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The plant DNA damage response (DDR) pathway safeguards genomic integrity by rapid recognition
and repair of DNA lesions that, if unrepaired, may cause genome instability. Most frequently, DNA
repair goes hand in hand with a transient cell cycle arrest, which allows cells to repair the DNA
lesions before engaging into a mitotic event, but consequently also affects plant growth and yield.
Through the identification of DNA damage-response proteins and cell cycle regulators that react to
DNA double-strand breaks or replication defects, it has become clear that these form highly
interconnected networks. Those networks operate both at the transcriptional and post-
transcriptional level and include liquid-liquid phase separation and epigenetic mechanisms.
Strikingly, whereas the upstream DDR sensors and signaling components are well conserved across
eukaryotes, some of the more downstream located effectors are diverged in plants, likely to suit
unique lifestyle features. Additionally, DDR components display functional diversity across ancient
plant species, dicots and monocots. Observed resistance of DDR mutants towards high salinity,
aluminum toxicity, phosphate limitation and seed aging indicates that gaining knowledge about the

plant DDR may offer solutions to combat climate change and the associated risk for food insecurity.
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Introduction

As the world’s population continues to grow and the effects of climate change become more apparent,
maintaining food security is one of the greatest challenges of our time. Rising temperatures, prolonged
droughts and floods have a dramatic impact on crop yield and agricultural productivity. Due to their
immobility, one consequence of the exposure of plants to these emerging extreme and fluctuating
environmental conditions are DNA lesions that in turn influence cell cycle progression and cell viability,
affecting growth and vyield. Indeed, a plentitude of exogenous and endogenous factors disrupts
genomic integrity', leading to various DNA lesions like single- and double-strand breaks, (oxidative)
base damages, crosslinks and pyrimidine dimers. Fortunately, DNA damage is rapidly counteracted by
a highly complex signaling network, converged in the term DNA damage response (DDR). Three
important steps are needed for a fully functional and efficient DDR (Fig. 1). The damaged DNA must be
rapidly recognized, initiating a signaling cascade (step 1) that needs to be transmitted (step 2) towards
effectors (step 3). Those effectors eventually activate DNA repair, pause the cell cycle or arrest
proliferation of the affected cells by either killing them or pushing them into differentiation. Strikingly,
although extensive studies across the tree of life revealed that many DDR factors are conserved over
eukaryotes, especially the effectors and the final responsive components appear to have diverged
between animals and plants.

In all eukaryotes, the onset of the DDR pathway depends on the type of DNA damage, positioned
around either one of two phosphoinositide 3-kinase-related kinases, ATAXIA TELANGIECTASIA
MUTATED (ATM) and ATAXIA TELANGIECTASIA AND RAD3-RELATED (ATR). ATM is primarily activated
by DNA double-strand breaks (DSBs) that are recognized by a protein complex composed of MRE11-
RAD50-NBS1 (MRN). Through dimerization, the MRN complex tethers the break ends together (Fig. 1)
and resections the lose 5’ ends at the DNA break side via its endo- and exonuclease activity, thus
producing 3’ overhangs needed for further repair?. The NBS1 subunit recruits inactive ATM dimers,
which are subsequently released as activated ATM monomers3.

ATR is predominantly activated by DNA single-strand breaks (SSBs) and stalled replication forks,
also typified as replication stress. During replication stress, stretches of single-stranded DNA (ssDNA)
emerge due to continued unwinding of the DNA helix in the absence of new strand biosynthesis. This
emerging ssDNA is bound by replication protein A (RPA)*® and RAD17. RPA subsequently recruits the
ATR-interacting protein (ATRIP), which ultimately forms a stable complex with ATR”°. Once ATR is
activated, further association with the DNA topoisomerase |l binding protein (TopBP1) is triggered,
which stimulates the autoactivation of ATR, at least in yeast and human cellst. The RAD9-RAD1-HUS1
(9-1-1) complex can also activate ATR”*>13 (Fig. 1).

Once activated, mammalian ATM and ATR phosphorylate the tumor suppressor protein p53, a

pivotal DDR master regulator that triggers the onset of DNA repair, cell cycle regulation and



apoptosis!*1®. Whereas plants have homologs of the DNA damage-sensing components, including ATM
and ATR, they lack p53, but they rely on SUPPRESSOR OF GAMMA RADIATION 1 (SOG1). Although this
plant-specific transcription factor does not share any sequence similarity with p53%”!%, SOG1 acts as a
functional homolog, being activated by ATM/ATR%, Following phosphorylation, SOG1 activates the
expression of a wide variety of target genes, being predominantly involved in DNA repair and cell cycle
checkpoint activation?*?2, In addition to SOG1, E2F transcription factors and the WEE1 kinase are
crucial regulators of the DDR®?%, building complex regulatory networks operating at both the
transcriptional and post-transcriptional level. Altogether, this network provides a quality control
mechanism preventing cells with damaged DNA from entering mitosis.

To honor the 20" anniversary of the identification of SOG1%, marking the starting point of plant-
specific DDR research, we give an overview of the plant DDR, focusing on recent discoveries in DNA
damage sensing, DNA repair mechanisms and cell cycle checkpoints activated in somatic cells in
response to DNA single- and double-strand breaks. In addition, we highlight what is known about the
DDR in crop plants and ancient species and summarize the importance of DDR during environmental

stress responses.

