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inhibit Genb5 activity for cancer therapy.
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(Background: General control non-derepressible (Gen) 5 is an important histone acetyltransferase that has been implicated

Results: Cullin4-RING E3 ubiquitin ligase (CRL4) promotes Gen5 degradation.
Conclusion: Genb5 protein stability is regulated via ubiquitin-mediated pathway.
Significance: Learning how Genb is regulated may provide us with the mechanistic basis to develop alternative approaches to
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Histone acetyltransferases play important roles in the regula-
tion of chromatin structure and gene transcription. As one of
the most important histone acetyltransferases, general control
non-derepressible (Gen) 5 has been linked to diverse cellular
processes and tumorigenesis as well. We have recently identi-
fied a functional link between Gcn5 and acidic nucleoplasmic
DNA-binding protein 1 (And-1) that is elevated in multiple can-
cer cells and is essential for Gen5 protein stability. However, the
mechanism by which And-1 regulates Gen5 protein stability
remains unknown. Here we show that the ablation of Cullin4-
RING E3 ubiquitin ligase (CRL4) leads to the stabilization of
Gcenb5 in cells with depleted And-1, and Cdc10-dependent tran-
script 2 (Cdt2) serves as a substrate receptor protein of CRL4.
Overexpression of Cdt2 reduces the Gen5 protein levels, and
CRL®2 js sufficient to ubiquitinate Gen5 both in vivo and in
vitro. And-1 stabilizes Gcn5 by impairing the interaction
between Gcn5 and CRLCY and thereby preventing Gen5 ubiq-
uitination and degradation. The degradation of Gcn5 is not
dependent on proliferating cell nuclear antigen, an important
player involved in CRL®?-mediated protein degradation.
Thus, CRL“? and And-1 play an essential role in the regulation
of Genb protein stability. This study provides us with the mech-
anistic basis to develop alternative approaches to inhibit Gen5
activity for cancer therapy.

One of the major post-transcriptional modifications of
nucleosomal histones is histone acetylation, which is carried
out by histone acetyltransferases (1). Histone acetylation alters
higher-order chromatin structure and plays a central role in the
regulation of gene expression as well as in pathogenesis of a
broad set of diseases including cancers (1-3). As the first iden-
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tified transcription-related histone acetyltransferase, general
control non-derepressible (Gcn) 5> has been implicated in
diverse cellular processes including transcription (4, 5), DNA
repair (6-8), telomere maintenance (9), and nucleosome
assembly (10). Significantly, the role of Gen5 in cancer cell sur-
vival and cellular transformation by regulating oncogenic gene
expression has been documented (11-13). By acting as a co-fac-
tor, Genb5 is involved in the regulation of Myc-dependent gene
transcription (12), Myc-induced global acetylation (14), and E2
transcription factor (E2F)-dependent gene transcription (15).

Due to its important roles in oncogenic expression and his-
tone acetylation (13), Gen5 has been exploited as an anticancer
target (16, 17). Although Gcn5 histone acetyltransferase
activity has been well studied (13, 18), the pathway that reg-
ulates Gen5 protein levels remains unknown. We have
recently identified a novel high-mobility group (HMG) pro-
tein acidic nucleoplasmic DNA-binding protein 1 (And-1)
that is critical for the stability of Gen5 and histone H3 acety-
lation (19). Intriguingly, And-1 expression is significantly
increased in multiple cancer cells in a manner correlating
with increased Gen5 and acetylation of histone H3 at lysine 9
(H3K9) and lysine 56 (H3K56) (19). Thus, the functional link
between Gcn5 and And-1 may provide us with a new target
for cancer therapy by altering Gcn5 protein stability. For
instance, we can alter histone acetylation in cancer cells by
manipulating Gen5 protein stability. To accomplish this
goal, it is necessary and important to elucidate the mecha-
nism by which And-1 stabilizes Gen5.

As one member of the evolutionarily conserved cullin-RING
E 3 family proteins, the CRL4“*? E3 ligase complex® is com-
posed of a scaffold protein Cullin4 (Cul4), the adaptor protein
DNA damage-binding protein 1 (DDB1), and a substrate recep-

2The abbreviations used are: Gen5, general control non-derepressible 5;
And-1, acidic nucleoplasmic DNA-binding protein 1; Cdt2, Cdc10-depen-
dent transcript 2; CRL4, Cullin4-RING E3 ubiquitin ligase; Cul4, Cullin4;
PCNA, proliferating cell nuclear antigen; PIP, PCNA-interacting peptide;
CBP, CREB-binding protein; CREB, cAMP-response element-binding
protein.

