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SUMMARY

Cryptochromes (CRYs) are evolutionarily conserved blue-light receptors that
evolved from bacterial photolyases that repair damaged DNA. Today, CRYs have lost
their ability to repair damaged DNA; however, prior reports suggest that human CRYs
can respond to DNA damage. Currently, the role of CRYs in the DNA damage response
(DDR) is lacking, especially in plants. Therefore, we evaluated the role of plant CRYs in
DDR along with UBP12/13 deubiquitinases, which interact with and regulate the CRY2
protein. We found that cry7cry2 was hypersensitive, while ubp12ubp13 was
hyposensitive to UVC-induced DNA damage. Elevated UV-induced cyclobutane
pyrimidine dimers (CPDs) and the lack of DNA repair protein RAD51 accumulation in
cryicry2 plants indicate that CRY's are required for DNA repair. On the contrary, CPD
levels diminished and RADS1 protein levels elevated in plants lacking UBP12 and
UBP13, indicating their role in DDR repression. Temporal transcriptomic analysis
revealed that DDR-induced transcriptional responses were subdued in cry7cry2, but
elevated in ubp12ubp13 compared to WT. Through transcriptional modeling of the time-
course transcriptome, we found that genes quickly induced by UVC (15 min) are targets
of CAMTA 1-3 transcription factors, which we found are required for DDR. This
transcriptional regulation seems, however, diminished in the cry1cry2 mutant, indicating
that CAMTAs are required for CRY2-mediated DDR. Furthermore, we observed
enhanced CRY2-UBP13 interaction and formation of CRY2 nuclear speckles under
UVC, suggesting that UVC activates CRY2 similarly to blue light. Together, our data
reveal the temporal dynamics of the transcriptional events underlying UVC-induced

genotoxicity and expand our knowledge of the role of CRY and UBP12/13 in DDR.
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INTRODUCTION

Genome integrity is essential for all living organisms, but it is especially important
for plants because they are stationary and primarily grow post-embryonically. DNA
damage can lead to the loss or alteration of essential genes, which can affect plant
growth, development, and overall health'. Additionally, DNA damage can also lead to the
production of abnormal proteins that can disrupt normal cellular processes or cause
other negative effects?. Since plants rely on light as an energy source, they are inevitably
exposed to DNA damage caused by both UV radiation in sunlight and the production of
reactive oxygen species in chloroplasts due to excess light**. UV radiation is particularly
damaging because it leads to the formation of cyclobutane pyrimidine dimer (CPD) in
DNA, which inhibits DNA replication and RNA transcription®. Therefore, it is important for
organisms to have effective DNA repair mechanisms to prevent and mitigate the
negative consequences of DNA damage. Once such mechanism conserved in the
eukaryotes is the DNA damage response (DDR), which generally encompasses three
important aspects: 1) induction of DNA repair, 2) checkpoint response that halts the cell

cycle, and 3) programmed cell death to eliminate cells with irreparable DNA damage®.

In plants and animals, similar DDR mechanisms exist, where the DNA repair and
cell-cycle arrest are initiated by two kinases, ATAXIA TELANGIECTASIA-MUTATED
AND RAD3-RELATED (ATR) and ATAXIA-TELANGIECTASIA MUTATED (ATM), which
are activated by single-stranded DNA or DNA double-strand breaks (DSBs),
respectively’®. Upon activation, ATR and ATM target different downstream factors in
animals and plants. In animals, ATR and ATM phosphorylate Checkpoint kinase 1 and 2
(Chk1 and Chk2), respectively®. ATR, ATM, Chk1, and Chk2 then phosphorylate and
activate a master regulator of DDR, p53 transcription factor (TF), which induces the
transcription of thousands of genes to orchestrate DDR™. In contrast, plant genomes
lack orthologs of Chk1, Chk2 and p53", instead, ATR and ATM activate a different TF,
SUPPRESSOR OF GAMMA RADIATION 1 (SOG1), which is largely required for the

induction of the transcriptional network of DDR.

UV-induced CPD can be detected and repaired by the nucleotide excision repair
(NER) pathway'?. There are two NER pathways, the global genome NER (GG-NER),
which scans the whole genome to detect CPD, and the transcription-coupled NER (TC-
NER), which senses the CPD-induced stalling of RNA polymerase |l during
transcription?. Interestingly, both GG-NER and TC-NER require Cullin 4 (CUL4)-RING
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ubiquitin E3 ligase (CRL4): the former relies on CRL4PNADAMAGE BINDING 2 (DDB2) ¢,
recognize CPD, while the latter require CRL4COCKAYNE SYNDROMEA(CSA) to gssemble the
DNA repair machinery'. In plants, apart from NER, photolyases can harness energy
from blue/UVA light to repair CPD without DNA excision'*. Evolutionarily, photolyases
are homologous to plant and animal cryptochromes (CRY)'. Plant CRYs perceive blue
light to fine-tune growth and development'®. Blue-light-activated CRYs dimerize and
tetramerize to interact with downstream signaling partners'’. Upon exposure to blue
light, CRYs also form nuclear speckles''®, where CRY2 carries out its function®. The
photoactive CRYs are then ubiquitinated by two E3 ligase complexes, CONSTITUTIVE
PHOTOMORPHOGENIC 1 (COP1) and SUPPRESSOR OF PHYA-105 (SPA) in
complex with CRL4 (CRL4CC""-SPA) "and Light Response BTB (LRB) in complex with
CRL3 (CRL3'RBs) 2122 gnd further degraded by 26S proteasomes'®?®, desensitizing the
CRY-mediated blue light signaling pathway?'-?*. Recently, we found that two
deubiquitinases (DUBs), UBIQUITIN-SPECIFIC PROTEASE 12 (UBP12) and UBP13
(UBP12/13), interact with CRY2 in a blue light-dependent manner and stabilize COP1%,
which contributes to the blue light-specific degradation of CRY2 mediated by COP1%.

Ubiquitination marks are important for both plant and animal DDR. For example,
SOGH1 in plants is stabilized through ubiquitination by DNA DAMAGE RESPONSE
MUTANTS 1 (DDRM1), contributing to the homologous recombination (HR) repair upon
DNA damage?®. Moreover, animal p53 is ubiquitinated by the E3 ligase MURINE
DOUBLE MINUTE 2 (Mdm2), leading to the degradation of p53 and the depletion of p53
from the nucleus?’. Therefore, DUBs that removes the ubiquitination marks have been
identified as important regulators of DDR, especially in animals. For example, the
UBP12/13 homolog in animals, ubiquitin-specific protease 7 (USP7), deubiquitinates p53
and Chk1 to stabilize them?8. In addition, USP3 deubiquitinates histone H2A and H2AX,
negatively regulating the recruitment of DNA damage repair proteins?®. However, despite
the role of ubiquitination in the DDR being largely conserved in plants, how plant DUBs

are regulating the DDR remains largely unexplored.