A. DNA damage-sensing and repair mechanisms

1) One nucleofilament to rule them all: RAD51 recruitment and function

One of the earliest events after the occurrence of DSBs is the phosphorylation of the conserved H2A.X
histone variant by ATM near the damaged site, giving rise to y-H2A.X?*. The accumulation of y-H2A.X
is the major signal for the DDR initiation. Recently, the first plant y-H2A.X reader was identified, being
the y-H2A.X-INTERACTING PROTEIN (XIP)/BRCT-domain protein 3 (BCP3)%?%’ (Fig.2a). XIP/BCP3
interacts specifically with y-H2A.X via its dual BREAST CANCER SUSCEPTIBILITY GENE 1 (BRCA1)
carboxyl-terminal (BRCT) domain, a known phospho-protein-binding platform?®28, Intriguingly, the
XIP/BCP3-paralog BCP4 was found to interact with y-H2A.X in a similar way, suggesting that BCP4 could
be another y-H2A X reader?. Once XIP/BCP3 is bound to y-H2A.X, it leads to the recruitment of the
recombinase RAD51, which subsequently forms larger nucleoprotein filaments at the break site. These
RAD51 filaments are required for DNA break repair through the process of error-free, template-based
homologous recombination (HR), by aiding the identification of intact homologous sequences and the
invasion of those double-stranded templates. In addition to XIP/BCP3, the cell cycle inhibitory
RETINOBLASTOMA (Rb)-RELATED1 (RBR1) protein and the unknown DNA DAMAGE RESPONSE
MUTANTS 2 (DDRM2) protein promote RAD51 recruitment to the damaged site3%3L, Intriguingly,
RAD51 recruitment depends also on its phosphorylation by complexes consisting of a plant-specific
B1l-type cyclin-dependent kinase (CDKB1) and a B1l-type cyclin (CYCB1). As the activity of these

CDKB1/CYCB1 complexes is the highest after completion of DNA replication, hence at the moment



when sister chromatids are available, this mechanism may has evolved as an elegant system to repair
DNA preferentially by HR instead of by error-prone non-homologous end-joining, thus linking DNA
repair with the cell cycle status®.

Many recruiting and interacting factors of RAD51, including RBR1 and DDRM2, partially colocalize
in foci®®3%%, Live imaging of interactions indicate that the formation of RAD51-containing foci is a

30313335 By tracking chromosome

highly dynamic and tightly spatiotemporally controlled process
mobility, it was found that RAD51 foci movement is the highest during the earliest steps of HR and
during the S/G2-phase transition, most likely facilitating the search for homologous sequences®.
RADS51 mobility is impaired in the sogl mutant, indicating a tight correlation between SOG1 function
and DNA repair foci formation®. This mechanism is likely facilitated by DDRM2, which is a direct target
of SOG13L. A process that facilitates the spatial organization of repair foci is liquid-liquid phase
separation (LLPS), in which membrane-free structures form condensates when their concentrations
reach a critical threshold®. The nuclear lamin-like CROWDED NUCLEI (CRWN) 1 and 2 proteins enable
factors with a low or no phase separation potential, like the RAD51 paralog RAD51D, to form

condensates at damaged DNA3®. The formation of those “DNA repair bodies” might be needed for an

efficient repair of DNA lesions.

) It’s getting complex: SMC5/6

The repair of damaged DNA requires large-scale rearrangements of the chromatin structure. Critical
factors for such rearrangements are the evolutionarily conserved STRUCTURAL MAINTENANCE OF
CHROMOSOME (SMC) proteins. While SMC1 and SMC3 are important components of the cohesin-
complex (keeping replicated sister chromatids close until they are bipolarly attached to the spindle),
SMC2 and SMC4 are required to form condensin (folding chromosomes into compact structures that
can be more easily distributed during mitosis and meiosis). Differently, the SMC5/6 complex is a
versatile component of the DDR network and is recruited to damaged DNA sites to promote DNA repair
through HR*. Similar to other SMC-containing complexes, the SMC5/6 complex consists of several
NON-SMC ELEMENTS (NSEs). The recruitment of SMC5/6 depends on DSB-induced RNAs (diRNAs) that
arise from active transcription at both DSB fragment ends, especially in repeat-rich regions (Fig. 2b)3.
The produced diRNAs are recognized and bound by the RNA-interference component ARGONAUTE 2
(AGO2) and the resulting diRNA-AGO2 complex specifically targets the DSB site and recruits the
double-stranded RNA-binding protein INVOLVED IN DE NOVO2 (IDN2)3%3%, IDN2 further recruits CELL
DIVISION CYCLE 5 (CDC5), which attracts the transcriptional coactivator ALTERATION/DEFICIENCY IN
ACTIVATION2B (ADA2b) and ultimately recruits the SMC5/6 complex at the DSB to facilitate DNA
repair®®*', One function of the SMC5/6 complex is to recruit the POLYMERASE-ASSOCIATED FACTOR 1
(PAF1) complex (PAF1C). Once recruited, PAF1C attracts the ubiquitin ligases HISTONE MONO-



UBIQUITINATION 1 (HUB1) and HUB2, resulting in the mono-ubiquitination of H2B and ultimately the
facilitation of DSB repair via HR*.

