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The transcriptional regulator Yin Yang 1 (YY1) controls many aspects of cell behavior and is essential for
development. We analyzed the fate of YY1 during apoptosis and studied the functional consequences. We
observed that this factor is rapidly translocated into the cell nucleus in response to various apoptotic stimuli,
including activation of Fas, stimulation by tumor necrosis factor, and staurosporine and etoposide treatment.
Furthermore, YY1 is cleaved by caspases in vitro and in vivo at two distinct sites, IATD12G and DDSD119G,
resulting in the deletion of the first 119 amino acids early in the apoptotic process. This activity generates an
N-terminally truncated YY1 fragment (YY1�119) that has lost its transactivation domain but retains its DNA
binding domain. Indeed, YY1�119 is no longer able to stimulate gene transcription but interacts with DNA.
YY1�119 but not the wild-type protein or the caspase-resistant mutant YY1D12A/D119A enhances Fas-induced
apoptosis, suggesting that YY1 is involved in a positive feedback loop during apoptosis. Our findings provide
evidence for a new mode of regulation of YY1 and define a novel aspect of the involvement of YY1 in the
apoptotic process.

Yin Yang 1 (YY1) is a ubiquitously expressed Zn finger
transcriptional regulator that can function as an activator, a
repressor, or an initiator binding protein. YY1 is an abundant
protein, and numerous potential target genes, both cellular
and viral, have been identified (55, 67). It has been estimated
that more than 7% of vertebrate genes contain YY1 binding
sites (22). The products of some of these target genes function
in the control of cell growth, development, differentiation, and
tumor suppression (55, 67). By binding to DNA, YY1 controls
gene expression by recruiting several different cofactors, in-
cluding the histone acetyltransferases CBP and p300, various
histone deacetylases, and the Arg-specific methyltransferase
PRMT1 (4, 50, 74). In addition, YY1 interacts with various
basal transcription factors, such as TATA binding protein,
TAFs, and transcription factor IIB (4, 11, 36, 69), and other
transcriptional regulators, including Sp1, c-Myc, and C/EBP�
(3, 5, 32, 53, 57). Through interplay with the above-mentioned
factors and through binding to DNA response elements and to
initiator sequences, YY1 can exert broad activities at target
promoters. Interestingly, YY1 is also associated with polycomb
group (PcG) protein complexes and is the mammalian ortho-
logue of the Drosophila PcG protein Pleiohomeotic (1, 7, 18,
52). PcG proteins are important in maintaining repressed tran-
scriptional states of genes and thus are important in sustaining

cell fate (44). In this setting, YY1 functions as the DNA-
targeting subunit of PcG complexes.

The importance of YY1 for basic biological processes is
underscored by the finding that it is essential for mouse em-
bryo development. The targeted disruption of yy1 in mice re-
sults in periimplantation lethality, a stage of development char-
acterized by extensive proliferation and differentiation (13).
Additional observations connect YY1 to the control of prolif-
eration. YY1 interacts with the retinoblastoma tumor suppres-
sor protein Rb, which controls the G1- to S-phase transition
during the cell cycle (48). Also, the repression function of YY1
is antagonized by the adenovirus E1A protein, a potent acti-
vator of cell proliferation (33, 56). An important role of YY1
in the G1- to S-phase transition is also implied by the finding
that the subcellular localization of this factor is cell cycle reg-
ulated. While YY1 is cytoplasmic in G1 phase, it becomes
nuclear in early and middle S phases and returns to being
primarily cytoplasmic later in S phase (45). This nuclear accu-
mulation of YY1 near the G1- to S-phase transition coincides
with both an increase in YY1 DNA binding activity and an
up-regulation of histone genes (15, 24). Recent findings pro-
vide evidence for an interplay between YY1 and tumor sup-
pressor p53. YY1 functions as a negative regulator of p53 by
enhancing its MDM2-dependent ubiquitination and degrada-
tion (20, 63). Loss of YY1 results in increased apoptosis and
inhibition of proliferation, possibly due to p53 activation (20,
63). YY1 and p53 antagonism occurs also at the level of DNA
binding, since these two proteins have partially overlapping
targeting sequences, leading to competition at some promoters
(73). These findings not only support the notion that YY1 is
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involved in cell proliferation control but also suggest its asso-
ciation with apoptosis.

Apoptosis is an important mechanism for maintaining tissue
homeostasis. Activation and execution of apoptosis are depen-
dent on caspases, cysteine proteases that generally cleave at
sites with an aspartic acid in an N-terminal location relative to
the cleavage site (40). More than 280 caspase substrates have
been described; some of these are important for specific pro-
cesses that are associated with apoptosis (17). However, the
function of the majority of caspase substrates during apoptosis
is not yet understood.

One of the central alterations that take place in the nucleus
is the cleavage of DNA during apoptosis. At an early stage of
nuclear disassembly, chromatin is cleaved into large, 50- to
300-kbp fragments and later processed into oligonucleosomal
fragments by several different enzymes (27, 34, 51). This pro-
cess generates DNA breaks that induce a DNA repair re-
sponse. The poly(ADP-ribose) polymerase PARP-1 is thought
to function as a nick sensor and, by poly(ADP-ribos)ylating
proteins in the vicinity of DNA nicks, to generate a favorable
environment for repair processes (23, 54). YY1 is one of the
few proteins that have been shown to be modified by PARP-1
in response to DNA damage (41). The activity of PARP-1 is
stimulated by YY1, suggesting a role of this protein in DNA
repair (19).

We analyzed the fate of YY1 in apoptotic cells. We report
that YY1 is the target of rapid processing in response to apo-
ptotic stimuli. This activity includes the efficient translocation
of YY1 to the nucleus irrespective of the cell cycle status of the
treated cells and the specific cleavage of YY1 at two sites
within the transactivation domain by caspases. These findings
suggest that YY1 possesses, in addition to its effects on prolif-
eration and differentiation, functions during apoptosis. Indeed,
the cleavage results in a YY1 protein that can still bind DNA
but is deficient in transactivation. Furthermore, the apoptosis-
specific YY1 fragment enhances apoptosis. Our study provides
evidence for a previously nonrecognized function of YY1 dur-
ing apoptosis, an additional specific aspect of cell behavior.