Present-day CRYs have lost their enzymatic activity to repair pyrimidine dimers
directly°, but continue to bind preferentially to CPD-containing DNA and regulate DDR
in mammals®'-32, Evidence in Arabidopsis suggests that CRYs affect the activity of the
UVB receptor UV RESISTANCE LOCUS 8 (UVRS) in a blue-light dependent manner

and, therefore, are involved in UVB tolerance under natural light conditions33-35,
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However, the role of plant CRYs in the DDR is not well understood. In this study, we
demonstrate that CRY's act as positive regulators of DDR in plants when exposed to
UVC, promoting the repair of UV-induced CPDs and the expression of DDR-related
genes. Additionally, we show two known CRY2 regulators, UBP12 and UBP13 DUBs,
counteract the activity of CRYs, thus revealing the important role of deubiquitinases in
DDR in plants. Through transcriptomic analysis of CRY and UBP12/13 mutants during
DDR, we identify CALMODULIN-BINDING TRANSCRIPTION ACTIVATORs (CAMTAS)
as novel regulators of DDR that potentially act downstream of the CRY-UBP12/13
module. Furthermore, we also find that UVC enhances CRY2-UBP13 interaction,
resulting in the degradation of CRY2. Furthermore, we observed the formation of
punctate nuclear bodies (photobodies) of CRY2 upon UVC exposure. In summary, we
reveal that the CRYs-UBP12/13 module is harnessed by plants to not only optimize
growth in accord with visible light signals, but also establish resistance against UV-

caused DNA damage.

RESULTS
CRY1/2 promote, whereas UBP12/13 inhibit resistance against DNA damage

To elucidate the role of CRY1 and CRY2 (CRY1/2) and UBP12/13 in the DDR,
we examined the phenotype of Arabidopsis single and double CRY1 and CRY2 mutants
along with UBP13 overexpressing seedlings (UBP130e) and the double mutant
ubp12ubp13, as UBP12 and UBP13 are genetically redundant?*¢. To induce DDR, we
employed UVC, which is a known genotoxin®’. We treated 4-day-old light-grown
seedlings with 0, 5500, 8000 J/m? UVC, then grew them back under light for 6 days
before inspecting their phenotype (Figure S1A). At 5500 and 8000 J/m? UVC, cry1, cry2,
cry1cry2 and UBP130e showed pale cotyledons, while ubp12ubp13 and wild-type (WT)
did not (Figures 1A and S1B). To assess plant growth and survival after DNA damage,
we measured seedling weight after UVC treatment. The cry1, cry2, cry1cry2 mutants
and UBP13oe line had lower weights (Figures 1B and S1C), while ubp12ubp13 had a
~1.5 times higher weight than the WT after UVC (Figures 1B). These results suggest
that CRY1/2 positively regulate while UBP12/13 negatively regulate DDR. UBP13
interacts with CRY2 and regulates its blue light signaling pathway?®. Therefore, we
examined whether UBP12/13 also act in the same genetic pathway as CRY1/2 during
DDR. We examined cry1cry2;UBP13oe seedlings upon DNA damage and found that
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crylcry2;UBP130e exhibited pale cotyledons and had a lower fresh weight than WT
(Figures 1A and 1B), phenocopying cry1cry2 mutants (Figures 1A and 1B), indicating
that UBP13 functions in the same genetic pathway as CRY1/2 to regulate DDR.

Next, to explore whether CRY's are involved in resistance against other
genotoxins, we used zeocin, which induces DSBs®¢. KU70 is required for DSB repair®®,
therefore, we used the ku70 mutant as a positive control. We treated 4-day-old WT,
ku70, cryicry2 seedlings with 0, 4, and 8 uM zeocin for 8 days. As expected, ku70 was
hypersensitive to zeocin as it had a lower fresh weight than WT (Figure S1D). However,
the fresh weight of cry1cry2 and WT was similar after zeocin treatment (Figure S1D),
indicating that CRY's are not required to resist DSB. Therefore, we focused on the UVC-
induced DDR for the scope of our study. Our combined results suggest that CRY1 and
CRY2 both play a positive role in DDR. Furthermore, UBP12 and UBP13 function in the
same genetic pathway as CRY1/2 to negatively regulate DDR.

Loss of CRY1 and CRY2 leads to higher CPD accumulation and lower DNA repair

Absorption of UV results predominately in CPD-type DNA damage, where
cytosine (C) to thymine (T) or CC to TT mutations occur® (Figure 1C). Changes in CPD
levels can be used to track the progress of DNA damage repair after UVC exposure*°.
Therefore, to examine whether DNA damage repair is misregulated in cry7cry2 and
ubp12ubp13, we measured CPD levels in these mutants by dot-blot analysis after UVC
exposure. 5-day-old light-grown plants were treated with UVC (6000 J/m?) and
recovered in light for 1 min and 180 min. Genomic DNA was then extracted and dot-
blotted at different serial dilutions to increase the dynamic range of detection. Using an
anti-CPD antibody, we detected CPD in WT, cryTcry2, and ubp12ubp13 1 min after UVC
exposure (Figures 1D and S1E), indicating accumulation of DNA damage in all three
genotypes. In WT, the accumulated CPD decreased at 180 min suggesting CPD repair,
as expected, while ubp12ubp13 exhibited even lower CPD levels at 180 min (Figures
1D, E and S1E), suggesting enhanced CPD repair. Importantly, CPD levels in cry1cry2
remained mostly unchanged 180 min after UVC exposure (Figures 1D, E and S1E),
indicating impaired CPD repair in this mutant.

UVC and UVB stresses induce the phosphorylation and consequent activation of
MAP KINASE 3 (MPK3) and 6 (MPK®6)*'42, which are gradually dephosphorylated as
plants recover from the stress*2. Also, in this context, deficiencies in CPD repair are

related to the hyper-phosphorylation of the two kinases*®. Similarly, mutants with
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sustained levels of phosphorylated MPK3 (MPK3P) and MPK6P following UVB radiation
are hypersensitive to this genotoxic treatment*?. Since we observed differences in
sensitivity to UVC-induced DNA damage and CPD repair rates, we wondered if MPK3
and MPK6 were differentially phosphorylated in cry1cry2 and ubp12ubp13 mutants
relative to WT. For this, we extracted proteins from 5-day-old seedlings that were either
untreated (0 min) or treated by UVC and collected after 10 min or 20 min of recovery.
We detected the phosphorylated forms of the two kinases in an immunoblot using an
anti- MPK3" and -MPK6" antibody*?. In all three genotypes, MPK3" and -MPK6" were
only detected after UVC treatment and decreased after 20 min of recovery (Figure 1F).
We then quantified the levels of MPKG", which is the most abundant of the two detected
MPKs (Figure 1F). Compared to WT, levels of MPK6" were increased in the
hypersensitive cry1cry2 and decreased in the resistant ubp12ubp13 after UVC (Figures
1F and S1F). Therefore, MPK6" dephosphorylation during recovery was delayed in
cry1cry2 mutant and accelerated in ubp12ubp13, correlating with CPD levels in these
genotypes (Figures 1D, 1E and S1E), which might explain their different sensitivities to
UVC treatment (Figures 1A and 1B).

