
ANTI-SILENCING FUNCTION1 Proteins Are Involved
in Ultraviolet-Induced DNA Damage Repair and Are
Cell Cycle Regulated by E2F Transcription Factors
in Arabidopsis1[C][W][OA]

Luciana D. Lario, Elena Ramirez-Parra, Crisanto Gutierrez, Claudia P. Spampinato, and Paula Casati*

Centro de Estudios Fotosintéticos y Bioquímicos, Universidad Nacional de Rosario, 2000 Rosario, Argentina (L.D.L.,
C.P.S., P.C.); Centro de Biotecnología y Genómica de Plantas, Instituto Nacional de Investigación y Tecnología
Agraria y Alimentaria, Universidad Politécnica de Madrid, Campus de Montegancedo, 28049 Madrid, Spain
(E.R.-P.); and Centro de Biología Molecular “Severo Ochoa,” Consejo Superior de Investigaciones Científicas,
Universidad Autónoma de Madrid, Cantoblanco, 28049 Madrid, Spain (C.G.)

ANTI-SILENCING FUNCTION1 (ASF1) is a key histone H3/H4 chaperone that participates in a variety of DNA- and
chromatin-related processes, including DNA repair, where chromatin assembly and disassembly are of primary relevance.
Information concerning the role of ASF1 proteins in the post-ultraviolet (UV) response in higher plants is currently limited.
In Arabidopsis (Arabidopsis thaliana), an initial analysis of in vivo localization of ASF1A and ASF1B indicates that both proteins
are mainly expressed in proliferative tissues. In silico promoter analysis identified ASF1A and ASF1B as potential targets of
Elongation Factor2 (E2F) transcription factors. These observations were experimentally validated, both in vitro, by
electrophoretic mobility shift assays, and in vivo, by chromatin immunoprecipitation assays and expression analysis using
transgenic plants with altered levels of different E2F transcription factors. These data suggest that ASF1A and ASF1B are
regulated during cell cycle progression through E2F transcription factors. In addition, we found that ASF1A and ASF1B are
associated with the UV-B-induced DNA damage response in Arabidopsis. Transcript levels of ASF1A and ASF1Bwere increased
following UV-B treatment. Consistent with a potential role in UV-B response, RNA interference-silenced plants of both genes
showed increased sensitivity to UV-B compared with wild-type plants. Finally, by coimmunoprecipitation analysis, we found
that ASF1 physically interacts with amino-terminal acetylated histones H3 and H4 and with acetyltransferases of the Histone
Acetyl Transferase subfamily, which are known to be involved in cell cycle control and DNA repair, among other functions.
Together, we provide evidence that ASF1A and ASF1B are regulated by cell cycle progression and are involved in DNA repair
after UV-B irradiation.

Plants, because of their sessile condition and their
requirement of sunlight for photosynthesis, are inevi-
tably exposed to UV-B radiation (290–315 nm), which
causes direct damage to DNA, proteins, lipids, and
RNA (Britt, 1996; Jansen et al., 1998; Gerhard et al.,

1999; Casati and Walbot, 2004a). Thus, plants have not
only developed mechanisms that filter or absorb UV-B
to protect them against DNA damage (Mazza et al.,
2000; Bieza and Lois, 2001) but also have different
DNA repair systems to remove or tolerate DNA le-
sions (Hays, 2002; Bray and West, 2005; Kimura and
Sakaguchi, 2006).

Absorption of UV-B by DNA induces the formation
of cyclobutane pyrimidine dimers (CPDs) and, to a
lesser extent, pyrimidine (6-4) pyrimidone photo-
products (Friedberg et al., 1995). These lesions disrupt
base pairing and block DNA replication and tran-
scription if photoproducts persist, or they result in
mutations if photoproducts are bypassed by error-
prone DNA polymerases (Britt, 1996). Therefore, ac-
cumulation of such lesions must be prevented to
maintain genome integrity, plant growth, and seed
viability. At the genome level, the accessibility of DNA
sequences is determined by the structure of chromatin,
which is subjected to epigenetic regulation. The
structure of the chromatin can be remodeled in several
ways, including nucleosome assembly/disassembly:
replacement of canonical histones with histone
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variants, covalent modifications of histones, such as
phosphorylation, acetylation, methylation, ubiquitylation,
sumoylation; ATP-dependent reorganization and po-
sitioning of DNA histones; and DNA methylation
(Verbsky and Richards, 2001; Eberharter and Becker,
2002; Pfluger andWagner, 2007; Vaillant and Paszkowski,
2007).
The efficient spontaneous assembly of nucleosomes

is precluded by the strong electrostatic interactions
between DNA and histones. Consequently, proteins
known as histone chaperones facilitate the assembly
and disassembly of nucleosomes by interacting with
the corresponding histones (Park and Luger, 2008;
Avvakumov et al., 2011). Histone chaperones are
conserved in eukaryotes and are classified as either
H3-H4 or H2A-H2B type, according to their activity. In
Arabidopsis (Arabidopsis thaliana), the best studied are
the H3-H4 chaperones CHROMATIN ASSEMBLY FAC-
TOR1 (CAF1), HISTONE REGULATORY HOMOLOG A
(HIRA), and ANTI-SILENCING FUNCTION1 (ASF1)
and the H2A-H2B chaperones NUCLEOSOME ASSEM-
BLY PROTEIN1 (NAP1), NAP1-RELATED PROTEINS,
and FACILITATES CHROMATIN TRANSCRIPTION
(Zhu et al., 2012).
ASF1 was originally identified by its ability to de-

repress transcriptional silencing when overexpressed
in yeast (Saccharomyces cerevisiae; Le et al., 1997; Singer
et al., 1998). In yeast and animals, ASF1 proteins play
important roles in chromatin-related processes, such
as transcription and DNA replication and repair. They
participate both in the replication-dependent and the
replication-independent chromatin assembly path-
ways, as ASF1 copurifies with the replication-specific
histone H3.1 and with the transcription-specific HIS-
TONE H3.3 and HIRA, respectively (Tyler et al., 1999;
Myung et al., 2003; Adkins et al., 2004; Prado et al.,
2004; Ramey et al., 2004; Tagami et al., 2004; Franco
et al., 2005; Zhang et al., 2005; Tang et al., 2006). In
Arabidopsis, there are two genes encoding ASF1 ho-
mologs, AtASF1A and AtASF1B (At1g66740 and
At5g38110, respectively; Zhu et al., 2011). Both pro-
teins bind histone H3 and are localized in the cyto-
plasm and the nucleus. Mutants in either AtASF1A or
AtASF1B show no obvious defects, while the double
mutant shows inhibition of plant growth and abnor-
mal vegetative and reproductive organ development.
In addition, asf1a/asf1b plants exhibit cell number re-
duction, S-phase delay, and reduced endopolyploidy
levels (Zhu et al., 2011). Double mutants also show
selective increased expression of CYCB1;1 (a gene in-
volved in the G2/M transition) and genes required for
S-phase checkpoint and for DNA damage checkpoint
and repair, suggesting that these histone chaperones
are involved in cell cycle regulation. However, reports
on Arabidopsis ASF1 are still limited. Even more, there
is no information on the role of ASF1 in the post-UV
response in higher plants.
In this work, we have addressed the cell cycle reg-

ulation of ASF1 expression and its potential role in the
post-UV-B response in relation to its known function

