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Abstract: In plants, exposure to solar ultraviolet (UV) light is unavoidable, resulting in DNA damage.
Damaged DNA causes mutations, replication arrest, and cell death, thus efficient repair of the
damaged DNA is essential. A light-independent DNA repair pathway called nucleotide excision
repair (NER) is conserved throughout evolution. For example, the damaged DNA-binding protein
Radiation sensitive 4 (Rad4) in Saccharomyces cerevisiae is homologous to the mammalian NER
protein Xeroderma Pigmentosum complementation group C (XPC). In this study, we examined
the role of the Arabidopsis thaliana Rad4/XPC homologue (AtRAD4) in plant UV tolerance by
generating overexpression lines. AtRAD4 overexpression, both with and without an N-terminal
yellow fluorescent protein (YFP) tag, resulted in increased UV tolerance. YFP-RAD4 localized to the
nucleus, and UV treatment did not alter this localization. We also used yeast two-hybrid analysis to
examine the interaction of AtRAD4 with Arabidopsis RAD23 and found that RAD4 interacted with
RAD23B as well as with the structurally similar protein HEMERA (HMR). In addition, we found
that hmr and rad23 mutants exhibited increased UV sensitivity. Thus, our analysis suggests a role for
RAD4 and RAD23/HMR in plant UV tolerance.
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1. Introduction

All living organisms have an inherent ability to protect their genetic integrity against naturally
occurring environmental mutagens. Ultraviolet (UV) light is one of the most common and unavoidable
environmental sources of DNA damage. UV induces dipyrimidine photolesions in DNA, such as
cyclobutane pyrimidine dimers (CPDs) and 6–4 photoproducts (6–4PPs) [1]. Damaged DNA arrests
cellular processes such as replication and transcription. A failure to repair DNA damage ultimately leads to
disturbances of gene expression, mutations, and apotosis. The mechanisms for the protection and repair of
DNA are well-conserved [2]. The single-step light-dependent damage repair, called photoreactivation,
is carried out by photolyase enzymes in the presence of blue light. Light-independent multistep
DNA repair is called nucleotide excision repair (NER) [3]. Defective NER in humans can result in
xeroderma pigmentosum (XP), Cockayne syndrome (CS), and trichothiodystrophy [4]. Xeroderma
pigmentosum results in hypersensitivity to UV radiation and increased risk of skin cancer. Eight genetic
complementation groups (A to G, V) have been identified for XP to date [5].

The initiation of NER varies depending on the location of the damage. The repair of transcribed
DNA strands is known as transcription-coupled NER (TC-NER). Damage recognition in TC-NER
is performed by Cockayne syndrome A and B (CSA and CSB) [6]. In contrast, global genomic NER
(GG-NER) is the repair of untranscribed DNA across the entire genome [7]. In mammalian GG-NER,
UV-induced lesions recruit the UV-damaged DNA-binding (DDB) protein complex, DDB1–DDB2–
CUL4A–RBX1. The DDB complex then recruits the Xeroderma Pigmentosum complementation group
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C (XPC) complex to the damaged site. The mammalian XPC complex consists of XPC, hRAD23B,
and Centrin 2 (CEN2), a small calcium-binding EF-hand protein. Damage recognition by the XPC
complex is followed by damage verification by the basal transcription factor IIH (TFIIH) complex and
XPA. During verification by TFIIH, two helicases, XPD and XPB, open the double helix with their
ATPase activity. Replication protein A (RPA), along with the endonucleases XPG and XPF-ERCC1,
become active after damage verification, resulting in a dual incision at the damaged site and the
removal of the damage. Finally, repair synthesis completes the repair [8].

The yeast (Saccharomyces cerevisiae) XPC orthologue, Rad4 (radiation sensitive 4), has an activity
that is similar to that of its mammalian counterpart. Rad4, along with yeast Rad23, forms a complex to
recognize UV-damaged DNA. This complex is recruited by Rad7/Rad16. Rad4 is ubiquitinated and
degraded after damage recognition [9].

The GG-NER process is similar in plants, mammals, and yeast [3]. Plant homologues of Rad23
have been reported in Arabidopsis thaliana, rice, and Daucus carota [10,11]. In A. thaliana, the RAD23
family includes four members, RAD23A, RAD23B, RAD23C, and RAD23D, which are also involved
in the transfer of ubiquitinated proteins to the 26S proteasome [12]. In addition, Chen et al. [13]
identified a novel protein in the Arabidopsis phytochrome nuclear body, HEMERA, previously known as
pTAC12 [13,14]. HEMERA was found to be structurally similar to RAD23, and partially complements
Rad23 function in yeast [13]. Studies involving the loss of Arabidopsis CEN2 (AtCEN2) confirmed its
role in NER [15]. AtCEN2 interacts with the Arabidopsis homologue of human XPC (AtRAD4) via
an EF-hand Ca2+-binding domain. This domain is required for CEN2 function in NER [16]. In plants,
the role of AtRAD4 in DNA repair has yet to be studied in detail. In this study, we investigate the role
of AtRAD4 in UV tolerance and its interaction with RAD23 and HMR.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

In these studies, the Columbia-0 (Col-0) ecotype was used as the wild-type control. The HEMERA
(At2g34640) partial loss-of-function allele hmr-22 [17] was kindly provided by Dr. Meng Chen,
UC Riverside. The lines rad23a-1 (SALK_064980 in At1g16190), rad23b-1 (SALK_076360 in At1g79650),
rad23c-1 (SALK_068091 in At3g02540), and rad23d-1 (SALK_014137 in At5g38470) [12] were ordered
from the Arabidopsis Biological Resource Center (ABRC), Columbus, OH, USA. Unfortunately,
we were unable to identify homozygotes in the rad23d-1 line, so rad23a–c were used for analysis.
The seeds were sterilized (10 min in 70% ethanol, 0.5% Triton X-100 followed by 10 min in 95% ethanol)
and plated on Linsmaier and Skoog (LS) medium (Caisson, Smithfield, UT, USA) containing 0.6%
sucrose and 0.86% phytoblend (Caisson). The seeds were cold-stratified at 4 ◦C for 2 days, followed by
growth in an incubator at 20 ◦C, 50% relative humidity, and long-day conditions for 14 days. Seedlings
were transplanted to soil on the 14th day for further growth in long-day conditions (16 h light and 8 h
dark) provided by fluorescent bulbs (100 µM photons m−2 s−1). The temperature was maintained at
20 ◦C and the relative humidity at 50%. The soil used for growth was Sunshine mix No. 1 (SunGro,
Bellevue, WA, USA).