Apart from CPDs, UV also induces DSBs, the repair of which requires BREAST
CANCER GENE 1 (BRCA1) and RAD513. Moreover, DNA damage induces the
expression of BRCA1 and RAD514. Therefore, to check for the DNA repair activity in
WT, cry1cry2 and ubp12ubp13, we measured the expression of BRCA1 and RAD51 in
these three genotypes 1.5 h after UVC by reverse transcription-quantitative polymerase
chain reaction (RT-gPCR). In WT, BRCA1 and RAD51 were induced by UVC compared
to untreated samples (Figure S1G), suggesting normal DNA repair activity. In contrast,
BRCA1 and RAD51 were not induced in cry7cry2 upon UVC (Figure S1G), suggesting
impaired DNA repair activity. Moreover, BRCA1 and RAD51 gene expression in
ubp12ubp13 was already higher than WT in untreated samples, then diminished after
UVC treatment (Figure S1G), suggesting that ubp72ubp13 had increased DNA repair
activity. Because RADS1 protein is directly involved in DNA damage repair and DNA
damage induces the accumulation of RAD51 protein**-4’, we next measured the
accumulation of RAD51 protein after UVC to corroborate the qPCR assays. We treated
5-day-old seedlings with UVC (6000 J/m?) and allowed them to recover for either 1 or 2 h
before total proteins were extracted for immunoblot analysis using an anti-RAD51
antibody. In WT, RAD51 levels increased at 1 h after UVC exposure when compared

with the untreated samples (0 h) and then recovered to basal levels at 2 h indicating
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normal DNA repair activity (Figures 1G and S1H). In contrast, induction of RAD51 was
not observed in cry7cry2 at either 1 h or 2 h after UVC exposure indicating the absence
of DNA repair activity (Figures 1G and S1H). Interestingly, RAD51 levels were already
higher in ubp12ubp13 untreated seedlings when compared to WT and cry7cry2, but its
levels diminished at 1 h and 2 h after UVC (Figures 1G and S1H), suggesting enhanced
DNA repair activity. Altogether, these results indicate that cry7cry2 has impaired while
ubp12ubp13 has enhanced DNA repair activity under UVC. Collectively, these findings
reinforce that CRYs positively mediate DDR, while UBP12/13 negatively regulate DDR.

CRYs promote while UBP12/13 inhibit the transcriptional response to UVC

To obtain further insights into how genetic losses of CRYs and UBP12/13 affect
the transcriptional response to DNA damage, we analyzed a time-course transcriptome
by RNA-sequencing (RNA-seq) in WT, cry1cry2, and ubp12ubp13 after UVC. First, to
select optimal sampling time points for the RNA-seq, we did an exploratory RT-gPCR
assay in WT at 0, 15, 30, 60, 120 and 180 min after UVC. We then analyzed four known
UV-responsive genes, BRCA1, RAD51, PHOTOLYASE 1 (PHR1) and CINNAMATE-4-
HYDROXYLASE (C4H)¥4849 (Figure S2A). We found that BRCA1 was strongly induced
early in our time course, 15 min after the UVC treatment (Figure S2A). PHR1 expression
peaked at 60 min (Figure S2A), while BRCA1, RAD51 and C4H peaked at 180 min after
UVC (Figure S2A). Since these three time points (15, 60 and 180 min) seemed to cover
early as well as peak induction of our selected marker genes (Figure S2A), they were
chosen for the RNA-seq experiment.

5-day-old seedlings of WT, cry1cry2 and ubp12ubp13 were harvested before (0
min) and 15, 60 and 180 min after UVC treatment (Figure 2A). Biological replicates in
the RNA-seq are highly similar as evidenced by the high Pearson’s correlation
coefficient (0.92 to 1) (Figure S2B) and the close proximity of replicates in the principal
component analysis (PCA) plot (Figure S2C). To explore the pathways by which CRYs
and UBP12/13 regulate the transcriptional response to DNA damage, we obtained
differentially expressed genes (DEGs) from the RNA-seq. We identified DEGs (defined
as false discovery rate-adjusted p value (q value) < 0.05) for each genotype by
comparing the gene expression at 15 min, 60 min and 180 min to 0 min, respectively.
DEGs in cry1cry2 and ubp12ubp13 relative to WT were obtained by comparing the gene

expression in the corresponding mutant to WT at all four time points.
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We then used these DEG lists to perform gene ontology (GO) enrichment
analysis (Table S1). The top 10 GO terms enriched in the upregulated genes in WT at
15, 60 and 180 min included many stress-related GO terms (Figure S2D, Table S1),
consistent with known studies reporting that UVC can induce stress responses®.
Importantly, in cry7cry2 and ubp12ubp13 these stress-related GO terms were enriched
in the downregulated and upregulated genes relative to WT, respectively (Figure S2D),
suggesting that the transcriptomic response to UVC-induced DNA damage is less
prominent in cry7cry2 and enhanced in ubp12ubp13. Next, we found that the GO term
“response to UV” was significantly enriched in the genes upregulated in WT (Figure 2B,
Table S1), as expected. Importantly, this GO term was enriched in genes downregulated
in cry1cry2 and upregulated in ubp12ubp13 relative to the WT (Figure 2B, Table S1).
The expression of genes in the GO term “response to UV” was not significantly changed
in cry1cry2 or ubp12ubp13 relative to WT at 0 min, but was lower in cry7cry2 and higher
in ubp12ubp13 compared to WT at 60 min (Figure 2C, Table S2), suggesting that, after
UVC treatment, genes in the known UV-responsive pathways are less induced in
cry1cry2 and more induced in ubp12ubp13 compared to WT. Upon UV-induced DNA
damage, DDR can trigger programmed cell death to protect genome integrity®’.
Accordingly, the GO term “programmed cell death” is highly enriched in the upregulated
genes in WT (Figure 2B). Moreover, this GO term is enriched in the downregulated
genes in cry1cry2 and upregulated genes in ubp12ubp13 relative to WT (Figure 2B). The
expression of genes involved in the GO term “programmed cell death” also showed less
induction in cry7cry2 at 60 min compared to WT (Figure 2D, Table S2), suggesting that
the UVC-induced programmed cell death may be diminished in cry7cry2, possibly
contributing to the hypersensitive phenotype of cry7cry2 (Figures 1A and 1B).
Altogether, these results suggest that DNA damage-induced transcriptional responses

are weaker in cry1cry2 and stronger in ubp12ubp13 compared to WT.
CAMTAs mediate DDR

To gain insights into how the DEGs in WT are coordinately regulated during the
UVC-induced DDR, we performed a Dynamic Regulatory Events Miner (DREM) analysis
to generate a model of the underlying gene regulatory network®2%3, DREM analysis takes
time-course gene expression data as input, assigns genes into different groups based
on similar expression patterns and predicts which transcription factors might be

responsible for modulating the expression of each group of genes®?%3, We first analyzed
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the expression of the DEGs in the WT along the time course after UVC and uncovered
seven groups of co-expressed genes (W1-7) in the DREM model (Figure 3A). In the WT
DREM model, SOG1, WRKYs and CAMTAs were predicted to regulate the induction of
gene expression upon UVC treatment (Figure 3A). Since CAMTAs were predicted to
regulate the most upregulated branch (consisting of paths W1, 2 and 7) for the early
gene expression change at 15 min (Figure 3A), we next focused on studying the role of
CAMTAs in the UVC-induced DDR. First, to corroborate the DREM prediction, we
performed a de novo motif search in the promoters of the genes within the W1, 2 and 7
paths (Figure 3A, Table S2)%, and found a highly enriched “CGCGTT” motif (Figure 3B),
which is a known CAMTA-binding DNA element, the rapid stress response element®,
suggesting the CAMTASs can bind to the promoters of genes in the W1, 2, and 7 paths.
Furthermore, when all DEGs were considered, de novo motif search identified CAMTA-
binding motifs enriched in the promoters of only the upregulated but not downregulated
genes in WT after UVC treatment (Figures S3A and S3B). These results suggest that
CAMTAs might be required for the induction of DEGs in WT during DDR. CAMTA 1, 2
and 3 are involved in various abiotic and biotic stress responses®, but their possible role
in DDR remains unexplored. To address this, we treated camta1camta2camta3
(hereafter camta123) triple mutant with UVC. Similar to cry7cry2, the camta123 mutant
had pale cotyledons and a lower fresh weight than WT after UVC treatment (Figures 3C
and 3D), suggesting that CAMTAs are indeed required for DDR.