MATERIALS AND METHODS

Cell cultures, transient transfections, and apoptosis assays. Jurkat T and
HeLa-80Fas cells were grown in RPMI 1640 medium containing 5% fetal calf
serum. HeLa, HeLa S3, HEK293, and COS7 cells were grown in Dulbecco
modified Eagle medium with 10% fetal calf serum. Transient transfections with
calcium phosphate were performed as described previously (60) or with Ex-
Gen500 (Fermentas) as suggested by the manufacturer. Reporter gene assays
were conducted with P5 � 1-tk-luc, which contains the P5 � 1 sequence of the
adeno-associated virus P5 promoter and the minimal thymidine kinase promoter
(�32 to �51) (4, 56).

Apoptosis was induced in Jurkat T cells (107 cells/ml) with an anti-Fas anti-
body (100 ng of immunoglobulin M/ml; clone CH11; Kamiya Biomedical Co.,
Seattle, Wash.), Flag-FasL (100 ng/ml) in combination with anti-Flag antibody
M2 (0.5 �g/ml; Sigma), or staurosporine (STS; 1 �M) in serum-free medium. For
UV light induction, Jurkat T cells were washed with phosphate-buffered saline
(PBS) and induced to undergo apoptosis (6 � 107 cells/2 ml of PBS per 10-cm
dish) by using a Stratalinker (30 J/m2 or 120 �W/cm2 for 2.5 s). Caspase activity
was inhibited by preincubation for 90 min with 100 �M z-VADfmk (Kamiya
Biomedical Co.) before the induction of apoptosis.

HeLa, HeLa S3, and COS7 cells were treated with either STS at 1 �M or
recombinant mouse tumor necrosis factor alpha (Sigma) at 100 ng/ml and cy-
cloheximide at 2.5 �g/ml. HeLa-80Fas cells were preincubated with cyclohexi-
mide at 2.5 �g/ml for 30 min before the addition of an anti-Fas antibody (catalog
no. 05-201; Upstate, Lake Placid, N.Y.) at 100 ng/ml (72). Etoposide (Sigma) was
used at 85 �M with 2-aminopurine (Sigma) at 10 mM. At 30 min before fixation,

cultures were pulse-labeled with bromodeoxyuridine (BrdU; Roche Molecular
Biochemicals/Boehringer Mannheim). Cells were fixed with cold 70% etha-
nol–15 mM glycine (pH 2.0) for 20 to 30 min at �20°C and prepared for
immunostaining.

For YY1 apoptosis assays, 2 � 104 HeLa cells were placed in each well of a
12-well plate and transfected on the next day. YY1 and YY1 mutants were
coexpressed with enhanced green fluorescent protein (EGFP) and Fas to identify
transfected cells and to sensitize cells for apoptosis, respectively. At 24 h after
transfection, the cells were fixed with 4% paraformaldehyde at 4°C for 23 min,
washed once with PBS, and then analyzed by fluorescence microscopy with
Analysis software (Olympus). Transfected EGFP-expressing cells were counted,
and the apoptotic subset was determined on the basis of morphological criteria
(see Fig. 7).

For caspase 3 or caspase 7 assays, 4 � 105 HeLa or HEK293 cells were placed
in 6-cm dishes and transfected as described above. In these transfections,
pBabePuro (1.5 �g) was included. At 18 h after transfection, the cells were
selected with puromycin (2 �g/ml) for 24 h. Approximately 90% of the surviving
cells stained positively for coexpressed EGFP. Subsequently, the cells were
allowed to recover in the absence of puromycin for 24 h before the induction of
apoptosis with agonistic anti-Fas antibodies (80 ng/ml) for 3 h. Caspase-Glo 3/7
reagent (Promega) was added to the cells, and luminescence was measured after
60 min.

Plasmids and site-directed mutagenesis. The pCB6�-YY1-T7 expression con-
struct was generated by mutagenizing the stop codon of YY1 and inserting an
oligonucleotide encoding the T7 epitope. YY1 point and deletion mutants were
generated by standard PCR-based mutagenesis with specific primers and were
verified by sequencing. The Fas-expressing plasmid (pCR3-Fas) was obtained
from J. Tschopp. pEGFP-C1 was purchased from Clontech.

Western blotting and antibodies. In general, lysates derived from equal num-
bers of cells were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE), and Western blot analysis was performed as described
previously (4). YY1 was detected with either a polyclonal rabbit serum (263,
either affinity-purified or whole serum) against human YY1 (4) or an antibody
recognizing C-terminal amino acids 395 to 414 (C20; Santa Cruz Biotechnology).
Antibodies specific for Max (C-17), for USF (C-20; sc-229), and for cyclin D1
(72-13G; sc-450) were obtained from Santa Cruz Biotechnology. Antibodies
specific for PARP-1 (polyclonal rabbit serum), for tubulin (Ab-4; clones DM1A
and DM1B), and for the T7 tag (69522-4; Novagen) were purchased from
Boehringer, from NeoMarkers, and from Calbiochem, respectively. Antibodies
specific for the � subunit of CK2 were a kind gift from D. Litchfield (35).
Mnt-specific antibodies were obtained from P. Hurlin (61).

In vitro caspase cleavage assays and peptide sequencing. His-tagged YY1
(His-YY1) was purified under denaturation and renaturation conditions as de-
scribed previously (4). Caspases 1 to 8 were expressed as N-terminal poly(His)
fusion proteins and purified to approximately 90% purity as described previously
(65). Enzymes were preactivated for 10 min at 30°C in caspase buffer (100 mM
HEPES [pH 7.5], 20% glycerol, 0.5 mM EDTA, 10 mM dithiothreitol). Cleavage
reaction mixtures with His-YY1 were incubated in caspase buffer in the presence
of 0.5 �g of bovine serum albumin (BSA) in a reaction volume of 20 to 30 �l at
30°C for 1 h. The reactions were stopped in SDS sample buffer, and the proteins
were analyzed by Western blotting.

