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Drosophila p53 Is Required to Increase the Levels of the
dKDM4B Demethylase after UV-induced DNA Damage to
Demethylate Histone H3 Lysine 9™
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Chromatin undergoes a variety of changes in response to UV-
induced DNA damage, including histone acetylation. In human
and Drosophila cells, this response is affected by mutations in
the tumor suppressor p53. In this work, we report that there is a
global decrease in trimethylated Lys-9 in histone H3
(H3K9me3) in salivary gland cells in wild type flies in response
to UV irradiation. In contrast, flies with mutations in the Dmp53
gene have reduced basal levels of H3K9me3, which are then
increased after UV irradiation. The reduction of H3K9me3 in
response to DNA damage occurs preferentially in heterochro-
matin. Our experiments demonstrate that UV irradiation
enhances the levels of Lys-9 demethylase ({IKDM4B) transcript
and protein in wild type flies, but not in Dmp53 mutant flies.
Dmp53 binds to a DNA element in the dKdm4B gene as a
response to UV irradiation. Furthermore, heterozygous mu-
tants for the dKdm4B gene are more sensitive to UV irradiation;
they are deficient in the removal of cyclobutane-pyrimidine
dimers, and the decrease of H3K9me3 levels following DNA
damage is not observed in dKdm4B mutant flies. We propose
that in response to UV irradiation, Dmp53 enhances the expres-
sion of the dKDM4B histone demethylase, which demethylates
H3K9me3 preferentially in heterochromatin regions. This
mechanism appears to be essential for the proper function of the
nucleotide excision repair system.

In eukaryotic cells, the dynamics of chromatin structure play
a central role in all processes involving nuclear DNA, including
transcription, replication, recombination, and repair. It has
been shown that ATP-dependent complexes that alter the
structure and array of nucleosomes, together with complexes
containing enzymes that modify different histone residues, are
the primary modulators of chromatin structure.

The most extensively studied histone modifications in-
clude acetylation, methylation, phosphorylation, ubiquitina-
tion, sumoylation, and ADP-ribosylation (1, 2). It is possible

* This work was supported by funds from PAPIIT/UNAM grant no. IN 20109-3,
Consejo Nacional de Cienciay Tecnologia Grant 48550, and funds from the
Howard Hughes Medical Institute (to M. Z.).

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1-54.

' Supported by a Léreal-Organizacién de las Naciones Unidas para la Educa-
cién, Ciencia y Cultura-Académia Mexicana de Ciencias (UNESCO-AMC)
scholarship.

2To whom correspondence should be addressed. Tel.: 52-555-6227659;
E-mail: marioz@ibt.unam.mx.

31370 JOURNAL OF BIOLOGICAL CHEMISTRY

to correlate the status of the chromatin with the residue that
is modified and the type of modification, in a manner that is
dependent on the specific histone involved. Some histone
modifications are prevalent in heterochromatic regions, and
others are preferentially linked to euchromatin. For instance, in
the case of DNA transcription and replication, it is generally
accepted that relaxed chromatin facilitates the incorporation of
factors that recognize elements in the DNA, allowing multisub-
unit complexes to assemble and achieve these functions. A sim-
ilar situation may occur during DNA repair, because the DNA
repair machinery has to repair DNA in the context of chroma-
tin (3).

DNA damage by UV irradiation in eukaryotic cells is repaired
via the nucleotide excision repair (NER)® mechanism. I vitro
reconstituted assays have demonstrated that removal of a lesion
requires recognition by XPC-HR23b and subsequent unwind-
ing of the DNA duplex by TFIIH (3, 4). The resulting single
strands of DNA are then stabilized by xeroderma pigmentosum
A and replication protein A, and the margins of the resulting
DNA bubble are recognized by XPG and ERCC1-XPF, which
generate 3’ and 5’ incisions on the damaged strand, respectively
(3, 4). However, in vivo, the NER machinery must recognize
DNA damage within the context of chromatin. In the case of
transcribed regions, the chromatin is accessible to the recruit-
ment of the NER machinery without the need for XPC-HR23b,
because a stalled RNA polymerase II is also capable of recruit-
ing the NER factors (3, 4). In silenced chromatin, the DNA-
binding protein complex (DDB) acts in conjunction with XPC-
HR23Db to identify sites of UV damage (5, 6). DDB consists of a
heterodimeric complex of the DDB1 and DDB2 proteins, which
interact with the ubiquitin ligases Cul4A or Cul4B and RBX1,
respectively (7). The DDB1-DDB2-CUL4-RBX1 complex rec-
ognizes UV damage in the chromatin and monoubiquitinates
histone H2A at the sites of UV lesions (7). In addition to H2A
ubiquitination, a complex composed of Cul4-DDB-ROC1
ubiquitinates histones H3 and H4 at the UV-damaged site in
the chromatin (8). Together, these modifications of H3 and H4
weaken the interaction between the histones and the DNA,
facilitating the action of the NER machinery (8).

3 The abbreviations used are: NER, nucleotide excision repair; CPD, cyclobu-
tane-pyrimidine dimer; dKDM4B, Drosophila lysine demethylase 4B;
Dmp53, Drosophila p53; H3K9me3, histone H3 lysine 9 trimethylated;
H3K9Ac, histone H3 lysine 9 acetylated; Hsp70, heat shock protein 70;
Dp53RE, Drosophila p53 response element; DDB, DNA-binding protein
complex; qPCR, quantitative PCR.
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Another histone modification that has been linked to the
response to UV damage is histone acetylation. Acetylation of
histones generates more relaxed and accessible chromatin,
facilitating access by the NER machinery. For example, H3K9
acetylation is increased after UV irradiation. However, in
human cancer cell lines carrying mutations that affect the p53
gene, the basal levels and the increase in H3K9 acetylation are
affected, together with a general increase in histone acetylation
(9, 10). A similar situation has been identified in Drosophila: in
Dmp53 mutant flies, the increase in H3K9 acetylation after UV
irradiation is dramatically affected (11). Thus, in both human
and Drosophila cells, p53 has a direct influence on histone
acetylation in response to UV irradiation.

