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Introduction

Genomic DNA of living organism accumulates thousands of 
lesions every day.1 The majority of these lesions are caused by a 
variety of environmental and endogenous genotoxic insults, such 
as UV (UV) light, ionizing radiation (IR), and byproducts of 
normal cell metabolism, notably reactive oxygen species (ROS).2 
DNA damage can have deleterious effects, as it prevents DNA 
replication and transcription and can finally result in mutations 
and chromosomal aberrations.3 Hence, protecting genomic DNA 
is indispensable not only to protect cells from DNA damage but 
also to ensure faithful transmission of genetic information from 

one generation to the next. To maintain the integrity of genomic 
DNA, therefore, eukaryotes have evolved a highly coordinated 
cellular system called the DNA damage response (DDR), which 
ultimately activates cell cycle checkpoints, DNA repair, and cell 
death.2 Defects in this system in animals contribute to various 
disorders, including cancer and developmental defects, which 
highlights the critical importance of an efficient DDR for the 
viability of both the cell and the organism.4

An appropriate and effective DDR system is also critical for 
plants. Unlike animals, plants are sessile and therefore under 
continuous exposure to environmental stresses that include 
drought, high and low temperatures, and high light intensity, 
all of which induce the production of ROS.5 ROS include singlet 
oxygen, superoxide anions and hydroxyl radicals, and these spe-
cies damage DNA. Furthermore, although sunlight is required 
for plants to produce energy through photosynthesis, its UV 
component damages the genome; and photosynthesis itself gen-
erates ROS.6 Another source of environmental DNA damage is 
chemicals from soil. High levels of aluminum and boron in soil, 
for example, are known to negatively affect plant growth, and 
also to induce DNA damage.7,8 Plants are therefore, thought to 
be constantly exposed to DNA damage. Given their contrasting 
situations, plants and animals are likely to have evolved differ-
ent strategies to minimize the deleterious effects of genotoxic 
environmental agents. The DDR pathway contains several key 
components: DNA damage sensors, signal transducers, media-
tors, and effectors.9 Most DNA damage sensors (e.g., MRE11/
RAD50/NBS1 [MRN], RAD9/RAD1/HUS1 [9–1-1]) and 
several signal transducers (e.g., ataxia telangiectasia mutated 
[ATM], and ATM and Rad3-related [ATR]) are conserved 
between animals and plants.10,11,12,13,14 However, other signal 
transducers (CHK1 and CHK2) and also p53, an effector that 
acts as a transcription factor to regulate many genes, have not 
been identified in plants. These observations imply that the 
mechanisms for detection of DNA damage are well conserved 
between animals and plants, while the mechanisms for signal 
transduction and gene regulation have diverged.

This mini-review focuses on a plant-specific DDR factor, 
SUPPRESSOR OF GAMMA RESPONSE 1 (SOG1), which in 
Arabidopsis thaliana is a transcription factor playing an important 
role in the DDR. We outline recent progress in characterizing 
the function and regulatory mechanism of SOG1 in the DDR. 
From these collective results, we observed the striking functional 
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Plants are inescapably exposed to environmental stress 
because of their sessile lifestyle. Such stress induces the pro-
duction of reactive oxygen species (ROS), which are in turn a 
source of genotoxic stress. ROS are also generated intrinsically 
during photosynthesis in the chloroplasts. Furthermore, plants 
are affected by the UV component of sunlight, which dam-
ages their genomes. To protect their genomic integrity from 
DNA damage, plants activate a DNA damage response (DDR) 
system that regulates cell cycle arrest, DNA repair, and pro-
grammed cell death. Although plants have orthologs of sev-
eral of the DDR factors that are found in animals, certain critical 
animal DDR factors, notably the tumor suppressor p53 and the 
DDR kinases CHK1 and CHK2, have not been found in plants. In 
this mini-review, we summarize the functions and regulatory 
mechanism of Arabidopsis thaliana SUPPRESSOR OF GAMMA 
RESPONSE 1 (SOG1), a plant-specific transcription factor that 
plays a central role in the DDR. The characteristics of SOG1 
are similar to those of animal p53, even though the proteins’ 
amino acid sequences are unrelated. We suggest that plants 
acquired the central transcriptional factor SOG1 as a functional 
homolog of p53 during the evolution of their DDR system.
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similarities between plant SOG1 and animal p53. Because the 
amino acid sequences of SOG1 and p53 are unrelated, plants 
and animals subsequently and independently invented their 
own mechanisms for the transcriptional regulation of DDR. 
Therefore, the comparison between SOG1 and p53 would be a 
good model to study convergent evolution. To gain insight into 
when plants acquired the SOG1 system, we compared the amino 
acid sequences of SOG1 orthologs found in other plant species.

