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Abstract

Histone demethylases have recently gained interest as potential targets in cancer treatment
and several histone demethylases have been implicated in the DNA damage response. We
investigated the effects of sSiRNA-mediated depletion of histone demethylase Jarid1A
(KDM5A, RBP2), which demethylates transcription activating tri- and dimethylated lysine 4
at histone H3 (H3K4me3/me2), on growth characteristics and cellular response to radiation
in several cancer cell lines. In unirradiated cells Jarid1A depletion lead to histone hyperace-
tylation while not affecting cell growth. In irradiated cells, depletion of Jarid1A significantly
increased cellular radiosensitivity. Unexpectedly, the hyperacetylation phenotype did not
lead to disturbed accumulation of DNA damage response and repair factors 53BP1,
BRCAT1, or Rad51 at damage sites, nor did it influence resolution of radiation-induced foci
or rejoining of reporter constructs. We conclude that the radiation sensitivity observed fol-
lowing depletion of Jarid1A is not caused by a deficiency in repair of DNA double-strand
breaks.

Introduction

Chromatin structure plays a key role in the regulation of transcription, replication and repair.
Thus, deregulation of pathways regulating the epigenome and chromatin structure is an impor-
tant factor in development of disease, including cancer [1,2]. Cancer cells exhibit characteristic
alterations in chromatin structure [3] and recent sequencing analyses of cancer genomes have
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revealed frequent mutations in genes coding for regulators of the epigenome involved in DNA
modifications, histone modifications and chromatin remodeling [2,4]. Among histone modifi-
cations, histone lysine methylation gives rise to a complex repertoire of methylation patterns,
due to the number of lysine residues that can be methylated and the varying degrees of methyl-
ation (mel, me2 and me3). Depending on the site of methylation, its effect on transcription
can be activating or repressing. Alterations in genes controlling histone lysine methylation,
including histone demethylases, are frequently seen in cancer and have gained attention as
potential targets in cancer treatment [5-7]. In addition, the Jumonji (JmjC) domain-containing
family of histone demethylases has attracted interest because its members rely on o-ketogluta-
rate as a co-factor in demethylation and can thus be inhibited by the oncometabolite 2-hydoxy-
glutarate, a product of mutated isocitrate dehydrogenases IDH1 or IDH2 [8-12] that is
frequently observed in a variety of cancer types [13]. Interestingly, in Glioblastoma mutations
in IDH1/2 genes are favorable prognostic factors and there are indications for enhanced radio-
sensitivity of tumors bearing this mutation [14,15]. This may at least in part be caused by inac-
tivation of the activity of JmjC family histone demethylases, several of which have recently
been implicated in genome stability and DNA repair pathways [16-22].

In recent work we observed a loss of di- and trimethylation of histone H3 at lysine 4 (H3K4)
and a concomitant loss of active RNA polymerase II in YH2AX-decorated chromatin regions sur-
rounding DNA double-strand breaks (DSB) after treatment with ionizing radiation [23], suggest-
ing that inhibition of transcription in the vicinity of break sites is associated with a loss of
activating histone marks. While we were not able to identify the H3K4me3/2 demethylase
responsible for this hypomethylation, we observed that the JmjC family histone demethylase Jar-
id1A (KDM5A/RBP2) accumulates at laser-induced DNA damage sites, making this a strong
candidate [23]. Here we report on the effects of Jarid1 A depletion on growth characteristics and
the cellular response to radiation-induced DNA damage. In unirradiated cells, depletion of Jar-
id1A did not affect cell growth but resulted in histone hyperacetylation. After irradiation, we did
not find indications for a function of Jarid1A in hypomethylation at yH2AX domains or recruit-
ment of other damage response factors to the damage sites, nor did we find indications for a role
determining DSB repair efficiency or pathway choice. This is in contrast to the closely related
H3K4me3/me2 demethylase Jarid1B, which has been shown to have these functions [17]. Never-
theless, depletion of Jarid1A significantly enhanced sensitivity of cells to ionizing radiation.

Materials and Methods
Cell culture and irradiation

HeLa and MCEF-7 cells were purchased from DSMZ-German Collection of Microorganisms
and Cell Cultures (Braunschweig, Germany), U20S cells were a kind gift of P. Grigaravicius,
Jena [24]. All cell lines were cultivated in RPMI 1640 medium with 10% FBS at 37°C with 5%
CO.. Irradiation with different doses of X-rays was performed with an Elekta SLI 18 linear
accelerator (dose rate 2 Gy/min). For colony formation assays, cells were seeded in 6 well plates
5 h prior to irradiation; for immunofluorescence detection, cells were seeded on glass coverslips
the day before irradiation. For irradiation with accelerated 55 MeV carbon ions at the ion
microirradiation facility SNAKE [25] at the 14 MV Munich tandem accelerator, cells were
seeded 24 h prior to irradiation on 6 um Mylar foil (pre-coated with Cell-TAK, BD Bioscience)
in stainless steel chambers designed as described before [26,27] or, for small angle irradiation,
in steel rings [28]. For analysis of correlation between YH2AX and H3K4me3 or RNA Pol IT
after ion irradiation, cells were irradiated with single ions applied in a linear pattern with 1 um
lateral distance and 5 um distance between the “lines” thus formed [29], or in a matrix pattern
of 5 um x 5 pm distance [30,31]. In this set-up, ions arrive at a perpendicular angle to the cell
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layer, which results in a dose of approximately 0.46 Gy per ion hit. For analysis of BRCAL,
53BP1 and Rad51 foci formation, we performed small angle irradiation [28], where the ion
beam hits the cell layer at an angle of 10°, allowing visualization of protein accumulations
along the track of ion-induced damage. After irradiation cells were incubated in fresh medium
for different periods of time.

RNA interference

All siRNA transfections were performed using Lipofectamine 2000 (Life Technologies) accord-
ing to the manufacturer’s instructions. All stealth siRNAs were purchased from Life Technolo-
gies. For transfection, cells were seeded in 6 well plates and Lipofectamine/ siRNA was added
the following day. Per sample, 2.5 pl Lipofectamine and 6.25 pl of the respective siRNA was
used, resulting in a siRNA concentration of 50 pmol per well. The stealth scrambled (scr)
RNAi was used as control to exclude transfection effects. For depletion of Jarid1 A we tested
stealth RNAi Jarid1A A1, A2 and A3. If not indicated otherwise, we used a 1:1 combination of
the two siRNAs Al and A3 as this resulted in the highest knock-down efficiencies (Al: CCA
AACUCC AGA UGU UGA UAG AUA U, A3: GAG CCU GAG GUU CUC AGC ACU GAU
A). Depending on the purposes of the experiment, cells were irradiated or harvested 72 h later.
Efficiency of depletion was verified for every single experiment by Western Blotting and Jar-
id1A signal was normalized to the sample transfected with scr siRNA.

