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Abstract

The processes mediating the repair of DNA double strand breaks (DSBs) are critical determinants
of radiosensitivity and provide a source of potential targets for tumor radiosensitization. Among
the events required for efficient DSB repair are a variety of post-translational histone
modifications including methylation. Because trimethylation of histone H3 on lysine 27
(H3K27me3) has been associated with chromatin condensation, which can influence DSB repair,
we determined the effects of radiation on H3K27me3 levels in tumor and normal cell lines.
Irradiation of tumor cells resulted in a rapid loss of H3K27me3, which was prevented by the
siRNA-mediated knockdown of the H3K27 demethylase UTX. Knockdown of UTX also enhanced
the radiosensitivity of each tumor cell line. Treatment of tumor cells with the H3K27 demethylase
inhibitor GSKJ4 immediately before irradiation prevented the radiation-induced decrease in
H3K27me3 and enhanced radiosensitivity. As determined by neutral comet analysis and yH2AX
expression, this GSKJ4 treatment protocol inhibited the repair of radiation-induced DSBs.
Consistent with in vitro results, treatment of mice bearing leg tumor xenografts with GSKJ4
significantly enhance radiation-induce tumor growth delay. In contrast to results generated from
tumor cell lines, radiation had no effect on H3K27me3 levels in normal fibroblast cell lines and
GSKJ4 did not enhance their radiosensitivity. These data suggest that H3K27me3 demethylation
contributes to DSB repair in tumor cells and that UTX, the demethylase responsible, provides a
target for selective tumor cell radiosensitization.
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Introduction

The lesion primarily responsible for cell death after exposure to ionizing radiation is the
DNA double strand break (DSB). The processes that mediate the response to and repair of
DSBs are thus critical determinants of radiosensitivity and provide a source of potential
targets for tumor radiosensitization. Among the events required for efficient DSB repair are
a variety of post-translational histone modifications, which are involved in the relaxation of
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chromatin structure as detected locally around a DSB (1,2) and on a global level (3). In
general, such changes in chromatin structure in response to radiation play a role in the
sensing of DSBs (4) and facilitating the access of repair factors to sites of DNA damage (4).
One of the most well defined post-translational histone modifications affecting
radioresponse is phosphorylation, with the phosphorylation of H2AX established to play a
critical role in activating the radiation-induced DNA damage response and the recruitment of
repair proteins to DSBs (5). Acetylation and ubiquitination are also histone modifications
that have been reported to participate in the repair of DSBs (6-8). Of note, inhibitors of
histone deacetylation have been shown to enhance tumor cell radiosensitivity in a variety of
preclinical models and have undergone clinical evaluation in combination with radiotherapy
(9-11).

Histone methylation has also been implicated in the regulation of cellular radioresponse.
Dimethylation of histone H3 on lysine 79 (H3K79me2) and H4 on lysine 20 (H4K20me2)
have been linked to the recruitment of 53BP1 to DSBs (12,13), neither of those histone
modifications, however, was induced by DNA damage (14). Ayrapetov et al, showed that
H3K9me3 was increased locally around DSBs (15), which in the context of previous studies
suggested that H3K9me3 is critical for the activation of Tip60-mediated repair of radiation-
induced DSBs (2,15). At the global level, radiation was reported to increase the amount of
H3K36me2, which was shown to enhance the recruitment of components of non-
homologous end joining (NHEJ) repair (16,17). Although not as well defined, H3K27me3,
which participates in local chromatin condensation and transcriptional silencing, has also
been suggested to influence DSB repair (18-20). Support for H3K27me3 as a determinant of
cellular radiosensitivity is derived primarily from studies of EZH2, the methyltransferase
responsible for generating and maintaining H3K27me3 (21). EZH2 is recruited to radiation-
induced DSBs (19,22) and its knockdown has been reported to enhance the radiosensitivity
of U20S cells (19). However, whereas pharmacological inhibition of EZH2 enhanced the
radiosensitivity of atypical rhabdoid teratoid tumor cells (23), it had no effect on the
radiosensitivity of a series of glioma cell lines (24).

