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Phosphorylation of the Transcription Factor YY1 by CK2«a Prevents
Cleavage by Caspase 7 during Apoptosis
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In this report, we describe the phosphorylation of Yin Yang 1 (YY1) in vitro and in vivo by CK2« (casein kinase IT), a multifunc-
tional serine/threonine protein kinase. YY1 is a ubiquitously expressed multifunctional zinc finger transcription factor impli-
cated in regulation of many cellular and viral genes. The products of these genes are associated with cell growth, the cell cycle,
development, and differentiation. Numerous studies have linked YY1 to tumorigenesis and apoptosis. YY1 is a target for cleav-
age by caspases in vitro and in vivo as well, but very little is known about the mechanisms that regulate its cleavage during apop-
tosis. Here, we identify serine 118 in the transactivation domain of YY1 as the site of CK2« phosphorylation, proximal to a
caspase 7 cleavage site. CK2« inhibitors, as well as knockdown of CK2« by small interfering RNA, reduce S118 phosphorylation
in vivo and enhance YY1 cleavage under apoptotic conditions, whereas increased CK2« activity by overexpression in vivo ele-
vates S118 phosphorylation. A serine-to-alanine substitution at serine 118 also increases the cleavage of YY1 during apoptosis
compared to wild-type YY1. Taken together, we have discovered a regulatory link between YY1 phosphorylation at serine 118

and regulation of its cleavage during programmed cell death.

Yin Yang 1 (YY1) is a ubiquitously expressed multifunctional
transcription factor that can act either as an activator or a
repressor of gene expression (6). It is involved in different cellular
processes, such as proliferation, embryogenesis, differentiation,
development, tumorigenesis, and apoptosis (22, 54). YY1 was
originally cloned because of its interaction with an element in the
adeno-associated virus (AAV) P5 promoter. It was shown to ei-
ther repress or activate transcription of the AAV gene, depending
on the absence or presence of the adenovirus E1A oncoprotein
(E1A). This factor was thus named Yin Yang 1, referring to its dual
transcriptional activity, or “yin-yang” behavior (55). Total abla-
tion of the YY1 gene in mice caused embryonic lethality at the
peri-implantation stage (15), while disruption of one YY1 allele
resulted in significant growth retardation and developmental ab-
normalities (15), reflecting the essential role of the YY1 gene in
embryogenesis, growth, and differentiation.

A wealth of experimental data has linked YY1 to cell cycle con-
trol. YY1 has been functionally associated with multiple compo-
nents of cell cycle signaling pathways, such as c-Myc (5, 49, 56),
retinoblastoma protein (Rb) (12, 46), and p53 (57), implicating
YY1 in tumor development (19, 23). Previous studies from our
laboratory have also reported that YY1 is involved in cell cycle
regulation, showing differential cellular localization and complex
formation with DNA across the cell cycle (18, 45). Also, at the
onset of the G,/S phase, YY1 is involved in upregulation of
replication-dependent histone genes through its interaction with
the alpha element (18, 45), a 7-bp element in the coding region of
all the replication-dependent core histone genes (9, 26).

An important role for YY1 in tumorigenesis is further sup-
ported by its link to apoptosis. In response to DNA damage, YY1
acts as a negative regulator of p53. Sui and coworkers (57) dem-
onstrated that YY1 controls endogenous p53 levels through regu-
lation of Hdm2-mediated p53 ubiquitination via a direct physical
interaction mechanism. Moreover, Gronroos et al. proposed that
YY1 disrupts the p53-p300 interaction and blocks p300-
dependent p53 acetylation and stabilization (23). Knockdown of
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endogenous YY1 sensitizes HeLa cells to DNA-damaging and
other apoptotic stimuli (1, 23). Another study suggested that YY1
negatively regulates the expression of the Fas receptor, causing
resistance to Fas-induced apoptosis (21). YY1 knockdown or in-
hibition results in upregulation of Fas expression and sensitization
of tumor cells to Fas-induced apoptosis (25). We analyzed the fate
of YY1 during apoptosis. We showed that YY1 is cleaved by
caspases both in vitro and in vivo in response to apoptotic stimuli
(29) (summarized in Fig. 1). Two distinct caspase cleavage sites
were identified in the transactivation domain of YY1. The two
sites, IATD,G and DDSD,,,G, are cleaved by caspase 6 and
caspase 7, respectively. This process generates two N-terminally
truncated fragments, YY1A12 and YY1A119, which have lost their
first 12 and 119 amino acids (Fig. 1) (29). The N-terminal caspase
7 cleavage fragment (YY1A119) lacks its transactivation domain
and is no longer able to stimulate gene transcription. Its DNA
binding domain and two repressor domains remain intact (Fig. 1).
Interestingly, YY1A119 but not the wild-type protein or the
caspase-resistant protein YY1D12A/D119A can modify the apop-
totic response to anti-Fas, suggesting that cleaved YY1 plays a
positive feedback role during later stages of apoptosis (29).
Numerous residues on YY1 have been reported to be targets of
posttranslational modifications, such as S-nitrosation (25), acet-
ylation (58, 65), O-linked glycosylation (24), sumoylation (13),
and poly(ADP-ribosyl)ation (41,42). YY1 has been shown by oth-
ers to be a phospho-protein (8, 54). More recently, we have been
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FIG 1 The functional domains and caspase cleavage sites of YY1. YY1 is cleaved by caspases in vitro and in vivo in response to apoptotic stimuli. This process
generates two N-terminal cleaved fragments: YY1A12 and YY1A119, cleaved by caspases 6 and 7, respectively (29). The functions of the different domains of

human YY1 are indicated (6).

able to map distinct phosphorylation sites in YY1 (50, 51). We
have identified kinases that phosphorylate YY1 in vitro, and we
mapped several phosphorylation sites on YY1 in vivo (50, 51). We
provide evidence here that one of these kinases is casein kinase 2
(CK2a), a serine/threonine protein kinase that phosphorylates
and regulates many cellular substrates involved in cell growth,
proliferation, differentiation, and tumorigenesis (2, 10, 16, 17, 32,
37). CK2 is ubiquitously present in all eukaryotic cells, highly con-
served from yeast to humans, and is constitutively active in cells. It
is normally present as a tetrameric complex and consists of two
catalytic subunits (e and/or ") in a homozygous or heterozygous
composition and two noncatalytic regulatory (8) subunits (16, 32,
37, 47, 60). There is high CK2 constitutive activity in all cancer
types examined. This includes kidney, mammary gland, head and
neck, prostate, and lung cancers, linking CK2 to tumorigenesis
(16).

