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Abstract

By removing UV-induced lesions from DNA, the nucleotide
excision repair (NER) pathway preserves the integrity of the
genome. The UV-damaged DNA-binding (UV-DDB) protein
complex is involved in the recognition of chromatin-
embedded UV-damaged DNA, which is the least understood
step of NER. UV-DDB consists of DDB1 and DDB2, and it is a
component of the cullin 4A (CUL4A)–based ubiquitin ligase,
DDB1-CUL4ADDB2. We previously showed that DDB1-
CUL4ADDB2 ubiquitinates histone H2A at the sites of UV
lesions in a DDB2-dependent manner. Mutations in DDB2
cause a cancer prone syndrome, xeroderma pigmentosum
group E (XP-E). CUL4A and its paralog, cullin 4B (CUL4B),
copurify with the UV-DDB complex, but it is unclear whether
CUL4B has a role in NER as a separate E3 ubiquitin ligase.
Here, we present evidence that CUL4A and CUL4B form two
individual E3 ligases, DDB1-CUL4ADDB2 and DDB1-CUL4BDDB2.
To investigate CUL4B’s possible role in NER, we examined its
subcellular localization in unirradiated and irradiated cells.
CUL4B colocalizes with DDB2 at UV-damaged DNA sites.
Furthermore, CUL4B binds to UV-damaged chromatin as a
part of the DDB1-CUL4BDDB2 E3 ligase in the presence of
functional DDB2. In contrast to CUL4A, CUL4B is localized in
the nucleus and facilitates the transfer of DDB1 into the
nucleus independently of DDB2. Importantly, DDB1-
CUL4BDDB2 is more efficient than DDB1-CUL4ADDB2 in mono-
ubiquitinating histone H2A in vitro . Overall, this study
suggests that DDB1-CUL4BDDB2 E3 ligase may have a distinc-
tive function in modifying the chromatin structure at the site
of UV lesions to promote efficient NER. [Cancer Res
2008;68(13):5014–22]

Introduction

To preserve the integrity and the stability of the genome, cells
have developed various mechanisms for repairing DNA damage. In
humans, nucleotide excision repair (NER) is the major pathway
that removes UV-induced lesions and bulky DNA adducts arising
from exposure to carcinogens. Malfunctions of the NER mechanism
lead to increased mutations and cancer predisposition. The
UV-damaged DNA-binding (UV-DDB) protein complex is involved
in the damage recognition step of global genomic NER, and it

consists of two proteins, DDB1 and DDB2 (1, 2). Although
no mutations of DDB1 have been identified in humans, mutations
in DDB2 result in defective NER, as reflected in the heritable sun-
sensitive skin cancer phenotype, xeroderma pigmentosum group E
(XP-E; refs. 3–6). The finding that certain polymorphisms in DDB2
elevate the risk of primary lung cancer (7, 8) further strengthens
the role of DDB2 as a tumor-preventing factor.

UV-DDB is part of a larger protein complex which functions as a
cullin-RING ubiquitin ligase (E3 ligase; refs. 9, 10). E3 ligases
participate in the ubiquitin-proteasome pathway and their role is
to select the substrate and bring it into close proximity to a
ubiquitin-conjugating enzyme (E2), a donor of activated ubiquitin
(11). Depending on the type of ubiquitination and the site of
ubiquitin linkage, the modified substrates are then targeted for
degradation by the proteasome or they serve other biological
functions (12). Each of the seven cullin molecules (CUL1, CUL2,
CUL3, CUL4A, CUL4B, CUL5, and CUL7) expressed in humans
forms a base platform for the RING domain protein RBX1, which
binds to the COOH-terminal domain of cullin and interacts with
E2. The NH2-terminal domain of the cullin interacts with the
substrate-recruiting module, which usually consists of an adaptor
and substrate receptor protein. The substrate adaptor protein
(assembled on the platform of one cullin molecule) can interact
with various substrate receptor proteins, enabling the formation of
several E3 ligases with specificity for different substrates (13, 14). In
mammals, two closely related types of cullin, CUL4A and CUL4B,
have been identified. DDB1 is a substrate adaptor for both forms of
CUL4 (15). In addition to DDB2, other WD40-domain proteins have
been identified which interact with DDB1 and serve as substrate
receptor proteins for DDB1-CUL4–based E3 ligases (13, 15–17).
Recent publications have solidified the notion of DDB1-CUL4-RBX1
as a central platform for building E3s involved in various aspects of
the UV-damage response, most importantly, cell cycle regulation
and NER (refs. 18, 19 and references therein).

CUL4B (f104 kDa) is a paralog of CUL4A in humans (f87 kDa),
and the encoding genes map to Xq23 and 13q34 , respectively.
Alignment of the CUL4 sequences reveals that they are 83%
identical. However, CUL4B has a unique NH2 terminus of 154
amino acids. Mutated CUL4B is the underlying defect in an
X-linked mental retardation syndrome in which patients exhibit
structural or functional abnormalities in the central nervous
system, skeleton, and hematopoiesis (20, 21). The overexpression of
CUL4A is linked to breast and hepatocellular cancers (22–24).
Studies on the role of CUL4B suggest that it works in cooperation
with CUL4A to target certain proteins for degradation (25, 26).

The DDB1-CUL4ADDB2 E3 ligase harbors unique properties
resulting from the capacity of the substrate-recruiting module
(UV-DDB) to bind chromatin-embedded UV-damaged DNA (27, 28),
and of the substrate receptor (DDB2) to target multiple substrates
(XPC and DDB2) for ubiquitination at the site of photolesions
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Requests for reprints: Vesna Rapić-Otrin, Hillman Cancer Center, Research

Pavilion, Suite 2.6, 5117 Centre Avenue, Pittsburgh, PA 15213. Phone: 412-623-5962; Fax:
412-623-7761; E-mail: vesnaro@pitt.edu.

