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SUMMARY
It is intuitively obvious that the ability of a cell to repair DNA damage is saturable, either by limitation
of enzymatic activities, the time allotted to achieve their function, or both. However, very little is
known regarding the mechanisms that establish such a threshold. Here we demonstrated that the
CUL4A ubiquitin ligase restricts the cellular repair capacity by orchestrating the concerted actions
of nucleotide excision repair (NER) and the DNA damage-responsive G1/S checkpoint through
selective degradation of the DDB2 and XPC DNA damage sensors and the p21/CIP1/WAF1
checkpoint effector. We generated Cul4a conditional knockout mice and observed that skin-specific
Cul4a ablation dramatically increased resistance to UV-induced skin carcinogenesis. Our findings
reveal that wild-type cells do not operate at their full DNA repair potential, underscore the critical
role of CUL4A in establishing the cellular DNA repair threshold, and highlight the potential
augmentation of cellular repair proficiency by pharmacological CUL4A inhibition.

INTRODUCTION
Eukaryotic cells respond to ultraviolet (UV) irradiation by induction of the nucleotide excision
repair (NER) pathway, which identifies and removes damaged DNA, as well as activation of
the DNA damage checkpoint to halt cell cycle progression, thus allowing time for NER action.
NER is the major DNA repair pathway by which cells remove helix-distorting DNA damage
caused by UV irradiation and chemical mutagens (Friedberg et al., 2006). It is a multistep
process that employs over 30 proteins to carry out the distinct steps of recognizing DNA
damage, incising the 5′ and 3′ ends of the lesion to remove damaged DNA, filling in the gap
with DNA polymerase, and attaching the newly synthesized DNA to the parental DNA via
DNA ligase activity (reviewed in (Friedberg et al., 2006; Sancar, 1996)). NER consists of two
pathways with distinct DNA strand specificities: the transcription-coupled repair pathway
(TCR) which removes lesions from DNA strands transcribed by RNA polymerase II, and the
global genomic repair pathway (GGR) which repairs damage on the non-transcribed strand of
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expressed genes as well as from inactive chromatin (reviewed in (Hanawalt, 2002)). The NER
process has been studied extensively, and the components essential to perform the excision
and repair reactions have been defined by in vitro reconstitution using recombinant proteins
and damaged DNA templates (Aboussekhra et al., 1995; Araujo et al., 2000; Mu et al., 1996;
Mu et al., 1995). However, the regulatory mechanisms governing DNA damage recognition
inside the cell are not well understood.

NER factors involved in the GGR pathway of DNA damage recognition include XPA-RPA,
XPC-HR23B, and the heterodimeric, damage-specific DNA binding proteins consisting of
DDB1 and DDB2 subunits. Among these DNA damage sensors, DDB1-DDB2 exhibit the
highest affinity (designated UV-DDB activity) for UV-induced cyclobutane pyrimidine dimers
(CPDs) and 6-4 photoproducts (6-4PPs) (Batty et al., 2000). Mutations in DDB2 are responsible
for xeroderma pigmentosum complementation group E (XP-E) cases, which are characterized
by defects in GGR-mediated removal of damaged DNA and predisposition to skin cancer
(Wittschieben and Wood, 2003). Following UV irradiation, DDB1 and DDB2 immediately
accumulate on damaged DNA, and are subsequently ubiquitinated and degraded by the CUL4A
ubiquitin ligase (Chen et al., 2006; Fitch et al., 2003a; Groisman et al., 2003; Rapic-Otrin et
al., 2002). CUL4A is also responsible for the turnover of DDB2 under normal growth
conditions (Chen et al., 2001; Nag et al., 2001), which leads to an overall decrease in UV-DDB
activity (Chen et al., 2001). However, the physiological role of CUL4A in DNA repair and
tumorigenesis remains largely elusive.

The CUL4A ubiquitin ligase is a multimeric complex: the C-terminus of CUL4A interacts with
the RING finger protein RBX1/ROC1/Hrt1 (referred to as RBX1 hereafter) to recruit the E2
ubiquitin-conjugating enzyme, and the CUL4A N-terminus interacts with DDB1 (acting as an
adaptor), which in turn binds to DDB1, CUL4A associated factors (DCAFs) as specific
substrate receptors (Angers et al., 2006; He et al., 2006; Higa et al., 2006; Jin et al., 2006)
(reviewed in (Lee and Zhou, 2007)). CUL4B, the other CUL4 family member, shares extensive
sequence homology and redundant functions with CUL4A in maintaining cell growth and
mediating ubiquitination of certain CUL4 targets (Higa et al., 2003; Hu et al., 2004). However,
recent studies also revealed unique functions of CUL4B in assembling atypical ubiquitin ligase
complexes to degrade sex steroid hormone receptors (Ohtake et al., 2007). Additionally,
CUL4B mutations were identified as the causal genetic defects underlying X-linked mental
retardation (Tarpey et al., 2007; Zou et al., 2007).