For sequencing of the cleavage products, 4 to 5 �g of recombinant His-YY1
was incubated with preactivated caspase 6 (225 ng) or caspase 7 (450 ng) at 30°C
for 15 h. The caspase 6-generated cleavage products were processed and se-
quenced on an Applied Biosystems (Foster City, Calif.) 477A protein sequencer
with a 120-A online high-pressure liquid chromatography system (66). The frag-
ments generated with caspase 7 were separated by SDS-PAGE, transferred to a
polyvinylidene difluoride membrane, and stained with Coomassie blue. Bands of
interest were washed with 0.1% trifluoroacetic acid–60% acetonitrile and ana-
lyzed by using a Procise protein sequencer (model 492A; Applied Biosystems).

EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed as
described previously (4). Control or Fas-induced cells (2 � 106 cells/100 �l) were
lysed in F-buffer (10 mM HEPES [pH 7.5], 50 mM NaCl, 30 mM sodium
pyrophosphate, 50 mM NaF, 100 �M Na3VO4, 0.2% Triton X-100, 5 �M ZnCl2,
1 mM phenylmethylsulfonyl fluoride, 2.5 U of pepstatin A/ml, 2.5 U of leupeptin/
ml, 0.15 mM benzamidine, 2.8 �g of aprotinin/ml) (60). As probes, oligonucle-
otides with one YY1 binding site of the immunoglobulin �3� enhancer (5�-GA
TCCTACCCCACCTCCATCTTGTTTGAAGATC) (46) or the P5 � 1 binding
site (4) were used. The E-box oligonucleotide has been described elsewhere (60).
Cell lysates (5 �l) were incubated with 1 �g of poly(dI) · poly(dC) and radioac-
tively labeled oligonucleotides (50,000 cpm) in GS buffer (30 mM HEPES [pH
7.9], 25% glycerol, 25 mM MgCl2, 300 mM KCl, 5 mM 2-mercaptoethanol, 250
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�g of BSA/ml, 0.25% Nonidet P-40, 10 mM dithiothreitol) at 30°C for 20 min.
DNA-protein complexes were separated by 5% PAGE at 400 V and 4°C.

Immunofluorescence. For immunocytochemistry studies, all incubations were
done at 37°C. Fixed coverslips were blocked with 1 mg of immunoglobulin G-free
BSA/ml and 5% normal goat serum (both from Jackson ImmunoResearch Lab-
oratories) in PBS for 1 h. The solution was aspirated, and the coverslips were
washed three times with PBS for 10 min each time on a shaker before addition
of the primary antibodies (1:30 dilution of an anti-BrdU antibody and 0.4 �g of
anti-YY1 antibody C20/ml; Santa Cruz Biotechnology) and incubation for 40
min. Cells were washed again and incubated with the secondary antibodies (from
a BrdU kit and 2 �g of Alexa-546–goat anti-rabbit antisera/ml; Molecular
Probes). Before the slides were mounted in Vectashield (Vector Laboratories),
the cells were counterstained with 2 �g of 4�,6�-diamidino-2-phenylindole dihy-
drochloride (DAPI)/ml in PBS for 10 min, followed by a 10-min wash with PBS.
Fluorescence images were captured by using a confocal laser scanning micro-
scope (Zeiss LSM-510) with a �40 objective lens. Differential interference con-
trast (DIC), Nomarski-type images were obtained with a III Plan Neofluar DIC
slide. Brightness and contrast adjustments were made with Adobe Photoshop 6.0.

For quantitation, cells were scored as positive for BrdU if any BrdU signal was
observed. However, it was noted that the intensity of BrdU staining in treated
cells was different from that in untreated ones. Two patterns of BrdU incorpo-
ration were observed in cells treated with apoptosis-inducing agents, i.e., either
diffuse or localized to distinct foci within the nucleus. This finding may have been
due to replicative incorporation versus repair synthesis, but for the purpose of
this study, we did not distinguish between these patterns when scoring cells. A
minimum of 100 cells were counted for each time point and for every experi-
mental treatment.

RESULTS

Caspase-dependent cleavage of YY1 in apoptotic cells. Stim-
ulation of apoptosis results in the caspase-dependent cleavage
of a significant number of intracellular proteins (14, 17). We
tested whether YY1 was altered during apoptosis. Human
Jurkat T cells were treated with agonistic Fas-specific antibod-
ies, and whole-cell lysates were analyzed for YY1 by immuno-
blotting. By 4 and 6 h after treatment, the signal for full-length
YY1 decreased, and at least two fragments of lower apparent
molecular weights appeared (Fig. 1A). The formation of the
two fragments was blocked by z-VADfmk, a pan-caspase in-
hibitor, but not by calpain inhibitor II, indicating that caspases
are involved in processing YY1 (Fig. 1A and data not shown).
In addition, the appearance of the YY1 fragments was not
affected by the addition of z-VADfmk to the lysis buffer, dem-
onstrating that cleavage occurred in cells before lysis (data not
shown). Fragments of YY1 with identical mobilities on SDS-
PAGE were also generated in response to STS or UV treat-
ment (Fig. 1B and C). The two YY1 fragments were detected
with an antibody specific for the C terminus of YY1, suggesting
that N-terminal sequences were lost in response to the apo-
ptotic signals (Fig. 1). No additional fragments could be de-
tected when a polyclonal serum that was raised against full-
length YY1 was used (4) (data not shown). In parallel, we
determined the number of apoptotic cells (Fig. 1A). As a
control, we analyzed the cleavage of PARP-1, a well-known
caspase substrate (26, 31). PARP-1 was processed with kinetics
similar to those of YY1 (Fig. 1). In addition, staining for the
catalytic subunit of protein kinase CK2 served as a negative
control (Fig. 1B). CK2 was not cleaved during apoptosis, as
shown previously (28). Cleavage of YY1 was not restricted to
Jurkat T cells. In response to anti-Fas antibodies and to STS,
YY1 cleavage was observed in HeLa and COS7 cells, gener-
ating similar fragments with similar kinetics (Fig. 1D and data
not shown). These findings demonstrate rapid and specific
cleavage of YY1 in response to various apoptosis-inducing
conditions.