3 The CRL4“Y2 E3 ligase complex is a complex of CRL4 with Cdt2.
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tor protein Cdcl0-dependent transcript 2 (Cdt2) (20-23).
Accumulating evidence shows that CRL“Y* E3 ligase plays
important roles in the regulation of genome integrity, DNA
damage repair, and cell cycle progression (24). For instance,
during S phase of DNA replication or in cells with genotoxic
stresses, CRLS? s critical to promote the degradation of
Cdc10-dependent transcript 1 (Cdtl), a DNA replication
“licensing” factor required for the assembly of minichromo-
some maintenance protein 2—7 (MCM2-7) complex to repli-
cation origins in G, phase (22, 23, 25-27). The degradation of
Cdt1 by CRL"? during S phase is one of the important mech-
anisms to prevent DNA re-replication. CRL4“*? also targets
the degradation of CDK inhibitor p21 during S phase or in
response to UV irradiation (28, 29). Degradation of p21 by
CRL4““? in S phase regulates the nuclear export of the Cdc6
replication-licensing factor and is believed to prevent DNA re-
replication (29). Recent studies showed that CRL!*? regulates
chromatin compaction by targeting histone methyltransferase
Set8 (also known as Pr-Set7) for degradation during S phase or
in cells with DNA damage (30 —32). Failure to degrade Set8in S
phase leads to premature chromatin compaction during DNA
replication, interfering with DNA synthesis and preventing
mitotic entry (30 —32). Furthermore, CRL“*? regulates the ter-
mination of the translesion synthesis repair pathway by pro-
moting the degradation of translesion synthesis polymerase
and the normal cell cycle progression by promoting degrada-
tion of E2F1 (33, 34). Although these CRLS!* targets are
involved in distinct cellular processes, all of them contain a
proliferating cell nuclear antigen (PCNA)-interacting protein
motif (PIP box), and PCNA appears to be required for the deg-
radation of these CRL“"*? targets (24).

In this study, we identify a novel functional link between
CRL? and And-1 that has the remarkable capability to regu-
late Gen5 protein turnover. We find that the down-regulation
of CRL“? leads to the stabilization of Gcn5 in cells with
depleted And-1. Overexpression of CRL“** reduces the Gen5
protein levels, and CRL"*? is sufficient to ubiquitinate Gen5
both in vivo and in vitro. And-1 and CRL“? associate with
Genb at the same sites, and And-1 prevents the ubiquitination
of Gen5 by impairing the interaction between Gen5 and CRLCY2,
Surprisingly, PCNA is not required for the degradation of Gen5 in
the absence of And-1, consistent with the fact that Gen5 does not
interact with PCNA. Thus, the functional link between And-1 and
CRL“* s critical for Gen5 protein stability, and this study pro-
vides us with the mechanistic basis to target Gen5 protein stability
and thereby histone acetylation for cancer therapy.

EXPERIMENTAL PROCEDURES

Cells and Tissue Culture Medium—HCT116, HeLa, U20S,
and 293T cells were grown in DMEM medium supplemented
with 10% FBS at 37 °C in 5% CO,, supply.

Antibodies and Immunofluorescence—The following anti-
bodies were used: anti-H3K9Ac (9671), anti-H3K56Ac (4243),
and anti-H3 (9715) were from Cell Signaling. Anti-tubulin
(T6199), anti-FLAG-M2, and anti-HA were from Sigma. Anti-
Gcen5 (sc-20698) (sc-130374), anti-B-actin, and anti-PCNA
(SC-56) were from Santa Cruz Biotechnology. Anti-DDBI1
(A300-462A), anti-CuldA (A300-739A), and anti-Cdt2 (A300-
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948A) were from Bethyl Laboratories. Immunofluorescence
was performed as described previously (35).

Plasmids—FLAG-And-1 (full length) and GST-And-1 plas-
mids were constructed as described previously (36). pEBB-
GCN5 N terminus (amino acids 1-491) and pEBB-GCN5 his-
tone acetyltransferase/bromo domain (amino acids 492—837)
plasmids were gifts from Dr. Ezra Burstein. FLAG-Cdt2 plas-
mid was constructed by cloning Cdt2 cDNA into pEFF plasmid.
Full-length FLAG-Gcn5 was constructed by cloning Gen5
c¢DNA into pEFF vector. The plasmids expressing truncated
Gcenb5 were constructed as below; fragments of Gen5 encoding
amino acids 492- 666, 667-749, 750 - 837, 492—706, and 707—
749 were PCR-amplified using primers containing Spel and
Kpnl sites, digested with Spel and Kpnl, and ligated into pEFE-
vector digested with Spel and Kpnl.

Immunoprecipitation—The in vivo immunoprecipitations
were performed as follows. Cells were lysed in lysis buffer (25
mwm HEPES-KOH at pH 7.6, 150 mm KAc, 5 mm MgCl,, 1 mm
Na, EGTA, 10% glycerol, 0.1% Nonidet P-40, protease inhibi-
tor, supplemented with 300 ug/ml ethidium bromide, and 15
killiunits/ml DNase I) for 20 min on ice followed by sonication.
After centrifugation, the resulting supernatants were mixed
with antibody or pre-bleed for immunoprecipitation overnight
(2 h for FLAG-tagged protein immunoprecipitations) followed
by incubation with protein G/A beads (Santa Cruz Biotechnol-
ogy) for 1 h. Beads were then washed three times with lysis
buffer. Associated proteins were eluted by incubating beads
with SDS loading buffer for immunoblotting.

In Vivo and in Vitro Ubiquitination Assay—Details of the in
vivo and in vitro ubiquitination reactions were as described
(28). For the in vivo reaction, U20S cells were transiently trans-
fected with either FLAG-Gcn5 = HA-ubiquitin + FLAG-And-
1-expressing or FLAG-Cdt2-expressing plasmids. Forty hours
after transfection, the cells were treated with MG132 (20
pg/ml) for 2 h prior to lysis. Immunoprecipitated ubiquitinated
proteins or FLAG-Gcenb5 were fractionated on SDS-PAGE and
immunoblotted for the indicated proteins. For the in vitro reac-
tion, FLAG-Gcn5 and FLAG-And-1 proteins as well as FLAG-
Cdt2 protein complexes were immunopurified from 293T cells
expressing the above proteins from mammalian expression
plasmids.