We next asked whether CRYs and UBP12/13 would regulate the DDR through
CAMTAs as well. To test this hypothesis, we generated DREM models using expression
of the DEGs derived from cry1cry2 and ubp12ubp13 (Figures S3C and S3D) along the
time course. In both the cry7cry2 and ubp12ubp13 models, SOG1 and WRKYs were
predicted to regulate gene expression after UVC (Figures S3C and S3D). However,
CAMTASs were only predicted in the ubp72ubp13 but not in the cry1cry2 DREM model
(Figures S3C and S3D). This suggests that CAMTAs may be dysregulated in the
cry1cry2 mutant. To explore this possibility, we compared the expression of CAMTA3
target genes in cry1cry2 and ubp12ubp13 to WT, respectively. We obtained UVC-
inducible CAMTAGS target genes by overlapping the upregulated genes in WT after UVC
in our RNA-seq data with targets of CAMTAS previously identified by chromatin
immunoprecipitation sequencing (ChlP-seq) (Table S2)%". Compared to WT, these
CAMTAZ3 target genes were less induced in cry7cry2 and more induced in ubp12ubp13
at 15 min and 60 min after UVC (Figure 3E, Table S2). Interestingly, the UVC-inducible
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CAMTAZ3 target genes are enriched in GO terms related to stress responses (Figure 3F,
Table S3), which is similar to the upregulated GO terms in WT after UVC (Figure S2D),
suggesting that CRYs and UBP12/13 may antagonistically regulate the DNA damage-
induced transcriptional changes partially through the CAMTAs.

UVC induces the UBP12/13-dependent CRY2 degradation

We found that UBP12/13 and CRY's had opposite functions in the response to
UVC (Figures 1B, 1E and 2C), which is reminiscent of the opposite roles of UBP13 and
CRY2 in blue light signaling pathway?®, where UBP13 interacts with CRY2 in a blue light-
dependent manner?®. Therefore, we asked whether UVC could also enhance the
interaction between CRY2 and UBP13, similar to blue light. To address this, we treated
5-day-old seedlings expressing both FLAG-CRY2 and UBP13-HA with or without UVC
and performed co-immunoprecipitation (co-IP) analysis using a FLAG antibody. The
UVC light was obtained through a light-emitting diode (LED) lamp, which did not contain
UVA or blue light (Figure S4A). This UVC LED lamp also induced the hypersensitive
phenotype of the cry1cry2 mutant (Figure S4B). We found that compared to untreated
samples, UVC-treated seedlings exhibited enhanced interaction between CRY2 and
UBP13 (Figure 4A). This result suggests that UVC can strengthen the interaction
between CRY2 and UBP13.

Blue light-enhanced interaction between UBP13 and CRY2 promotes COP1-
mediated CRY2 degradation?s, therefore, we next asked whether UVC also induces
CRY2 degradation. To test this hypothesis, we treated 5-day-old cry2 mutant seedlings
expressing FLAG-CRY2 with UVC and analyzed FLAG-CRY2 protein levels after 0, 1,
and 3 h. We found that FLAG-CRY2 protein levels diminished 1 h after UVC and partially
recovered 3 h after UVC (Figures 4B and S4C), suggesting that UVC can induce CRY2
degradation. Next, we asked whether UVC-induced CRY2 degradation was dependent
on UBP12/13. We treated ubp12ubp13 seedlings expressing FLAG-CRY2 with UVC,
and found that FLAG-CRY2 was more stable in the ubp72ub13 mutant background than
in the cry2 mutant background in UVC (Figures 4B and S4C). This result suggests that
UVC-induced CRY2 degradation is partially dependent on UBP12/13. In blue light,
UBP12/13 regulates CRY2 degradation through COP125, Therefore, we next examined
whether COP1 plays a role in UVC response. To address this hypothesis, we treated
cop1-4 and COP1oe seedlings with UVC and found that cop7-4 is hyposensitive while
COP1oe is hypersensitive to DNA damage (Figures S4D and S4E), suggesting that
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COP1, similar to UBP12/13, promotes plant resistance against UVC-induced DNA
damage. Together, these results indicate that UBP12/13 may regulate DDR by
interacting with CRY2 and modulating CRY2 degradation.

UVC induces the formation of CRY2 nuclear speckles

Upon exposure to blue light, CRY1 and CRY2 form punctate nuclear speckles,
also known as photobodies''®. Since we found that UVC could enhance the CRY2-
UBP13 interaction and induce UBP12/13-dependent CRY2 degradation, similar to blue
light, we next examined if UVC could also induce CRY2 speckles. We treated 4-day-old
dark-grown cry2;CRY2-mCitrine and cry2;mCitrine-CRY2 seedlings with blue light, UVC
light from the LED lamp or continued darkness to observe speckle formation of CRY2.
To excite mCitrine in confocal microscopy, a blue light source is often used®. Therefore,
to prevent microscopy-induced CRY2 speckles, we used a mild fixative to crosslink
proteins in seedlings before confocal imaging'®. C-terminally tagged CRY2, such as
CRY2-GFP, is known to readily form speckles in blue light while N-terminally tagged
CRY2, like GFP-CRY2, requires blocking of proteasome-mediated protein degradation
to form speckles in blue light'®. Therefore, we first examined the formation of speckles of
CRY2-mCitrine in Arabidopsis seedlings. As expected, in darkness we did not observe
CRY2-mCitrine speckles (Figures 4C and S4F), while in blue light (40 pmol m? s™) and
UVC (approximately 1800 J/m?) speckles formed after 2 min (Figures 4C and S4F).
Next, we examined whether mCitrine-CRY2 could also form speckles under UVC.
mCitrine-CRY2 did not form speckles in the dark (Figure S4G), in contrast, it formed
nuclear speckles after 30 min of blue light (40 umol m= s™') and under UVC (30 min;
approximately 100 J/m?) (Figure S4G). Together, these results suggest that UVC can
induce the formation of CRY2 nuclear speckles.

The ability of CRY2 to absorb blue light to form speckles is dependent on its
covalently bound chromophore, flavin adenine dinucleotide (FAD)**€°, To test if CRY2
requires its light-sensing property to form speckles under UVC, we generated CRY2P3874
where aspartic acid 387 was substituted with alanine within the FAD-binding pocket,
rendering it light-insensitive®'. mCitrine-CRY2P3%A did not form speckles in dark, blue
light, or UVC (Figure S4H), suggesting that CRY2 requires its light-sensing ability to form
nuclear speckles under UVC. To check whether CRY2 forms nuclear speckles in UVC
when expressed in a heterologous system, we transiently expressed CRY2-mCitrine as

well as CRY2P387A.mCitrine in Nicotiana benthamiana. We found that CRY2-mCitrine
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formed nuclear speckles under blue light and UVC (Figure 4D), while CRY2P387A-
mCitrine remained uniformly distributed in the nucleus in dark, blue light and UVC
(Figure 4E). This result strengthens the conclusion that Arabidopsis CRY2 requires its
light-sensing activity to form nuclear speckles under UVC. Taken together, our data
suggested that UVC induces similar changes in CRY2 as blue light, including enhancing
the interaction between CRY2 and UBP13, inducing CRY2 degradation and triggering

CRY2 nuclear speckle formation.