Identification of caspase cleavage sites in YY1. In the next
set of experiments, we were interested in determining whether
YY1 was a direct substrate for caspases. Therefore, we tested
several recombinant caspases for their ability to hydrolyze bac-
terially expressed His-YY1. Cleavage with caspases 1 to 6 re-
sulted predominantly in a larger YY1 fragment, and that with
caspases 3, 5, and 7 resulted in a smaller YY1 fragment (Fig.
2A). Both fragments were detected with an antibody specific
for the C terminus of YY1, suggesting that N-terminal se-
quences were lost. The mobility of these two fragments was
identical to that of fragments generated within cells (Fig. 2B).
An additional intermediate YY1 fragment was observed in
some in vitro reactions (Fig. 2A). This fragment was not con-
sidered for further analysis, since it did not match any form of
YY1 seen in cells (compare Fig. 1 and Fig. 2). In contrast to
the caspases mentioned above, caspases 2, 4, and 8 were unable

FIG. 1. Apoptosis-associated cleavage of YY1. (A) Jurkat T cells
were preincubated with 100 �M z-VADfmk or dimethyl sulfoxide for
30 min and then treated with Fas-specific antibodies (100 ng/ml) for
the indicated times before being harvested in SDS sample buffer.
PARP-1 and YY1 (antibody C20) were detected by Western blot
analysis. In parallel, cells were fixed, stained with acridine orange, and
analyzed microscopically for characteristic morphological changes as-
sociated with apoptosis, i.e., chromatin condensation and nuclear frag-
mentation. The numbers of apoptotic cells are indicated at the bottom.
(B) Jurkat T cells were treated with anti-Fas antibodies as described
for panel A or with 1 �M STS. Cell lysates were generated in SDS
sample buffer, and Western blotting was performed as described for
panel A. In addition, the catalytic subunit of protein kinase CK2 was
analyzed with specific antibodies. (C) Jurkat T cells were UV treated
and then harvested in SDS sample buffer at the indicated times. The
analysis of PARP-1 and YY1 was performed as described for panel A.
(D) HeLa cells were treated with STS or anti-Fas antibodies for the
indicated times. PARP-1 and YY1 were analyzed as described for
panel A. The two YY1 fragments commonly observed are indicated by
black arrowheads. Upon UV treatment, an additional, smaller YY1
fragment was detected (white arrowhead). The positions of molecular
mass markers (given in kilodaltons) run on the same gels are indicated
on the left.
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to cleave His-YY1 (Fig. 2A), although all three enzymes
showed catalytic activity toward other substrates (data not
shown) (28, 65).

To identify the sites of caspase cleavage in YY1, large-scale
cleavage assays were performed with caspases 6 and 7 to gen-
erate the two predominant fragments of YY1 (Fig. 2C and D).
Cleaved His-YY1 was detected by Coomassie blue staining,
the protein fragments (FA in Fig. 2C and FB in Fig. 2D) were
extracted, and the N-terminal amino acid sequences were de-
termined as previously described (28) (Fig. 2E). The two sites
identified contained an aspartic acid in an N-terminal location
relative to the cleavage site, as do most caspase substrates (14,
40) (Fig. 2F). As expected from the analysis of YY1 cleavage
in cells, the in vitro sites were located in the N-terminal portion
of the protein. This region of YY1 functions as a transactiva-
tion domain (4).

The cleavage sites defined in vitro are used in vivo. The
identified sites were evaluated by analyzing the patterns of
cleavage of YY1 mutant proteins expressed in COS7 cells in
response to STS-induced apoptosis. Mutants were generated in
which Asp12 and/or Asp119 were changed to Ala (YY1D12A-
T7, YY1D119A-T7, and YY1D12A/D119A-T7). Furthermore,
the portions cleaved away during apoptosis were deleted to
generate YY1	12-T7 and YY1	119-T7. The T7 tag was used
to distinguish the expressed proteins from endogenous YY1.
The two expected fragments were generated from YY1-T7
(Fig. 3). The apparent molecular weights of these two frag-

ments, of YY1	12-T7, and of YY1	119-T7 were identical,
further supporting the identities of the two cleavage sites.
During apoptosis, YY1	12-T7 was cleaved, generating a frag-
ment that comigrated with the small fragment of YY1 and with
YY1	119-T7 (Fig. 3). Apoptosis-induced cleavage of
YY1D12A-T7 and of YY1D119A-T7 resulted in the smaller
and the larger fragments, respectively. The double mutant
YY1D12A/D119A-T7 was no longer cleaved (Fig. 3). To-

