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Faithful transmission of the genetic information is essential in all living organisms. DNA replication is therefore a critical step of
cell proliferation, because of the potential occurrence of replication errors or DNA damage when progression of a replication fork
is hampered causing replicative stress. Like other types of DNA damage, replicative stress activates the DNA damage response,
a signaling cascade allowing cell cycle arrest and repair of lesions. The replicative DNA polymerase « (Pol «) was shown to
activate the S-phase checkpoint in yeast in response to replicative stress, but whether this mechanism functions in multicellular
eukaryotes remains unclear. Here, we explored the genetic interaction between Pol « and the main elements of the DNA damage
response in Arabidopsis (Arabidopsis thaliana). We found that mutations affecting the polymerase domain of Pol « trigger ATR-
dependent signaling leading to SOG1 activation, WEE1-dependent cell cycle inhibition, and tolerance to replicative stress
induced by hydroxyurea, but result in enhanced sensitivity to a wide range of DNA damaging agents. Using knock-down
lines, we also provide evidence for the direct role of Pol « in replicative stress sensing. Together, our results demonstrate that the
role of Pol « in replicative stress sensing is conserved in plants, and provide, to our knowledge, the first genetic dissection of the
downstream signaling events in a multicellular eukaryote.

Faithful duplication of the genome is a key step during
cell proliferation in all living-organisms. In eukaryotes, it
requires the activity of three replicative polymerases
(DNAPola, d, and «) that are associated to a large protein
complex called the “replisome” that encompasses all the
core activities required for DNA replication (Kurth and
O’Donnell, 2013).

Although it is clear that Pol a is responsible for the
synthesis of RNA/DNAprimers, the exact roles of Pol d
and « are still a matter of debate. The most widely ac-
cepted view is that Pol d and « synthesize the lagging
and leading strands, respectively (Pursell et al., 2007;
Kunkel and Burgers, 2008). However, according to an al-
ternative model, Pol d could be the main replicative poly-
merase, whereas Pol « would be involved in the repair of
replication errors and play a scaffolding role (Johnson
et al., 2015). Combinationof a collectionofmutationswith
hypomorphic alleles of the three replicative polymerases
revealed specialized genetic networks interacting with
each polymerase: this observation corroborated the non-
overlapping functions of the three polymerases in yeast as
well as the central role of Pol « at the preinitiation steps of
DNA replication (Dubarry et al., 2015).

In animals and yeast, DNA Pol « consists of four sub-
units: one large catalytic subunit Pol2 and three accessory
subunits Dpb2, 3, and 4. Pol2 and Dpb2 are essential to
cell viability,whereasDpb3 and 4 are dispensable (Pursell
and Kunkel, 2008). Pol2 has two functional moieties: the
highly conserved N-terminal domain encompassing the
polymerase and exonuclease activities, and a C-terminal
domain (Tahirov et al., 2009). Surprisingly, only the
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C-terminal extension is required for cell survival and
DNA replication (Kesti et al., 1999), further supporting
the notion that Pol « has an essential scaffolding
function, independently from DNA synthesis per se.
Furthermore, detailed genetic analysis performed in
fission yeast demonstrated that Pol2 is required both
for the chromatin loading and the progression of the
CMG complex (Handa et al., 2012), a multisubunit
complex comprising CDC45, the Mini Chromosome
Maintenance heterohexamer, and the Go-Ichi-Ni-San
that functions as the replicative helicase, and is con-
nected to Pol2 via Dpb2 (Sengupta et al., 2013).

A number of factors such as DNA lesions, difficult
to replicate sequences, collision with the transcription
machinery, and others can impede fork progression
during the S-phase and cause replicative stress. Stalled
forks are fragile structures that can lead to genetic in-
stability; cells have therefore evolved complex sensing
mechanisms allowing checkpoint activation in re-
sponse to replicative stress (Jossen and Bermejo, 2013).
Checkpoint activation triggers the expression of mul-
tiple genes required for replication fork stabilization,
cell cycle arrest, and DNA repair (Friedel et al., 2009;
Segurado and Tercero, 2009). In yeast, replicative stress
activates the Mec1 kinase (ATR in Animals and Plants),
that leads to nucleotide biosynthesis, expression of the
DNA repair machinery, and cell cycle arrest (Jossen and
Bermejo, 2013). Interestingly, Mec1 activation is medi-
ated via two independent pathways, one triggered by
single-stranded DNA (ssDNA) accumulation and the
other requiring the C-terminal domain of Pol2a (Navas
et al., 1995; Puddu et al., 2011). This sensor role of DNA
Pol « likely involves its ability to interact with the
checkpoint protein Rad17 (Post et al., 2003) and the
mediator protein Mrc1 (Lou et al., 2008). In addition, in
budding yeast, association of the Ctf18-RFC complex
with the N terminus of Pol « was shown to be instru-
mental for the activation of the S-phase checkpoint,
indicating that both domains of the protein can con-
tribute to this sensor role of Pol « (García-Rodríguez
et al., 2015). In Xenopus laevis, POL2A interacts with
Claspin (the homolog of Mrc1; Lee et al., 2005), and the
essential role of the C terminus is conserved in Dro-
sophila (Suyari et al., 2012). Together, these reports
suggest that the dual function of Pol « catalytic subunit
in DNA replication and replicative stress response is
conserved in all eukaryotes. However, most of the
knowledge regarding the role of POL2A in replica-
tive stress sensing has been obtained in yeast because
the lethality of POL2A deficiency has precluded de-
tailed analysis in multicellular organisms.

The genome of Arabidopsis (Arabidopsis thaliana)
encompasses two genes encoding the catalytic sub-
unit of Pol «: POL2A and POL2B, but only POL2A is
an essential gene (Ronceret et al., 2005). Over the past
10 years, a number of hypomorphic alleles of POL2A
have been isolated (see Supplemental Fig. S1): the early in
short days7 (esd7-1) mutant, which harbors a mutated
amino acid in the catalytic domain of POL2A close to the
junction of N- and C-terminal regions of the protein and

shows early flowering aswell as overall reduced growth
(del Olmo et al., 2010); the abscisic acid oversensitive4
(abo4-1) mutant line, which has a point mutation in the
catalytic domain of the polymerase; the abo4-2 mutant
(with a T-DNA insertion; Supplemental Fig. S1), which
displays enhanced homologous recombination in so-
matic cells and constitutive activation of DNA repair
genes (Yin et al., 2009); and the tilted1 (til1-4) mutant,
which displays prolonged cell cycle during embryo de-
velopment (Jenik et al., 2005). By contrast, disruption of
POL2B has no visible effect on plant development, al-
though esd7-1 pol2b double mutants show more severe
growth defects than esd7-1 single mutants, providing
evidence for some level of redundancy between the two
genes (del Olmo et al., 2010).