Another important and highly studied covalent modification
of histones is methylation. Lysine methylation has been impli-
cated in gene regulation and, depending on the residue and
state of methylation (mono-, di-, and trimethylation), has been
recognized as a marker for gene repression or activation (12—
14). Several histone demethylases have recently been discov-
ered. For instance, LSD1 can demethylate mono- and dimeth-
ylated histones H3K4 and H3K9 in a FAD oxidation reaction (15,
16). In addition, a family of histone demethylases containing a
JmjC domain has been identified. This family of proteins can
remove the methyl group from all three stages of methylated
lysines using Fe(II) and a-ketoglutarate as cofactors (17-19).

The effect and role of histone methylation in NER has only
recently been investigated in yeast (20, 21). One study observed
that H3K79me is important for correct action of the NER
mechanism at the HML locus (22). However, the roles of other
methylated histone residues in NER remain completely
unknown.

In this work, we analyze the effect of UV-induced DNA dam-
age on histone H3K9me3 in wild type and Dmp53 mutant Dro-
sophila. Remarkably, Dmp53 is required to enhance the expres-
sion of the H3K9me3 demethylase dKDM4B, which in turn
reduces the levels of this mark preferentially in heterochroma-
tin. This process seems to be essential for the proper action of
the NER mechanism in the fly.

EXPERIMENTAL PROCEDURES

Drosophila Stocks—The wild type strain was OreR. The
Dmp53~ " strain was generated by direct targeting (23). The P
element insertion mutant in EP-KDM4B, EP-Kdm4B%**3'/
CyO, was obtained from Bloomington Stock Center at Indiana
University (stock number 11336).

UV Irradiation—For UV irradiation, the third instar larvae
wild type, Dmp53 null, and EP-Kdm4B°*>3! were collected and
irradiated at UV light 200 J/m? using a UVB Stratalinker 2400
(Stratagene). After irradiation, the larvae were incubated at
25 °C for 30 min, and the salivary glands were dissected in 0.7%
NaCl for polytene chromosomes preparations. Only for smuch
preparations were the salivary glands of WT larvae directly irra-
diated at UV light 100 J/m?, and they were incubated at 25 °C
for 60 min before fixation.

Inmunofluorescence of Polytene Chromosomes and H3K9me3
Quantification—Salivary glands were fixed in solution 1 (PBS,
3.7% paraformaldehyde, and 1% Triton X-100) and then in
solution 2 (3.7% paraformaldehyde, 50% acetic acid). The chro-
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mosomes were spread on poly-L-lysine-coated microscope
slides. Anti-H3K9me3 antibody (Upstate) was used at 1:200,
and anti-Cy3-conjugated secondary antibody (Rockland) was
used at 1:300. The images were taken on a confocal laser scan-
ning microscope (Zeiss LSM 510 META). The pixel intensity
distribution was measured along the chromosomes, using the
photon counting and length profile programs from the confocal
microscope operating system, where the maximum number of
pixels is 256, which represents the maximum accumulation of
target bound to secondary antibody, and the minimum value is
0, which represents the absence of signal.

Statistical Analysis—The statistical analysis was performed
as described in Ref. 11. For chromosome scanning we selected
randomly approximately two-thirds of each genome indepen-
dently of the chromosome arm, obtained in an average of 800
pixels/cell. Atlast 15 genomes were analyzed of each condition.
The values were emptied out in a histogram representing the
pixel arbitrary intensity (0—-256 pixels) against the frequency.
After we calculated the average frequency of each different con-
dition, we performed the X? test, using the Excel program. The
X? test was used to determine whether there was a significant
difference between the frequency distributions. If the p value of
each X? test was <0.05, it was considered that a significant
difference exists between the analyzed samples.

Smuch Nuclei Preparations and Nuclei Immunostainings—For
salivary gland nuclei smuch preparations, we dissected three
pairs of late third instar larval salivary glands in 1X PBS, and
after UV irradiation the tissue was placed on a slide in a drop of
1X PBS, covered with a coverslip, and gently squashed (44). The
nucleus were then fixed in 4% paraformaldehyde in 2% PBST
(PBS with 0.2% of Triton X-100) at 4 °C for 20 min. For washing,
the preparations were immersed in 0.4% PBST for 40 min. After
they were blocked with 1% normal goat serum in 0.4% PBT for
2 h at 4 °C. Staining was performed as in immunofluorescence
of polytene chromosomes, where anti-DmKDM4B was used at
1:50, and anti-CPD (Kamiya labs) was used at 1:25.

Chromatin Immunoprecipitations—The third instar larvae
salivary glands were dissected in ice-cold Roberts buffer (87 mm
NaCl, 3.2 mm KCI, 1.3 mm CaCl,, 1 mm MgCl,, 10 mm HEPES,
pH 7.6), and the salivary glands (~120 pairs) were fixed for 15
min at room temperature in 1 ml of cross-linking solution (1%
formaldehyde/Roberts buffer) with rotation. The reaction was
stopped by washing for 5 min in 1 ml of glycine buffer (125 mm
glycine/Roberts buffer) after the salivary glands were washed
for 5 min in 1 ml of Tris-buffered saline (150 mm NaCl, 20 mm
Tris-HCl, pH 7.6) with rotation. The glands were then resus-
pended in 600 ul of sonication buffer (8 mm KCI, 0.5% Igepal
CA-630, 1% SDS, 10 mm EDTA, pH 8) and sonicated 11 min
(pulsed 11 times for 30 s, paused 30 s) in an Ultrasonic Proces-
sor. The chromatin was precleared in 1 ml of immunoprecipi-
tation buffer (0.01% SDS, 1% Triton X-100, 1 mm EDTA, 15 mm
Tris-HCl, 167 mMm NaCl) with 40 ul of protein A/G beads
(Invitrogen) for 3 h at room temperature. 10% of the chromatin
was taken for input reaction. The anti-H3K9me3 (Upstate),
anti-H3.1 (Upstate), and anti-Dmp53 (Santa Cruz) antibodies
were incubated overnight with rotation at 4 °C. Antibody-chro-
matin complexes were recovered by incubation with 50 ul of
protein A/G beads overnight at 4 °C. The washes were per-
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formed four times for 10 min at room temperature with 1 ml of
radioimmune precipitation assay buffer, 1 ml of high salt buffer,
1 ml of LiCl buffer, and 1 ml of TE buffer. Then the samples
were incubated with RNase A (Sigma) at 2 h, incubated with
proteinase K (Roche Applied Science) at 2 h, and incubated at
65 °C overnight to reversal of cross-linking. Finally the DNA
was extracted with phenolchloroform and diluted in 40 ul of
H,O. To calculate the amount of target sequence (rover, AL1,
NippedA, Plc21, Sgs8, Hsp70Aa, rp49, and repaer) in immuno-
precipitated chromatin, we performed real time qPCR.