2.2. Generation of Overexpression Lines

Overexpression lines were generated using the RAD4 (At5g16630) cDNA in the pENTR223
vector (G16664) obtained from the ABRC. The RAD4 cDNA was cloned into pEarleyGate100
(CaMV 35S:RAD4) and pEarleyGate104 (CaMV 35S:YFP-RAD4) using the Gateway technology [18].
The pEarleyGate vectors were also obtained from the ABRC. Wild-type Arabidopsis Col-0 was
transformed via agrobacterium-mediated transformation [19], and the transformed generation (T1)
was screened with BASTA selection. Homozygous T3 plants were used for the experiments.
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2.3. RNA Extraction and qRT-PCR

Col-0 and RAD4 overexpression lines were grown on LS plates in long-day conditions for 7 days.
The RNA was extracted from 50 seedlings per sample using the RNeasy plant minikit (Qiagen, Hilden,
Germany) including DNase treatment. cDNA was synthesized from RNA with the Maxima First
Strand cDNA synthesis kit (Fermentas, Waltham, MA, USA). Transcript levels were checked with
the RAD4 cDNA specific primers RAD4_c671F (GTAAAGGCACAGCGGAAGAG) and RAD4_c780R
(CCCAGGTTTTAAGGATGCAA). EF1α (At5g60390) (CTGGAGGTTTTGAGGCTGGTAT, CCAAGGG
TGAAAGCAAGAAGA) was used to normalize the sample loading [20,21]. Real-time PCR was
performed using SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA, USA), and the CFX Connect
Real-time PCR detection system (Bio-Rad, Hercules, CA, USA) was used for analysis. Two biological
replicates were performed per genotype, the data were normalized versus EF1α, and the mean values
were calculated and expressed as relative to the levels in the Col-0 control.

2.4. UV Sensitivity Assays

The seeds were sterilized and plated on LS medium containing 0.6% sucrose and 0.86%
phytoblend. The plates were kept at 4 ◦C for 2 days for cold stratification, followed by vertical
growth for 3 days at 20 ◦C in long-day conditions. The three-day-old plants were exposed to 0 or
1000 J m−2 UV-C (shortwave UV lamp XX-15S, UVP/LLC, Upland, CA, USA) and wrapped with
aluminium foil to prevent photoreactivation. The plants were then rotated 90◦ and grown in the dark
for 3 days. Plates were then scanned on a Perfection 1260 scanner (Epson, Suwa, Japan), and hypocotyl
and root growth were measured for the indicated number of seedlings (n) using ImageJ.

In the light-versus-dark UV sensitivity assay, the seeds were grown in the same conditions as
above. Three-day-old seedlings were exposed to 0 or 1000 J m−2 UV-C, followed by 2 days growth in
light or dark. The roots were measured and analyzed as above.

In the adult assay, the seedlings were grown in the above conditions on LS medium and
transplanted to soil at two weeks of age. At three weeks of age, the plants were exposed to 0,
300, or 600 J m−2 of UV-C, followed by 3 days of growth in dark conditions, then returned to long-day
conditions. After 2–3 days of growth in the light, individual leaves were scored as either undamaged
(green) or damaged (yellow or brown), and data were expressed as percentage of undamaged leaves
(green leaves/total leaves) for six plants per genotype per treatment. In the adult UV sensitivity assays,
uvh1-1 was used as the positive control [22].

2.5. Protein Localization

Yellow fluorescent protein (YFP)-tagged RAD4 T3 and control seeds were sterilized and
cold-stratified for 2 days at 4 ◦C. The seedlings were grown on LS medium for 3 days in the dark
following a 6 h light treatment to initiate germination. The slides were prepared with 2–3 seedlings per
slide in distilled water and were observed under an AXIO Imager Z1 Microscope (Zeiss, Oberkochen,
Germany) equipped with Axio Vision 4.8 software, using YFP (Filter Set YFP-2427B-000, Semrock Inc.,
Rochester, NY, USA) and DAPI (Zeiss Filter Set 02 (488002-9901-000)) filters. DAPI (Sigma-Aldrich
Canada, Oakville, ON, Canada) staining (10 µg/mL) [23] was done for 10 min. For UV treatments,
the seedlings were exposed to 1000 J m−2 UV-C and then observed.

2.6. Yeast Two-Hybrid Analysis

RAD4 protein interactions were investigated using the Matchmaker gold yeast two-hybrid system
(Clontech, Mountian View, CA, USA). The cDNAs of RAD4 (ABRC clone U16664), RAD23B (ABRC
clone U09913), and DDB2 (At5g58760) (ABRC clone U61992) were cloned into pGADT7 (Leu selection)
and pGBKT7 (Trp selection) via standard cloning or Gateway technology. RAD4 pGADT7 was
digested with SacI enzyme to remove the C-terminal fragment of RAD4, then ligated to construct
RAD4N pGADT7 (1-368/866 aa). To construct RAD4N pGBKT7 (1-371/866 aa), RAD4 pGBKT7 was
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digested with PstI to remove the C-terminal end of RAD4, followed by re-ligation. HEMERA pGADT7
and pGBKT7 were kindly provided by Dr. Meng Chen, UC Riverside. Diploid yeast strains were
plated via a series of five-fold dilutions on both double drop-out (–trp, –leu) control and quadruple
drop-out (–ade, –his, –leu, –trp) selection medium along with the positive (p53/T) and negative
(Lam/T) controls. Protein interaction resulted in the expression of ADE2 and HIS3 reporters and
growth on the selective medium. On the control medium, Ade− colonies sometimes turn reddish over
time while Ade+ colonies remain pale.

2.7. Statistical Analysis

A Student’s t-test was performed to compare the overexpression lines or mutants with Col-0 wild
type. Values of p ≤ 0.05 were considered to be statistically significant. Each experiment was repeated
at least twice, and representative data are shown.