FIG. 2. Cleavage of His-YY1 by recombinant caspases in vitro. (A) Recombinant His-YY1 (20 ng) was treated with caspases 1 to 8 (1 to 25
ng each) at 30°C for 90 min and analyzed by Western blotting with YY1-specific antibody C20. Black arrowheads identify the YY1 fragments that
possess identical apparent molecular weights as the two fragments observed in Fig. 1. An additional fragment is indicated by a white arrowhead.
This fragment does not correspond to a form of YY1 observed in apoptotic cells. The positions of molecular mass markers (given in kilodaltons)
run on the same gels are indicated on the left. (B) Recombinant His-YY1 was treated with caspase 6 as described for panel A. The resulting
proteins were analyzed by SDS-PAGE and compared to the YY1 fragments generated in Jurkat T cells upon treatment with an agonistic anti-Fas
antibody for 4 h. The proteins were visualized on Western blots with YY1-specific antibody C20. (C) His-YY1 was incubated in the presence or
in the absence of recombinant caspase 6. The proteins were analyzed by SDS-PAGE and Coomassie blue staining (CB). The cleavage product is
indicated (FA). (D) His-YY1 was treated with recombinant caspase 7. The resulting proteins were analyzed by SDS-PAGE and Coomassie blue
staining (CB). The cleavage product is indicated (FB). The positions of the marker proteins BSA and glutathione S-transferase (GST) are indicated.
(E) The N-terminal amino acid sequences of YY1 fragments FA and FB were determined by Edman degradation. (F) Schematic representation
of YY1 indicating the major caspase 6 and caspase 7 cleavage sites in relation to the functional domains of YY1 (4). Caspase 6 and caspase 7
cleaved C terminal of Asp12 and Asp119, respectively.

FIG. 3. Verification of in vitro YY1 cleavage sites in vivo. T7-
tagged YY1 and YY1 mutants were expressed transiently in COS7
cells. The cells then were treated with STS, and the YY1 proteins were
detected by immunoblotting with an antibody specific for the tag. Note
that the cleaved YY1 fragments comigrated with YY1	12 and
YY1	119. The positions of molecular mass markers (given in kilodal-
tons) run on the same gels are indicated on the left. wt, wild type.
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gether, these findings demonstrate that hydrolysis of YY1 in
cells occurred at the sites mapped in the in vitro assays, thus
confirming cleavage at Asp12 and Asp119 in response to apo-
ptotic stimuli.

Reduced solubility of YY1 in response to apoptotic stimuli.
Since the two cleavage sites are localized in the N-terminal
acidic domains of YY1, we predicted that the two fragments
would bind to DNA in EMSAs with either the immunoglobulin
� 3� enhancer or the P5 � 1 binding site as a probe (with both
probes giving comparable results). Therefore, we prepared
low-stringency F-buffer whole-cell extracts from Jurkat T cells
pretreated with anti-Fas antibodies. Surprisingly, we observed
a strong reduction in YY1-specific DNA binding activity over
time (Fig. 4A). Within 2 h of treatment, about 50% of DNA
binding was lost, and by 4 and 6 h, most was lost. At later time
points, an additional weak complex appeared and was super-
shifted with YY1-specific antibodies; this complex most likely
represented the smaller YY1 fragment (Fig. 4A). However, we
did not convincingly detect an EMSA complex that would
correspond to YY1	12. To address the DNA binding proper-
ties in more detail, we expressed YY1-T7, YY1	12-T7, and
YY1	119-T7 in HeLa cells. In addition, cells expressing
YY1-T7 were treated with STS to induce apoptosis. Extracts
from these cells were used in EMSA experiments (Fig. 4B).
The three YY1 proteins generated specific complexes with the
P5 � 1 oligonucleotide; these complexes were supershifted
with T7-specific but not with cyclin D1-specific antibodies used
as controls. These results indicated that all three proteins were
capable of binding to DNA. In response to STS, a complex
with mobility identical to that seen with YY1	119 was ob-
served and was also supershifted specifically (Fig. 4B). No
specific complexes with a mutated P5 � 1 probe were observed
with any of the proteins analyzed (data not shown). Thus,
YY1	119 generated in response to apoptotic signals was
present in the extracts and was able to bind specifically to
DNA. In addition, YY1	12 was able to bind to DNA. Com-
parable findings were also obtained with HEK293 cells (data
not shown). To further verify these findings, His-YY1 was
treated with small amounts of caspase 6 and tested for DNA
binding. We detected an additional, faster-migrating complex
that was supershifted in response to YY1-specific antibodies
(Fig. 4C). Its appearance was blocked by z-VADfmk, providing
additional evidence that YY1	12 can bind to DNA. Collec-
tively, these studies indicate that the two caspase-derived YY1
fragments, YY1	12 and YY1	119, can bind to DNA in in vitro
binding assays.

We noted that the reduction in DNA binding in response to
apoptotic stimuli was faster than the processing of full-length
YY1 by caspases revealed by Western blot analysis (compare
Fig. 1 and Fig. 4A). Also, the nonspecific complexes, defined by
their insensitivity to both YY1-specific antibodies (Fig. 4A)
and specific competition (data not shown), decreased in inten-
sity during the time course. To exclude a general loss of DNA
binding, control EMSA experiments with an E-box probe were
performed with the same extracts. Specific complexes, as de-
termined by antibody-induced supershift experiments, were
detected for Max-Max, Mnt-Max, and USF-USF (Fig. 4D) (28,
60, 61). No major loss of USF-USF or Mnt-Max binding was
seen 6 h after Fas stimulation, while Max-containing com-
plexes showed the previously described mobility shift (28).

Thus, the loss of YY1 binding activity does not reflect a general
loss of DNA binding activity of transcriptional regulators.
However, one difference between the analysis of YY1 by
EMSA and the analysis of YY1 by Western blotting is that for
the former, the extracts were generated under mild conditions
(F-buffer), while for the latter, stringent conditions (SDS sam-
ple buffer) were used. Therefore, one possibility was that YY1
was degraded in F-buffer extracts of apoptotic cells after cell
lysis. However, a number of control experiments with a broad
range of protease inhibitors, including z-VADfmk, indicated
that this possibility was highly unlikely (data not shown). Next,
we considered the possibility that YY1 changed its association
or distribution in cells upon the induction of apoptosis. There-
fore, Jurkat T cells were stimulated with anti-Fas antibodies,
and YY1 proteins were extracted either in SDS sample buffer
or in F-buffer. We observed that significantly less YY1 was
extracted from apoptotic cells under mild conditions than un-
der stringent conditions (Fig. 4E and F). This finding was
particularly obvious for YY1	12 and, to a lesser degree, for
full-length YY1 and for YY1	119, in agreement with the re-
duced complex formation seen in gel shift experiments (Fig.
4A, E, and F). Comparable observations were made with HeLa
cells (data not shown). When caspases were blocked by z-
VADfmk in anti-Fas antibody-treated cells, no difference in
solubility was seen. These findings suggested that in addition to
being cleaved, full-length YY1 and YY1	12 showed altered
solubility after stimulation of apoptosis.