RNA Extraction—Total RNA was isolated from third instar
larvae using a TRIzol (Invitrogen), and 10 ug of total RNA was
converted to cDNA using reverse transcriptase enzyme
(Invitrogen). RNA quantification of the levels of KDM4B tran-
scripts was performed by real time qPCR.

Real Time gPCR Analysis—The primers pairs were designed
to amplify 150 -200-bp fragments. The qPCR analysis was per-
formed with FastStart DNA Master” VS SYBR Green I (Roche
Applied Science) in the Light Cycler 1.5 instrument (Roche
Applied Science). For the ChIP, the PCR was performed in trip-
licate, and serial dilutions of pure, input DNA were measured
together with the immunoprecipitated DNA samples. This
allowed calculation of the amount of target sequence in immu-
noprecipitated chromatin relative to the amount of target
sequence in input chromatin called the percentage of input
according to Champion-ChIPTM qPCR primers (quantitative
real time PCR analysis of chromatin; SA Biosciences). We used
three different ChIP experiments. For the analysis of the RNA
levels, we used a constitutive gene as a calibrator (rp49), the
PCR for each gene was made in triplicate, and serial dilutions of
cDNA of wild type fly were measured together with the cDNA
of treated flies. The sequences for the primers used in qPCR
were: rover forward, 5'-CAACCAAGACCAACCTACCC-3;
rover reverse, 5'-GCTCATTTTAGTCTGTCCGC-3'; AL1
forward, 5'-CCCACACATTGTCCAGTGCA-3'; AL1 reverse,
5'-CGTAAGATAATCCAGAGCGG-3'; NippedA forward, 5'-
CAGCGGTCAAGTTGTTGAAC-3’; NippedA reverse, 5'-
GACGGATATGCCGGACTTTG-3’; Plc21 forward, 5'-GTT-
CATCAGTGGGTCAGTAG-3'; Plc21 reverse, 5'-CAATATC-
CCCGGACAAAATC-3'; Sgs8 forward, 5'-CTTTACCAGAT-
GGTAACCGT-3’; Sgs8 reverse 5'-GAACGATGACACAGA-
AAATG-3'; Hsp70Aa promoter forward 5'-CTGCAACTAC-
TGAAATCAAC-3'; Hsp70Aa promoter reverse 5'-GGTCGT-
TGGCGATAATCTCC-3'; Hsp70Aa 350 bp foward 5'-CCAA-
GATCGGGGTGGAGTAT-3'; Hsp70Aa 350 bp reverse 5'-
TGGGAGTCGTTGAAGTAGGC-3'; rp49 forward 5'-TCAAG-
ATGACCATCCGCCCA-3'; and rp49 reverse 5'-GTTCTCTT-
GAGAACGCAGGC-3'. For RT-PCR, the sequences were:
dKdm4B forward, 5'-CCACTCAGACCGCTCAGACA-3';
and dKdm4B reverse, 5'-CTGCAACATCTGATGGCGTC-3'.
For Dmp53 ChIP, the sequences were: Kdm4B forward, 5'-
TGTCTGCGAGTGTGTTGTTG-3'; dKm4B reverse, 5'-GCG-
TCTGATAAGCAGCCATC-3’; reaper forward, 5'-CCTTCT-
TTGGCACCGTCTAC-3'; and reaper reverse, 5'-CTATGG-
AAAAAGGGCGAAAA-3'.

UV Irradiation Sensitivity Assays—Third instar wild type and
EP-kdm4b®*>3' [+ larvae were irradiated at different UV light
dosages (J/m?), using a UVB Stratalinker 2400 (Stratagene). The
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larvae were then allowed to develop into adults, and the
emerged population was counted.

Immunoassay for CPD Repair—The third instar larvae were
irradiated at 200 J/m?, and then DNA was isolated at different
times after irradiation (5 min, 30 min, 4 h, 6 h, 12 h, and 24 h).
One microgram of genomic DNA was denatured by heat and
dotted onto a nylon membrane using a vacuum blotter (Bio-
Dot microfiltration apparatus; Bio-Rad). To evaluate the CPD, a
normal immunodetection blot was performed using an anti-
CPD antibody (Kamiya Biomedical) diluted 1:1000.

Western Blots—Salivary glands from the third instar larvae
were collected in lysis buffer (250 mm sucrose, 50 mm Tris,
pH 7.5, 25 mMm KCl, 5 mm MgCl,, 5 mm EDTA, plus protease
inhibitors) and loaded in 10% SDS-PAGE gels. After the pro-
tein resolved, the gels were transferred to nitrocellulose
membranes (Bio-Rad). The membranes were blocked with
10% nonfat milk for 2 h and then incubated overnight with
the dCPDKDM4B antibody at 1:1000 dilution and B-tubulin
antibody at 1:2000 dilution. After washing, the membranes
were incubated with the appropriate HRP-conjugated sec-
ondary antibodies (Zymed Laboratories Inc.) for 1 h. Finally
the membranes were washed, and the signals were detected
with a chemiluminescence Western blot detection kit
(Thermo Scientific). The Western blot quantification was
performed using special software.*