3. Results

Initially, we attempted to examine the AtRAD4 loss-of-function phenotype by examining
two Salk T-DNA insertion lines (SALK_135310, SALK_020675) and one FLAG T-DNA line
(FLAG_005E11) [24,25]. The T-DNA insertions in the Salk lines are beyond the 3′ end of the RAD4
transcript, so they do not disrupt the coding sequence. The analysis of RAD4 transcription in these two
lines showed no decrease in RAD4 levels (data not shown). Thus, these two lines are not suppressed
or silenced and are not RAD4 loss-of-function alleles. The insertion site of the FLAG T-DNA line is in
exon 11. However, no homozygotes were found in the segregating populations, suggesting that RAD4
loss of function results in gamete or embryo lethality.

Thus, in order to examine the role of AtRAD4 in UV tolerance, we utilized a gain-of-function
approach by generating overexpression lines using pEarleyGate vectors [18]. Two overexpression
(CaMV 35S driven) constructs were generated, one with an N-terminal YFP tag in the pEarleyGate104
vector, and one without a tag in the pEarleyGate100 vector. Both these constructs were transformed
into the Col-0 wild-type background, transformed lines were generated, and overexpression was
confirmed in the homozygous T3 lines (Figure 1a,b). The tagless-RAD4 overexpression lines showed
increased UV tolerance in both the root and hypocotyl (Figure 1c). This increased UV tolerance
occurred only when the plants were incubated in the dark following UV treatment, but not when they
were incubated in the light (Figure 1e), consistent with a role in dark repair (nucleotide excision repair).
In the adults, RAD4 overexpression resulted in decreased damage following UV treatment and dark
incubation (Figure 1g and Figure S1), and, therefore, increased UV tolerance. Similarly, YFP-RAD4
overexpression also resulted in increased UV tolerance in dark-incubated hypocotyls, roots, and adult
leaves (Figure 1d,h), but not in light-incubated roots (Figure 1f). Thus, RAD4 overexpression results in
increased UV tolerance, and the N-terminal YFP tag does not appear to interfere with RAD4 function.

In order to determine RAD4 cellular localization, we examined YFP fluorescence in the YFP-RAD4
line. YFP-RAD4 was found to be nuclear-localized, as confirmed by DAPI staining (Figure 2a). While the
Arabidopsis SubCellular Proteomic Database (SUBA) [26] predicts nuclear, plastid, and mitochrondrial
localization for RAD4, both the consensus algorithms SUBAcon [27] and PSI (Plant Subcellular
localization integrative predictor) [28] predict nuclear localization of AtRAD4, with scores of 0.998
and 0.708, respectively. AtRAD4 appeared to be localized throughout the nucleus, consistent with
the prediction of the Sub-nuclear Compartments Prediction System (Version 2.0) [29], which predicts
nucleoplasm and nuclear lamina localization for AtRAD4. This localization was not altered by UV
treatment (Figure 2b).

Yeast two-hybrid analysis was used to examine the interactions between the Arabidopsis GG-NER
components. Arabidopsis RAD4 and DDB2 homologues were cloned into yeast two-hybrid vectors
and tested for interaction, however no growth on the selective medium, indicative of interaction,
was observed (Figure S2). In addition, RAD4 did not interact with itself in this assay (Figure S3).
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Figure 1. Overexpression of Arabidopsis Radiation sensitive 4 (RAD4) and yellow fluorescent protein 
(YFP)-RAD4 results in increased tolerance of ultraviolet (UV) radiation. RAD4 levels in (a) 35S:RAD4 
and (b) 35S:YFP-RAD4 overexpression lines, relative to control Col-0. The values are normalized 
relative to the reference gene EF1α. The error bars indicate SE (n = 2). (c–h) UV tolerance in 35S:RAD4 
and 35S:YFP-RAD4 overexpression lines. (c,d) Hypocotyl and root growth in dark-incubated 
seedlings analyzed 3 days after UV treatment, expressed as relative to the untreated controls (n = 10). 
(e,f) Root growth in light- and dark-incubated seedlings analyzed 2 days after UV treatment, 
expressed as relative to the untreated controls (n = 10). (g,h) Percentage of undamaged leaves in adult 
plants after 0, 300, or 600 J m−2 UV treatment followed by dark incubation (n = 6). For c–h, the values 
are means ± SE, * = p < 0.05 for the overexpression lines versus Col-0 wild type in the same conditions. 

Figure 1. Overexpression of Arabidopsis Radiation sensitive 4 (RAD4) and yellow fluorescent protein
(YFP)-RAD4 results in increased tolerance of ultraviolet (UV) radiation. RAD4 levels in (a) 35S:RAD4
and (b) 35S:YFP-RAD4 overexpression lines, relative to control Col-0. The values are normalized
relative to the reference gene EF1α. The error bars indicate SE (n = 2). (c–h) UV tolerance in 35S:RAD4
and 35S:YFP-RAD4 overexpression lines. (c,d) Hypocotyl and root growth in dark-incubated seedlings
analyzed 3 days after UV treatment, expressed as relative to the untreated controls (n = 10). (e,f) Root
growth in light- and dark-incubated seedlings analyzed 2 days after UV treatment, expressed as relative
to the untreated controls (n = 10). (g,h) Percentage of undamaged leaves in adult plants after 0, 300,
or 600 J m−2 UV treatment followed by dark incubation (n = 6). For c–h, the values are means ± SE,
* = p < 0.05 for the overexpression lines versus Col-0 wild type in the same conditions.
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contributes to Arabidopsis UV tolerance. This sensitivity was specific to dark conditions (Figure 5b). 
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Figure 2. YFP-RAD4 exhibits nuclear localization. (a) Root hair cells in three-day-old 35S:YFP-RAD4
dark-grown seedlings were examined under 40×magnification using YFP fluorescence, DAPI staining,
and differential interference contrast (DIC). (b) YFP-RAD4 in three-day-old hypocotyl cells observed
under a YFP filter (top) and DIC (bottom), before and after UV treatment, under 40×magnification.

We then tested for the interaction between the XPC complex components AtRAD4 and RAD23B.
Interestingly, the RAD23B GAL4 DNA-binding domain fusion alone (RAD23 pGBKT7) resulted
in growth even in the absence of RAD4 (Figure S4a), suggesting that RAD23B possesses some
transcriptional activation activity. However, the RAD23 pGADT7 and RAD4 pGBKT7 constructs
did not result in growth alone, but did together, indicating an interaction (Figure S4b). The N-terminal
half (1-368/866 aa) of RAD4 was found to be sufficient for RAD23B interaction (Figure 3).