Extraction of proteins and Western blotting

Cells were trypsinized, counted and collected by centrifugation (5 min, 500 x g, 4°C). The pro-
teins were extracted with RIPA-buffer (150 mM NaCl, 1% NP-40, 10 mM MDOC, 0.1% SDS,
50 mM Tris pH 8.0) supplemented with PhosSTOP Phosphatase Inhibitor, Complete Mini
Protease Inhibitor (Roche) and 5 mM sodium butyrate as HDAC inhibitor on ice. To ensure
similar protein amount in the samples, 20 pl buffer per 100 000 cells was used for lysis. The
proteins were separated with Laemmli loading dye on 3-8% Tris- Acetate or 12% Bis-Tris
NuPAGE gels (Invitrogen). After immunoblotting, membranes were cut and blocked with
Roti-Block (Roth), 5% milk or 5% BSA, depending on primary antibody used. Membranes
were incubated with primary antibodies in the indicated blocking solution for 1 h before detec-
tion with the appropriate goat polyclonal secondary antibodies for 45 min (anti-mouse-HRP
and anti-rabbit-HRP; Santa Cruz, sc2004 and sc2005; 0.25 /20 ml). Primary antibodies used
were mouse monoclonal anti-Jarid1A (Abcam, ab78322; 1:1000), mouse monoclonal anti-Jar-
id1B (Sigma, SAB1404865; 1:4000), rabbit polyclonal anti-H3K4me3 (Abcam, ab8580; 1:1000),
rabbit polyclonal anti-H4K16ac (Millipore, 07-329; 1:1000), rabbit polyclonal anti-H3K9ac
(Millipore, 06-942; 1:1000), rabbit polyclonal anti-H3K56ac (Millipore, 07-677; 1:1000),
mouse monoclonal anti-H4 (Abcam, ab31830; 1:1000), mouse monoclonal anti-H3 (Millipore,
05-1341; 1:5000), rabbit monoclonal anti-p21 (Cell Signaling, 2947P; 1:1000). Tubulin o
detected by the primary antibody mouse monoclonal anti-Tubulin o (Abcam, 7291; 1:6000)
served as loading control. Blots were developed with Lumigen ECL Ultra (TMA-6). Chemilu-
minescence was detected and images were acquired with a CHEMISMART documentation
system (Peqlab, Vilber Lourmat) and the Chemi-Capt 5000 software. Quantitative analysis was
performed with the Bio-1D software (Vilber Lourmat). The signals were normalized with
respect to the scr siRNA transfected, unirradiated samples.

Immunofluorescence and microscopy

For the immunofluorescence staining experiments cells were grown on glass coverslips or
Mylar foils. After treatment cells were fixed for 15 min with 2% paraformaldehyde. Following
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fixation, cells were washed with PBS, permeabilized with PBS + 0.15% Triton X-100 and
blocked with PBS containing 1% BSA and 0.15% Glycine. Cells were then stained with the
appropriate primary and secondary antibodies. Primary antibodies used for immunofluores-
cence were rabbit polyclonal anti-H3K4me3 (Abcam, ab8580; 1:500), rabbit monoclonal anti-
Jarid1 A/RBP2 (Cell Signaling, 3876; 1:200), mouse monoclonal anti-Jarid1A (Abcam, ab78322;
1:500), rat anti-RNA polymerase II phosphorylated at Ser2 (IgG1) (kindly provided by D. Eick;
1:10), mouse monoclonal anti-yH2AX (Millipore, 05-636; 1:500), rabbit monoclonal anti-
yYH2AX (Abcam, ab81299; 1:200), rabbit polyclonal anti-53BP1 (Novus, NB100-305; 1:500),
mouse monoclonal anti-BRCA1 (Abcam, ab16780; 1:200), rabbit polyclonal anti-Rad51 (Cal-
biochem, PC130; 1:200). Fluorescence coupled secondary antibodies were goat polyclonal anti-
rat Alexa488 IgG (H+L) (Molecular Probes, A11006; 1:500), goat polyclonal anti-rabbit
Alexa488 IgG (Molecular Probes, A11034; 1:200) and sheep polyclonal anti-mouse Cy3 F(ab)2
(Dianova, 515-165-062; 1:500). All antibodies were diluted in PBS containing 1% BSA and
0.15% Glycine. Finally, DNA was counterstained with DAPI and cells were mounted in Vecta-
shield for microscopy. Rabbit anti-H3K4me3 (Abcam, ab8580) was tested for specificity with
competing peptides in an immunofluorescence and Western Blot assay as described by [32].
Used peptides were H3 unmodified (Abcam, 2903), H3K4mel (Abcam, 1340), H3K4me2
(Abcam, 7768) and H3K4me3 (Abcam, 1342).

Image acquisition was performed with an inverse epifluorescence microscope (Zeiss
AxioObserver Z1,Germany) using a Zeiss LCI Plan Neofluor 63x/1.3 glycerine objective, the
software AxioVision 4.8 and a AxioCam Mrm camera (Zeiss). Z-stacks were collected sequen-
tially with 250 nm distance between optical sections.

Image processing

All z-stack images were deconvolved with Huygens deconvolution software (Scientific Volume
Imaging) [33]. Images were further processed using the software Image]J 1.37¢ (www.
uhnresearch.ca/wcif). To quantify the fluorescence signal of H3K4me3 and Jarid1A in HeLa
cells after siRNA transfection, the sum of the intensity values of the pixels in the nucleus (=
integrated density) was measured with Image] and corrected for background intensity. Mean
corrected fluorescence signals of 20 randomly chosen nuclei per sample were determined and
normalized with respect to the scr siRNA-transfected sample. Analysis of anti-correlation of
yvH2AX and H3K4me3 or Ser2-phosphorylated RNA Pol IT was performed according to the
instructions for the ImageJ-based ICA (intensity correlation analysis) module as described
before [23].