RESULTS

Global H3K9me3 Levels Are Reduced after UV Irradiation,
but This Response Is Affected in Dmp53 Mutant Flies—We have
recently shown that global H3K9Ac levels are increased after
UV irradiation in the Drosophila salivary gland polytene chro-
mosomes and that this response is diminished in Dmp53-defi-
cient organisms (11). Therefore, we decided to investigate the
effect of UV irradiation on global H3K9me3 levels using a sim-
ilar approach (11). An important advantage of these experi-
ments is the use of a whole living organism with only a mutation
in the Dmp53 gene, a feature that is uncommon in cell lines
derived from cancer patients expressing mutated p53 that have
accumulated many mutations. Wild type and Dmp53~"* allele
homozygous mutant (23) third instar larvae were irradiated
with 200 J/m? (24, 25). After an average of 60 —90 min of recov-
ery, polytene chromosomes were prepared from irradiated and
nonirradiated larvae for analysis by confocal microscopy. The
signal intensities of ~20 genomes (60 linear chromosomes)
were quantified using photon counting for each condition, as
reported previously (11, 26). The chromocenter was not quan-
tified; only the immunofluorescent regions on the chromosome
arms were analyzed. In previous works, we demonstrated that
the signal obtained by immunostaining of polytene chromo-
somes could be quantitatively measured (11, 26). This approach
is more quantitative than Western blot analysis for two reasons:
modified histones that do not form part of the chromatin are
present in the nuclear lumen, and the high levels of H3K9me3 at
the chromocenter do not interfere with quantification using
this method. In addition, this assay allows direct analysis of

“ L. Miller, personal communication.
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FIGURE 1. Effect of UV irradiation on H3K9me3 global levels in WT and Dmp53 null organisms. A, example of H3K9me3 distribution in polytene chromo-
somes before and after UV irradiation. Note that in addition to the chromocenter (white arrows), where the signal is saturated, specific regions are stained with
the antibody. In wild type organisms, the intensity of the chromocenter signal is practically not affected; however, in other chromosomal regions, a reduction
of the signalis observed. In the case of Dmp53 mutantflies, there is an increase in the number of sites stained with the antibody after UV irradiation. B, H3K9me3
quantitative analysis in WT and Dmp53™™ mutant polytene chromosomes before and after DNA damage. Note that the distribution of the histogram in the WT
flies moves to the left after UV irradiation (red line) when compared with the nonirradiated organisms (blue line; p value = 1.9 X 1073). This indicates that a
decrease in the frequency of pixels with higher intensity occurs after DNA damage. Also note that the distribution of the histogram that represents the
H3K9me3 basal levels in the Dmp53 null polytene chromosomes also moves to the left, and its area is also reduced when compared with the WT chromosomes
(p value = 3.5 X 103). On the contrary, after UV irradiation, the histogram that represents the HK9me3 levels in the Dmp53 mutant chromosomes moves to
the right, indicating an increase of the H3K9me3 levels (p value = 3.1 X 10~ %). C, column representation of the quantification of the relative intensity of the data

presented in the histogram. The phenotypes and the experimental conditions are indicated in the figure.

many chromosomes to obtain hundreds of data points for each
condition, thus guaranteeing statistically reproducible results
(11, 26).

Examples of nonirradiated and irradiated chromosomes are
shown in Fig. 1A. Notably, the irradiated samples show a reduc-
tion in the intensity and number of bands stained with the anti-
H3K9me3 antibody. Fig. 1B shows the distribution of the rela-
tive fluorescent intensities for each condition. The signal
distribution of the levels of H3K9me3 is different in the wild
type chromosomes before and after UV irradiation (Fig. 1B).
These wild type samples show a clear reduction in levels of
H3K9me3 after UV-induced DNA damage, as indicated by the
quantification of the signal (represented as a bar graph in Fig.
1C). In the case of the chromosomes from the Dmp53~"
mutant, we observed a reduction in the basal levels of
H3K9me3, suggesting that chromatin structure and histone
modifications are altered in the Dmp53~"° mutant chromo-
somes (Fig. 1). Intriguingly, after UV irradiation, there is an
overall increase in total H3K9me3 levels in the Dmp53 mutant
chromosomes, as compared with the basal levels (Fig. 1, B and
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C), suggesting that, in the absence of Dmp53, there is an
increase in heterochromatization after DNA damage. These
results, together with our previous work and reports of basal
levels of H3K9Ac in human cells, indicate that chromatin in p53
mutants displays several differences from wild type chromatin
at the level of histone modification (10, 11). Consequently, the
response to UV irradiation is also affected at the level of
covalent modifications of the nucleosome. On the other
hand, in wild type chromosomes, there is a correlation
between the previously reported increase in levels of
H3K9Ac (11) and the global decrease in H3K9me3 levels
after UV irradiation. A recent report that used human cells
to study the DNA damage response on histone modifica-
tions using hydroxyurea and phelomycin did not find alter-
ations in the H3K9me3 levels, although a clear reduction in
H3K9me2 and H3K9mel levels was observed in the
hydroxyurea-treated cells (27). Taking this difference into
account with our findings suggests that the type of DNA
damage is important for the type of response, because
hydroxyurea generates base oxidation, depurination, and
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FIGURE 2. H3K9me3 levels in different chromatin regions in WT and Dmp53 null flies before and after UV irradiation. Chromatin was prepared from
salivary glands before and after irradiation of third instar larvae at 200 J/m? and immunoprecipitated using an anti-H3K9me3 antibody. The regions amplified
areindicated in supplemental Fig. S1. The graphs show results from independent immunoprecipitation assays (n = 3). ChIP signals quantified by the means of
guantitative polymerase chain reaction and are presented as the mean percentages of input chromatin precipitated at each region; the error bars indicate +
S.D. Mock is a ChlIP assay from the same salivary glands chromatin using an irrelevant IgG. A, H3K9me3 levels in the rover element. B, H3K9me3 levels in AL1
elements. Note that the basal levels of H3K9me3 are high in these constitutive heterochromatic regions and dramatically decrease after UV irradiation. In the
case of the Dmp53™™ mutant, the H3K9me3 levels are significantly reduced when compared with the wild type in basal conditions (p value = 0.001) in both
heterochromatin regions, and no significant change occurs after UV irradiation. C and D, H3K9me3 levels in two facultative heterochromatin regions in third
instar salivary glands. Note that in both regions the H3K9me3 levels decrease after UV induced DNA damage (p value = 0.002). In the case of the Dmp53™"
mutant, an increase is observed in both regions after UV irradiation when compared with the nonirradiated Dmp53 mutant flies (NippedA, p value = 0.001;
Plc21 = 0.02). £, H3K9me3 levels in the Sgs-8 gene promoter. Note that the levels are very low in all of the tested conditions. The nucleosome density of this
region is shown in supplemental Fig. S2. F, H3K9me3 levels in the Hsp70Aa promoter region (around the transcription initiation point) and the +200 to +400
nucleotide positions. A significant reduction in the H3K9me3 levels is observed in the HS70a promoter only after UV irradiation in the wild type flies (p value =
0.01). All of the phenotypes and conditions are indicated in the figure.

stalled replication forks, phelomycin generates double- tene chromosomes: the retrotransposon rover and the ALI ele-

strand breaks, and as far as we know, NER is not involved in
repairing this kind of damage in the DNA.