DNA Damage Responses in A. thaliana

Plants experiencing DNA damage activate various responses. 
Gamma irradiation of A. thaliana inhibits the expression of 
genes that promote M-phase progression, such as CDKB2;1 and 

KNOLLE.15 This observation suggests that DNA damage induces 
cell cycle arrest. Plants possess orthologs of most of the genes 
involved in the widely conserved DNA repair pathways, some 
of which (such as BRCA1, RAD51, PARP-1) are rapidly induced 
by treatment with agents that induce DNA double-strand breaks 
(DSBs), such as bleomycin and gamma irradiation, meaning that 
plants activate a S phase and G2 phase associated homologous 
recombination for repairing DSBs.15,16,17,18 Stem cell death is also 
observed at roots and shoots in A. thaliana after treatment with 
UV or DSB inducers,19,20 and the latter agents induce endoredu-
plication in roots and sepals, which enables meristematic cells to 
stop dividing and promotes cell expansion.21 The most remarkable 
response to gamma irradiation in A. thaliana is a rapid (within 3 h 
of irradiation) and robust transcriptional regulation of numerous 
genes.15,17,22 This rapid transcriptional response is almost completely 
dependent on ATM, a protein kinase in the DDR pathway.15,17 
More than 100 genes are upregulated, and about 30 downregu-
lated, compared with unirradiated plants (1.5 h after irradiation, 
fold change cutoff (≥ 4), q-value < 0.05).15 Some of upregulated 
genes are involved in genome maintenance and metabolism (e.g., 
ribonucleotide reductase, DNA polymerases δ and ε, and RPA-like 
genes), chromatin structure and maintenance (SYN2, a cohesin 
family protein), and DNA repair (e.g., BRCA1, RAD51, RAD17, 
and PARP-1). Some of the downregulated genes are involved in 
cell cycle regulation at late-S/G2 (CYCB1;2 and CDKB1;2), G2/M 
(CDKB2;1) and cytokinesis (KNOLLE). The suppression of these 
cell cycle-related genes probably reflects cell cycle arrest to allow 
time for DNA repair. As seen from the above, wild-type plants 
activate a wide range of responses - cell cycle arrest, DNA repair, 
stem cell death, endoreduplication and transcriptional regulation - 
to maintain their genome integrity.

The Role of the Plant-Specific  
DDR Factor SOG1:  

A Key Transcription Factor in the DDR System

SUPPRESSOR OF GAMMA RESPONSE 1 (SOG1) is a 
plant-specific regulator that functions in the DDR.22 A. thaliana 
sog1‑1 was originally isolated as a suppressor mutation of xpf-2, 
which is defective in DNA repair endonuclease activity.23 Gamma-
irradiated xpf-2 mutant seeds display delayed development as seed-
lings: they germinate but cannot form true leaves for several days. 
However, the sog1‑1 mutation suppresses the radiation-induced 
developmental delay. By map-based cloning, SOG1 was identified 
and found to be one of the NAC (NAM, ATAF1/2, and CUC2) 
proteins, which constitute one of the largest families of plant-
specific transcription factors.22 Chromatin immunoprecipitation 
analysis, after treatment of seedlings with the DSB-inducing drug 
zeocin, showed that SOG1 acts as a transcription factor the binds 
to the promoters of SIAMESE-RELATED 5 and 7, two plant-spe-
cific CDK inhibitors that inhibit cell division.24 Plants carrying the 
pSOG1::SOG1-GUS construct showed GUS staining in the shoot 
and root apical meristems, and in lateral root primordia, demon-
strating that SOG1 functions mainly in tissues displaying cell divi-
sion activity.25 Fluorescence from a functional SOG1-GFP fusion 
protein was observed in the nucleus but not the cytoplasm, and 

Figure 1. Phosphorylation of SQ motifs is required for zeocin sensitiv-
ity of root growth. Four-day-old seedlings were transferred onto media 
lacking (A) or containing 5 µM (B) zeocin, and root growth was mea-
sured. Data represent mean values ± standard deviation from 3 indepen-
dent experiments.
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neither the intensity nor the localization of the SOG1-GFP signal 
were affected by DNA damage,25 indicating that SOG1 function is 
independent of protein accumulation and subcellular localization.