We also tested for the interaction between RAD4 and the RAD23-like protein HEMERA.
Both RAD4 and the RAD4 N-terminal half (1-371/866 aa) were able to interact with HMR in yeast
two-hybrid analysis (Figure 4). This result is consistent with the ability of HEMERA to partially rescue
yeast rad23 UV sensitivity [13]. To examine the role of HMR in Arabidopsis UV tolerance, we performed
UV assays using a viable hmr loss-of-function allele, hmr-22 [17]. The seedlings of hmr-22 exhibited
increased UV sensitivity in both roots and hypocotyls (Figure 5a), indicating that HMR contributes to
Arabidopsis UV tolerance. This sensitivity was specific to dark conditions (Figure 5b).

Since the RAD23-like protein HMR contributes to UV tolerance, we examined UV sensitivity
in rad23a, rad23b, and rad23c mutants. The mutant rad23a exhibited sensitivity in dark-grown
roots (Figure 6a), while rad23b was sensitive in both dark-grown roots and hypocotyls (Figure 6b).
The mutant rad23c was sensitive in dark-grown hypocotyls only (Figure 6c). In adult plants, rad23a and
rad23b exhibited increased leaf damage and, therefore, increased sensitivity (Figure 6d). Thus, despite
a potential redundancy within the RAD23 family, rad23 single mutants were sensitive to UV damage.
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The RAD4 N-terminal half is sufficient to interact with RAD23B. Five-fold dilutions of the indicated
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p53 and T, resulting in growth on the selective medium, is the positive control, whereas Lam and T,
which do not interact, are the negative control.
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Figure 5. The mutant hmr exhibits increased UV sensitivity. (a) Hypocotyl and root growth in
dark-incubated seedlings analyzed 3 days after UV treatment, expressed as relative to the untreated
controls (n = 20). (b) Root growth in light- and dark-incubated seedlings analyzed 2 days after
UV treatment, expressed as relative to the untreated controls (n = 20). The values are means ± SE,
* = p < 0.05 for the mutant versus Col-0 wild type in the same conditions.
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Figure 6. Mutants of rad23 exhibit increased UV sensitivity. (a–c) Relative root and hypocotyl growth in
light- or dark-incubated seedlings analyzed 2 days after UV treatment (n = 20). (d) Fraction of damaged
leaves in adult plants after 0, 300, or 600 J m−2 UV treatment followed by dark incubation (n = 6).
The values are means ± SE, * = p < 0.05 for the mutant versus Col-0 wild type in the same conditions.

4. Discussion

The DNA damage recognition factor XPC/RAD4 has been well studied in both mammalian [30]
and yeast systems [31] with respect to its role in the repair of UV-damaged DNA. In this study,
we examined the role of Arabidopsis RAD4 in UV tolerance using a gain-of-function strategy. AtRAD4
overexpression lines, both with and without YFP tags, resulted in a significant increase in UV tolerance
in hypocotyls, roots, and adults, indicating that increased AtRAD4 results in increased UV tolerance.
This result suggests that RAD4 is limiting during Arabidopsis nucleotide excision repair of UV-damaged
DNA, and is the first genetic evidence that RAD4 contributes to this process in plants.

Our results are in contrast to findings in yeast, where ScRad4 overexpression in the wild type did
not result in increased UV tolerance. However, ScRad4 overexpression did result in partial rescue of
UV sensitivity in rad23 mutants, consistent with the proposed role of Rad23 in Rad4 stabilization [32].
Human XPC was found to be overexpressed in hepatocellular carcinoma cells, and may contribute to
chemotherapeutic resistance in these cells [33]. The role of XPC overexpression was also studied with
respect to p53 turnover in the presence and absence of UV. In the absence of UV, XPC overexpression
did not affect p53 turnover. However, in the presence of UV, XPC overexpression resulted in increased
p53 degradation, indicating a role for XPC in p53 turnover [34]. Thus, the effect of XPC/RAD4
overexpression varies between systems.

The overexpression of other Arabidopsis NER components, for example DDB2 and DDB1a, was also
shown to increase UV tolerance [35,36]. Extracts of plants overexpressing AtCEN2 exhibited increased
repair of UV-damaged DNA [16]. In contrast, the overexpression of the transcription-coupled repair
component AtCSA resulted in decreased UV tolerance [37].
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The dark-specific UV tolerant phenotype in RAD4-overexpression lines is consistent with AtRAD4
acting during nucleotide excision repair. To determine if RAD4 exhibited nuclear localization,
consistent with this role, we examined AtRAD4 cellular localization and found it to be nuclear-localized.
UV treatment did not affect this pattern. In general, our localization results are in agreement with
those generated by in silico localization prediction analysis [26–29].

In yeast, ScRad4 was found to be localized in both the cytoplasm and the nucleus in a GFP-tagged
localization study of yeast proteins [38]. Subsequently, the response of ScRAD4 to DNA damaging
agents was studied. ScRAD4 was found throughout the cell in control conditions and localized in
the nucleus after treatment with a DNA-damaging agent [39]. Mammalian XPC was observed in the
nucleus using immunofluorescence [40]. Although XPC is localized in the nucleus, the localization is not
homogenous. The heterogeneous localization of XPC was higher in areas of condensed chromatin [41].
XPC was found to become enriched in the perichromatin region following UV irradiation [42].

The localization of other Arabidopsis NER components was also examined using fluorescent
tags. Like AtRAD4, DDB2 is localized throughout the nucleus [36,37]. Initial studies in onion cells
indicated that CUL4 and DDB1a were nuclear-localized, while DDB1b localized to both the nucleus
and the cytoplasm [43]. However, in studies of transgenic Arabidopsis lines, GFP-tagged DDB1a was
observed in the cytoplasm, but shuttled to the nucleus after UV irradiation. The DNA damage response
component ATR1 was required for DDB1a relocalization [36]. In another study, the XPC complex
component AtCEN2 was observed in the cytoplasm in control conditions, but localized to the nucleus
following UV irradiation [16]. The transcription-coupled repair protein CSA exhibited a speckled
pattern in the nucleus [37], while the rice TFIIH component OsREX1 was also nuclear [44]. Since NER
occurs in the nucleus following UV damage, it appears that NER components already in the nucleus
remain in place, while those present in the cytoplasm in control conditions relocate to the nucleus in
response to UV treatment.