In addition to NER activation, UV irradiation also elicits the DNA damage checkpoint to halt
cell cycle progression and allow time for the stepwise NER reactions. The G1/S checkpoint is
triggered upon detection of UV-induced DNA damage by the ATR kinase, which activates the
Chk1/2 kinases to phosphorylate and stabilize p53. This leads to transcriptional activation of
the cyclin-dependent kinase inhibitor p21 to prevent S phase entry and replication of damaged
DNA. While NER and the DNA damage checkpoint are capable of operating independently
of each other, little is known about how eukaryotic cells coordinate these two damage response
pathways to achieve efficient and timely removal of DNA photolesions and restore genomic
integrity.

Here we describe the generation of conditional floxed alleles of Cul4a in mice. While germline-
deleted Cul4a mice were viable, healthy, and exhibited no developmental abnormalities, skin-
specific deletion of Cul4a resulted in dramatically enhanced resistance to UVB-induced skin
carcinogenesis. Consistently, Cul4a deletion led to increased accumulation of both DDB2 and
XPC DNA damage sensors, as well as the p21 damage checkpoint effector, resulting in
enhanced GGR activity and reinforced UV-responsive G1 DNA damage checkpoint. These
studies revealed the coordinated regulation of NER and G1/S checkpoint pathways by the
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CUL4A ubiquitin ligase, and underscored the benefit of CUL4A inhibition in enhancing the
removal of DNA lesions and suppression of tumorigenesis.

RESULTS
Conditional Inactivation of the Cul4a Gene

To investigate the physiological role of CUL4A in DNA repair and tumorigenesis, we
generated conditional Cul4a knockout mice using the Cre/lox strategy. Exons 17–19, which
span the essential cullin homology domain and neddylation site, were floxed by homologous
recombination in embryonic stem (ES) cells (Fig. 1A–C). Homozygous Cul4af/f mice were
healthy and phenotypically indistinguishable from their wild-type littermates. Cul4a−/− mice
were subsequently generated by interbreeding Cul4af/f mice with EIIA-Cre transgenic mice, a
general deleter strain with the adenovirus EIIA promoter that drives Cre-mediated
recombination in a wide range of tissues, including the germ cells (Lakso et al., 1996). The
absence of full-length CUL4A protein was confirmed by Western blotting in multiple tissues
and MEFs (Fig. 1D). A C-terminal truncated CUL4A (designated CUL4A(Δ)) was detectable,
but at markedly reduced levels (8%) compared to that of wild-type CUL4A, and failed to
interact with RBX1 for recruitment of the E2 ubiquitin-conjugating enzyme (Fig. 1E).
Therefore, our Cul4a exon 17–19 knockout strain represents a complete loss-of-function allele.

Surprisingly, Cul4a−/− mice were viable and displayed no overt developmental abnormalities
throughout their life span. This result is in stark contrast with the embryonic lethality of the
published Cul4a exon 1 deletion strain (Li et al., 2002). However, it is noteworthy that the
exon 1 targeting construct also abolished expression of the Pcid2 gene that resides on the
complementary stand adjacent to Cul4a exon 1. Pcid2 encodes a protein with a PCI domain,
which is conserved among the essential subunits of the 26S proteasome, COP9 signalosome,
and translation initiation factor 3 complexes (Hofmann and Bucher, 1998). The exon 1 targeting
allele by Li et al. inadvertently deleted a 529 base pair region upstream of the first Pcid2 exon,
leaving only 4 base pairs upstream of the ATG translation initiation codon (Fig. 2A). Indeed,
silencing of Pcid2 expression in primary MEFs by lentiviral Pcid2 shRNA resulted in a rapid
loss of viability (Fig. 2B–C). In contrast, growth arrest or cell death was not observed in
Cul4a−/−MEFs (Fig. S1A). Therefore, the embryonic lethality phenotype observed by Li et al.
is likely due to the coincidental abrogation of the essential Pcid2 gene that resides on the
complementary strand adjacent to Cul4a.

In mammals, the two Cul4 genes are broadly co-expressed and assemble structurally similar
ubiquitin ligases. Therefore, CUL4B could complement the loss of CUL4A and thus ensure
survival of the Cul4a−/− mice. Accordingly, silencing of Cul4b in Cul4a−/− MEFs led to a
dramatic reduction of BrdU incorporation and loss of cell viability (Fig. S1), consistent with
what we previously observed with Ddb1−/− MEFs (Cang et al., 2006), and in accordance with
the fact that both CUL4 proteins must be inactivated to abolish CUL4 ubiquitin ligase activity
(Higa et al., 2003;Hu et al., 2004).