CK2 recognizes consensus sequences that include Ser/Thr res-
idues specified by clusters of acidic negatively charged amino acids
located (+1 to +3) C-terminal to CK2 phosphorylation sites (27)
in hundreds of cellular substrates, including caspase target pro-
teins, such as connexin 45.6 (66), hematopoietic lineage cell-
specific protein 1 (HS1) (53), presenilin 2 (62), IkB-a (IkB) (7),
phosphatase and tensin homolog (PTEN) (39), apoptosis repres-
sor with caspase recruitment domain (ARC) (31), Bid (14),
caspase 9 (36), and Max (28). CK2 phosphorylation of these pro-
teins occurs at sites flanking their caspase consensus regions, re-
sulting in their protection from caspase-mediated cleavage and
apoptosis (14, 17, 28, 31, 36, 39, 53, 59, 62, 66).

Even though YY1 has been extensively implicated in cancer
biology and in programmed cell death, the regulation of its cleav-
age during apoptosis by caspases and the function of this cleavage
in tumor progression are unclear. YY1 contains a potential CK2
phosphorylation site located within the caspase 7 recognition mo-
tif and directly adjacent to the negatively charged caspase 7 cleav-
age residue D119, suggesting that YY1 phosphorylation at S118
may protect YY1 from cleavage during programmed cell death.
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Here, we report that CK2a phosphorylates YY1 at serine 118 in
vitro and in vivo, implicating this kinase in the regulation of apop-
totic cleavage of YY1 by caspases.

MATERIALS AND METHODS

Cell culture and reagents. HEK293 and HeLa S3 and HeLa-Flag-YY1
cells, a stable cell line that was generated as described previously (51), were
grown in Dulbecco’s modified Eagle’s medium (Cellgro, Herndon, VA)
supplemented with 10% fetal bovine serum (FBS; Sigma, St. Louis, MO),
1% nonessential amino acids (Sigma, St. Louis, MO), and 1% penicillin-
streptomycin (Mediatech). U20S cells were cultured in McCoy’s 5A me-
dium (Cellgro, Herndon, VA) supplemented with 10% FBS and 1%
penicillin-streptomycin. All cells were grown at 37°C in 5% CO,. Cells
were trypsinized and split into new plates at subconfluency.

The CK2 chemical inhibitors TBCA (tetrabromocinnamic acid) and
DMAT (2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole) were
obtained from Calbiochem and Sigma, respectively, and dissolved in di-
methyl sulfoxide (DMSO). For the induction of apoptosis, asynchro-
nously growing cells were either treated with staurosporine (STS; 1 uM;
Sigma) or anti-Fas antibody (100 ng/ml; Upstate, Lake Placid, NY). The
cells were preincubated with cycloheximide (CHX; 2.5 ug/ml; Sigma) for
30 min before the addition of anti-Fas antibody (64).

Mutagenesis. Generation of a YY1 point mutation at position 118
from serine to alanine was performed using the pET-20b(+)-YY1 plas-
mid and subcloning into PGEX-2T-YY1 (50, 51). Mutagenesis was per-
formed using the QuikChange II site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) according to the manufacturer’s instructions. The
serine-to-alanine mutation was confirmed by sequencing. The primers
used for the mutagenesis of serine 118-to-alanine substitution were as
follows: sense, 5'-GCGGCGACGACGCGGACGGGCTG-3'; antisense,
5'-CAGCCCGTCCGCGTCGTCGCCGC-3'.

Bacterial expression of GST-YY1 and deletion mutants. Glutathione
S-transferase (GST)-YY1 constructs, both in full length and as various
deletion mutants, were overexpressed in bacterial cells as described pre-
viously (51).

Cold in vitro kinase assay. GST-YY1 attached to glutathione beads
was used in cold in vitro kinase assays with the purified catalytic subunits
of CK2 (CK2a or CK2¢'"), which were purchased from SignalChem (Brit-
ish Columbia, Canada), or with casein kinase 1 (CK1; NEB). Kinase reac-
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tions were performed in kinase buffer (50 mM Tris [pH 7.5], 150 mM
NaCl, 10 mM MgCl,, 5 mM cold ATP) for 30 min at 30°C, with shaking.
Reactions were then stopped by the addition of SDS-PAGE buffer and
loaded for separation on a 10% SDS-PAGE gel.

Radioactive in vitro kinase assay. Kinase reactions were performed in
kinase buffer (50 mM Tris [pH 7.4], 10 mM MgCl,, 50 uM ATP, 0.25 uM
[y-2?P]ATP, 5 mM f3-glycerophosphate, 10 mM NaF, 1 mM dithiothrei-
tol [DTT]) for 30 min at 30°C, with shaking. Reactions were stopped by
the addition of SDS-PAGE buffer and separated on a 10% SDS-PAGE gel.
After staining with Coomassie brilliant blue R-250 (Sigma) to visualize the
protein bands, gels were dried and exposed to a phosphorimager screen at
room temperature overnight. The screen was then scanned on a Typhoon
9410 imager (GE Healthcare, Waukesha, WI) for analysis.

Whole-cell extract preparation. After washing cells three times with
cold phosphate-buffered saline (PBS) on ice, cells were scraped in
freshly prepared ice-cold lysis buffer (50 mM Tris [pH 7.5], 150 mM
NaCl, 1% NP-40, 2 mM EDTA, 1 mM DTT, 10 mM NaF, 25 mM
B-glycerophosphate, and a cocktail of protease inhibitors [Sigma]).
Cells were lysed on ice for 15 min. Lysates were pipetted up and down
several times to shear DNA, followed by centrifugation at 18,000 X g
for 15 min at 4°C.