The Reduction of H3K9me3 Levels after UV Irradiation
Occurs Preferentially in Heterochromatin—The confocal
microscopy quantification method shows a reduction in the
global levels of H3K9me3 after UV irradiation in polytene chro-
mosomes. However, the response to DNA damage could differ,
depending on chromatin conformation. Therefore, we decided
to investigate the levels of H3K9me3 in constitutive and facul-
tative heterochromatin, as well as in euchromatic regions. To
perform this analysis, we selected two known constitutive het-
erochromatic sequences described in third instar larvae poly-
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ment (supplemental Fig. S1). The promoter regions of the
Nipped A and Plc21 genes, which are not expressed in salivary
glands, were analyzed as facultative heterochromatin. The pro-
moter region of the sgs8 gene, a region that is highly transcribed
in salivary glands, and the Hsp70 promoter represented
euchromatin. The Hsp70 promoter is partially inactive without
heat shock, but it is known that the nucleosome density is low at
this site, because RNA polymerase Il is poised on the promoter
(28) (supplemental Fig. S1). To measure the levels of H3K9me3
at these regions, we used chromatin immunoprecipitation and
real time PCR in both wild type and Dmp53~"° mutant organ-
isms before and after UV irradiation.
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In the case of constitutive heterochromatin (rover and ALI),
the basal levels before UV irradiation of H3K9me3 are high in
relation to the input (Fig. 2, A and B). However, these levels
decrease following induction of DNA damage by UV irradiation
(Fig. 2, A and B). These changes occur without the removal of
nucleosomes, because ChIP assays using an antibody against
canonical H3 do not show any difference between nonirradiated
and irradiated organisms (supplemental Fig. S2). In addition, an
increase in the levels of H3K9ac is detected at these sites
(supplemental Fig. S2). In the facultative heterochromatin (Nipped
and Plc21 promoters), the basal levels of H3K9me3 were not as
high as in rover and ALI but were significantly high (Fig. 2, C and
D). However, the levels of H3K9me3 also decrease in facultative
heterochromatin following UV irradiation (Fig. 2, Cand D). When
we analyzed the promoters of the sgs8 and Hsp70 genes, we found
that the levels of H3K9me3 were low under basal conditions (Fig.
2, E and F). This result agrees with previous reports showing that
the density of nucleosomes is low in the Hsp70 promoter region
(28). Interestingly, we did observe a small decrease in H3K9me3
levels at the Hsp70Aa promoter after UV irradiation. When we
analyzed the levels of H3K9me3 near the site where the first
nucleosome is poised in the Hsp70 promoter, +200 to +350 (28),
we also detected very low levels of H3K9me3. These levels
remained unchanged after UV irradiation in wild type organisms
(Fig. 2F). Similarly, we observed a very low density (or a complete
absence) of nucleosomes on the sgs8 promoter. In fact, our obser-
vations suggest that the entire gene is devoid of nucleosomes,
because a similar configuration is present at the 3'end of the gene
(Fig. 2E and supplemental Fig. S2). This is an expected result,
because sgs8 is highly transcribed in third instar salivary glands.
Therefore, no significant changes in the levels of H3K9me3 or his-
tone H3 were observed in the euchromatic regions of the sgs8 and
Hsp70 genes in third instar salivary glands after UV irradiation.
This finding indicates that these chromosomal regions already
show an open chromatin structure; following UV damage, this
configuration is maintained, which probably allows for viable rec-
ognition by the NER machinery.

In Dmp53 mutant flies, the basal levels of H3K9me3 are
clearly reduced in both types of heterochromatin (Fig. 2, A-D).
These results correlate with the global status of H3K9me3 in
the homozygous Dmp53~" flies (Fig. 1). Intriguingly, in the
facultative heterochromatic regions analyzed, the levels of
H3K9me3 rose above basal levels after UV irradiation (Fig. 2, C
and D). This observation correlates with the global analysis of
H3K9me3 levels after UV irradiation in the Dmp5~ "™ mutant
(Fig. 1). However, levels of H3K9me3 remained low at the rover
and ALI sites (Fig. 2, A and B). Taken together, the results of the
analysis using signal intensity from confocal microscopy and the
ChIP experiments suggest that the increase in the levels of
H3K9me3 after UV irradiation in Dmp53 mutant flies occurs pref-
erentially in facultative heterochromatin but not in constitutive
heterochromatin. On the other hand, the levels of H3K9me3 are
reduced in the Dmp53~" mutant flies under basal conditions.
This result, together with previous reports on acetylated levels of
histones affected by a lack of p53 in human and Drosophila cells,
indicates broad effects on nucleosome modifications under basal
conditions that may contribute to genome instability.
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Dmp53 Is Required for the Increase in dKDM4B Levels after
UV Irradiation and dKdm4B Mutant Flies Are More Sensitive
to UV Irradiation—Recently, histone demethylases of the JmjC
family have been identified in different eukaryotes. In particu-
lar, the Drosophila ortholog of the hKDM4 demethylase
(dKDM4A) was linked to H3K36me3 and H3K36me2 de-
methylation (29, 30). In the same studies, another hKDM4
ortholog (dKDM4B) was identified as an H3K9me3 and
H3K36me3 demethylase in vitro (29, 30). Because we observed
a reduction in the levels of H3K9me3 after UV-induced DNA
damage, we hypothesized that a demethylase might be acti-
vated or overexpressed to remove the methyl group from
H3K9. On the other hand, the global levels of H3K9me3 are
lower in Dmp53 mutant flies, and a response to UV irradiation
was not observed in these flies, suggesting that the mechanisms
induced to demethylate H3K9me3 are not fully operational if
Dmp53 is not present. We analyzed the mRNA levels of
dKDM48B by quantitative RT-PCR before and after UV irradia-
tion at 200 J/m? in both wild type and homozygous Dmp53™°
third instar larvae. Interestingly, in wild type flies, the transcript
levels of the dKDM4B demethylase are increased ~3-fold after
UV irradiation (Fig. 3A4). The increase in dKDM4B mRNA lev-
els after UV irradiation was not observed in the homozygous
Dmp53 mutant organisms. In contrast, a reduction of dKDM4B
mRNA was observed before and after UV irradiation in the
mutant flies. Next, we determined the protein levels of
dKDM4B in similar samples using a polyclonal antibody against
dKDM4B generously donated by Prof. ]J. Workman. We
observed an increase of ~2.5-fold in the levels of dKDM4B
protein over a period of time between 1:15 and 2:25 h after UV
irradiation in wild type flies (Fig. 3B). In the case of Dmp53~ "/
Dmp53~" organisms, this response was not observed (Fig. 3B).
Taken together, these results indicate that the transcription of
the dKDM4B gene is stimulated in response to DNA damage,
suggesting that the increase in dKDM4B demethylase may be
linked to the reduction of H3K9me3 levels after UV irradiation.
These results also suggest that the induction of dKDM4B after
DNA damage requires functional Dmp53.