I2008 American Association for Cancer Research.
doi:10.1158/0008-5472.CAN-07-6162

Cancer Res 2008; 68: (13). July 1, 2008 5014 www.aacrjournals.org

Research Article

D
ow

nloaded from
 http://cancerres.aacrjournals.org/cancerres/article-pdf/68/13/5014/2594825/5014.pdf by guest on 24 April 2024



(29–31). We recently reported that monoubiquitinated histone H2A
(uH2A) in native chromatin coimmunoprecipitates with the
endogenous DDB1-CUL4ADDB2 ligase in response to UV irradiation.
Furthermore, compared with repair-proficient cells, cells with
mutations in DDB2 have an altered formation and binding activity
of the DDB1-CUL4ADDB2 ligase, accompanied by impaired mono-
ubiquitination of histone H2A after UV treatment (32). Another
study showed that histone H2A was ubiquitinated during NER by a
different complex, Ring2 E3 ligase (33). The monoubiquitination of
H2A after a UV insult may allow the relaxation of chromatin
needed for generating adequate space to load other NER factors on
the damaged DNA and to facilitate repair in vivo . A direct link
between DDB1-CUL4ADDB2 and histones was also confirmed by
another group that purified a fraction which contained CUL4A and
CUL4B (CUL4-DDB-RBX1), finding that this fraction has an activity
that ubiquitinates all core histones in vitro (34).

In the present study, we address the role of CUL4B in NER.
Therefore, we have performed experiments to test whether CUL4B
forms an independent E3 ligase with UV-DDB. Furthermore, we
have determined the subcellular localization of CUL4B in repair-
proficient cells and repair-deficient XP-E cells, and have examined
colocalization with the UV-damaged DNA. We also assessed the
capacity of DDB1-CUL4BDDB2 E3 ligase to ubiquitinate histone H2A
in an in vitro assay.

Materials and Methods

Cell lines. Transformed human fibroblasts, WI38-VA13 and HeLa cells

(obtained from American Type Culture Collection), were grown in DMEM

supplemented with 10% FCS, essential and nonessential amino acids, and
glutamax. XP-E primary fibroblasts (XP23PV; ref. 6) and normal human

lymphoblastoid (GM01953) and XP-E (GM01646) lymphoblastoid cells

(purchased from Coriell Cell Repository) were grown as previously

described (6, 32).
UV irradiation and indirect immunofluorescence. Total or micropore

UV irradiation and indirect immunofluorescence have been previously

described (32, 35). The digital images were captured with a cooled CCD

camera, processed and superimposed using SPOT software (Diagnostic
Instruments, Inc.).

Plasmids and transfections. The plasmids expressing human DDB2

and CUL4A have been previously described (32). The CUL4A deletion
construct DCUL4A was made by PCR using the full-length human CUL4A

clone as a template. Restriction sites at the 5¶ and 3¶ ends and a V5 tag at the

COOH terminus were also introduced by PCR, and cloning was performed

as described for CUL4A. The human CUL4B clone was obtained from Open
Biosystems. Full-length CUL4B cDNA was PCR-amplified with primers

designed to introduce restriction sites at the 5¶ and 3¶ ends and an HA-tag at

the COOH terminus. The PCR product was cloned into the pcDNA 3.1

vector (Invitrogen). DDB1 cDNA was cloned into pEGFP-N1 (Clontech).
WI38-VA13 cells were transiently transfected with the above constructs

using Fugene 6 (Roche) according to the manufacturer’s instructions, and

exposed to FUV-irradiation 40 h after transfection. XP-E cells were

prepared for electroporation using the basic nucleofactor kit for primary
fibroblasts (Amaxa Inc.). Cells were then electroporated with several

combinations of the above-described plasmids using the program V-13 of

the Nucleofactor device (Amaxa) and then were plated onto coverslips and
fixed after 40 h.

RNA interference. CUL4 small interfering RNA (siRNA) oligonucleotides

and nonspecific siRNA oligonucleotides were synthesized by Qiagen in a

purified and annealed duplex form. The sequences targeting the CUL4A gene
and the CUL4B gene were 5¶ GAACAGCGAUCGUAAUCAAUU 3¶ (sense) and
5¶ GAACGUACCUGGUCUUCAUUU 3¶ (sense), respectively. The nonspecific

sequence used was 5¶ UUCUCCGAACGUGUCACGUUU 3¶ (sense). siRNA
transfections were done with Lipofectamine 2000 (Invitrogen) according to

the manufacturer’s instructions. HeLa cells were transiently transfected
with nonspecific oligonucleotides or with CUL4A and CUL4B oligonucleo-

tides. Cells were collected 4 days after transfection and cellular fractiona-

tions were performed. The nuclear fractions were immunoprecipitated with

chicken DDB1 antibody.
Antibodies. The production of rabbit DDB2, rabbit DDB1, and chicken

DDB1 (DDB1-IgY) antibodies have been previously described (6, 32). Mouse

anti-HA (Covance) and mouse anti-chicken IgY (Sigma) were obtained

commercially. All other antibodies used were described in a previous
publication (32).

Cellular fractionations. Cells were collected and washed several times

in cold PBS. Cytosolic, nuclear, and solubilized chromatin fractions were

prepared as previously described (32, 36). The solubilized chromatin
fraction was obtained by a complete micrococcal nuclease (MNase)

treatment of the insoluble chromatin which contains all of the tightly

bound chromatin-associated proteins.
Immunoprecipitations and immunoblotting. The methods used for

the coimmunoprecipitation of free or chromatin-bound E3 ligase subunits

and immunoblotting were described previously (32). In the case of the

immunoprecipitations performed with DDB1-IgY antibody, the chicken
antibody was immunoprecipitated with mouse anti-chicken IgY for 1 h and

then protein G–conjugated agarose beads (Life Technologies) were added.

For the purification of DDB1-CUL4ADDB2 and DDB1-CUL4BDDB2 complexes,

human WI38-VA13 cells were cotransfected with CUL4A-V5 and Flag-DDB2
cDNAs or CUL4B-HA and Flag-DDB2 cDNAs. The amount of cells plated

was 1.5 � 106 and 2.4 � 106, respectively. Forty hours after transfection, cells

were collected and lysed in NP40 buffer. The DDB1-CUL4ADDB2 or DDB1-
CUL4BDDB2 complexes were purified through anti-Flag and anti-V5 or anti-

HA immunoprecipitations. The lysates were incubated with equilibrated

Flag-M2 agarose beads (Sigma) for 2.5 h at 4jC on a rotating platform.