as a histone chaperone. First, we analyzed the in vivo
localization of ASF1A and ASF1B, showing that both
proteins are mainly expressed in proliferative tissues.
We then analyzed their regulation by Elongation
Factor2 (E2F) transcription factors and experimentally
validated ASF1A and ASF1B as targets of these tran-
scription factors, which have a pivotal role in con-
trolling cell cycle progression. In addition, using
transgenic plants with decreased transcript levels of
both ASF1A and ASF1B, we demonstrate that ASF1A
and ASF1B contribute to the UV-B-induced DNA
damage response in Arabidopsis. In fact, ASF1A and
ASF1B transcripts increased following a UV-B treat-
ment, and asf1a/asf1b RNA interference (RNAi) trans-
genic seedlings accumulated more DNA damage after
UV-B exposure compared with wild-type plants. Fi-
nally, by coimmunoprecipitation analysis, we found
that ASF1 interacts with N-terminal acetylated H3 and
HAM1/HAM2 histone acetyltransferases. HAM1/
HAM2 are related to human Tat-Interacting Protein
60 kD (TIP60), which is involved in cell cycle control,
regulation of apoptosis, and DNA repair as well as
acting as a coactivator for a wide range of transcription
factors (Sapountzi et al., 2006). Together, our data
provide evidence that both ASF1A and ASF1B are
regulated during cell cycle progression and participate
in UV-B-induced DNA damage repair.

RESULTS

ASF1A and ASF1B Are Expressed in Actively
Dividing Cells

It was previously demonstrated, by reverse transcription-
PCR analysis, that both AtASF1A and AtASF1B
genes were ubiquitously expressed in most of the
Arabidopsis plant tissues analyzed (Zhu et al.,
2011). To study the spatiotemporal expression of
ASF1A and ASF1B in more detail, we constructed
transgenic plants expressing the GUS gene under
the control of the ASF1A (ASF1A-GUS) and ASF1B
(ASF1B-GUS) promoters, as described in “Materials
and Methods.” At least four independent transgenic
lines with comparable GUS activity levels were
analyzed.

The expression of ASF1A is high in cotyledons and
in the shoot apical region (Fig. 1A). ASF1A is also
expressed in the roots of 10-d-old plants (Fig. 1B). In
10-d-old seedlings, ASF1A is restricted to the shoot
apical meristem, roots, and proliferating leaves (Fig. 1,
C and D), while in mature leaves, ASF1A expression is
restricted to the hydatodes at the leaf margin (Fig. 1E).
In flowers, ASF1A expression is mainly detected in
developing anthers and pistils (Fig. 1G). Siliques also
show GUS activity, mainly in the dehiscence region
(Fig. 1F). The reporter activity of ASF1B-GUS is similar
but weaker than that of ASF1A-GUS (Fig. 1, H–Q).
Taken together, our results indicate that both ASF1A
and ASF1B are expressed in highly dividing tissues,
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and their expression seems to be redundant, at least in
unstressed conditions, consistent with the phenotype
of single asf1 mutants (Zhu et al., 2011).

ASF1A and ASF1B Are Regulated by E2F
Transcription Factors

The E2F transcription factors are key components
of the cyclin/retinoblastoma/E2F pathway that con-
trol cell cycle transitions in multicellular organisms
(Gutierrez et al., 2002). In humans, ASF1B is regulated
by E2F transcription factors during cell cycle pro-
gression (Hayashi et al., 2007). Moreover, in plants,
Vandepoele et al. (2005) were able to identify that
ASF1A and ASF1B are among the 181 putative E2Fa-
DPa target genes. To validate these observations, we
investigated the regulation of ASF1A and ASF1B genes
by the E2F family.

Arabidopsis contains six functional E2F genes that,
according to their structural and functional character-
istics, can be divided into two different groups. The
first group includes AtE2Fa (At2g36010), AtE2Fb
(At5g22220), and AtE2Fc (At1g47870), which possess
a conserved DNA-binding site, a heterodimerization
domain, and a transactivation domain embracing a

retinoblastoma-related (RBR) binding site. These E2F
factors associate with a DP protein (AtDPa or AtDPb)
to form a functional heterodimer that can specifically
recognize E2F cis-elements, transactivate E2F-responsive
reporter genes, and be negatively regulated by RBR
protein (Mariconti et al., 2002; Shen, 2002). The second
group includes AtE2Fd/DEL2 (At5g14960), AtE2Fe/
DEL1 (At3g48160), and AtE2Ff/DEL3 (At3g01330),
which contain two conserved DNA-binding domains
and lack a dimerization domain (Mariconti et al., 2002;
Shen, 2002).

We first searched for putative E2F binding sites 1 kb
upstream of the start codon of ASF1A and ASF1B
genes (Fig. 2A). Our analysis revealed the presence of
one consensus E2F binding site for the ASF1A gene,
TAACCGCCC (at 2330 bp from the putative ATG), in
reverse orientation, and two consensus E2F binding
sites for the ASF1B gene, TCTCCCGCCAAT (at 2276
bp), containing a double palindromic sequence, and
TCTCGCGCC (at 2138 bp). These data are consistent
with previous reports that identified ASF1A and ASF1B
as putative targets of E2Fa-DPa (Vandepoele et al.,
2005; Naouar et al., 2009).

To experimentally validate whether the bioinfor-
matically identified E2F sites in the ASF1A and ASF1B
promoters mediate E2F binding, we carried out

Figure 1. Histochemical localization of GUS
activity in transgenic plants carrying the ASF1A
(A–G) and ASF1B (H–Q) promoters. A, Three-day-
old whole seedlings. H, Six-day-old whole seed-
lings. B and K, Roots from 10-d-old seedlings.
C and I, Ten-day-old wild-type whole seedlings. J,
Magnification of I. D, Proliferating leaves. E and
L, Mature leaves. F and P, Siliques. Q, Magnifi-
cation of P. G, M, and O, Flowers at different
stages of development. N, Magnification of M.
[See online article for color version of this figure.]
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electrophoretic mobility shift assay (EMSA) using la-
beled double-stranded oligonucleotides corresponding
to each of the E2F sites found in the ASF1A (Fig. 2B;
Supplemental Table S1) and ASF1B (Fig. 2, C and D;
Supplemental Table S1) promoters. Recombinant
Arabidopsis E2Fa-DPa, E2Fe/DEL1, and E2Ff/DEL3
proteins bound to all these probes in a specific and
E2F site-dependent manner (Fig. 2, B–D). Thus, addi-
tion of a competitor oligonucleotide containing a
general E2F consensus site (TTTCGCGC; Fig. 2, B–D;
Supplemental Table S1) eliminated the specific com-
plex, but the yield of preformed complexes was unaf-
fected when the reaction was performed with a mutated
version of the consensus sequence (TTTCGATC; Fig. 2,
B–D; Supplemental Table S1). Therefore, E2F members
of the two groups are able to bind in vitro to each of the
three sites analyzed, suggesting that these transcription
factors could regulate the in vivo expression of both
genes.
To test this hypothesis, we used a set of transgenic

Arabidopsis seedlings with altered E2F expression
(Ramirez-Parra and Gutierrez, 2007) and analyzed
ASF1A and ASF1B mRNA levels in these plants by
quantitative reverse transcription-PCR (qRT-PCR;
Supplemental Table S2). CELL DIVISION CYCLE 6a
(CDC6a; At2g29680), a well-characterized E2F target
gene (Castellano et al., 2001), was used as a positive
control. Figure 3A shows increases in both ASF1A and
ASF1B transcript levels in plants that overexpress
E2Fa, E2Fb, and E2Ff/DEL3. Overexpression of the
transcriptional repressor E2Fc contributed to repress

the expression of both ASF1A and ASF1B genes.
Moreover, mRNA levels for ASF1B are also increased
in plants that overexpress the atypical E2Fs: E2Fd/
DEL2 and E2Fe/DEL1 (Fig. 3A). It is interesting that
the ASF1B levels were always higher than those of
ASF1A in all the transgenic plants analyzed (Fig. 3A).