We examined RAD4 interaction with other NER components using yeast two-hybrid assays.
We did not detect an interaction between AtRAD4 and the damage recognition factor DDB2 in this assay.
The mammalian XPC was found to interact with DDB2, however this was not detected using yeast
two-hybrid analysis but via coimmunoprecipitation [45]. Other proteins, such as DDB1, would have
been present in this case, suggesting that the cellular context of the DDB and XPC complexes, or perhaps
in vivo post-translational modifications, are required for DDB2–XPC/RAD4 interaction.

We did detect an interaction between AtRAD4 and RAD23b via yeast two-hybrid analysis and
showed the RAD4 N-terminal half was sufficient for RAD23b interaction. This region (amino acid
1–368/866) corresponds to amino acid 1–270/755 in ScRad4 and 1–490/940 in mammalian XPC [31].
In yeast, ScRad4 was also found to interact with Rad23 in yeast two-hybrid analysis [46]. Interestingly,
den Dulk et al. [47] found that the equivalent N-terminal ScRAD4 fragment did not interact with Rad23
in yeast two-hybrid analysis, but the C-terminal half did. However, cocrystallization of yeast Rad4
and Rad23 revealed contacts between the two proteins in both the N- and C-terminus of Rad4 [31].
In mammals, the C-terminal 160 amino acids of XPC were found to be essential for hRAD23a/b
interaction in yeast two-hybrid analysis [48]. In vitro pulldown experiments found two XPC regions,
495–606 and 606–734, that were necessary but not sufficient for hRAD23b interaction, however the
495–734 region was sufficient [49].

We also found that AtRAD4 interacts with the RAD23-like protein HEMERA in yeast two-hybrid
assays. Again, the RAD4 N-terminal half was sufficient for this interaction. HMR was previously
found to partially rescue UV sensitivity in yeast rad23 mutants, where it presumably would interact
with ScRAD4 [13]. A C-terminally tagged HMR-CFP fusion protein was found to be localized
to the chloroplast, while the N-terminally tagged YFP-HMR was found to be localized in the
nucleus and cytoplasm but not in the chloroplast [13]. Thus, AtRAD4 and HMR could potentially
interact in the nucleus, however this has yet to be assessed. HMR was shown to contribute to
transcriptional activation [17,50]. We found that RAD23b was also able to activate transcription in
yeast two-hybrid assays.
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Since RAD4 interacted with HMR and RAD23b, we examined the role of HMR and the RAD23
family in Arabidopsis UV tolerance. We found the hmr and rad23 mutants to be UV sensitive. This is
somewhat surprising given that there are four RAD23 homologues in Arabidopsis that were found to
act redundantly with respect to developmental phenotypes [12]. However, the rad23d mutant was
previously found to exhibit UV-sensitive pollen development [51]. We found that hmr and rad23a,b,c all
exhibit dark-specific UV sensitivity, consistent with roles for both HMR and the RAD23s in Arabidopsis
nucleotide excision repair.

5. Conclusions

Our studies have shown that AtRAD4 overexpression results in increased UV tolerance, and that
RAD23B and HMR interact with RAD4 and contribute to Arabidopsis UV tolerance. These results
are consistent with a role for AtRAD4, RAD23, and HMR in plant GG-NER. These studies provide
additional insights into the basis of plant DNA repair and provide the basis for potential future
improvements of plant UV tolerance.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4425/9/1/8/s1. Figure S1:
RAD4 overexpression increases adult UV tolerance. Figure S2: Yeast two-hybrid analysis of RAD4–DDB2
interaction. Figure S3: Yeast two-hybrid analysis of RAD4 self-interaction. Figure S4: Yeast two-hybrid analysis of
RAD4–RAD23B interaction.

Acknowledgments: This work was supported by funding from the Natural Sciences and Engineering Research
Council of Canada (NSERC).

Author Contributions: T.L. and D.S. conceived and designed the experiments; T.L. and J.L. performed the
experiments; T.L. and D.S. analyzed the data and wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rastogi, R.; Richa, A.K.; Tyagi, M.B.; Sinha, R.P. Molecular mechanisms of ultraviolet radiation-induced
DNA damage and repair. J. Nucleic Acids 2010, 2010, 592980. [CrossRef] [PubMed]

2. Sugasawa, K. Multiple DNA damage recognition factors involved in mammalian nucleotide excision repair.
Biochemistry 2011, 76, 16–23. [CrossRef] [PubMed]

3. Ganpudi, A.L.; Schroeder, D.F. UV Damaged DNA Repair & Tolerance in Plants. In Selected Topics in DNA
Repair; Chen, C.C., Ed.; INTECH Open Access Publisher: Rijeka, Croatia, 2011.

4. Laine, J.P.; Egly, J.M. When transcription and repair meet: A complex system. Trends Genet. 2006, 22, 430–436.
[CrossRef] [PubMed]

5. Dijk, M.; Typas, D.; Mullenders, L.; Pines, A. Insight in the multilevel regulation of NER. Exp. Cell Res. 2014,
329, 116–123. [CrossRef] [PubMed]

6. Saijo, M. The role of Cockayne syndrome group A (CSA) protein in transcription-coupled nucleotide excision
repair. Mech. Ageing Dev. 2013, 134, 196–201. [CrossRef] [PubMed]

7. Sugasawa, K. Regulation of damage recognition in mammalian global genomic nucleotide excision repair.
Mutat. Res. 2010, 685, 29–37. [CrossRef] [PubMed]

8. Alekseev, S.; Coin, F. Orchestral maneuvers at the damaged sites in nucleotide excision repair. Cell. Mol.
Life Sci. 2015, 72, 2177–2186. [CrossRef] [PubMed]

9. Gillette, T.G.; Yu, S.; Zhou, Z.; Waters, R.; Johnston, S.A.; Reed, S.H. Distinct functions of the
ubiquitin-proteasome pathway influence nucleotide excision repair. EMBO J. 2006, 25, 2529–2538. [CrossRef]
[PubMed]

10. Schultz, T.F.; Quatrano, R.S. Characterization and expression of a rice RAD23 gene. Plant Mol. Biol. 1997, 34,
557–562. [CrossRef] [PubMed]

11. Sturm, A.; Lienhard, S. Two isoforms of plant RAD23 complement a UV-sensitive rad23 mutant in yeast.
Plant J. 1998, 13, 815–821. [CrossRef] [PubMed]