Defects observed in POL2A hypomorphic mutants
suggest that the role of DNA Pol « in replicative stress
sensing is also conserved in plants. In plants as in other
eukaryotes, the Ataxia Telangiectasia Mutated (ATM,
also called “Tel1” in yeast) and ATM- and Rad3-related
(ATR, also called “Mec1” in yeast) are the two main ki-
nases involved in the response to double-strand breaks
(DSB) and replicative stress, respectively (Yoshiyama
et al., 2013). In plants, signals from these two pathways
converge toward the SOG1 transcription factor that can
activate cell cycle inhibitors as well as DNA repair genes
(Yoshiyama et al., 2013). We demonstrated previously
that overexpression of the DPB2 subunit of Pol « acti-
vates the DNA damage response (DDR; Pedroza-García
et al., 2016) via both the ATM and the ATR pathways.
However, in yeast and animals, the catalytic subunit
POL2 rather than its accessory subunits is thought to be
directly involved in replicative stress sensing (Lee et al.,
2005; Puddu et al., 2011). In this work, we took advan-
tage of the viability of Arabidopsis hypomorphicmutant
lines to investigate the role of POL2A in replicative stress
sensing and to genetically test its interaction with the
main players of DDR that are conserved in all eukaryotes
(Yoshiyama et al., 2013). Our results indicate that plant
POL2A functions upstream of the DDR Kinase ATR to
activate replication stress response, providing evidence
for the conservation of its key role in genome stability in
multicellular eukaryotes.

RESULTS

POL2A Hypomorphic Mutants Are Tolerant to Replicative
Stress Induced by Hydroxyurea and Display Constitutive
Activation of the DNA Damage Response

To investigate the role of the catalytic subunit of Pol «
in the activation of the DDR, we initially analyzed the
abo4-1 mutant (Yin et al., 2009). This mutant harbors a
point mutation leading to a Gly-534 to Arg change af-
fecting a highly conserved amino acid in the catalytic
domain of the protein (Supplemental Fig. S1). These
mutants are hypersensitive to the replicative poly-
merase inhibitor aphidicolin, providing evidence for
the impairment of Pol « activity (Pedroza-García et al.,
2016), and have been reported to display impaired cell

1736 Plant Physiol. Vol. 173, 2017

Pedroza-García et al.

http://www.plantphysiol.org/cgi/content/full/pp.17.00031/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00031/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00031/DC1


cycle progression and activation of DNA repair genes,
suggesting that replicative stress might be constitu-
tively activated. To test this hypothesis, we first asked
whether S-phase progression was impaired in abo4-1mu-
tants as we reported previously for DPB2 overexpressing
lines (Pedroza-García et al., 2016). Indeed, flow cytometry
analysis of flower buds nuclei (Supplemental Fig. S2) and
cumulative EdU incorporation assay (Supplemental Table
S1) revealed that S-phase is prolonged in abo4-1 mutants,
and the total cell cycle length is increased by almost 70%.
However, by contrast with DPB2 overexpressors, abo4-
1mutants are hypersensitive to a wide range of genotoxic
stresses [(Yin et al., 2009) and this study Supplemental
Fig. S3], such as the DSB-inducing agentsMitomycin C
or zeocin, and UV-B irradiation. These drugs not only
directly damage DNA but also can produce replication-
blocking lesions, and the hypersensitivity of abo4-1 to
genotoxins might thus result either from defects in re-
sponse to DNA damage or in failure to activate the ap-
propriate response upon fork blockage. To explore the
role of POL2A in the replicative stress response without
using DNA damaging agents, abo4-1 mutants were

challenged with hydroxyurea (HU), an inhibitor of ri-
bonucleotide reductase (RNR) that induces stalling of
replication forks by depleting cellular deoxyribonucleo-
tide pools. Treatmentwith lowdoses ofHU thus induces
fork stalling without creating DNA damage directly,
although it can result in DSB formation as a consequence
of fork collapse (Singh andXu, 2016). As shown in Figure
1, abo4-1 was more tolerant to replication fork stalling
than the wild type.

Previous studies have shown that a number of genes
involved in the DDR are constitutively activated in
POL2A-deficient mutants (Yin et al., 2009), which may
account for their improved tolerance to HU. To obtain a
global view of this response genomewide, the tran-
scriptome of the abo4-1 line was compared to that of
wild-type plants by RNA sequencing. The abo4-1 line
showed that 218 genes were significantly induced while
154 were repressed (absolute fold change $1.5 P value
#0.01; Supplemental Table S2); despite discrepancies
between the sets of genes identified as differentially
expressed that likely result from differences in growth
conditions or data analysis, we observed significant

Figure 1. The abo4-1mutant shows increased tolerance toHU-induced replicative stress. A and B,Wild-type (Col-0) and abo4-1mutant
seedlingswere germinated onHU-supplementedmediumand plantswith true leaveswere counted after 12 d. The atrmutantwas used as
a hypersensitive control. In , values are average6 SE of three biological replicates. Asterisks indicate statistically relevant differences with
respect to thewild type in the same conditions (Student t test, P,0.05). C to E,Wild type (Col-0) and abo4-1mutant seedlingswere grown
for 4 d on half-strengthMS and transferred to HU-supplementedmedium (1mM) for 9 d tomonitor root growth. C, By contrast with wild-
type plants, root length was almost unchanged by HU exposure in the abo4-1 mutant; arrowheads mark the position of the root tip. D,
Average root length was measured after 9 d on HU; at least 20 plantlets were used for each treatment; values are average6 SE. Different
letters indicate significantly different values (Student t test, P , 0.05). Data are representative of two independent experiments. E, The
relative growth of each genotype after 9 d on HU was calculated compared to untreated plants of the same genotype.
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overlap with previous RNA-seq analysis of this mutant
[(Han et al., 2015), Supplemental Fig. S4A; x2 P value less
than 2.2e-16]. As expected, gene-ontology analysis of sig-
nificantly up-regulated genes revealed overrepresentation
ofDNAmetabolic process, response toDNAdamage, and
cell cycle (Supplemental Fig. S4B). Among these were
several genes involved in DNA replication. Three genes
encoding the ssDNAbindingproteins RPA1C,D, andE as
well as RAD17 were up-regulated, indicating that abo4-
1mutants are subjected to constitutive replicative stress. In
addition, different ATR- downstream targets such as the
WEE1 kinase, that participates in the inactivation of cyclin-
dependent kinases (CDKs), or SMR7, a plant-specific
CDKs inhibitor, were activated together with B-type
CDKs (CDKB1;1, CDKB1;2, and CDKB2;1) and B-type
cyclin (CYCB1;1, CYCB1;4, CYCB2;1, and CYCB2;4), con-
sistent with previous reports (Yin et al., 2009). Finally,
expression of genes involved in DNA repair was also in-
duced in the abo4-1 mutant line (Supplemental Table S3).

This analysis confirms that constitutive DNA replica-
tive stress results in the activation of cell cycle check-
points in the abo4-1 line.

The ATR-WEE1-Dependent Checkpoint Is Required for
the Viability of POL2A Mutants

We next used a genetic approach to determine which
DDR pathways are activated in abo4-1. We first crossed

abo4-1 with the atr and wee1 mutants that are deficient
for replicative stress response (Hu et al., 2015). Double
mutants could never be recovered, and siliques of ses-
quimutants contained approximately 1/4 of aborted
seeds (Fig. 2, A–F). Closer observation of embryo de-
velopment in abo4-1 atr/+ and abo4-1 wee1/+ sesquimu-
tants showed that 1/4 of embryos stopped development
at various stages and displayed aberrant division pat-
terning (Fig. 2, G–N). Similar defects in embryo devel-
opment have already been described in T-DNA insertion
homozygousmutants for pol2a, and alsowhenwild-type
embryos were exposed to aphidicolin, an inhibitor of
replicative polymerases (Jenik et al., 2005). These results
thus suggest that ATR and WEE1 are required during
embryo development in abo4-1 for cell proliferation
progress despite replicative stress.