Whether H3K27me3 plays a role in radioresponse thus remains unclear. Although
recruitment of EZH2 to DSBs has been detected after laser micro-irradiation, conflicting
data has been reported as to the concomitant enrichment of H3K27me3 at those sites
(19,25). Moreover, based on immunoblot analysis, global levels of H3K27me3 were
unaffected in U20S cells (19) after irradiation yet they were decreased in a human fibroblast
cell line (26). To better understand the role of H3K27me3 in radioresponse, we initially
defined the effects of radiation on H3K27me3 levels in three human tumor cell lines initiated
from a variety of solid tumor histologies. As shown here, after irradiation there was a rapid
loss of H3K27me3, which could be attributed to the histone demethylase UTX. Knockdown
of UTX or its inhibition with GSKJ4 prevented the radiation-induced decrease in
H3K27me3 and enhanced tumor cell radiosensitivity. Finally, consistent with in vitro results,
treatment of mice bearing leg tumor xenografts with GSKJ4 prevented the radiation-induced
decrease in H3K27me3 and significantly enhanced radiation-induce tumor growth delay.
These data suggest that loss of H3K27me3 contributes to cell survival after irradiation and
that preventing this decrease via inhibition of UTX provides a strategy for tumor
radiosensitization.
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Materials and Methods

Cell lines and treatments

MDA-MB-231 (breast adenocarcinoma), A549 (lung adenocarcinoma), MRC5 (normal lung
fibroblast) and MRC9 (normal lung fibroblast) were obtained from American Type Culture
Collection (ATCC). U251 (glioblastoma) was obtained from the Division of Cancer
Treatment and Diagnosis Tumor Repository (DCTD), National Cancer Institute (NCI).
DCTD and ATCC employ short tandem repeat DNA fingerprinting, karyotyping, and
cytochrome C oxidase to authenticate cell lines. All cells were cultured less than 3 months
after resuscitation. MDA-MB-231 and U251 were grown in Dulbecco’s Modified Eagle’s
Medium) supplemented with 10% FBS (Invitrogen). A549 was grown in Roswell Park
Memorial Institute 1640 Medium and MRC5 and MRC9 were grown in Minimum Essential
Medium, both supplemented with 10% FBS (Invitrogen). Cell cultures were maintained in
an atmosphere of 5% CO/95% air at 37°C. GSKJ4 (Selleck Chemicals) was dissolved in
dimethyl sulfoxide. Cells were irradiated using a 320kV X-ray source (Precision XRay Inc.)
at a dose rate of 2.3 Gy/min.

siRNA transfection

A pool of 4 siRNA duplexes (SMARTpool) targeted to UTX, JIMJD3 and a nontargeted
SiRNA pool were purchased from Dharmacon Inc. Transfection with the respective siRNA
pool was performed when cell cultures were 60% confluent using Dharmafect 4 transfection
reagent (Dharmacon) per manufacturer’s protocol. All experiments were carried out 48h
post-transfection.

Clonogenic Survival Assay

To evaluate radiosensitivity cells were plated at clonal density in six-well plates and
irradiated 6h (U251, A549) to 16h (MDA-MB-231, MRC5, MRC9) later. 10 to 14d after
seeding, plates were stained with 0.5% crystal violet, the number of colonies determined,
and the surviving fractions were calculated. Radiation survival curves were generated after
normalizing for the cytotoxicity induced by GSKJ4 or siRNA. Data presented are the mean
+ SEM from at least 3 independent experiments.

Immunoblot analysis of whole cell lysates

Cells were lysed as described (27) and total protein was quantified using BCA protein assay
(Thermo Scientific). Proteins were separated by SDS-PAGE; transferred to nitrocellulose
(Bio-Rad) and probed with anti-UTX (KDMB6A, Cell Signaling Technology), anti-JIMJD3
(KDM6B, Abcam) and p-Actin (Cell Signaling Technology). Bands were visualized with
IRDye secondary antibodies (LI-COR) and quantified with Image Studio (LI-COR).