Immunodepletion of CK2« from cellular extracts. HEK293 whole-
cell extract (WCE) was prepared as previously described. A 540-ugaliquot
of WCE was subjected to three rounds of immunodepletion with either an
antibody raised against the a-catalytic subunit of CK2 or an antibody to
green fluorescent protein (GFP) as a control. The first two immunodeple-
tion rounds included 4 h of incubation at 4°C with the antibodies and then
1 h of incubation at 4°C with protein A/G Plus-agarose beads (Santa Cruz
Biotechnology). Each cleared supernatant was used for the next round of
immunodepletion. After two rounds, the cleared supernatants were sub-
jected to a final overnight incubation with CK2« or GFP antibody at 4°C,
and then the protein A/G slurry was added and incubated with the mix-
ture for an additional hour. Equal amounts (40 ug) of the control or
CK2a-immunodepleted cellular extracts from all the immunodepletion
rounds were then used as the kinase source in a cold in vitro kinase assay
(as described earlier).

Western blotting. Protein samples were separated on SDS-PAGE gels
and then transferred by electroblotting onto a Trans-Blot transfer mem-
brane (Bio-Rad Laboratories). After blotting, the transfer of proteins was
inspected by quickly staining and destaining the membrane with Ponceau
S solution (Sigma). Afterwards, the membrane was blocked for 30 min at
room temperature (RT) in blocking solution (PBS, 0.5% Tween 20, 5%
nonfat dry milk) and then incubated with primary antibodies in blocking
solution overnight at 4°C. The membrane was washed 3 times for 10 min
with PBST (PBS with 0.5% Tween 20). Horseradish peroxidase (HRP)-
conjugated anti-mouse or anti-rabbit (GE Healthcare, Waukesha, WI) or
anti-goat (Santa Cruz Biotechnology) secondary antibodies were added to
the membrane in blocking solution and incubated for an hour at RT, after
which it was washed as above. Specific protein bands were detected by the
addition of SuperSignal West Pico chemiluminescent substrate (Pierce,
Rockford, IL) for 5 min and exposure to X-ray film (Fuji Medical Systems,
Stamford, CT). Three anti-YY1 antibodies from Santa Cruz Biotechnol-
ogy were used for Western blot analyses. Anti-YY1 (C20), a rabbit poly-
clonal antibody, recognizes the last 20 amino acids at the C-terminal end
of YY1. Anti-YY1 (H-10) is a mouse monoclonal antibody (MAD) raised
against the full-length protein, while anti-YY1 (H414) is a rabbit poly-
clonal antibody raised against the full-length protein. The rabbit poly-
clonal anti-pS118 was generated by New England Peptide using a synthe-
sized phosphopeptide corresponding to amino acids 113 to 124 of YY1
[Ac-CVGGDD(pS)DGLRAE-amide]. Antibodies specific for poly(ADP-
ribose) polymerase 1 (PARP-1; mouse monoclonal) or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; rabbit polyclonal) and CK2« (goat
polyclonal) were purchased from Santa Cruz Biotechnology. Antibody
specific for GFP (goat polyclonal) was purchased from Rockland Immu-
nochemicals (Gilbertsville, PA).

February 2012 Volume 32 Number 4

Regulation of Caspase 7 Cleavage of YY1 by CK2«

In vitro caspase 7 cleavage assay of YY1. Purified nontagged YY1 as
described previously (50) was first phosphorylated in vitro. One micro-
gram of YY1 was incubated for 90 min at 30°C in 20 ul of kinase reaction
buffer in the absence or presence of CK2a. After phosphorylation, each
kinase reaction mix was diluted to a final volume of 28 ul with caspase 7
buffer (50 mM HEPES [pH 7.5], 50 mM NaCl, 10 mM EDTA, 0.1%
3-[(3-choladmidopropyl)-dimethylammonio]-1-propanesulfonate, 5%
glycerol,and 10 mM DTT) and incubated further for 40 min at 37°C in the
absence or presence of 1U of active recombinant human caspase 7 (Mil-
lipore). Reactions were stopped by the addition of SDS-PAGE buffer,
separated on a 10% SDS-PAGE gel, and analyzed by Western blotting
using anti-YY1 (C20) and anti-YY1 (pS118) antibodies.

Immunoprecipitation and A-phosphatase assay. Immunoprecipita-
tion (IP) of Flag-YY1 from HeLa-Flag-YY1 stable cells was performed
using the anti-Flag mouse MAb cross-linked to resin beads (resin M2;
Sigma). WCEs were prepared and incubated with the antibody overnight,
with rotation, at 4°C. Resin M2-Flag-YY1 complex was collected by cen-
trifugation at 500 X g at 4°C for 2 min and then washed three times with
lysis buffer and one additional time with lysis buffer without phosphatase
inhibitors. Equal aliquots of the beads were then resuspended in phospha-
tase buffer (New England BioLabs, Beverly, MA) in the presence of 2 mM
MnCl, and incubated at 30°C, with or without A-phosphatase (New Eng-
land BioLabs, Beverly, MA) for 30 min. Reactions were then stopped by
the addition of 4X SDS-PAGE buffer and loaded for separation on a 10%
SDS-PAGE gel.

Plasmid constructions: pEGFP-YY1. To construct pEGFP-tagged
YY1 (WT) and (S118A) mammalian expression plasmids, an Ncol/Ecol
fragment encompassing the open reading frame of human YY1 was di-
gested from pET-20b-YY1, gel purified, and inserted into a BgIII/EcoRI
digest of the pEGFP-C1 vector (Clontech), after blunting the Ncol and
BglII sites of the insert and vector, respectively. The Ncol and BglII sites
were blunted using the Klenow fragment of polymerase I (NEB).

Transfections of small interfering RNA and plasmid constructs. The
two bidirectional epitope-tagged constructs used for CK2a overexpres-
sion, pRS3 and pGV13 (61), were a gift from David W. Litchfield, Depart-
ment of Biochemistry, University of Western Ontario, London, Ontario,
Canada. The plasmids were transiently cotransfected into cells along with
the reverse tetracycline transactivator advanced vector (rtTA; a gift from
Choogan Lee, College of Medicine, Florida State University). In the pres-
ence of 1 ug/ml of doxycycline (Dox; Sigma), pRS3 or pGV13 coordi-
nately express the catalytic isoform of CK2 (CK2«) along with the regu-
latory subunit (CK28), or the kinase-inactive CK2a mutant (K68M)
together with (CK2B) subunit. The genes of interest were transfected into
cells by using Lipofectamine 2000 transfection reagent (Invitrogen) ac-
cording to the manufacturer’s instructions. The small interfering RNAs
(siRNAs) were transfected into cells (grown as previously described) by
using DharmaFECT 1 transfection reagent from Dharmacon (Lafayette,
CO) according to the manufacturer’s instructions. The control On-Target
plus nontargeting pool siRNA (catalog number D-001810-10-05]) and
CK2a On-Target plus SMARTpool siRNA (catalog number L-003475-
00]) were purchased from Dharmacon (Lafayette, CO). The CK2«
SMARTDpool siRNA contained four different siRNA duplexes that tar-
geted the 3’-untranslated region (UTR) of the CK2« gene.