DISCUSSION

In this study, we demonstrate that DDR is favorably regulated by CRYs in
Arabidopsis. We also show that UBP12 and UBP13 negatively regulate many aspects of
CRY-mediated DDR, including CPD repair and induction of DNA repair genes (Figures 1
and S1). Through transcriptomic analysis, we found that CRYs and UBP12/13
antagonistically regulate the transcriptional response to DNA damage (Figures 2 and S2)
and identified CAMTA transcription factors as novel regulators of DDR (Figures 3 and
S3). Upon further investigation, we unexpectedly discovered that CRY2 responds to
UVC in a manner similar to blue light, such as interacting stronger with UBP13,
undergoing UBP12/13-dependent degradation, and forming nuclear speckles (Figures 4
and S4). Together, our results reveal key roles for CRYs and UBP12/13 in the DDR and
suggest a mechanism where UBP12/13 destabilizes CRY?2 during the DDR.

Evolved from photolyases, present-day CRYs have lost their enzymatic activity to
repair pyrimidine dimers3°, however, they still bind to damaged DNA?®', indicating that
although CRYs cannot directly repair UV-damaged DNA, they might have a residual
function in sensing or responding to DNA damage®. There is evidence in mammals in
favor of this hypothesis, as DNA damage affects CRY protein stability: CRY1 is
stabilized, while CRY?2 is destabilized®?%%. The roles of CRYs in DDR can also differ
between paralogs (i.e. CRY1 and CRY2) and homologs (e.g., human and mouse)3262,
For instance, in human cell lines, stabilized CRY1 promotes DNA repair by regulating
genes involved in HR repair of DSBs®?, while mouse CRY1 can function as a
transcriptional repressor®2. Mouse CRY2 inhibits the transcription of DNA damage
responsive genes, therefore, destabilization of CRY2 upon DNA damage releases gene

expression and induces DNA damage response®. Here we show that upon UVC-
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induced DNA damage, plant CRY2 proteins are destabilized, as in mice®?, and that that
CRY1 and CRY2 together promote DNA repair by regulating the transcription of genes
involved in HR, as well as RADS51 protein (Figures 1G, S1G-H), which is similar to the
role of human CRY 162, Therefore, our study suggests that not only animal CRYs, but
also plant CRYs play a residual role in DDR. Further investigations would be required to
address the effects of UVC on CRY1 stabilization in plants and the its functional

consequences to DDR.

In mammalian cells, CPDs are mainly repaired by the NER pathway, which
removes one strand of DNA containing the damaged site and replaces it with newly
synthesized DNA'2. Unlike mammals, plants have the PHR1 photolyase, which uses
energy from light to efficiently repair CPD without DNA excision®. For this reason, it was
thought that photolyase-dependent repair in plants was the major repair pathway of
CPDs in light conditions and the NER repair was only relevant in the dark®. However, a
recent study suggests that both photolyases and the NER pathway are important for
repairing UV-induced DNA damage in light, as there is a synergistic genetic interaction
between PHR1 and the NER-related CUL4, DDB1A and DDB2%. Our study finds that
CRYs promote the repair of CPDs under light (Figures 1C-E, S1E). In this context, CRYs
may regulate the repair of CPDs either by PHR1 photolyase-mediated repair or by NER.
On one hand, CRYs may regulate the expression of PHR1 through the light signaling
pathway. For instance, the TF ELONGATED HYPOCOTYL 5 (HY5) induces the
expression of PHR1 in light*®8% but is in turn repressed by another light signaling
component, DE-ETIOLATED 1 (DET1)*. Thus, since CRYs are known to positively
regulate HY5 protein stability®®, it is plausible that CRYs indirectly induce PHR1 via HY5
under UVC, which is consistent with our observation that CRYs promote CPD repair,
opposite to DET14°. On the other hand, it is also plausible that CRYs regulate NER
through the CRL4C°PSPA complex. First, CRYs can repress the activity of COP 16667,
which we found is a negative regulator of the DDR (Figures S4D-E). Second, similar to
COP1, DET1 forms a complex with CUL4 and DDB1 to regulate NER in collaboration
with DDB2%8. Therefore, the CRL4CCP/SPA complex may serve as a mediator between
CRY-mediated light signaling and the NER-mediated repair of CPDs. In addition, the
finding that CRY's are not required for DSB repair (Figure S1D) further suggests that
photolyase-mediated repair and the NER are the two most plausible DNA repair

pathways that could be regulated by CRYs.
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DDR, however, isn’t regulated just at the transcriptional level. Proteins involved in
DDR are regulated by post-translational modifications (PTMs)®. After phosphorylation,
ubiquitination is the second most prevalent PTM’®, which alters protein stability and
protein-protein interactions. For example, p53 is destabilized by ubiquitination”.
Moreover, ubiquitination of histone H2AX promotes the recruitment of DNA repair
proteins to DNA damage sites’2. DUBs, proteases that remove ubiquitination from target
proteins, play an important role in animal DDR, for instance, USP7, the ortholog of
UBP12/13 in animals, stabilizes p5372 and the Chk1 kinase’, which is essential for the
initiation of the DDR"°. However, there are only a few papers exploring the role of DUBs
in plant DDR. Recently, Al Khateeb et al. suggest that UBP12, a plant DUB, acts as a
positive regulator of UVC tolerance in the dark’®. In contrast to their study, our study
finds that UBP12/13 act as negative regulators of DDR in light conditions (Figures 1, 2,
S1 and S2). This variation in results may arise from the difference in experimental
procedures, suggesting that the function of UBP12/13 is distinct in the light versus dark.
Although our study suggests that UBP12/13 likely regulate the DDR through CRYs
(Figure 4A-B), we cannot rule out the possibility that UBP12/13 could target other DDR-
related proteins. For instance, UBP12/13 can deubiquitinate histone H2A”’. Because
histone ubiquitination marks are important signals in DDR for the recruitment of DNA
damage repair proteins’®, it is plausible that the negative role of UBP12/13 in plant DDR

could also result from removing of histone ubiquitination marks.

DDR promotes DNA damage repair, inhibits the cell cycle to allow sufficient time
for DNA repair, and induces apoptosis in cells that have irreparable DNA damage’®.
Constitutive activation of the latter two aspects of DDR in the absence of DNA damage
could lead to undesired cell cycle arrest and cell death”!. Therefore, organisms evolved
mechanisms to desensitize the DDR. For example, p53 can induce the expression of its
E3 ligase, Mdm2, which in turn leads to p53 degradation, serving as a negative feedback
loop to halt the p53 signaling pathway when DNA damage is repaired’". This inhibition of
p53 by Mdm2 is also important for normal cell survival as Mdm2-deficient mice are
embryonically lethal due to the cytotoxicity caused by ectopic activation of p53%.
Similarly, we show that UBP12/13 serve as a brake for CRY-mediated DDR in plants
(Figures 1-2, S1-2, 4A-B). This inhibition of CRY function by UBP12/13 is also crucial for
normal plant growth since the loss of UBP12 and UBP13 leads to over-accumulation of
CRY2 and subsequently constitutive activation of stress responses resulting in stunted

growth phenotypes?®.
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CAMTA transcription factors are conserved across many animal and plant
species®'. In animals, CAMTAs regulate nervous system-related processes and cardiac
growth®-85 while in plants, they are mainly implicated in abiotic stress and immune
responses®. In both groups, the role of CAMTAs in DDR remains unexplored. Our study
shows that CAMTA TFs play a novel role in UVC-induced DDR (Figures 3, S3). Many
TFs are important for DDR, especially SOG1, as gamma irradiation-induced gene
expression is largely diminished in the sog? loss of function mutant '8¢, However, using
public databases®’, we found that induction of the CAMTAS3 gene 20 min after gamma
irradiation is largely unaffected by the genetic loss of SOG 1", suggesting that CAMTAs
might play a SOG1-independent role in the DDR, similar to E2Fa, a known SOG1-
independent TF®. CAMTAs can bind to calmodulin proteins that are important for the
calcium signaling pathway®¢. In animals, the calcium signaling pathway is required for
the DDR. Intracellular calcium level is increased upon DNA replication stress, which in
turn activates the calcium signaling pathway and inhibits Exonuclease 1 (Exo1) from
making aberrant nicks in replication forks, thus maintaining genome stability®°.
Therefore, further investigations would provide insights into whether calcium signaling
play a role in plant DDR and if this role is dependent on the CAMTAs and CRYs.