RNA Interference—siRNA oligonucleotides And-1-1 and
And-1-2 were as described previously (36). The sequences for
siAnd-1-1 and siAnd-1-2 oligonucleotides were as described
previously (36). The sequences for siPCNA were as described
before (27). The sequences for siCdt2 and siDDB1 were as
described before (28). siRNA transfections were performed
with 100 nm siRNA oligonucleotide duplexes using Lipo-
fectamine™ RNAiIMAX (Invitrogen) according to the manu-
facturer’s instructions.

Western Blotting and Histone Isolation—To make total pro-
tein, cells were lysed in radioimmune precipitation buffer
(150 mm NacCl, 1.0% IGEPAL® CA-630, 0.5% sodium deoxy-
cholate, 0.1% SDS, and 50 mm Tris, pH 8.0) followed by son-
ication. Histone extraction was performed as described pre-
viously (37).
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FIGURE 1. Gen5 is ubiquitinated in vivo and degraded by proteasome.
A, depletion of And-1 results in the reduction of Gen5 proteins and acetylation
of histone H3K9 and H3K56 in both HelLa and U20S cells. Cells treated with
siRNA control (siGI2) or two independent siRNAs (siAnd-1-1 or siAnd-1-2) were
harvested 48 h after siRNA transfection and subjected to immunoblot using
anti-Gen5, anti-H3K56Ac, anti-H3K9Ac, anti-And-1, or anti-actin antibody.
B, treatment of And-1-depleted cells with the proteasome inhibitor MG132
stabilizes Gen5 proteins. Upper, Hela cells transfected with the indicated
siRNAs were treated with (+) or without (-) MG132 (10 um) and lysed. Lysates
were subjected to immunoblot using anti-Gcn5, anti-And-1, or anti-tubulin
antibody. Lower, quantification of Gen5 protein levels. Means *+ S.D. (error
bars) were obtained from three independent experiments. The signals of
Gen5 and tubulin proteins were quantified by Scion imaging software, and
the background signal was subtracted. The relative levels of Gen5 proteins
were normalized by control tubulin protein signals. The Gen5 protein levels in
siGl2-treated cells alone were taken as 100%. C, Gen5 is ubiquitinated in vivo.
U20S cells were transfected with HA-ubiquitin and FLAG-Gcn5 or vector, and
the ubiquitinated species were precipitated by HA antibodies and subjected
to immunoblot using anti-FLAG antibody. /P, immunoprecipitation; Ub,
ubiquitin.

RESULTS

Gen5 Is Ubiquitinated in Vivo and Degraded by the
Proteasome—We previously observed that And-1 depletion
resulted in the degradation of Gen5 in HCT116 cells (19). To
test whether this is the case in other cells, we examined Gcnb
protein levels in HeLa and U20S cells in which And-1 was
depleted by siRNA. The endogenous levels of And-1 protein
were efficiently depleted after treatment by two independent
siRNAs (siAnd-1-1 and siAnd-1-2) as compared with cells
treated with control siRNA (siGl2) that targets firefly luciferase
(Fig. 1A). Consistent with previous observations in HCT116
cells (19), Gen5 protein levels and the acetylation of histone
H3K9 and H3K56 were decreased in two cell lines treated by
two independent siRNAs (Fig. 14). Thus, the maintenance of
Gcenb protein stability by And-1 is not restricted to HCT116
cells.

Given that And-1 depletion reduces Gen5 protein levels but
does not affect its mRNA levels (19), we hypothesized that Gen5
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might be degraded via ubiquitin-mediated proteolytic pathway.
To test this idea, we treated siRNA transfected cells with pro-
tease inhibitor MG132. Consistently, And-1 depletion caused
the degradation of Gen5 (Fig. 1B). Strikingly, the addition of
MG132 to And-1-depleted cells resulted in the stabilization of
Gcenb proteins (Fig. 1B), indicating that degradation of Genb is
mediated by the proteasome pathway. Degradation of proteins
by the proteasome depends on conjugation of ubiquitin to the
target protein. To determine whether Gen5 is ubiquitinated in
vivo, U20S cells were co-transfected with a HA-tagged ubiqui-
tin construct (HA-ubiquitin) and FLAG-Gcn5. Ubiquitinated
proteins were isolated by immunoprecipitation using anti-HA
antibody. As shown in Fig. 1C, slower migrating ubiquitin con-
jugates of Genb were detected specifically in the HA-ubiquitin
and FLAG-Gcnb co-transfected cells. Notably, the presence of
multiple slower migrating forms of Gen5 indicates that Gen5 is
polyubiquitinated in vivo (Fig. 1C). Taken together, our data
show that Genb5 is ubiquitinated in vivo and that the degrada-
tion of Genb5 in the absence of And-1 is mediated by the protea-
some pathway.