We next investigated the survival of a dKdm4B mutant fly
after UV irradiation. We used the P-element insertion within
the dKdm4B transcription unit (EP-Kdm4B°**3; insertion
located at nucleotide 359 of the dKdm4B 5’-UTR that disrupts
the dKdm4B gene (supplemental Fig. S3; flybase). This allele is
recessive, homozygous, lethal. Initially, we evaluated the levels
of the dKDM4B demethylase in protein extracts from third
instar larvae salivary glands of EP-Kdm4B%***!/+ flies (Fig. 3C)
and found a substantial reduction in the levels of dKDM4B
protein in these flies cells, indicating that the dKDM4B gene is
indeed affected in this mutant. We also observed that the basal
levels of the dKDM4B protein are reduced in Dmp53~ "/
Dmp53~" organisms, compared with wild type flies, in agree-
ment with the transcript measurements (Fig. 3, A and C). Based
on these results, we investigated whether heterozygous flies
were more sensitive to UV irradiation than wild type individu-
als. In general, heterozygous flies carrying a mutation in genes
involved in NER are more sensitive to UV irradiation than wild
type flies (25, 31). Thus, third instar larvae were irradiated at
different doses of UV, and the viability of the wild type and
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FIGURE 3. Levels of the Kdm4B mRNA and protein in basal conditions after UV irradiation, UV sensitivity of a Kdm4B mutant fly, and dKDM4B nuclear
localization after DNA damage. A, the mRNA levels were quantified by RT-qPCR from three independent experiments (*, p value = 0.002). The conditions and
phenotypes are indicated in the figure. B, dKDM4B protein levels before and after UV irradiation in wild type and Dmp53~"*/Dmp53~" third instar salivary
gland cells. Note that there is an increase of ~2.5 times of the dKDM4B protein in wild type cells, but not in the Dmp53 mutant cells after UV irradiation. C, basal
dKDM4B protein levels in wild type, Dmp53~"/Dmp53~", and EP-Kdm4B %*3'/+ cells. D, survival of WT and Kdm4B heterozygous mutant (EP-Kdm4B %3%3/+)
flies after several UV doses. Calculation of the survival rate is reported under “Experimental Procedures.” The phenotypes and the irradiation doses are indicated
in the figure. E, kinetic removal of CPDs after UV irradiation in wild type and dkdm4B mutant organisms. The third instar larvae were irradiated at 200 J/m?, and
then DNA was purified at different times. A specific anti-CPD antibody was used to determine the presence of CPDs. The amount of loaded DNA in the
membrane is shown. F,immunolocalization of CPDs (green) and dKDM4B (red) in nuclei before and after UV irradiation following the smuch protocol (44). The
images were captured using a confocal microscope from isolated nuclei prepared from salivary glands either without UV irradiation or after UV irradiation after

2 h of recovery.

EP-Kdm4B®***'|+ organisms was evaluated by quantification
of the survival organisms that develop to adulthood. Fig. 3D
shows that the dKdm4B heterozygous mutant flies are signifi-
cantly more sensitive to different doses of UV than wild type
flies. In addition, dKdm4B mutant flies are not able to efficiently
remove CPDs after UV irradiation (Fig. 3E). We previously
observed that the kinetics of CPD removal in third instar larvae
can be detected 4 h after irradiation and occurs faster than in
mammalian cells (32). Interestingly, the H3K9me3 demethyl-
ated state is maintained in heterochromatin for several hours
until the H3K9me3 levels rise again (supplemental Fig. S4). This
situation may allow the NER machinery to function in these
chromatin sites.

For this reason, we decided to analyze the distribution of the
dKDM4B enzyme in the nuclei of third instar salivary glands
cells after UV irradiation. Salivary glands were directly irradi-
ated at 100 J/m?, and after 2 h of recovery, the tissue was fixed,
and the nuclei were isolated by the smuch procedure (see
“Experimental Procedures”) and inmunostained with an anti-
CPD antibody and an anti-dKDM4B antibody to visualize the
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presence of CPDs and dKDM4B. Accordingly, we observed an
increase in dKDM4B signal intensity in UV-irradiated nuclei
(Fig. 3F). Interestingly, there is also a colocalization in the
nuclear regions of CPDs (Fig. 3F), suggesting a recruitment of
dKDM4B at damaged chromatin.

