop-
tosis.

Interestingly, depletion of YY1 results in the derepression of
several proapoptotic genes (Table 2), including known p53
target genes (18, 27, 31, 40, 42, 74). YY1 has previously been
shown to modulate p53-dependent apoptotic programs in-
duced by genotoxic stress (26). Here, we report that depletion
of YY1 increases the sensitivity of cells lacking p53 activity to
various DNA-damaging and nondamaging apoptosis inducers.
Indeed, inhibition of YY1 was found to sensitize tumor cells to
etoposide, a chemotherapeutic agent used to treat a wide spec-
trum of human cancers, and to staurosporine; both of these
activate mitochondrion-dependent apoptotic pathways. In ad-
dition, YY1-depleted cells were also more sensitive to tumor
necrosis factor and Fas ligand-induced apoptosis, mediated
through death receptor-dependent pathways. This finding is
consistent with the observation that expression of Fas receptor
(Fas) is derepressed upon inhibition of YY1 (Table 2).

While this work was in preparation, Vega et al. reported that
rituximab, a chimeric anti-CD20 antibody used in the treat-
ment of B non-Hodgkin’s lymphoma, up-regulates Fas expres-
sion and sensitizes Fas-resistant tumor cells to Fas ligand-
induced apoptosis by modulating YY1 expression and activity
(71, 72). Therefore, through its ability to modulate the sensi-
tivity of various tumor cell types to a broad spectrum of apop-
totic agents inducing p53-dependent as well as p53-indepen-
dent pathways, YY1 might be an attractive therapeutic target
for cancer.

Together, our data uncovered important dosage-dependent
functions of the transcription factor YY1 in embryonic growth
and development, cell proliferation, cytokinesis, and apoptosis.
Moreover, genome-wide analysis allowed us to identify over
500 putative YY1 target genes. The large number of YY1-
responsive genes identified in this study is not surprising, as it
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reflects the effects of YY1 removal on its direct targets as well
as cascades of secondary events. Kinetic analysis of YY1-me-
diated transcriptional activation and repression combined with
bioinformatic and chromatin immunoprecipitation approaches
will allow us to distinguish direct versus indirect targets and
characterize the histone modification profiles and cofactor re-
cruitment induced by YY1. The findings presented here shed
new light on the nature of the genetic programs and molecular
mechanisms underlying YY1’s biological activities.
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