12. Farmer, L.M.; Book, A.J.; Lee, K.H.; Lin, Y.L.; Fu, H.; Vierstra, R.D. The RAD23 family provides an essential
connection between the 26S proteasome and ubiquitylated proteins in Arabidopsis. Plant Cell 2010, 22, 124–142.
[CrossRef] [PubMed]

www.mdpi.com/2073-4425/9/1/8/s1
http://dx.doi.org/10.4061/2010/592980
http://www.ncbi.nlm.nih.gov/pubmed/21209706
http://dx.doi.org/10.1134/S0006297911010044
http://www.ncbi.nlm.nih.gov/pubmed/21568836
http://dx.doi.org/10.1016/j.tig.2006.06.006
http://www.ncbi.nlm.nih.gov/pubmed/16797777
http://dx.doi.org/10.1016/j.yexcr.2014.08.010
http://www.ncbi.nlm.nih.gov/pubmed/25128816
http://dx.doi.org/10.1016/j.mad.2013.03.008
http://www.ncbi.nlm.nih.gov/pubmed/23571135
http://dx.doi.org/10.1016/j.mrfmmm.2009.08.004
http://www.ncbi.nlm.nih.gov/pubmed/19682467
http://dx.doi.org/10.1007/s00018-015-1859-5
http://www.ncbi.nlm.nih.gov/pubmed/25681868
http://dx.doi.org/10.1038/sj.emboj.7601120
http://www.ncbi.nlm.nih.gov/pubmed/16675952
http://dx.doi.org/10.1023/A:1005870227632
http://www.ncbi.nlm.nih.gov/pubmed/9225866
http://dx.doi.org/10.1046/j.1365-313X.1998.00075.x
http://www.ncbi.nlm.nih.gov/pubmed/9681019
http://dx.doi.org/10.1105/tpc.109.072660
http://www.ncbi.nlm.nih.gov/pubmed/20086187


Genes 2018, 9, 8 11 of 12

13. Chen, M.; Galvão, R.M.; Li, M.; Burger, B.; Bugea, J.; Bolado, J.; Chory, J. Arabidopsis HEMERA/pTAC12
initiates photomorphogenesis by phytochromes. Cell 2010, 141, 1230–1240. [CrossRef] [PubMed]

14. Pfalz, J.; Liere, K.; Kandlbinder, A.; Dietz, K.J.; Oelmuller, R. PTAC2,-6, and-12 are components of the
transcriptionally active plastid chromosome that are required for plastid gene expression. Plant Cell 2010, 18,
176–197. [CrossRef] [PubMed]

15. Molinier, J.; Ramos, C.; Fritsch, O.; Hohn, B. CENTRIN2 modulates homologous recombination and
nucleotide excision repair in Arabidopsis. Plant Cell 2004, 16, 1633–1643. [CrossRef] [PubMed]

16. Liang, L.; Flury, S.; Kalck, V.; Hohn, B.; Molinier, J. CENTRIN2 interacts with the Arabidopsis homologue of
the human XPC protein (AtRAD4) and contributes to efficient synthesis-dependent repair of bulky DNA
lesions. Plant Mol. Biol. 2006, 61, 345–356. [CrossRef] [PubMed]

17. Qiu, Y.; Li, M.; Pasoreck, E.K.; Long, L.; Shi, Y.; Galvao, R.M.; Chou, C.L.; Wang, H.; Sun, A.Y.; Zhang, Y.C.
HEMERA couples the proteolysis and transcriptional activity of PHYTOCHROME INTERACTING
FACTORs in Arabidopsis photomorphogenesis. Plant Cell 2015, 27, 1409–1427. [CrossRef] [PubMed]

18. Earley, K.W.; Haag, J.R.; Pontes, O.; Opper, K.; Juehne, T.; Song, K.; Pikaard, C.S. Gateway compatible vectors
for plant functional genomics and proteomics. Plant J. 2006, 45, 616–629. [CrossRef] [PubMed]

19. Weigel, D.; Glazebrook, J. Arabidopsis: A Laboratory Manual; Cold Spring Harbor Library Press: New York,
NY, USA, 2002.

20. Hossain, Z.; Amyot, L.; McGarvey, B.; Gruber, M.; Jung, J.; Hannoufa, A. The translation elongation factor
eEF-1Bβ1 is involved in cell wall biosynthesis and plant development in Arabidopsis thaliana. PLoS ONE
2012, 7, e30425. [CrossRef] [PubMed]

21. Jain, M.; Nijhawan, A.; Tyagi, A.K.; Khurana, J.P. Validation of housekeeping genes as internal control for
studying gene expression in rice by quantitative real-time PCR. Biochem. Biophys. Res. Commun. 2006, 345,
646–651. [CrossRef] [PubMed]

22. Harlow, G.R.; Jenkins, M.E.; Pittalwala, T.S.; Mount, D.W. Isolation of uvh1, an Arabidopsis mutant
hypersensitive to ultraviolet light and ionizing radiation. Plant Cell 1994, 6, 227–235. [CrossRef] [PubMed]

23. Kapuscinski, J. DAPI: A DNA-specific fluorescent probe. Biotech. Histochem. 1995, 70, 220–233. [CrossRef]
[PubMed]

24. Alonso, J.M.; Stepanova, A.N.; Leisse, T.J.; Kim, C.J.; Chen, H.; Shinn, P.; Stevenson, D.K.; Zimmerman, J.;
Barajas, P.; Cheuk, R.; et al. Genome-wide insertional mutagenesis of Arabidopsis thaliana. Science 2003, 301,
653–657. [CrossRef] [PubMed]

25. Samson, F.; Brunaud, V.; Balzergue, S.; Dubreucq, B.; Lepiniec, L.; Pelletier, G.; Caboche, M.; Lecharny, A.
FLAGdb/FST: A database of mapped flanking insertion sites (FSTs) of Arabidopsis thaliana T-DNA
transformants. Nucleic Acids Res. 2002, 30, 94–97. [CrossRef] [PubMed]

26. Tanz, S.K.; Castleden, I.; Hooper, C.M.; Vacher, M.; Small, I.; Millar, H.A. SUBA3: A database for integrating
experimentation and prediction to define the SUBcellular location of proteins in Arabidopsis. Nucleic Acids Res.
2013, 41, D1185–D1191. [CrossRef] [PubMed]