Quantitative analysis of yH2AX, BRCA1, 53BP1 and Rad51 foci

For foci analysis with Image], deconvolved z-stacks were converted to an 8-bit format. The set-
tings of the PlugIn FociPicker 3D [28] had to be optimized for the different antibody stainings
by changing the parameters “Tolerance Setting” and “Minimal pixels number in the focus”.
The outputs are a 3D FociMask that displays all counted foci in different colours, a result table,
where the number of foci per cell and the size of each focus is listed, and a log file as summary
of each processed image with file name, parameter setting and number of foci detected. For
determination of residual YH2AX, 53BP1 or Rad51 foci, the foci number and size of at least 20
cells per sample were evaluated. For determination of foci forming capability of BRCA1, 53BP1
and Rad51 at least 50 cells with clearly identifiable YH2AX tracks were evaluated. Cells were
categorized into (1) full overlap of protein in question with YH2AX track, (2) some foci of pro-
tein in question coinciding with YH2AX track, or (3) no foci of protein in question coinciding
with YH2AX track.

PLOS ONE | DOI:10.1371/journal.pone.0156599 June 2,2016 4/24


http://www.uhnresearch.ca/wcif
http://www.uhnresearch.ca/wcif

@’PLOS ‘ ONE

Jarid1A in Cell Growth and Radiation Response

MNase digestion

After harvesting the cells (1x10° cells per sample/treatment), nuclei were isolated using a hypo-
tonic buffer (10 mM Hepes pH 7.9, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM DTT, 0.1% NP-40).
The isolated nuclei were digested at 37°C for different periods of time with 0.5 U MNase
(Thermo Scientific) in 650 pl of MNase digestion buffer (50 mM Tris-HCI pH 8.0, 5 mM CaCl,).
Aliquots of 100 pl were taken every 8 min and MNase activity was inactivated by adding 0.5 M
EDTA pH 8.0. DNA isolation was performed by adding SDS to a final concentration of 1% and
incubating with RNase A (200 pug/ml) at 37°C for 30 min. Next, Proteinase K (400 ug/ml) was
added and the sample was incubated at 55°C for 2 h. Genomic DNA was purified by phenol-
chloroform extraction followed by ethanol/acetate precipitation. Similar amounts of the partially
digested DNA were loaded on a 2.0% agarose gel and separated by electrophoresis.

Cell flow cytometry

For cell cycle analysis, HeLa cells were harvested and washed with PBS. For fixation and stain-
ing the pellet was resuspended in DNA staining solution I (10 ug/ml RNase, 0.6 mg/ml NaCl, 1
mg/ml Sodium citrate, 0.07% NP-40, 10 ug/ml propidium iodide (PI) in PBS). After incubation
for 30 min at RT, DNA staining solution II (15 pg/ml citric acid, 85 pug/ml sucrose, 10 pg/ml PI
in PBS) was added. Samples were stored at 4°C until cell cycle data were collected with FACS
BD LSR II (Becton Dickinson) and analysed with the free flow cytometry software FlowPy.

For DSB-repair reporter analysis, HeLa pEJ and HeLa pGC cells were harvested 48 h after
transfection of pMCV-I-Scel. The cell pellet was washed twice with PBS before fixation with a
solution consisting of 3% PFA and 2% glucose in PBS for 10 min on ice. After fixation, PBS
was added and cells were washed one more time with PBS. Samples were stored at 4°C in PBS
with 10% FBS until measurement of GFP-positive cells with FACS BD LSR1I.

Colony formation assay

To determine the sensitivity to radiation after Jarid1 A depletion in a colony formation assay,
cells were plated in triplicates at several low densities, depending on the dose. Plates were then
irradiated with 0 Gy, 2 Gy, 5 Gy or 10 Gy X-rays and incubated for 10 days. Fixation and stain-
ing was done with a solution consisting of 0.3% methylene blue and 80% ethanol. Colonies
comprising more than 50 cells were counted. Cell survival curves were calculated with the lin-
ear-quadratic model S0 %"
dose, a[Gy'] the linear coefficient and b[Gy ] the coefficient of the quadratic component.
Curve coefficients were calculated with the R-package CFAssay [34,35], using the maximum

likelihood method. Curves were compared with the F-test [36].

, where SO represents the plating efficiency, d the radiation

DSB repair assay with reporter plasmids

To study the usage of different DSB repair pathways after depletion of Jarid1 A, we used a plas-
mid-based assay. HeLa cells were stably transfected with repair substrates pEJ and pGC [37] to
monitor non-homologous end joining (NHE]) and homologous recombination (HR), respec-
tively. Successful repair after transfection of pMCV-I-Scel, which encodes an endonuclease
specific for a sequence in the plasmids, results in expression of green fluorescent protein
(GFP). Stably transfected HeLa pEJ and HeLa pGC cells were transfected with scr or Jarid1A
A1+A3 siRNA. 24 h later, cells were transfected with the I-Scel expression vector to induce
DSB. A vector expressing GFP (pMCC-gfp-P) was used to monitor transfection efficiency in
parallel samples. 48 h after transfection of pMCV-I-Scel cells were harvested for flow cytome-
try analysis.
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Statistical analysis

To examine the differences between the cells transfected with scrambled siRNA and Jarid1A
A1+A3 siRNA regarding histone acetylations or DSB repair, an unpaired, 2-tailed t-test was
performed using Microsoft Excel 2010. P-values < 0.05 were defined as statistically significant
differences.