Finally, ASF1A and ASF1B transcript levels were
analyzed in plants overexpressing RepA, a viral pro-
tein that increases endogenous E2F activity by inacti-
vating the RBR protein through physical interaction,
and in plants overexpressing a mutated version of the
RepA protein (RepA E198K), in which RBR interaction
is abolished (Desvoyes et al., 2006). Figure 3B shows
that ASF1B mRNA levels are higher in the RepA-
expressing plants relative to the RepA mutant plants,
while ASF1A levels are similar in both plants.

In addition, chromatin immunoprecipitation (ChIP)
experiments were performed using commercial anti-
bodies that recognize hemagglutinin (HA) or anti-myc
antibodies with transgenic Arabidopsis plants that
overexpress HA-E2Fe (E2FeOE), HA-E2Ff (E2Ff OE;
Ramirez-Parra et al., 2004), or myc-E2Fd (E2FdOE;
Ramirez-Parra and Gutierrez, 2007) fusion proteins.
We chose to use these plants because (1) they show
high induction (Fig. 3A), (2) these E2Fs do not need a
DP, and (3) they do not interact with RBR, which may
simplify the interpretation of data (Mariconti et al.,
2002; Lammens et al., 2008). Arabidopsis wild-type
plants were used as a negative control. Genomic
immunoprecipitated DNA was screened by PCR for
the presence of promoter regions of ASF1A and

Figure 2. E2F in vitro binding to ASF1A and ASF1B proximal promoters. A, Schemes of the ASF1A and ASF1B proximal
promoters showing the positions and sequences of E2F-binding sites. B to D, EMSA analysis of protein-DNA complexes per-
formed with recombinant E2Fa/DPa, E2Fe, and E2Ff proteins and a fragment of the promoter containing the E2F sites as a probe.
B, Site at 2330 bp from the ATG translation start codon of the ASF1A promoter. C, Site at 2138 bp from the ATG translation
start codon of the ASF1B promoter. D, Site at 2276 bp from the ATG translation start codon of the ASF1B promoter. Lane 1, free
probe; lanes 2 to 4, binding of E2Fa/DPa, E2Fe, and E2Ff, respectively, to the promoter; lanes 5 to 7, protein-DNA complexes
were competed out with a 100-fold molar excess of unlabeled oligonucleotide containing a consensus E2F site (wild type
[WT]); lanes 8 to 10, specific protein-DNA binding was challenged with a 100-fold molar excess of a mutated oligonucleotide
(Mut).
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ASF1B. Primers for the promoter region of ACTIN2
(ACT2; At3g18780), a non-E2F-regulated gene, were
used as a negative control, while primers designed
to amplify a promoter region of the MCM3 gene
(At5g46280), which is regulated by E2F factors (Stevens
et al., 2002), were used as a positive control (Supplemental
Table S3). After 34 PCR cycles, total input DNA from
sonicated nuclei generated positive amplification sig-
nals with all the primers used (Fig. 3C). Likewise,
promoter fragments of ASF1A and ASF1B and the
positive control MCM3 that contains E2F-binding sites
were significantly amplified from the anti-HA im-
munoprecipitates of E2Ff OE and E2FeOE plant extracts
and from the anti-myc immunoprecipitates of E2FdOE

extract (Fig. 3C). However, no or very low amplifi-
cation was obtained when primers specific for the

promoter of ACT2 were used (Fig. 3C). Taken to-
gether, these results demonstrate that E2F family
members can bind to both ASF1A and ASF1B pro-
moters in vitro and in vivo and regulate the expres-
sion of both genes.

To further validate the cell cycle regulation of
ASF1A and ASF1B, their expression was investigated
in microarray data generated using the Genevestigator
tool package. Data were obtained from experiments
done using Arabidopsis cultured cells synchronized by
Suc starvation for 24 h (Hennig et al., 2003). Samples
were collected at the indicated times after release from
the Suc block (Supplemental Fig. S1). ASF1A and, in
particular, ASF1B transcript levels were compared
at each time, together with MCM3 and CYCB1.4
(At2g26760), as markers for up-regulated genes at the

Figure 3. E2F-regulated expression of ASF1A and
ASF1B genes. A, Expression levels of ASF1A, ASF1B,
and CDC6 genes determined by qRT-PCR analysis in
transgenic plants overexpressing each of the six
Arabidopsis E2F transcription factors (E2FOE). Mea-
surements are relative to the amount in wild-type
(WT) plants. Asterisks indicate statistical differences
applying Student’s t test (P , 0.05). B, Relative ex-
pression levels of ASF1A, ASF1B, and CDC6 genes
determined by qRT-PCR analysis in transgenic plants
overexpressing RepA protein compared with plants
overexpressing RepA-E198K protein. C, ChIP assays
using anti-myc or anti-HA antibodies with nuclei
prepared fromwild-type or transgenic plants expressing
myc-E2Fd, HA-E2Fe, or HA-E2Ff. The immunoprecip-
itates and input DNA before immunoprecipitation
were analyzed by PCR for the presence of promoter
sequences of ASF1A and ASF1B; ACT2, a control gene
that is not regulated by E2F factors; and MCM3, a
control gene that is regulated by E2F factors. Three PCR
experiments were done with each sample.
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G1/S and G2/M transitions, respectively, and with
ACT2, which remains constant during the cell cycle.
These results demonstrate that both ASF1A and ASF1B
are regulated during the cell cycle and show higher
expression during S phase (Supplemental Fig. S1).
These results are consistent with these genes being
targets of E2F transcription factors.

Transgenic Plants with Decreased ASF1A and ASF1B
mRNA Levels Show Decreased Rosette Area Compared
with Wild-Type Plants

To gain insight into AtASF1A and AtASF1B func-
tion, seeds of RNAi plants with decreased levels of
both ASF1A and ASF1B (lines CS3995, CS3996, and
CS30921) were obtained from the Plant Chromatin
Consortium (http://www.chromdb.org). By qRT-PCR,
we found that the expression of ASF1A is decreased
about 3-fold in three independent transgenic lines (Fig.
4A), while ASF1B is decreased about 10-fold (Fig. 4B).
It is interesting that the RNAi construction was made
to target ASF1B; however, as the sequences of both
genes are highly similar (Zhu et al., 2011), the RNAi
construct is able to silence both genes, at least partially.
Figure 4, C and D, shows that RNAi transgenic plants
show decreased rosette area compared with wild-type
plants, indicating probable defects in cell proliferation
or cell expansion. Interestingly, Zhu et al. (2011) pre-
viously reported that loss of function of either
AtASF1A or AtASF1B did not show obvious defects,

but the average surface area of leaf blade of the double
mutant asf1a/asf1b was about 60% of that of the wild
type because of a reduction in the numbers of palisade
and pavement cells, S-phase delay/arrest, and reduced
polyploidy levels, suggesting that ASF1 proteins are
involved in the control of cell cycle progress.