Rapid uptake of YY1 into the nucleus in response to apo-
ptotic stimuli. Recent work has indicated that the subcellular
distribution of endogenous YY1 is regulated during the cell
cycle. YY1 becomes nuclear at the G1/S boundary, when DNA
synthesis commences, and is transported into the cytoplasm
late in S phase (45). This fact, together with the reduced
solubility of YY1, led us to address whether the subcellular
localization of YY1 in HeLa cells is altered in response to
apoptotic stimuli. HeLa cells were chosen for these experi-
ments because the subcellular localization of endogenous YY1
can be analyzed (45). In addition, these cells also show frag-
mentation of YY1 during apoptosis (Fig. 1D). Nuclear YY1
was detected in about half of the control cells. Most of these
were also in S phase, as shown by BrdU uptake (Fig. 5A and
B). Within 1 h of stimulation of apoptosis with STS, most cells
showed nuclear YY1 (Fig. 5A and B). Unlike the results ob-
tained for control cells, this effect was most prominent in cells
that were BrdU negative. Twenty-five percent of untreated
BrdU-negative cells showed nuclear YY1, whereas upon STS
treatment, 90 to 95% showed nuclear YY1 (Fig. 5A and B).
Similarly, the percentage of BrdU-positive cells showing nu-
clear YY1 increased from about 67% to more than 90% upon
induction of apoptosis (Fig. 5A and B). Tumor necrosis factor,
anti-Fas antibody, and etoposide treatments also induced the
nuclear accumulation of YY1 in BrdU-negative cells, albeit
with somewhat different kinetics (Fig. 5C). Interestingly, nu-
clear uptake was not inhibited by z-VADfmk, suggesting that
the relevant signal was not caspase dependent and that YY1
fragmentation was not a prerequisite (data not shown). To-
gether, these findings indicate that various apoptotic stimuli
activate the unscheduled uptake of cytoplasmic YY1 into the
nucleus.
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YY1�119 is defective for transactivation and stimulates
apoptosis. The two YY1 fragments generated upon induction
of apoptosis have lost portions of the N-terminal transactiva-
tion domain (4). In particular, cleavage at Asp119 would be

expected to significantly impair the ability of YY1 to transac-
tivate. Therefore, we tested whether YY1	12-T7 or YY1	119-T7
had an altered transactivation potential. YY1	12-T7 stimu-
lated a reporter gene construct to levels comparable to those

FIG. 4. YY1 DNA binding activity in extracts from apoptotic cells. (A) F-buffer lysates of Jurkat T cells were analyzed by EMSAs with the labeled
�3� enhancer as a probe. Supershift experiments were performed with antibodies specific for YY1 (polyclonal serum 263). YY1 and supershifted
(S) complexes are indicated. An additional complex appearing in response to apoptotic signals is marked by an arrowhead. The asterisk denotes
nonspecific complexes; F, free probe. (B) HeLa cells were transiently transfected with expression plasmids encoding the indicated YY1 proteins. F-buffer
lysates were analyzed by EMSAs with the labeled P5 � 1 oligonucleotide as a probe. Supershift experiments were performed with antibodies specific for
the T7 tag or for cyclin D1. STS (1 �M) treatments were performed for 4 h. The various YY1 complexes are indicated. S, supershifted complexes; F,
free probe; wt, wild type. (C) Recombinant His-YY1 (15 ng) was incubated with or without recombinant caspase 6 (10 ng) in the presence or in the
absence of z-VADfmk for the indicated times. Binding of the resulting proteins to the labeled �3� enhancer probe was analyzed by EMSAs. A complex
with the specific caspase 6 cleavage product is marked by an arrowhead. S, supershifted complexes; F, free probe. (D) F-buffer lysates of Jurkat T cells
were analyzed by EMSAs with a labeled E-box oligonucleotide as a probe. Supershift experiments were performed with antibodies specific for USF, Max,
or Mnt. The specific complexes are indicated. The free probe was run off the gel to increase separation of the various complexes. (E) Jurkat T cells were
stimulated with Fas-specific antibodies in the presence or in the absence of z-VADfmk as described in the legend to Fig. 1A. At the indicated times, half
of the cells were lysed in SDS sample buffer, and the other half were lysed in F-buffer. Equal portions were analyzed by Western blotting for YY1 cleavage
as described in the legend to Fig. 1A. The arrowheads identify cleavage products YY1	12 and YY1	119. As controls, the same samples were analyzed
for PARP1 and tubulin. The positions of molecular mass markers (given in kilodaltons) are indicated on the left. (F) The relative extraction of YY1,
YY1	12, and YY1	119 in F-buffer versus SDS sample buffer was determined by scanning and quantifying the corresponding Western blots. The numbers
are the mean percentages from two independent experiments.
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obtained with YY1, considering the expression of these pro-
teins (Fig. 6A and C). In contrast, YY1	119-T7 showed no
transactivation activity, suggesting that during apoptosis, the
transactivating function of YY1 is impaired (Fig. 6A). None of
the three proteins showed activity toward a reporter construct
lacking the P5 � 1 binding sites (data not shown).
YY1	119-T7 has lost most but not all of the transactivation
domain (2). Since this mutant binds to DNA in vitro (Fig. 4B),
we were interested in determining whether this protein also
interacts with DNA in cells. To this end, we performed com-
petition experiments with YY1-T7 and YY1	119-T7 and ob-
served that the latter competed with YY1-dependent activa-
tion of the reporter gene (Fig. 6B). This finding supported the