The stepwise assembly of the SMC5/6-recruiting complex is further stabilized in a blue light-
dependent manner by cryptochrome photoreceptors, enhancing the interaction between ADA2b and
SMC5%. The resulting condensed complex might serve as a hub for DNA repair factors3®*3%5 which
could also undergo LLPS, facilitated by the SMC5/6 subunit SUPPRESSOR OF NONEXPRESSER OF
PATHOGENESIS-RELATED GENES1 INDUCIBLE 1 (SNI1) via its interaction with the nuclear lamin-like
proteins CRWN1 and 2%, This LLPS could not only strengthen the distinct protein interactions but
might also protect the loose DNA ends. Another SMC5/6 complex subunit, the E3-sumo ligase NSE2,
triggers the proteasomal degradation and therefore the release of proteins trapped in DNA—protein

crosslinks®.

B. DNA damage checkpoint control mechanisms

To pause cell proliferation following DNA damage or replication defects, various DDR mechanisms
interfere with the molecular cell cycle machinery. Although prominent regulators controlling cell
proliferation in response to DNA damage have been identified*, only recently it has become clear how
these regulators are activated and how they affect different pathways to arrest cell cycle progression.
The WEE1 kinase is a key component of the DNA damage checkpoint in response to replication defects,
such as caused by application of hydroxyurea (HU) that blocks dNTP biosynthesis needed for new DNA
synthesis. WEE1 operates downstream of ATR and both weel and atr mutants are hypersensitive to
HU*%%, Curiously, whereas mammalian and yeast WEE1 predominantly arrest the cell cycle by
phosphorylating cyclin-dependent kinases (CDKs)*%>%, the Arabidopsis counterpart appears to be more
promiscuous. Indeed, although the A-type CDKA;1 is a likely WEE1 target*®, the mutation of its
potential WEE1 phospho-target sites does not affect the DDR, indicating that WEE1 might also
phosphorylate other targets®. Through screening for atr suppressor mutants under replication stress
conditions, several non-CDK targets of WEE1 were identified, including the ubiquitin E3 ligase F-BOX-
LIKE17 (FBL17), being a key player of cell cycle progression mediating the ubiquitination and
subsequent degradation of the CDK inhibitory class of KIP-RELATED PROTEINs (KRPs)>*>°, WEE1-
mediated phosphorylation of FBL17 triggers its destruction, and hence accumulation of the KRPs,
contributing to a cell cycle arrest under replication stress conditions (Fig.3). Interestingly, a
phosphomimick FBL17 variant can still be degraded in a WEE1-dependent manner, indicating that
WEE1 stimulates FBL17 degradation both through a direct and indirect mechanism. Accordingly, WEE1
phosphorylates the anaphase-promoting complex/cyclosome (APC/C) co-activator subunit APC10,

which enhances the interaction between FBL17 and the APC/C E3 ubiquitin ligase, mediating the



degradation of FBL17 (Fig. 3)°®. Notably, besides its function in cell cycle regulation, FBL17 co-localizes
with y-H2A.X at DSB sites in an RBR1-dependent manner. Thus, FBL17 is speculated to support the
repair of DNA lesions through ubiquitination of yet to be identified DDR proteins®’.

Another identified direct target of WEE1 is PLEIOTROPIC REGULATORY LOCUS (PRL1), a core
subunit of the MOS4-associated complex (MAC) involved in alternative splicing. WEE1-dependent
phosphorylation of PRL1 promotes its ubiquitylation and subsequent degradation, leading to intron
retention within mRNA transcripts of cell cycle genes, including the D-type cyclins CYCD1;1 and
CYCD3;1%. The translated aberrant CYCD proteins are likely unable to activate CDK activity, resulting
in an arrest of cell cycle progression in response to replication stress (Fig. 3). PRL1 can also be a subunit
of Cullin4d-based E3 ubiquitin ligase CRL4R! to mediate the polyubiquitination and degradation of
TSO2, a subunit of the ribonucleotide reductase that catalyzes the formation of dNTPs from
ribonucleotides. Thus, WEE1-dependent PRL1 degradation can promote dNTP biosynthesis to resolve
replication stress (Fig. 3)°8.