Part of the response to replicative stress mediated by
ATR depends on the SOG1 transcription factor that acts
independently of WEE1 (Hu et al., 2015). We therefore
askedwhether SOG1 also contributed to the checkpoint
activation observed in abo4-1mutants. abo4-1 sog1mutants
were viable, albeit smaller than abo4-1 single mutants
(Supplemental Fig. S5), indicating that SOG1 activity is
required to sustain growth in abo4-1, but not for embryo
development.

We next asked whether the tolerance to replicative
stress observed in abo4-1 plants required SOG1 activa-
tion. As previously demonstrated in Hu et al. (2015),

Figure 2. ATR and WEE1 are required for abo4-
1 mutant viability. A to F, Open siliques of wild
type (A), atr (B),wee1 (C), abo4-1 (D) mutants, and
atr/+ abo4-1 (E) and wee1/+ abo4-1 (F) sesqui-
mutants. Arrows point to aborted seeds. Bar =
2 mm for all panels. G to N, Embryo development
in wild type (G to J) and wee1/+ abo4-1 sesqui-
mutants. G, Globular stage. H, Late heart stage. I
and J, Early and late torpedo stage. In the siliques
of wee1/+ abo4-1 mutants, approximately 3/4 of
embryos undergo normal development as in the
wild type, abo4-1, or wee1 single mutants. How-
ever, 1/4 of embryos stop development at various
stages and show aberrant division patterning. K,
Arrested embryo just after fertilization; the arrow
points to the single nucleus of the endosperm. L
andM, Embryos at the globular stagewith abnormal
cell organization. N, Embryo at the late torpedo
stage with misshapen cotyledons. Bar = 50 mm for
all panels.
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sog1 was hypersensitive to HU. By contrast, abo4-1 sog1
mutants behaved like wild-type plants on medium
supplemented with 0.25 mM or 0.5 mM of HU and thus
displayed an intermediate phenotype between the two
parental lines (Fig. 3, A and B, and Supplemental Fig. S6,
AandB). In addition,weperformedqRT-PCRon11genes
that were up-regulated in abo4-1 seedlings according to
the RNA-seq data (Supplemental Table S3). These genes
are representative of different mechanisms such as cell

cycle regulation (CYCB1;1, WEE1, and SMR7), DNA
repair genes (RAD51, BCRA1, XRI1, and PARP2), and
nucleotide synthesis genes (TK1a, TSO2, and RNR1).
Up-regulation of someDDRgeneswas lost in abo4-1 sog1
mutants while others were still up-regulated, albeit to
a lower extent than in abo4-1 single mutants (Fig. 3C),
consistent with the notion that Pol « deficiency acti-
vates the replication stress response via SOG1-dependent
and -independent pathways.

Figure 3. The checkpoint activated by the abo4-1mutation is partially dependent on SOG1. A and B, HU sensitivity in wild type
(Col-0), abo4-1, sog1, and abo4-1 sog1 mutants. Plantlets were grown on half-strength MS for 4 d and transferred to control
mediumorHU-supplementedmedium for 9 d. A, Root length; values are average6 SE obtained on at least 15 plantlets. B, Relative
root growth; values are expressed as percentage of length onMSmedium. C, qRT-PCR analysis of the expression of selected genes
in abo4-1, sog1, and abo4-1 sog1mutants; values are average6 SD. D and E, Zeocin sensitivity in wild-type (Col-0), abo4-1, sog1,
and abo4-1 sog1mutants. Plantletswere grown on half-strengthMS for 4 d and transferred to controlmedium (full bars) or zeocin-
supplementedmedium (10mM, dashed bars) for 9 d. D, Root length; values are average6 SE obtained on at least 15 plantlets. In A
and D, different letters indicate significantly different values (Student t test, P, 0.05). For all panels, data are representative of at
least two independent experiments.
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Finally, we tested the contribution of SOG1 to the
sensitivity of abo4-1 mutants to DSB-inducing agents.
As shown in Figure 3, D and E, and Supplemental
Figure S6, the abo4-1 sog1 double mutant was tolerant
to zeocin, an intercalating agent that induces the for-
mation of DSBs, like the sog1 mutant, suggesting that
the sensitivity of abo4-1mutant to DBSs requires SOG1
activity.

The Checkpoint Activated by POL2A Deficiency
Is ATM-independent

Response to DSBs is activated by the ATM kinase
(Culligan et al., 2006). We therefore asked whether the
abo4-1mutation also activated the ATM pathway: abo4-
1 atm double mutants could be recovered, indicating
that the ATM pathway is dispensable for abo4-1 sur-
vival. To determine whether constitutive activation of
DDR in abo4-1 involves ATM activity, we treated atm
and abo4-1 atm seedlings with HU. Intriguingly, atm
seedlings also displayed HU tolerance compared to
wild-type plants (Fig. 4, A and B), suggesting that HU
affects root growth at least partly via ATM activation,
likely due to DSB formation after fork collapse. HU
tolerance was the same in abo4-1 atm mutants as in
abo4-1 single mutants (Fig. 4, A and B). Consistently,
expression of DDR genes was induced to the same
level in abo4-1 and abo4-1 atm mutants compared to
wild-type plants, indicating that constitutive activa-
tion of the replicative stress response in abo4-1 does not
require ATM (Fig. 4C).

We next asked if ATM and POL2A act in the same or
in parallel pathways in the DSBs response. If POL2A
was required for proper activation of DSB repair genes
upstream of ATM, failure to activate these genes could
account for the enhanced sensitivity of abo4-1 mutants
to DSB inducing agents. To test this hypothesis, we
monitored the transcriptional response to zeocin-
induced DSBs in abo4-1 (Supplemental Fig. S7). As
shown before, expression of all tested genes was in-
creased in control conditions. Zeocin treatment in-
duced further induction of target gene expression
in all cases, except when the basal expression was
already comparable to the expression observed in
wild-type plants treated with zeocin. The sensitiv-
ity of abo4-1 mutants to DNA damaging agents can
therefore not be attributed to a reduced expression
level of DDR genes in response to DSB. These results
suggest that POL2A and ATM function in parallel in
DSB response. To corroborate this finding, we mon-
itored the sensitivity of single and double mutants to
zeocin. Prolonged exposure to zeocin had a similar
effect on root growth in abo4-1 and atm abo4-1 (Fig.
4D). However, when the seedlings were allowed to
recover for 6 d after a 6-d treatment with zeocin, abo4-
1 atm seedlings displayed reduced growth compared
to abo4-1 single mutant, and their fresh weight was
dramatically decreased (Fig. 4, E and F), indicating
that the atm and abo4-1 mutations have additive
effects on tolerance to DSBs, leading to enhanced

sensitivity in the double mutant compared to pa-
rental lines.