ASF1 Interacts with Acetylated H3 and H4 Histones and
with HAM1/HAM2 Histone Acetylase

Histone acetylation is mediated by histone acetyl-
transferases/deacetylases. In Arabidopsis, there are
four different families of histone acetyltransferases
and three families of histone deacetylases (Pandey et al.,
2002). The histone acetyltransferase families (http://
www.chromdb.org) include the p300/CREB-binding
protein family (HAC; five genes), the GCN5-related
N-terminal acetyltransferase superfamily (HAG; three
genes), the TAFII250 family (for TATA-binding protein-
associated factors; HAF; two genes), and the MYST (for
MOZ, Ybf2/Sas3, Sas2, and TIP60) family (HAM; two
genes). Each of these enzymes can acetylate different
amino acid residues of the histones, giving them spec-
ificity. In humans, the best characterized member of the
MYST family is TIP60. TIP60 has important roles during
DNA repair, gene transactivation in response to DNA
damage, and, more importantly, histone H4 acetylation
when DNA is damaged (Squatrito et al., 2006). In addi-
tion, TIP60 not only acetylates histones but also nonhis-
tone proteins, such as the ATM kinase, a key regulator of

Figure 4. A and B, Relative transcript levels of
Arabidopsis ASF1A (A) and ASF1B (B) measured
by qRT-PCR in wild-type (WT) plants (Wassi-
lewskija [Ws-2]) and in asf1a/asf1b RNAi trans-
genic plants (lines CS3995, CS3996, and CS30921).
C and D, Comparison of the rosette area in wild-
type and asf1a/asf1b RNAi transgenic plants from 16
to 19 DAS. Asterisks indicate the statistical differ-
ences applying Student’s t test (P , 0.05). [See
online article for color version of this figure.]
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the DNA double-strand break (DSB) repair pathway
and checkpoint activation (Sun et al., 2010).

A physical interaction in yeast between Asf1 and
SAS2, a member of the MYST subfamily of acetyl-
transferase (Osada et al., 2001), has been reported
previously. To further investigate these observations in
plants, we carried out coimmunoprecipitation experi-
ments using commercial antibodies against human
ASF1A + ASF1B proteins (ABCAM ab53608). These
antibodies recognized a unique band when western
blot analysis was performed with Escherichia coli crude
protein extracts expressing the recombinant GST-
ASF1A fusion protein (Fig. 5A). Figure 5B shows that
ASF1 proteins coimmunoprecipitated with N-terminal
acetylated forms of H3 and H4 histones. These results

validate the proposed function of AtASF1 as a histone-
binding protein.

Next, we analyzed the interaction of ASF1 proteins
with the Arabidopsis TIP60 homologs HAM1 and
HAM2. Figure 5B shows that ASF1 binds in vivo to a
protein with the predicted molecular mass of HAM1/
HAM2. This interaction was also observed when
coimmunoprecipitation was carried out using an-
tibodies against human TIP60 protein (ABCAM
ab23886), and immunoblotting was revealed using
the anti-ASF1 antibodies (Fig. 5C). Thus, these results
confirm the physical interaction between ASF1 and
N-terminal acetylated histones H3 and H4 and HAM
in plants.

ASF1A and ASF1B Expression Is Induced by UV-B
Radiation through E2F Transcription Factors, and Both
Proteins Participate in UV-B-Induced DNADamage Repair

In plants, E2F factors contribute to the tran-
scriptional induction of genes upon DNA damage
(Mariconti et al., 2002; Shen, 2002; Ramirez-Parra and
Gutierrez, 2007; Lincker et al., 2008). In addition,
chromatin remodeling-deficient plants show increased
DNA damage by UV-B (Campi et al., 2012). Thus, it is
possible that AtASF1 proteins may have a role during
DNA damage and repair. To investigate if this is the
case, we focused on the potential role of AtASF1 pro-
teins in the UV-B-induced DNA damage response
pathway in plants. We first analyzed their expression
after UV-B by qRT-PCR analysis in plants exposed
under UV-B lamps for 4 h (2 W m22) in growth
chamber conditions. After the treatment, rosettes from
plants at 11, 16, 19, and 28 d after sowing (DAS) were
collected for RNA extraction. Figure 6, A and B, shows
that ASF1A and ASF1B transcript levels significantly
increased after UV-B irradiation. Moreover, transgenic
plants expressing GUS under the control of the ASF1A
and ASF1B promoters also show differences in the
intensity of GUS histochemical staining after UV-B
treatment (Supplemental Fig. S2).

To further analyze the presence of acetylated his-
tones H3 and H4 in ASF1A and ASF1B promoters after
irradiation with UV-B, we carried out ChIP assays.
Previously, we demonstrated that acetylated histones,
typical marks of transcriptionally active chromatin,
contribute to the transcriptional response to UV-B
(Casati et al., 2008, Qüesta et al., 2010). In maize (Zea
mays), UV-B-tolerant lines exhibit greater acetylation
on N-terminal tails of histones H3 and H4 after irra-
diation, and these acetylated histones are enriched
in the promoter and transcribed regions of UV-B-
up-regulated genes. Thus, ChIP analysis was performed
using commercially available antibodies specific for
acetylated Lys residues in the N-terminal tails of his-
tones H3 and H4. DNA recovered after immunopre-
cipitation was screened via quantitative PCR (qPCR)
for the presence of promoter regions of ASF1A and
ASF1B (2533 to +71 and 2532 to +80 from the ATG

Figure 5. A, Western-blot analysis using anti-ASF1 antibodies and
E. coli protein extracts expressing GST-ASF1A fusion protein (+). As a
control, an E. coli protein extract before induction was used (2). B and
C, Coimmunoprecipitation experiments using anti-ASF1 (B) or anti-
HAM (C) antibodies. As a control, a nuclear protein extract not incu-
bated with any antibody was used (2). Western blots were developed
using anti-N-terminal acetylated H3 (AcH3) or H4 (AcH4) or anti-TIP60
(HAM1/HAM2) antibodies. Prestained molecular weight markers (MWM)
and their corresponding molecular masses are included at the right side
of each gel.
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translation start sites, respectively). qRT-PCR was also
performed with samples incubated in the absence of
antibody to evaluate nonspecific binding. All ChIP
samples were normalized to total input DNA from
sonicated nuclei for determining the selective recovery

of gene segments. Figure 6C shows that promoter re-
gions of both ASF1A and ASF1B were enriched sig-
nificantly in the fractions immunoprecipitated with
anti-acetylated H3 and anti-acetylated H4 from UV-
B-irradiated samples Therefore, the increase in H3