CK2a cDNA rescue assay. A CK2a cDNA rescue experiment was
performed to verify that the observed decrease in S118 phosphorylation
was due to CK2a knockdown. HEK293 cells were plated, cultured over-
night, and then transfected with control siRNA or CK2a siRNA. After 48
h of knockdown, the siRNA-resistant CK2a cDNA construct (pRS3) (61)
was transfected into the cells as described previously and allowed to ex-
press for an additional 48 h in culture in the presence of doxycycline. The
cells were then lysed, and WCEs were analyzed by Western blotting.

Densitometric quantitation and statistical analysis. Relative intensi-
ties of autoradiogram bands were quantitated using NIH Image]J software
(http://rsbweb.nih.gov/ij/). The two-tailed Student ¢ test analysis was used
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FIG 2 CK2a phosphorylation of YY1 in its transactivation domain in vitro. (A) GST-tagged YY1 deletion mutants used in the radioactive in vitro kinase reactions
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reaction mixtures were separated on a 10% SDS-PAGE gel, and the gel was stained with Coomassie blue (left) to visualize the protein bands, dried, and incubated
overnight with a phosphorimager screen (right) at room temperature. The screen was then scanned on a Typhoon 9410 imager (Amersham Biosciences). (B)
Diagram of GST-YY1 (WT) and GST-YY1 deletion mutants (6) used in the kinase reactions shown in panel A. The region between amino acids 92 and 119, shown
on the full-length YY1, is the region identified as the site of CK2« phosphorylation. + and — indicate the presence or absence of phosphorylation. (C) Diagram
of the different domains of the YY1 protein. Amino acid residues 92 to 119 are shown; serine and threonine residues within this amino acid sequence are indicated
by arrows. Serine 118, marked in a rectangle, is the best candidate residue for CK2« phosphorylation. (D) Radioactive in vitro kinase assay results with GST-YY1

WT or S118A with CK2g, as described for panel A.

to test for significance where indicated. Differences were considered sig-
nificant when P was <0.05.

RESULTS

Mapping of the CK2a phosphorylation site in vitro. CK2«
showed very high activity for phosphorylating YY1 in an in vitro
assay. A two-step procedure was used for mapping the CK2«
phosphorylation site on YY1. First, N-terminal GST-tagged YY1
(WT) and YY1 deletion mutants (Fig. 2B) were overexpressed in
Rosetta cells (DE3), and then bacterial lysates were used in a ra-
dioactive in vitro kinase assay with purified CK2a. All reactions
were performed in kinase buffer for 30 min at 30°C, stopped with
sample buffer, and analyzed as described in Materials and Meth-
ods (Fig. 2A). As shown in Fig. 2A, CK2a phosphorylated GST-
YY1 (WT) and GST-YY1(A2-62), while the deletion of the first
(N-terminal) 119 amino acids [GST-YY1(A2-119), (A2-197),
and (A2-273)] abolished phosphorylation. This indicated that the
region of CK2a phosphorylation of YY1 lies between residues 62
and 119. As additional evidence, deletion clones GST-YY1(A153—
414), (A154-199), (A262-299), (A296-331), and (A399—414)
were positive for phosphorylation, while deletion of amino acids
92 to 153 abolished phosphorylation (Fig. 2A). The latter result
narrowed down the site of phosphorylation to a region between
amino acids 92 and 119 (Fig. 2B).
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Next, we set out to determine the specific residue phosphory-
lated by CK2«. Examining residues 92 to 119 of YY1 revealed the
presence of one serine and two threonine residues (Fig. 2C). The
serine 118 residue was judged to be the most favorable CK2a
phosphorylation site of the three, since it is surrounded by two
negatively charged aspartic amino acids. CK2 specificity involves
acidic amino acids adjacent to the phosphorylation site (27). To
test whether this residue is the phosphorylation site for CK2«, a
mutation of S118 to an alanine residue, which cannot be phos-
phorylated, was generated and subsequently used as substrate for
CK2a in a radioactive in vitro kinase assay. Substitution of serine
with alanine at this residue drastically reduced phosphorylation
on YY1, as observed in lane 1 compared to the wild-type YY1 in
lane 2 (Fig. 2D). Equal loading of GST-YY1 and the mutant YY1 is
shown inlanes 4 and 5. Lanes 3 and 6 are negative-control lanes, to
check for CK2a autophosphorylation activity (Fig. 2D). These
data are consistent with the interpretation that serine 118 is the
site for phosphorylation of YY1 in vitro. Also, high-throughput
phospho-proteomic studies have shown that serine 118 is phos-
phorylated in vivo (11, 33, 35, 40, 43).

Use of anti-YY1 (pS118) antibody to detect specific YY1
phosphorylation at serine 118. To monitor YY1 phosphorylation
at S118 in vivo as well as in vitro and to investigate the biological
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functional consequences of YY1 phosphorylation at this site, a
phospho-specific antibody was generated. Anti-YY1 (pS118), a
rabbit polyclonal antibody against a synthetic peptide phosphor-
ylated on serine 118, was produced. Three independent ap-
proaches were performed to validate the specificity of the anti-
YY1 (pS118) antibody.

The first step to determine the specificity of our antibody
was to verify that it did not recognize dephosphorylated YY1.
WCEs from the HeLa-Flag-YY1 stable cell line were prepared,
and immunoprecipitation of Flag-YY1 was performed. The im-
mune complexes were incubated at 30°C, with or without
A-phosphatases. Reactions were stopped by adding sample buf-
fer, and the phosphorylation status of YY1 at S118 was assessed
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by Western blotting with anti-YY1 (pS118) antibody (Fig. 3A).
The addition of A-phosphatase (lane 2), a general protein phos-
phatase, abolished the reactivity of the antibody with YY1 com-
pared to the untreated sample (lane 1). Reprobing the blot with
YY1-specific antibody (Fig. 3A) showed Flag-YY1 loading and
confirmed the specificity of the antibody for the phosphory-
lated S118; the complete loss of the Western blot signal was
shown to be due to YY1 dephosphorylation at S118 by
A-phosphatase treatment.