Chromatin fractionation

Chromatin fractionation and immunoblot analysis of chromatin-associated proteins was
performed as described by Sun et al (2). Briefly, cells were lysed in 10mM Tris-HCI (pH
7.5), 10mM KCI, 1.5mM MgCls, 0.34M Sucrose, 10% Glycerol, 0.2% Triton X-100;
supplemented with 1x phosphatase inhibitor cocktails Il and 111 (Sigma-Aldrich), and 1x
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HALT protease inhibitor cocktail (Thermo Scientific) for 10 minutes on ice. Nuclei were
pelleted and washed once in 10mM HEPES pH 7.9, 10mM NaCl, 3mM MgCl, 1mM CaCl,
supplemented with 1x phosphatase inhibitor cocktails Il and 111 (Sigma-Aldrich), and 1x
HALT protease inhibitor cocktail (Thermo Scientific) and digested with 25KU Benzonase
for 5min at 37°C. The reaction was stopped with 20mM EDTA and insoluble chromatin was
separated from soluble chromatin by centrifugation. Supernatant (S1) was saved on ice and
the insoluble chromatin pellet was resuspended in 10mM HEPES pH 7.9, 10mM KCI, 0.5M
NaCl, ImM EDTA, 0.1mM EGTA, 0.1% IGEPAL CA630, supplemented with 1x
phosphatase inhibitor cocktails 1l and 111 (Sigma-Aldrich), 1x HALT protease inhibitor
cocktail (Thermo Scientific), and sonicated at 25% amplitude for 2x5sec on ice. The
sonicated chromatin samples were cleared by centrifugation and the supernatant (S2) was
transferred to supernatant S1. Protein in the combined supernatant was quantified using
BCA protein assay (Thermo Scientific) and separated by SDS-PAGE using 4-20% gradient
gel (Bio-Rad), followed by protein transfer to a nitrocellulose membrane. For tumor cell
lines 2ug of chromatin protein were subjected to immunoblot analysis; for normal cell lines
10ug of chromatin protein were analyzed. Membranes were probed with anti-H3K27me3
(Cell Signaling) and anti-H3 (Abcam) antibodies, which were visualized with IRDye
secondary antibodies (LI-COR) and quantified with Image Studio (LI-COR).

Neutral Comet assay

Neutral comet assay was performed using a commercially available kit according to the
recommendations from the manufacturer (Trevigen) with slight modifications. Briefly,
monolayers were irradiated (10Gy) and returned to the incubator. At specified times, single-
cell suspensions were generated, washed with PBS, mixed with low melting agarose (1:10),
and transferred to the provided slides. Cells were lysed at 4°C for 1 h on wet ice, subjected
to electrophoresis for 20 min at room temperature and fixed with 70% EtOH. DNA was
stained with SYBR Green. Digital fluorescent images were analyzed with TriTek
CometScore®as described (28). Data are expressed as % damage remaining, in which the
Olive tail moment from cultures irradiated on ice and collected immediately after irradiation
was set to 100% damage, with the remaining times post-irradiation normalized accordingly.
All time points were corrected before normalization for DNA damage detected from GSKJ4
or vehicle treatment alone by subtracting the Olive tail moment of non-irradiated vehicle or
GSKJ4 treated samples. Data represent the mean £ SEM of 3 independent experiments.

Flow cytometric analysis of yH2AX expression

Flow cytometry of yH2AX was performed as described by Karnak et al (29). Briefly, cells
were trypsinized, washed with ice-cold PBS, and fixed at a concentration of 1x10 cells/mL
in ice-cold 70% ethanol. Samples were incubated directly to Alexa488 conjugated mouse
anti-yH2AX-specific antibody (Cell Signaling) overnight at 4°C. For quantification of
YH2AX positivity, a gate was arbitrarily set on the control, untreated sample to define a
region of positive staining for yH2AX of approximately 5%. This gate was then overlaid on
the drug/radiation-treated samples. Cell cycle distribution and total DNA content was
determined by adding Hoechst 33258 (1:50,000). Data were acquired on a LSR Fortessa
flow cytometer (Becton Dickinson) with DIVA software and analyzed with FlowJo® (Tree
Star).
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Tumor Growth Delay

Results

Eight to ten-week-old female athymic nude mice (NCr nu/nu; NCI Animal Production
Program, Frederick, MD) were used in these studies. Animals were caged in groups of 5 or
less and fed animal chow and water ad libitum. A single cell suspension U251 cells (1 x