CRYs are well-characterized blue/UVA light receptors®®!, and evidence
suggests that human CRY1 and the chromophore common to all CRYs, FAD, can
absorb light in the UVB/UVC spectrum®%3, However, whether UVC light is functionally
relevant for CRYs has never been explored. Blue light triggers the formation of CRY?2
nuclear speckles'®, where photoactivated CRY2 carries out its function?°. Our
unexpected finding that CRY2 requires its light-sensing property to form nuclear
speckles in UVC (Figures 4 and S4) suggests that this light stimulus could trigger the
photoactivation of CRY2. This discovery not only provides the first evidence that the
UVC light spectrum is functionally relevant for CRYs, but also justifies future research to
explore if CRY2 could act as a bona fide UVC light receptor, with experiments to be

performed such as the spectroscopic examination of CRY2 upon UVC exposure.

Recent studies have shown that CRYs and the UVB receptor, UVRS, functionally
interact®*-3%. Even though cry1, cry7cry2 and uvr8 mutants survive under natural and
simulated sunlight (i.e., supplemented with UVB), cry71uvr8 double and cry1cry2uvr8
triple mutants do not, suggesting that CRYs and UVR8 redundantly contribute to plant

survival in sunlight®-3%, Paradoxically, CRY proteins induce the dimerization and,
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therefore, inactivation of UVR8 in a blue-light-dependent manner®-3>. Moreover, CRYs
likely oppose UVR8-induced gene expression under UVB, suggesting that CRYs would
function as a brake to UVR8 hyper-activation®-3°. In this context, the mechanism of how
CRYs positively contribute to plant survival under UVB remains largely unknown. In our
study, we further extended the function of CRYs into the UVC spectrum and showed that
CRYs play a role in UVC-induced DDR, and presented evidence that CRYs could
regulate DNA repair after UVC exposure to contribute to plant growth and survival.
Therefore, beyond revealing a novel role for CRYs, UBP12/13 and CAMTAs in UVC, our
findings might point to how CRYs help plants to survive under other types of genotoxic

stresses, such as UVB.
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MAIN FIGURE LEGENDS

Figure 1. Arabidopsis plants deficient in CRY1 and CRY2 are susceptible to UVC-
induced DNA damage, while mutants of UBP12 and UBP13 are not.

(A) Phenotype of representative 10-day-old seedlings of the indicated genotypes treated
with indicated intensities of UVC. 4-day-old light-grown seedlings were treated with UVC

and then returned to white light for 6 days before examination of the phenotype.

(B) Fresh weight of 10-day-old seedlings of the indicated genotypes treated with
indicated UVC doses as described in (A). Fresh weight was normalized to the untreated

(0 J/m?) samples of the same genotype.

(C) Schematic diagram illustrating the UV-induced formation of a CPD from two adjacent

pyrimidines (two thymine bases shown as an example).

(D) Representative dot blot showing CPD levels on the genomic DNA from the indicated
genotypes. After treating 5-day-old seedlings with 6000 J/m? UVC, genomic DNA was
extracted after 1 or 180 minutes and serially diluted and CPD was detected using an
anti-CPD antibody by immunoblotting. Serial dilutions of the genomic DNA were blotted:
1, 1:10, and 1:100. The immunoblot has been pseudo-colored to reflect the difference in

intensities of CPD levels. Methylene blue staining shows equal loading of genomic DNA.

(E) Quantification of CPD levels using replicates of the dot blot shown in (D). The
percentage of CPD was derived by normalizing the CPD level at 180 min to 1 min of the
same genotype. One-way analysis of variance (ANOVA) analysis was separately

performed for each serial dilution.

(F, G) Immunoblot analysis of phosphorylated MPK6 and MPKS3 (F) and RAD51 (G) in
indicated genotypes at indicated time points after UVC exposure. 5-day-old seedlings
were untreated (0 min) or treated with 6000 J/m? UVC and collected after 10 or 20 min in

(F)and 1 or 2 hiin (G). ACTIN was used to normalize the amount of total protein.

For (B) and (E), different letters indicate p<0.05 for one-way ANOVA analysis followed
by Fisher’s least significant difference (LSD) posthoc test. Data show means + standard

deviation (SD), n = 3 independent replicates.

Figure 2. CRYs promote while UBP12 and UBP13 inhibit DNA damage-induced

stress response.
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(A) Schematic diagram illustrating the UVC treatment for the RNA-seq samples. 5-day-
old light-grown seedlings were treated with 6000 J/m? of UVC and collected after 0, 15,

60, and 180 min of recovery time in white light.

(B) Heatmap of the GO terms “response to UV” and “programmed cell death” in the
upregulated genes in WT, downregulated genes in cry1cry2 relative to WT and
upregulated genes in ubp12ubp13 relative to WT at indicated time points after UVC. The
fold enrichment of non-statistically significant GO terms (false discovery rate 20.05) was

manually set to 0.

(C, D) Boxplot showing the expression levels (fragments per kilobase million, FPKM) of
genes in the GO term “response to UV” (C) and “programmed cell death” (D) in WT,
crylery2 and ubp12ubp13. Only genes downregulated in cry7cry2 relative to WT are
shown. Different letters indicate p<0.05 for two-way ANOVA analysis followed by
Fisher’s LSD posthoc test.

Figure 3. CAMTAs are required for DDR.

(A) Groups of co-expressed DEGs in WT after UVC. 7 co-expressed groups of genes
(W1-7) were identified. CAMTAs, SOG1 and WRKYs TFs were predicted to regulate the

indicated groups.

(B) Consensus sequence of the top cis-regulatory motif found in the promoters of W1, 2

and 7 genes shown in (A).

(C) Phenotype of representative 10-day-old seedlings of the indicated genotypes treated
with indicated UVC doses. 4-day-old light-grown seedlings were treated with UVC and

then returned to white light for 6 days before examination of the phenotype.

(D) Fresh weight of 10-day-old seedlings of the indicated genotypes treated with
indicated UVC doses as in (C). Fresh weight was normalized to the untreated (0 J/m?)

samples of the same genotype. n = 3 independent replicates.

(E) Log2 fold change of gene expression of UVC-inducible CAMTAS target genes in

indicated genotypes at indicated time points.

(F) Heatmap showing the fold enrichment of the top 15 GO terms enriched in UVC-
inducible CAMTAGS target genes.
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For (D) and (E), data show means + SD. Different letters mean p<0.05 for ANOVA

analysis followed by Fisher's LSD posthoc test.

Figure 4. CRY2 interaction with UBP13 and nuclear speckle formation is induced
by UVC.

(A) Co-IP immunoblot showing enhanced pulldown of UBP13-HA by FLAG-CRY?2 after
UVC treatment. 4-day-old light-grown seedlings expressing FLAG-CRY2 and UBP13-HA
were dark adapted for 24 h, then treated or untreated with approximately 1800 J/m? of
UVC from the LED source and collected after 10 min incubation in the dark. Seedlings
expressing only UBP13-HA without UVC treatment were used as a negative control for
the co-IP.