Results
Knock-down of Jarid1A does not affect cell growth

Alternative splicing yields two isoforms of Jarid1A [38] the functional difference of which is
poorly described. Both isoforms (expected sizes 192 kD and 186 kD) are detected in HeLa cells
(Fig 1A), as well as in MCF-7 and U20S cells (panel A in S1 Fig) and total expression of Jar-
id1A protein is comparable in these cell lines (panel A in S1 Fig). Using stealth siRNA, efficient
knock-down of both isoforms is achieved in HeLa cells. At 72 h after transfection, protein levels
in whole cell extracts are reduced to 27.4 + 13.3% (Fig 1 A). Similar depletion of Jarid1 A was
obtained in U20S and MCEF-7 cells (panel A in S1 Fig). Jarid1A knock-down also reduces the
intensity of an uncharacterized band of about 130 kD, which presumably represents a degrada-
tion product of Jarid1A. If not stated otherwise, for our experiments we transfected cells with a
1:1 combination of Jarid1A siRNAs Al and A3, but similar reductions were seen after using
each of these siRNAs alone (panel B in S1 Fig). Drastic reduction of nuclear Jarid1 A after trans-
fection with Jarid1 A siRNA is also evident from immunofluorescence (IF) detection (Fig 1B).
As a result of Jarid1A knock-down, cellular H3K4me3 levels increase about 1.7-fold, as seen by
immunofluorescence (Fig 1B) and Western Blotting (Fig 1C). Comparable increases were seen
in U20S and MCF-7 cells (panel C in S1 Fig). The observed increase of H3K4me3 cannot be
explained by differences in H3 expression (panel D in S1 Fig). The antibody used here is very
specific for H3K4me3 in IF, while in Western Blotting also H3K4me?2 is detected (panel E in

S1 Fig).

It has been reported that Jarid1B and Jarid1 A can compensate for each other [39,40]. We
therefore investigated Jarid1B protein levels after Jarid1A knock-down and did not detect a
concomitant increase (panel F in S1 Fig). Although the accuracy of expression levels obtained
for different genes in microarray analyses for the purpose of a gene-to-gene comparison is lim-
ited due to small differences in GC content of array probes and subsequent variation in hybrid-
ization affinities, our data suggest a markedly higher expression of Jarid1B mRNA in untreated
HeLa cells compared to the three other Jarid1 family members (normalized linear expression
values: Jarid1A: 78.4, Jarid1B: 535.1, Jarid1C: 133.2 and Jarid1D: 86.6). In order to estimate if
the ratio between Jarid1A and Jarid1B expression also differs in the cell lines tested here at the
protein level, we performed quantitative Western blot analysis of Jarid1B (panel F in S1 Fig)
and observed comparable values for the ratio of Jarid1A/Jarid1B band intensities (S1 Table).
Unfortunately, we could not study the effects of Jarid1B knock-down since in our hands cells
detached rapidly once Jarid1B levels were strongly reduced (data not shown). In contrast, cell
yield at 72 h after transfection was the same with scr siRNA or Jarid1A siRNA (Fig 2A), dem-
onstrating that in Hela, MCF-7 or U20S cells strong reduction of cellular Jarid1A levels does
not affect short-term viability and proliferation. This is in contrast to published data reporting
on induction of senescence, accumulation in G1 cell cycle phase and/or induction of cyclin-
dependent kinase inhibitors, such as p21, upon depletion of Jarid1 A [41-45]. In line with our
viability data we did not find indications for substantial up-regulation of p21 in our cell lines
(S2 Fig). In addition, cell cycle distribution did not differ between HeLa cells transfected with
scr siRNA and Jarid1A siRNA at 72 h after transfection (Fig 2B). Long-term viability and
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Fig 1. Efficient down-regulation of Jarid1A is associated with global increase of H3K4me3. (A) Decreased levels of Jarid1A in whole
cell protein extracts of HeLa cells after siRNA transfection. Western blot images show levels of Jarid1A in untransfected cells (cont), in cells
transfected with scrambled siRNA (scr) and in cells transfected with Jarid1A A1+A3 siRNA. Normalized average amount (+/- SD) of Jarid1A
protein after siRNA transfection of HeLa cells was determined by quantitative analysis of Western blots of protein extracts obtained in 10
independent experiments. (B) Decreased Jarid1A and increased H3K4me3 signal intensity after indirectimmunofluorescence in Hel a cells
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transfected with Jarid1A A1+A3 siRNA. Microscopic images were obtained at comparable exposure times and display the cell nuclei stained
with DAPI in blue, the protein Jarid1A in red and the histone modification H3K4me3 in green. The graph indicates normalized average
fluorescence of Jarid1A and H3K4me3 in nuclei of 20 randomly chosen cells. (C) Increase of H3K4me3 in whole cell protein extracts of HeLa
cells after depletion of Jarid1A. Western blotimages show levels of Jarid1A and H3K4me3. Average levels of H3K4me3 (+/- SD) were
determined by quantitative analysis of protein extracts obtained in 3 independent experiments via Western Blot.

doi:10.1371/journal.pone.0156599.g001

growth after Jarid1A knock-down was investigated in HeLa cells by determining the plating
efficiency in colony formation experiments. Both plating efficiency (Fig 2C) and average colony
size (Fig 2D) were unaffected by Jarid1 A knock-down. In conclusion, under conditions leading
to strong reduction of Jarid1A level and concomitant increase in cellular H3K4me3 levels, cel-
lular viability and growth characteristics remain unaffected in the cell lines tested here.

Depletion of Jarid1A results in histone hyperacetylation

Jarid1A interacts physically with several histone deacetylase complexes [46-48]. In addition,
pathway enrichment analysis of preliminary microarray experiments suggested deregulation of
histone deacetylation pathways upon Jarid1A depletion (data not shown). We therefore inves-
tigated the influence of Jarid1 A knock-down on the levels of acetylation at H3K9, H3K56 and
H4K16. As depicted in Fig 3A, acetylation levels of H4K16 increased significantly by about
100% at 72 h after siRNA transfection (p = 0.0035). Increased acetylation was also seen for
H3K9 and H3K56, albeit statistical significance was not reached. These increases were not due
to an increase in the amount of histones H3 and H4 after Jarid1 A depletion (Fig 3B). In spite of
the histone hyperacetylation, we did not observe increased susceptibility to micrococcal nucle-
ase in chromatin isolated from Jarid1A-depleted cells (S3 Fig), in accordance with earlier
reports, e.g. [49,50].

Depletion of Jarid1A sensitizes cells to ionizing radiation

It is well established that treatment of cells with inhibitors of histone deacetylases (HDACi) or
depletion of HDACs enhances radiosensitivity [51,52]. While a variety of cellular pathways
appear to be affected by treatment with HDACi, radiosensitization is also observed at low con-
centrations of HDACi where the only discernible effect is chromatin hyperacetylation, suggest-
ing a direct influence of hyperacetylation on radiation sensitivity [53]. Therefore, we set out to
investigate the effect of Jarid1 A depletion on survival of cells after X-irradiation in a colony for-
mation experiment. We observed a moderate, but highly significant sensitization of cells after
Jarid1A depletion with siRNAs A1+A3 as compared to untransfected (p < 0.0001) and con-
trol-transfected (p = 0.0025) cells (Fig 4). Sensitization was also observed after transfection
with each of these siRNAs alone, thus ruling out off-target effects (S4 Fig). Hence, Jarid1A
activity does play a role in the cellular resistance to radiation damage.