105) was injected subcutaneously into the right hind leg. When tumors grew to a mean
volume of approximately or 220mm3 mice were randomized into four groups: vehicle
treated controls (10:90 DMS0:20% Captisol), drug treated (GSKJ4 100mg/kg/d), radiation
(2Gy/day), or drug/radiation combination. The treatment protocol is described in detail in
the results. Radiation was delivered locally using a Pantak X Ray source with animals
restrained in a custom designed lead jig. To obtain tumor growth curves, perpendicular
diameter measurements of each tumor were measured 3 times per week with a digital caliper
and volumes were calculated using a formula (L x W£) /2. Data are expressed as mean +
SEM tumor volume. Each experimental group contained between 7-10 mice. All animal
studies were conducted in accordance with the principles and procedures outlined in the NIH
Guide for Care and Use of Animals and approved by the Institutional Animal Care and Use
Committee (IACUC).

The effects of radiation on histone H3K27me3 levels were initially defined in three human
tumor cell lines; U251 glioblastoma; MDA-MB-231 breast carcinoma and A549 lung
carcinoma. For these studies, chromatin associated protein was isolated and 2ug per sample
was subjected to immunoblot analysis of histone H3K27me3 with histone H3 used as a
loading control. An initial experiment showed that at 1h after irradiation of U251 a small
decrease in H3K27me3 was detectable after 2Gy, which decreased further as a function of
dose out to 10Gy (Figure S1A). Thus, to evaluate the H3K27me3 levels after irradiation in
more detail, each cell line was exposed to 10Gy and collected at times out to 6h. As shown
in Figure 1, compared to control cells H3K27me3 levels were significantly reduced in each
of the tumor cell lines after irradiation. Although there was some variability among cell lines
regarding the time course, the maximum decrease was detected at 0.5 to 1h after exposure
with H3K27m3 remaining significantly below unirradiated levels for at least 6h. These
results indicate that, at least in these 3 tumor cell lines, after irradiation there is a rapid
reduction in H3K27me3.

The rapid reduction in this chromatin mark after irradiation suggested the participation of a
H3K27me3 demethylase, of which two have been identified UTX and JMJD3 (30). As
shown in figure 2A, UTX was readily detectable in the 3 tumor cell lines, whereas to detect
JMJD3 it was necessary to use three times as much protein for immunoblot analysis (20ug
versus 60ug, respectively). The relatively low expression level of IMJD3 in the tumor cell
lines suggested that of the H3K27 demethylases UTX may mediate the radiation-induced
decrease in H3K27me3. Of note, in normal lung fibroblasts (MRC5 and MRC9) levels of
UTX and H3K27me3 were less than those detected in the tumor cell lines. To test this
hypothesis, SiRNA was used to knockdown UTX in U251, MDA-MB-231 and A549 cells.
At 48h after siRNA transfection UTX expression was reduced by 90% in each of the cell
lines as compared to cells receiving the non-targeted siRNA (Figure 2B). Whereas
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irradiation of cells transfected with the non-targeted siRNA decreased H3K27me3 level in
each of the tumor lines (Figure 2C) knockdown of UTX prevented the radiation-induced
decrease in H3K27me3 suggesting that UTX mediates the radiation-induced decrease in
H3K27me3. This knockdown strategy was then used to determine whether UTX plays a role
in tumor cell radiosensitivity (Figure 2D). As compared to cells receiving non-targeted
SiRNA, knockdown of UTX increased the radiosensitivity of each of the tumor cell lines
with dose enhancement factors (DEFS) at a surviving fraction of 0.1 ranging from 1.2 to 1.3.
Knockdown of UTX alone reduced survival to 0.38+0.10, 0.76+0.21 and 0.39+0.07 (mean *
SEM) in U251, MDA-MB-231 and A549 cells, respectively, as compared to cells receiving
non-targeted siRNA. The data presented in figure 2 thus suggest that the UTX mediated
decrease in H3K27me3 contributes to the survival of tumor cells after irradiation.