Enhanced DDB2 and XPC stability, UV-DDB and GGR activities in Cul4a−/− cells
Enforced transgenic overexpression of DDB2 conferred increased NER and skin cancer
resistance, while Ddb2 null mice were more susceptible to UV-induced skin cancer (Alekseev
et al., 2005; Itoh et al., 2004; Yoon et al., 2004). Previous studies identified DDB2 both as a
target and a recognition component for other substrates of the CUL4-DDB1 ubiquitin ligase
(Angers et al., 2006; Chen et al., 2001; Groisman et al., 2003; He et al., 2006; Higa et al.,
2006; Jin et al., 2006; Nag et al., 2001). Indeed, we observed higher steady-state levels of
DDB2 protein in the epidermis of Cul4a−/− mice and MEFs, and the half-life of DDB2 was
prolonged in primary MEFs derived from E13.5 Cul4a−/− embryos as determined by pulse-
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chase analysis (Fig. 3A–C). To determine the relative contributions of CUL4A and CUL4B in
DDB2 degradation, lentiviral shRNA against mouse Cul4b was generated for infection of early
passage (P3) primary Cul4af/f and Cul4a−/− MEFs. shCul4b effectively reduced over 93% of
mouse CUL4B, yet had only a marginal effect on DDB2 levels (Fig. 3B, Fig. S2A). In contrast,
Cul4a knockout or abrogation of both Cul4a and Cul4b resulted in a 3- to 4.5-fold upregulation
of DDB2 protein (Fig. 3B, Fig. S2A). DDB2 mRNA levels remained unaltered or even slightly
decreased in response to Cul4a knockout or Cul4b silencing (Fig. S2A).

XPC is a rate-limiting factor for the DNA damage recognition step of GGR, and also is a direct
ubiquitination target of CUL4A-DDB1-DDB2-RBX1 E3 ligase (Friedberg et al., 2006;
Sugasawa et al., 2005). Interestingly, under normal conditions, the steady-state levels of XPC
protein, but not mRNA, increased 4.4-fold upon Cul4a deletion in primary MEF cells, while
Cul4b knockdown had a marginal effect on XPC accumulation (Fig. 3B, compare lanes 1–3,
Fig. S2C). Therefore, Cul4a−/− MEFs accumulate not only DDB2, but also the rate-limiting
XPC DNA damage sensor for damage recognition and GGR.

Upon UV irradiation, the DDB1-DDB2 complex immediately recognizes damaged DNA and
helps recruit the XPC-HR23B complex to DNA damage sites through direct binding to XPC
(Fitch et al., 2003b). XPC is then ubiquitinated on DNA by the CUL4A-DDB1-DDB2-RBX1
E3 ligase, and subsequently de-ubiquitinated, rather than undergoing proteasomal-dependent
degradation (Sugasawa et al., 2005). The physiological role of XPC ubiquitination on GG-
NER has yet to be determined. We have assessed the effect of CUL4A ablation on XPC binding
to chromatin and modification by ubiquitin upon UV irradiation. Since the available XPC
antibodies were unable to detect ubiquitinated mouse XPC in MEFs, we depleted CUL4A by
lentiviral shRNA in human HCT116 cells for these studies. As shown in Fig. 3E, the association
of XPC with chromatin increases upon CUL4A silencing by lentiviral shRNA, consistent with
higher XPC levels available in the absence of Cul4a (Fig. 3B). Furthermore, CUL4A depletion
led to a dramatic inhibition of XPC ubiquitination on chromatin post-UV (Fig. 3E).
Collectively, these results underscore a specific role of CUL4A in controlling XPC levels under
normal conditions and XPC ubiquitination on chromatin in response to UV irradiation.
Moreover, CUL4A is primarily responsible for governing the ubiquitination of DDB2 and
XPC, while CUL4B plays a lesser, if any, role in these processes.

Recognition of UV-damaged DNA on chromatin is limited by the cellular pool of available
DDB2 (Fitch et al., 2003a; Tang and Chu, 2002). Accumulation of DDB2 in Cul4a−/− MEFs
led to increased UV-DDB activity compared to Cul4a f/f MEFs (Fig. 4A), and approximately
20% enhancement of GGR activity for both CPDs and 6-4 PPs, the most common lesions
repaired by NER, as measured by ELISA-based GGR assay using anti-CPD and anti-6-4PP
antibodies (Fig. 4B). Knockdown of endogenous DDB2 in Cul4a−/− MEFs by SMART pool
siRNA (Dharmacon) effectively reduced GGR of CPDs by 50% (Fig. S3), underscoring the
critical role of DDB2 upregulation upon Cul4a abrogation in GGR enhancement. In contrast,
depletion of Cul4b by shRNA had no discernable effect on GGR efficiency (Fig. 4B). These
results demonstrate that CUL4A abrogation permits effective elevation of GGR capacity
beyond the threshold attainable in wild-type cells.