Jarid1A is not essential for radiation-induced loss of H3K4me3 at
yH2AX-decorated chromatin domains nor for recruitment of repair
proteins

In previous work we observed a loss of H3K4me2/3 and of elongation-active RNA Pol I in ion-
izing radiation-induced foci (IRIF) of YH2AX [23]. To investigate if Jarid1A is involved in this
process, we treated HeLa cells 72 h after transfection with scr or Jarid1A siRNA with carbon
ions at the ion microirradiation facility SNAKE [25]. After irradiation with single carbon ions,
vH2AX IRIF forming along the ion tracks were visualized by immunofluorescence and 3D
microscopy. At 1 h after irradiation, underrepresentation of H3K4me3 at YH2AX foci is com-
parable in both samples (panel A in S5 Fig). Similarly, underrepresentation of elongating
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Fig 2. Jarid1A depletion does not affect cell proliferation. (A) No difference in the cell number 72 h after transfection with scr or Jarid1A
siRNA. In all experiments involving protein extracts, the cell number of the different transfection samples was determined prior to protein
extraction. Indicated are mean cell numbers (+/- SD) of HeLa cells (12 experiments), U20S cells (3 experiments) and MCF-7 cells (2
experiments), each normalized with respect to the untransfected control samples. (B) Consistent cell cycle distribution after down-regulation
of Jarid1A. 72 h after siRNA transfection HeLa cells were harvested, stained with Pl and analyzed by flow cytometry. (C) Constant plating
efficiency of the transfected cells. After incubating transfected and control HeLa cells for 10 days, colonies were stained with methylene blue
and the number of colonies was determined. Graph indicates the mean plating efficiency (+/- SD) of 3 independent colony formation assays.
(D) Methylene blue stained colonies 10 days after seeding of 300 cells per well.

doi:10.1371/journal.pone.0156599.g002
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Fig 4. Depletion of Jarid1A enhances radiosensitivity. Survival fraction of the differently treated HelLa
cells irradiated at 72 h after siRNA transfection. Cells were irradiated with 0 Gy, 2 Gy 5 Gy or 10 Gy X-rays
and incubated for 10 days before fixation and methylene blue staining of colonies. For every dose the mean
value of the cell survival (+/- SD) of 3 independent colony forming assays is shown. Data were fitted with a
linear-quadratic model and statistical significance was determined by F test. After Jarid1A depletion, survival
is significantly reduced as compared to scr siRNA transfected cells (p = 0.0025) and untransfected controls
(p <0.0001).

doi:10.1371/journal.pone.0156599.g004

Ser2-phosphorylated RNA polymerase II is not affected by depletion of Jarid1A (panel B in S5
Fig). We conclude that depletion of Jarid1A does not disturb H3K4me3 demethylation at dam-
age sites.

It has been suggested that histone hyperacetylation affects repair of radiation-induced DSB
[51,53]. In particular, a crucial role for H4K16ac in DSB repair pathway choice was uncovered:
HA4K16 acetylation antagonizes 53BP1 binding to chromatin and 53BP1 foci formation [54,55],
thereby enabling BRCA1 accumulation, end resection and thus initiation of repair via homolo-
gous recombination. Others have reported that CHD4, with which Jarid1A was found to inter-
act [47], is required for accumulation of BRCA1 at damage sites [56]. We therefore
investigated BRCA1, 53BP1 and Rad51 IRIF formation after irradiation of HeLa cells with 55
MeV carbon ions in a small-angle irradiation geometry that allows visualizing protein accumu-
lation and IRIF formation along the ion-induced damage track [28,57]. Importantly, depletion
of Jarid1A (and concomitant hyperacetylation of H4K16) has no effect on frequency or size of
BRCA1 foci at 1 h after ion irradiation (Fig 5A). Both, in samples transfected with scr siRNA
and samples transfected with Jarid1A siRNA, of all cells with one or more YH2AX tracks,
about 1/3 show colocalization of YH2AX and BRCA1 along the entire track, about 1/3 show
occasional BRCAL foci along the YH2AX track, and about 1/3 do not show BRCA1 foci. The
presence of BRCA1 at the damage sites suggests initiation of end resection and homologous
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formation of yH2AX and BRCA1 (A), Rad51 and yH2AX (B), or 53BP1 and yH2AX (C). For each sample, two typical cells are
depicted. For quantitative evaluation, cells with yH2AX tracks were divided in 3 groups, depending on whether the protein in
question formed foci that overlapped with yH2AX foci along the whole track, or occasional foci that overlapped with some of the
yH2AX foci in the track, or no overlapping foci. Indicated are means (+/- SEM) from at least 50 evaluated cells.

doi:10.1371/journal.pone.0156599.g005

recombination [58]. Indeed, accumulation of recombination factor Rad51 along the yYH2AX
tracks is comparable in scr siRNA and Jarid1A siRNA transfected cells at 1 h and 3 h after ion
irradiation (Fig 5B). Also 53BP1 accumulation at YH2AX tracks was not affected by Jarid1A
depletion (Fig 5C). At 1 h after ion irradiation, 100% of cells with YH2AX tracks exhibited coloca-
lization with 53BP1 along the entire track, independent of Jarid1A status. We also investigated
earlier time points (5 min) where due to ongoing recruitment of 53BP1 full colocalization is not
yet obtained and did not find differences between src siRNA and Jarid1A siRNA transfected sam-
ples. We conclude that depletion of Jarid1A and concomitant hyperacetylation of H4K16 do not
affect recruitment of 53BP1 and BRCAL at ion irradiation-induced damage sites. Furthermore,
down-stream recombinational repair steps appear not to be affected.