Agarose beads were washed with NP40 buffer and then eluted with 100 Ag/
mL of Flag peptide (Sigma) for 1 h at 4jC on a rotating platform. Each Flag

elution was transferred to a new tube and doubled in volume with an NP40

buffer. Anti-V5 or anti-HA antibody was added overnight to immunopre-

cipitate the CUL4A and CUL4B complexes, respectively. The complexes
were further incubated with protein G–conjugated agarose beads for 80 min

at 4jC on a rotating platform. The agarose beads were washed with NP40

buffer and the coimmunoprecipitates were separated on 8% SDS gels and
transferred to polyvinylidene difluoride membranes which were probed

with DDB1, CUL4, and DDB2 antibodies. In parallel, the same coimmuno-

precipitates coupled to protein G were used for the in vitro ubiquitination

reactions.
In vitro ubiquitination reactions. Reactions were performed in

50 mmol/L of Tris (pH 7.4), 1 mmol/L of DTT, 10 mmol/L of MgCl2,

0.2 mmol/L of CaCl2, 4 mmol/L of ATP, 0.1 Ag/AL of bovine serum albumin,

2 Amol/L of ubiquitin aldehyde (BostonBiochem), 100 ng of E1
(BostonBiochem), 300 ng of E2 (UbcH5a, BostonBiochem), and 1 Ag of

FLAG-ubiquitin (BostonBiochem). Human recombinant H2A (Upstate

Biotechnology) was used as a substrate. The reactions were incubated for

2 h on a shaking platform at 32jC and were terminated by the addition of a
protein-loading buffer. Samples were boiled and analyzed on a 12% SDS-

PAGE gel.

Results

Ectopically expressed CUL4A and CUL4B form independent
E3 ligases with UV-DDB. It was reported by Wang and colleagues
that an E3 ligase containing CUL4A and CUL4B (CUL4-DDB-RBX1)
mediated histone ubiquitination (34). Because of the method by
which the above E3 ligase was purified, it remained undefined as to
whether the two cullins form a single or two separate ligase
complexes. To test if each CUL4 could form a complex with
UV-DDB in vivo , the CUL4A and CUL4B genes were cloned in a
pcDNA 3.1 expression vector and the constructs were transiently
transfected into fibroblasts. The cell lysates were immunoprecipi-
tated with either V5 or HA-tag antibodies to pull down CUL4A-V5
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and CUL4B-HA–containing complexes, respectively. Western blot
analysis showed that each cullin coimmunoprecipitates with
endogenous DDB2, DDB1, and RBX1, and only one cullin form is
present in each immunoprecipitate (Fig. 1A). Judging by the
intensity of the CUL4A and CUL4B signals from the input lanes,
obtained with the CUL4 antibody, the ectopically expressed cullins
do not seem to contribute substantially to the overall levels of
expression (Fig. 1A). However, the ectopically expressed CUL4s can
be detected with the V5 and HA-tag antibodies (Fig. 1B). The

DCUL4A mutant which is missing the first 100 amino acids of the
full-length CUL4A did not coimmunoprecipitate DDB1 (Fig. 1A).
This result is supported by the structural analysis of the DDB1-
CUL4A-RBX complex, revealing that the CUL4A amino-terminal
domain interacts with DDB1 (13, 37).

To further investigate how the complex would be affected by the
coexpression of both forms of CUL4, WI38-VA13 cells were
cotransfected with CUL4A-V5 and CUL4B-HA cDNAs, and experi-
ments were performed as described in Fig. 1B . Small amounts

Figure 1. CUL4A and CUL4B interact with UV-DDB to form independent E3 ligases. A, human fibroblasts WI38-VA13 were transiently transfected with either
empty vector or DCUL4A-V5, CUL4A-V5 , or CUL4B-HA cDNAs. Cell lysates from the cells transfected with empty vector or DCUL4A-V5 or CUL4A-V5 were
immunoprecipitated with V5 antibody whereas cell lysates from the cells transfected with empty vector or CUL4B-HA were immunoprecipitated with HA antibody.
Mock immunoprecipitations with protein G alone were also included. The coimmunoprecipitates were analyzed by Western blot with DDB1, CUL4, DDB2, and RBX1
antibodies. B, WI38-VA13 cells were transiently cotransfected with both CUL4A-V5 and CUL4B-HA cDNAs. Equal amounts of cell lysates were used to perform
immunoprecipitations with V5 or HA antibodies. The coimmunoprecipitates were analyzed by Western blot with CUL4, HA, and V5 antibodies. Two percent of the cell
lysates used for immunoprecipitation (A and B ) was loaded as input.

Figure 2. CUL4B colocalizes with DDB2 and CUL4A at
UV-damaged DNA sites. A, WI38-VA13 cells were
transiently transfected with Flag-DDB2 and CUL4B-HA
cDNAs. Forty hours after transfection, cells were irradiated
through an 8-Am pore filter with a dose of 60 J/m2.
Immediately after treatment, the cells were washed with
CSK buffer [100 mmol/L NaCl, 300 mmol/L sucrose,
10 mmol/L PIPES (pH 7.0), 3 mmol/L MgCl2, and
protease inhibitors], incubated 5 min in CSK plus 0.2%
Triton X-100, and then fixed. Cells were counterstained
with 4¶,6-diamidino-2-phenylindole (blue ). DDB2 and
CUL4B were visualized with the antibodies against the
FLAG (green ) or HA (red ) epitope present on the proteins,
respectively. Merge shows that the proteins colocalize
within the irradiated area. B, the experiment was
performed as described in A , except that the plasmids
encoding CUL4A-V5 and CUL4B-HA were cotransfected
into WI38-VA13 cells. Merge shows that CUL4A-V5
(green ) and CUL4B-HA (red) colocalize in the
UV-irradiated subnuclear spot.
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of CUL4B-HA were detected by the anti-HA antibody in the
CUL4A-V5 immunoprecipitation, suggesting that the two cullins
may occasionally coexist as a complex. However, the immunopre-
cipitation of CUL4B-HA failed to bring down CUL4A-V5, as verified

by CUL4 and V5-tag antibodies (Fig. 1B). Taken together, our data
suggest that there are two individual UV-DDB–based ubiquitin E3
ligases: DDB1-CUL4ADDB2 and DDB1-CUL4BDDB2.