Figure 6. UV-B-regulated expression of ASF1A and ASF1B genes. A and B, Relative expression levels of ASF1A (A) and ASF1B
(B) were determined by qRT-PCR analysis. Arabidopsis seedlings at 11, 16, 19, and 28 DAS were irradiated with a 4-h UV-B
treatment or kept under control conditions without UV-B. Each reaction was normalized using the cycle threshold values
corresponding to the CPK3 transcript, which is not regulated by UV-B. Asterisks indicate the statistical differences applying
Student’s t test (P , 0.05). C, ChIP assays performed using anti-N-terminal acetylated H3 (AcH3) or H4 (AcH4) antibodies and
nuclei prepared from wild-type seedlings after a 4-h UV-B treatment or kept under control conditions without UV-B. Immu-
noprecipitated and input DNA before immunoprecipitation were analyzed for the presence of ASF1A and ASF1B promoter
sequences. Three PCR experiments were carried out with each sample. Asterisks indicate statistical differences applying Stu-
dent’s t test (P , 0.05). D, UV-B-regulated expression of the E2F genes. Wild-type plants (Wassilewskija [Ws-2]) were irradiated
with UV-B light for 4 h or kept under control conditions as indicated in “Materials and Methods.” Expression levels of UV-B-
irradiated versus control samples were determined by qRT-PCR analysis. Data show mean values 6 SD of at least three inde-
pendent experiments. Asterisks indicate statistical differences applying Student’s t test (P , 0.05). E, CPD levels in the DNA of
wild-type and asf1a/asf1b RNAi transgenic seedlings (CS3995 line) under control conditions without UV-B immediately after or
2 h after a 4-h UV-B treatment. Experiments were done under conditions that allowed photorepair in the light or under dark
conditions. CPD levels are indicated as integrated optical density (IOD) values. Results represent averages 6 SE of three in-
dependent biological replicates. F, Relative expression of UVR2, UVR3, and UVR7 transcripts by qRT-PCR. Wild-type and
asf1a/asf1b RNAi transgenic (CS3995 line) seedlings were irradiated with UV-B for 4 h or kept under control conditions without
UV-B. Data show mean values 6 SD of at least three independent experiments. For each transcript analyzed, different letters
indicate significant statistical differences (P , 0.05).
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and H4 acetylation at the promoter region correlates
with the increase in ASF1A and ASF1B transcript
abundance.

In parallel, the regulation of different E2F factors by
UV-B radiation was analyzed to determine if UV-B
induction of ASF1A and ASF1B could be mediated, at
least in part, by one or more of these transcription
factors. For these experiments, 12-DAS wild-type
Arabidopsis seedlings were irradiated with UV-B
during 4 h, and mRNA levels of E2F factors were
assayed under control conditions and after the differ-
ent UV-B treatments. Figure 6D shows that E2Fa, E2Fb,
E2Fc, and E2Fd are induced after 4 h of UV-B. How-
ever, E2Fe and E2Ff are not regulated by this radiation.
Therefore, UV-B regulation of ASF1A and ASF1B may
be mediated by some or all of the UV-B-regulated E2F
transcription factors.

To investigate the hypothesis that ASF1 proteins
participate in DNA damage repair by UV-B radiation,
we grew Arabidopsis wild-type and RNAi transgenic
plants in the growth chamber in the absence of UV-B
for 12 DAS. Plants were then exposed for 4 h to UV-B
radiation (2 W m22), both under light conditions that
allow photoreactivation (light) or in the absence of
white light to analyze dark repair (dark). As a control,
different plants were irradiated with the same lamps
covered with a polyester plastic that absorbs UV-B (see
“Materials and Methods”). Leaf samples from control
and treated plants maintained under light and dark
conditions were collected immediately or 2 h after the
end of the UV-B treatment, DNA was extracted, and
the CPD accumulation was compared in the RNAi
plants relative to that in wild-type plants using mono-
clonal antibodies specifically raised against them. A
comparison of the CPD accumulation in samples from
wild-type and RNAi plants after the different UV-B
treatments and in control conditions in the absence
of UV-B, as described in “Materials and Methods,” is
shown in Figure 6E. In the absence of UV-B, the
steady-state levels of CPDs in wild-type and RNAi
plants were similar. However, after 4 h of exposure to
UV-B radiation, more unrepaired lesions accumulated
in the RNAi plants than in wild-type plants when
plants were irradiated with UV-B in the presence of
white light (Fig. 6E). This difference was not observed
when plants were kept under dark conditions. The
same results were obtained after 2 h of recovery in the
absence of UV-B. Although photoreactivation is evi-
dent in both wild-type and RNAi plants after 2 h of
recovery in the light, the RNAi plants still show more
CPDs than the wild-type plants (Fig. 6E). On the other
hand, CPD accumulation under dark conditions was
similar in both plants. Therefore, this result demon-
strates that the photorepair of UV-B-induced DNA
lesions is less efficient in plants that are deficient in the
expression of both ASF1A and ASF1B, while dark re-
pair is not affected in the RNAi plants.

To discard the possibility that decreased expression
of ASF1A and ASF1B genes may be affecting the ex-
pression of DNA repair enzymes of other repair

systems, UVR2 (encoding a CPD photolyase; At1g12370),
UVR3 (encoding a 6-4 photoproduct photolyase;
At3g15620), and UVR7 (encoding ERCC1, a DNA ex-
cision repair protein of the nucleotide excision repair
system; At3g05210) transcript levels were analyzed by
qRT-PCR in wild-type and RNAi plants. Similar levels
of both transcripts were measured in wild-type and
transgenic plants, both under control conditions and
after the 4-h UV-B treatment (Fig. 6F). These results
indicate that major CPD removal mechanisms are
unaffected in mutant plants. Collectively, these results
suggest that ASF1 activities participate in CPD pho-
torepair in Arabidopsis, because in the RNAi plants,
chromatin is more accessible to damage accumulation,
and not because ASF1 proteins regulate the expression
of repair enzymes.

DISCUSSION

The deposition of histones H3/H4 onto DNA to give
the tetrasome, and the removal of H3/H4 from DNA,
are the first and the last steps in nucleosome assembly
and disassembly, respectively. ASF1 has been shown
to be an H3/H4 chaperone that functions in both of
these processes in yeast and other eukaryotes (Yuan
and Zhu, 2012). In yeast, it was demonstrated that
Asf1 shields H3/H4 from unfavorable DNA interac-
tions and aids the formation of favorable histone-DNA
interactions through the formation of disomes (Donham
et al., 2011). In addition, yeast cells lacking Asf1
display an increased frequency of genome instability
and spontaneous genome rearrangement (Myung
et al., 2003; Prado et al., 2004; Ramey et al., 2004). ASF1
is also required to efficiently complete DNA replica-
tion in the presence of DNA-damaging agents or
compromised replication machinery (Franco et al.,
2005). In Drosophila melanogaster, ASF1 was shown to
assemble chromatin onto newly replicated DNA in
vitro in synergy with CAF1 (Tyler et al., 1999) and to
colocalize with active replication forks (Schulz and
Tyler, 2006). Even though information on Arabidopsis
ASF1 is limited, the results obtained so far suggest that
this histone chaperone is involved in cell cycle regu-
lation. In this species, loss of function of the two
Arabidopsis ASF1 genes, AtASF1A and AtASF1B,
caused S-phase delay/arrest and an increased level of
DNA damage (Zhu et al., 2011). Even more, it was
demonstrated that ASF1B is a target of TOUSLED cell
cycle-related kinase (Ehsan et al., 2004). In this work,
we provide new evidence that the expression of ASF1
proteins is coordinated with cell cycle progression and
participates in UV-induced DNA damage repair in
Arabidopsis plants. Here, we first constructed trans-
genic plants expressing the GUS reporter gene directed
by ASF1A and ASF1B basal promoters. The results
show that both ASF1A and ASF1B proteins are mainly
localized in proliferative tissues (Fig. 1) and that their
expression is redundant, thus suggesting that both
proteins have a role during cell proliferation.
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We then investigated the regulation of ASF1 genes
by E2F transcription factors, which are key compo-
nents of the RBR/E2F pathway that controls cell cycle
transitions in multicellular organisms, including plants
(Gutierrez et al., 2002). Our experiments show that
ASF1A and ASF1B are targets of these transcription
factors, both in vitro and in vivo. First, we demon-
strated by both EMSA and ChIP analysis that E2F
factors bind to ASF1A and ASF1B promoters; second,
transgenic plants that overexpress different E2F factors
show altered levels of both ASF1A and ASF1B tran-
scripts. Both ASF1A and ASF1B have been previously
identified as putative targets of the E2F transcription
factors (Vandepoele et al., 2005). The ASF1A promoter
has one E2F-binding sequence in its basal promoter,
while ASF1B has two E2F-binding sites (Fig. 2A). All
three of these sites were shown to be bound in vitro by
E2Fa-DPa, E2Fe/DEL1, and E2Ff/DEL3 (Fig. 2, B and C).
On the contrary, both ASF1A and ASF1B show de-
creased expression in plants overexpressing E2Fc,
similar to the E2F-regulated gene CDC6a (Fig. 3A).
Arabidopsis E2Fa transcripts peak shortly before the S
phase, while E2Fb mRNAs are higher at the G1/S
transition. Both E2Fc and E2Fd increase during the
progression into S phase and show maximum ex-
pression after the passage into G2, while E2Fe and E2Ff
are expressed at the G1/S and S/G2 transitions
(Mariconti et al., 2002). Therefore, our results suggest
that E2F transcription factors regulate the expression
of ASF1A and ASF1B genes through cell cycle pro-
gression.
We have confirmed that ASF1 interacts with histone