27. Hooper, C.M.; Tanz, S.K.; Castleden, I.R.; Vacher, M.A.; Small, I.D.; Millar, A.H. SUBAcon: A consensus
algorithm for unifying the subcellular localization data of the Arabidopsis proteome. Bioinformatics 2014, 30,
3356–3364. [CrossRef] [PubMed]

28. Liu, L.; Zhang, Z.; Mei, Q.; Chen, M. PSI: A comprehensive and integrative approach for accurate plant
subcellular localization prediction. PLoS ONE 2013, 8, e75826. [CrossRef] [PubMed]

29. Lei, Z.; Dai, Y. An SVM-based system for predicting protein subnuclear localizations. BMC Bioinform. 2005,
6, 1. [CrossRef] [PubMed]

30. Dupuy, A.l.; Sarasin, A. DNA damage and gene therapy of xeroderma pigmentosum, a human DNA
repair-deficient disease. Mutat. Res. 2016, 776, 2–8. [CrossRef] [PubMed]

31. Min, J.H.; Pavletich, N.P. Recognition of DNA damage by the Rad4 nucleotide excision repair protein. Nature
2007, 449, 570–575. [CrossRef] [PubMed]

32. Xie, Z.; Liu, S.; Zhang, Y.; Wang, Z. Roles of Rad23 protein in yeast nucleotide excision repair.
Nucleic Acids Res. 2004, 32, 5981–5990. [CrossRef] [PubMed]

33. Fautrel, A.; Andrieux, L.; Musso, O.; Boudjema, K.; Guillouzo, A.; Langouët, S. Overexpression of the two
nucleotide excision repair genes ERCC1 and XPC in human hepatocellular carcinoma. J. Hepatol. 2005, 43,
288–293. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2010.05.007
http://www.ncbi.nlm.nih.gov/pubmed/20603003
http://dx.doi.org/10.1105/tpc.105.036392
http://www.ncbi.nlm.nih.gov/pubmed/16326926
http://dx.doi.org/10.1105/tpc.021378
http://www.ncbi.nlm.nih.gov/pubmed/15155891
http://dx.doi.org/10.1007/s11103-006-0016-9
http://www.ncbi.nlm.nih.gov/pubmed/16786311
http://dx.doi.org/10.1105/tpc.114.136093
http://www.ncbi.nlm.nih.gov/pubmed/25944101
http://dx.doi.org/10.1111/j.1365-313X.2005.02617.x
http://www.ncbi.nlm.nih.gov/pubmed/16441352
http://dx.doi.org/10.1371/journal.pone.0030425
http://www.ncbi.nlm.nih.gov/pubmed/22272350
http://dx.doi.org/10.1016/j.bbrc.2006.04.140
http://www.ncbi.nlm.nih.gov/pubmed/16690022
http://dx.doi.org/10.1105/tpc.6.2.227
http://www.ncbi.nlm.nih.gov/pubmed/8148646
http://dx.doi.org/10.3109/10520299509108199
http://www.ncbi.nlm.nih.gov/pubmed/8580206
http://dx.doi.org/10.1126/science.1086391
http://www.ncbi.nlm.nih.gov/pubmed/12893945
http://dx.doi.org/10.1093/nar/30.1.94
http://www.ncbi.nlm.nih.gov/pubmed/11752264
http://dx.doi.org/10.1093/nar/gks1151
http://www.ncbi.nlm.nih.gov/pubmed/23180787
http://dx.doi.org/10.1093/bioinformatics/btu550
http://www.ncbi.nlm.nih.gov/pubmed/25150248
http://dx.doi.org/10.1371/journal.pone.0075826
http://www.ncbi.nlm.nih.gov/pubmed/24194827
http://dx.doi.org/10.1186/1471-2105-6-291
http://www.ncbi.nlm.nih.gov/pubmed/16336650
http://dx.doi.org/10.1016/j.mrfmmm.2014.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26255934
http://dx.doi.org/10.1038/nature06155
http://www.ncbi.nlm.nih.gov/pubmed/17882165
http://dx.doi.org/10.1093/nar/gkh934
http://www.ncbi.nlm.nih.gov/pubmed/15545636
http://dx.doi.org/10.1016/j.jhep.2005.02.020
http://www.ncbi.nlm.nih.gov/pubmed/15922480


Genes 2018, 9, 8 12 of 12

34. Krzeszinski, J.Y.; Choe, V.; Shao, J.; Bao, X.; Cheng, H.; Luo, S.; Huo, K.; Rao, H. XPC promotes
MDM2-mediated degradation of the p53 tumor suppressor. Mol. Biol. Cell 2014, 25, 213–221. [CrossRef]
[PubMed]

35. Al Khateeb, W.M.; Schroeder, D.F. Overexpression of Arabidopsis damaged DNA binding protein 1A
(DDB1A) enhances UV tolerance. Plant Mol. Biol. 2009, 70, 371–383. [CrossRef] [PubMed]

36. Molinier, J.; Lechner, E.; Dumbliauskas, E.; Genschik, P. Regulation and role of Arabidopsis CUL4-DDB1A-
DDB2 in maintaining genome integrity upon UV stress. PLoS Genet. 2008, 4, e1000093. [CrossRef] [PubMed]

37. Biedermann, S.; Hellmann, H. The DDB1a interacting proteins ATCSA 1 and DDB2 are critical factors for UV
B tolerance and genomic integrity in Arabidopsis thaliana. Plant J. 2010, 62, 404–415. [CrossRef] [PubMed]

38. Huh, W.K.; Falvo, J.V.; Gerke, L.C.; Carroll, A.S.; Howson, R.W.; Weissman, J.S.; O’Shea, E.K. Global analysis
of protein localization in budding yeast. Nature 2003, 425, 686–691. [CrossRef] [PubMed]

39. Li, Y.; Yan, J.; Kim, I.; Liu, C.; Huo, K.; Rao, H. Rad4 regulates protein turnover at a postubiquitylation step.
Mol. Biol. Cell 2010, 21, 177–185. [CrossRef] [PubMed]

40. Van Der Spek, P.J.; Eker, A.; Rademakers, S.; Visser, C.; Sugasawa, K.; Masutani, C.; Hanaoka, F.; Bootsma, D.;
Hoeijmakers, J.H. XPC and human homologs of RAD23: Intracellular localization and relationship to other
nucleotide excision repair complexes. Nucleic Acids Res. 1996, 24, 2551–2559. [CrossRef] [PubMed]