CUL4B colocalizes with UV-damaged DNA. We recently
showed that CUL4A, as a part of the DDB1-CUL4ADDB2 ligase,
colocalizes with DDB2 on UV-damaged DNA (32). To test whether
CUL4B colocalizes with DDB2, we applied local UV-irradiation and
indirect immunofluorescence. The coexpressed Flag-DDB2 and
CUL4B-HA colocalized and produced very strong signals at the
damaged DNA subnuclear spot, with very little background in
unirradiated areas of the cell (Fig. 2A). Furthermore, when WI38-
VA13 cells were transfected with cDNAs expressing CUL4A-V5
and CUL4B-HA and treated as above, both cullins colocalized to
UV-irradiated areas (Fig. 2B). Under our experimental conditions,
no cross-reactivity between anti-FLAG and anti-HA antibodies was
observed (Supplementary Fig. S1).

The DDB1-CUL4BDDB2 complex binds to chromatin after UV
irradiation. The DDB1-CUL4ADDB2 E3 ligase binds to UV-damaged
DNA (32, 38), and subsequently, DDB2, as a substrate receptor

Figure 3. UV irradiation results in elevated levels of DDB1-CUL4BDDB2 E3
ligase components in chromatin-bound fractions. A, the scheme of the cell
fractionation. B, ectopically expressed CUL4B, as DDB1-CUL4BDDB2 E3 ligase,
binds to the chromatin immediately after UV irradiation and is depleted
120 min after the treatment. WI38-VA13 cells were transiently transfected with
CUL4B-HA cDNA. Forty hours after transfection, cells were irradiated
(30 J/m2) and allowed to recover for the indicated time before being collected.
Immunoprecipitation with DDB2 antibody was performed on solubilized
chromatin fractions. Coimmunoprecipitates were separated on an 8%
SDS gel and proteins were transferred on a polyvinylidene difluoride membrane
which was probed with DDB1, DDB2, and HA antibodies. C, in XP-E cells,
the endogenous CUL4B as a part of DDB1-CUL4BDDB2 E3 ligase fails to bind UV
lesions. Cellular fractionations were performed on normal and XP-E
lymphoblastoid cells that had not been irradiated or had been allowed to recover
for 45 min after irradiation (30 J/m2). The solubilized chromatin-bound
fractions were immunoprecipitated with rabbit DDB2- and DDB1 IgY antibodies.
The coimmunoprecipitates were analyzed by immunoblotting with DDB1,
CUL4, and DDB2 antibodies. One aspect of this figure (the strips with
immunoblotting with DDB1 and DDB2 antibodies) was published in our previous
article (32) and was included here as a control.

Figure 4. The DDB1-CUL4BDDB2 E3 ligase is more efficient than
DDB1-CUL4ADDB2 E3 ligase in ubiquitinating histone H2A. A, WI38-VA13 cells
were cotransfected with CUL4A-V5 and Flag-DDB2 cDNAs or CUL4B-HA and
Flag-DDB2 cDNAs. Forty hours after transfection, the cells were collected
and lysed in NP40 buffer. The DDB1-CUL4ADDB2 and DDB1-CUL4BDDB2

complexes were purified through double-tag immunoprecipitations; first with
FLAG and then with either V5 or HA antibodies. Coimmunoprecipitates were
separated on 8% SDS gels and polyvinylidene difluoride membranes were
probed for the components of the DDB1-CUL4ADDB2 or DDB1-CUL4BDDB2

complexes (with DDB1, CUL4, and DDB2 antibodies). In parallel, the purified E3
ligases, bound to the protein G beads and mock immunoprecipitated material
(without anti-V5 or anti-HA), were used for the in vitro ubiquitination reactions
in B . A ubiquitination reaction without an immunoprecipitated source of E3
was a control for these assays. Reactions were analyzed by Western blot with
DDB1 and uH2A antibodies.
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protein, undergoes autoubiquitylation and degradation (29, 35, 39),
which leads to disengagement of this E3 from the UV-irradiated
chromatin (9). To test whether ectopically expressed CUL4B-HA, as
the DDB1-CUL4BDDB2 E3 ligase, has a similar UV response, we set
up a time course experiment. The solubilized chromatin fractions
(Fig. 3A), collected immediately, 45 min, and 120 min after
UV irradiation were subjected to immunoprecipitation using
anti-DDB2 (Fig. 3B). Western blot analysis of the immunoprecipi-
tated proteins using anti-DDB1, anti-DDB2, and anti-HA confirmed
that (a) a complex formed by UV-DDB and CUL4B-HA bound
tightly to chromatin after UV-irradiation, and (b) as DDB2 is
degraded following UV treatment, less DDB1 and CUL4B-HA are
associated with chromatin as components of the DDB1-CUL4BDDB2

E3 ligase. The latter observation is important because it shows that
DDB2, not only as a part of the DDB1-CUL4ADDB2 E3 ligase but also
as a part of the DDB1-CUL4BDDB2 E3 ligase, undergoes degradation.
The signals for the levels of DDB2, DDB1, and CUL4B-HA in the
inputs reflect the response of the DDB1-CUL4BDDB2 E3 ligase to UV
irradiation. In nonirradiated cells, DDB2 is not detected in the
solubilized chromatin, whereas detectable amounts of DDB1 and
CUL4B are bound to the chromatin independent of the
UV-irradiation (input for 0 min, 0 J/m2), presumably apart from
the complex which they form with DDB2 (Fig. 3B).