Contrasting Outcomes of Distinct POL2A Mutations
on DDR

Mutations in different regions of the POL2 protein
led to diverse defects in other eukaryotes (Henninger
and Pursell, 2014; Rayner et al., 2016): mutations
affecting the exonuclease activity mainly lead to a
decrease in replication fidelity, whereas mutations
affecting the processivity of the protein or its C ter-
minus could be expected to impact S-phase progres-
sion or replicative stress response. We therefore tested
whether other hypomorphic alleles of POL2A could
lead to constitutive activation of DNA stress response
and tolerance to HU. The abo4-2 mutant harbors a
T-DNA insertion in the 12th intron [(Yin et al., 2009);
Supplemental Fig. S1], but this mutation is not lethal.
By contrast, pol2a null mutants arrest early during
embryogenesis (Ronceret et al., 2005), suggesting that
some POL2A protein or at least a portion of it accu-
mulates in abo4-2. We therefore characterized POL2A
expression in this mutant into more detail. We ob-
served that the 59 and 39 portions of the cDNA situated
on each side of the T-DNA insertion accumulate at
almost wild-type levels (Supplemental Fig. S8A). In
addition, RT-PCR analysis using primers located on
each side of the insertion revealed the accumulation of
low levels of wild-type mRNA and additional splicing
variants corresponding to the elimination of exon 12 or
exons 12 and 13 (amino acids 427 to 481 or 427 to 540,
respectively); these splicing variants do not generate a
frameshift, and thus could allow the production of a
modified protein lacking conserved amino acids of the
active site (Supplemental Fig. S8B). This mutant thus
likely accumulates different isoforms of the POL2A
protein and possibly its N- or C-terminal domain on its
own. In addition, abo4-2 displays defects in cell-cycle
regulation like the abo4-1 mutant (Supplemental Fig.
S9, and Supplemental Table S1).

As observed in abo4-1, the abo4-2 mutant also dis-
plays tolerance to HU and hypersensitivity to zeocin
(Supplemental Fig. S10, A and B) and shows constitutive
expression of genes involved in DDR (Supplemental Fig.
S10C). To determine whether the downstream signaling
pathways activated in abo4-2 and abo4-1 were identical,
we crossed abo4-2 with atr, atm, and sog1 mutants: only
abo4-2 sog1 and abo4-2 atm double mutants were viable.
As in abo4-1, transcriptional activation of DDR genes
was largely SOG1-dependent but ATM-independent
(Supplemental Fig. S10C), and activation of DDR genes
in response to DSB was not impaired (Supplemental Fig.
S7). However, although the sog1 mutation induced a fur-
ther reduction of rosette growth in the abo4-1 background,
the abo4-2 sog1mutant displayed improved development
compared to the abo4-2 single mutant (Supplemental Figs.
S5 and S10A), indicating that the abo4-1 and abo4-2 mu-
tations havedifferent consequences onDDRactivation. To
gain further insight into these differences, we tested the
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sensitivity of abo4-2, abo4-2 sog1, and abo4-2 atmmutants to
HU and zeocin. As for abo4-1, the HU-tolerant phenotype
of abo4-2 was lost in the sog1 background. Unexpectedly,
the atm mutation also reduced HU tolerance in abo4-2,

providing evidence for the activation of different signaling
pathways in the two mutants.

To complete our study, we also analyzed the esd7-1mu-
tant that harbors a pointmutation leading to a substitution

Figure 4. The checkpoint activated by the abo4-1 mutation is ATM-independent. A and B, HU sensitivity in wild type (Col-0),
abo4-1, atm, and abo4-1 atm mutants. Plantlets were grown on half-strength MS for 4 d and transferred to control medium (full
bars) or HU-supplemented medium (1 mM, dashed bars) for 9 d. A, Root length; values are average 6 SE obtained on at least
15 plantlets. B, Relative root growth; values are expressed as percentage of length on MS medium. C, qRT-PCR analysis of the
expression of selected genes in abo4-1, atm, and abo4-1 atmmutants; values are average relative expression compared to thewild
type6 SD. D, Zeocin sensitivity in wild type (Col-0), abo4-1, atm, and abo4-1 atmmutants. Plantlets were grown on half-strength
MS for 4 d and transferred to control medium (full bars) or zeocin-supplemented medium (10 mM, dashed bars) for 9 d. D, Root
length; values are average 6 SE obtained on at least 15 plantlets. E, Representative picture of plantlets grown on half-strength
medium (mock), or grown on MS supplemented with zeocin (10 mM) for 6 d and allowed to recover for another 6 d. Arrowheads
mark the position of the root tip. F, Relative fresh weight of plantlets after recovery. Values are average6 SE from six replicates. In
A, D, and F, different letters indicate statistically relevant differences (Student t test, P , 0.05).
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of Gly by Arg at position 992, situated at the extremity
of the catalytic domain [Supplemental Fig. S1; (del
Olmo et al., 2010)]. Like abo4-1 and abo4-2, this mutant
was tolerant to HU (Supplemental Fig. S10A), but
hypersensitive to a variety of genotoxic stresses (data
not shown), further corroborating that incorporation
of modified POL2A at the fork leads to replicative stress.
Interestingly, the til1-4 mutation that affects the exonu-
clease domain of the POL2A protein [Supplemental Fig.
S1; (Jenik et al., 2005)] did not confer tolerance to repli-
cative stress (Supplemental Fi. S11A). On the contrary,
this mutant was hypersensitive to HU even though the
cell cycle length was reported to be longer during embryo
development (Jenik et al., 2005). This difference in terms of
response toHU treatment correlatedwith an overall lower
expression level of DDR genes in til1-4 compared to the
abo4-1 or esd7-1mutants (Supplemental Fig. S11B). Finally,
we tested the contribution of the POL2B gene to the acti-
vation of the DDR observed in pol2a hypomorphic mu-
tants. As previously observed, esd7-1 pol2bdoublemutants
were smaller than esd7-1 single mutants. However, they
showed similar HU tolerance, indicating that POL2B
function has no major contribution in the activation of the
replicative stress response (Supplemental Fig. S11).

As stated above, DNA Pol « plays a dual role at the
replication fork because it performs both a catalytic and
a scaffolding function, and defects described in hypo-
morphic POL2A mutants could either be direct conse-
quences of the signaling role of DNA Pol « or indirect
effects of replicative stress. To discriminate between
these two hypotheses, we generated POL2A RNA in-
terference lines (POL2A-RNAi). If the replicative stress
observed in POL2A hypomorphic mutants is a conse-
quence of defects in fork stabilization and reflects the
scaffolding role of POL2A, POL2A down-regulation
would be expected to lead to activation of replicative
stress and tolerance to HU like accumulation of a par-
tially inactive form of the protein. By contrast, if POL2A
itself is required for replicative stress signaling, POL2A
knock-down would fail to activate the replicative stress
response, and the plants should then become hypersen-
sitive to HU like the atr and sog1 mutants. POL2A-RNAi
plants display a range of developmental alterations such
as reduced size, and partial sterility (Supplemental Fig.
S12A). These features are shared with POL2A hypomor-
phic mutants. However, only POL2A-RNAi lines with a
mild phenotype reached a similar size, as the wild type
showed a sufficiently stable phenotype over generations
to be used for further analysis (Supplemental Fig. S12B).
These lines showed an approximately 2-fold reduction in
POL2A mRNA accumulation (Supplemental Fig. S12C).
Although POL2A-RNAi lines showed a slight increase in
S-phase length, flow cytometry revealed no obvious ac-
cumulation of cells in S-phase (Supplemental Table S1 and
Supplemental Fig. S9).