Screening for weel suppressor mutants also helped in understanding the mechanisms that fail
in the absence of a functional replication checkpoint. For example, weel HU hypersensitivity can be
rescued by ribonuclease H2 (RNAH2) mutations that trigger an increased incorporation of
ribonucleotides (rNTPs) in the replicated DNA, likely substituting the insufficient level of dNTPs and
illustrating that a shortage of the latter activates WEE1 activity. Strikingly, weel rnah2 double mutants
display small base-pair deletions, highlighting that rNTP incorporation in the genome must be avoided
to maintain genome stability®®. Therefore, the RNase H2 complex plays a key role in retaining genome
stability under conditions that limit dNTP availability. Likewise, suppression of HR through knockout of
XRCC2 and RAD51C suppresses the HU hypersensitive phenotype of the weel mutant®®, indicating that
recombination under replication-deficient conditions might account for genome instability. Similarly,
a mutation in FASCIATA1 (FAS1), encoding a subunit of the chromatin assembly factor 1 complex,
rescues weel and atr HU hypersensitivity. The fasl mutation leads to telomere dysfunction and
formation of DSBs, activating an ATM- and SOG1-dependent G2/M checkpoint, which may give cells of
the fas 1 weel double mutant the time to repair the replication stress-induced DNA damage, (possibly)
explaining the rescue®. Similarly, a mutation in the catalytic subunit of DNA polymerase a can rescue
the HU hypersensitivity of weel, likely because of a slowed down replication rate that matches up with
the HU-induced decrease in dNTP levels. Thus, genome stability and chromatin structure are important
for DNA damage checkpoint activation, strongly suggesting that the inability to match DNA unwinding
with replication speed accounts for the activation of a WEE1-dependent checkpoint®?.

Similar to weel, sogl mutants are hypersensitive to HU. Importantly, weel sogl double
mutants display an additive phenotype in the presence of HU, indicating that SOG1 and WEE1

independently control the replication stress checkpoint®?. Not surprisingly, given its importance in DNA



damage control, SOG1 is controlled at multiple levels: not only is its activity controlled through
phosphorylation by both ATM and CASEIN KINASE 2 (CK2)2%3, but also by the Snf-related kinase SnRK1,
a central integrator of energy signaling that responds to the available AMP/ATP ratio®, providing a
potential mechanism that links a low energy status with cell cycle progression (Fig. 3). SOG1 activity
also partially depends on WEE1, as another target of WEE1, GENERAL CONTROL NONDEREPRESSIBLE
20 (GCN20), inhibits the translation of SOG1 transcripts. Upon replication stress, WEE1-dependent
phosphorylation of GCN20 results in its ubiquitination and degradation, thus relieving the translational
inhibition of SOG1 (Fig. 3)%. Conversely, WEE1 is a SOG1 target gene?!, implying a WEE1/SOG1 positive
feedback loop as a reason for cell cycle arrest under replication stress®. Additionally, SOG1 protein
stability is positively controlled by DNA DAMAGE RESPONSE MUTANT 1/SUMO-TARGETED UBIQUITIN
E3 LIGASE 2 (DDRM1/STUBL2) that ubiquitinates SOG1 at multiple sites (Fig. 3)°°.

Whereas WEE1 controls an intra-S-phase cell cycle checkpoint®”, SOG1 possesses the ability to
impose a G2/M arrest in response to DSBs through the transcriptional activation of the SIAMESE-
RELATED (SMR) CDK inhibitor genes SMR5 and SMR7%, as well as two SOG1-related transcription factor
genes, ANACO44 and ANAC085% (Fig. 4). Both act on the repressive MYB (Rep-MYB) transcription
factors MYB3R3/5 that suppress the expression of G2/M-specific genes, such as B-type cyclins. On the
one hand, SMR5 and SMR7 inhibit CDK activity needed for proteolytic turnover of the Rep-MYBs”,
whereas ANAC044 and ANACO85 stabilize the same repressors in a yet to be determined post-
transcriptional manner. Combined, both pathways result in the accumulation of Rep-MYBs in response
to DSBs, resulting in a cell cycle arrest (Fig. 4).

Next to WEE1 and SOG1, E2F transcription factors are expected to play an important role in
the checkpoint control, given their role as transcriptional activators of DNA replication and repair
genes®. Within Arabidopsis, canonical E2FA and E2FB are considered as transcriptional activators,
whereas E2FC is generally considered as a repressor’?. Through copurification, RBR1, E2FB, E2FC and
ANAC044 were found to be part of the DREAM (Dimerization partner, RB-like, E2F and Multivulval class
B) complex, being a multi-subunit transcriptional complex that controls the expression of cell cycle-
related genes’*”® (Fig. 4). Although this explains a transcriptional repressive role for ANAC044, the
relationship between E2F transcription factors and the DDR appears to be intricate. Whereas E2FB is
needed to halt the cell cycle in response to DNA crosslinks, correlated with its potential role in a
repressive DREAM complex’?, its activity is also required to allow progression through the G2/M
transition under replication stress conditions?*. Additionally, although SOG1 is not part of the DREAM
complex, it shares many transcriptional targets with the E2Fs. Accordingly, E2Fs operate
antagonistically or synergistically with SOG1 to control cell cycle progression and DDR gene expression
during replication stress?*. Among the antagonistically regulated genes, ANACO85 and ANAC044 can

be found, suggesting that E2FB could dampen a SOG1-dependent cell cycle arrest, whereas those



genes under synergistic control may allow fine-tuning of gene expression levels according to the
replication stress intensity (Fig. 4). In such model, E2F activity might account for basal induction levels
of DNA repair and checkpoint genes during the S-phase, when cells are expected to be the most
sensitive to replication inhibitory stresses, whereas SOG1 might account for further activation in
response to fork stalling.