FIG. 5. YY1 translocation to the nucleus in response to apoptosis-
inducing agents. (A) Asynchronously growing HeLa S3 cells were
fixed, immunostained, and imaged with a confocal microscope. (Top
panels) Field of untreated control cells. Some cells display cytoplasmic
YY1 and stain positively for BrdU (white arrowhead), and others show
only cytoplasmic YY1 staining (yellow arrowhead). (Bottom panels)
Cells treated with STS (1 �M). Some of these cells show nuclear
staining of YY1 in BrdU-negative cells (green arrowheads). Images of
immunodetectable YY1 (�-YY1; C20) and BrdU (�-BrdU) and DAPI
images are shown separately in gray scale. DIC, Nomarski-type images
showing only YY1 staining (red). Images were collected in optical
sections of 1 �m at one Airy unit. Scale bar, 10 �m. (B) HeLa S3 cells
were treated with STS (1 �M) for the indicated times and subjected to
the same immunocytochemical analysis as that described for panel A.
Cells were scored in four subcategories: both nuclear YY1 staining and
BrdU-positive staining, nuclear YY1 staining without BrdU staining,
and no nuclear YY1 staining with or without BrdU staining. The

FIG. 6. Loss of transactivation upon caspase-dependent cleavage
of YY1. (A) HEK293 cells were transiently cotransfected with the YY1
reporter plasmid P5 � 1-tk-luc, a plasmid expressing �-galactosidase
for standardization, and the indicated amounts of plasmids encoding
YY1-T7, YY1	12-T7, and YY1	119-T7. The experiments were per-
formed in triplicate; means and standard deviations from a represen-
tative experiment of four are shown. (B) Transient transfections were
performed as described for panel A. Increasing amounts of expression
plasmid for YY1	119-T7 were titrated with a fixed amount of expres-
sion plasmid for YY1-T7. Means and standard deviations from two
independent experiments performed in triplicate are shown. (C) Equal
amounts of expression plasmids for YY1-T7, YY1	12-T7, and
YY1	119-T7 were transfected into HEK293 cells. The expression of
the three proteins was analyzed by Western blotting with a T7-specific
antibody.

experiment was repeated three times, and for each time point indi-
cated at the bottom of the graph, a minimum of 100 cells were scored.
N, nuclear; C, cytoplasmic. Error bars indicate standard deviations.
(C) HeLa S3 cells were treated with the indicated apoptosis inducers.
The experiment was performed as described for panel A. Only the
numbers of cells that possessed nuclear YY1 and that were BrdU
negative are shown. The data displayed for STS are the mean values
from panel B and are presented for comparison with the other treat-
ments. TNF�, tumor necrosis factor alpha.
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conclusion that YY1	119-T7 binds to DNA but does not pos-
sess transactivation activity.

The alterations to YY1 occurring during apoptosis and the
broad functional role played by this protein suggested that
YY1 might affect the apoptotic process. To evaluate whether
YY1 affects apoptosis, we transiently expressed the short cleav-
age product YY1	119-T7 or the noncleavable mutant
YY1D12A/D119A-T7 together with Fas in HeLa cells. We
observed that YY1 or YY1D12A/D119A-T7 did not alter the
number of apoptotic cells that appeared as a result of Fas
expression (Fig. 7A). In contrast, YY1	119-T7 significantly
enhanced the extent of apoptosis. This was confirmed by mea-
suring the activity of caspases 3 and 7. YY1	119-T7 but not wt
YY1-T7 or YY1D12A/D119A-T7 enhanced caspase activity
upon stimulation with anti-Fas antibodies (Fig. 7B). In addi-
tion to the findings in HeLa cells, YY1	119-T7 also enhanced
Fas-induced apoptosis in HEK293 cells (Fig. 7D). These find-
ings suggest that YY1	119-T7 sensitizes cells for Fas-induced
apoptosis.

DISCUSSION

In this study, we analyzed the fate of YY1, a transcriptional
regulator of PcG proteins, during apoptosis. We found that the
induction of apoptosis results in the rapid redistribution of
YY1 from the cytoplasm to the cell nucleus. In addition, YY1
is a substrate of caspases, the intracellular executioners of
apoptosis. We mapped in the transactivation domain two dis-
tinct cleavage sites that result in truncated YY1 in apoptotic
cells that is deficient in transactivation and that enhances Fas-
induced apoptosis. These findings defined novel regulatory
mechanisms affecting YY1 function and suggested that this
transcriptional regulator is somehow associated with the con-
trol of apoptosis.

In vitro studies with several recombinant caspases and anal-
ysis of YY1 and YY1 mutants in cells defined two specific
cleavage sites in the transactivation domain of YY1 (Fig. 1 and
2). The two sites, Ile-Ala-Thr-Asp122-Gly and Asp-Asp-Ser-
Asp1192-Gly, fulfill the requirement of caspase substrates with
an aspartic acid at the P1 position (17, 40). Sensitivity to the
caspase inhibitor z-VADfmk also supports the notion that
YY1 is cleaved by caspases in cells. The preferential cleavage
of the Asp12 and Asp119 sites exemplified by caspases 6 and 7,
respectively, is in agreement with the favored recognition se-
quence of these two enzymes with regard to the P4 position,
i.e., an aliphatic amino acid (Ile in YY1) for caspase 6 and an
acidic amino acid (Asp in YY1) for caspase 7 (65, 68). Cleav-
age at these two sites is independent of cleavage at each, since
mutation of either Asp12 or Asp119 to Ala resulted in proteins
that were efficiently cleaved at the nonmutated site (Fig. 3).
The uptake of YY1 into the nucleus is very fast. At 1 h after
induction of apoptosis, YY1 is mainly nuclear (Fig. 5). At this
time, no YY1 cleavage is measurable (data not shown); thus, it
is likely that caspase-dependent processing occurs in the nu-
clear compartment. Several caspases, including caspases 3, 6,
and 7, could be relevant for the processing of YY1 in cells.
These enzymes have been found in the nucleus (43, 64, 70, 75).