GcnS Forms Complexes with CRL4“"? E3 Ligase Complexes—
The fact that Genb is ubiquitinated in vivo and is degraded via
the proteasome pathway in the absence of And-1 prompted
us to identify the E3 ligases that target Genb for proteolysis. To
this end, we searched for the E3 ligases that interact with Genb5.
Strikingly, DDB1 was previously found to interact with SPT3-
TAFII31-GCN5L  acetylase (STAGA) complex containing
Gcenb5 (38); however, the biological function of this interaction is
unclear. As an adaptor protein, DDB1 forms a complex with
Cul4, which serves as an E3 ubiquitin ligase targeting numerous
proteins for proteolysis (39). Given that Gen5 is degraded by the
proteasome pathway (Fig. 1B), we hypothesized that Cul4-
DDB1 E3 ligase might be involved in the degradation of Gen5 in
the absence of And-1. To test this idea, we examined whether
Gcen5 interacts physically with DDB1. We expressed FLAG-
tagged full-length Gen5 and FLAG-Gen5 mutants (1-491) or
(492-1837) in human 293T cells and monitored the presence of
DDBI in the anti-FLAG precipitates. Consistently with previ-
ous observation (38), endogenous DDB1 was detected in full-
length Gen5 immunoprecipitates (Fig. 2A), indicating that
DDBI1 forms a complex with Gen5. Furthermore, we detected
DDBL in the precipitates of Gen5 mutant (492—837) but not
Gen5 mutant (1-491), suggesting that the C terminus of Gen5
is required for the association of Gen5 with DDBI. This inter-
action is unlikely to be indirect due to DNA associations
because both DNase and ethidium bromide were included in
the lysis buffer for co-immunoprecipitation assays. Thus, our
data indicate that Gen5 associates with DDB1.

Given that DDB1 forms a complex with Cul4 in the ubiquitin
proteasome pathway (39), we next asked whether Cul4-DDB1
E3 ligase is associated with Gen5. To test this idea, we examined
the interaction between Cul4A and Gcen5. Strikingly, like
DDB1, Cul4A was detected in the immunoprecipitates of full-
length FLAG-Gcen5 and Gen5 mutant (492—-837) but not Gen5
mutant (1-491) (Fig. 2A4). Cdt2 is a substrate receptor protein
that usually forms a complex with Cul4 and DDB1 to target
proteins for degradation (24). We therefore predicted that
Genb5 might interact with Cdt2. Indeed, Cdt2 could be detected
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FIGURE 2. Gen5 forms complexes with CRL4°“*2 E3 ligase and And-1.
A, Cdt2,DDB1, Cul4A, and And-1 interact with full-length (Full) Gen5 and Gen5
mutant (492-837). 293T cells transfected with the indicated FLAG-Gcn5 plas-
mids were harvested 36 h after transfection for immunoprecipitation using
anti-FLAG M2-agarose beads. The FLAG immunoprecipitates (/P) were then
subjected to immunoblot (/B) using anti-Cdt2, anti-Cul4A, anti-DDB1, anti-
And-1, anti-actin, or anti-FLAG antibody. B, And-1 does not interact with Cdt2.
293T cells transfected with the indicated plasmids were treated as in A. Note
that Gen5 was detected in FLAG-And-1 precipitates.

in immunoprecipitates of full-length Gen5 (Fig. 2A4). Like
DDB1 and Cul4A, Cdt2 was detected in the precipitates of
Gen5 mutant (492—-837) but not Gen5 mutant (1-491) (Fig.
2A). Taken together, our data show that Genb associates with
CRLAS E3 ligase complex and that the C terminus of Gen5 is
required for this association.

Our recent study showed that And-1 interacts with Gen5
(19). We next assessed which part of Gen5 interacts with
And-1. Like CRL4A“?*?, And-1 was detected in the immunopre-
cipitates of full-length FLAG-Gcn5 and Gen5 mutant (492—
837) but not Gen5 mutant (1-491) (Fig. 2A), suggesting that
And-1 associates with the C terminus of Gen5. Because Genb
interacts with both And-1 and CRL4“? E3 ligase, we next
asked whether And-1 also interacts with Cdt2. To this end, we
examined the interaction between And-1 and Cdt2 in 293T
cells overexpressing vector or FLAG-And-1. Although Gen5
was detected in FLAG-And-1 precipitates, Cdt2 was not
detected in FLAG-And-1 immunoprecipitates, suggesting that
And-1 does not interact with CRL4“?"?, The fact that Gcn5
interacts with both And-1 and CRL4“""?, whereas And-1 does
not associate with Cdt2, suggests that Gen5 may interact with
either And-1 or Cdt2 exclusively.

CRL4““? Is Required for the Degradation of GcnS in the
Absence of And-1—Having found the interactions between
Gen5 and CRL4“Y E3 ligase complex, we hypothesized that
CRL4““** E3 ligase is involved in the degradation of Gen5 in the
absence of And-1. To test this idea, we used siRNA to knock
down the component of this E3 ubiquitin ligase in And-1-de-
pleted cells. As compared with cells transfected with siGI2, cells
co-transfected with siAnd-1 and siGI2 exhibited reduced Gen5
protein levels (Fig. 34). However, Gen5 proteins were recov-
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ered in cells co-transfected with siAnd-1 and siCdt2 (Fig. 3A4).
In agreement, in cells co-transfected with siDDB1 and siAnd-1,
the reduced Genb protein levels were also partially recovered as
compared with levels in cells co-transfected with siAnd-1 and
siGI2 (Fig. 3B). Thus, CRLA“? E3 ligase is required for the
degradation of Gen5 induced by depletion of And-1.

To further explore the role of CRLA*? in the degradation of
Gcenb, we next explored whether CRL4AC2 jg sufficient to
down-regulate Gen5 in vivo. To this end, we overexpressed
Cdt2 in U20S cells and examined Gen5 proteins. Notably,
overexpression of Cdt2 specifically decreased the Gen5 protein
levels by immunoblot analyses (Fig. 3C). To confirm this obser-
vation, we performed indirect immunofluorescence in U20S
cells with expressed FLAG-Cdt2. As shown in Fig. 3D, cells
expressing FLAG-Cdt2 exhibited lower levels of Gen5 as indi-
cated by reduced Genb5 fluorescent signal as compared with that
in cells without overexpression of FLAG-Cdt2. Taken together,
our data suggest that CRL4A“"*? is sufficient to induce the deg-
radation of Genb5 in vivo.