Stabilization of p21 and reinforcement of the G1/S DNA damage checkpoint in primary
Cul4a−/− MEFs

While the NER and DNA damage checkpoint pathways can operate independently of each
other, the concerted action of both pathways is required to ensure efficient and timely removal
of DNA lesions. It is currently unclear whether a mechanism exists to coordinate these
pathways. We showed recently that p21 was stabilized in response to homozygous deletion of
DDB1 (Cang et al., 2006). Indeed, p21 protein, but not mRNA, also accumulated in
Cul4a−/− skin and primary MEF cells as a result of increased half-life of p21 upon CUL4A
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deletion (Fig. 3A, 3B, 3D, Fig. S2B). Silencing of Cul4b by RNAi had little effect, underscoring
the predominant role of CUL4A in controlling the stability of not only DDB2 and XPC but
also p21 (Fig. 3B). While simultaneous inactivation of both Cul4a and Cul4b resulted in further
accumulation of p21, direct comparison of p21 degradation with that of individual Cul4a or
Cul4b inactivation could not be made due to the rapid growth arrest of Cul4a−/− Cul4bk/d MEFs
(Fig. S1). Consistently, p21 is physically present in the CUL4A-DDB1 complex by co-
immunoprecipitation (Fig. S4). During the preparation of this manuscript, several groups
published that the CUL4A-DDB1-Cdt2 ubiquitin ligase complex, known to ubiquitinate the
DNA replication licensing factor Cdt1, also targeted p21 for degradation (Abbas et al., 2008;
Kim et al., 2008; Nishitani et al., 2008). Collectively, these findings corroborate our earlier
report of p21 stabilization in Ddb1−/− cells (Cang et al., 2006), and provide the biochemical
basis for the increased p21 levels observed in Cul4a−/− cells.

In response to DNA damage, p21 is transcriptionally upregulated through the p53-dependent
G1/S DNA damage checkpoint pathway to arrest the cell cycle in G1, thus allowing time for
the DNA repair apparatus to remove DNA photolesions (Sancar et al., 2004). p21 is
subsequently degraded by both CUL1 and CUL4 ubiquitin ligase complexes, as well as through
a ubiquitin-independent pathway (Bendjennat et al., 2003; Lee et al., 2006; Nishitani et al.,
2008). To determine whether the posttranslational stabilization of p21 in Cul4a−/− MEFs
enforces the p21-dependent DNA damage checkpoint, we measured the kinetics of S phase
entry in G0/G1-synchronized primary Cul4a−/− and wild-type MEFs post-UV by [3H]-
thymidine incorporation. As shown in Fig. 4C, wild-type MEFs began to exit G1 and
incorporate [3H]-thymidine at 12 hours post-UV, and the majority entered S phase at 16–20
hours. However, Cul4a−/− MEFs were delayed by 4–6 hours in S phase entry post-UV. To
validate that p21 is the primary downstream target responsible for delaying S phase entry in
Cul4a−/− MEFs, Cul4a−/− p21−/− MEFs were generated by crossing Cul4a−/− and p21−/− mice.
Indeed, the deletion of p21 effectively abrogated the prolonged G1 arrest associated with
CUL4A loss, and resulted in accelerated S phase entry. 18% of Cul4a−/− p21−/− MEFs
progressed into S phase at 8 hours post-UV, similar to what was seen in p21−/− MEFs (Fig.
4C). Flow cytometry analysis further confirmed that Cul4a−/− MEFs were delayed at least 6
hours in S phase progression compared to wild-type MEFs, while deletion of p21 effectively
eliminated the G1 block in Cul4a−/− MEFs (Fig. S5). Therefore, stabilization of p21 in
Cul4a−/− cells enforced the DNA damage-responsive G1 block to prevent premature S phase
entry and to allot additional time for the NER machinery to identify and remove DNA
photolesions.

