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Plants and many other eukaryotes can make use of two

major pathways to cope with mutagenic effects of light,

photoreactivation and nucleotide excision repair (NER).

While photoreactivation allows direct repair by photolyase

enzymes using light energy, NER requires a stepwise

mechanism with several protein complexes acting at the

levels of lesion detection, DNA incision and resynthesis.

Here we investigated the involvement in NER of DE-

ETIOLATED 1 (DET1), an evolutionarily conserved factor

that associates with components of the ubiquitylation

machinery in plants and mammals and acts as a negative

repressor of light-driven photomorphogenic development

in Arabidopsis. Evidence is provided that plant DET1 acts

with CULLIN4-based ubiquitin E3 ligase, and that appro-

priate dosage of DET1 protein is necessary for efficient

removal of UV photoproducts through the NER pathway.

Moreover, DET1 is required for CULLIN4-dependent

targeted degradation of the UV-lesion recognition factor

DDB2. Finally, DET1 protein is degraded concomitantly

with DDB2 upon UV irradiation in a CUL4-dependent

mechanism. Altogether, these data suggest that DET1

and DDB2 cooperate during the excision repair process.
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Introduction

Most organisms are exposed to the damaging effects of sun-

light and need to repair UV-induced DNA lesions to maintain

genome integrity. Among the repertoire of DNA repair path-

ways, plants and many other multicellular organisms can

make use of two major mechanisms to remove UV-induced

DNA photoproducts, photoreactivation and nucleotide exci-

sion repair (NER). Photoreactivation is a fast, efficient and

error-free mechanism that involves specific cyclobutane

pyrimidinone dimer (CPD)- and 6,4-photolyase enzymes to

remove CPDs and pyrimidine (6,4) pyrimidinone dimers

(6,4PPs), respectively, using the light energy from a photon

in the UV-A/blue light range (Britt, 1999). This light-depen-

dent repair mechanism allows direct conversion of pyrimi-

dine dimers to monomers without a DNA excision step

(reviewed in Sancar et al, 2004). The pathway is not found

in placental mammals such as humans, and is supplemented

in all eukaryotes by NER, a light-independent mechanism

that allows removal of a wide spectrum of helix-distorting

base lesions, including UV-induced CPDs and 6,4PPs

(Svejstrup, 2002; Gillet and Scharer, 2006).

NER entails a multistep process that involves B30 proteins

for damage recognition, helix opening, dual incision of the

25–30 nt damaged strand, gap-filling DNA synthesis and

ligation of the newly synthesized DNA (Wood et al, 2000).

The damage detection step is differentially achieved depend-

ing on the location of the lesion and thereby leads to two sub-

pathways. When located within transcribed regions UV-DNA

lesions stall RNA polymerase II. This serves as a damage

recognition signal by the Cockayne Syndrome type A or B

(CSA or CSB) factors, thereby initiating transcription-coupled

repair (TCR; Svejstrup, 2002; Fousteri and Mullenders,

2008). In non-transcribed regions, damage detection relies

on the damaged DNA binding protein 2 (DDB2 protein;

Wittschieben et al, 2005) and on the XPC–HR23B–CEN2

complex (Volker et al, 2001), which act as sensors to detect

DNA conformational changes and initiate the global genome

repair pathway (GGR; Hanawalt et al, 2003). Genetic defi-

ciencies in the recognition factors CSA and DDB2 lead to

hereditary diseases such as Cockayne syndrome (CS) and

xeroderma pigmentosum (XP), which are marked by cuta-

neous hypersensitivity to sunlight exposure and high suscept-

ibility to UV-induced skin cancer (reviewed in Shuck et al,

2008).

Although acting in the two different TCR and GGR sub-

pathways, CSA and DDB2 have been found to assemble

within nearly identical complexes containing DDB1,

CULLIN4 (CUL4) and regulator of cullin 1 (ROC1 or RBX1)

to form typical cullin-RING ubiquitin E3 ligases (CRL) whose

activity is regulated by the COP9 signalosome (CSN)

(Groisman et al, 2003; Bernhardt et al, 2006; Chen et al,

2006). The current accepted model establishes that CUL4–

DDB1 either directly docks substrates to the ubiquitylation
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machinery or acts indirectly by recruiting a third protein

harbouring WD40-repeats with conserved WDxR motifs

(such as DDB2), which is responsible for substrate specificity

(Angers et al, 2006; He et al, 2006; Higa et al, 2006).

This structure positions CUL4 as a modular protein that

serves as a scaffold to assemble multiple CRL complexes

(reviewed in Petroski and Deshaies, 2005), with several

targets during NER.

In humans, the DDB2 protein has strong affinity for bulky

DNA lesions such as 6,4PPs and CPDs (Scrima et al, 2008).

Upon UV irradiation, DDB2 dissociates from the CSN, detects

and directly binds the DNA lesion where it recruits XPC by

protein–protein interaction. Together with CUL4 neddylation,

this contributes to activate the E3 ligase activity of a CUL4–

DDB1 CRL that poly-ubiquitylates several targets such as

XPC, various histones, as well as DDB2 and CUL4 them-

selves, triggering different protein fates. While poly-ubiqui-

tylation induces DDB2 proteolytic degradation and triggers

histone release from nucleosomes, it also facilitates the

DNA-binding activity of XPC. Because DDB2 exhibits a high

affinity for DNA photoproducts, its proteolysis potentiates

its displacement by XPC and other downstream GG-NER

factors (Chen et al, 2001; Nag et al, 2001; Rapic-Otrin

et al, 2002; Sugasawa et al, 2005; El-Mahdy et al, 2006;

Kapetanaki et al, 2006; Wang et al, 2006; Guerrero-Santoro

et al, 2008). In this process, DDB2 is therefore the target of

a CUL4–DDB1-containing ubiquitin ligase for proteasome-

mediated degradation.