Next, we used the site-directed S118 mutation to alanine. The
YY1S118A mutant was subcloned into an enhanced green fluores-
cent protein (EGFP)-tagged mammalian expression plasmid.
WCEs were prepared from HeLa cells transiently transfected with
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pEGFP-YY1 (WT) or pEGFP-YY1 (S118A) constructs and ana-
lyzed by Western blotting. The anti-YY1 (pS118) antibody de-
tected the endogenous YY1 protein, as well as EGFP-tagged YY1
from cells that were transfected with wild-type YY1 plasmid, but
not the SI118A YY1 mutant (Fig. 3B). Immunoblot analysis mea-
suring total YY1 revealed that EGFP-YY1 (S118A) and EGFP-YY1
(WT) proteins were expressed at comparable levels (Fig. 3B).

We then performed a cold in vitro kinase assay to check the
immunoreactivity of the phospho-specific antibody (Fig. 3C).
GST-YY1 (WT) was used as a substrate for purified CK2a, CK2¢/,
or CK1. All kinase reactions were assessed by Western blotting
with anti-YY1 (pS118). In this assay, GST-YY1 (WT) was highly
phosphorylated by CK2« (lanes 2 and 6). Neither CK2a' (lane 3)
nor CK1 (lane 4) phosphorylated S118. The addition of the spe-
cific CK2 inhibitor TBCA (tetrabromocinnamic acid) (44) (lane
7) abolished the CK2a phosphorylation at S118. As expected in
the absence of CK2« (lanes 1 and 5), incubation of GST-YY1
(WT) with kinase buffer and ATP exhibited no reactivity with
anti-YY1 (pS118). Equal loading in all lanes was verified by strip-
ping and reprobing the blot with anti-YY1 (H10). These results
indicated the following: (i) anti-YY1 (pS118) antibody is very spe-
cific for the phosphorylated form of YY1 at serine 118, (ii) YY1 is
phosphorylated in vivo at S118, and (iii) CK2« phosphorylates
YY1 at S118 in vitro.

Immunodepletion of CK2ax from WCE abolishes in vitro
phosphorylation of YY1. Next, we wanted to provide in vivo evi-
dence that serine 118 on YY1 is indeed a substrate for CK2a. For
this purpose, CK2a was immunodepleted from HEK293 cellular
extracts. After three sequential rounds of immunodepletion, the
levels of CK2a were greatly diminished compared to control levels
as well as levels observed after the first and second rounds of CK2«
immunodepletion. GAPDH was used to show equal loading (Fig.
3D). Equal amounts of control and CK2a-depleted extracts from
all the immunodepletion rounds were then used in a cold in vitro
kinase assay with GST-YY1. The kinase reaction mixtures were
analyzed by Western blotting, using anti-YY1 (pS118) antibody
and then anti-YY1 (H10) antibody. Figure 3E shows that incuba-
tion of GST-YY1 with depleted extracts from the second and third
rounds of immunodepletion with CK2« abolished phosphoryla-
tion of YY1 at S118 relative to the antibody controls (GFP-
depleted WCEs) and to those incubated with the extracts from the
first round of CK2a immunodepletion, indicating very low or
missing CK2« activity in the depleted extracts. In the absence of
extracts, incubation of GST-YY1 with kinase buffer and ATP ex-
hibited no reactivity with anti-YY1 (pS118). Equal loading in all
lanes was verified by stripping and reprobing the blot with anti-
YY1 (H10). These results confirm that CK2« is the kinase respon-
sible for YY1 phosphorylation at S118.

CK2a overexpression increases S118 phosphorylation while
CK2a knockdown decreases S118 phosphorylation in vive. We
then examined whether endogenous YY1 could be phosphory-
lated by CK2a in vivo. CK2« overexpression was used to examine
the role of CK2a on YY1 S118 phosphorylation. Using the Tet-On
gene expression system, two CK2« bidirectional constructs, CK2«
and the kinase-inactive CK2a mutant (K68M) (61), were tran-
siently cotransfected into HEK293 cells along with the rtTA vector
to regulate the expression of CK2a. The constructs were expressed
in the presence of Dox and repressed in the absence of Dox. To
examine whether the regulated CK2« expression altered YY1 S118
phosphorylation, cells were lysed 24 h after transfection and ana-
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lyzed by Western blotting. Figure 4A shows that overexpression of
CK2« in the presence of doxycycline induced a significant in-
crease in phosphorylation of S118 in vivo (lane 2). Conversely,
overexpression of a catalytically inactive form of CK2« (lane 4)
did not show an increase in phosphorylation of YY1. The same
blot was stripped and reanalyzed with anti-YY1 (H10) antibody
(Fig. 4A) and showed that the level of endogenous YY1 protein in
all lanes was equal and unaffected by CK2a overexpression. In the
absence of Dox, expression levels of CK2« and the kinase-inactive
CK2a mutant (K68M) plasmids were repressed and served as neg-
ative controls (lanes 1 and 3). The expression of both the active
and the catalytically inactive forms of CK2« was confirmed by
reprobing with anti-CK2« antibody (Fig. 4A, lanes 2 and 4). These
data showed that increased expression of only the active form of
CK2a resulted in a significant increase in S118 phosphorylation of
YY1 in vivo.

After overexpression of CK2« caused an increase in S118 phos-
phorylation, we investigated the effects of two different specific
CK2 inhibitors (TBCA and DMAT) and CK2« siRNA knockdown
on YY1 S118 phosphorylation. Asynchronous HeLa cells were in-
cubated with either TBCA or DMAT or the solvent, DMSO, as
control, for the concentrations and times indicated in Fig. 4B. At
the end of the incubation period, WCEs were prepared, and sam-
ples were analyzed. With the anti-YY1 (pS118) antibody, we
found that incubation of cells with TBCA or DMAT for 24 h sig-
nificantly reduced in vivo phosphorylation of YY1 (Fig. 4B). The
total amount of YY1 protein loaded in all lanes was compara-
ble, as shown by reprobing the same Western blots, which were
stripped and reanalyzed with anti-YY1 (H10) antibody (Fig.
4B).