Deletion of the p21 gene or knockdown of p21 by lentiviral shRNA in Cul4a−/− MEFs led to
an 8–11% reduction of NER activity in CPD removal compared to Cul4a−/− MEFs,
underscoring the benefit of p21 upregulation in the removal of UV-induced photolesions (Fig.
4D, data not shown). It is noteworthy that while the GGR enhancement by p21 is modest in
the 24-hour repair assay following a single physiological UV dose (10 J/m2), it would be
effectively magnified with repeated UV assault, higher UV doses or prolonged irradiation. The
advantage of the prolonged G1 arrest in Cul4a−/− MEFs is further underscored by their
enhanced ability to maintain genome integrity following UV exposure, as Cul4a−/− MEFs had
40% fewer micronuclei than wild-type MEFs induced by UV irradiation (Fig. 4E). Deletion
of p21 abolished the Cul4a−/− MEFs’ ability to prevent perturbation of chromosomal
segregation during mitosis. Therefore, stabilization of p21 in Cul4a−/− cells is largely
responsible for the enforced DNA damage-responsive G1 block and delayed cell cycle
progression into S phase post-UV.
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Skin-specific Cul4a knockout mice are resistant to UVB-induced skin carcinogenesis
To evaluate the physiological impact of simultaneous upregulation of NER and the G1/S DNA
damage checkpoint upon CUL4A abrogation, we compared skin-specific tamoxifen-inducible
Cul4a knockout mice with Cul4af/f control animals in their susceptibility to UV-induced skin
carcinogenesis. Cul4a was first deleted in a shaved area of dorsal skin of the Cul4af/f K14-
CreERTAM mice by topical administration of tamoxifen, and followed by daily UV-B
irradiation. The Cul4af/f control mice started to develop skin tumors at week 27 of UV-B
treatment. By week 48, all Cul4af/f mice developed tumors on the shaved dorsal skin area (Fig.
5A). Histological and immunohistochemical analysis confirmed that the tumors in control
Cul4af/f mice were mostly squamous cell carcinomas (SCC) derived from epidermal origin
(Fig. 5B–F). Strikingly, all but one of the Cul4af/f K14-CreERTAM mice remained SCC-free
(Fig. 5A). Non-SCC tumors (e.g. spindle cell neoplasm) also developed and, as expected, a
similar incidence was observed in both Cul4af/f and Cul4af/f K14-CreERTAM groups since K14-
CreERTAM is not expressed in these cell types (data not shown). The dramatic difference in the
onset of SCCs versus non-SCC tumors suggests the specific association of tumor resistance
with the loss of CUL4A. Of note, Cul4af/f and Cul4af/f K14-CreERTAM skin displayed similar
apoptotic indices, indicating that resistance to SCC is unlikely due to increased susceptibility
to cell death in skin-specific Cul4a knockout animals (data not shown). Together, these results
provide compelling evidence that the abrogation of CUL4A confers enhanced protection
against skin carcinogenesis in response to UV irradiation.

DISCUSSION
Amplification or overexpression of Cul4a has been frequently observed in breast cancer,
hepatocarcinomas and other tumor types, consistent with a reduction of UV-DDB activity
(Chen et al., 1998; Chen et al., 2001; Yasui et al., 2002). The CUL4A ubiquitin ligase was
previously shown to target both soluble and chromatin-bound DDB2 for destruction under
normal conditions as well as post-UV irradiation (Chen et al., 2006; Chen et al., 2001; Nag et
al., 2001). In this study, we demonstrated that Cul4a null MEFs accumulate both DDB2 and
XPC DNA damage sensors and dramatically enhanced GGR activity in CPD and 6-4PP
removal. It is noteworthy that CUL4A-DDB1 can also assemble with the Cockayne syndrome
protein CSA to form a distinct ubiquitin ligase. Groisman and colleagues showed that in the
human cervical carcinoma HeLa cell line, the CUL4A-DDB1-CSA E3 ligase targets a second
Cockayne syndrome protein CSB for ubiquitination and degradation several hours after UV
irradiation, which may play a role in the resumption of transcription after TCR (Groisman et
al., 2006). In contrast, CSB and CSA levels appeared unaltered under the same conditions post-
UV in primary wild-type and Cul4a−/− MEF cells (data not shown). Furthermore, UVB-
irradiated Cul4af/f and Cul4af/f K14-CreERTAM mice displayed no appreciable signs of
apoptosis. Therefore, the enhanced resistance to UV-induced skin carcinogenesis in skin-
specific Cul4a knockout mice is attributed primarily to elevated GGR. Future studies should
determine a role for the CUL4A-DDB1-CSA-RBX1 ubiquitin ligase in transcription-coupled
repair.

DNA damage recognition by DDB1-DDB2 and XPC is dictated by the distorted/kinked DNA
structure resulting from CPDs or 6-4PPs DNA adducts, rather than specific DNA sequences.
Such structures may also present during normal DNA metabolism. In addition, the DDB1-
DDB2 complex was also found capable of binding abasic sites or mismatches, damages that
are not repaired by NER (Hanawalt, 2002; Wittschieben et al., 2005). We propose that the
inhibitory role of CUL4A serves to restrict the full potential activity of GGR. This is likely a
default mechanism to prevent gratuitous NER actions during normal DNA metabolism and
interference with other DNA repair pathways (Hanawalt, 2002; Wittschieben et al., 2005).
However, under acute UV irradiation conditions in which massive DNA damage is incurred,
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disengaging the default mechanism that limits NER is likely to augment the NER capacity and
reduce mutation frequency. Consistently, skin-specific knockout of Cul4a rendered the animals
resistant to UVB-induced skin carcinogenesis, revealing the physiological role of CUL4A in
NER and tumorigenesis.