Also Tesmin/TSO1-like CXC domain-containing proteins (TCX5/6) were identified as
components of the DREAM complex’?. The TCX5/6-containing DREAM complex precludes DNA
hypermethylation and prevents excessive cell proliferation’, suggesting that DREAM complexes
regulate the epigenetic landscape in plants. Consistently, BTE1l (BARRIER OF TRANSCRIPTION
ELONGATION 1) was identified as another DREAM complex subunit. BTE1 interacts with WDR5A, the
component of the Complex Proteins Associated with Set1 (COMPASS)-like complex that represses the
transcription of target genes via inhibiting H3K4me3 deposition and RNA polymerase |l elongation”.
Interestingly, more than a thousand genes that are occupied by BTE1 are also bound by E2FA,
indicating that E2FA could work cooperatively with components of the DREAM complex to regulate
gene expression (Fig. 4).

Interestingly, E2F transcription factor activity can be repressed by the above-mentioned
SMC5/6 complex subunit SNI1, resulting in the transcriptional repression of E2F target genes through
the recruitment of histone deacetylases’®. The resulting elimination of E2F activity not only restores
root growth, probably by allowing cell cycle progression in the presence of DNA damage, but also
suppresses the observed cell death of stem cells. This ATM-, ATR- and SOG1-mediated cell death of
predominantly vascular stem cells is observed in many DDR mutants and can be induced by
radiomimetic drugs (such as bleomycin and zeocin). It has been put forward as an efficient process to
safeguard genome integrity by preventing the distribution of DNA-damaged cells across the organism”’,
although the exact executers of this cell death program are still unknown.

Other potential regulators of the DDR are long non-coding RNAs (IncRNAs). In humans, DDR-
related IncRNAs gained attention due to their oncogenic character’®. In Arabidopsis, over 90% of the
X-ray-induced IncRNAs depend on ATM activity’®. Meta- and comparative genome sequencing
approaches underline the potential of plant IncRNAs to be involved in the DDR®2!, The lack of certain
IncRNAs reduces the repair capacity for DSBs®. Moreover, the INcRNA LINDA is not only important for
a proper transcriptional response to DNA damage, but is also necessary for the recovery of root
meristems following loss of stem cells by the above-mentioned cell death program?!. Because IncRNAs

are not well-conserved, IncRNAs are excellent candidates for species-specific fine-tuning of the DDR.

Another emerging mechanism controlling the plant DDR is autophagy, in mammals best known for

its role in eliminating dysfunctional protein complexes and organelles®. Autophagy was initially



described as a rather non-selective destruction process, but there is increasing evidence that selective
autophagy represents an important mechanism in many cellular responses, including the DDR. Key
mammalian DDR components, including ATM and p53, have been identified as regulators of autophagy

8384) Interestingly, several plant autophagy-related (ATG) genes are critical for the

(reviewed in
response to DNA damage, as their corresponding mutants are hypersensitive to replication stress, DSBs
and DNA crosslinks®®. KNOTEN1 (KNO1) was identified as a potentially important factor mediating
autophagy in response to DNA damage, promoting HR through targeting the RECQ MEDIATED

INSTABILITY 1 (RMI1) protein for degradation via autophagy®.

C. DDRin crops and ancient species

Despite the conserved nature of key DDR regulators, species-specific adaptations can be found. The
moss Physcomitrium patens is an ancient land plant diverged from green algae. Recent studies
identified its key DDR components, including one functional ATM (PpATM) and ATR (PpATR) kinase. A
knockout in either results in a growth phenotype, with Ppatm mutants progressing faster through
developmental transitions, whereas Ppatr mutants display an inhibition in these transitions, resulting
in smaller gametophores, as well as sporadic cell death®?’. These data illustrate a role for both kinases
during vegetative development, which is contrasting to their Arabidopsis counterparts. Under
genotoxic conditions, the PpATR kinase appears to be the dominant checkpoint regulator®®. Again, this
strongly deviates from Arabidopsis, in which ATM is the main factor controlling the response to DSBs®®,
The reason for this differential use in checkpoint regulators between species is currently unknown.
Strikingly, within P. patents, DSBs trigger the reprogramming of differentiated leaf cells into stem cells,
a process that depends on PpATR-dependent transcriptional activation of STEMIN transcription factor
genes®,

As outlined above, SOG1 plays a key role in the transcriptional activation of the DDR, with
homologs being identified in eudicots, monocots and gymnosperms, as well as ancient flowering
plants. No SOG1-like genes are found in unicellular and colonial algae®>®, placing its origin in
nonvascular plants. This includes P. patents, in which two SOG1 genes, PpSOG1a and PpSOG1b, were
identified to redundantly act in the DDR%2, Similar to Arabidopsis, the Physcomitrium sogla soglb
double mutant shows increased resistance to genotoxic treatments®’. Additionally, PpSOG1-
dependent genes are enriched for similar Gene Ontology terms as observed for Arabidopsis, including
DNA repair and cell cycle control. Moreover, both SOG1 protein sequences hold potential ATM/ATR
phosphorylation sites, a feature shared with their Arabidopsis counterpart®. As major difference
between both species, PPATR is found among the target genes of PpSOG1. Accordingly, PpATR

transcript levels strongly increase by gamma irradiation®, whereas Arabidopsis ATR expression is not



affected by genotoxic agents. This suggests the existence of a positive feedback loop that has been lost
in Arabidopsis and of which the importance in the moss is currently unknown.