Next, CK2a levels were significantly reduced in vivo by siRNA
knockdown when we used a pool of four different siRNA duplexes
which target the CK2« 3'-UTR. HeLa and HEK293 cells were
transiently transfected for 72 h with control siRNA or CK2«
siRNA (Fig. 4C). Following knockdown, both CK2«a levels and the
phosphorylation of YY1 at S118 were significantly reduced com-
pared to YY1 levels (Fig. 4C).

Importantly, the decrease in YY1 S118 phosphorylation and
CK2a protein levels observed upon CK2a knockdown in Fig. 4C
were effectively reversed when endogenous CK2a was rescued by
overexpression (Fig. 4D). After 48 h of CK2«a knockdown in
HEK293 cells, the siRNA-resistant CK2ae cDNA construct was
transfected into the cells and allowed to express for an additional
48 h of culture in the presence of doxycycline. WCEs were ana-
lyzed by Western blotting with anti-CK2e, anti-YY1 (pS118), and
anti-YY1 (H10) antibodies. Endogenous CK2a protein levels were
significantly reduced in HEK293 cells transfected with CK2«
siRNA (Fig. 4D, lanes 3 and 4) compared with cells transfected
with control siRNA (Fig. 4D, lanes 1 and 2). However, CK2«a
overexpression in control siRNA- or CK2a siRNA-transfected
cells rescued CK2a expression, resulting in phosphorylation of
S118 in vivo (Fig. 4D, lanes 2 and 4). The total amounts of endog-
enous YY1 protein in all lanes were equal and unaffected by the
transfections. Collectively, the results demonstrated that YY1
S118 phosphorylation is due to CK2« and that YY1 is a substrate
for CK2a in vivo.

Phosphorylation of YY1 on S118 interferes with its cleavage
by caspase 7 in vitro. We next examined whether the presence of a
phosphate group on S118 on YY1 could inhibit its cleavage by
caspase 7 in vitro. Bacterially expressed and purified YY1 was in-
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FIG 4 CK2a overexpression increases S118 phosphorylation while CK2a knockdown decreases S118 phosphorylation in vivo. (A) CK2a and the kinase-inactive
CK2a mutant (K68M) constructs were transiently cotransfected into HEK293 cells with the tetracycline transactivator advanced vector (rtTA) in the presence
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anti-YY1 (H10) antibody, or anti-CK2« antibody. As shown in panel A, data from three repeats of the HEK293 CK2a overexpression experiments were
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status of S118 on YY1, and also the endogenous YY1 protein levels were assessed by analyzing cell lysates with Western blotting.

cubated in kinase buffer in the presence or absence of CK2« and
then subjected to an in vitro caspase 7 cleavage assay as described
in Materials and Methods. The full-length YY1 and its cleavage
product were assessed by Western blotting with anti-YY1 (C20)
antibody (Fig. 5A, upper panel). Lane 4 shows that YY1 phosphor-
ylation on S118 by CK2« prior to cleavage resulted in a significant
reduction in the levels of YY1A119 cleavage product, compared to
lane 3, where kinase was absent and YY1 was not phosphorylated.
The mobility of the YY1A119 fragment seen in lane 3 was identical
to that of the fragment generated within apoptotic HeLa WCEs
(lane 6). Phosphorylation of YY1 at S118 by CK2« was confirmed
by probing with anti-YY1 (pS118) antibody (Fig. 5A, lower panel).
As expected in the absence of CK2« (lanes 1 and 3), incubation of
YY1 with kinase buffer and ATP exhibited no reactivity with the
phospho-specific antibody. Therefore, these data reveal that phos-
phorylation of YY1 at S118 prevents cleavage by caspase 7 in vitro,
while unphosphorylated YY1 is susceptible to caspase 7 cleavage.

Role of serine 118 phosphorylation during apoptosis. Since
the phosphorylated S118 residue is adjacent to the caspase 7 cleav-
age site (D119) on YY1 (29) (Fig. 1), we reasoned that phosphor-
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ylation at S118 might influence susceptibility of YY1 to cleavage by
caspase 7 during apoptosis.

To investigate this hypothesis, we analyzed the extent of cleav-
age of the YY1S118A mutant protein during apoptosis. This mu-
tant construct was subcloned into an EGFP-tagged mammalian
expression plasmid. When pEGFP-YY1 (WT) and pEGFP-YY1
(S118A) were expressed in mammalian cells, these constructs pro-
duced YY1 fusion proteins with an N-terminal EGFP tag.

The constructs were expressed transiently in asynchronous
HeLa cells. Twenty-four hours posttransfection, cells were either
left untreated or were treated with the apoptotis-inducing agent
staurosporine (STS) at 1 uM for 5 h. STS, a broad-spectrum pro-
tein kinase inhibitor, has been reported to induce the intrinsic
(stress) pathway of apoptosis (4).

To distinguish N-terminal YY1 peptides produced by cleavage
of the tagged YY1 proteins from those of endogenous YY1 during
apoptosis, WCEs were analyzed by Western blotting using anti-
GFP antibody (Fig. 5B). This antibody recognizes only the
overexpressed EGFP-tagged form of YYI. It also detects the
N-terminal YY1 fragments cleaved from the tagged overexpressed
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FIG 5 Phosphorylation of YY1 at S118 decreases its susceptibility to cleavage
by caspase 7. (A) Bacterially expressed and purified YY1 was incubated with
nonradioactive cold ATP in kinase buffer in the presence or absence of purified
CK2a. The kinase reaction mixtures were then used as substrate sources for an
in vitro cleavage assay with active recombinant caspase 7 protein. Reaction
mixtures were then resolved on SDS-PAGE gels and transferred to a nitrocel-
lulose membrane. Reaction mixtures containing full-length YY1 and YY1A119
cleavage product were analyzed by Western blotting using anti-YY1 C20 (up-
per panel). HeLa control (lane 5) and apoptotic (lane 6) WCEs were loaded on
the same gel as positive controls. The faint additional fragment in lanes 3 and
4isan artifact, since it was not observed in apoptotic HeLa WCEs (lane 6). The
in vitro samples analyzed in the upper panel (lanes 1 to 4) were separated by
PAGE and blotted with the anti-YY1 (pS118) to distinguish the phosphory-
lated form of YY1 at S118 from the unphosphorylated YY1, as shown in the
lower panel. (B) pEGFP-YY1 (WT), nonphosphorylatable mutant pEGFP-
YY1 (S118A), empty pEGFP vector, and the transfection control were ex-
pressed transiently in HeLa cells. At 24 h posttransfection, cells were either left
untreated or were treated with 1 uM STS for 5 h. Samples were separated by
PAGE for Western analysis using the anti-GFP antibody to distinguish the
recombinant YY1 from endogenous proteins. The antibody detected the Fl-
tagged YY1 as well as the N-terminally EGFP-tagged YY1 apoptotic fragments
cleaved from the tagged overexpressed YY1 protein. Fl, full length. The blot
shown was stripped and analyzed for PARP cleavage, a well-known caspase
substrate, using an anti-PARP antibody. FI-PARP, full-length PARP; t-PARP,
truncated PARP; NS, nonspecific. Also, the blot was stripped and hybridized
with anti-GAPDH as a loading control.