PCNA Is Dispensable for the Degradation of GcnS in the
Absence of And-1—PCNA has been shown to be required for
CRL4““?-mediated degradation of several target proteins such
as Cdtl, p21, Set8, and polymerase 7 (24). All these proteins
bind to PCNA through a PIP box and are degraded on chroma-
tin in a PCNA- and CRL4““*>-dependent manner (24). Inter-
estingly, Gen5 does not contain a PIP box. We therefore
assumed that Gen5 is unable to bind to PCNA. To test this
possibility, we expressed FLAG-Gcn5 in 293T cells and moni-
tored for the presence of PCNA in FLAG-Gcen5 precipitates.
Consistent with our previous observation (19), we could detect
And-1 from FLAG-Gcen5 precipitates (Fig. 4A). However,
PCNA was not detected from FLAG-Gen5 immunoprecipitates
(Fig. 4A). We also failed to detect PCNA from endogenous
Genb precipitates (Fig. 44). Taken together, Gen5 does not
exist in a complex with PCNA.

Given that Genb is not associated with PCNA, we hypothe-
sized that PCNA might not be involved in the degradation of
Gcenb5 in the absence of And-1. To test this idea, we co-trans-
fected siAnd-1 and siPCNA and compared the Genb protein
levels in co-transfected cells with levels in And-1-depleted cells.
Although PCNA protein is depleted in cells co-transfected with
siAnd-1 and siPCNA, PCNA depletion had little effect on Gen5
protein levels in co-transfected cells as compared with And-1-
depleted cells (Fig. 4B). Thus, our data indicate that Gen5 does
not associate with PCNA and that PCNA is dispensable for the
CRL4““?-dependent degradation of Gcn5 in the absence of
And-1.

And-1 Prevents the Ubiquitination of Gcn5—To assess
whether Genb is a bona fide substrate of CRLA“*? E3 ligase, we
overexpressed Cdt2 along with the FLAG-Gcn5 and HA-ubig-
uitin in U20S cells. To prevent the degradation of Gen5 by
Cdt2 overexpression, MG132 was added to cells before harvest.
Genb5 ubiquitination was detected in cells co-expressed with
HA-ubiquitin and FLAG-Gcenb5 (Fig. 54, lane I). Notably, Cdt2
overexpression enhanced Gcen5 polyubiquitination (Fig. 54,
lane 2), indicating that CRLA4A2 jg able to ubiquitinate Genb in
vivo. We next asked whether the CRLA“Y*? E3 ligase is capable
of ubiquitinating Genb in vitro. To this end, we purified FLAG-
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FIGURE 3. Down-regulation of CRL4*2 E3 ligase stabilizes Gcn5 proteins in And-1-depleted cells. A, down-regulation of Cdt2 stabilizes Gen5 proteins in
cells with depleted And-1 by siRNA. Upper, U20S cells transfected with the indicated siRNAs were harvested and subjected to immunoblot using anti-Gcn5,
anti-And-1, anti-Cdt2, or anti-actin antibody. Lower, quantification of Gen5 protein levels. Means = S.D. (error bars) were obtained from four independent
experiments. The relative levels of Gen5 proteins were measured as in Fig. 1B. *, nonspecific bands recognized by anti-Cdt2 antibody. B, down-regulation of
DDB1 stabilizes Gen5 in cells with depleted And-1 by siRNA. Upper, U20S cells transfected with the indicated siRNAs were harvested and subjected to
immunoblot using anti-Gen5, anti-And-1, anti-DDB1, or anti-actin antibody. Lower, quantification of Gecn5 protein levels. Means =+ S.D. (error bars) were
obtained from four independent experiments. The relative levels of Gen5 proteins were measured as in Fig. 1B. C, overexpression of Cdt2 results in the
reduction of Gen5 protein levels. U20S cells transfected with vector or FLAG-Cdt2 plasmids were harvested 36 h after transfection for immunoblot using
anti-Gen5, anti-FLAG, or anti-tubulin antibody. Lower, cells treated as above were harvested for FACS analysis. D, cells treated as in C were harvested for
immunofluorescence using anti-FLAG and Gen5 antibody. FLAG-vector is a plasmid expressing FLAG-And-1 (HMG domain). Note that cells with expression of
FLAG-Cdt2 displayed reduced Gcen5 fluorescence signals as compared with cells without expression of FLAG-Cdt2.
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Cdt2 complexes and FLAG-And-1 from 293T cells, respec-
tively. The incubation of FLAG-Cdt2 complexes with E2 and
Gen5 produced high-molecular weight ubiquitinated Gen5
species (Fig. 5C, lanes 1 and 2). Thus, Genb is a bona fide direct
substrate of CRL4““** ubiquitin ligase.