Although these mechanisms have been poorly studied

in plants, it was recently shown that the roles of CUL4–

DDB1DDB2 and CUL4–DDB1CSA E3 ligases in NER are con-

served in Arabidopsis thaliana and interconnect to the highly

efficient light-dependent photoreactivation system as well as

with the checkpoint kinase ataxia telangiectasia and Rad3-

related (ATR) factor (Molinier et al, 2008; Biedermann and

Hellmann, 2010; Zhang et al, 2010). These observations are of

interest in light of other studies that have revealed the role of

CUL4–DDB1 E3 ligases in plant development and in particu-

lar in the control of photomorphogenesis (reviewed in

Jackson and Xiong, 2009). More specifically, intensive efforts

in Arabidopsis have revealed the existence of several CUL4–

DDB1-containing CRLs that contribute to repress light-

responsive genes in darkness by associating with negative

regulators such as COnstitutive-Photomorphogenic 1 (COP1)

and suppressor of phytochrome A (SPA) (Chen et al, 2010),

as well as with the CDD complex in both darkness and

under light conditions (Bernhardt et al, 2006; Chen et al,

2006). The Arabidopsis CDD complex comprises DDB1A,

De-Etiolated 1 (DET1) and COP10, a plant-specific ubiqui-

tin-conjugating E2 variant (Schroeder et al, 2002; Yanagawa

et al, 2004; Lau and Deng, 2009). This B350 kDa complex

can associate with the CSN and COP1 complexes, and the

three factors act together to control specific steps of plant

development (Yanagawa et al, 2004). The role of COP1 and

DET1 in the inhibition of photomorphogenesis in darkness

has been proposed to mainly rely on ubiquitin-mediated

proteolytic degradation of target factors such as the bZIP

factor LONG HYPOCOTYL5 (HY5) (Chory, 1992; Osterlund

et al, 2000). After its discovery through genetic screens for

plants affected in etiolated development (Chory et al, 1989;

Pepper et al, 1994), DET1 was shown to be conserved in

humans and also to associate with COP1 and a CUL4–DDB1

E3 ligase to target c-jun for degradation (Wertz et al, 2004;

Pick et al, 2007).

Recent analyses of mutants in Arabidopsis COP1, DET1

and CSN subunits revealed that these photomorphogenic

mutants display elevated levels of single- and/or double-

strand DNA breaks, as evidenced in situ using a TUNEL

assay (Dohmann et al, 2008). By contrast, we have recently

observed that the det1-1 mutant exhibits hyposensitivity to

UV-C irradiation that mainly relies on two cooperative effects

directly linked to its photomorphogenic phenotype: (i) UV-

induced DNA damage is reduced as a consequence of the

overaccumulation of UV-absorbing compounds acting as

‘sunscreens’ and (ii) photoreactivation is enhanced due to

the strong overexpression of the two photolyase genes

(Castells et al, 2010). To better assess this apparent discre-

pancy, we investigated the potential impact of DET1 on DNA

damage responses in light-independent repair mechanisms.

We present evidence that appropriate dosage of the DET1

protein is necessary for efficient removal of UV-induced DNA

lesions through the GGR pathway, and that DET1 is required

for CUL4–DDB1-mediated proteolytic degradation of DDB2.

We further show that DET1 is degraded upon UV irradiation

in a CUL4-dependent manner, leading us to propose that

DET1 and DDB2 cooperate during the DNA excision repair

process.

Results

DET1 protein dosage influences UV-C sensitivity

Arabidopsis plants bearing null mutations in the DET1 gene

are lethal at early stages of embryo or seedling development

(Misera et al, 1994) and therefore cannot be tested for UV

sensitivity. Nevertheless, most individuals bearing the hypo-

morphic det1-1 allele can survive, and display a constitutive

photomorphogenic phenotype (Pepper et al, 1994). We

produced Arabidopsis transgenic lines overexpressing myc-

tagged DET1 protein (DET1 OE-1, OE-2 and OE-3 lines) and

used them together with the det1-1 mutant to better deter-

mine how DET1 protein dosage affects UV-C sensitivity. As

estimated using an antibody for the MYC-epitope tag

(Figure 1A) and a rabbit antiserum raised against the full-

length Arabidopsis DET1 protein (Supplementary Figure S1),

the abundance of the mycDET1 protein ranges from endo-

genous DET1 levels in the OE-1 line to about 10-fold in DET1

OE-3. The mycDET1 fusion protein is functional since it can

efficiently rescue the pale and dwarf phenotype of det1-1

mutant seedlings and partially complement its skotomorpho-

genic phenotype by restoring normal hypocotyl elongation in

darkness (Supplementary Figure S2).

To test sensitivity of these genotypes to UV, 3-day-old

seedlings were first exposed to a single dose of UV-C irradia-

tion and kept 24 h under normal light conditions for recovery

before determining relative primary root growth inhibition.

A mutant deficient for the two photolyase genes UVR3 and

PHRI as well as the cul4-1 mutant were used as controls for

photoreactivation and GGR defects, respectively. By contrast

to the effect of DET1 knock-down, the two strong DET1

overexpressing lines were significantly more UV sensitive

than wild-type seedlings (Figure 1B). Although they do not

reach the high level of sensitivity of the uvr3phrI photolyase

double mutant, in agreement with the major role played by

photoreactivation in the removal of UV-DNA photoproducts
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under light conditions, the sensitivity of DET1 OE-2 and OE-3

lines is comparable to the effect of the cul4-1 mutation. The

ddb1a-2 and ddb2-2 mutants are slightly less affected, as

previously observed (Molinier et al, 2008), and no significant

defect is observed in a ddb1b-2 mutant, a knockout for the

second orthologue of DDB1 in Arabidopsis. These data

indicate that DET1 dosage influences UV-C sensitivity follow-

ing recovery under light conditions. Because this effect might

be explained by repression of photolyase gene expression as a

consequence of DET1 overexpression, we examined mRNA

levels of UVR3 and PHRI by RT–qPCR in DET1 OE seedlings.