We further asked if endogenous CUL4B binds to the chromatin
in a DDB2-dependent manner. In the XP-E cells the interaction

between DDB1 and mutated DDB2 is impaired and consequently,
DDB1-CUL4ADDB2 E3 ligase fails to bind to UV-damaged chromatin
and ubiquitinate histone H2A (32). If DDB2, as a substrate receptor
for DDB1-CUL4BDDB2 E3 ligase, is responsible for targeting a
substrate for ubiquitination at the site of a photolesion, the
accumulation of this E3 ligase would be impaired in the solubilized
chromatin fraction of XP-E cells. We probed the membrane which
was used in the past for the detection of CUL4A (32) to investigate
the chromatin binding of the DDB1-CUL4BDDB2E3 ligase in normal
and XP-E cells before and 45 min after UV irradiation. CUL4
antibody was used to detect both forms of CUL4 in the chromatin-
bound fraction (inputs , Fig. 3C) but the signal corresponding to
CUL4A was stronger. This suggests that either CUL4A is more
abundant than CUL4B, or the CUL4 antibody has higher affinity
towards CUL4A. In addition to CUL4A, CUL4B was coimmuno-
precipitated from the UV-damaged chromatin of normal cells with
DDB1 and DDB2 antibodies (Fig. 3C). UV-treated XP-E lympho-
blastoid cells failed to show any enrichment for CUL4B, CUL4A, or
DDB2 proteins in chromatin (Fig. 3C), demonstrating a deficiency
in both CUL4-based UV-DDB E3 ligases. The presence of CUL4s
in the input lanes of the XP-E fractions is in agreement with
the formation of multiple CUL4-based complexes interacting
with chromatin (17, 18). Taken together, the above data (Figs. 2
and 3) suggest that DDB1-CUL4BDDB2 E3 ligase is targeted to UV-
damaged chromatin by DDB2 and presumably plays a role in the
initiation of NER.

The CUL4-based UV-DDB E3 ligases ubiquitinate histone
H2A with a different efficiency. Finding DDB1-CUL4BDDB2 as well
as DDB1-CUL4ADDB2 associated with chromatin after UV irradia-
tion has raised the question as to which E3 ligase is responsible for
the previously observed ubiquitination of histone H2A. For the
purpose of testing these two E3 ligases, WI38-VA13 cells were
transfected to express either CUL4A-V5 or CUL4B-HA along with
Flag-DDB2. After two sequential immunoprecipitations, first with
anti-FLAG and then either with anti-V5 or anti-HA antibodies, the
composition of the precipitated cullin complexes was verified by a
Western blot. The amounts of both DDB1 and DDB2 were
comparable between the two complexes but importantly, only
one form of CUL4 was detected in each (Fig. 4A). In parallel, the
same complex preparations and the appropriate mock controls
(Fig. 4B) were tested in an in vitro ubiquitination assay using
histone H2A as a substrate. By probing for DDB1, we were able to
normalize for the amounts of the two immunoprecipitated cullin
complexes and compare their ubiquitination activities. As shown in
Fig. 4B , the DDB1-CUL4BDDB2 can ubiquitinate histone H2A much
more efficiently than DDB1-CUL4ADDB2.

To further investigate the role of CUL4-based UV-DDB E3
ligases in histone H2A ubiquitination and to eliminate the
possibility that the immunoprecipitations of UV-DDB (Figs. 3C
and 4A) somehow pulled down an undetected non–CUL4-based
E3 ligase (e.g., Ring2 E3 ligase that has also been implicated
in monoubiquitination of histone H2A; ref. 33), we performed
in vitro ubiquitination assays with immunoprecipitated UV-DDB
E3 complexes from cells in which the levels of CUL4A and CUL4B
were decreased by silencing. For that purpose, HeLa cells were
transiently transfected with siRNAs against CUL4A and CUL4B
or control nonsilencing siRNAs. The endogenous UV-DDB E3
complexes were affinity-purified from the 0.3 mol/L nuclear
fractions. Although DDB1-IgY antibody pulled down similar
amounts of UV-DDB complexes from both the control and
silenced samples, there was an obvious decrease of CUL4A

Figure 5. The DDB1-CUL4DDB2 targets histone H2A for monoubiquitylation.
A, HeLa cells were transfected with either nonsilencing siRNA or a combination of
siRNAs against CUL4A and CUL4B. Nuclear extracts were prepared and
immunoprecipitations were performed with DDB1-IgY antibody. The
coimmunoprecipitates were analyzed by Western blot with DDB1, CUL4,
and DDB2 antibodies. B, immunoprecipitated material from nonsilenced and
CUL4-silenced cells was used as a source of E3 ligase in the in vitro ubiquitylation
reaction with histone H2A as a substrate. Mock immunoprecipitations (without
DDB1-IgY and anti-IgY antibodies) were included in the assays. The control for
the assays was a ubiquitination reaction without an immunoprecipitated source of
E3. Reactions were analyzed by Western blot with uH2A antibody.
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and CUL4B in the cells which were treated with CUL4s-siRNA
(Fig. 5A). It is apparent from these data that the UV-DDB
complex can form in the absence of CUL4A and CUL4B.

The immunoprecipitated complexes from nonsilenced and
CUL4s-silenced cells were tested in an in vitro ubiquitination
assay with histone H2A as a substrate. Appropriate mock and
control reactions were also included. As shown in Fig. 5B , the

treatment of cells with siRNAs against CUL4A and CUL4B severely
reduced the ability of the immunoprecipitated complexes to
monoubiquitinate histone H2A. Based on the above observations,
we conclude that the attenuation of CUL4 expression by specific
siRNA treatment results in the loss of ligase activity, verifying that
it is indeed CUL4-based ligases which perform the ubiquitination
of histone H2A.