We did also not find differences in the early steps of DSB detection and signaling, since
YH2AX foci formed equally fast in Jarid1 A depleted and control cells after carbon ion or X-
irradiation. Foci formation after irradiation with carbon ions was evaluated 5 min (panel A in
S6 Fig) and 2 min (panel B in S6 Fig) after irradiation. Because of the experimental set-up, the
shortest post-irradiation time possible is 2 min. Also after this short time, no discernible differ-
ence in YH2AX formation could be found (panel B in S6 Fig). Similarly, 15 minutes after X-
irradiation, YH2AX foci have comparable brightness in both samples (panel C in S6 Fig). We
conclude that despite its influence on the cellular H4K16 acetylation levels, Jarid1A is not
involved in the pathways regulating inhibition of transcription and accumulation of DSB repair
factors at damage sites.

Determination of residual IRIF after repair incubation is a frequently used method for estima-
tion of DSB repair efficiency [59,60]. To investigate the influence of Jarid1A depletion on DSB
repair efficiency, we analyzed the resolution of YH2AX foci after X-irradiation of HeLa cells with
5 Gy (Fig 6A). A comparable frequency of about 3 background YH2AX foci was seen in unirradi-
ated Jarid1A-depleted and scr siRNA controls. At 24 h after X-irradiation the number of YH2AX
foci was still considerably enhanced, while at 48 h it was only slightly higher than in unirradiated
samples (Fig 6A), suggesting successful completion of DSB repair at most sites. The frequency of
residual foci at 24 h and 48 h after irradiation did not differ between Jarid1 A-depleted cells and
scr siRNA controls (Fig 6A). Similarly, the frequency of 53BP1 and Rad51 background foci or
residual foci after X-irradiation was not affected by Jarid1A depletion (S7 Fig).

To verify that DSB repair is not reduced in Jarid1 A-depleted cells, we in addition used a
plasmid-based DSB repair assay in which successful repair of I-Scel-induced DSB leads to GFP
expression that can be detected by flow cytometry [37,61,62]. Reporter plasmids pEJ and pGC
were used to monitor NHE] and HR events, respectively, by stable integration in HeLa cells.
After transfection of the I-Scel expression plasmid, the number of GFP-expressing cells
increased 16.2-fold in HeLa pE]J and 11.8-fold in HeLa pGC cells (Fig 6B). Comparable fre-
quencies of productive DSB repair events were observed after transfection with scr siRNA and
Jarid1A A1+A3 siRNA (Fig 6B), thus substantiating that depletion of Jarid1A under the condi-
tions used in this work does not reduce DSB repair efficiency.

Discussion

In the present work we investigated the role of histone demethylase Jarid1A in cell proliferation
and radiation response by siRNA-mediated depletion of Jarid1A. All experiments reported
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doi:10.1371/journal.pone.0156599.g006

were performed 72 h after transfection with Jarid1A siRNA under comparable levels of residual
amount of protein. Under these conditions global trimethylation of H3K4 increased by about
70%, thus demonstrating efficient functional depletion of Jarid1A demethylation activity. We
can, however, not exclude that complete deletion of Jarid1A (as obtained for example by
knock-out) would lead to further effects in addition to the effects described here. Hou et al. also
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reported a drastic increase of global H3K4me3 after depletion of Jarid1A, albeit without show-
ing quantitative data [63]. Others observed similar increases of global H3K4 trimethylation
after depletion of Jarid1B [64,65], but not after depletion of Jarid1C [66]. So far, a systematic
comparison of the role of the members of the Jarid1protein family for global H3K4me3 levels
is lacking.

Jarid1A has been implicated in senescence pathways, both positively and negatively. Several
reports describe a loss of clonogenic potential, accumulation in G1 cell cycle phase, increased
senescence-associated B-galactosidase activity and/or increased levels of cyclin-dependent
kinase inhibitors, such as p21 and p27, after knock-down of Jarid1A in a variety of cell lines
[41-45]. Others reported that depletion leads to reduced proliferation only in cell lines with
Jarid1A amplification, but not in lines with normal Jarid1A expression [63]. Sharma et al.
reported normal proliferation of PC9 lung cancer cells after knock-down of Jarid1A [67]. It has
also been noted that Jarid1A knock-out mice exhibit a grossly normal phenotype, thus arguing
against a general strong reduction of cell proliferation upon Jarid1A depletion [68,69]. Even a
pro-senescent function of Jarid1 A was described in some systems [40]. In our hands, depletion
of Jarid1A in HeLa, U20S and MCEF-7 cells did not affect cell viability or proliferation. We con-
sider it unlikely that this lack of effect is due to insufficient depletion of Jarid1A, since compa-
rable levels of depletion were described in the publications mentioned above, and since
considerable increase of cellular H3K4me3 levels was observed. In HeLa cells p53 levels are low
due to enhanced degradation, and concomitantly p21 levels are low. U20S and MCF-7 cells
exhibit wild-type p53 function. Protein level of p21 is attenuated in U20S cells due to transla-
tional inhibition [70,71], but normal in MCF-7 cells. Thus, lack of senescence induction in our
cells cannot solely be attributed to deficiencies in the p53-p21 axis.

Cross-regulations of histone modifications are increasingly acknowledged [72]. Specifically,
crosstalk between H3K4me2/mel demethylation by LSD1 (KDM1a) and histone acetylation
has been well established. Depletion of LSD1 resulted in down-regulation of HDACs [73] and
hyperacetylation at H4K16ac, H3K56ac, and H3K14ac [74]. Potential crosstalk involving
demethylases of the Jarid family is less well investigated. Inhibition of histone deacetylases has
been reported to result in reduced Jarid1A activity and to phenocopy Jarid1A depletion
[67,75-77], but to our knowledge the effect of Jarid1A depletion on histone acetylation has not
yet been investigated in detail. We observed a significant increase of acetylation at H4K16
upon depletion of Jarid1A. In addition, our data suggest hyperacetylation at H3K9 and H3K56.
These three sites are known targets of HDACI and HDAC2 [51,78], with which protein Jar-
id1A was shown to physically interact [46,79]. In addition, Jarid1 A was demonstrated to inter-
act with the HDAC1/2-containing Sin3B and NuRD protein complexes [46-48,68]. It has been
proposed that Jarid1A, due to its chromatin-binding PHD finger and ARID domains, may act
to recruit Sin3B and NuRD complexes to chromatin [47], hence depletion of Jarid1A may
result in reduced HDAC activity at chromatin. Further experiments will be required to eluci-
date the interplay between Jarid1A and histone deacetylation. At present, we can also not
exclude a role for histone acetyl-transferases in the observed hyperacetylation.