In contrast to their overexpression in det1-1, no significant

difference with wild-type seedlings was observed in the three

DET1 OE lines (Supplementary Figure S3A). The alternative

possibility that UV-absorbing compounds such as flavonoids

are decreased in DET1 OE lines was also tested and shown

not to be the case (Supplementary Figure S3B). We conclude

from these data that disturbing DET1 cellular content affects

DNA repair at a level other than sunscreen effect or photo-

reactivation.

To avoid the confounding effect of photoreactivation and

to better assess the possible implication of NER, we tested

UV-C sensitivity following recovery in darkness. Under these

conditions, the cul4-1, ddb1a-2 and ddb2-2 mutants defective

in GGR are significantly more sensitive than wild type, while

the uvr3phrI photolyase mutant is not (Figure 1C). In both

light and dark conditions, cul4-1, ddb1a-2 but not ddb1b-2

mutants are sensitive (Figure 1B and C), suggesting that

DDB1A but not DDB1B is involved in NER. These two

proteins share a high sequence similarity (Schroeder et al,

2002) and both can interact with DET1 (Supplementary

Figure S4), indicating that the Arabidopsis CDD complex

may contain one molecule either of DDB1A or DDB1B in

addition to COP10. Like in light conditions, the strong DET1

OE lines exhibited significant UV-C sensitivity in darkness, at

levels that correlate with DET1 overexpression levels

(Figure 1C). Importantly, these experiments revealed that,

following recovery in darkness, det1-1 mutant plants are

more sensitive than the wild type, even though these plants

display an enhanced level of UV-protecting compounds and

are therefore significantly less damaged than wild type

(Castells et al, 2010). Altogether, these data suggest that

appropriate DET1 dosage may be necessary for an efficient

light-independent DNA repair mechanism.

DET1 is required for efficient DNA photoproduct

removal through a light-independent pathway

In order to determine whether UV-C hypersensitivity of the

det1-1 mutant and of DET1 OE lines is related to a defect

in DNA repair, we measured the removal efficiency of

UV-induced DNA photoproducts in the different plant lines.

The amount of photoproducts was quantified by immunodot-

blot of genomic DNA using anti-6,4PP and anti-CPD antibo-

dies. For each genotype, the remaining amount of CPDs and

6,4PPs was determined after 24 h in darkness and compared

with the initial damage immediately after UV irradiation

(Castells et al, 2010). This approach avoids biases due to

reduced DNA damage in det1-1 mutant seedlings. As ex-

pected, upon recovery in darkness similar amounts of both

CPDs and 6,4PPs remained in wild type and in the photo-

reactivation mutant uv3phrI (Figure 2A). Also, most of the

DNA photoproducts persisted 24 h after irradiation in the

cul4-1 mutant that is impaired in GGR (92 and 96% of

CPDs and 6,4PPs remaining, respectively). Removal of photo-

products was also significantly impaired in the det1-1 mutant

and was abolished in the strong DET1 OE line (B100%

remaining). Altogether, these data confirm that DET1 dosage

can affect the efficient removal of UV-induced DNA photo-

products through a light-independent DNA repair pathway.

DET1-defective plants are impaired in synthesis-

dependent repair of UV-induced DNA lesions

In order to further characterize the role of DET1 in light-

independent DNA repair, we tested the capacity of the det1-1

mutant to perform synthesis-dependent repair of UV-induced

DNA lesions using an in vitro DNA repair assay. This assay
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tions (B) or to complete darkness (C). Relative root growth was
determined 24h after irradiation by comparison with the respective
non-irradiated control of the same genotype (100% root growth). Error
bars represent standard deviations from three replicate experiments
(n420). Asterisks indicate t-test significant differences at Pp0.05
relative to wild-type control at same dose.
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evaluates the efficiency of DIG-dUTP incorporation by plant

extracts in a UV-C damaged plasmid, reflecting the ability to

perform efficient NER (Li et al, 2002). Figure 2B shows that

nuclear extracts of det1-1 plants were less efficient than wild

type in incorporating DIG-dUTP, following 1 or 2 h of incuba-

tion. This observation indicates that UV-C hypersensitivity of

det1-1 mutant plants correlates with a defect in the excision

repair process, as previously shown for cul4-1 and ddb2-2

mutants (Molinier et al, 2008). As DET1 knock-down and

overexpressing plants both exhibit impaired removal of UV-

DNA photoproducts and enhanced UV-C sensitivity, the DET1

OE-3 line was further tested using the same assay. This line

also displayed a defect in synthesis-dependent DNA repair

(Supplementary Figure S5), further indicating that DET1

dosage is critical for efficient NER. These observations sug-

gest that DET1 may have a direct function in the GGR repair

process together with its known partners CUL4 and DDB1A.

Epistatic interaction of det1-1 and rad10 mutations

To further understand the positioning of DET1 in light-

independent DNA repair pathways, we introgressed the

det1-1 allele in a mutant for RAD10 (Molinier et al, 2008),

which encodes an endonuclease that excises bulky DNA

lesions as part of the NER process. UV-C sensitivity of the

det1-1rad10 double mutant was determined by root growth

assay upon recovery in light or darkness. As expected, under

light conditions the det1-1 single mutant exhibited a clear UV-

C hyposensitivity with a dominant effect over the secondary

mutation observed in the det1-1rad10 double mutant

(Figure 3A). This is consistent with increased UV-protecting

compounds and exacerbated photoreactivation in det1-1

(Castells et al, 2010). Conversely, upon recovery in darkness

the det1-1rad10 double mutant was significantly more sensi-

tive than wild type, with a reduction of relative root growth

that is similar to the det1-1 and rad10 single mutants and to

the DET1 overexpressing line (Figure 3B). These data indicate

that the det1-1 mutation is epistatic to rad10, and are con-

sistent with DET1 being involved in the same UV-DNA repair

pathway as the RAD10 endonuclease. We further tested
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whether the det1-1 mutant was affected in other repair path-

ways by assessing its sensitivity to cisplatin, an agent that

produces DNA inter-crosslinks. By contrast to ddb2-2, we

observed that det1-1 plants do not exhibit hypersensitivity to

this genotoxic agent (Supplementary Figure S6), suggesting

that DET1 may act more specifically in UV-DNA damage

repair. Surprisingly, the DET1 OE-3 overexpressing line was

found to be sensitive, which we can explain only through

possible indirect effects. Finally, like the ddb2-2 mutant, we

observed that det1-1 mutation does not increase sensitivity to

hydrogen peroxide, in agreement with the fact that H2O2-

induced DNA lesions are not predominantly repaired by the

NER pathway (data not shown).