Our Cul4a knockout in skin and MEF cells also revealed the accumulation of the cyclin-
dependent kinase inhibitor p21, constituting a second mechanism for enhanced tumor
suppression in Cul4a knockouts. p21 is a critical downstream effector of the G1/S DNA damage
checkpoint pathway. Following UV irradiation, Cul4a−/− cells harboring high basal levels of
p21 sustained an extended arrest period compared to Cul4af/f cells (Fig. 4C, Fig. S5). The
enforced UV-responsive G1/S checkpoint is especially beneficial for repairing DNA adducts
that induce moderate strand distortions, such as CPDs that are intrinsically difficult for damage
sensors to detect. Failure to remove such DNA adducts during NER can give rise to mutations,
as error-prone translesion synthesis must be evoked to resolve DNA damage-mediated
replication blocks in S phase (Friedberg et al., 2006). Together with the increase in DDB2 and
XPC, Cul4a−/− cells are effectively protected against DNA damage by both establishing a
higher threshold for repair activity and ensuring that the checkpoints are sufficiently robust to
give the cell time to enact repair (Fig. 6). This is validated by the hyper-resistance to UVB-
induced squamous cell carcinomas of the skin-specific Cul4af/f K14-CreERTAM mice.

The role of p21 in NER has been an issue of debate, as it was reported to either positively or
negatively regulate repair, or have no effect on NER (Adimoolam et al., 2001; Bendjennat et
al., 2003; Cooper et al., 1999; LaBaer et al., 1997; Maeda et al., 2002; McDonald et al.,
1996; Pan et al., 1995; Shivji et al., 1998; Stivala et al., 2001). Given that the threshold levels
of p21 dictate whether it stimulates or inhibits cyclin-dependent kinases during the cell cycle,
the cellular or physiological conditions likely specify the nature of p21 action (reviewed in
(Sherr and Roberts, 1999) and references therein). As such, the seemingly conflicting
conclusions on the effect of p21 on NER may result from the use of different in vitro or in
vivo experimental systems, cell types, or assay methods to measure NER activities. Our studies
with primary (passage 3–4) MEFs derived from Cul4a and/or p21 knockout embryos indicated
a positive effect of p21 on NER under these conditions, which is consistent with the increased
skin cancer protection we observed in skin-specific Cul4a knockout mice. Whether p21-
mediated stimulation of NER is the result of an enforced UV-responsive DNA damage
checkpoint, or direct involvement of stepwise NER reactions, or both awaits further
investigation.

The CUL4-DDB1 ubiquitin ligase was recently shown to maintain genomic stability through
regulation of Cdt1 degradation. Silencing of DDB1 in human cancer cell lines led to DNA re-
replication and double strand breaks (Lovejoy et al., 2006), and our acute deletion of DDB1
in primary MEF cells resulted in accumulation of micronuclei and overduplication of
centrosome (Cang et al., 2006). In contrast, our primary Cul4a−/− MEFs showed no observable
perturbation of DNA replication or cell cycle progression (Fig. S1). This is likely due to the
compensatory activity of the CUL4B ubiquitin ligase in mediating Cdt1 turnover (Higa et al.,
2003; Hu et al., 2004; Jin et al., 2006; Wertz et al., 2004). Consistently, both germline and
skin-specific Cul4a knockout mice remained healthy throughout their lifespan, while poised
to markedly elevate GGR activity beyond the repair threshold in wild-type animals.
Interestingly, despite the redundant functions shared by CUL4A and 4B in maintaining growth
and survival, CUL4B plays little, if any, role in overall NER activity and G1/S checkpoint
response (Fig. 3–4). It is noteworthy that the NER machinery is primarily responsible for
repairing strand-distorting DNA damage not only induced by UV, but also by chemical
carcinogens including polycyclic aromatic hydrocarbons derived from tobacco smoking and
environmental pollutants (reviewed in (Luch, 2005)). We propose that pharmacological
inhibition of the CUL4A-DDB1 ubiquitin ligase may provide an attractive new strategy for
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prevention or therapeutic intervention of UV radiation- or chemical carcinogen-induced
tumorigenesis.

EXPERIMENTAL PROCEDURES
Cells and Plasmids

Primary MEF, HCT116 and 293T cells were cultured in DMEM medium containing 10% FBS
and 1% glutamine. The CUL4A(Δ) mutant (deletion of residues 585–727) was generated by
two consecutive PCR reactions and cloned into the pCDNA3 vector. shRNAs for murine
Cul4b and Pcid2 as well as scrambled controls were subcloned into the FUGW lentiviral vector
and expressed under the U6 promoter. Recombinant shCul4b and shPcid2 lentiviruses were
generated for infection of primary Cul4af/f and Cul4a−/− MEF cells (details in supplemental
data). Lentiviral shRNA for human CUL4A was described previously (Zhang et al., 2003).