Figure 6. CUL4B and DDB2 facilitate the transfer of
DDB1-CUL4-RBX1 E3 ligases into the nucleus. A,
subcellular localization of DCUL4A, CUL4A, and CUL4B.
WI38-VA13 cells were transiently transfected with
DCUL4A-V5 , CUL4A-V5 , or CUL4B-HA cDNAs. Cells
were fixed 40 h after transfection and counterstained with
4¶,6-diamidino-2-phenylindole (blue ). Indirect fluorescent
images of CUL4A were visualized by the antibody to the
V5 epitope present on CUL4A (green ) and DCUL4A, or the
HA epitope present on CUL4B (red). B, mutations in
DDB2 affect the composition and the subcellular
localization of DDB1-CUL4ADDB2 E3 ligase in XP-E
cells. Cytosol and nuclear extract were prepared from
1 � 107 cells from a normal (GM01953) and an XP-E
cell line (GM01646), as depicted on Fig. 3A , and
immunoprecipitated (IP ) with DDB1-IgY antibody.
The coimmunoprecipitates were analyzed by Western
blotting with DDB1, CUL4, DDB2, and RBX1 antibodies.
As a control for cell fractionation, the inputs (I: C, cytosol;
N, nuclear extract) used for coimmunoprecipitations were
additionally probed with actin and cyclin B antibodies.
C, CUL4B assists the translocation of DDB1 into the
nucleus in XP-E cells. XP-E primary fibroblasts (XP23PV)
were electroporated with EGFP-DDB1 alone or in
combination with each of the following expressing cDNAs:
Flag-DDB2, CUL4B-HA , and CUL4A-V5 . The cells were
then plated on coverslips and fixed 40 h later. DDB1 was
visualized directly by the EGFP-tag on it. DDB2, CUL4A,
and CUL4B were visualized as in Fig. 2.
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Subcellular localization of CUL4A and CUL4B. Using the
program for prediction of subcellular localization PSORTII,1 only
one putative nuclear localization signal (NLS) was identified in
CUL4A, which resided between the 729 and 735 amino acid
residues. In addition to this signal, three putative NLSs were
identified within the first 114 residues of CUL4B (a unique
sequence for CUL4B). According to calculations of NLS scores by
the same program, CUL4A has a low nuclear localization potential
(�0.22), whereas CUL4B shows a value of 0.62. The abundance of
NLSs in CUL4B and the higher NLS score suggests a predominantly
nuclear localization for this molecule whereas CUL4A’s nuclear
localization is less certain.

For the purpose of determining the cellular localization of the
two forms of CUL4, the WI38-VA13 cells, in which CUL4A-V5 or
CUL4B-HA were expressed, were stained with the appropriate
antibodies against the V5 and HA-tags. As predicted, CUL4B was
exclusively localized in the nucleus (Fig. 6A, d1). However, CUL4A
was found in both the cytosol and the nucleus (Fig. 6A, b1 and c1).
Approximately 30% of the cells have cytoplasmic staining, 30% have
nuclear staining, and the rest are stained in both cellular
compartments. Upon deletion of the first 100 amino acids of
CUL4A (DCUL4A), the protein’s detection was restricted to the
cytosol (Fig. 6A, a1).

CUL4B mediates the nuclear entry of DDB1 independently of
DDB2. DDB2 regulates the nuclear import of the UV-DDB complex,
which is in agreement with the observation of several putative NLS
identified only in DDB2 (6, 40). To address the question of whether
DDB2 is the main factor for delivering the DDB1-CUL4A-RBX
complex into the nucleus, we used a DDB1 antibody to perform
immunoprecipitations with the cytosol and nuclear fractions
extracted from normal and XP-E cells, and assessed the levels of
the E3 components. The DDB1-CUL4A-RBX complex is precipitated
in the cytosol fraction independently of the DDB2 status and a
decreased amount of DDB1 is localized in the nuclear extract of XP-
E cells (Fig. 6B). Compared with normal controls, the levels of
CUL4A and RBX were also significantly diminished in the nuclei of
XP-E cells (Fig. 6B), supporting the role of DDB2 in the nuclear
import of the DDB1-CUL4A-RBX complex. Nevertheless, the
presence of some DDB1 in the nuclear fraction of XP-E cells
prompted us to speculate that CUL4B, having four putative NLSs,
could contribute to the translocation of DDB1 into the nucleus in
the absence of functional DDB2.

To investigate this hypothesis, we used the primary fibroblasts
from an XP-E patient, XP23PV, in which we previously confirmed
that mutations in the DDB2 gene result in an undetectable level of
the protein and a low level of UV-induced DNA-repair synthesis (6).
We electroporated the fibroblasts with different combinations of
cDNAs and stained with the appropriate antibodies. When EGFP-
DDB1 alone was expressed, it localized primarily in the cytosol
(Fig. 6C, a2). As expected, the coexpression of EGFP-DDB1 and
Flag-DDB2 resulted in the translocation of DDB1 into the nucleus
(Fig. 6C, b2), presumably as a UV-DDB complex. Importantly, when
EGFP-DDB1 was coexpressed with CUL4B-HA, similar to CUL4B,
the EGFP-DDB1 was exclusively localized in the nucleus (Fig. 6C,
c2). However, the coexpression of EGFP-DDB1 with CUL4A-V5
resulted in a DDB1 distribution pattern similar to the localization

of CUL4A: predominantly cytosolic or predominantly nuclear
(Fig. 6C, d2 and e2).

Discussion

The work presented in this article focuses on the properties and
the role of a novel CUL4B-based UV-DDB E3 ligase in NER. We
have previously shown the association of CUL4A and DDB2 with
UV-damaged chromatin after micropore UV irradiation (32), and
here, we provide evidence for the accumulation of CUL4B at the
same sites, suggesting that both cullins play a role during NER.
Moreover, the association of both CUL4A and CUL4B with
damaged DNA and the coimmunoprecipitation of each one with
DDB1, DDB2, and RBX1 argues for an early recruitment during the
initiation of NER.

Our current data supports the formation of two separate CUL4
complexes, although the proposed model by Wang and colleagues
portrays the two CUL4s as parts of the same E3 ligase (34). Under
our experimental conditions, either CUL4A or CUL4B associates
with UV-DDB and RBX1 to form an E3 ligase. This result
corroborates the currently accepted model of cullin-based E3
ligases in which E3 ligase contains one cullin molecule (14). The
crystal structure of CUL1- and CUL4A-based E3 ligases further
supports the above model (13, 41). The notion that CUL4B-based
ligases exist on their own and have distinct roles is supported by
the recent finding that the dioxin receptor (AhR) is a CUL4B-based
E3 ubiquitin ligase and no CUL4A was detected in the complex
(42). Nevertheless, we cannot exclude the possibility that DDB1-
CUL4ADDB2 and DDB1-CUL4BDDB2 could dimerize in vivo , as
recently shown for SCFFbw7 (43).