CUL4-dependent DET1 protein degradation upon UV-C

irradiation

In order to determine whether DET1 acts together with CUL4

in the GGR pathway, we first tested the genetic interaction

between DET1 and CUL4 genes in UV sensitivity. Following

recovery in darkness, det1-1cul4-1 double mutants displayed

a UV-induced root growth reduction similar to det1-1 and

cul4-1 single mutants (Figure 4A), consistent with an epistatic

interaction between the two alleles and implying that DET1

and CUL4 act in the same DNA repair pathway.

Considering that CUL4–DDB1DDB2 ubiquitylates and trig-

gers the proteolytic degradation of several proteins in the

NER process, including CUL4 and DDB2 themselves, we

questioned whether DET1 stability was affected following

UV irradiation. The DET1 antibody was therefore used to

analyse endogenous DET1 protein levels upon UV-C expo-

sure. To this end, seedlings were immediately kept in dark-

ness after UV-C irradiation and total proteins were extracted

after 15, 60 or 120 min for immunoblot analysis. Interestingly,

in wild-type plants DET1 steady-state levels rapidly decreased

after UV-C treatment and the protein was barely detectable

after 2 h (Figure 4B). Because this reduction in DET1 content

was fast, it was unlikely to result from reduced expression

of the DET1 gene upon UV exposure. This was confirmed by

RT–qPCR analysis of DET1 mRNA levels, which revealed that

DET1 gene expression was instead slightly induced upon

UV-C exposure (Figure 4C), a mechanism that may allow

reconstituting DET1 protein content.

To further confirm decay of the DET1 protein upon UV-C

exposure, we analysed protein levels of the constitutively

expressed mycDET1 fusion protein in the DET1 OE-1 trans-

genic line, which is not affected in UV-C sensitivity (Figure 1).

Both endogenous and mycDET1 protein levels rapidly de-

creased upon UV-C exposure (Figure 4D), confirming the

post-transcriptional nature of this decay. We further observed

that endogenous DET1 protein was visibly less degraded in

the strong mycDET1 overexpressor line OE-3, in agreement

with the reduced DNA repair functionality in these plants

(Supplementary Figure S7A). Size-exclusion chromatography

analysis of the DET1 OE-3 line additionally revealed that a

significant fraction of the mycDET1 protein is found within a

high-molecular weight (HMW) complex that may correspond

to aggregated forms (Supplementary Figure S7B).

DET1 protein content was subsequently examined in the

cul4-1 mutant in order to determine if, similarly to DDB2, its

UV-induced degradation depends on a CUL4 E3 ligase. As

shown in Figure 4B, degradation of DET1 upon UV-C treat-

ment was abolished in the cul4-1 mutant, and the DET1

protein even accumulated after 2 h. Altogether, these data

suggest that DET1 is degraded upon UV exposure in a CUL4

CRL-mediated pathway, therefore positioning DET1 in close

vicinity to the repair process.

Arabidopsis DDB2 degradation is impaired in the det1-1

mutant

Considering that DDB2 and DET1 have been shown to

interact with CUL4–DDB1 complexes with ubiquitylation

activities in both plant and human cells and are both neces-

sary for GGR, we investigated through genetic and biochem-

ical approaches whether these two factors cooperate in this

process. In humans, the DDB2 protein has strong affinity for

UV photoproducts and is released from the DNA lesion

through CUL4–DDB1-mediated degradation (Matsuda et al,

2005; El-Mahdy et al, 2006). Patients with XPE DDB2 alleles

suffer from deficient NER that correlates with impaired bind-

ing to DDB1 substrate adaptor and consequent impaired

DDB2 proteolysis (Nichols et al, 2000). This clearly indicates

that DDB2 protein turnover is a crucial step in GGR in
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Figure 4 CUL4 interconnects with DET1 and triggers DET1 protein
degradation upon UV-C exposure. (A) CUL4 and DET1 mutations
are epistatic for UV-C sensitivity. Seedlings with the indicated
genotypes were exposed to UV-C (600 J/m2) and immediately
placed in complete darkness. Relative root growth was determined
24 h after irradiation by comparison with respective non-irradiated
controls of the same genotype (100% root growth). Error bars
represent standard deviations from three replicate experiments
(n420). Asterisks indicate t-test significant differences at Pp0.05
relative to wild-type controls at the same dose. (B) Immunoblot
analysis of endogenous DET1 content before (0) or 15, 60 and
120 min after UV-C exposure (3000 J/m2) in wild-type and cul4-1
seedlings. Coomassie blue staining (lower panels) is shown
as loading controls. Asterisks indicate cross-reacting bands.
(C) Analysis of DET1 expression upon UV-C exposure.
Quantitative RT–PCR analysis was used to monitor DET1 mRNA
levels in 10-day-old wild-type seedlings (Col-0) harvested at the
indicated times after UV-C exposure (900 J/m2). Error bars indicate
standard deviations from two biological replicates. (D) Immunoblot
analysis of mycDET1 protein content before (0) or 30 and 60 min
after UV-C exposure (3000 J/m2). Equal amounts of whole protein
extracts were loaded on a 10% SDS–PAGE and analysed by
immunoblot using anti-DET1 antibody. The same blot was probed
with anti-RbCL antibody as a loading control.
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mammals. We therefore tested if this was conserved in plants

and whether DET1 could be involved in this step of NER.

First, to confirm the relevance of UV-induced degradation

of DDB2 in plant systems, we investigated the effect of

mimicking human XPE mutation on DDB2 function in planta.