The DDR network also shows divergence in monocot versus eudicot species, which may relate
to differences in genome size and chromatin organization. These differences may influence the
accessibility of DNA repair proteins to damaged sites, potentially affecting the dynamics of DNA
damage-sensing and -repair processes. Contrary to Arabidopsis, maize atr but not atm mutants show
fertility defects that might be due to severe replication stress during the early stages of embryo and
endosperm development®. Conversely, ATR deficiency does not affect the fertility in barley (Hordeum
vulgare), but Hvatr mutants show a shorter root system than the wild type under normal conditions,
which might be related to the appearance of DNA nicks and breaks in 60% of root meristem nuclei®.
Given that both barley and maize have large genome sizes and contain complex repetitive regions®%,
these characteristics may increase the susceptibility of their genomes to replication stress and DNA
breaks, implying that the DDR pathway plays a more essential role in crops with large genomes than
those with small genomes.

Similar to P. patens, rice holds two putative SOG1 orthologs, 0sSOG1 and SOG1-like (OsSGL), both
holding multiple potential ATM/ATR phosphorylation sites. However, whereas in P. patens both genes
appear to operate redundantly, in rice only the Ossogl mutant displays a DNA damage-sensitive
phenotype and inhibition of DNA repair genes following DNA damage®’. Accordingly, OsSGL appears
to be an OsSOG1 target gene, with its contribution to the DDR still to be determined. Together, these
studies reveal some conservation and divergence of SOG1 function in different plant species. However,

DDR components in crops and ancient plants need further investigation in the future.

D. Importance of the DDR in response to environmental stresses

Environmental extremes, including high temperatures, industrial soil pollution and the wash out of
nutrients by erosion, are challenging for sessile organisms. Especially in the light of climate change, it
is important to understand the impact of those extremes on plant survival and genome integrity in
order to maintain plant growth and seed vyield. Important sensors and signal integrators for
environmental changes are the plant organelles, especially the chloroplasts. Like nuclear DNA,
chloroplast DNA is susceptible to reactive oxygen species (ROS)-induced DNA damage that can lead to
chloroplast dysfunction, which in turn can trigger an ROS burst®®1%, |mportant guardians of the
chloroplast genome are the cooperatively working ssDNA-binding proteins WHIRLY1 (WHY1), WHY3
and RecA1, a prokaryotic homolog of RAD511°11%3 (Fig. 5). Although chloroplast dysfunction does not
directly cause nuclear DNA damage, it affects the status of nuclear gene expression through retrograde

signaling, in which a plastid-derived signal controls the expression of nuclear-encoded genes.

10



Accordingly, SOG1-dependent activation of SMR5 and SMR7 can be observed in response to impaired
chloroplast functioning or high-light intensities, impinging on cell cycle checkpoints®®104105  Ap
essential retrograde signaling element was identified in the CHLOROPLAST AND NUCLEUS DUAL-
LOCALIZED PROTEIN 1 (CND1) protein. CND1 promotes the initiation of nuclear DNA replication
through its association with prereplication complexes at the replication origins and facilitates
chloroplast genome stability by interaction with WHY 11,

Chloroplasts are also important sensors for heat: WHY1 and WHY2 are induced by heat!°7:108,
and WHY1 is a confirmed factor for thermotolerance in tomato’®. Heat causes the accumulation of
ROS in many cellular compartments, including the nucleus!®, where it causes DNA damage!°.
Moreover, if the environmental temperature exceeds a certain threshold, plant fertility
decreases!'!12 while telomere truncation and mutation rates increase'*'*, With a higher frequency
of local heatwaves that tend to last longer!®, this is an alarming observation that could decrease seed
production. Thermotolerance can be acquired through the E3 ubiquitin ligase HIGH EXPRESSION OF
OSMOTICALLY RESPONSIVE GENES 1 (HOS1). Upon heat exposure, HOS1 accumulates, leading to the
transcriptional activation of the DNA helicase RECQ2 1%, which in turn is involved in overcoming stalled
replication forks!. Additionally, the accumulation of HOS1 causes the induction of other DDR genes,
including ATM and WHY2 (Fig. 5). ATM ensures chromosome stability by efficient repair of DSBs under
heat stress, as atm mutants exhibit increased chromosome fragmentation!’. Besides the effect on
ATM, heat induces the expression of ANAC044 and ANAC085, causing the accumulation of Rep-MYBs
and ultimately a G2/M cell cycle arrest®!8, potentially supported by the heat-induced expression of
the cell cycle inhibitory genes SMR3 and SMR5¢2,

Heat-triggered accumulation of ROS and DNA damage accelerates seed aging, resulting in
decreased seed vigor and seedling viability'**12°, Aging in general is driven by the accumulation of DNA
damage, which is associated with increased programmed cell death and telomere shortening!?%122,
During seed dormancy, the activity of the DDR machinery minimizes the consequences of accumulating

DNA damage over time!?12

. Moreover, the age-associated accumulation of DNA damage is
counteracted by a lag-phase during seed germination, during which the DDR machinery ensures repair
of occurred damage and consequently, the survival of the emerging seedling!?>1?3, Later in a plant’s
life, during senescence, ATM suppresses plant aging by activating DNA repair and simultaneously
suppressing age-associated transcription factors'??, underlining the importance of an active DDR
during the whole life cycle.