H3, as reported previously (Fig. 4; Zhu et al., 2011). In
addition, we here demonstrate that ASF1 proteins bind
to the acetylated form of this histone and also with the
N-terminal acetylated histone H4. In yeast, it was
reported that Asf1 is required for the acetylation of
Lys-9 and Lys-56 (K56), and newly synthesized H3
K56 modification is predicted to contribute to chro-
matin assembly (Masumoto et al., 2005; Xu et al.,
2005). In addition, Adkins et al. (2007) previously
proposed that Asf1 presents the newly synthesized H3
K56 for acetylation by the histone acetyltransferase
Gcn5 prior to chromatin assembly.
On the other hand, in this species, Asf1 functions

with a Clr6 histone deacetylase complex to silence
heterochromatic repeats by promoting histone deace-
tylation (Yamane et al., 2011). Therefore, yeast Asf1
has a role both in histone acetylation and deacetyla-
tion. Thus, it is possible that this role may also be
conserved in plants. We also found that ASF1 binds to
Arabidopsis HAM1/HAM2 acetyltransferases in vivo
(Fig. 5). In yeast, it was also demonstrated that Asf1
interacts with a SAS complex, which is a member of
the MYST acetyltransferase family (Osada et al., 2001).
In this species, the SAS complex promotes silencing at
telomeres, providing evidence for an important role of
the acetyltransferase activity of the SAS complex in
silencing. Even more, yeast asf1 mutants show si-
lencing defects similar to mutants in the SAS complex

(Osada et al., 2001). Thus, Asf1-dependent chromatin
assembly may mediate the silencing role of the SAS
complex. On the other hand, TIP60 interacts in various
eukaryotes with multiple protein partners besides
histones and promotes their acetylation. In this way,
TIP60 is a highly connecting protein, controlling the
acetylation of a wide range of cellular proteins that are
required to maintain cell viability (for review, see
Sun et al., 2010). One substrate of TIP60 is the ATM
protein kinase, which is a key regulator of the DSB
repair pathway. Following DSB production, inactive
ATM-Tip60 complex is recruited to the DSB by the
mre11-rad50-nbs1 complex. Tip60 chromodomain then
interacts with histone H3 trimethylated on Lys-9,
activating Tip60 acetyltransferase activity and stimu-
lating the subsequent acetylation and activation of
ATM kinase activity. Active ATM kinase phosphory-
lates proteins involved in both checkpoint activation
and DNA repair. Thus, chromatin structure regulates
DNA damage signaling and histone modifications
coordinate DNA repair (Sun et al., 2010). In accordance
with these data, plant ham1 and ham2 mutants show
increased DNA damage after UV-B irradiation (Campi
et al., 2012). Therefore, the interaction between ASF1
and HAM proteins may be crucial to regulate cell cycle
progression after a genotoxic stress.

Both ASF1A and ASF1B transcripts are increased
following UV-B treatment, and this UV-B regulation
may be, at least in part, mediated by some E2F factors,
as E2Fa, E2Fb, E2Fc, and E2Fd mRNAs are rapidly
increased by our UV-B treatment (Fig. 6D). In this
respect, transgenic plants with decreased transcript
levels of both ASF1A and ASF1B accumulate more
DNA damage after UV-B exposure compared with
wild-type plants at the seedling stage (Fig. 6D). Our
results also demonstrate that the photorepair of UV-
B-induced DNA lesions is less efficient in plants that
are deficient in the expression of both ASF1A and
ASF1B, while dark repair is not affected in the RNAi
plants. Moreover, we here demonstrate that major
CPD removal mechanisms are unaffected in mutant
plants, suggesting that ASF1 activities participate in
CPD photorepair in Arabidopsis, because in the RNAi
plants, chromatin is more accessible to damage accu-
mulation, and not because ASF1 proteins regulate the
expression of repair enzymes. In yeast, Asf1 and the
checkpoint kinase Rad53 are found in a complex in
budding yeast cells in the absence of genotoxic stress
(Jiao et al., 2012). Upon replication stress caused by
hydroxyurea, the Asf1-Rad53 complex dissociates,
suggesting that the complex is regulated by genotoxic
stress conditions (Jiao et al., 2012). In addition, Asf1 is
important for the transcriptional derepression of two
DNA damage response genes during the S phase in
response to hydroxyurea (Minard et al., 2011). The
contribution of Asf1 to DNA damage response gene
derepression depends on its ability to stimulate H3
K56 acetylation by the Lys acetyltransferase Rtt109
(Minard et al., 2011). In addition, as mentioned earlier,
in Arabidopsis, ASF1B is phosphorylated by the
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TOUSLED protein kinase (Ehsan et al., 2004). Arabi-
dopsis tls mutants are highly sensitive to genotoxic
stress, including UV-B radiation (Wang et al., 2007).
Even more, in humans, Sen and De Benedetti (2006)
provided evidence that TLK1B protects against UV
radiation via Asf1-mediated chromatin assembly at
the sites of UV damage. Therefore, the participation
of ASF1 proteins in DNA damage responses seems to
be a mechanism to prevent cell cycle progression
when damaged DNA accumulates, and this partici-
pation is probably regulated by the action of UV-B-
regulated E2F transcription factors. In this way,
organisms may adapt to environmentally harsh
conditions by cell cycle reprogramming to ensure
optimal growth.