Generation of floxed Cul4a Mice
To generate the floxed Cul4a allele, the 129 genomic library (Invitrogen) was screened with
a Cul4a cDNA probe. Five BAC clones were identified, and clone #297L07 was used to
generate the final targeting construct. The targeting vector was generated by placing a LoxP
site and the pSV-FLP-Cre neomycin resistance cassette 1.1 kb upstream of exon 17 and another
LoxP site 300 bps downstream of exon 19. The 5′ and 3′ homologous arms were 3 kb and 5
kb, respectively, and generated by EXL long-range PCR (Stratagene) from the BAC clone.
Following electroporation and G418 selection, clones that underwent homologous
recombination were identified by Southern blotting (Fig. 1A–B, details in supplemental data).
Two positive clones (#379 and #395) after homologous recombination were used to generate
chimeric mice by blastocyst injection. The deleted Cul4a allele was created by germline-
induced deletion of exons 17 to 19 by crossing floxed Cul4a mice with the EIIA-Cre transgenic
line (The Jackson Laboratory). Transmission of the targeted loci was confirmed by Southern
blotting and PCR. All mutant animals were backcrossed to C57BL/6J for 12 generations.

Analyses of Cul4a knockout tissues and MEF cells
Proteins were extracted from tissues of Cul4a−/−, Cul4af/f or wild-type littermates using the
CelLytic™ MT Mammalian Tissue Lysis/Extraction Reagent (Sigma-Aldrich, St. Louis, MO).
Tissue and MEF extracts were immunoblotted with antibodies against DDB2 (Cell Signaling
Technology, Danvers, MA), XPC (gift of Dr. Kaoru Sugasawa, RIKEN), p21 (Santa Cruz
Biotechnology, Santa Cruz, CA) and β-actin (Sigma, St. Louis, MO). For the damaged DNA
binding assay of UV-DDB activity, 2 μg of whole cell extract was incubated with a 32P-labeled
DNA probe that was UV-irradiated at 5000 J/m2, and binding was assessed by electrophoretic
mobility shift assay (Chen et al., 2001). For micronuclei measurement, MEF cells were
irradiated with UV at 10 J/m2, cultured for 48 hours, fixed with 4% paraformaldehyde and
subjected to 4′,6-diamidino-2-phenylindole (DAPI) staining. The GGR ELISA assay was
performed as previously described (Chen et al., 2006). Primary MEFs were synchronized in
G0/G1 by serum starvation for 72 hours, UV-irradiated (10 J/m2) at 3h post-release into serum
containing medium, and collected at the indicated time points in Fig. 4C for analysis of cell
cycle progression by [3H]-thymidine incorporation assay (Gitig and Koff, 2000).