Seedling survival and plant growth are affected not only by seed age but also by the
environment, especially by a balanced availability of nutrients. E.g., the lack of nutrients, such as
phosphate (Pi), inhibits root growth due to impaired cell elongation, accompanied by a cell cycle arrest

and loss of stem cell identity, a phenomenon also described as stem cell exhaustion!®®31% To
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counteract low Pi availability, plants secrete organic acids into the rhizosphere to dissolve metal-bound
Pi, leading to the release of Pi and iron (Fe3*). Fe3* is converted into Fe?* that subsequently reacts with
hydrogen peroxide, leading to the generation of hydroxy! radicals?®. The accumulation of hydroxyl
radicals initiates the accumulation of callose at plasmodesmata, and consequently the disruption of
cell-to-cell communication'?®, Additionally, ROS induce SMR5 and SMR7 expression, thus evoking cell

cycle checkpoints!?’

. Accordingly, stem cell exhaustion during phosphate starvation can be rescued by
knockout of their upstream regulators ATM or SOG1%3,

Another Pi-chelating metal is aluminum (AI**), exemplified by the usage of high Pi fertilizers to
cope with aluminum toxicity. Accordingly, symptoms of AI** toxicity and Pi deficiency are comparable,
and both stresses share common response pathways®®. However, the stem cell exhaustion phenotype
caused by AI**is mainly due to the intrinsic genotoxicity of AI** that non-covalently binds DNA, affecting

128

DNA unwinding'“® and consequently triggering replication stress. The replication stress activates ATR

and SOG1, leading to cell cycle arrest, which in turn prevents potentially impaired DNA to be passed
on to daughter cells?96394125,130
Two other metals affecting DNA integrity are boron (B(OH)s) and cadmium. An excess of B(OH);

181132 and generates ROS-mediated oxidative damage®3.

inhibits root growth and cell division
Moreover, B(OH)s increases the accessibility of chromatin, making it more susceptible to DNA damage
caused by ROS¥*1% The accumulation of ROS in response to B(OH)s is mediated by the NAC-type
transcription factor NAC103, which is degraded by the 26S proteasome to avoid the accumulation of
DSBs!36, Cadmium on the other hand inhibits plant growth by interfering with cell division via the SOG1-
mediated expression of SMR4, SMIR5 and SMR7'¥71%_SOG1 does furthermore interfere with the redox-

potential of the cells by inducing the expression of important components of the oxidative signaling

and ROS scavenging pathways'¥.

Outlook

The world record of global temperature in 2023 once again showed us the alarming reality of climate
change, triggering weather extremes that endanger food security. It is pivotal to understand the
consequences of these environmental threats on the plant’s genomic stability, as well as how this
instability affects growth and yield. Clearly, impairing cell cycle checkpoints allows to cope with high
salinity, APP* toxicity, Pi limitations and seed ageing, but currently the long-term consequences of
bypassing the DNA surveillance mechanisms on later developmental stages or offspring plants are
unclear. Moreover, cross-species comparisons indicate that finding an overall solution to deal with
environmental-induced loss of genome integrity may be challenging, given the reported differences
observed between ancient species, Arabidopsis and crops. Clearly, the genotoxic stress tolerance

phenotypes observed for Arabidopsis DDR mutants need to be tested within agricultural species.
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Thanks to the revolutionary advances in genome editing techniques, the generation of corresponding
DDR mutants in diverse species is only limited by their genome-editing and propagation efficiency.
Interestingly, CRISPR/Cas9-based genome editing in immortalized human retinal pigment epithelial
cells was found to trigger a cell cycle arrest that could be overcome through p53 inhibition!3. Hence,
it is possible that DDR mutants may not only offer a solution to combat climate instability by directly
mitigating a DNA damage- or replication stress-activated cell cycle arrest, but also indirectly contribute

to increasing genome-editing frequencies or the development of novel genome-editing applications.
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Fig. 1: Three step-based activation of the DDR, leading to an efficient DNA repair. Step 1: Recognition
of the damaged DNA depends on the type of DNA lesions: while replication stress or single-strand
breaks recognized by the RAD9-RAD1-HUS1 (9-1-1) complex or bound by replication protein A (RPA)
and RAD17, double-strand breaks are recognized by the MRE11-RAD50-NBS1 (MRN) complex. Step 2:
Signaling of the recognized DNA damage to the effectors also depends on the lesion type, activating
either ATR or ATM. While ATR is activated in response to replication stress or single-strand breaks via
the interaction with the ATR-interacting protein (ATRIP) and likely phosphorylation, ATM is activated
by the NBS1 subunit in response to double-strand breaks. Step 3: Once ATR and ATM are active, they
can, in plants, activate the DDR effectors WEE1, SOG1 and E2F. Those effectors trigger different cellular
responses, leading to altered gene expression, effective DNA repair, inhibition of the cell cycle and