These results also suggested that UTX provides a target for tumor cell radiosensitization. To
investigate this possibility, we used the small molecule H3K27 demethylase inhibitor
GSKJ4, the structure and specificity of which has been previously described (31-34). For
each cell line, whereas radiation exposure reduced H3K27me3 levels at 1h, when GSKJ4
(4uM) was added to culture media immediately before irradiation H3K27me3 levels were
essentially the same as in control (Figure 3A) indicating that GSKJ4 prevents the radiation-
induced decrease in H3K27me3. The effects of GSKJ4 on cellular radiosensitivity were then
evaluated using clonogenic survival analysis (Figure 3B). For this study, cells were plated at
clonogenic densities and GSKJ4 added immediately before irradiation; 24h later cultures
were rinsed and fresh, drug media was added. Treatment with GSKJ4 enhanced the
radiosensitivity of each of the three tumor cell lines (Figures 3B) with (DEFs) at a surviving
fraction of 0.1 ranging from 1.2-1.4. GSKJ4 treatment alone resulted in a minor amount of
tumor cell killing, which was accounted for in the analysis of the combination protocol, with
surviving fractions (mean £ SEM) of 0.62+0.08, 0.64+0.02 and 0.63+0.2 for U251, MD-
MBA-231 and A549 cells, respectively. These results indicate that GSKJ4 enhances tumor
cell radiosensitivity and suggest that the mechanism involves the prevention of the radiation-
induced loss of H3K27me3.

Because GSKJ4 was added immediately before irradiation, redistribution of cells into a
radiosensitive phase of the cell cycle is unlikely to account for the observed
radiosensitization. Moreover, GSKJ4 exposure alone ((4uM, 16h) had no effect on cell cycle
phase distribution (Figure S1B). To gain insight into the mechanism through which GSKJ4
enhances tumor cell radiosensitivity, DSB repair was evaluated in U251 and MDA-MB-231
cells using the neutral comet and yH2AX expression assays (Figure 4). For the neutral
comet assay GSKJ4 (4uM) was added to culture media immediately before irradiation
(10Gy) and cells collected for analysis at times out to 24h (Figure 4A). For both cell lines,
GSKJ4 treatment significantly slowed the repair of radiation-induced DSBs, which was
detectable by 1h. The DSBs remaining at 24h reflect residual radiation-induced damage,
which was increased in GSKJ4 treated cells, and is consistent with an increase in radiation-
induced cell death. As an additional measure of DSB repair, the expression of
phosphorylated histone H2AX (yH2AX), a surrogate marker for radiation-induced DSBs,
was evaluated using flow cytometry (35). U251 and MDA-MB-231 cells were treated with
GSKJ4 (4uM) immediately before irradiation (6Gy) and collected 16h later. In both cell
lines (Figure 4B), GSKJ4 alone had no significant effect, whereas radiation alone increased
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the percentage of cells expressing yH2AX at 16h as compared to vehicle treated cells. For
both cell lines, the combination of GSKJ4 and radiation increased the percentage of cells
expressing yH2AX as compared to radiation alone suggesting that GSKJ4 inhibits DSB
repair. Thus, data generated from the neutral comet and yH2AX assays suggest that the
inhibition of H3K27m3 demethylation mediated by GSKJ4 inhibits the repair of radiation-
induced DSBs, which could then account for the observed radiosensitization.

The effects of radiation on H3K27me3 levels were also determined in the normal human
fibroblast cell lines MRC5 and MRC9. As in the analysis of the tumor cell lines, MRC5 and
MRC9 were exposed to 10Gy and chromatin protein collected and analyzed by immunoblot
for H3K27me3 at times out to 6h. In contrast to the tumor cell lines, H3K27me3 levels in
MRC5 and MRC9 cells were unchanged after irradiation (Figure 5A). Of note, histone
H3K27me3 levels were considerably lower in the normal fibroblast cell lines compared to
tumor cell lines (Figure 2A), which necessitated the higher chromatin protein (10ug) for
immunoblot analysis. Consistent with the absence of a radiation-induced decrease in
H3K27me3 and that treatment of the fibroblasts with GSKJ4 did not enhance their
radiosensitivity (Figure 5B). Specifically, the demethylase inhibitor had no effect on the
radiosensitivity of MRC9 and slightly reduced the radiosensitivity of MRC5 cells. GSKJ4
treatment alone resulted in surviving fractions (mean £ SEM) of 0.31+0.01 for MRC5 and
0.27£0.04 for MRC9. These data suggest that the radiation induced decrease of H3K27me3
methylation may provide a target for selective tumor cell radiosensitization.