By contrast to abo4-1 and abo4-2, POL2-RNAi seedlings
were hypersensitive to HU (Fig. 5, A and B), and they
were not affected by zeocin exposure (Fig. 5, C and D).
Consistently, POL2A-RNAi did not display constitutive
up-regulation of DDR genes (Fig. 5E), suggesting

that adequate levels of POL2A are essential for
transcriptional activation triggered by replication
stress checkpoint.

Failure to activate suitable response upon replication
stress can lead to fork collapse and thus generate DSBs
that in consequence trigger ATM activation. To deter-
mine whether ATM activity is essential to POL2-RNAi
plants survival, we tested the effect of a specific inhib-
itor of ATM activity [IATM, Ku55933; (Amiard et al.,
2011)], and found that POL2A-RNAi lines are hyper-
sensitive to this drug (Fig. 5F), supporting the notion
that ATM pathway activation is required for plant
survival when POL2A accumulation is decreased.

In summary, these results suggest that the presence
of mutated POL2A in the replication fork affects cell
cycle progression, leading to an increase in S-phase
length due to checkpoint activation that confers tol-
erance to HU, whereas lowered concentration of POL2A
prevents proper checkpoint activation in response to
replicative stress.

Role of Pol « Catalytic Subunit during Arabidopsis
Reproductive Development

Recently, we have shown that increased accumula-
tion of the Pol « accessory subunit DPB2 led to the ac-
tivation of a cell cycle checkpoint during premeiotic
DNA replication and induced SOG1-dependent DNA
fragmentation (Pedroza-García et al., 2016). Furthermore,
Huang et al. (2015) reported that the til4-1 and abo4-2 al-
leles of POL2A display meiotic DNA fragmentation, al-
though they attributed these defects to impaired DSB
repair. We observed that the fertility of abo4-2 sog1 mu-
tants was improved compared to abo4-2, suggesting that
meiotic defects are at least partly due to SOG1 function. To
clarify whether POL2A also participates in a premeiotic
checkpoint, we analyzed meiosis progression in abo4-2
and in abo4-2 sog1 mutants. In our hands, DNA frag-
mentation was observed in 89% of meiocytes (n = 123) in
the abo4-2mutant (Fig. 6). This proportion was lowered to
40% in abo4-2 sog1 mutants (n = 93), confirming the hy-
pothesis that in pol2a hypomorphic mutants, the SOG1-
dependent checkpoint is activated in response to defects
during premeiotic DNA replication.

Surprisingly, the fertility of abo4-1 atm and abo4-2 atm
double mutants was modified compared to parental
lines. Indeed, abo4-1 atm plants showed improved fer-
tility compared to atm (Supplemental Fig. S13, A and B),
suggesting that constitutive activation of the DDR in
abo4-1 might partially rescue the meiotic defects of atm
(García et al., 2003). We also observed that the fertility
of abo4-2 atm mutants was improved compared to
abo4-2: the number of seeds per silique was compara-
ble to what was observed in atm (Supplemental Fig.
S13, C and D). Previous studies have shown that atm
mutants are partially deficient for repair of meiotic DSBs
(García et al., 2003), as described for abo4-2. However, the
rescue of abo4-2 sterility by the atm mutation suggests
that the SOG1-dependent checkpoint triggered by pre-
meiotic replication defects requires ATM activity.
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Taken together, our results indicate that POL2A
plays a role in replicative stress checkpoint activation
both in somatic and in reproductive tissues, but that the
signaling events differ between the different cell types.

DISCUSSION

Arabidopsis POL2A Participates in Cell Cycle Checkpoint
Activation and Fork Stabilization

DNA Pol « is required not only for DNA synthesis
per se during DNA replication, but also for sensing of

replication stress. This dual role is well established in
yeast, and likely conserved in animals, but detailed in-
vestigation has been hampered by the lethality of mu-
tants deficient for its catalytic subunit. In this work, we
took advantage of hypomorphic alleles encompassing
partially defective versions of the Pol « catalytic subunit
POL2A [abo4-1, abo4-2 (Yin et al., 2009), esd7-1 (del Olmo
et al., 2010), and til1-4 (Jenik et al., 2005)] available in
Arabidopsis to explore its contribution in checkpoint ac-
tivation upon replicative stress. Although they are hy-
persensitive to DNA damaging agents [(Yin et al., 2009);
and this study], abo4-1, abo4-2, and esd7-1 mutant alleles

Figure 5. Proper levels of POL2A is required for checkpoint activation inDDR. A and B,Wild-type (Col-0) and POL2A-RNAi seedlings
were grown for 4 d on half-strength MS and transferred to HU-supplemented medium (1 mM) for 9 d. POL2A-RNAi lines were hy-
persensitive to this drug: lines indicate the extremity of roots (A). After 9 d, root length was measured on plants kept on control medium
(full bars) or on HU-supplemented medium (dashed bars; B). Values above the bar indicate the relative root growth compared to the
respective untreated control. C and D, Wild-type (Col-0) and POL2A-RNAi seedlings were grown for 4 d on half-strength MS and
transferred to zeocin-supplemented medium (10 mM) for 9 d. POL2-RNAi lines were unaffected by this drug (C). Arrowheads mark the
position of the root tip. After 9 d, root length was measured on plants kept on control medium (full bars) or on zeocin-supplemented
medium (dashed bars; D). E, qRT-PCR quantification of selected genes in POL2A-RNAi seedlings. Values are average6 SD compared to
the wild type. F, POL2A-RNAi plantlets are hypersensitive to IATM (Ku55933). Plants were germinated on MS medium containing
DMSO or IATM (10 mM). After 10 d, the percentage of plants with true leaves was monitored. Germination and development are
severely affected in POL2A-RNAi lines, and the proportion of plants with true leaves was therefore reduced compared to the wild type
on controlmedium.However, this reductionwas evenmore pronounced in thepresence of IATM,whereas this compoundhadno effect
on wild-type plants. In B, D, and E, values are average6 SE of data obtained on at least 15 plantlets. Different letters indicate statistically
relevant differences (Student t test, P , 0.05). All data are representative of at least two biological replicates.

Plant Physiol. Vol. 173, 2017 1743

DNA Polymerase « and Replicative Stress



display specific tolerance to HU-induced replicative
stress. This phenotype is likely due to basal activation of
the replication stress checkpoint, as evidenced by the
prolonged S-phase and constitutive expression of DDR
genes observed in the mutants. Indeed, abo4-1 seedlings
displayed up-regulation of genes encoding proteins re-
quired for replicative stress response such as the ssDNA
sensors RAD 17 and RPA (Heitzeberg et al., 2004; Aklilu
et al., 2014) or B-type CDKs and Cyclins that promote G2
arrest (Cools et al., 2011), and are specifically involved in
DSB repair (Weimer et al., 2016).