induction of cell death.
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Fig. 2: Multistep formation of RAD51 nucleofilaments (a) and the active SMC5/6 complex (b). (a)
RAD51 can be recruited by multiple proteins, including the y-H2A.X readers XIP/BCP3, BCP4, RBR1 and
DDRM2. After binding the break, RAD51 assembles into larger nucleofilaments, which can be further
stabilized by SOG1 and ATM. (b) The association of the SMC5/6 complex to the damaged site is initiated
by DSB-induced RNAs, which attract AGO2. Consequently, AGO2 triggers the ordered assembly of the

complex needed for SMC5/6 recruitment at the damaged site.
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Fig. 3: The molecular mechanisms of the SOG1/WEE1l-mediated DNA damage checkpoint. DNA
single- and double-strand breaks predominantly trigger ATR and ATM activation, respectively, which
then activate the SOG1 transcription factor by phosphorylation. CK2 is required for phosphorylation of
SOG1 by ATM. SOG1 can also be phosphorylated by SnRK1 in the presence of low intracellular ATP
levels. Additionally, SOG1 stability can be regulated by DDRM1 via ubiquitination upon DNA damage.
WEE1 represents the key downstream target of SOG1 and phosphorylates many targets in response to
replication defects, triggering a cell cycle arrest. WEE1 likely phosphorylates the A-type cyclin-
dependent kinase CDKA;1 to inhibit its activity. Additionally, WEE1 phosphorylates FBL17 and APC10,
which promotes the degradation of FBL17 that normally mediates the ubiquitination and degradation
of KIP-RELATED PROTEIN (KRP) inhibitors, leading to the accumulation of KRPs and a cell cycle arrest.
WEE1 phosphorylation of PRL1 promotes its degradation. PRL1 functions in two different protein
complexes, and its degradation impairs correct splicing of cell cycle genes, contributing to a cell cycle
arrest, and inhibits ribonucleotide reductase TSO2 degradation to promote dNTP biosynthesis and DNA

repair. Moreover, WEE1 phosphorylates GCN20 to promote its degradation, which enhances the
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translation of SOG1, thus establishing a WEE1-SOG1 positive feedback loop in response to DNA

damage.
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Fig. 4: The roles of DREAM complexes in the DNA damage checkpoint. E2F transcription factors are
major components of the DREAM complexes and play a crucial role in the DDR. E2F and SOG1
antagonistically or synergistically control DDR gene expression under replication stress. Additionally,
SOG1 can activate SMR5 and SMR7 gene expression, which inhibits CDK activity, resulting in Rep-MYBs
accumulation that subsequently repress G2/M-specific genes. Further, as the targets of SOG1 and
E2FB, ANAC044 and ANACO085, stabilize Rep-MYBs and interact with RBR1, a subunit of the
transcriptional repressive DREAM complex, to repress cell cycle-related genes. Another component of
DREAM complex is TCX5, which represses the expression of DNA methylation maintenance genes to
preclude DNA hypermethylation. BTE1 is also a DREAM complex subunit, working together with E2F to
regulate downstream gene expression. BTE1 also mediates the transcriptional repression function of
the DREAM complex by direct interaction with WDR5A, which inhibits H3K4me3 deposition and

polymerase Il (Pol 1l) elongation at the target genes.
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Fig. 5: The importance of a functional DDR during various environmental extremes. a,b Chloroplasts

are important sensors for high light intensities (a) and heat (b). Under high light or chloroplast
dysfunction, the ssDNA-binding proteins WHY1, WHY2 and RecA1l guard plastid genome integrity (a).
The dual-localized CND1 protein interacts with WHY1 and furthermore promotes nuclear DNA
replication. Additionally, HL induces the SOG1-dependent expression of SMR5 and SMR7. (b) Heat
triggers the accumulation of HOS1, which activate DDR-related genes like WHY2, RECQ2 and ATM. ATM
in turn suppresses heat-induced chromosome fragmentation. Heat also activates the gene expression
of ANAC044 and ANACO85, leading to the activation of Rep-MYBs and cell cycle inhibition, potentially
in cooperation with SMR3 and SMR5. (c) Age-associated accumulation of DNA damage in seeds can be
counteracted by ATM. Moreover, during senescence, ATM represses age-associated transcription
factors. (d) High salinity, inorganic phosphate (Pi) deficiency and accumulation of metals can create a
toxic environment for plant roots. Pi deficiency, accompanied by an altered accumulation of iron (Fe*'),
triggers the generation of ROS and potentially ROS-induced DNA lesions, activating ATM and SOG1 that
subsequently inhibit cell cycle progression. Aluminum (AI**) causes replication stress, which activates
ATR and SOG1 and causes cell cycle arrest. Boron, in the form of boric acid (B(OH)s), causes NAC103-
mediated induction of DSBs, which is counteracted by the proteolytic degradation of NAC103 by the
26S proteasome. Cadmium (Cd?*) activates SOG1, thus inducing a SMR4-, SMR5- and SMR7-mediated

cell cycle arrest.
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