41. Hoogstraten, D.; Bergink, S.; Ng, J.M.; Verbiest, V.H.; Luijsterburg, M.S.; Geverts, B.; Raams, A.; Dinant, C.;
Hoeijmakers, J.H.; Vermeulen, W. Versatile DNA damage detection by the global genome nucleotide excision
repair protein XPC. J. Cell Sci. 2008, 121, 2850–2859. [CrossRef] [PubMed]

42. Solimando, L.; Luijsterburg, M.S.; Vecchio, L.; Vermeulen, W.; Van Driel, R.; Fakan, S. Spatial organization of
nucleotide excision repair proteins after UV-induced DNA damage in the human cell nucleus. J. Cell Sci.
2009, 122, 83–91. [CrossRef] [PubMed]

43. Zhang, Y.; Feng, S.; Chen, F.; Chen, H.; Wang, J.; McCall, C.; Xiong, Y.; Deng, X.W. Arabidopsis DDB1-CUL4
ASSOCIATED FACTOR1 forms a nuclear E3 ubiquitin ligase with DDB1 and CUL4 that is involved in
multiple plant developmental processes. Plant Cell 2008, 20, 1437–1455. [CrossRef] [PubMed]

44. Kunihiro, S.; Kowata, H.; Kondou, Y.; Takahashi, S.; Matsui, M.; Berberich, T.; Youssefian, S.; Hidema, J.;
Kusano, T. Overexpression of rice OsREX1-S, encoding a putative component of the core general transcription
and DNA repair factor IIH, renders plant cells tolerant to cadmium-and UV-induced damage by enhancing
DNA excision repair. Planta 2014, 239, 1101–1111. [CrossRef] [PubMed]

45. Sugasawa, K.; Okuda, Y.; Saijo, M.; Nishi, R.; Matsuda, N.; Chu, G.; Mori, T.; Iwai, S.; Tanaka, K. UV-induced
ubiquitylation of XPC protein mediated by UV-DDB-ubiquitin ligase complex. Cell 2005, 121, 387–400.
[CrossRef] [PubMed]

46. Wang, Z.; Wei, S.; Reed, S.H.; Wu, X.; Svejstrup, J.Q.; Feaver, W.J.; Kornberg, R.D.; Friedberg, E.C. The
RAD7, RAD16, and RAD23 genes of Saccharomyces cerevisiae: Requirement for transcription-independent
nucleotide excision repair in vitro and interactions between the gene products. Mol. Cell. Biol. 1997, 17,
635–643. [CrossRef] [PubMed]

47. Den Dulk, B.; van Eijk, P.; de Ruijter, M.; Brandsma, J.A.; Brouwer, J. The NER protein Rad33 shows
functional homology to human Centrin2 and is involved in modification of Rad4. DNA Repair 2008, 7,
858–868. [CrossRef] [PubMed]

48. Li, L.; Lu, X.; Peterson, C.; Legerski, R. XPC interacts with both HHR23B and HHR23A in vivo. Mutat. Res.
1997, 383, 197–203. [CrossRef]

49. Uchida, A.; Sugasawa, K.; Masutani, C.; Dohmae, N.; Araki, M.; Yokoi, M.; Ohkuma, Y.; Hanaoka, F.
The carboxy-terminal domain of the XPC protein plays a crucial role in nucleotide excision repair through
interactions with transcription factor IIH. DNA Repair 2002, 1, 449–461. [CrossRef]

50. Gao, Z.P.; Yu, Q.B.; Zhao, T.T.; Ma, Q.; Chen, G.X.; Yang, Z.N. A functional component of the transcriptionally
active chromosome complex, Arabidopsis pTAC14, interacts with pTAC12/HEMERA and regulates plastid
gene expression. Plant Physiol. 2011, 157, 1733–1745. [CrossRef] [PubMed]

51. Li, X.; Guo, X.; Zhao, L.; Zhang, J.; Tang, D.; Zhao, X.; Liu, X. Arabidopsis rad23-4 gene is required for pollen
development under UV-B light. Afr. J. Biotechnol. 2012, 11, 10161–10169.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1091/mbc.E13-05-0293
http://www.ncbi.nlm.nih.gov/pubmed/24258024
http://dx.doi.org/10.1007/s11103-009-9479-9
http://www.ncbi.nlm.nih.gov/pubmed/19288212
http://dx.doi.org/10.1371/journal.pgen.1000093
http://www.ncbi.nlm.nih.gov/pubmed/18551167
http://dx.doi.org/10.1111/j.1365-313X.2010.04157.x
http://www.ncbi.nlm.nih.gov/pubmed/20128879
http://dx.doi.org/10.1038/nature02026
http://www.ncbi.nlm.nih.gov/pubmed/14562095
http://dx.doi.org/10.1091/mbc.E09-04-0305
http://www.ncbi.nlm.nih.gov/pubmed/19889839
http://dx.doi.org/10.1093/nar/24.13.2551
http://www.ncbi.nlm.nih.gov/pubmed/8692695
http://dx.doi.org/10.1242/jcs.031708
http://www.ncbi.nlm.nih.gov/pubmed/18682493
http://dx.doi.org/10.1242/jcs.031062
http://www.ncbi.nlm.nih.gov/pubmed/19066286
http://dx.doi.org/10.1105/tpc.108.058891
http://www.ncbi.nlm.nih.gov/pubmed/18552200
http://dx.doi.org/10.1007/s00425-014-2042-1
http://www.ncbi.nlm.nih.gov/pubmed/24563249
http://dx.doi.org/10.1016/j.cell.2005.02.035
http://www.ncbi.nlm.nih.gov/pubmed/15882621
http://dx.doi.org/10.1128/MCB.17.2.635
http://www.ncbi.nlm.nih.gov/pubmed/9001217
http://dx.doi.org/10.1016/j.dnarep.2008.02.004
http://www.ncbi.nlm.nih.gov/pubmed/18387345
http://dx.doi.org/10.1016/S0921-8777(97)00002-5
http://dx.doi.org/10.1016/S1568-7864(02)00031-9
http://dx.doi.org/10.1104/pp.111.184762
http://www.ncbi.nlm.nih.gov/pubmed/22010110
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Material and Growth Conditions 
	Generation of Overexpression Lines 
	RNA Extraction and qRT-PCR 
	UV Sensitivity Assays 
	Protein Localization 
	Yeast Two-Hybrid Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