Plant vectors allowing stable expression of native DDB2

protein or harbouring a point mutation within the WDxR

motif at the homologous position of the XPE allele (Molinier

et al, 2008) were used to transform the ddb2-2 mutant and

complementation assays for UV sensitivity were performed.

We found that plants expressing native DDB2 had a restored

UV-induced root growth inhibition (Supplementary Figure

S8), which was also associated with normal DDB2 protein

degradation upon UV-C exposure (Figure 5A). In contrast,

DDB2 with mutated WDxR motif expressed at a similar level

as native DDB2 tends to overaccumulate during the repair

process (Figure 5A) and could not complement the ddb2-2

mutant for UV sensitivity (Supplementary Figure S8). As

expected, DDB2 protein level remained stable in cul4-1

mutants (Figure 5A). The observation that mutation of either

CUL4 or the WDxR motif of DDB2 both stabilize steady-state

levels of DDB2 suggests that the mechanism of UV-induced

DDB2 degradation mediated by CUL4–DDB1 is conserved in

plants.

Then to test the possible role of DET1, this experiment was

performed in parallel using the det1-1 mutant. This revealed

that DDB2 protein degradation upon UV-C exposure was

abolished in this mutant (Figure 5A). To exclude the possibi-

lity that overall DDB2 steady-state levels could result from a

concomitant increase in DDB2 gene expression in the det1-1

mutant, we determined DDB2 mRNA levels in the same

samples. As recently reported (Biedermann and Hellmann,

2010), we observed that DDB2 mRNA levels transiently

increased upon UV irradiation. Interestingly, DDB2 mRNA

levels overaccumulated by a two-fold ratio in det1-1 mutants

before UV irradiation and remained stable afterwards

(Figure 5B). Altogether, this indicates that increased stability

of DDB2 protein upon UV irradiation in det1-1 does not result

from transcriptional responses. Both DDB2 and DET1 are

therefore degraded upon UV-C exposure, and DDB2 proteo-

lytic degradation depends on both CUL4 and DET1. These

data further suggest that the role of DDB2 degradation in NER

is conserved in plants, and that its impairment in cul4-1 and

det1-1 mutants may therefore contribute to defective DNA

repair.

To further support these findings, a double mutant for

DET1 and DDB2 genes was generated and phenotypically

characterized for UV-induced root growth inhibition in

darkness. The det1-1ddb2-2 double mutant plants exhibit an

enhanced UV-C sensitivity compared with the respective

single mutants, while null segregants from the cross were

not affected (Figure 5C; Supplementary Figure S9). This

additive effect suggests that, like CUL4, DET1 may have a

wider role in DNA repair than DDB2.

Dynamics of the DET1 complex upon UV-C irradiation

To determine whether the CDD complex remains stable upon

the decay of DET1 protein, we examined DET1 complex size

after UV irradiation. Size-exclusion chromatography was first

performed on protein extracts from non-irradiated seedlings.

DET1 fractionated predominantly in an B350-kDa complex

(Figure 6A), which corresponds to the previously described

size of the CDD complex in which DET1 is stably assembled

with DDB1A and COP10 (Schroeder et al, 2002; Yanagawa

et al, 2004). The same fractions were analysed using a DDB2

antibody, revealing that DDB2 predominantly fractionates as

a larger complex of B600–800 kDa (Figure 6B). Most of the

DET1 and DDB2 proteins therefore do not elute in the same

fractions. Furthermore, while both DET1 protein level and

complex formation are destabilized in a mutant for the COP10

subunit of the CDD complex (Chen et al, 2010), we observed

that DET1 and DDB2 protein levels and complex sizes are

unaffected by the absence of the other respective protein in

the ddb2-2 and det1-1 mutants (Figure 6A, B and F). Together

with the lack of direct interaction observed by BiFC

(Supplementary Figure S4), these data are consistent with a

model in which DET1 and DDB2 stably associate within

distinct complexes under normal growth conditions.

Considering that DET1 and DDB2 proteins may transiently

interact with additional factors during the precocious step of

the excision repair process, we determined their respective

sizes upon UV-C exposure. Seedlings were UV-C irradiated

and soluble proteins were extracted at different time points.

Upon UV irradiation, both DET1 and DDB2 protein levels

decreased but the different complexes could nevertheless be

detected. While DDB2 complex size was not visibly affected

by UV irradiation (Supplementary Figure S10), an additional

800 kDa DET1-containing complex was detected 30 min after
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Figure 5 DDB2 degradation following UVexposure is dependent on
DET1. (A) Immunoblot analysis of endogenous DDB2 content upon
UV-C exposure (3000 J/m2) in seedlings from wild-type, cul4-1,
det1-1 and ddb2-2 mutant expressing native DDB2 protein
or DDB2 protein with mutated WDxR motif (WDxH). Coomassie
blue staining is shown as loading control (lower panels). (B)
Analysis of DDB2 gene expression upon UV-C exposure.
Quantitative RT–PCR analysis was used to monitor DDB2 mRNA
levels in 10-day-old wild-type Col-0 (black bars) and det1-1 (white
bars) seedlings harvested at the indicated times after UV-C exposure
(600 J/m2). Error bars indicate standard deviations from two biolo-
gical replicates. (C) DDB2 and DET1 mutations show additive
effects for UV-C sensitivity. Seedlings with the indicated genotypes
were exposed to 600 J/m2 of UV-C and immediately placed in
complete darkness. Relative root growth was determined 24 h
after irradiation by comparison with respective non-irradiated
controls of the same genotype (100% root growth). Error bars
represent standard deviations from three replicate experiments
(n420). Asterisks indicate t-test significant differences at Pp0.05
relative to wild-type controls at the same dose.
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UV-C treatment (Figure 6C, fractions 6–8) and was not

observed at later time points. This HMW DET1 complex

therefore coelutes with DDB2-containing fractions, suggest-

ing that both proteins may transiently interact.