Many of the responses induced in wild-type plants by DNA 
damage were not observed in sog1‑1 mutant plants. The sog1‑1 
mutation impairs transcriptional repression of the cell cycle-
related genes CDKB2;1 and KNOLLE during the first 24 h after 
irradiation.22 Additionally, while root growth was inhibited after 
transfer of wild-type seedlings to zeocin-containing medium, 
sog1‑1 seedlings kept growing, indicating that the sog1‑1 mutant 
is more resistant to zeocin than wild-type, in terms of root 
growth (Fig. 1).21 These results suggest that SOG1 is involved in 
DNA damage-induced cell cycle arrest. The sog1‑1 mutant does 
not show programmed cell death in response to DSB inducers 
or UV-B at the stem cells in the root apical meristem 24 h after 
treatment,20 indicating that SOG1 is involved in the stem cell 
death observed in wild-type. However, non-stem cell death is 
observed in the sog1‑1 mutant 48 h after treatment.20 Because 
this non-stem cell death does not require SOG1 function, it 
may be a response to uncontrolled DNA damage. Furthermore, 
the sog1‑1 mutant does not exhibit endoreduplication in roots 
24 h after treatment with the DSB inducer zeocin, indicating 
that SOG1 is involved in this endoreduplication.21 Although 
numerous genes are up- and downregulated 1.5 h after irradia-
tion in wild-type, this regulation is almost abolished in sog1‑1 
mutants,22 indicating that the great majority of the rapid tran-
scriptional modulation response to DNA damage is regulated 
through SOG1. These results show that SOG1 is an important 
regulator of the DDR in plants. Indeed, the sog1‑1 mutation 
exacerbated IR-induced loss of heterozygosity,22 indicating that 
the transcriptional response through SOG1 contributes to the 
maintenance of genetic integrity after DNA damage. Because 
SOG1 is required for the induction of endoreduplication of epi-
dermal and cortex cells and cell death of stem cells in roots 24 
h after DNA-damaging treatment, distinct sets of target genes 
may be regulated by SOG1 in different cell types. The sog1‑1 
mutation is a single base change (G to A) that creates a mis-
sense mutation (Gly (GGA) to Arg (AGA)),22 affecting a highly 
conserved amino acid in the NAC subdomain C that may be 
involved in DNA binding (Fig. 2).26 Therefore, the sog1‑1 muta-
tion may lead to deficiency of SOG1 binding to many target 

genes, and consequenctly, the misregulation of target genes may 
cause the pleiotropic phenotype observed in sog1‑1 mutant.

The Regulatory Mechanism of SOG1

SOG1-GFP expression and SOG1 immunoblotting experi-
ments showed that the amount of SOG1 protein is not increased 
by DNA damage.25 Immunoblotting experiments also indicated 
that a small amount of SOG1 is phosphorylated independently 
of DNA stress by an unidentified kinase. In response to DSB-
inducer treatment, part of the SOG1 population becomes hyper-
phosphorylated in an ATM-dependent and ATR-independent 
manner.25 These observations indicate that SOG1 is controlled 
by post-translational modification, not by transcriptional regu-
lation. As ATR is known to be involved in the response to 
genotoxic stress that occurs during S phase,14,27 SOG1 phosphor-
ylation status was examined after treatment with the replication 
inhibitors hydroxyurea and aphidicolin. Hyperphosphorylation 
was not observed after either treatment,25 suggesting that SOG1 
is hyperphosphorylated in response to DSBs, but not to replica-
tion stress. Because no satisfactory antibody against A. thaliana 
ATM was available, ATM from human lymphoblastoid cells 
was immunoprecipitated with anti-ATM antibody and used 
for an in vitro kinase assay. SOG1 was phosphorylated by the 
human ATM immunoprecipitates in vitro.25 As the phospha-
tidylinositol 3-kinase domain of A. thaliana ATM shares 67% 
amino acid similarity with that of human ATM,28 A. thaliana 
ATM may directly hyperphosphorylate SOG1. The C-terminal 
region of SOG1 has five serine-glutamine (SQ) motifs,25 which 
are the preferred target for phosphorylation by human ATM and 
ATR.29,30 The DNA damage-dependent SOG1 hyperphosphor-
ylation observed in wild-type plants disappeared in transgenic 
plants carrying mutant SOG1(5A), which encodes serine-to-
alanine substitutions at all five SQ motifs,25 meaning that one 
or more of the SQ motifs are targets for the hyperphosphoryla-
tion. Although sog1‑1 mutants carrying wild-type SOG1 (sog1‑1/
SOG1-Myc) can complement various sog1‑1 phenotypes, namely 
the gamma-resistant leaf phenotype of xpf-2 sog1‑1, the defec-
tive transcriptional response to irradiation, the impaired pro-
grammed cell death and the zeocin-resistant character of root 
growth, sog1‑1 mutants carrying SOG1(5A) construct (sog1‑1/