Finally, we determined whether the GSKJ4-mediated radiosensitization detected in vitro
could be extended to an in vivo tumor xenograft model (Figure 6). Initially, the effect of
radiation on H3K27me3 levels in tumors was determined as was whether this effect could be
inhibited by GSKJ4. For this experiment, U251 were subcutaneously implanted into the
right leg of nude mice and when the tumors reached (~300 mms3), randomized into four
groups: vehicle, GSKJ4 (100mg/kg), radiation (10Gy) and GSKJ4 plus radiation.
Specifically, mice were treated with GSKJ4 1h before irradiation and tumors collected 3h
after irradiation. As illustrated in Figure 6A and quantified in Figure 6B, GSKJ4 had no
effect on the level of H3K27me3, whereas this chromatin mark was significantly reduced
after irradiation. Consistent with in vitro results, administration of GSKJ4 prior to irradiation
prevented the radiation-induced decrease of H3K27me3. Based on these findings, a protocol
was designed to test the antitumor effectiveness of the GSKJ4/radiation combination. Mice
bearing subcutaneous U251 leg tumors (~220 mm3) were randomized into four groups:
vehicle, GSKJ4, radiation, and GSKJ4 plus radiation. GSKJ4 was delivered twice a day
(50mg/kg per intraperitoneal injection) at 1h before and 7h after local irradiation (2Gy) for
three consecutive days. Two final doses of 50mg/kg GSKJ4 were given 16h and 24h after the
last radiation dose. The growth rates of U251 tumors corresponding to each treatment are
shown in Figure 6C. GSKJ4 treatment alone had no significant effect on tumor growth rate,
although tumors in this group appeared to grow slightly faster than in vehicle treated mice.
Radiation alone resulted in a tumor growth delay (the time in days for tumors in treated mice
to grow from 220 to 1000 mm?3 minus the time in days for tumors to reach the same size in
vehicle-treated mice) of 5 days. The tumor growth delay in mice treated with the
combination of GSKJ4 and radiation was 15 days, corresponding to a DEF of 3. Thus, as for
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tumor cells grown in vitro, these data indicate that GSKJ4 enhanced the tumor cell
radiosensitivity in vivo.

Discussion

Chromatin remodeling via the induction of post-translational histone modifications has been
established as a critical process mediating the repair of radiation-induced DSBs (1,4,6).
Whereas a number of such modifications have been identified, the studies presented here
focused on the trimethylation at H3K27. Previous reports have shown that H3K27me3 levels
are increased locally around DSBs induced UV laser micro-irradiation (19) and the
endonuclease I-scel (22). However, whether this histone modification influences the repair
of the DSBs induced by ionizing radiation and, of significance with respect to cancer
treatment, tumor cell radiosensitivity remained to be defined. In the study presented here,
while H3K27me3 levels locally around DSBs were not addressed, X-irradiation of human
tumor cell lines initiated from a variety of solid tumor types resulted in a rapid reduction in
chromatin H3K27me3. Given that this histone modification has been causally associated
with condensed chromatin (36,37) and thus putatively acts as an impediment to DSB repair
(38), the loss of H3K27me3 would be expected to facilitate repair and contribute to cell
survival after irradiation. Under these circumstances, targeting the molecule mediating the
reduction in H3K27me3 may provide a strategy for enhancing tumor cell radiosensitivity.