To determine whether the HMW DET1 complex requires

DDB2 to assemble, the experiment was repeated using the

ddb2-2 mutant and its respective wild type (Nossen acces-

sion). Again, global DET1 protein levels significantly de-

creased 30 min after UV exposure in both wild-type and

ddb2-2 input protein extracts, albeit to a slightly lesser extent

in the ddb2 mutant (Figure 6D, upper panel). While the 800-

kDa DET1 complex was detected in wild-type extracts, it was

not visible in ddb2-2 (Figure 6D). This was confirmed

through side-by-side migration of fractions 5 and 6 from

wild-type, ddb2-2 and det1-1 mutants (Figure 6E).

Altogether, these data indicate that DDB2 is required for the

formation of a transient UV-dependent DET1 HMW complex

in a timeframe that coincides with CUL4- and DET1-depen-

dent degradation of DDB2.

Discussion

In this study, we tested the effect of modulating DET1 protein

level on the capacity of plants to recover from UV-C irradia-

tion through light-dependent and light-independent DNA

repair pathways. DET1 overexpressing and knock-down

plants both exhibited an enhanced sensitivity to UV-C follow-

ing recovery in darkness, as shown in vivo by increased root

growth inhibition and decreased removal of CPD and 6,4PP

photoproducts. This defect has been further characterized

and shown to be genetically linked to a pathway involving

CUL4 and the RAD10 endonuclease, two factors central to

GGR. Moreover, an in vitro assay confirmed that the det1-1

mutant is affected in synthesis-dependent DNA repair. It can

be concluded from these data that the det1-1 mutant is

affected in the GGR pathway, a deficiency that is masked

under light conditions by enhanced photoreactivation, the

predominant pathway for UV-DNA photoproduct removal in

the light in plants (Sancar et al, 2004). These two properties

reveal a new interface between plant photomorphogenesis

and DNA repair acting through DET1.

In mammals, Schizosaccharomyces pombe and plants,

CUL4 proteins serve as platforms to assemble multiple spe-

cific cullin-ring ligases (CRLs). In Arabidopsis, these CRLs are

involved in various developmental processes such as the

repression of photomorphogenesis when involving DET1,

SPAs or COP1 (Yanagawa et al, 2004; Chen et al, 2006,

2010), but also in DNA repair mechanisms when involving
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DDB2, XPC or CSA (Liang et al, 2006; Molinier et al, 2008;

Biedermann and Hellmann, 2010; Zhang et al, 2010). Post-

translational modifications by covalent binding of ubiquitin

chains typically result in the functional regulation of the

substrate or in its proteasomal degradation (Ciechanover

et al, 2000; Pickart, 2001; Smalle and Vierstra, 2004). In the

NER process, CUL4–DDB1 has been shown to operate on

multiple targets by triggering different protein fates in mam-

mals, that is, eviction of DDB2 from the damaged region by

proteolytic degradation followed by promotion of XPC affinity

for the lesion (reviewed in Huang and D’Andrea, 2006). Many

central factors of the recognition and excision steps have

been shown to be conserved in Arabidopsis (Molinier et al,

2004, 2008; Liang et al, 2006; Biedermann and Hellmann,

2010; Zhang et al, 2010), suggesting that NER is conserved

between mammals and plants. Our data indicate that

UV-induced DDB2 degradation is affected in both cul4-1 and

det1-1 mutants. Considering that DET1 associates with

CUL4–DDB1 complexes and with ubiquitin ligase activities

in plants and mammals (Osterlund et al, 2000; Wertz et al,

2004; Yanagawa et al, 2004; Chen et al, 2006), DET1 may

cooperate with CUL4–DDB1 to induce DDB2 proteolytic

degradation during NER. Consistent with this hypothesis,

we observed that DET1 transiently associates with a HMW

complex upon UV irradiation, which co-fractionates with

DDB2-containing fractions and is sensitive to DDB2 depletion.

Analysis of endogenous DET1 content further shows that

it is degraded upon UV irradiation by a CUL4-dependent

mechanism, concomitant with DDB2 decay. At first glance,

it could be envisaged that DDB2 degradation may disrupt a

common complex with DET1, subsequently affecting the

stability of DET1. Our data rule out this possibility because

DET1 and DDB2 are present in different protein complexes

before UV irradiation, and each complex is resistant to the

absence of the other respective protein. Genetic analysis

further indicates that DET1 and CUL4 operate in the same

pathway for light-independent DNA repair and that each of

them is necessary for DDB2 protein degradation during GGR.

Altogether, these data support a model in which CUL4–DDB1

and DET1 are required for DDB2 degradation, a crucial step

for subsequent NER processes (Figure 7). In the absence of

DET1, unmodified DDB2 might remain immobilized on

damaged DNA thereby impairing subsequent NER steps. This

defective mechanism is also likely to be reproduced when

mutating DDB2 at a WDxR motif in our complementation

experiments. Whether CUL4 and DET1 assemble as a proper

CUL4–DDB1DET1 ubiquitin ligase targeting DDB2 for degrada-

tion remains an interesting aspect to investigate, although it is

likely to be challenging because biochemical and functional

cooperation between CUL4, DDB1 and DET1 for ubiquitylation

activity already occurs in the absence of UV stress (Wertz et al,

2004; Yanagawa et al, 2004; Chen et al, 2006).

An intriguing observation is the analogous effect of DET1

overexpression and DET1 knock-down on UV-C sensitivity,

observed both in vivo and in vitro for synthesis-dependent

DNA repair. Similar effects have recently been observed with

the Arabidopsis CSA homologue (Biedermann and Hellmann,

2010; Zhang et al, 2010), and also in the context of photo-

morphogenesis, because both gain and loss of DDB1A func-

tion aggravate the photomorphogenic phenotype of the det1-1

mutant (Zhang and Schroeder, 2010). This is also the case for

the E3 ligase component ROC1, whose overexpression

yielded similar phenotypes as those observed in loss of

function lines (Gray et al, 2002; Lechner et al, 2002;

Schwechheimer et al, 2002). A possible cross-talk between

DET1, DDB1A and DDB2 gene expression has recently been

observed (Al Khateeb and Schroeder, 2009; Zhang and

Schroeder, 2010), as for the slight overexpression of DDB2

mRNA in the det1-1 mutant. It has been proposed that

excessive abundance of one CUL4–DDB1 adaptor or substrate

specifier might affect the access of other proteins to DDB1-

binding sites and therefore compromise the assembly of other

CUL4-based CRLs that share the major subunits. This model,

however, would predict a general and severe CUL4 loss of

function effect resulting from the overexpression of any one

DDB1-binding protein such as DET1, DDB2 or CSA, and

should theoretically lead to lethal phenotypes such as in

CUL4 knockout mutants. Here, we favour a model in which

formation of specific CUL4 complexes may require correct

dosage of each component to allow proper E3 ligase activity.