The identification of two separate complexes has inevitably
provoked questions regarding their subcellular localization as well
as their role in NER. The fact that ectopically expressed CUL4B is
primarily nuclear supports the notion that CUL4B can be
transported into the nucleus independently of other factors,
probably due to its strong NLS, as shown for mouse Cul4B (44).
More importantly, CUL4B as a part of a DDB1-CUL4-RBX1–based
E3 ligase could contribute to the complex’s transport into the
nucleus. This concept is reinforced by the translocation of
ectopically expressed cytoplasmic DDB1 into the nucleus of XP-E
cells upon the coexpression of CUL4B. Contrary to CUL4B, CUL4A
appeared in both the nucleus and the cytosol, suggesting a more
complex mechanism for entering the nucleus. The fact that
DCUL4A, which is missing the DDB1 interaction domain, is
exclusively cytoplasmic, suggests that this cullin depends on DDB1
to enter the nucleus. It is known that DDB1 does not translocate
into the nucleus on its own (40, 45), but it can act as a bridge for
the recruitment of proteins with a strong nuclear localization
ability such as DDB2. As shown in this article, in XP-E cells, some of
the ectopically expressed CUL4A will still enter the nucleus,
presumably by means of DDB1’s interaction with other substrate
receptor proteins (13, 15–17). Overall, the difference in the
subcellular localization of CUL4A and CUL4B suggests an
independent regulation of the nuclear import of the two CUL4-
based E3 ligases.

Similar to other factors which are involved in the recognition
step of NER, the newly identified E3 ligase, DDB1-CUL4BDDB2, was
tightly bound to chromatin after UV irradiation, posing a question
about its substrate for ubiquitination at the site of UV lesions. After
we reported that the DDB1-CUL4ADDB2 E3 ligase is involved in
UV-induced histone H2A ubiquitination, as a response to UV1 http://psort.nibb.ac.jp/
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treatment, another group identified the Ring2 E3 ligase as the main
ligase responsible for the monoubiquitination of H2A in response
to UV irradiation (33). Furthermore, as mentioned above, a third
group identified histones H3 and H4 as targets of the CUL4-DDB-
RBX1 E3 ligase (34). In an attempt to combine all reports, it was
proposed that both DDB1-CUL4DDB2 and Ring2 ligases are
recruited to UV-induced lesions to modify histones, and thus,
facilitate different steps of the NER pathway (18). With this new
information, it was necessary to exclude the possibility that
another non–CUL4 ligase was coimmunoprecipitated in our
previous (32) and current preparations, and that this undetected
ligase was responsible for the observed ubiquitination of H2A. For
that purpose, we silenced both CUL4s through siRNA and we tested
the efficiency of the immunoprecipitated complex in ubiquitinating
histone H2A, with the assumption that the missing CUL4
component would not affect the formation and immunoprecipita-
tion of the undetected non–cullin ligase. The dramatic decrease of
uH2A levels as a result of CUL4 silencing confirms that it is indeed
CUL4-based E3 ligases which target histone H2A for ubiquitination.
The selective silencing of either CUL4A or CUL4B was also
attempted in an effort to dissect the role of each CUL4. However,
our endeavors to lower the expression of each of the CUL4s
individually, using published sequences of siRNA (26, 29, 46),
resulted in CUL4B silencing by siRNA against CUL4A and vice
versa. In the case in which the reported silencing of CUL4 was
achieved by a cotransfection of siRNAs against CUL4A and CUL4B
(26, 46), the effect of each individual siRNA was unknown. In
another study in which siRNA against CUL4A was used, the effect
on CUL4B was not assessed (29).

We reported that histone H2A is monoubiquitinated by DDB1-
CUL4ADDB2 E3 ligase at UV-induced DNA lesions (32), but based
on the data presented here, we speculate that the CUL4B-based
E3 ligase was also present in our previous preparations. Our
current findings created a certain ambiguity as to which
cullin complex was responsible for the observed ubiquitination
of histone H2A, which needed to be addressed. In lieu of a
highly specific antibody against each of the CUL4 forms, we
engaged in the ectopic expression of tagged CUL4A and CUL4B

molecules. The tagged cullin molecules were used to pull
down the E3 ligase complexes which were used to ubiquitinate
histone H2A in in vitro assays. The immunoprecipitated DDB1-
CUL4BDDB2 E3 ligase proved to be a more potent ligase for the
in vitro ubiquitination of histone H2A compared with DDB1-
CUL4ADDB2. Based on this result, we conclude that it is the DDB1-
CUL4BDDB2 E3 ligase which is mainly responsible for H2A
ubiquitination.

In this study, we show that the CUL4B-based UV-DDB E3 ligase is
involved in the initiation step of NER and targets histone H2A for
monoubiquitination. This finding, together with our previous
publication (32), reinforces the notion that UV-DDB assembled
on the CUL4A or CUL4B-RING platforms of ubiquitin ligases, is a
link between DNA repair, chromatin, and ubiquitination. More
studies are necessary to define the target specificity of each CUL4
ligase, but it is possible that each complex targets a different
substrate during global genomic NER. It is not inconceivable that
under extreme circumstances, the intrinsic ability of CUL4B to
localize to the nucleus would ensure the presence of at least one
active E3 ligase to support the cellular UV response. The availability
of cell lines from patients carrying CUL4B mutations would allow
further studies to determine in detail the role of CUL4B in NER and
in other pathways.
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6. Rapić-Otrin V, Navazza V, Nardo T, et al. True XP
group E patients have a defective UV-damaged DNA
binding protein complex and mutations in DDB2 which

reveal the functional domains of its p48 product. Hum
Mol Genet 2003;12:1507–22.

7. Hu Z, Shao M, Yuan J, et al. Polymorphisms in DNA
damage binding protein 2 (DDB2) and susceptibility of
primary lung cancer in the Chinese: a case-control
study. Carcinogenesis 2006;27:1475–80.

8. Matakidou A, Eisen T, Fleischmann C, Bridle H,
Houlston RS. Evaluation of xeroderma pigmentosum
XPA, XPC, XPD, XPF, XPB, XPG and DDB2 genes in
familial early-onset lung cancer predisposition. Int J
Cancer 2006;119:964–7.

9. Groisman R, Polanowska J, Kuraoka I, et al. The
ubiquitin ligase activity in the DDB2 and CSA complexes
is differentially regulated by the COP9 signalosome in
response to DNA damage. Cell 2003;113:357–67.