The rapid reduction of H3K27me3 after irradiation suggested that rather than the inhibition
of a methyltransferase (i.e., EZHZ2), the effect was mediated by one of the H3K27
demethylases. Along these lines, UTX was expressed at considerably higher levels in the 3
tumor cell lines than JMJD3. This is consistent with UTX being ubiquitously expressed and
its suggested role as a “housekeeping” demethylase (39). Whereas the expression of IMJD3
has been reported to increase in response to a variety of stimuli, including by 6h after
irradiation (39), the reduction in H3K27me3 reported here was detectable within 30 minutes.
This rapid decrease is consistent with the action of UTX, which is already expressed at a
relatively high level under basal conditions. Accordingly, knockdown of UTX prevented the
radiation-induced reduction in H3K27me3, which was accompanied be increased tumor cell
radiosensitivity. UTX-mediated changes in H3K27me3 have been mostly clearly associated
with modifications in gene expression. Indeed, previous studies have implicated UTX in the
regulation of genes critical to the radiation-induced DNA damage response (39,40). The
SiRNA based experimental protocol used to generate the data presented in figures 1-2
required 48h between transfection and irradiation and thus allowed for the potential
contribution of changes in gene expression to the increase in radiosensitivity. However, in
addition to the siRNA based knockdown approach, we also used the H3K27 demethylase
inhibitor GSKJ4. Of mechanistic significance, GSKJ4 was added immediately before
irradiation resulting in the prevention of the reduction in H3K27me3 along with an
inhibition of DSB repair detectable at early as 1h and radiosensitization, which argues
against a causal role for changes in gene expression. Thus, the data presented suggest that
the radiation-induced loss of H3K27me3 relaxes chromatin structure to facilitate DSB repair.
In general, histone methylation status has been linked to NHEJ (16,17) and the neutral
comet analysis presented here showing that GSKJ4 inhibits the DSB repair by 6h after
irradiation is consistent with a role for NHEJ. However, whereas results indicate that UTX
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mediates the loss of H3K27me3 after irradiation, the specific mechanism responsible for the
increased UTX activity remains to be determined.

In contrast to the three human tumor cell lines, radiation had no effect on H3K27me3 levels
in two normal human fibroblast cell lines. Consistent with the low basal protein expression
of UTX and the lack of H3K27me3 reduction in response to radiation, GSKJ4 had no effect
on the radiosensitivity of MRC5 and MRC9. These results suggest that the radiation-induced
reduction in H3K27me3 and its role in DSB repair may be tumor cell specific. However, it
was previously reported that after irradiation H3K27me3 levels were unchanged in the
osteosarcoma cell line U20S (19) and decreased in a human fibroblast cell line (26),
although only a single time point post-radiation was evaluated in both studies. Thus, whereas
the data presented here indicate a consistent response among 3 tumor cell lines, the
molecular circumstances that allow for a UTX-mediated reduction in H3K27me3 after
irradiation and the potential for this histone demethylase to provide a target for
radiosensitization remains to be more completely defined.

GSKJ4 has been reported to inhibit the in vivo growth of diffuse intrinsic pontine glioma via
JMJD3 inhibition (41) and T-cell acute lymphoblastic leukemia via UTX inhibition (42). In
contrast, we found that GSKJ4 had no effect on the growth of U251 xenografts, which may
be the result of the differences in the length of GSKJ4 administration, 5 days vs. 2-3 weeks
in the previous studies (41,42). However, GSKJ4 enhanced the radiation-induced growth
delay of U251 leg tumor xenografts, which in vitro data suggests is due to the inhibition of
UTX. It is possible that GSKJ4, in addition to the H3K27 demethylases, may also inhibits
other histone demethylases (31). Nevertheless, the data presented here showing that the
GSKJ4-mediated inhibition of the H3K27me3 demethylation enhances the radiosensitivity
of tumor but not normal cells supports further evaluation of this epigenetic approach to
enhancing the effectiveness of radiotherapy.
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Effect of radiation on H3K27me3 levels in tumor cell lines. A) U251, B) MDA-MB-231 and
C) A549 cells were irradiated (10Gy) and chromatin protein isolated at the indicated time
points. Top panels show representative immunoblots for H3K27me3 along with the
corresponding H3 levels from each cell line. Bottom panels show H3K27me3 levels as a
function of time after irradiation normalized to the unirradiated controls (C). H3 was used as
a loading control; the data expressed as the mean + SEM of 3-4 independent experiments.
*p<0.04 according to Student’s t test.
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Effect of UTX knockdown H3K27me3 levels and tumor cell radiosensitivity. A) Expression
of H3K27me3 demethylases (UTX and JMJD3) and H3K27me3 in the 3 tumor cell lines
and two normal lung fibroblast cell lines (MRC5 and MRC9). Protein from whole cell
lysates (20ug for UTX and 60ug for IMJD3), and chromatin protein (2ug) were subjected to
immunoblot analysis with actin and H3 used as loading controls, respectively. B) Tumor
cells were transfected with nontargeted (nt) siRNA or siRNA specific for UTX (UTX
siRNA) and 48h post-transfection whole cell lysates was subjected to immunoblot analysis
with actin used as a loading control. C) Transfected tumor cells were irradiated with 10Gy
(IR) and collected at 1h later for immunoblot analysis of H3K27me3 with H3 used as a
loading control. Representative immunoblots of 2 independent experiments are shown; ratios
of H3K27me3 in irradiated versus unirradiated are shown below each blot. D) 48h after
transfection U251, MDA-MB-231, and A549 cells were plated, irradiated after attachment
and subjected to clonogenic survival analysis. Colony-forming efficiency was determined 10
to 14 days later and survival curves were generated after normalizing for cell killing from
SiRNA alone. DEFs were calculated at a surviving fraction of 0.1. Values shown represent
the mean + SEM for 3 to 4 independent experiments. *p<0.04 according to Student’s t test.
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Figure 3.
Influence of GSKJ4 on H3K27me3 levels in and radiosensitivity of the 3 tumor cell lines. A)