In the particular case of DNA repair, the dosage of DDB2 and

DET1 protein levels may be critical to allow their efficient

eviction from the damaged chromatin through proteolytic

degradation, thereby facilitating the recruitment of the NER

machinery (Figure 7). Such a mechanism would explain why

strong DET1 overexpressor lines affect UV-dependent DET1

degradation and DNA repair, while weak overexpressors do

not. In a broader view, the control of DDB2 protein content is

crucial for proper cell growth in humans, as shown by over-

expression of DDB2 into oestrogen receptor (ER)-negative

cells leading to growth stimulation and colony formation

(Kattan et al, 2008). This recent study further revealed that

DDB2 content is higher in ER-positive compared with
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Figure 7 A working model for DET1 cooperation with CUL4–
DDB1DDB2 in DNA repair. UV-DNA photoproduct (red star) is
detected and bound by DDB2, which focalizes neddylated (Ned)
CUL4–DDB1 ubiquitin ligase on the damaged region. In mammals,
XPC is recruited and poly-ubiquitylated by CUL4–DDB1DDB2, there-
by enhancing its binding to DNA. DDB2 protein is subsequently
ubiquitylated and degraded by a CUL4–DDB1- and DET1-dependent
mechanism. This involves the formation of a transient large DET1
complex presumably containing CUL4 in addition to DDB1, which
is a stable partner of DET1 through direct protein–protein interac-
tion. DET1 would then also be targeted by a CUL4–DDB1 ubiquitin
ligase for degradation. Proteolysis of DDB2 and DET1 may allow
their eviction from chromatin to facilitate recruiting the NER
machinery, which is initiated by binding of the heterotrimeric
XPC–HR23–CEN2 (plant RAD4-RAD23-CEN2) factor onto the
lesion. DET1 has the capacity to bind histone H2B, represented
here on an adjacent nucleosome for simplicity, but whether it acts
as a soluble or histone-bound factor for DDB2 degradation remains
to be determined.
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ER-negative tumour samples of patients exhibiting breast

carcinoma, suggesting that DDB2 could have oncogenic

effects (Kattan et al, 2008). The role of DET1 in the control

of c-Jun, CDT1 and DDB2 protein contents in humans

and plants, respectively (Wertz et al, 2004; Pick et al, 2007;

this study), strongly suggests that this conserved factor

may be a regulator of cell growth and of the cellular

response to UV irradiation, thereby contributing to genome

stability.

Much effort has been devoted to deciphering DET1

function in the context of plant development, and in parti-

cular during photomorphogenesis (Chory et al, 1989; Chory

and Peto, 1990; Pepper et al, 1994; Schroeder et al, 2002; Ma

et al, 2003; Chen et al, 2004). Ubiquitin-mediated protein

degradation is known to have a central role in this develop-

mental transition, notably by regulating the abundance of

transcription factors (Chen et al, 2004; Lorrain et al, 2006;

Jiao et al, 2007). While COP1 and DET1 both contribute to

inhibit photomorphogenesis in darkness, COP1 is slowly

excluded from the nucleus upon illumination while DET1 is

constitutively nuclear (Serino and Deng, 2003; Chen et al,

2004). This property renders DET1 more susceptible to cope

with the harmful effects of sudden light exposure on etiolated

seedlings and positions DET1 as a multifaceted factor in the

switch from dark- to light-dependent development in plants.

Further elucidation of the multiple roles of DET1 may now

require the integration of chromatin dynamics, as plant DET1

has been shown to interact with histone H2B (Benvenuto

et al, 2002). This capacity may indeed be relevant, given that

poly-ubiquitylation of various histones has been shown

recently to involve CUL4–DDB1 and to have a role in NER

in mammalian cells (Kapetanaki et al, 2006). The study by

Wang et al (2006) furthermore revealed that CUL4A knock-

down cells had reduced UV-induced histone H3 and H4

ubiquitylation, impaired recruitment of XPC to damaged

foci, and defective DNA repair. Histone poly-ubiquitylation

may loosen association with DNA and trigger histone eviction

to enable access of the NER machinery. Because the precise

mechanism by which CUL4A–DDB1 CRLs can influence

histone ubiquitylation is poorly understood, it remains

possible that other CUL4–DDB1-associated proteins such as

DET1 may target one or several CUL4-based CRLs to chro-

matin. The possible loading of DET1 onto chromatin at

damaged foci and the precise role of chromatin-bound

DET1 remain fascinating questions that will need to be

addressed in future studies.

Materials and methods

Plant materials
Arabidopsis mutants atr-2, rad10, ddb1a-2, as well as phrI and uvr3
mutants, have been described in Molinier et al (2008), det1-1 in
Chory et al (1989), cul4-1 in Bernhardt et al (2006) and ddb1b-2 in
Bernhardt et al (2010). All mutants are in the Columbia-0 (Col-0)
background except the ddb2-2 mutant in Nossen (Molinier et al,
2008). Arabidopsis seeds were surface sterilized and plated on
Murashige and Skoog medium containing 0.9% agar and stratified
for 3 days at 41C before transfer to growth chambers with a 16 h/8 h
light/dark photoperiod (231C/191C) with 100 mmol m2 per second of
light. All plant samples were harvested and extracted at mid
photoperiod (12–16 h).