YY1 protein, consisting of the first 12 and/or 119 amino acids that
still have the N-terminal EGFP tag and which the YY1 C20 anti-
body does not recognize. As observed in Fig. 5B, the overexpressed
EGFP-YY1 (S118A) mutant protein was more sensitive to caspase
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cleavage than the overexpressed YY1 wild-type protein. Also, we
analyzed caspase-mediated cleavage of PARP (Fig. 5B), a marker
of apoptosis that was found to occur in parallel to that of YY1
cleavage, as expected. GAPDH was used to show equal loading.
We conclude that prevention of phosphorylation at serine 118
enhances YY1 cleavage by caspase 7.

CK2a knockdown in vivo enhances YY1 cleavage during
apoptosis. To determine whether a similar resistance to cleavage
by caspase 7 is conferred by YY1 phosphorylation in living cells,
asynchronous HeLa cells were grown in medium containing
TBCA or the solvent, DMSOQO, as control for 24 h at the concentra-
tions indicated in Fig. 6A. After 24 h, STS was added to cells for 5
hin the absence or presence of the CK2 inhibitor. Cell lysates were
harvested and analyzed by immunoblotting. Using anti-YY1
(C20) antibody, we found that inhibiting endogenous CK2« with
TBCA enhanced YY1 caspase cleavage when exposed to STS (Fig.
6A). PARP cleavage is similar to YY1, as shown by the same West-
ern blot after stripping and hybridizing with anti-PARP antibody.
TBCA by itself at the doses used in this study could not induce
either YY1 cleavage or apoptosis (Fig. 6A).

To test whether YY1 cleavage is similarly enhanced by a CK2
inhibitor in response to other apoptotic inducers, we used anti-
Fas antibody instead of STS (Fig. 6B) to induce apoptosis. Anti-
Fas antibody stimulates the extrinsic (death receptor-dependent)
apoptotic pathways after binding to Fas (20, 48). HeLa cells were
exposed to anti-Fas antibody in the absence or presence of TBCA
(Fig. 6B), as described for the experiment shown in Fig. 6A. The
cleavage of endogenous YY1 and induction of apoptosis were an-
alyzed by immunoblotting as described previously. The enhance-
ment of YY1 cleavage seen in Fig. 6A is also apparent in Fig. 6B.
Consistent with the results of the experiment discussed in Fig. 5B,
for which the YY1 S118 mutant was used, inhibition of CK2«
significantly increased the amount of YY1 cleavage in the presence
of apoptotic stimuli.

To further address the effect of serine 118 phosphorylation
by CK2a on YY1 cleavage during apoptosis, endogenous CK2«a
was depleted in vivo by siRNA knockdown. U20S cells were
transiently transfected with control siRNA or CK2a siRNA.
CK2a expression levels following knockdown were markedly
reduced, as was the phosphorylation of S118 on YY1, as shown
by immunoblot analysis using anti-CK2a and anti-YY1
(pS118) antibodies (Fig. 6C). The total amounts of YY1 protein
loaded in lane 1 and lane 3 were comparable, ruling out any
possible effect of CK2a knockdown on endogenous YY1 pro-
tein levels. To investigate the effect of CK2« kinase activity on
YY1 cleavage by caspases, cells were either left untreated or
treated with STS following transfection with CK2a siRNA.
Whole-cell lysates prepared from transfected cells were ana-
lyzed with anti-YY1 (H414) antibody, which detected endoge-
nous YY1 cleavage, similar to the anti-YY1 (C20) antibody. As
shown in Fig. 6C, reduction of endogenous CK2, this time
with siRNA, enhanced YY1 cleavage in U20S cells exposed to
STS. Under these conditions, PARP was also cleaved, with ki-
netics similar to YY1. Interestingly, the phosphorylation of YY1
at S118 was reduced upon STS treatment (Fig. 6C, lanes 2 and
4). Also, after incubation with STS, an accelerated cleavage of
YY1 induced by CK2a knockdown was observed in HeLa cells
(data not shown).
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FIG 6 CK2a knockdown in vivo enhances YY1 cleavage in the presence of apoptotic stimuli. (A and B) Asynchronous HeLa cells were preincubated with TBCA
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cells at 1 uM for 5 h or 100 ng/ml for 6 h, respectively, in the absence or presence of TBCA. WCEs were prepared, and proteins were separated on a 10%
SDS-PAGE gel and transferred to a nitrocellulose membrane. Cleavage of full-length and endogenous YY1 was detected by hybridizing the blot with anti-YY1
antibody (C20; rabbit polyclonal). Two exposures of the blot showed the apoptotic YY1A119 and YY1A12 cleavage products. The blots were stripped and
reprobed by Western analysis using anti-PARP antibody. (C) U20S cells were transiently transfected with control siRNA or siRNA to knock down CK2a.
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and anti-YY1 (pS118) antibody, respectively. Also, the same samples were analyzed with anti-YY1 (H414) antibody (to detect endogenous YY1 protein levels and

cleavage) and anti-PARP antibody (a marker of apoptosis).