(B) Immunoblot analysis of FLAG-CRY2 levels after UVC treatment in the cry2 and
ubp12ubp13 mutant backgrounds. 5-day-old light-grown seedlings were treated with
6000 J/m? of UVC and collected after 0, 1, and 3 h.

(C-E) Representative confocal microscopy images of nuclei in plants expressing CRY2-
mCitrine (C, D) or CRY2P3%7A-mCitrine (E) fusions in the dark and after blue light or UVC
in transgenic Arabidopsis seedlings (C) and infiltrated Nicotiana benthamiana leaves (D,

E). Samples were fixed before imaging. The scale bar is 5 ym.

For (C-D), red arrowheads indicate representative nuclear speckles.

MATERIALS AND METHODS

Plant genotypes and growth conditions used. Arabidopsis thaliana Columbia (Col-0)
ecotype was used as background for mutants and transgenic lines. cry1-304*, cry2-1°',
cry1-304 cry2-1%4, ubp12-2w ubp13-3%¢, ku70%, cop1-4° and camta123°” mutants have
been previously described. Col-0;UBQ10,r.:UBP13-6xHA (UBP130€)%, cry2-
1;UBQ10pr0:UBP13-6xHA; CRY 2pr0: 2xStrep-6xHis-3xFLAG-CRY2%5, ubp12-2w ubp13-
3;UBQ10pr: 2xStrep-6xHis-3xFLAG-CRY2 (ubp12ubp13;CRY20e)?*, Col-
0;UBQ10p,:COP1-6xHis-3xFLAG (COP10e)?, and cry2-1;UBQ10pr0:2xStrep-6xHis-
3xFLAG-CRY?2 (cry2;CRY20e)% lines have been described previously. After surface
sterilization, seeds were plated on 0.5% Linsmaier and Skoog (LS) medium (HiMedia

Laboratories) containing 0.8% agar, stratified for 2 days in darkness at 4°C and then
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grown at 22°C under 100 pmol m? s white light from a LED source in a growth

chamber (Percival Scientific) unless otherwise specified.

Molecular cloning and transformation of Arabidopsis and Nicotiana benthamiana.
Promoters and coding sequences were amplified from genomic or cDNA pool of Col-0
(WT) plants or subcloned from plasmids by PCR and cloned into Gateway donor
plasmids including pDONR221, pDONRP4-P1R and pDONRP2R-P3 (Thermo Fisher
Scientific) using BP Clonase Il (Thermo Fisher Scientific). CRY2P%7A was generated by
replacing the aspartate 387 with an alanine through site-directed mutagenesis (Oligos
listed in Table S4). Three-fragment Gateway cloning technology was used to combine
the Gateway donor constructs with pB7m34GW or pK7m34GW destination plasmids®®
using LR Clonase Il (Thermo Fisher Scientific). Binary destination plasmids were
transformed into Agrobacterium tumefaciens (GV3101) and then transformed into
Arabidopsis plants using the floral dip method'®. cry1-304 cry2-1;UBQ10pro:UBP13-
6xHA (cryicry2;UBP130e) line was generated by transforming cry7cry2 with
pB7m34GW-UBQ10,0:UBP13-6xHA plasmid. cry2 plants were transformed either with
pK7m34GW-UBQ10p0:CRY2-mCitrine, pB7Tm34GW-CRY 2,0:mCitrine-CRY?2 or
pB7m34GW-CRY 2,.:mCitrine-CRY2P%74 plasmids to generate cry2;CRY2-mCitrine,
cry2;:mCitrine-CRY2 or cry2;mCitrine-CRY2"*4, respectively. pK7m34GW-
UBQ10ur0:CRY2-mCitrine and pB7m34GW-UBQ10,,:CRY2P*¥7A-mCitrine were
transformed into Agrobacterium and used to infiltrate Nicotiana benthamiana plants as

described before®.

UVC sensitivity assay. UVC treatment was performed using a UV Crosslinker 1800
(Stratagene) or with a UVC-emitting LED lamp (peak wavelength 270-280 nm), (Cat#
E275-80-Module; International Light Technologies). Plants were grown in continuous
white light for 4 days at 22°C, then treated with 5500 or 8000 J/m?, and returned to
continuous white light for another 5-6 days before phenotyping and measurement of
fresh weight. Three biological replicates of fresh weight measurement were performed.
For each biological replicate, the total fresh weight of 10-24 seedlings was measured
and the fresh weight per seedling was calculated. Fresh weight percentages were
calculated by normalizing the fresh weight measurement at the indicated UVC dose to

the 0 J/m? treatment group of the same genotype.

Zeocin sensitivity assay. Plants were grown under long days (LD) for 4 days, then

transferred to plates containing 0, 4 or 8 uM of zeocin (Thermo Fisher Scientific) and
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grown for further 8 days in LD before fresh weight measurement. Three biological
replicates of fresh weight measurements were performed. Fresh weight and fresh weight

percentage relative to 0 uM were calculated as described above.

CPD dot blot assay. 5-day-old seedlings grown in LD were treated with 6000 J/m? UVC
using the UV crosslinker and then transferred to 100 umol m? s™' white light for 1 min or
180 min before flash freezing in liquid nitrogen. Genomic DNA was extracted with the
cetyltrimethylammonium bromide (CTAB) method™", denatured by incubating at 100°C
for 10 min and placed on ice immediately for 15 min, and quantified using a Qubit
fluorometer (Thermo Fisher Scientific) and a Qubit ssDNA assay kit (Thermo Fisher
Scientific). Serial dilutions (1, 1:10, 1:100) of the genomic DNA were blotted onto a
Whatman Nytran SuPerCharge nylon blotting membrane (MilliporeSigma) and baked at
80°C for 2 h, then soaked in tris-buffered saline (TBS) with Tween-20 (TBST) (20 mM
Tris-HCI, 150 mM NaCl, 0.05% Tween-20, pH 7.6) for 20 min before blocking with 5%
fat-free milk in TBST for 30 min. After blocking, the membrane was incubated with an
anti-CPD antibody (Cosmo Bio USA) at 1:1000 dilution prepared in 1% fat-free milk
made in TBST overnight at 4°C before washing with TBST three times, 5 min each.
Following the wash, the membrane was incubated with 1:10,000 dilution of anti-mouse-
horseradish peroxidase (anti-mouse-HRP) antibody (Bio-Rad) at room temperature for 1
h and washed again three times in TBST, 5 min each wash. Imaging was performed in a
Chemidoc imaging system (Bio-Rad) following the addition of SuperSignal West Dura
Extended Duration Substrate (Thermo Fisher Scientific) to the membrane. Methylene
blue staining was performed by incubating the blotted and baked nylon membrane with
staining buffer (0.04% methylene blue, 0.5 M sodium acetate, pH 5.2) for 10 min, then
de-stained with distilled water for 5 min before imaging. The CPD dot blots were

quantified with ImageJ'%2.