We have previously shown that the interaction between
And-1and Genb5 is critical for And-1 to maintain the stability of
Gcenb (19). Given that Gen5 is degraded via the ubiquitin-me-
diated proteasome degradation pathway, we hypothesized that
And-1 might stabilize Genb proteins by preventing Gen5 ubiq-
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uitination. To test this idea, we co-expressed HA-ubiquitin
together with Gen5 or with Gen5 and And-1, respectively, in
U20S cells. Consistent with our previous observation (19),
And-1 overexpression elevated the FLAG-Gcn5 protein levels
in the whole cell extracts (Fig. 5B). Gen5 was polyubiquitinated
in cells co-expressing FLAG-Gcen5 and HA-ubiquitin (Fig. 5B,
lane 2). Strikingly, co-expression of And-1 with Gen5 signifi-
cantly reduced ubiquitination of Gen5 (Fig. 5B, lane 3), suggest-
ing that And-1 interferes with the Gen5 ubiquitination. To fur-
ther confirm this observation, we next performed in vitro

VOLUME 286+NUMBER 48+ DECEMBER 2, 2011



A
Input (5%) IP:Flag :3\} IP: Gen5
+ - + - Vector ’S'\ b
o §
- + - + Flag-Gen5 S 9 o
[ = @Bregcens == @) cons
i | Ano - e

| |Pona
v-
B v 5
O R
F N D
& 5 F e
T —_— e | Gcn5 ‘S " 1.2
©» £ 10
22 o8
—_— — PCNA @290~
o o 06
2'2 04
—— —— And-1 38, .
€
——— — w— | A Ctin é\' ev. é\' Qv.
3 N QO

FIGURE 4.PCNA is dispensable for the degradation of Gen5 by CRLASY2 E3
ligase. A, Gen5 does not interact with PCNA. Left, 293T cells transfected with
the indicated plasmids were harvested for immunoprecipitation (/P) using
anti-FLAG M2-agarose beads. FLAG precipitates were subjected forimmuno-
blot using anti-FLAG, anti-And-1, or anti-PCNA antibody. Note that And-1 was
detected in FLAG-Gcn5 precipitates. Right, 293T cells were harvested for
immunoprecipitation using anti-Gcn5 antibody or IgG. The Gen5 precipitates
were subjected for immunoblot using anti-And-1, anti-Gen5, or anti-PCNA
antibody. B, down-regulation of PCNA does not stabilize Gen5 proteins in
cells with depleted And-1 by siRNA. Left, U20S cells transfected with the indi-
cated siRNAs were harvested and subjected to immunoblot using anti-Gen5,
anti-PCNA, anti-And-1, or anti-actin. Right, quantification of Gcn5 protein lev-
els. Means * S.D. (error bars) were obtained from four independent experi-
ments. The relative levels of Gen5 proteins were measured as in Fig. 1B.

ubiquitination assays. As shown in Fig. 5C, FLAG-Cdt2 com-
plexes were able to ubiquitinate Gen5 (Fig. 5C, lane 2); how-
ever, the addition of purified FLAG-And-1 substantially
reduced the ubiquitination of Gen5 (Fig. 5C, lane 3). Taken
together, our data show that And-1 prevents Gen5 ubiquitina-
tion by CRL4“*? both in vivo and in vitro.

Genb interacts with CRL4ACY? via its C terminus (492— 837)
(Fig. 2A). We predicted that CRL4““*> may ubiquitinate Gcn5
at its C terminus (492-837). To test this idea, we co-expressed
FLAG-Gcn5(1-491) or FLAG-Gcen5(492—837) with HA-ubiq-
uitin or vector. As expected, FLAG-Gcn5(492-837) but not
FLAG-Gcn5(1-491) was detected with ubiquitination (Fig.
5D), suggesting that the C terminus of Genb contains ubiquitin
sites. Because And-1 also interacts with FLAG-Gcn5(492—
837), it is possible that overexpression of And-1 may impair the
ubiquitination of FLAG-Gcn5(492-837). Indeed, overexpres-
sion of And-1 substantially reduced the ubiquitination of
FLAG-Gcn5(492-837) (Fig. 5D). Thus, Gen5 ubiquitin sites are
located within the C terminus of Genb that is the binding site
for both And-1 and CRLAS*? E3 ligase.

Gcn5 Exclusively Interacts with And-1 and CRL4““—We
have previously reported that the interaction between Gcn5
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FIGURE 5. And-1 prevents the ubiquitination of Gen5 by CRL4*2 E3
ligase. A, overexpression of Cdt2 enhances the ubiquitination of Gen5. U20S
cells transfected with the indicated plasmids were harvested 48 h after trans-
fection. Cells were treated with MG132 for 6 h before harvest. The ubiquiti-
nated species were precipitated by HA antibodies and subjected to immuno-
blot for ubiquitinated FLAG-Gcn5 using anti-FLAG antibody. Ub, ubiquitin.
B, overexpression of And-1 suppresses the ubiquitination of Gen5. U20S cells
transfected with the indicated plasmids were harvested for 48 h and treated
as in A. Note that And-1 overexpression increased the FLAG-Gcn5 protein
levels and reduced the ubiquitination of Gen5. IP, immunoprecipitation; LC,
loading control. C, And-1 prevents Gen5 ubiquitination by CRL44*? in vitro.
Incubation of immunopurified CRL4“Y? with Gen5 in an in vitro ubiquitin
ligase assay increased the formation of Gen5 ubiquitinated species. The addi-
tion of immunopurified And-1 suppressed the Gcn5 ubiquitination by
CRL4““2, JF, immunofluorescence. D, And-1 overexpression suppresses the
ubiquitination of the C terminus of Gen5. U20S cells transfected with the
indicated plasmids were harvested. FLAG-And-1(1-491) or FLAG-And-1(492-
837) was precipitated using anti-FLAG M2-agarose beads. FLAG precipitates
and inputs were subjected to immunoblot using anti-ubiquitin, anti-FLAG, or
anti-And-1 antibody.