One of the key elements during replication stress re-
sponse is the activation of nucleotide biosynthesis by the
RNR that in yeast has been shown to depend on Pol «
(Navas et al., 1995, 1996; Zhao and Rothstein, 2002). In
addition to the de novo pathway involving the RNR,
plants like all eukaryotes with the exception of yeast also
rely on a salvage pathway comprising Thymidine Ki-
nase 1 (Boldt and Zrenner, 2003), and these two path-
ways have redundant functions in DDR (Wang and Liu,
2006; Roa et al., 2009; Chen et al., 2010; Pedroza-García
et al., 2015). Elements of both pathways are up-regulated
in abo4mutants, whichmay account for their tolerance to
HU. Interestingly, mutation of the exonuclease domain
of POL2A in the til1-4 mutant did not lead to improved
HU tolerance, possibly because lower fidelity of Pol «
does not impact fork progression as severely as muta-
tions affecting the polymerase active site. Consistently,
the increase in cell cycle length observed in abo4-1 and
abo4-2 was much more severe than what was described
in ti1-4 (Jenik et al., 2005), and up-regulation of DDR
genes was also less pronounced in til1-4. Together, these

observations suggest that the presence of a mutated
variant of Pol « with reduced polymerase activity gums
up DNA replication, leading to fork stalling and acti-
vation of the DDR (Fig. 7A).

To further explore the role of Pol « in replicative stress
response, we generated knock-down lines expressing
lower levels of POL2A mRNA. These lines were viable,
and the less severe ones reached a similar size to wild-
type plants, either because Pol d can synthetize both
DNA strands when Pol « accumulation is reduced as
has been hypothesized in other organisms (Pursell and
Kunkel, 2008; Johnson et al., 2015), or because residual
expression of Pol « is still sufficient to allow proper
S-phase progression. By contrast with pol2a hypomor-
phic mutants, POL2A knock-down lines did not display
constitutive activation of the replicative stress check-
point but were hypersensitive to HU, further support-
ing the direct involvement of plant Pol « in replicative
stress sensing (Fig. 7B). In line with this conclusion, it is
worth noting that up-regulation of DDR genes was less
pronounced in abo4-2 than in abo4-1, possibly because
accumulation of POL2A is reduced in abo4-2 due to the
T-DNA insertion. Nevertheless, the hypersensitivity of
POL2A-RNAi lines to HU might also be a consequence
of defects in fork stabilization due to decreased POL2A
accumulation. Indeed, Pol « plays an essential scaf-
folding role to stabilize stalled forks (Lou et al., 2008;
Pursell and Kunkel, 2008; Henninger and Pursell, 2014),
independent of checkpoint activation (Branzei and
Foiani, 2009). Alternative mechanisms have been de-
scribed to stabilize the replisome when Pol « is lim-
iting (Mejia-Ramirez et al., 2015), but whether they

Figure 6. abo4-2mutants show SOG1-
dependent meiotic fragmentation. Meio-
sis progression in the wild type (A to E),
abo4-2 mutant (F to I), and abo4-2 sog1
mutant. In the wild type, after early pro-
phase (A), bivalents were formed (B), ho-
mologous chromosomes segregated
during division I, and sister chromatids
segregate during division II (C, meta-
phase; D, anaphase) to form tetrads (E).
In the abo4-2 mutant, early prophase
was normal (F), but bivalents were
never observed. Instead, in 90% of the
cells, extensive DNA fragmentation was
observed both during the first (G) and the
second division (H), leading to the for-
mation of polyads (I). In abo4-2 sog1
mutants, 40% of the cells still showed
DNA fragmentation (J), but 60% of meio-
cytes were wild-type-like (K, end of divi-
sion I; L, anaphase of division II;M, tetrad).
Bar = 10 mm for all panels.
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are conserved in plants and could be operating in
POL2A-RNAi lines remains to be established.

Signaling Downstream of POL2A

Replicative stress sensing depends on the ATR kinase
that activates WEE1 and SOG1 via two independent

pathways (Hu et al., 2015), but does not involve ATM
(Culligan et al., 2006). Consistently, the viability of abo4
mutants does not require ATM, but depends on com-
ponents of the replication stress checkpoint: ATR and
WEE1. In Schizosaccharomyces pombe, deletion of the
POL2 catalytic domain led to tolerance to HU and hy-
persensitivity to MMS, and survival of this mutant was

Figure 7. Model for Pol « function in plant DDR. A, In the wild type, Pol « catalytic subunit POL2A is involved in replication stress
sensing; this leads to ATR-dependent activation of the WEE1 and SOG1 pathways, allowing the expression of genes involved in cell
cycle arrest, DNA repair, and nucleotide biosynthesis, ultimately leading to fork stabilization and completion of DNA replication and
cell survival. B, In pol2Amutants with point mutations affecting POL2A activity, the abnormal Pol « subunit likely gums up replication,
leading to constitutive replication stress and activating ATR. TheWEE1 branch of the downstream pathway is essential to plant survival,
whereas the SOG1branchof the pathway is dispensable, but confers tolerance to replicative stress. SOG1activationmayalso negatively
regulate ATM signaling leading to enhanced sensitivity to DNA damaging agents. C, When accumulation of POL2A is reduced, Pol d
likely replaces it and replicates both DNA strands. In the absence of Pol «, replicative stress signaling is not properly activated, which
may lead to fork collapse andDNA lesions that can in turn activate ATM signaling and promote tolerance toDSB-inducing agents. In all
panels, dashed arrows indicate putative pathways that remain to be molecularly identified.
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strictly dependent on Rad3 (ATR) and Pold (Feng and
D’Urso, 2001), because ATR is required to stabilize the
association of Pol « with stalled forks (Pursell and
Kunkel, 2008). The lethality of abo4 atr double mutants
thus indicates that the mechanisms described in yeast
are conserved in multicellular organisms. Interestingly,
abo4 sog1 mutants are viable, suggesting that Pol « de-
ficiency can activate both branches of the replicative stress
response as described in Pedroza-García et al. (2016), and
demonstrates that only the ATR-WEE1 branch of the
pathway is required for embryo development in the
presence of replicative stress.

Unexpectedly, despite the constitutive activation of
DDR genes, pol2A hypomorphic mutants were hyper-
sensitive to DNA damaging agents. Induction of DDR
genes upon zeocin exposure was not impaired in these
mutants, suggesting that their hypersensitivity to DNA
damage either reflects the direct involvement of Pol « in
DNA repair (Pursell and Kunkel, 2008), or defects in the
DDR that were not detected in this study. Indeed, the
sensitivity of abo4mutants toDSBswas SOG1-dependent,
indicating that POL2A deficiency simultaneously triggers
the expression of DDR genes and hampers proper acti-
vation of the ATM-dependent pathway (Fig. 7A). In ad-
dition, POL2A-RNAi lines are tolerant to zeocin. This
observation suggests that POL2A is not required for DSB
repair, and that bypass mechanisms possibly involving
translesion synthesis polymerases compensate Pol «
down-regulation. The activation of translesion synthesis
polymerases in response to DNA damage has been
shown to require ATM (Curtis and Hays, 2011), consis-
tent with the hypersensitivity of POL2A-RNAi lines to
the ATM inhibitor. Interestingly, sog1 mutants are hy-
persensitive to HU and tolerant to zeocin, and the sog1
mutation was epistatic on the abo4 mutations for these
responses. All together, these results indicate (1) that
abo4 functions upstream of SOG1 to confer tolerance to
HU and (2) that the sensitivity of abo4mutants to zeocin
requires SOG1 activity, suggesting that activation of this
DDR pathway interfereswith proper DSB response even
though it leads to the activation of DNA repair genes. In
yeast, the Mec1 (ATR) pathway has been shown to at-
tenuate Tel1 (ATM) signaling (Clerici et al., 2014): con-
stitutive activation of SOG1 via ATR may thus prevent
proper response to DSBs in Arabidopsis and account for
the sensitivity of POL2A hypomorphic mutants to DNA
damaging agents (Fig. 7A).