In conclusion, in this work, we provide new evi-
dence of the regulation of AtASF1A and AtASF1B by
E2F factors and DNA damage. Our analysis shows
that ASF1A and ASF1B are targets of the E2F tran-
scription factors. In addition, we demonstrate that
both ASF1A and ASF1B transcripts are present in
proliferative tissues and are increased by UV-B irra-
diation in this species. We also observed that UV-
B induced the accumulation of CPDs in asf1a/asf1b
RNAi transgenic plants relative to wild-type plants.
Finally, we found physical interaction between ASF1,
N-terminal acetylated histones H3 and H4, and HAM
acetyltransferases, proteins known to be involved in
cell cycle control and DNA repair, among other func-
tions. Together, our data provide evidence that both
ASF1A and ASF1B proteins are regulated during cell
cycle progression and participate in UV-induced DNA
damage response.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana Columbia ecotype) seeds were sown on
soil and placed at 4°C in the dark. After 3 d, pots were transferred to a
greenhouse and plants were grown at 22°C under a 16-h/8-h light/dark re-
gime. For in vitro growth of plants, seeds were sterilized and incubated at 4°C
for 72 h before plating on Murashige and Skoog salt medium supplemented
with 1.5% (w/v) Suc and 0.8% (w/v) agar.

RNAi lines (CS3995, CS3996, and CS30921) were obtained from the Arabi-
dopsis Biological Resource Center. These lines confer silencing to the ASF1B
target gene. Specific reduction of target mRNA was measured by qRT-PCR.
Arabidopsis ecotype Wassilewskija was the background used for assays using
RNAi lines. We also used plants expressing the geminivirus RepA, either the
wild type or the E198K point mutant that abolishes interaction with RBR
(Desvoyes et al., 2006), and plants with altered levels of different E2Fs
(Ramirez-Parra and Gutierrez, 2007).

For expression analysis, a 780-bp region containing the AtASF1B promoter
or a 655-bp region containing the AtASF1A promoter was amplified by PCR
(using primers shown in Supplemental Table S4) and fused to the GUS
coding sequence in pBI101.1 vectors (Jefferson et al., 1987). These fusion
constructs (pAT-ASF1A:GUS and pAT-ASF1B:GUS) were transformed in
Arabidopsis (Columbia ecotype) plants using Agrobacterium tumefaciens
C58CRifR by the floral dip method (Clough and Bent, 1998). Transformed
seedlings (T0 generation) were selected on Murashige and Skoog agar plates
containing 50 mg mL21 kanamycin and transferred to soil. T2 homozygous
plants were selected for further analysis. Histochemical detection of GUS
activity was carried out using 5-bromo-4-chloro-3-indolyl-b-D-glucuronide
(Jefferson et al., 1987).

EMSAs

DNA-binding assays were performed as described previously (Ramirez-
Parra and Gutierrez, 2000). Briefly, reactions (20 mL) contained 20 mM HEPES,
pH 7.9, 12% (v/v) glycerol, 50 mM KCl, 1 mM dithiothreitol, 1 mM EDTA, 1 mM

MgCl2, double-stranded oligonucleotides containing E2F sites as probes
(Supplemental Table S1), 1 mg of salmon sperm DNA as nonspecific com-
petitor, and 200 ng of E2F proteins, as indicated. Proteins were obtained as
described previously (Ramirez-Parra and Gutierrez, 2000). For competition
experiments, 100-fold annealed unlabeled probe or unlabeled mutated probe
(Supplemental Table S1) was included in the reactions. After incubation at 4°C
for 20 min, DNA-protein complexes were loaded onto 4% native polyacryla-
mide gels and electrophoresed in 0.53 Tris-borate/EDTA buffer. Labeled
DNA-protein complexes were visualized by autoradiography.

qRT-PCR

Total RNA was isolated from about 100 mg of tissue using the TRIzol
reagent (Invitrogen) as described by the manufacturer’s protocol. The RNA
was incubated with RNase-free DNase I (1 unit mL21) following the protocol
provided by the manufacturer to remove possible genomic DNA. Then, RNA
was reverse transcribed into first-strand complementary DNA using Super-
Script II reverse transcriptase (Invitrogen) and oligo(dT) as a primer. The re-
sultant complementary DNA was used as a template for qPCR amplification
in a MiniOPTICON2 apparatus (Bio-Rad), using the intercalation dye SYBR
Green I (Invitrogen) as a fluorescent reporter and Platinum Taq DNA Poly-
merase (Invitrogen). Primers for each of the genes under study were designed
using the PRIMER3 software (Rozen and Skaletsky, 2000) in order to amplify
unique 150- to 250-bp products (Supplemental Table S2). Amplification con-
ditions were carried out under the following conditions: 2 min of denaturation
at 94°C; 40 to 45 cycles at 94°C for 15 s, 57°C for 20 s, and 72°C for 20 s;
followed by a 10-min extension at 72°C. Three replicates were performed for
each sample. Melting curves for each PCR were determined by measuring the
decrease of fluorescence with increasing temperature (from 65°C to 98°C).
PCR products were run on a 2% (w/v) agarose gel to confirm the size of the
amplification products and to verify the presence of a unique PCR product.
Gene expression was normalized to Arabidopsis ACT8 (At1g49240) or
Calcium-Dependent Protein Kinase3 (CPK3; At4g23650). The expression of CPK3
has been reported previously to remain unchanged by UV-B (Casati and
Walbot, 2004b; Ulm et al., 2004).

UV-B Irradiation Treatments

For analysis of gene expression, DNA damage, and ChIP experiments,
Arabidopsis plants were exposed for 4 h to UV-B radiation from UV-B bulbs
(Bio-Rad) in a growth chamber. UV-B lamps were covered with cellulose acetate
filters (100-mm extra clear cellulose acetate plastic; Tap Plastics) and placed 30 cm
above the plants in order to only exclude UV-C but not remove UV-B and UV-A
radiation from the spectrum. The UV intensities measured with a UV-B/UV-A
radiometer (UV203 AB radiometer; Macam Photometrics) were 2 and 0.65 Wm22

for UV-B and UV-A, respectively. Control plants (without supplemental UV-B
radiation) were exposed for the same period of time to light sources described
above but covered with polyester filters (100-mm clear polyester plastic; Tap
Plastics). This polyester filter absorbs both UV-B (0.04 W m22) and wavelengths
less than 280 nm (UV-A radiation intensity was 0.4 W m22). Immediately after
irradiation, samples from at least three independent biological replicates were
collected, frozen in liquid nitrogen, and stored at –70°C.

DNA Damage Analysis

CPD accumulation was measured as described previously (Lario et al.,
2011). For the assay, leaf samples of 12 DAS were used. Samples were col-
lected from control and UV-B-treated plants. UV-B treatments were performed
both under light and dark conditions; plants irradiated under dark conditions
were allowed to recover for 2 h under light or dark conditions. After the
different treatments, plant samples (0.1 g) were collected, immediately im-
mersed in liquid nitrogen, and stored at 270°C. DNA was extracted by a
modified cetyl-trimetyl-ammonium bromide method, denatured in 0.3 M

NaOH for 10 min, and 6-fold dot blotted onto a nylon membrane (Perkin-
Elmer Life Sciences). The membrane was incubated for 2 h at 80°C and then
blocked in Tris-buffered saline (TBS; 20 mM Tris-HCl, pH 7.6, 137 mM NaCl)
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containing 5% (w/v) dried milk for 1 h at room temperature. The blot was
then washed with TBS and incubated with TDM-2 (1:2,000 in TBS) overnight
at 4°C with agitation. Monoclonal antibodies specific to CPDs (TDM-2) were
from Cosmo BioCo. Unbound antibody was washed away, and secondary
antibody (Bio-Rad) conjugated to alkaline phosphatase (1:3,000) in TBS was
added. The blot was then washed several times and subsequently developed
with 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium. Quan-
tification was achieved by densitometry of the dot blot using ImageQuant
software version 5.2. DNA concentration was fluorometrically determined us-
ing the Qubit double-stranded DNA assay kit (Invitrogen) and checked on a 1%
(w/v) agarose gel stained with SYBR Safe after quantification.