and And-1 is critical for And-1 to maintain the stability of Gen5
(19). Given that C terminus of Gen5 interacts with both And-1
and CRL4“?, whereas And-1 does not interact with Cdt2 (Fig.
2), we hypothesized that And-1 might compete with Cdt2 for
the interaction with Gen5 at the same site or adjacent sites at
the C terminus of Gen5. To explore this possibility, we con-
structed a series of truncated Gen5 mutants to delineate the
And-1 and CRL4A“Y? binding regions within Gcn5 (Fig. 6A).
Because both And-1 and CRL4A““*? interact with the C terminus
of Gen5 (Fig. 2A), all of the Gen5 truncation mutants excluded
the N-terminal regions of Gen5 (Fig. 64). We expressed these
Genb5 mutants in 293T cells and examined their interactions
with And-1 or Cdt2 by co-immunoprecipitation assays. Con-
sistent with previous observations (Fig. 24), Cdt2 was not
detected in FLAG-Gcn5(1-491) precipitates. We failed to
detect Cdt2 from precipitates of Gen5 mutant (492—666), sug-
gesting that Gen5 histone acetyltransferase domain is not
required for the association of Gen5 with Cdt2. Notably, Cdt2
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FIGURE 6. And-1 competes with CRL4°%*2 for the association with Gen5.
A, schematic of Gen5 truncation mutants used for protein-protein interac-
tions as in B. The P300/CBP-associated factor (PCAF) homology domain
(PCAF-HD), histone acetyltransferase (HAT) domain, and bromo domain (BD)
areindicated. B, And-1and CRL4%“® interact with Gen5 at the same site within
the C terminus. 293T cells transfected with the indicated plasmids were har-
vested and immunoprecipitated using anti-FLAG M2-agarose beads. FLAG-
Gen5 immunoprecipitates (IP) were subjected to immunoblot using anti-
FLAG, anti-Cdt2, anti-DDB1, or anti-And-1 antibody. C, And-1 depletion
increased the interaction between Gen5 and CRL4“Y®, U20S cells transfected
with the indicated siRNAs and FLAG-Gcn5 plasmid were treated with MG132
to stabilize Gen5 before harvest. Cells were harvested 55 h after siRNA trans-
fection for immunoprecipitation using anti-FLAG M2-agarose beads. FLAG-
Gen5 precipitates were subjected to immunoblot using anti-And-1, anti-
Cdt2, anti-Cul4A, anti-actin, or anti-FLAG antibody. D, And-1 blocks the
interaction between Cdt2 and Gen5 in vitro. Immunopurified Gen5 proteins
on agarose beads were mixed with immunopurified FLAG-Cdt2 in the pres-
ence BSA orimmunopurified FLAG-And-1 for 3 h at 4 °C. The beads were then
washed three times using lysis buffer for immunoprecipitation. Gen5 precip-
itates were subjected to immunoblot using anti-FLAG or anti-Gen5 antibody.

was readily detected in precipitates of Gcn5 mutants
(Gen5(492-706), Gen5(707-749), Gen5(750-837), and
Gen5(667-749)) (Fig. 6B), suggesting that the region between
667 and 837 of Genb was the binding site for Cdt2. The stronger
association between Cdt2 and Gcn5(667-749) or Gen5(707—
749) indicates that the major site on Genb5 for the association
with Cdt2 is located within the region between amino acids
667-749. In agreement, similar interaction patterns were
observed between DDB1 and Gen5 truncation mutants (Fig.
6B). Strikingly, And-1 was also detected in the precipitates of
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Gcenb mutants (Gen5(492-706), Genb(707-749), Genb(750 —
837), or Gen5(667-749)). Like Cdt2 and DDBI1, And-1 also
exhibited a stronger interaction with Gcn5(667-749) or
Gcen5(707-749). Taken together, our data show that both
And-1 and CRL4S? complexes associate with Gen5 at the
same site within the region of 667-749.

Given that And-1 and CRL4“‘? complexes interact with
Gcenb at the same site and that And-1 does not interact with
Cdt2, it is possible that And-1 and Cdt2 may compete with each
other for the interaction with Gen5. To explore this possibility,
we examined the interaction between Gen5 and Cdt2 in And-
1-depleted cells. If our hypothesis is correct, And-1 depletion
should result in an increased interaction between Gen5 and
Cdt2. Indeed, the interaction between Gen5 and Cdt2 was sub-
stantially increased in the absence of And-1 (Fig. 6C). Consis-
tently, And-1 blocked the interaction between Cdt2 and Gen5
in an in vitro protein-protein interaction assay (Fig. 6D). Taken
together, our data suggest that And-1 prevents the interaction
between CRL4“"? and Gcn5.

DISCUSSION

CRL4“"?-And-1, a Novel Functional Link Regulating Gen5
Protein Stability—We have previously shown that And-1 has
remarkable capability to regulate the stability of Gen5 proteins
and thereby histone H3 acetylation (19). To gain further insight
into the mechanism by which And-1 maintains the stability of
Gcen5, we identified a novel functional link between CRLAS
and And-1 thatis critical to regulate Gen5 protein turnover. We
find that CRL4“*? E3 ligase complexes target Gen5 for degra-
dation in the absence of And-1. Both And-1 and Cdt2 bind to
the C terminus of Gen5 (Fig. 7). Although Genb interacts with
And-1 and CRL4%Y?, And-1 and CRL4%Y? do not exist in the
same complex, and And-1 prevents the interaction between
CRL4? and Gen5. CRL4SY? is sufficient to ubiquitinate
Gcenb both in vivo and in vitro. Thus, we conclude that And-1
stabilizes the Gen5 protein by preventing the association of
Gcen5 with CRL4AS? and subsequently the ubiquitination and
degradation of Genb (Fig. 7). This discovery explains our pre-
vious observation that the interaction between And-1 and
Genb is required for And-1 to maintain Gen5 protein stability
(19).