The fast nuclear translocation of YY1 in response to various
apoptotic stimuli was unexpected (Fig. 5). Differential com-
partmentalization is a mechanism broadly used to regulate

FIG. 7. Enhancement of apoptosis by YY1	119. (A) HeLa cells
were cotransfected with pEGFP-C1 (0.05 �g) in order to detect the
transfected cells, an expression plasmid for the death receptor Fas
(pCR3-Fas; 0.1 �g), and plasmids expressing YY1-T7, YY1	119-T7,
and YY1D12A/D119A-T7 (1.2 �g each). (Left panels) GFP-express-
ing cells were scored for morphological signs of apoptosis at 24 h after
transfection. (Right panel) Summary of two independent experiments
with several slides and with scoring of at least 15 fields with at least 20
cells. Statistical values obtained by two-tailed Student’s t test analysis
are given. Error bars indicate standard deviations. (B) Experiments
were carried out essentially as described for panel A. In addition, cells
were transfected with pBabePuro and selected with puromycin after
transfection. Apoptosis was induced by treatment with agonistic anti-
Fas antibodies (80 ng/ml) for 3 h. Caspase 3 or caspase 7 activities in
whole-cell extracts were determined. The activities measured in con-
trol samples, i.e., without anti-Fas antibody treatment, were sub-
tracted. The means and standard deviations from two experiments
performed in duplicate are shown. (C) Equal amounts of plasmids
expressing the indicated proteins were expressed transiently in HeLa
cells. The expression of the proteins was analyzed by Western blotting
with a T7-specific antibody. (D) HEK293 cells were transfected and
analyzed as described for panel A. Two independent experiments with
several slides and with scoring of at least 10 fields with more than 20
cells are summarized. Statistical values obtained by two-tailed Stu-
dent’s t test analysis are given. Error bars indicate standard deviations.
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nuclear processes, including transcription and DNA repair (9,
59, 71). Regulation of YY1 by nucleocytoplasmic shuttling was
only recently shown (45). Previously, it was demonstrated that
YY1 is cytoplasmic during the early development of Xenopus
embryos and accumulates in the nucleus only well beyond the
midblastula transition (16). These findings suggest that endog-
enous YY1 is sequestered in the cytoplasm in a cell cycle-
regulated and developmental stage-specific manner. In both
situations, the signals that control the shuttling of YY1 are
undefined. However, the regulation of nuclear transport can be
inhibited by overexpression of the protein. Exogenous YY1 is
localized in the cell nucleus due to a nuclear localization se-
quence within the Zn finger domain (4, 37). Our observation
that in response to several different apoptotic stimuli, including
the activation of death receptors, protein kinase C inhibitors,
and DNA-damaging agents, YY1 is translocated to the nucleus
suggests that these treatments interfere with the mechanism
that retains YY1 in the cytoplasm in G1, late S, and G2. Since
z-VADfmk is unable to inhibit translocation yet efficiently
blocks caspase-dependent cleavage, we speculate that the
translocation of YY1 functions as an early stress sensor, a
hypothesis that needs further investigation. In support of this
notion, YY1 is poly(ADP-ribos)ylated by PARP-1, a nuclear
enzyme associated with the stress response (23, 42, 54).

In addition to nuclear translocation and cleavage, we also
observed a reduction in YY1-DNA complex formation in vitro
(Fig. 4). However, caspase-dependent cleavage did not directly
affect the DNA binding domain (Fig. 1 to 4). Previous studies
showed that the Zn finger domain is sufficient for specific
interactions with DNA (3, 4). Reduced in vitro DNA binding
correlated with decreased solubility of YY1	12 and, to a lesser
extent, of YY1 and YY1	119 in the presence of apoptotic
stimuli (Fig. 4). Thus, YY1 not only is translocated to but also
becomes associated with the nuclear compartment in a manner
that results in its resistance to mild detergent extraction. Since
YY1 has been identified as a component of the nuclear matrix
(6, 8, 21, 37), it will be of interest to determine whether apo-
ptotic signals affect the distribution of YY1 in distinct sub-
nuclear compartments.

YY1 functions as a transcriptional regulator by recruiting
various cofactors. Caspase-dependent cleavage removes the
transactivation domain but leaves intact the two repressor do-
mains that are associated with the Gly-Ala-rich and Zn finger
regions (55, 67). Indeed, YY1	119 lacks transactivation activ-
ity in vivo (Fig. 6). The expression of this truncated protein but
not of wild-type YY1 or the caspase-resistant mutant
YY1D12A/D119A increased the sensitivity of cells to Fas-
induced apoptosis (Fig. 7). These data suggest that YY1 reg-
ulates the expression of genes associated with apoptosis. Due
to the intact repressor domains and the loss of the transacti-
vation domain, differential expression of pro- and antiapopto-
tic genes would be expected and could result in the observed
differential sensitivity to apoptotic stimuli.

Although procaspases are ubiquitously expressed and their
activation allows rapid execution of apoptotic signals in a cas-
cade of events that are largely independent of de novo tran-
scription and translation, several studies revealed transcrip-
tional control of the cell death machinery (30, 49). Among the
transcription factors that have been implicated in the control
of apoptosis are NF-�B (25, 29), E2F factors (38, 39), the

proto-oncoprotein c-Myc (47), and FOXO (10, 12, 58, 62). Our
findings provide evidence that YY1 is an additional transcrip-
tional regulator involved in the control of apoptosis. The abil-
ity of YY1	119 to enhance apoptosis is most likely indepen-
dent of p53 binding, since the p53 binding region in YY1 is
maintained (20, 63). These data suggest a YY1- or YY1	119-
dependent mechanism, distinct from the one controlled by the
interaction with p53, that will now be interesting to reveal.
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