The antagonism between the ATR and ATM path-
waysmay explain the puzzling observation that the sog1
mutation had opposite effects on the growth of the two
abo4 alleles studied here. Indeed, one can postulate that
the abo4-1 mutation triggers mainly the ATR branch of
the DDR, whereas the abo4-2mutation also activates the
ATM branch of the pathways, possibly because this
particular mutated allele affects not only POL2A activity
but also its accumulation, leading to endogenous DNA
damage as a consequence of fork collapse. In this model,
loss of SOG1 in the abo4-1 background would enhance
the growth defects, because SOG1 is required for plant
survival upon replicative stress (Hu et al., 2015). By

contrast, in abo4-2 mutants, loss of SOG1 may allow
more effective activation of the ATM pathway and thus
partly rescue growth defects. Consistently, HU resis-
tance was lost in the abo4-2 atm mutant but not in abo4-
1 atm, suggesting that the abo4-2 mutant may be more
prone to fork collapse.

Pol « and Meiosis

Recently, we reported that overexpression of the Pol «
accessory subunit DPB2 results in SPO11-independent
DNA fragmentation during meiosis, and showed that
this process required SOG1 activity, suggesting that the
observed fragmentation is the consequence of an active
process triggered by defects occurring during premeiotic
replication (Pedroza-García et al., 2016). By contrast,
Huang et al. (2015) recently described SPO11-dependent
DNA fragmentation in pol2amutants, and proposed that
they were due to defects in DNA repair (). However,
abo4-1 mutants that are also hypersensitive to genotoxic
stress do not display meiotic defects, suggesting that
impairment of the POL2 activity per se does not trigger
DNA fragmentation. Furthermore,we showed that SOG1-
deficiency partially rescued the meiotic defects of abo4-2
mutants [pol2a-1 in Huang et al. (2015)]. Together, our re-
sults provide evidence for the involvement of POL2A in
the premeiotic checkpoint previously described, although
residual DNA fragmentation observed in abo4-2 sog1 mu-
tant likely results fromdefects in the repair of programmed
DSBs. Furthermore, the finding that the atmmutation par-
tially rescues the fertility of abo4-2mutants suggests that the
meiotic checkpoint activated by Pol « deficiency involves
ATM signaling. One possible model would thus be that
inactivation of Pol « triggers fork collapse, thereby gener-
ating DSBs and ATM-dependent SOG1 activation. Con-
sistently, the SOG1-dependent fragmentation phenotype
was observed in abo4-2 mutants that accumulate reduced
levels of full-length POL2A but not in abo4-1 mutants,
where production of the full-length protein is unchanged.

Intriguingly, the abo4-1 mutation also improved the
fertility of the atmmutant. Both in budding and in fission
yeast, replicative stress induced by stalled forks inhibits
the formation of DSBs (Subramanian and Hochwagen,
2014); it is therefore possible that the constitutive activa-
tion of replicative stress in the abo4-1 mutant leads to the
formation of fewer DSBs, thereby alleviating the subse-
quent repair defects caused by the atmmutations. Further
investigation of meiosis progression in double mutants
should help clarify this point. Together, our results further
demonstrate that premeiotic DNA replication is a critical
step for gamete formation, and that defects occurring
during this phase activate a cell death program that
requires the SOG1 transcription factor.

Concluding Remarks

Overall, this work has shed light on the diverse roles of
plant POL2 inDDRactivation, as summarizedonFigure 7.
We show that the role of Pol « in S-phase checkpoint
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activation is a universalmechanismoperating similarly in
a multicellular organism as in yeast. Mutations affecting
Pol « can lead to a rare autosomal recessive disease
(Pachlopnik Schmid et al., 2012), and have been associated
with various types of cancer (Rayner et al., 2016). In-
triguingly, the consequences of Pol « deficiency are much
less dramatic in plants, possibly because of the plasticity of
their development that allows replacement of damaged
cells by neighboring ones in meristems (Heyman et al.,
2014). Becausemanymutants deficient for DDR are viable
in plants but lethal in animal systems, future studies in
Arabidopsis could reveal mechanisms that have not been
elucidated in other multicellular eukaryotes and could be
translated into Mammalian cells to further elucidate the
association of Pol « deficiency with tumorigenesis.

MATERIALS AND METHODS

Cloning Procedures

Transgenic POL2ARNAi lines were generated after Agrobacterium-mediated
transformation of Col plants with the plasmid CATMA1a07250, which harbors
a fragment of 155 bp corresponding to the nucleotides 3368 to 3522 of the coding
sequence of ESD7/POL2A cDNA, cloned in sense and anti-sense orientation in
the pAgrikola vector (Hilson et al., 2004), a Gateway destination vector based
closely on the Hellsgate 12 vector. Several transgenic independent plants were
selected in medium containing phosphinothricin at 10 mg/mL and later were
established as homozygous lines. All of them displayed lower levels of ex-
pression of POL2A mRNA in comparison to nontransformed control plants,
and no modification of POL2B expression.

Plant Material and Growth Conditions

Seeds were surface-sterilized by treatment with bayrochlore for 20 min, then
washed and imbibed in sterile-water for 2 to 4 d at 4°C to obtain homogeneous
germination. Seeds were sown on commercially available 0.53 Murashige and
Skoog (MS) medium (Basalt Salt Mixture M0221; Duchefa) with the appropriate
antibiotic if needed and solidified with 0.8% agar (Phyto-Agar HP696; Kalys), and
grown in a long d (16 h light, 8 h night, 21°C) growth chamber. After 2 weeks, the
plants were transferred to soil in a glasshouse under short-d conditions (8 h light
20°C, 16 h night at 18°C) for 2 weeks before being transferred to long-d conditions.

RNA Extraction and Quantitative RT-PCR

Total RNAwas extracted from seedlingswith the RNeasyMiniPrep kit (Qiagen,
according to the manufacturer’s instructions. First strand cDNA was synthesized
from 2 mg of total RNA using Improm-II reverse transcriptase (A3802; Promega)
according to the manufacturer’s instructions. 1/25th of the synthesized cDNAwas
mixed with 100 nM of each primer and LightCycler 480 Sybr Green I master mix
(Roche Applied Science) for quantitative PCR analysis. Products were amplified
and fluorescent signals acquired with a LightCycler 480 detection system (Roche
Applied Science). The specificity of amplification products was determined by
melting curves. PP2AA3 was used as internal control for signals normalization.
Exor4 relative quantification software (Roche Applied Science) automatically cal-
culates relative expression level of the selected genes with algorithms based on
DDCt method. Data were from triplicates and are representative of at least two
biological replicates. The sequence of primers used in this study is provided in
Supplemental Table S4.