Mouse UVB irradiation and skin carcinogenesis
Eight- to twelve-week-old littermate mice topically treated with tamoxifen/DMSO solution to
induce deletion of the CUL4A allele. In three independent experiments, a total of thirteen
CUL4A knockout mice and nineteen Cul4af/f littermates were irradiated at an initial dose of
2,500 J/m2 per day and gradually increased to a maximal dose of 3,500 J/m2 per day. Individual
mice were irradiated until skin tumors appeared or for a maximum of 48 weeks, corresponding
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to the week at which all Cul4af/f control mice developed skin tumors. Statistical significance
was measured using the log-rank test. The tumors were further analyzed by H&E and
immunohistochemistry staining (details in supplemental data).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of floxed and null Cul4a alleles in mice
A, Genomic structure of the Cul4a gene and the targeted alleles. LoxP sites (filled arrowheads)
were introduced into the intron regions flanking exons 17–19 of the targeting construct for
homologous recombination in ES cells. Frt recombination sites (open arrowheads) were
engineered for removal of the neomycin selection marker by germline Flp expression following
crossbreeding with ACT-FLPe transgenic mice. Arrows, PCR primers (F, R1, R2) for
genotyping; bars, 5′ and 3′ probes for Southern blotting. B, Southern blotting of ES clones.
DNA was digested with restriction enzymes and hybridized to the probes as indicated in (A).
+/+, wild-type; f/+, floxed heterozygous allele. C, PCR genotyping of tail DNA from the
indicated wild-type (+), floxed (f) and null Cul4a (−) alleles. D, Western blotting of dissected
tissues and MEF cells derived from Cul4a+/+ and Cul4a−/− mice. “*”, non-specific species.
E, Deletion of exons 17–19 of Cul4a abrogates the ability of CUL4A(Δ) to recruit RBX1. 293T
cells were transiently transfected with the indicated plasmids. Binding of MYC-tagged CUL4A
or CUL4A(Δ) to FLAG-tagged RBX1 was assessed by co-immunoprecipitation (α-MYC) and
Western blotting with the respective antibodies.
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Figure 2. The published Cul4a knockout mice by Li et al. inadvertently deleted the essential
Pcid2 gene located adjacent to Cul4a on the complementary strand
A, Schematic diagram of the Cul4a knockout allele by Li et al. that deletes both Cul4a and
Pcid2. The DNA fragment between the broken lines denotes the deleted genomic fragment
(Li et al., 2002) that spans both the first exon of Cul4a and the promoter and transcription
initiation site of Pcid2. B–C, Silencing of Pcid2 by lentiviral shRNAs resulted in rapid loss of
cell viability. Primary wild-type MEF cells were infected with one of two lentiviral shRNAs
(shPcid2-1 and shPcid2-2), scrambled shPcid2 (scm-Pcid2), or mocked-infected for 48 hours,
and evaluated for Pcid2 mRNA levels by real-time qPCR. Cell growth was evaluated by
counting cell numbers at 2, 3, and 4 days following lentiviral infection.
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Figure 3. CUL4A controls the stability of DDB2, XPC and p21
A, Increased DDB2 and p21 levels in Cul4a−/− skin, as determined by Western blotting. B,
Accumulation of endogenous DDB2, p21 and XPC protein in primary Cul4a−/−, Cul4bk/d and
Cul4a−/− Cul4bk/d MEFs compared to Cul4af/f MEFs. Cul4af/f and Cul4a−/− MEFs were
infected with FUGW lentivirus containing either shRNA for mouse Cul4b (sh-Cul4b) or
scramble control (scm-Cul4b) and subjected to Western blotting with indicated antibodies. k/
d, knockdown. C–D, Pulse-chase and cyclohexamide chase analysis to determine the half-life
of endogenous DDB2 and p21 in Cul4a−/− and Cul4af/f MEFs. The percentage of p21 remaining
was graphed on a logarithmic scale at the time points indicated. CHX, cyclohexamide. E,
CUL4A deficiency impaired XPC ubiquitination post-UV. HCT116 cells were infected with
lentiviral shCUL4A or control FUGW for 48 hours, UV irradiated at 10J/m2 and harvested at
the indicated time points. The chromatin-bound extracts were prepared and subjected to
immunoblotting with the indicated antibodies. Native and neddylated CUL4A species were
indicated. H3, histone H3.
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Figure 4. Loss of CUL4A enhanced UV-DDB and NER activities, and reinforced the UV-responsive
G1/S checkpoint to ensure genomic integrity
A, UV-DDB activity of Cul4af/f and Cul4a−/− MEFs was determined by electrophoretic
mobility shift assay. “B”, DDB-DNA complex. B, GGR activities of CPD and 6-4PP removal
were measured in primary Cul4a−/− (ko-4a scm-4b), Cul4bk/d (f/f-4a sh-4b), and control
Cul4af/f (f/f-4a scm-4b) MEFs. ko, knockout; k/d, knockdown; scm, scramble. The data
represent the mean and standard deviation of three experiments, with each sample point
performed in triplicate. C, Primary MEFs of the indicated genotypes were synchronized, UV-
irradiated and collected at the indicated time points for [3H]-thymidine incorporation assay.
D, GGR for removal of CPDs was measured in primary wild-type, Cul4a−/−, and Cul4a−/−

p21−/− MEFs as described in Fig. 4C. E, Micronuclei formation in wild-type, Cul4a−/−,
p21−/− and Cul4a−/− p21−/− MEFs, as measured by staining with DAPI at 48 hours post-UV.
Error bars represent standard deviations of 3 independent experiments.
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Figure 5. Skin-specific Cul4a knockout mice are resistant to UV-B-induced skin carcinogenesis
A, Kaplan-Meier curve of the onset of squamous cell carcinomas (SCC) in mice of indicated
genotypes after chronic UV-B exposure. Skin-specific Cul4af/f K14-CreERTAM mice (n=13)
remained SCC-free, while Cul4af/f (n=19) littermates developed SCC between 27 to 48 weeks
after daily UV-B exposure (log-rank test, P<0.00001). B–F, Physical, histopathological and
immunohistochemical examination of a UV-B-induced SCC from a representative Cul4af/f

mouse. The tumor is a typical SCC, as revealed by H&E staining ((C) and (D)) and positive
immunostaining of the basal epidermal marker p63 (counter stained with DAPI in (E) and
(F)).
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Fig. 6. Proposed role of CUL4A in establishing threshold for DNA repair and tumor suppression
A, CUL4A ubiquitin ligase coordinately suppresses the NER and the G1/S DNA damage
checkpoint pathways through targeted degradation of DDB2, XPC, and p21 respectively. B,
CUL4A abrogation elevates NER capacity and G1/S DNA damage checkpoint response
beyond the threshold attainable in wild-type cells.
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