Histone hyperacetylation associated with Jarid1A depletion did not discernibly alter nucleo-
some occupancy, as determined by MNase sensitivity in bulk chromatin. Similarly, others
found that histone hyperacetylation does not translate into altered MNase digestion pattern
[49,50,80]. We note that MNase digestion of bulk chromatin is a rather insensitive method
[81], and an influence on local nucleosome occupancy patterns cannot be excluded. Histone
acetylation has been associated with open chromatin states and H4K16ac has been shown in
vitro to reduce formation of compact chromatin fibers [82,83], although it may not visibly
influence chromatin compaction at all size scales of analyzed structures [84].
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Radiation-induced YH2AX foci locate preferentially in euchromatic regions [53,85-87],
which has been interpreted in terms of increased DSB formation in regions with less com-
pacted chromatin. It could, however, not be excluded in these studies that the detection of DSB
and/or the cellular response reactions differ in a way that results in suppression of foci forma-
tion in compacted heterochromatin. By using labeling of DSB ends Takata et al. showed [88]
that radiation-induced DSB formation is reduced in artificially condensed chromatin. Pretreat-
ment with HDAC inhibitors has been reported to lead to enhanced YH2AX signals after irradi-
ation [51,89-92], but it is difficult to differentiate effects of enhanced DSB induction, enhanced
DSB detection and subsequent signaling, or reduced dephosphorylation of YH2AX and repair
of DSB. Others observed enhanced H2AX phosphorylation at Ser139 upon H4K16 hypoacety-
lation [93], suggesting a complex balance between H4K16ac levels and YH2AX levels. We did
not find indications for enhanced YH2AX signals shortly after irradiation of Jarid1A depleted
cells and conclude that histone hyperacetylation as is seen after Jarid1A depletion does not
fully phenocopy the effects of HDAC inactivation.

We investigated the influence of Jarid1A depletion and H4K16 hyperacetylation on recruit-
ment of DNA damage response and repair factors to IRIFs induced by irradiation with carbon
ions. Due to the increased linear energy transfer (LET) of carbon ions as compared to photon
irradiation, about 30 DSB are formed per 10 pm track length through the nucleus [25,94], lead-
ing to a chain of IRIF formed along the track. Compared to photon irradiation, the increased
damage density of carbon ion irradiation facilitates specific detection of IRIF. It should, how-
ever, be noted that the damage densities occurring are still physiologically relevant and encoun-
tered in the natural and medical environment. This is in contrast to laser microirradiation
where local damage densities may be extremely high, allowing the microscopic detection of
recruitment to the damage sites even of proteins that accumulate to each DSB site in very low
number [95-97].

Acetylation of H4K16 plays a key role in DSB repair pathway decision, since chromatin
recruitment of 53BP1, which results in blocked end resection and use of NHE] repair, is dis-
turbed by the acetyl moiety [54,55]. Thus, one would expect reduced recruitment of 53BP1 to
radiation-induced foci upon hyperacetylation, as has been shown by several authors [54,55,92]
following HDACi treatment. Others, however, found unaltered 53BP1 recruitment upon
hyperacetylation [98] or even impaired 53BP1 recruitment following hypoacetylation of H4
[93,99]. It has been proposed that kinetically different chromatin alterations affect pathway
choice, which implies that differing time points of analysis may explain some of the observed
discrepancies [98]. In our hands, recruitment of 53BP1 to ion induced damage sites was not
affected by Jarid1A depletion. We also did not detect effects on recruitment of pro-recombina-
tion factors BRCA1 and Rad51. Published data on BRCA1 recruitment to damage sites under
conditions of HDAC inactivation are also quite inconsistent. Some authors observe increased
BRCAL1 binding to chromatin and foci formation after HDAC inactivation [55], while others
report on reduced BRCA1 recruitment after treatment with HDACi [92,98].

Analysis of the number of residual IRIF after repair incubation is a frequently used tool for
assessing DSB repair efficiency [59,60]. Residual YH2AX foci at 24 h and 48 h after X-irradia-
tion did not differ between cells scr siRNA and Jarid1 A siRNA transfected cells, suggesting that
the increased radiation sensitivity of Jarid1 A-depleted cells observed in our work cannot be
explained by altered DSB repair efficiency. Also the number of residual 53BP1 and Rad51 foci
did not differ between the samples, arguing against a difference in pathway use. These results
were corroborated by using a plasmid-based repair assay [37,61,62] able to differentiate
between end joining and gene conversion repair pathways. The absence of a discernible DSB
repair defect is also in contrast to the situation after treatment with HDAC inhibitors or deple-
tion of HDACs, where attenuated DSB repair has been reported [51,53].
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Finally, we also investigated whether Jarid1A, which we found previously to accumulate at
laser-induced damage sites, has a function in demethylation of H3K4me3/me2 in yYH2AX-dec-
orated chromatin regions and loss of active RNA polymerase II from these regions [23]. Our
negative results are compatible with observations by Li and coworkers [17] who found that
H3K4me3 levels in the vicinity of enzyme-induced DSB are largely regulated by Jarid1B.
Although functional overlap of Jarid1A and Jarid1B has been found in certain instances
[39,40], the roles of these closely related demethylases in the DNA damage response appears to
differ. In line with this assumption, depletion of Jarid1B or loss of its demethylase activity
results in reduced accumulation of DSB repair factor BRCALI at damage sites [50], contrary to
the effects of Jarid1 A depletion observed in our work.

As noted above, we cannot exclude the possibility of further effects occurring upon complete
depletion of Jarid1A. Since under the conditions used here histone hyperacetylation and radiosen-
sitivity increase, while recruitment of DSB signaling and repair factors and DSB repair itself
remain unaffected, we propose that the observed hyperacetylation does not affect DSB repair and
that the observed radiosensitivity cannot be explained by DSB repair deficiencies. Thus, the mech-
anistic basis of the significantly increased radiosensitivity seen upon depletion of Jarid1A remains
to be elucidated. In addition to the absence of effects on DSB signaling and repair as reported
here, we did also not find indications for alterations in cell cycle regulation or induction of apopto-
sis (data not shown). Given that Jarid1A is involved in transcriptional regulation, we currently
investigate the influence of Jarid1 A depletion on radiation-induced gene expression alterations.