Protein extraction and Immunoblotting. Total protein was extracted by grinding frozen
Arabidopsis tissue in lithium dodecyl sulfate (LDS) buffer (106 mM Tris-HCI, 141 mM
Tris, 2% LDS, 10% glycerol, 0.51 mM EDTA, 0.22 mM Coomassie Brilliant Blue G 250
(SERVA Electrophoresis GmbH), 0.175 mM phenol red, 10% tris(2-
carboxyethyl)phosphine). After centrifugation at 13000 rpm for 5 min, proteins were
separated by sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in
either homemade 7% or 4-12% gradient Bis-Tris polyacrylamide gel (Thermo Fisher

Scientific) using 3-(N-morpholino)propanesulfonic acid (MOPS) running buffer (40 mM
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MOPS, 10 mM sodium acetate, 1 mM EDTA, pH 7) and transferred to nitrocellulose
membrane (MilliporeSigma). After transfer, the nitrocellulose membrane was incubated
in 5% fat-free milk made in TBST for 30 min, followed by incubation with primary
antibodies in 1% fat-free milk made in TBST for 1 h. Then the membrane was washed
three times with TBST and incubated with the secondary antibodies in 1% fat-free milk
made in TBST for 1 h. The blots were washed three times with TBST and detection was
performed as described above. The following antibodies were used: anti-RAD51 (Cat#
AB63799, Abcam), anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (Cell Signaling
Technology), anti-actin (MP Biomedicals) as primary antibodies. Goat-anti-mouse-HRP
(Bio-Rad) and goat-anti-rabbit-HRP (Bio-Rad) were used as secondary antibodies.
Conjugated anti-HA-HRP (Cat#12013819001, MilliporeSigma) and anti-FLAG-HRP
(Thermal Fisher Scientific) antibodies were used to detect HA- and FLAG-tagged
proteins, respectively. All immunoblot experiments were repeated at least twice.
Quantification of the immunoblot was performed in ImageJ software'%? by measuring the

mean gray value of bands subtracted by the mean gray value of the background.

In vivo co-immunoprecipitation. 4-day-old cry2-1;UBQ10p0:UBP13-6xHA;CRY 2pr0:
2xStrep-6xHis-3xFLAG-CRY2 seedlings grown under continuous white light were dark
adapted for 24 h, then treated with continued darkness or UVC LED source
(approximately 1800 J/m?). Tissue was collected after 10 min, immediately frozen and
later ground in liquid nitrogen. Each 1 g of tissue was dissolved in 2 ml of SIlI buffer (100
mM sodium phosphate [pH 8], 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 0.1% Triton X-
100, 1% protease inhibitors (Sigma), 50 yM MG132) and sonicated (Branson Ultrasonics)
on the ice at 40% power, with 0.5 s on/off cycles for a total of 10 s. The protein extracts
were then clarified by two rounds of centrifugation at 13000 rpm for 10 min at 4°C.
Protein concentration was inferred by spectroscopy using Bradford reagent (Bio-Rad),
and normalized for inputs and co-IPs. For co-IPs, proteins were then mixed with anti-
FLAG antibody (Thermal Fisher Scientific) for 1 h at 4 °C and incubated with protein-G
magnetic beads (Bio-rad) for 0.5 h at 4 °C. Beads were washed 3% with 0.75 ml of SlI
buffer and proteins were eluted with 20 pl of 2x LDS buffer and boiled at 95°C for 5 min

before immunoblot analysis, as described above.

Laser scanning confocal microscopy. For CRY2-mCitrine, 4-day-old dark-grown
Arabidopsis cry2,UBQ10pro::CRY2-mCitrine seedlings were incubated in MG132 buffer
(0.5% LS medium, 50 uM MG132) for 5-8 h in the dark at room temperature. Samples
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were then treated with 40 pumol m2 s of blue light or UVC LED (approximately 1800
J/m? in total) for 2 min or kept in continued darkness. Seedlings were immediately fixed
in 4% PFA with a vacuum for 20 min, then washed for 5 min twice in phosphate-buffered
saline (PBS) before cotyledon cells were imaged. For mCitrine-CRY2 and mCitrine-
CRY2P387A 4-day-old dark-grown cry2;, CRY2pro::mCitrine-CRY?2 or
cry2;CRY2pro::mCitrine-CRY2P%7A seedlings were incubated in MG132 buffer (0.5x LS
medium, 50 uM MG132) for 0.5 h in the dark at room temperature. Then treated for 30
min with 40 ymol m2 s of blue light or UVC LED (approximately 100 J/m? in total) or
continued darkness. Seedlings were fixed in 1% PFA for 10 min and washed twice in

PBS for 5 min. Hypocotyl cells were imaged in this case.

UBQ10pro::CRY2-mCitrine or UBQ10pro::CRY2P*"A-mCitrine were transiently
expressed in N. benthamiana following agroinfiltration of leaves. For this, plants were
grown for approximately four weeks in the greenhouse environment. Three leaves were
infiltrated per condition, and then plants were kept in white light for 1 day and dark
incubated for 2 days to allow for CRY2 accumulation. After this time, leaves were
infiltrated with 50 uM MG132 for 0.5 h, prior to treatment with blue light (40 umol m? s')
or UVC LED (approximately 4500 J/m? in total) for 5 min or continued darkness. Leaves
were fixed in 4% PFA for 20 min with a vacuum, then kept in 1x PBS and imaged under
the confocal microscope. All confocal microscopy was performed using the LSM900
confocal microscope (Zeiss) using a 488 nm laser and images were captured at the

emission range of 410 to 545 nm.

mRNA sequencing and analysis. 5-day-old seedlings grown under LD conditions were
untreated (0 min) or treated with 6000J/m? UVC and collected after 15, 60 and 180 min.
Two biological replicates were harvested for each sample and frozen in liquid nitrogen.
RNA was extracted using a Direct-zol RNA miniprep kit (Zymo Research) and quantified
using a Qubit fluorometer (Thermo Fisher Scientific). 500 ng of total RNA was used for
mMRNA isolation using NEBNext poly(A) mRNA Magnetic Isolation Module (New England
Biolabs) and the purified mMRNA was used to construct libraries using the NEBNext Ultra
Il Directional RNA Library Prep Kit for lllumina (New England Biolabs) following
manufacturer instructions. Single-end sequencing of 76 bp was performed on
NextSeq500 (lllumina) to a total of 40 million reads per sample on average. The
sequencing reads were mapped to the Arabidopsis thaliana Col-0 genome (TAIR10)

using STAR version 2.7.5¢'%, Differential gene expression analysis was performed
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using Cufflinks version 2.2.1'%. R environment version 4.1.0 (R Foundation) and its
packages (ggplot2, RColorBrewer, corrplot, DESeq2'%) were used for statistical analysis
and to visualize the results. Principal component analysis was performed using
DESeq2'%. GO term analysis was performed using PANTHER'%.

RT-gPCR analysis. Total RNA was extracted from frozen Arabidopsis seedlings using
the Direct-zol RNA miniprep kit (Zymo Research). cDNA from RNA was synthesized
using the iScript cDNA Synthesis Kit (Bio-Rad) and qPCR was performed using the
indicated oligos (Table S4) (QuantStudio 6 Pro PCR system; Thermo Fisher Scientific)
using Power SYBR Green Master Mix (Thermo Fisher Scientific). Expression values
were normalized to the UBC28 reference gene and calculated using the 2-24¢t

method'%”.

DREM analysis. DREM analysis was performed as previously described!'. For each
genotype (WT, cryTcry2 and ubp12ubp13), the log, fold change of the expression of all
the DEGs along the time course in the corresponding genotype was used as inputs for
DREM models®. The TF-gene interaction file derived from Bourbousse et al'' was used

as input for the DREM analysis.

Discovery of de novo motifs. The de novo motif search by HOMER?®* was performed
using lists of target genes (genes within the W2 group from the DREM model, all
upregulated genes in WT after UVC, and all downregulated genes in WT after UVC) as
input. The following code was used in a Linux environment: “findMotifs.pl
[file/path/to/gene/names arabidopsis /file/path/to/output -noconvert -start -500 -end 50 -

nogo”.
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