To have an insight of the role of Dmp53 in the transcription
inductions of the dKdm4B gene, we searched for possible
Dmp53 response elements (Dp53RE) in the region around the
possible dKdm4B transcription initiation site based in the fly-
base gene annotation. The organization of the dKdm4B gene is
complex because it is possible that it contains several promoter
elements (supplemental Fig. S3). Nevertheless, we were able to
identify a putative Dp53RE that matches with the p53 response
element consensus sequence and has high identity with the
Dp53RE present in the reaper gene (33). This sequence is just
downstream from the transcription initiation site in the first
intron after the 5'-UTR exon (Fig. 44). We performed ChIP
experiments to determine whether Dmp53 binds this element
in the dKdm4B gene before and after UV irradiation of third
instar larvae. As a positive control we used the Dp53RE present
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FIGURE 4. Dmp53 binds a p53 response element in the dKdm4B gene after
UV induced DNA damage. A, localization of a Dmp53 response element
(Dmp53RE) in the first intron of the dKDM4B gene, near the transcription
initiation site. The identified sequence of the Dmp53RE is shown in the figure.
The numbers (+263 to +283) indicate the position with the putative tran-
scription initiation site (+1) of the larger dKDM4B transcript reported in the
flybase. A p53RE consensus sequence is also indicated. The black arrow indi-
cates the transcription orientation. The Dmp53RE was identified by using the
Math-inspector program from Genomatix. B, ChIP experiment to determine
the Dmp53 occupancy in the dKdm4B gene-Dmp53RE before and after UV
irradiation. Third instar larvae were irradiated at 200 J/m?, and after 30-60
min of recovery the salivary glands were fixed with formaldehyde and used
for ChIP. The position of the primers used for dkdm4B Dmp53RE are indicated
as gray arrows in A, and their sequences are listed under “Experimental Pro-
cedures.” As a positive control we used the reaper Dmp53RE (33), and as a
negative control we used the sgs8 promoter used in this work.

in the reaper gene (33), and as a negative DNA sequence we
used the sgs8 promoter. Before UV irradiation there is little
occupancy of Dmp53 in both the repear and the putative
dKdm4B Dp53REs. However, after UV irradiation there is a
significant increase of Dmp53 occupancy in both sequences but
not in the negative control, suggesting that after UV-induced
DNA damage Dmp53 can bind the Dp53RE present near the
dKdmB promoter. Taken together, the results presented in this
section suggest that dKDM4B is required for efficient DNA
repair after UV irradiation in a Dmp53-dependent manner.
H3K9me3 Demethylation after UV-induced DNA Damage
Requires AKDM4B—W e next asked whether there was a corre-
lation between the decrease of H3K9me3 levels after UV-in-
duced DNA damage and the dKDM4B enzyme. To investigate
this question, we irradiated wild type and dKdm4B heterozy-
gous mutant (EP-Kdm4B°*>3!/+) third instar larvae with 200
J/m? and evaluated the global levels of H3K9me3 in polytene
chromosomes. As expected, the levels of H3K9me3 were
reduced in wild type flies after UV irradiation (Fig. 5A). Inter-
estingly, the levels of H3K9me3 levels were higher in the non-
irradiated heterozygous dKDM4B mutant flies than in the wild
type flies, and these levels increased after UV irradiation,
despite the fact that one copy of the wild type allele is present in
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these heterozygous organisms (Fig. 54). In addition, we per-
formed ChIP experiments to measure the levels of H3K9me3
before and after UV irradiation. Initially, we analyzed the rover
and ALI loci, because a clear reduction of the levels of
H3K9me3 was observed after UV-induced DNA damage. In
agreement with the global analysis, the reduction of the levels of
H3K9me3 at the rover and ALI loci in response to UV irradia-
tion was not diminished in the dKdm4B heterozygous flies
when compared with wild type organisms (Fig. 5, Band C). We
next performed similar ChIP assays to investigate the levels of
H3K9me3 at the Nipped and Plc21 promoters. Similar to
the constitutive heterochromatic regions, we observed that
although one dKdm4B wild type allele is present in
EP-Kdm4B%3>31 /+ flies, no reduction in the levels of H3K9me3
occurs after UV irradiation (Fig. 5, D and E). Based on these
results, it is possible that in EP-Kdm4B%3*3!/+ organisms, the
induction of dKDM4B is affected after UV treatment. On the
other hand, preliminary observations also indicate that the lev-
els of Su(var)3-9 transcript are also increased after UV irradia-
tion in the fly,” suggesting that a balance between methylation
and demethylation of H3K9me3 may occur after severe UV
irradiation. Related to this point, recent reports have shown
that chromate exposure, which produces severe DNA damage
in human cancer cells, increased global levels of di- and tri-
methylated H3K9, together with an increase in the levels of G9a
histone methyl transferase (34, 35). Nevertheless, the data pre-
sented in this section support the hypothesis that the reduction
of the levels of H3K9me3 after UV irradiation requires the
dKDM4B demethylase.

DISCUSSION

In this study, we found that there is a general reduction in the
levels of H3K9me3 in Drosophila salivary gland cells chromo-
somes in response to UV irradiation. Demethylation of
H3K9me3 occurs preferentially in heterochromatic regions,
because the levels of H3K9me3 are low in euchromatin. This
phenomenon requires the presence of a functional Dmp53,
which further enhances the expression of the dKDM4B de-
methylase in response to UV irradiation. This finding suggests
that Dmp53 can directly regulate the expression of enzymes
that modify histones in response to genotoxic insults.

Dynamics of Histone Modifications in Response to UV-in-
duced DNA Damage—Chromatin modifications are dynamic
across the processes of regulation of gene expression and DNA
repair. In the case of DNA damage by UV irradiation, previous
studies have demonstrated that histone hyperacetylation is
required for NER. In particular, levels of H3K9Ac are increased
after UV irradiation in yeast, Drosophila, and mammalian cells
(10, 11, 35). Additionally, this response to DNA damage is
affected in p53 mutant cancer cells, as well as in Dmp53 null
mutants in Drosophila (10, 11), indicating a direct role for this
tumor suppressor gene in the chromatin modifications
involved in NER. In the case of heterochromatic regions
enriched for H3K9me3, the demethylation of H3K9me3 may be