10. Shiyanov P, Nag A, Raychaudhuri P. Cullin 4A
associates with the UV-damaged DNA-binding protein
DDB. J Biol Chem 1999;274:35309–12.

11. Hershko A, Ciechanover A. The ubiquitin system.
Annu Rev Biochem 1998;67:425–79.

12. Haglund K, Dikic I. Ubiquitylation and cell signaling.
EMBO J 2005;24:3353–9.

13. Angers S, Li T, Yi X, MacCoss MJ, Moon RT, Zheng N.
Molecular architecture and assembly of the DDB1-CUL4A
ubiquitin ligase machinery. Nature 2006;443:590–3.

14. Petroski MD, Deshaies RJ. Function and regulation of
cullin-RING ubiquitin ligases. Nat Rev Mol Cell Biol
2005;6:9–20.

15. Higa LA, Wu M, Ye T, Kobayashi R, Sun H, Zhang H.
CUL4-DDB1 ubiquitin ligase interacts with multiple
WD40-repeat proteins and regulates histone methyla-
tion. Nat Cell Biol 2006;8:1277–83.

16. Jin J, Arias EE, Chen J, Harper JW, Walter JC. A family
of diverse Cul4-Ddb1-interacting proteins includes Cdt2,
which is required for S phase destruction of the
replication factor Cdt1. Mol Cell 2006;23:709–21.

17. He YJ, McCall CM, Hu J, Zeng Y, Xiong Y. DDB1
functions as a linker to recruit receptor WD40 proteins
to CUL4-ROC1 ubiquitin ligases. Genes Dev 2006;20:
2949–54.

18. Dai Q, Wang H. Cullin 4 makes its mark on
chromatin. Cell Div 2006;1:14.

19. O’Connell BC, Harper JW. Ubiquitin proteasome
system (UPS): what can chromatin do for you? Curr
Opin Cell Biol 2007;19:206–14.

20. Zou Y, Liu Q, Chen B, et al. Mutation in CUL4B,
which encodes a member of cullin-RING ubiquitin ligase
complex, causes X-linked mental retardation. Am J Hum
Genet 2007;80:561–6.

21. Tarpey PS, Raymond FL, O’Meara S, et al. Mutations

D
ow

nloaded from
 http://cancerres.aacrjournals.org/cancerres/article-pdf/68/13/5014/2594825/5014.pdf by guest on 24 April 2024



Cancer Research

Cancer Res 2008; 68: (13). July 1, 2008 5022 www.aacrjournals.org

in CUL4B, which encodes a ubiquitin E3 ligase subunit,
cause an X-linked mental retardation syndrome associ-
ated with aggressive outbursts, seizures, relative macro-
cephaly, central obesity, hypogonadism, pes cavus, and
tremor. Am J Hum Genet 2007;80:345–52.

22. Abba MC, Fabris VT, Hu Y, et al. Identification of
novel amplification gene targets in mouse and human
breast cancer at a syntenic cluster mapping to mouse
ch8A1 and human ch13q34. Cancer Res 2007;67:4104–12.

23. Chen LC, Manjeshwar S, Lu Y, et al. The human
homologue for the Caenorhabditis elegans cul-4 gene is
amplified and overexpressed in primary breast cancers.
Cancer Res 1998;58:3677–83.

24. Yasui K, Arii S, Zhao C, et al. TFDP1, CUL4A, and
CDC16 identified as targets for amplification at 13q34 in
hepatocellular carcinomas. Hepatology 2002;35:1476–84.

25. Higa LA, Mihaylov IS, Banks DP, Zheng J, Zhang H.
Radiation-mediated proteolysis of CDT1 by CUL4-ROC1
and CSN complexes constitutes a new checkpoint. Nat
Cell Biol 2003;5:1008–15.

26. Hu J, McCall CM, Ohta T, Xiong Y. Targeted
ubiquitination of CDT1 by the DDB1-CUL4A-ROC1
ligase in response to DNA damage. Nat Cell Biol 2004;
6:1003–9.

27. Moser J, Volker M, Kool H, et al. The UV-damaged
DNA binding protein mediates efficient targeting of the
nucleotide excision repair complex to UV-induced
photo lesions. DNA Repair (Amst) 2005;4:571–82.

28. Otrin VR, McLenigan M, Takao M, Levine AS, Protic
M. Translocation of a UV-damaged DNA binding protein
into a tight association with chromatin after treatment
of mammalian cells with UV light. J Cell Sci 1997;110:
1159–68.

29. El-Mahdy MA, Zhu Q, Wang QE, Wani G,
Praetorius-Ibba M, Wani AA. Cullin 4A-mediated

proteolysis of DDB2 protein at DNA damage sites
regulates in vivo lesion recognition by XPC. J Biol
Chem 2006;281:13404–11.

30. Matsuda N, Azuma K, Saijo M, et al. DDB2, the
xeroderma pigmentosum group E gene product, is
directly ubiquitylated by Cullin 4A-based ubiquitin
ligase complex. DNA Repair (Amst) 2005;4:537–45.

31. Sugasawa K, Okuda Y, Saijo M, et al. UV-induced
ubiquitylation of XPC protein mediated by UV-DDB-
ubiquitin ligase complex. Cell 2005;121:387–400.

32. Kapetanaki MG, Guerrero-Santoro J, Bisi DC, Hsieh
CL, Rapic-Otrin V, Levine AS. The DDB1-CUL4ADDB2

ubiquitin ligase is deficient in xeroderma pigmentosum
group E and targets histone H2A at UV-damaged DNA
sites. Proc Natl Acad Sci U S A 2006;103:2588–93.

33. Bergink S, Salomons FA, Hoogstraten D, et al. DNA
damage triggers nucleotide excision repair-dependent
monoubiquitylation of histone H2A. Genes Dev 2006;20:
1343–52.

34. Wang H, Zhai L, Xu J, et al. Histone H3 and H4
ubiquitylation by the CUL4-DDB-ROC1 ubiquitin ligase
facilitates cellular response to DNA damage. Mol Cell
2006;22:383–94.
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