GSKJ4 (4uM) was added to culture media immediately before irradiation (10Gy), 1h later
chromatin protein was collected and subjected to immunoblot analysis for H3K27me3 with
H3 used as a loading control. Representative immunoblots from each cell line are presented
with the ratios comparing H3K27me3 levels in treated versus untreated cells shown below
each blot. B) For clonogenic survival analysis GSKJ4 (4uM) was added to culture media
immediately prior to irradiation, 24h later cultures were rinsed and fed fresh, drug-free
medium. Colony-forming efficiency was determined 10 to 14 days later and survival curves
were generated after normalizing for cell killing from drug alone. DEFs were calculated at a
surviving fraction of 0.1. Values shown represent the mean £ SEM for 3 to 4 independent
experiments. *p<0.04 according to Student’s t test.
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assay. U251 and MDA-MB-231 cells were treated with vehicle (DMSO) or GSKJ4 (4uM)
immediately before irradiation (10Gy) and analyzed at times out to 24h. Data are expressed
as percent damage remaining with the Olive tail moment immediately after radiation
corresponding to 100% damage. Values shown represent the mean + SEM for 3to 4
independent experiments. B) yH2AX expression. U251 or MDA-MB-231 cells were treated
with vehicle (DMSO) or GSKJ4 (4uM) immediately before irradiation (6Gy) and collected
for analysis 16h later. Values shown represent the mean £ SEM for 3 independent

experiments. *p<0.04 according to Student’s t test.
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radiosensitivity. A) H3K27me3 levels in MRC5 and MRC9 normal fibroblast cell lines after
irradiation. Chromatin protein was collected at the designated times after exposure to 10Gy;
10ug was subjected to immunoblot analysis for H3K27me3 and H3 (loading control).
Representative immunoblots from each cell line are shown; H3K27me3 ratios in irradiated
versus unirradiated cells are shown below each blot. B) Clonogenic survival analysis of
MRC5 and MRC9. GSKJ4 (4uM) was added immediately prior to irradiation and 24h later
cultures were rinsed and fed fresh, drug-free medium. Colony-forming efficiency was
determined 14 days later and survival curves were generated after normalizing for cell
killing from drug alone. Values shown represent the mean = SEM for 3 independent

experiments. *p<0.01 according to Student’s t test.
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Figure 6.

The effects of GSKJ4 on radiation-induced tumor growth delay. A) H3K27me3 levels in
U251 leg tumor xenografts after treatment with GSKJ4 (50mg/kg), radiation (IR, 10Gy) or
the combination. B) H3K27me3 versus H3 ratios calculated from immunoblot (shown in A)
for vehicle, GSKJ4, radiation or combination (GSKJ4+IR) treated mice. Values represent the
mean + SEM of the 3 mice per group, *p<0.03 according to Student’s t test. C) Mice bearing
U251 leg tumor xenografts were treated with GSKJ4 (50mg/kg) 1h before and 7h after each
tumor irradiation (2Gy) for 3 consecutive days; GSKJ4 only was also delivered on the 4t
day (twice with each dose separated by 8h). Each group contained 7-10 mice. Values
represent the mean tumor volumes + SEM. **p<0.006 according to ANOVA.
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