ChIP Assays

ChIP assays and data analysis were carried out basically as described
previously (Ramirez-Parra et al., 2004). Briefly, whole 12-DAS wild-type or
E2Fd (E2FdOE), E2Fe (E2FeOE), and E2Ff (E2Ff OE) overexpressing plants were
treated with 1% (v/v) formaldehyde under vacuum. Cross-linking reaction
was then stopped with 0.125 M Gly. Nuclei were extracted, lysed in SDS buffer
(50 mM Tris-HCl, pH 8, 10 mM EDTA, and 1% [w/v] SDS), and sonicated to
shear DNA to an average size of 700 to 1,500 bp. Crude chromatin lysates
were precleared with protein G agarose beads (Santa Cruz Biotech), blocked
with salmon sperm DNA, and then incubated overnight at 4°C with anti-
HA (Roche) or anti-myc 9E0 (Santa Cruz Biotech) antibodies, as indicated.
Immunocomplexes were recovered using protein G agarose, extensively
washed, and eluted from beads. Cross links were reversed, and samples were
treated with proteinase K. DNA was then extracted by the phenol/chloroform
method, ethanol precipitated, and resuspended in 50 mL of water. Aliquots
(1 mL) were used for PCR. Sequences of the primers used are shown in
Supplemental Table S3. To measure the levels of acetylation of histones in the
promoter regions of ASF1A and ASF1B upon UV-B treatment, the following
antibodies were used: 4 mL of anti-N-terminal acetylated H4 or 4 mL of anti-
N-terminal acetylated H3 (06-598 and 06-599, respectively; Upstate Biotech-
nology). The antibodies used were previously tested for cross reactivity
against maize (Zea mays) proteins (Casati et al., 2008; Qüesta et al., 2010). Three
biological replicates of ChIP assays were performed from each sample type,
and three qPCR experiments were done with each sample.

lsolation of Nuclei and Coimmunoprecipitation

Nuclei were isolated from 12-DAS wild-type Arabidopsis seedlings es-
sentially as described by Gallagher and Ellis (1982). Seedlings (6 g) were
ground with 25 mL of buffer 1 (0.4 M Suc, 10 mM Tris-HCl, pH 8, 10 mM MgCl2,
5 mM 2-mercaptoethanol, and 0.1 mM phenylmethylsulfonyl fluoride [PMSF])
in liquid nitrogen. The mixture was filtered through four layers of Miracloth
and centrifuged at 5,000g for 20 min at 4°C. The pellet was gently resuspended
in 7 mL of buffer 2 (0.25 M Suc, 10 mM Tris-HCl, pH 8, 10 mM MgCl2, 5 mM

2-mercaptoethanol, 0.1 mM PMSF, and 0.15% [v/v] Triton X-100) and then
centrifuged at 12,000g for 10 min at 4°C. The pellet was resuspended in 4 mL
of buffer 3 (0.44 M Suc, 25 mM Tris-HCl, pH 7.6, 10 mM MgCl2, 10 mM

2-mercaptoethanol, 2.5% [w/v] Ficoll F400, 5% [w/v] dextran T40, and 0.5%
[v/v] Triton X-100) and layered onto a Percoll step gradient consisting of 2 mL
of 40%, 60%, and 80% (v/v) Percoll. Percoll buffer contained 0.44 M Suc, 25 mM

Tris-HCl, pH 7, and 10 mM MgCl2 (buffer 4). After centrifugation at 2,500g for
30 min, nuclei banded at the surface of the Suc pad. Nuclei were then washed
twice with buffer 3 and suspended in buffer 5 (0.44 M Suc, 50 mM Tris-HCl, pH
7.0, 5 mM MgCl2, 10 mM 2-mercaptoethanol, and 20% [v/v] glycerol). After
centrifugation at 12,000g for 10 min, the pellet was resuspended in lysis buffer
(10 mM Tris-HCl, pH 7.5, 1% [v/v] Triton X-100, 500 mM NaCl, 1 mM PMSF,
and 10% [v/v] glycerol) and sonicated. Finally, after centrifugation at 22,000g
for 15 min, the supernatant was frozen at 220°C. For immunoprecipitation
experiments, 250 mL of nuclear extract was combined with 1 mL of anti-ASF1A
+ ASF1B (ABCAM ab53608) or 2 mL of anti-TIP60 (ABCAM ab23886) antibody
and rotated end-over-end at 4°C for 3 h. Protein G-agarose beads (20 mL;
Boehringer Mannheim) were added, and the incubation was continued for 1 h.
Immunocomplexes were washed four times with 1 mL of ice-cold extraction
buffer (100 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% [v/v] Triton X-100, and
1 mM EDTA), resuspended in 50 mL of SDS-PAGE sample buffer (50 mM Tris-
HCl, pH 6.8, 2% [w/v] SDS, 10% [v/v] glycerol, 2 mM b-mercaptoethanol, 12.5
mM EDTA, and 0.02% [w/v] bromphenol blue) heated to 70°C for 5 min, and
analyzed by SDS-PAGE followed by immunodetection according to Burnette
(1981). Commercial IgG fractions were used for the detection of N-terminal

acetylated H4, N-terminal acetylated H3 (06-598 and 06-599, respectively;
Upstate Biotechnology), and HAM. Bound antibodies were visualized by goat
anti-rabbit or anti-mouse IgG conjugated to alkaline phosphatase according to
the manufacturer’s instructions (Bio-Rad). The molecular masses of the poly-
peptides were estimated from a plot of the log of the molecular masses of
marker standards (Bio-Rad) versus migration distance.

Rosette Area Quantification

Approximately, 20 seeds per traywere sown, leaving enough space between
them to avoid superposition during plant growth. A group of 14-DAS plants
were subjected to 4 h of UV-B treatment (2 W m22), and another group was
kept as control plants; after the treatment, all the plants were kept in the
growth chamber under a 16-h/8-h light/dark regime until the end of the
experiment. Every 3 d, photographs were taken and the rosette area of each
plant was measured.

Sequence data from this article can be found in the Arabidopsis Genome
Initiative database under the following loci: At1g66740 (ASF1A), At5g38110
(ASF1B), At2g36010 (E2Fa), At5g22220 (E2Fb), At1g47870 (E2Fc), At5g14960
(E2Fd/DEL2), At3g48160 (E2Fe/DEL1), At3g01330 (E2Ff/DEL3), At3g12280
(RBR), At2g29680 (CDC6a), At4g23650 (CPK3), At3g18780 (ACT2), At5g46280
(MCM3), and At1g49240 (ACT8).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Cell cycle-regulated expression of genes encod-
ing ASF1A and ASF1B.

Supplemental Figure S2. Histochemical localization of GUS activity in
transgenic plants carrying the ASF1A and ASF1B promoters in the ab-
sence and presence of UV-B.

Supplemental Table S1. Gene-specific oligonucleotides used for EMSA.

Supplemental Table S2. Gene-specific oligonucleotides used for qRT-PCR.

Supplemental Table S3. Gene-specific oligonucleotides used for ChIP.

Supplemental Table S4. Gene-specific oligonucleotides used for GUS
assay.
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