CRL4“"? Targets GenS for Degradation in a PCNA-inde-
pendent Manner—CRLAS? regulates the degradation of mul-
tiple cell cycle-regulating proteins (24). Our study indicates
that Gen5 is a new bona fide target of CRL4A<*? E3 ligase. This
conclusion is based on three solid lines of evidence. First,
CRL4“"? interacts with Gen5 (Fig. 2). Second, CRL4“*? pro-
motes the ubiquitination of Gen5 both in vivo and in vitro (Fig.
2). Finally, silencing Cdt2 or DDBI1 rescues the degradation of
Gcen5 in And-1-depleted cells (Fig. 3). Intriguingly, CRL4<
recently was shown to be involved in chromatin modification
by promoting the destruction of histone methyltransferase Set8
in S phase, a process that prevents aberrant chromatin compac-
tion during DNA synthesis (30 —32). Thus, CRL4“?? appears to
be an important player that regulates chromatin structure and
function via the regulation of proteins involved in histone mod-
ification. It remains unclear how CRL4<*? regulates cell cycle

VOLUME 286+NUMBER 48+-DECEMBER 2, 2011



Stable Genb
In the presence of And-1

Unstable Gecn5
In the absence of And-1

FIGURE 7. A proposed model for the role of And-1 and CRL4°“*? in the
regulation of Gecn5 protein turnover. Both And-1 and CRL4“Y*? associate
with Gen5 at the same site within its C terminus. In the presence of And-1, the
And-1 module associates with Gen5 and stabilizes Gen5 protein levels by
preventing the interaction between Gcn5 and CRL4““*? and thereby the ubig-
uitination of Gen5. In the absence of And-1, CRL4A%Y®? interacts with the C
terminus of Gen5 and ubiquitinates Gen5, resulting in the degradation of
Gen5. Note that the C-terminal domain of Cul4 associates with a small RING
protein regulator of cullin (ROC), which recruits and activates E2 enzyme to
transfer ubiquitin (u) to Gen5.

progression by maintaining the balance between the histone
acetyltransferase and histone methyltransferase.

PCNA plays a critical role in the CRL4““**-mediated degra-
dation pathway. CRL4“*? targets such as Cdt1, p21, Set8, and
polymerase m contain a conserved PIP box, which is required
for CRL4A“*>-mediated degradation (24). Gen5 does not con-
tain a PIP box and does not interact with PCNA. In support of
this, silencing of PCNA fails to rescue degradation of Gen5 in
And-1-depleted cells (Fig. 4). Thus, PCNA is dispensable for
Gcenb degradation in the absence of And-1. Why is PCNA dis-
pensable in CRL4A“*-mediated degradation of Gcn5 in the
absence of And-1? One possible explanation is that Gen5 phys-
ically associates with CRL4““*> E3 ligase complexes and that the
ubiquitination of Gen5 by CRLASY? E3 ligase does not need
PCNA as a platform. Indeed, we could detect an interaction
between Gen5 and CRL4ACY? complexes, and this interaction is
substantially increased in the absence of And-1 (Figs. 2 and 6).
Thus, Gen5 is ubiquitinated by CRL4AY? E3 ligase immediately
upon loss of its interacting protector And-1. Further experi-
ments with careful examination of chromatin structure in the
absence of And-1 will be needed to determine how Gcenb5 is
targeted by CRL4““** without PCNA as a docking site.

The Functional Link between CRL4“*? and And-1, a Poten-
tial Target for Cancer Therapy—We have reported that And-1
protein is overexpressed in multiple cancer cells in a manner
correlating with increased Genb and acetylation of histone H3
at lysine 9 and 56 (19). Interestingly, Cdt2 expression is also
elevated in aggressive hepatocellular carcinomas and breast
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and gastric cancers (40 —42). How the elevated functional link
between And-1 and Cdt2 contributes to the tumorigenesis is
unclear. In fact, our study indicates that the disruption of the
balance between And-1 and Cdt2 significantly alters Gen5 pro-
tein levels. One possibility is that And-1 and Cdt2 maintain a
physiological level of Genb that is critical for cancer cell prolif-
eration or survival. Given that Genb plays an important role in
the regulation of oncogenic pathways (13), the future work
should address whether and how And-1 and Cdt2 regulate
Gen5-mediated oncogenic pathways during tumorigenesis.
Although our observation underscores the significance of
CRL4“*? in the regulation of Gen5-mediated oncogenic path-
ways, we could not rule out the possibility that other targets of
CRL4“? may play an important role in CRL4““*-mediated
tumorigenesis. Gen5 has been exploited as a new target for
cancer therapy largely because of its role in the regulation of
oncogenic pathways and histone acetylation (16, 17). The cur-
rent approach is to identify compounds that inhibit Genb5 his-
tone acetyltransferase activity. Our study identified a novel
pathway governing Gen5 protein stability. Thus, targeting the
And-1-CRL4“*? link may be an alternative approach to alter
histone acetylation by manipulating Genb protein stability for
cancer therapy.
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