DISCUSSION

Alarge amount of experimental data has led to the hypothesis that
YY1 is a factor that can lead to cell survival and thus transforma-
tion by enhancing cellular resistance and insensitivity to apoptotic
stimuli (1, 21, 23, 25). These data also suggest that this is the
reason YY1 is targeted for destruction by the caspases. However,
the mechanisms regulating YY1 cleavage and the relevance of its
destruction during apoptosis are still not clear. In this work, we
have shown that the caspase-dependent cleavage of YY1 is regu-
lated by posttranslational modification, phosphorylation, during
programmed cell death.

The fact that aspartic acid is the frequent residue in the CK2
phospho-acceptor sites as well as the target site of caspases (37, 47)
suggests that CK2-mediated phosphorylation regulates the cleav-
age of several caspase substrates and protects them from caspase-
mediated proteolysis (66). Caspase 7 cleaves YY1 immediately
C-terminal of aspartic acid 119 (D119) during apoptosis (29).
Since the S118 residue is located in the transcription activation
region of YY1, proximal to the caspase 7 consensus cleavage site
(Fig. 1), we predicted that the phosphate group added to S118 by
CK2a might regulate the accessibility of caspase 7 to its recogni-
tion site (Asp119) and thus affect the cleavage of YY1. To test this
hypothesis, we replaced the CK2a phosphorylation site with an
alanine residue and observed that the YY1S118A mutant protein,
which could not be phosphorylated, was more sensitive to
caspase-mediated cleavage in vivo (Fig. 5B). Also, the in vitro data
presented here clearly demonstrate that phosphorylation of YY1
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at S118 by CK2a renders YY1 resistant to cleavage by caspase 7
(Fig. 5A). Moreover, we showed that CK2« overexpression in-
creased phosphorylation of S118 in vivo (Fig. 4A), while knock-
down of intracellular CK2«a or loss of its kinase activity by CK2
inhibitors and siRNA decreased S118 phosphorylation of YY1
(Fig. 4B and C) and enhanced its cleavage in response to both
extrinsic and intrinsic apoptotic stimuli (Fig. 6). This demon-
strated that CK2a-mediated phosphorylation of YY1 likely pro-
tects it from caspase cleavage during cell death. Since TBCA and
DMAT, as well as CK2a knockdown with siRNA, significantly
reduced phosphorylation at S118 but did not completely abolish
it, it is possible that another kinase(s) may phosphorylate S118 in
vivo in other contexts or in response to other signals. We checked
whether other acidophilic kinases, such as CK2a" or CK1, coop-
erate with CK2« to phosphorylate YY1 at S118. None of these
kinases was shown to phosphorylate S118 in an in vitro cold kinase
assay (Fig. 3C). A more likely explanation is that this serine 118
phosphorylation is long lived (low turnover rate) in the absence of
apoptotic induction signals.

In our examination of YY1 phosphorylation at S118, we
wanted to investigate whether phosphorylation at this site has any
effect on the biochemical activities of YY1. Phosphorylation at
S118 did not affect either the cellular localization of YY1 or its
DNA binding activity (data not shown). YY1 is a transcriptional
regulator known to have an antiapoptotic role. It is involved in
controlling the expression of numerous genes, including several
directly associated with apoptosis (1). We speculate that since
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S118islocated in the transactivation domain of YY1, protection of
the transcriptional activation activity of this factor by phosphor-
ylation, particularly for the expression of specific antiapoptotic
genes, including Bcl-2 family members or inhibitors of caspases
(3, 38, 52, 63), is responsible for the enhanced sensitivity of the
S118A mutant to apoptotic stimuli. It is also possible that this
phosphorylation has no effect other than to protect YY1 from
cleavage during apoptosis.

We checked if phosphorylation at S118 is cell cycle regulated.
We synchronized HeLa cells by using an automated mitotic shake-
off machine to collect mitotic cells. Also, cells synchronized by
double-thymidine blocks were used as an alternate method to
examine cells in mid-S-phase through mitosis. Using the two
methods to synchronize cell populations, we prepared WCEs and
performed Western blot analysis with our phospho-specific anti-
body to phosphorylated serine 118 (data not shown). We found
that YY1 was constitutively phosphorylated under normal growth
conditions at all points during the cell cycle. There was no fluctu-
ation in S118 phosphorylation (data not shown). This was not
surprising in light of the constitutive activity of CK2« throughout
the cell cycle (60). Our data indicate that serine 118 is dephosphor-
ylated in response to signals such as apoptotic stimuli (e.g., STS
and Fas) for subsequent cleavage by caspase 7 (Fig. 6C, lanes 2 and
4). The putative phosphatase(s) involved in dephosphorylating
YY1 at serine 118 is unknown.

The consensus CK2 phosphorylation sequence, S/T-X-X-E/D,
involves acidic residues (aspartic or glutamic acid) or a phospho-
serine/threonine at position n + 3 relative to the phospho-
acceptor target (17, 27, 30, 47). It is interesting that the S118 site
we mapped in the YY1 caspase 7 recognition motif does not per-
fectly match this consensus. YY1 lacks the determinant at n + 3
(Leu in YY1 [Fig. 2C]), as does another proven caspase target
protein, Bid (14). However, YY1 is surrounded by negatively
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charged aspartic amino acids, a dominant specificity determinant
for CK2, upstream of the phospho-acceptor site and at position
n + 1, as do a number of other known CK2 substrates, such as
Fragmin, NDPK A, EBV (Epstein-Barr virus) ZEBRA, CUT, ER,
and RAD proteins (37). Thr108 (T,,sREE,;;), a residue also lo-
cated in the region where CK2«a phosphorylates YY1 (Fig. 2C),
conforms perfectly with the bioinformatics-generated CK2 con-
sensus sequence. However, we did not test this residue, since sev-
eral pioneer studies on sites phosphorylated by CK2 revealed the
negative role that basic residues exert (in this case R) at any posi-
tion close to Ser/Thr, especially at positions n + 1 and n + 3,
where the frequency of the presence of an acidic residue predom-
inates (34). Also, our in vitro and in vivo findings showed clearly
that S118 is indeed a site for CK2a phosphorylation.

Our study here describes an in vivo regulatory mechanism of
the transcriptional regulator YY1 by which its sensitivity to
caspase cleavage is prevented by CK2«a phosphorylation (Fig. 7).
Dephosphorylation/phosphorylation of YY1 and its precise role in
the apoptotic process remain to be determined.
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