Table 1. Comparison between plant SOG1 and animal p53

Animal p53 Arabidopsis SOG1

Functions

Transcription factor Transcription factor (NAC protein)

Activates transcriptional response Activates transcriptional response

Involved in cell-cycle arrest Involved in cell-cycle arrest

Stimulates apoptosis Stimulates programmed cell death

Required for genome stability Required for genome stability

Mechanisms of regulation (in response to DNA damage)

Phosphorylated by ATM, ATR and CHK1/2 Phosphorylated via ATM

p53 is stabilized The amount of SOG1 does not change
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SOG1(5A)-Myc) cannot complement them (Fig.  1).25 These 
results indicate that ATM-dependent hyperphosphorylation of 
the SQ motif(s) is essential for SOG1 functions. It will be neces-
sary to clarify which SQ motif(s) are actually phosphorylated in 
response to DNA damage, and how SQ phosphorylation con-
tributes to SOG1 function. SOG1 also seems to act in concert 
with ATR, because cell cycle arrest in xpf-2 seedlings grown from 
irradiated seeds requires ATR and SOG1 but not ATM.22 These 
results suggest that SOG1 participates in the pathways governed 
by both ATM and ATR DDR kinases.

Comparison Between Plant SOG1 and Animal p53

The animal tumor suppressor p53 is a critical transcription 
factor that governs the expression of many target genes involved 
in cell cycle control, DNA repair, apoptosis and senescence in 
response to DNA damage.31 The importance of the role of p53 
in maintaining genome stability is exemplified by the finding 
that this molecule is mutated in more than 50% of human can-
cers.32 p53 is present at low levels under unperturbed conditions, 
but after exposure to DNA-damaging agents it is stabilized by 
post-translational modifications, and the stabilized p53 activates 

its target genes.33 Phosphorylation is the most important modi-
fication for p53 stabilization, and is performed by four DDR 
kinases: ATM, ATR, CHK1, and CHK2.31,34,35 Surveying the 
functions and regulatory mechanism of SOG1 demonstrates 
that its roles in the DDR system are comparable to those of 
p53 (Table 1). An obvious difference is that SOG1 function is 
not regulated by its own accumulation, as is the case for p53. 
These similarities between SOG1 and p53 lead us to propose 
that SOG1 is a functional homolog of p53. However, the amino 
acid sequences of the two proteins are unrelated to each other,25 
suggesting that plants acquired plant-specific SOG1 during the 
evolution of the DDR.

Alignment of SOG1 Orthologs Found in Other Plants

When did plants acquire the SOG1 during their evolution? 
Members of the NAC protein family have been identified in 
model plants like A. thaliana, Oryza sativa (rice), Pinus taeda 
(conifer), Selaginella moellendorffii (fern) and Physcomitrella pat-
ens (moss), but not in the unicellular green alga Chlamydomonas 
reinhardtii or in the colonial alga Volvox carteri.36 A. thaliana 
possesses 117 NAC genes, and phylogenetic analyses for NAC 

Figure 2. Sequence alignment of SOG1 with the six other NAC proteins in its subfamily. Numbers on the left indicate the adjacent residue position for 
each row. Black and gray boxes represent identical and similar residues, respectively. NAC subdomains A-E are shown by bars above the sequences. The 
alignment was performed with Clustal X and is displayed using BoxShade. The site of the A. thaliana sog1‑1 mutation is marked with an asterisk, and the 
five SQ motifs found in SOG1 are boxed and numbered. SQ/TQ motifs found in the other aligned sequences are also boxed.
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domains reveal that they comprise 21 subfamilies.36 Given that A. 
thaliana encodes so many NAC proteins, it is possible that some 
of them have similar roles to SOG1. The SOG1 (At1g25580, 
ANAC008) subfamily in A. thaliana includes seven NAC pro-
teins (ANAC008 (SOG1), ANAC010, ANAC044, ANA073, 
ANAC075, ANAC085, and ANAC099).26 SOG1 has five SQ 
motifs in its transcription regulatory region at the C terminus, 
and the hyperphosphorylation of SQ motifs plays an important 
role in activating the DDR.37 To evaluate the possibility that 
other NAC proteins belonging to the SOG1 subfamily have 