Supporting Information

S1 Fig. Efficient down-regulation of Jarid1A is associated with a global increase of
H3K4me3. (A) Decreased levels of Jarid1A in whole cell protein extracts of HeLa, MCF-7 and
U20S cells after siRNA transfection. Western blot images show levels of Jarid1A in untrans-
fected cells (cont), in cells transfected with scrambled siRNA (scr) and in cells transfected with
Jarid1A A1+A3 siRNA. (B) Highest knock-down efficiency is accomplished with a combina-
tion of the siRNAs Jarid1A Al and A3. An unspecific band at about 170 kD seen in certain gel
settings is not affected by siRNA transfection. The graph depicts results of quantitative evalua-
tion of the blot shown on the left side. (C) Increase of H3K4me3 in whole cell protein extracts
of MCE-7 cells and U20S cells after knock-down of Jarid1A. Western blot images show levels
of Jarid1 A and H3K4me3 in cells transfected with scr siRNA and Jarid1A A1+A3 siRNA 72 h
after transfection. Numbers give levels of H3K4me3 normalized to scr sample after quantitative
analysis. (D) Increase of H3K4me3 after Jarid1A depletion is not due to alterations in level of
histone H3. Parallel samples of protein extracts of cells transfected with scr siRNA and Jarid1A
A1+A3 siRNA were loaded. The low molecular weight region of the Western Blot was cut into
2 halves to visualize H3 and H3K4me3. Numbers give levels of H3K4me3 normalized to scr
sample after quantitative analysis. (E) Specificity of the H3K4me3 antibody was established by
peptide competition assays via immunofluorescence and Western Blot. The graph at the left
shows the mean x-fold change of exposure time (+/-SD) from 5 randomly chosen positions in
the immunofluorescence samples after incubation of the antibody with different peptides. Effi-
cient blocking of the antibody is only seen with H3K4me3 peptides. For the Western Blot, the
relative signals of H3K4me3 after incubation of the antibody with the different peptides were
calculated and are represented in the right graph. The antibody is efficiently blocked by pep-
tides H3K4me2 and H3K4me3. (F) Left panel: Level of Jarid1B protein is not increased by
depletion of Jarid1A. Right panel: Comparable levels of Jarid1B protein in HeLa, U20S and
MCE-7.

(TTF)
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S2 Fig. Depletion of Jarid1A does not lead to strong induction of p21. Expression of p21
after depletion of Jarid1A in HeLa, MCF-7 and U20S cells, 72 h after transfection with scr or
Jarid1A siRNA. A representative sample and its quantitative evaluation are shown.

Cont = untransfected control.

(TTF)

S3 Fig. MNase accessibility is not affected by Jarid1A depletion. Analysis of chromatin
accessibility by MNase digestion of isolated nuclei. After different incubation periods with 0.5
u MNase, comparable amounts of partially digested DNA were loaded onto an agarose gel. The
emerging ladder of mono- and oligonucleosomes is comparable in both samples indicating reg-
ular nucleosome distribution in bulk chromatin after Jarid1A depletion.

(TIF)

S4 Fig. Depletion of Jarid1A enhances radiosensitivity. Colony formation experiment with
Hela cells transfected with JaridA1 siRNAs Al or A3 or a combination thereof, as well as
untransfected controls and cells transfected with scr siRNA. Cells were irradiated 72 h after
siRNA transfection with 0 Gy, 2 Gy, 5 Gy or 10 Gy X-rays. Cells were incubated for 10 days
before fixation and methylene blue staining of colonies. Data show that the different Jarid1A
siRNAs lead to comparable sensitization as compared to controls.

(TIF)

S5 Fig. Depletion of Jarid1A does not affect anti-correlation of YH2AX and H3K4me3 or
active RNA Pol II, respectively, after ion irradiation. HeLa cell transfected with scr or Jar-
id1A A1+A3 siRNAs were subject to ion microirradiation with single carbon ions applied in
line patterns (lateral distance between single ion hits 1 um, distance between “lines” 5 pum).
Cells were incubated for 1 h before fixation and indirect immunofluorescence detection of
vH2AX and H3K4me3 (A) or elongation-proficient RNA Pol II Ser2-p (B). Correlation analy-
sis was done as described [23]. In all panels the top rows show single slices of 3D microscopic
images (red channel, green channel and merge). In addition, to determine positive or negative
correlation between signal intensities in both channels for each pixel, the product of the mean
(PDM) map is shown. In the PDM maps, negative correlation at positions of yYH2AX foci is
visualized by pink signals; positive correlation is shown by green signals, whereas black indi-
cates random distribution of both signals. In the second row of each panel, plots of signal inten-
sity vs. PDM in the respective channels and the corresponding intensity scatter plots are
shown. PDM plots skewed to negative values demonstrate anti-correlation. In the third row,
profiles of the signal intensities along the indicated lines also demonstrate underrepresentation
of H3K4me3 and active RNA Pol II at damage sites.

(PDF)

S6 Fig. Early formation of YH2AX foci is not affected by depletion of Jarid1A. 72 h after
transfection with scr or Jarid1A A1+A3 siRNA, HeLa cells were irradiated in a small angle con-
figuration with 55 MeV carbon ions and fixed after 5 min (A) and 2 min (B), or irradiated with
5 Gy X-rays and fixed after 15 min (C). Indirect immunofluorescence was performed to detect
the foci formation of YH2AX. Numbers indicate microscopic exposure times, thus enabling
direct comparison of signal intensities.

(TTF)

S7 Fig. Background and residual 53BP1 and Rad51 foci are not affected by depletion of Jar-
id1A. Mean background frequency and number of residual 53BP1 and Rad51 foci (+/- SEM)
were determined in at least 20 cells after 5 Gy X-irradiation. Cells were fixed before irradiation
or at 24 h and 48 h after irradiation and indirect immunofluorescence was performed. Semi-
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automatic detection and characterization of foci was performed using the PlugIn FociPicker3D
[28]. Differences between Jarid1 depletion and scr controls are not significant (p > 0.05).
(TIF)

$1 Table. Comparison of relative band intensities corresponding to Jarid1A and Jarid1B
proteins. Band intensities were normalized with respect to Tubulin loading control. Intensities
in HeLa cells were set as 100%. All bands to be compared were on the same blot. Data are from
2 Western Blots.
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