Transcriptome Studies

Three independent biological replicates were produced. For each biological
repetitionandeachpoint,RNAsampleswereobtainedbypoolingRNAsfrommore
than 200 plants. Whole plantlets were collected on plants at 1.04 developmental
growth stages (Boyes et al., 2001), cultivated in vitro under long-d conditions. Total
RNAwas extracted as described above. RNA-seq experimentwas carried out at the
POPS Transcriptomic Platform, Institute of Plant Sciences - Paris-Saclay in Orsay,

France. PolyA RNA was purified using the Dynabeads mRNA direct micro kit
(Ambion). The sequencing libraries were constructed with the Ion Total RNA-Seq
Kit v2 (Thermo Fisher Scientific) and the sequencing spheres were prepared with
the Ion PI TemplateOT2 200Kit v3 (Life Technologies) before sequencing on an Ion
Proton using the Ion PI Sequencing 200 Kit v3 (Thermo Fisher Scientific) and Ion PI
v2 chips (Life Technologies) with 520 run flows.

RNA-seq Bioinformatic Treatment and Analysis

To allow comparisons, each RNA-Seq sample followed the same pipeline from
trimming to count of transcript abundance as follows. Read preprocessing criteria
included trimming library adapters andperformingquality control checks using the
Torrent suite (Version4.2.1; ThermoFisher Scientific)withdefault settings. The reads
corresponding to rRNAs were identified by mapping rRNAs on Arabidopsis
(Arabidopsis thaliana) using Bowtie, Version 2 [http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml; with –local option; Langmead and Salzberg (2012)]and re-
moved. The same software was used to align the remaining reads against the
Arabidopsis transcriptome [33,602 mRNA from TAIR 10; Lamesch et al. (2012)]
without ambiguous hits (multihits are removed). According to these rules, ap-
proximately 75% of the initial reads aligned to transcripts for each sample. Genes
that do not have at least 1 read after a counts-per-million normalization in at least
three samples among the six were discarded. The differential analysis has been
performed by using a likelihood ratio test in a negative binomial generalized linear
model where the dispersion is estimated by the method proposed in the software
edgeR (Bioconductor) andwhere a biological replicate effectwas taken into account.
A gene was declared differentially expressed if its raw P value adjusted by the
Benjamini-Hochberg procedure to control the FDR is #0.01 and its absolute fold
change is $1.5. Analyses were performed with the software R (Version 3.1.0) and
the edgeR package (version 3.6.8; Bioconductor).

Light and Fluorescence Microscopy

Fresh siliques were opened under a stereo-microscope (SVII; Carl Zeiss) and
images were captured with a color CCD camera (Power HAD; Sony).

For meiotic analyses, flower buds were fixed in ethanol: Acetic Acid (3:1).
4;,6-Diamidino-2-phenylindole staining of meiotic chromosomes was per-
formed according to themethod of Ross et al. (1996). Slides were observed on an
epi-fluorescence videomicroscope (SVII; Darl Zeiss), and images were captured
with a color CCD camera (Power HAD; Sony).

Observations were done with a wide field fluorescence microscope
(AxioImager Z.2; Carl Zeiss) fitted with a metal halide lamp and the ap-
propriate shifted freefilter sets for imagingDAPI dye (Cat. no. 49; Carl Zeiss).
Images were acquired with a cooled CCD camera (AxioCam 506 mono-
chrome; Carl Zeiss) operated using Zen Blue software (Carl Zeiss).

Cell cycle length analysiswasperformedasdescribed inPedroza-García et al.
(2016).

Flow Cytometry

For flow cytometric nuclei analysis, tissues were choppedwith a razor blade
in 1mLofGif nuclei-isolation buffer [45mMMgCl2, 30mM sodium citrate, 60mM

MOPS, 1% (w/v) polyvinylpyrrolidone 10,000, pH 7.2] containing 0.1% (w/v)
Triton X-100, supplemented with 5 mM sodium metabisulphite and RNAse
(5 U/mL). Propidium iodide was added to the filtered supernatants to a final
concentration of 50 mg/mL. Endoreduplication levels of 5000 to 10,000 stained
nuclei were determined using a Cyflow SL3 flow cytometer (Partec-Sysmex)
with a 532-nm solid-state laser (30 mW) excitation and an emission collected
after a 590-nm long-pass filter. For cell cycle analysis, we used the algorithm
available in the FloMax software (flomax.software.informer.com).

Statistical Analysis

All statistical analysis was performed using the R software (https://www.
r-project.org/).

Data Deposition

RNAseq data from this article were deposited at Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo/; accession no. GSE71002) and at CATdb
(http://urgv.evry.inra.fr/CATdb/; Project: NGS2014_10_Epsilon) according
to the “Minimum Information About a Microarray Experiment” standards.
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Accession Numbers

Accession numbers of genes mentioned in this work are as follows: POL2A
(AT1G08260), POL2B (AT2G27120), RNR1 (AT2G21790), TSO2, (AT3G27060),
SMR7 (AT3G27630), PARP2 (AT2G31320), TK1a (AT3G07800), CYCB1-
1 (AT4G37490),XRI-1 (AT5G48720),WEE1 (AT1G02970),BRCA1 (AT4G21070),
RNR2A (AT3G23580), UBC21 (AT5G25760), RAD51 (AT5G20850), ATM
(AT3G48190), ATR (AT5G40820), SOG1 (AT1G25580), PP2AA3 (AT1G13320).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Positions of themutations in POL2A used in this study.

Supplemental Figure S2. Cell cycle regulation is altered in abo4-1 mutants.

Supplemental Figure S3. The abo4-1mutant is hypersensitive to genotoxic stress.

Supplemental Figure S4. Gene-ontology analysis of significantly induced
genes in abo4-1 seedlings.

Supplemental Figure S5. The sog1 mutation significantly reduces vegeta-
tive growth of the abo4-1 mutant, but partially rescues the abo4-2mutant.

Supplemental Figure S6. The SOG1 transcription factor is partly responsible
for the tolerance of abo4-1 mutants to HU and their sensitivity to zeocin.

Supplemental Figure S7. Transcriptional response to zeocin in abo4 mutants.

Supplemental Figure S8. The T-DNA insertion in the abo4-2 mutant leads
to production of different variants of the POL2A mRNA.

Supplemental Figure S9. Partial inactivation and down-regulation of
POL2A have contrasting effects on cell cycle regulation.

Supplemental Figure S10. The abo4-2 mutation confers HU tolerance that
is partly dependent on SOG1.

Supplemental Figure S11. Different mutations in POL2A confer tolerance
or hypersensitivity to replicative stress.

Supplemental Figure S12. Down-regulation of POL2A affects plant growth
and fertility.

Supplemental Figure S13. Genetic interactions between Pol e and DDR
genes during reproductive development.

Supplementary Tables.
Supplemental Table S1. Cell cycle is drastically modified in abo4 mutants,

but only mildly in POL2A-RNAi lines.

Supplemental Table S2. List of significantly misregulated genes in the
abo4-1 mutant.

Supplemental Table S3. List of genes involved in cell cycle, DNA repair,
mitosis, or meiosis that are up-regulated in abo4-1.

Supplemental Table S4. Primers used in this study.
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