similar roles to SOG1, we examined whether the other six mem-
bers in same subfamily also have SQ motifs. Alignment of the 
amino acid sequences of all seven members of the SOG1 subfam-
ily shows that the SQ motifs are not conserved (Fig. 2). Although 
some of the other subfamily members (ANAC010, ANAC073, 
ANAC075, ANAC085, ANAC099) have one or two C-terminal 
SQ/TQ motifs (both of these motifs are animal ATM/ATR 
substrates), their locations are unrelated to those of the SOG1 
motifs, suggesting that they are not recent duplications and the 
DDR-related function of SOG1 is unique among A. thaliana 

Figure 3. Phylogenetic relationships of SOG-like proteins. The phylogenetic tree was constructed by the neighbor-joining method in MEGA5.2.2 based 
on the cDNA sequence of NAC domains. The NAC proteins in A. thaliana are labeled “ANAC.” The bracketed names are AGI_codes from TAIR (http://
www.arabidopsis.org). ANAC005 and ANAC006 were used as outgroups. Bootstrap probabilities are given at each branching point. Values < 50 are not 
significant. The parenthetical numbers are DDBJ, NCBI, GenBank accession numbers (http://www.ddbj.nig.ac.jp, https://www.ncbi.nlm.nih.gov). The 
amino acid sequence of the starred (*) genes were used for alignment analysis in Figure 4.
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NAC proteins. This conclusion is supported by the observation 
that the single mutation in sog1‑1 plants causes various pheno-
types, none of which can be complemented by the function of 
other NAC proteins. By identifying conserved SQ motifs, we 
may be able to find SOG1 orthologs in other plant species.

When the entire SOG1 amino acid sequence was used to 
search for SOG1-like proteins in other plants, and predicted 
SOG1 orthologs could be identified in most land plants, 
although we do not know whether the function of SOG1 is con-
served in these species (Fig. 3).22 We tried to examine whether 
the SQ motifs found in SOG1 are conserved in these predicted 
SOG1 orthologs. Due to incomplete cDNA sequence informa-
tion for S. moellendorffii (fern), we could not determine whether 
SOG1 orthologs exist in a fern. We used soybean (Glycine max) 
and barrel medic (Medicago truncatula) as eudicots, grape (Vitis 
vinifera) and black cottonwood (Populus trichocarpa) as eudicot 
trees, rice (O. sativa), maize (Zea mays) and sorghum (Sorghum 

bicolor) as monocots, Amborella (Amborella trichopoda) as an 
ancient flowering plant, conifer (P. glauca) as a gymnosperm, 
and moss (P. patens) as an embryophyte. All eudicot and mono-
cot SOG1-like sequences have five C-terminal SQ motifs at 
conserved positions (Fig.  4). Furthermore, these predicted 
SOG1s have conserved N-terminal extensions of approximately 
40 amino acid residues, which is another feature of SOG1 that 
distinguishes it from other NAC proteins.37 We also found two 
additional SQ motifs in the monocot sequences, which may 
be phosphorylated in response to DNA damage. Amborella, 
an ancestor of the angiosperms, possesses four of the five con-
served C-terminal SOG1 SQ motifs. Although Amborella lacks 
the third motif (372SQ), it has four additional SQ motifs in 
its C-terminal region. Interestingly, P. glauca has a conserved 
N-terminal extension even though Amborella lacks the exten-
sion, and P. glauca has three SQ motifs (350SQ, 356SQ, and 
436SQ) in its C-terminal region. Although two SQ motifs were 

Figure 4. Sequence alignment of A. thaliana SOG1 with predicted SOG1s in other species. For notation, see the legend to Figure 2. See the text for spe-
cies names.
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found in the C-terminal region of the P. patens SOG1 ortho-
log, their positions differ from those of any of the angiosperm 
SOG1 SQ motifs. Furthermore, this SOG1 ortholog does not 
have N-terminal extension and it is not the only NAC protein 
that has SQ motifs in C-terminal region. It is thus unclear 
whether this ortholog is a SOG1-like protein, or whether other 
NAC protein(s) supply SOG1-like functions in mosses. Taken 
together, the results of these alignments lead us to propose that 
SOG1 had already been acquired in the gymnosperms.