Generation of transgenic plants
Construction of the pK35S::mycDET1 binary vector has been
described in Dubin et al (2008), while the generation of DDB2

R343H mutation was described in Molinier et al (2008). The binary
plasmids were mobilized using Agrobacterium tumefaciens to
transform wild-type Col-0, Nossen and det1-1 or ddb2-2 A. thaliana
plants by floral dipping (Clough and Bent, 1998). Transformants
with a single insertion were selected based on kanamycin anti-
biotic resistance. Expression of the mycDET1 fusion protein
was confirmed by immunoblot using a mouse anti-myc antibody
(05-724, Millipore) and anti-DET1 antibody.

Phenotype and UV-C sensitivity analyses
Photomorphogenic phenotype analyses and root growth assays
were performed as in Castells et al (2010) with the exception that for
root length measurements upon UV-C exposure seedlings were
either kept for 24 h under white light or in complete darkness. At
least 20 plants were used per replicate and the experiments were
triplicated.

Determination of 6,4PP and CPD removal in vivo by
immunodot-blot
Two-week-old seedlings were irradiated with UV-C (1000 J/m2,
l¼ 254 nm) using a UVC 500 Crosslinker (Amersham). Samples
were harvested just after irradiation or kept in darkness and
harvested 24 h later. Genomic DNA was extracted and analysed by
immunodot-blot as described in Castells et al (2010). The amounts
of CPDs or 6,4PPs remaining after 24 h were determined for each
specific genotype by comparing with the initial level immediately
after UV-C irradiation assuming that repair reaction rate is
independent of substrate concentration.

Quantitative RT–PCR
Quantitative RT–PCR (qRT–PCR) analysis was performed on total
RNA extracted using RNeasy plant minikit (Qiagen) from 10-day-old
seedlings exposed to 900 J/mol UV with a UVC 500 Crosslinker
(Amersham). Reverse transcription was performed on 1 mg of total
RNA using random hexamers and a cDNA reverse transcription kit
(Applied Biosystems). Quantitative PCR was performed using a
LightCycler 480 and LightCycler 480 SYBR green I Master mix
(Roche). To exclude any contamination of the samples by genomic
DNA, PCR was also performed using primers flanking one intron of
ACTIN2 and the size of the amplicons was checked on agarose gels.
Data were normalized relative to At4g29130 and At5g13440 genes
with invariant expression over dozens of publicly available
transcriptome analyses. Sequences of the primers are detailed in
Supplementary Table 1.

In vitro synthesis DNA repair assay
In vitro repair assay was performed on plant nuclear extracts
according to Li et al (2002). Linearized pGEX plasmid was UV-C
damaged (450 J/m2) using a Stratalinker (Stratagene) and used as
repair substrate. Twenty micrograms of protein extracts were used
per time point and mixed with 200 ng of damaged plasmid and
300 ng of non-damaged pBSK linearized plasmid as internal control.
The reaction was stopped after 1 or 2 h by flash freezing in liquid
nitrogen. Plasmids were gel purified and separated by electrophor-
esis on a 0.8% agarose gel. DNA was transferred onto a nylon
membrane (Roche) by capillary transfer and detection was
performed using the DIG Nucleic Acid Detection kit (Roche).

DET1 antibody production
The full-length DET1 coding sequence was amplified by RT–PCR
from wild-type Arabidopsis Col-0 RNAs and cloned into the pET-15
Escherichia coli expression vector in frame with a 6� HIS amino-
terminal tag using BamHI and XhoI restriction sites. Upon induction
with 1 mM IPTG for 30 min at 371C, bacterial cells were broken
using a French press and inclusion bodies were purified according
to Barneche et al (2006). DET1 recombinant protein was further
purified from low level contaminants by SDS–PAGE followed by
electroelution of the excised Coomassie-stained bands. In total,
100 mg of the purified protein was combined with Freund’s adjuvant
to form a stable emulsion that was injected subcutaneously in
rabbit. This procedure was repeated after 3 weeks and 1 week after
injection blood was collected from the central ear artery and
the antibody’s titre was checked by immunoblot. Two additional
injections with 20 mg of recombinant protein were performed at
week 7 and 10; in the last one the protein was mixed with 0.5 ml of
PolyA-PolyU (2 mg/ml, polyadenylic-polyuridylic acid, Sigma) and
injected intravenously. At week 11, blood was collected and the
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serum was separated and clarified by centrifugation. The serum was
further affinity purified on DET1 recombinant protein using a
SulfoLink Immobilization Kit for Peptides using the manufacturer’s
instruction (Thermo Scientific Pierce).

Gel filtration
Fifteen-day-old light-grown seedlings were ground in liquid nitro-
gen and resuspended in 1 ml of extraction buffer (50 mM Tris–HCl
pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.1% NP-40, 10% glycerol and
protease inhibitors). The extract was cleared by centrifugation
for 5 min at 5000 r.p.m., 5 min at 10 000 r.p.m. and for 1 h at
14 000 r.p.m. Soluble fraction was subsequently concentrated for 2 h
at 14 000 r.p.m. using YM-10 centricons (Amicon). Five-hundred
micrograms of cleared extract was then injected in a pre-calibrated
Superdex 200 (Amersham) gel filtration column with the same
extraction buffer at 0.4 ml/min using an AKTA FPLC system.
Twenty fractions of 0.5 ml were collected, and 50 ml of each was
analysed by immunoblotting with the indicated antibodies.

Protein immunoblotting
Analysis of DET1 and DDB2 content after UV-C irradiation was done
according to Molinier et al (2008). Two-week-old seedlings were
UV-C irradiated (at 1500 or 3000 J/m2) using a UV-Crosslinker (GE
Healthcare, Amersham Biosciences). Total protein extract was
prepared using a denaturing buffer (Büche et al, 2000) and boiled
for 5 min. Twenty micrograms of total protein were separated by
10% SDS–PAGE and transferred onto Immobilon-P membranes
(Millipore) and blotted with anti-DDB2 and anti-DET1 antibodies.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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