® Z.Palomera-Sanchez, A. Bucio-Mendez, V. Valadez-Graham, E. Reynaud, and
M. Zurita, unpublished results.
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FIGURE 5. H3K9me3 global and specific levels in the dKdm4B mutant before and after UV irradiation.
A, global H3K9me3 levels in WT and heterozygous dKdm4B mutant allele (+/Ep-Kdm4B °>°3"). H3K9me3 levels
were quantified from at least 10 genomes (30 polytene chromosomes) for each phenotype and condition as
described under “Experimental Procedures” and “Results.” The phenotypes and conditions are indicated in the
figure.n = 10, p < 0.05. B-E, quantification of the H3K9me3 levels in WT and EP-Kdm4B °3*3'/+ flies before and
after UV irradiation in the rover transposon, the AL1 sequence, the Nipped promoter region, and the Plc2
promoter region. Note that the H3K9me3 levels do not change in rover, AL1, Nipped, and Plc2 after UV irradi-
ation in the Kdm4B heterozygous mutant. The graphs show results from independent immunoprecipitation
reactions (n = 3). ChlIP signals quantified by means of quantitative polymerase chain reaction are presented as
mean percentages of input chromatin precipitated at each region; the error bars indicate * S.D. Mock is a ChIP

assay from the same salivary glands chromatin using an irrelevant IgG.

required for the increase of H3K9Ac, a hypothesis supported by
our results.

Intriguingly, the basal levels of H3K9me3 are reduced in
Dmp53 mutants, as indicated by global chromosome confocal
analysis and ChIP experiments. A similar situation occurs with
basal levels of H3K9Ac in p53 mutant human cells and basal
levels of H3K14Ac in Drosophila p53 mutants (10, 11).
Together, this information suggests that the regulation of his-
tone modification is altered in p53-deficient cells, even if the
lack of p53 in Drosophila and mice permits the survival of the
organism. However, homozygous Dmp53~ " organisms have
shorter life spans and are more sensitive to UV irradiation than
wild type flies. It is also interesting to note that after UV irradi-
ation, global levels of H3K9me3 are increased in the Dmp53~"°
flies, although our ChIP results suggest that this increase is only
present at the facultative heterochromatic regions. The
increase in the level of H3K9me3 may be due to a general
response to compact the chromatin in gene-encoding regions
when the UV-induced DNA damage response is deficient in the
Dmp53 mutant flies. Altogether, these data indicate that the
absence of p53 alters the mechanisms that maintain a specific
histone modification status under normal conditions and after
genotoxic stress. Interestingly, it was recently demonstrated
that heterochromatic genome stability requires the mainte-
nance of the levels of methylated H3K9 through the histone
methyltransferase Su(var)3-9 (36). Thus, alterations in these
modifications caused by the absence of p53 might directly affect
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chromosomal integrity under basal
conditions, generating a condition
of chromosomal instability.

It is important to note that after
NER, new H3.1 histone is deposited
in the regions of chromatin that suf-
fered the DNA damage. This depo-
sition occurs outside of the S phase
and acts to restore new nucleo-
somes at the damaged chromatin
(37). Therefore, it is possible that
in heterochromatic regions, de-
methylation of H3K9me3 is the ini-
tial step required to allow access of
the NER machinery and also for
the transient removal of histone
H3, as has been proposed in the
access-repair-restore model (37—40).

Histone H3K9me3 Demethyla-
tion after UV Irradiation Requires
dKDM4B and DwmpS53—Histone
methylation and demethylation are
dynamic events that control gene
expression during development.
Only recently has the status of
H3K79 methylation been linked to
NER (22). Prior to this work, H3K9
demethylases had only been linked
to transcriptional control, not to
UV-induced DNA damage. Het-
erozygous dKdm4B mutant flies are
more sensitive to UV irradiation, do not remove CPDs effi-
ciently, display higher basal levels of H3K9me than wild type
flies, and exhibit deficiencies in demethylation of H3K9me3
after UV irradiation. These results suggest that demethylation
of H3K9 by dKDM48B plays an important role in NER. It is also
possible that other histone modifications may be altered after
UV irradiation. Thus, it will be relevant to obtain a complete
landscape of the dynamics of the methylated residues of H3 and
H4 after DNA damage to test whether the corresponding methyl-
transferases and demethylases are also involved in NER. ChIP-
seq experiments are required to answer these questions.

Genotoxic stress activates p53 (among other factors) to trig-
ger the mechanisms of DNA repair in animal cells (41). In par-
ticular, p53 modulates the transcription of multiple factors
involved in DNA repair, apoptosis, and cell cycle arrest (41). In
this work, we found that UV irradiation results in an increase in
the mRNA and protein levels of the H3K9me3 demethylase
dKDM4B. However, this response is affected in homozygous
mutant Dmp53 organisms, suggesting a role for Dmp53 in the
enhancement of the expression of dAKDM4B after UV irradia-
tion. In addition, a Dmp53 response element is present near the
dKdm4B promoter, and Dmp53 binds this sequence after UV
irradiation, suggesting a direct role for Dmp53 in dKdm4B gene
regulation as a response to genotoxic stress. Indeed, a recent
transcriptional analysis of p53-depleted human cells revealed
that the expression of the JMJD2B/hKDM4B gene is reduced
after drug-induced DNA damage, as compared with nonde-
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pleted p53 cells (43). This suggests that JMJD2B/hKDM4B is a
putative target of p53, because other genes are involved in NER,
such as DDB1 and XPC (42). In addition, it has been reported
that overexpression of p53 generates a reduction in levels of
H3K9me2 in cultured human cells (41). Our results are com-
patible with these reports, because dKDM4B may also de-
methylate H3K9me2, suggesting that demethylation of H3K9me3
following UV irradiation requires the activation of the
dKDM4B gene through Dmp53. An important point in this
study is that our observations were performed in a specific cell
tissue (third instar salivary gland), and it will be interesting to
investigate whether in other tissues and developmental stages
the same response to UV irradiation is also present.

Based on our results in the fly, it will be important to deter-
mine whether human cells also show a IMJD2B/hKDM4B-de-
pendent decrease in the level of H3K9me3 after UV-induced
DNA damage and to investigate whether p53 is involved in this
response. The information obtained from these types of studies
will facilitate better understanding of the role of the dynamics
of histone methylation in genotoxic stress and cancer.
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