Summary

The transcription factor SOG1 is a plant-specific DDR fac-
tor, and many of its functions and regulatory mechanisms have 
been elucidated. SOG1 plays important roles in various aspects of 
the DDR, including cell cycle arrest, DNA repair, programmed 
cell death and endoreduplication. SOG1 is regulated by ATM-
mediated hyperphosphorylation. The roles and regulatory mecha-
nism of SOG1 are analogous with those of animal p53. Because 
the amino acid sequences of these two proteins are unrelated, it 
seems that plants have independently acquired SOG1 as a central 
transcriptional regulator of the DDR.

No NAC protein family members have been identified in uni-
cellular plants suggesting that NAC may have arisen after the tran-
sition from water to land.36 Phylogenetic analyses of NAC proteins 
identified in land plants (eudicots, monocots, ferns, and mosses) 
showed that several of major subfamilies already existed in early-
diverged land plants (mosses or ferns), whereas the others diverged 
within the angiosperms.36 Although we previously reported that 
predicted SOG1 orthologs were found in most land plants,22 the 
alignment analysis of SQ motifs showed that it is difficult to 
determine if mosses have a SOG1-like protein. Because SQ motifs 
found in SOG1 are conserved in eudicots, eudicot trees, monocots, 
an ancient flowering plant (Amborella) and gymnosperms, we pro-
pose that SOG1 had already been acquired in the gymnosperms. 
More sequence data of ferns is required to perform detailed analy-
ses to determine when SOG1 genes arose in the evolution of plants.

As the DDR described here was usually triggered experimen-
tally by two DSB inducers, gamma irradiation and zeocin, DSBs 
probably caused the activation of the DDR response. However, it 
is not known whether more generic environmental stresses can also 
induce DSBs. Although ROS production is likely to be a major 
source of DNA damage under stress conditions in plants,5,38 DSBs 
are not thought to be a frequent consequence of ROS induction. 
Furthermore, methyl viologen, which is often used to catalyze the 
formation of ROS, does not induce BRCA1 or RAD51 expression 
(Genevestigator: https://www.genevestigator.com). Therefore, 
ROS seems not to activate DDR. Because IR also produces other 
DNA lesions such as AP sites, DNA-DNA cross-links, and clus-
tered damage sites that are complex and less readily repaired,39 
these types of damage may be more important inducers of the 
DDR system in plants.

Plants transcriptionally induce numerous genes in response 
to DNA damage. For instance, some DNA repair genes (e.g., 
BRCA1, RAD17, and PARP-1) are strongly induced by gamma 
irradiation in plants.15 However, the transcripts induced by 
gamma irradiation of human cells bear little relation to those 
induced in plants. Although BRCA1 is induced by gamma irra-
diation in human cells, the induction is not as strong as that in 
Arabidopsis.40 RAD17 and PARP-1 are not induced in human 
cells.41 This observation implies that the human orthologs of 
these genes are regulated in a different fashion, such as post-
translationally. Furthermore, although this robust transcrip-
tional response in plants is regulated by a single protein, SOG1, 
the transcriptional response to DNA damage in animals is not 
exclusively regulated by p53. It remains unclear why plants have 
such a strong transcriptional responses regulated only by SOG1. 
However, plants may, under normal conditions, need to repress 
more genes than animals do in order to save energy, or they 
may need to change gene expression drastically in response to a 
stressful environment.

To deepen our understanding of plant-specific DDR, it is 
necessary to study SOG1 in greater detail. The identification 
of genes that are directly regulated by SOG1 is important to 
know how signal transduction occurs in response to DNA dam-
age. Furthermore, we need to identify the factors that inter-
act with SOG1 to understand how SOG1 activity is regulated. 
Further studies are required to determine which SQ motif(s) is/
are phosphorylated and to determine the significance of each 
phosphorylation event in SOG1 activation. Another remain-
ing question is whether plants acquired SOG1 before the 
divergence of gymnosperms. If so, it would be interesting to 
determine whether SOG1’s functions differ in different spe-
cies. In Arabidopsis, SOG1’s functions clearly differ in differ-
ent cell types. Because most of the work on the transcriptional 
aspects of DDR in plants was performed with whole seedlings, 
it remains to be determined whether SOG1 triggers different 
transcriptional response in different cell types. Addressing these 
open questions will have profound implications for our under-
standing of the evolution of DDR in plants, and how plants’ 
specific responses to DNA damage have helped them succeed 
in stressful environments.
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