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Background: Histone deacetylase inhibitors (HDACiIs) like vorinostat are promising radiosensitisers in prostate cancer, but their
effect under hypoxia is not known. We investigated gene expression associated with radiosensitisation of normoxic and hypoxic
prostate cancer cells by vorinostat.

Methods: Cells were exposed to vorinostat under normoxia or hypoxia and subjected to gene expression profiling before
irradiation and clonogenic survival analysis.

Results: Pretreatment with vorinostat led to radiosensitisation of the intrinsically radioresistant DU 145 cells, but not the
radiosensitive PC-3 and 22Rv1 cells, and was independent of hypoxia status. Knockdown experiments showed that the
sensitisation was not caused by repression of hypoxia-inducible factor HIF1 or tumour protein TP53. Global deregulation of DNA
repair and chromatin organisation genes was associated with radiosensitisation under both normoxia and hypoxia.
A radiosensitisation signature with expression changes of 56 genes was generated and valid for both conditions. For eight
signature genes, baseline expression also correlated with sensitisation, showing potential as pretreatment biomarker. The hypoxia
independence of the signature was confirmed in a clinical data set.

Conclusions: Pretreatment with HDACi may overcome radioresistance of hypoxic prostate tumours by similar mechanisms as
under normoxia. We propose a gene signature to predict radiosensitising effects independent of hypoxia status.

Relapse is a major clinical problem in the radiotherapy of Sanfilippo, 2015). Strategies for radiosensitisation are therefore
localised, high-risk prostate cancer, where more than half of the highly warranted, especially in patients with hypoxic tumours, as
patients will have a biochemical relapse within 5 years (Cooper and  hypoxia is both frequent (Parker et al, 2004; Carnell et al, 2006;
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Ragnum ef al, 2015) and an important cause of treatment failure
(Milosevic et al, 2012; Turaka et al, 2012) in this disease. Histone
deacetylease inhibitors (HDACis) can block subsets of isoenzymes
belonging to the HDAC superfamily, and inhibitors targeting class
I and II HDACs have emerged as promising epigenetic drugs for
radiosensitisation (Ree et al, 2010; Smits et al, 2014). Several of
them, including vorinostat and valproic acid (VPA), are currently
evaluated in combination trials with radiotherapy (Groselj et al,
2013), and a phase 1 trial has been completed on prostate cancer
(NCT00670553). Discovery of biomarkers for selection of patients
to the combination trials is crucial, but no biomarkers exist or are
even ready for clinical testing (Smits et al, 2014). A better
understanding of the mechanisms underlying the radiosensitising
effect is needed (Groselj et al, 2013). In particular, only few studies
report on a possible sensitisation of hypoxic cells (Saelen et al,
2012), and current knowledge of the molecular changes by HDACi
under hypoxia is scarce and based on studies of individual
candidate proteins (Kong et al, 2006; Yu et al, 2012).

Class I/II HDAC:is act by increasing acetylation of histones and
other proteins, leading to alterations in the cellular gene expression
program, impaired cell proliferation and induction of apoptosis
(Bose et al, 2014). Downregulation of DNA repair enzymes,
alterations in chromatin structure and cell cycle perturbations may
affect the cellular radiosensitivity and have been proposed to be
involved in the radiosensitising effect (Groselj et al, 2013) that also
appears to be dependent on the mutation status of the tumour
suppressor protein TP53 (Chen et al, 2009, 2011). The HDACis
may further repress signalling through the hypoxia-inducible factor
1 (HIF1) (Chen and Sang, 2011), an important transcription factor
in the pathogenesis of prostate cancer that may play a role in the
radiation response (Moeller and Dewhirst, 2006). Under hypoxia,
downregulation of the HIF1 a-subunit (HIF1A) and selected HIF1
target genes by HDACis has been demonstrated (Kong et al, 2006;
Yu et al, 2012). However, a clear and comprehensive picture of the
molecular effect of the inhibitors under hypoxia and its relation-
ship to radiosensitivity is still lacking.

The present work was conducted to better understand the
potential of HDACis as radiosensitiser in hypoxic prostate cancer.
We aimed to compare the radiosensitising properties of vorinostat
in prostate cancer cell lines grown under normoxic and hypoxic
conditions and identify a gene expression signature associated with
a possible sensitising effect. Three prostate cancer cell lines with
different intrinsic radiosensitivity were treated with vorinostat
before radiation. To identify genes with a role in vorinostat-
mediated radiosensitisation, a global gene expression analysis was
performed where we addressed the importance of HIF1 and TP53
repression and searched for differentially affected DNA repair and
chromatin organisation genes across the cell lines.

MATERIALS AND METHODS

Cell cultures. The prostate cancer cell lines DU 145, PC-3 and
22Rvl were included. Cell line identity was confirmed by
STR/DNA profiling using PowerPlex 21 (Promega, Madison, WI,
USA) by Eurofins Genomics (Ebersberg, Germany). All cell lines
are classified as androgen independent (van Bokhoven et al, 2003).
The DU 145 has mutation at both alleles of TP53 and shows strong
protein expression, PC-3 expresses no TP53 because of a truncated
translation product, whereas 22Rv1 has heterozygote mutation and
shows weak expression of wild-type TP53 (van Bokhoven et al,
2003). The DU 145 has been shown to be more radioresistant than
PC-3 and 22Rv1 (Leith ef al, 1993; Hennessey et al, 2013). The cells
were kept in RPMI-1640 medium (Sigma-Aldrich, St Louis,
MO, USA) supplemented with 10% fetal bovine serum, 1%
penicillin-streptomycin and 1% r-glutamine, incubated at 37 °C in

humidified room air with 5% CO, and tested for mycoplasma on a
routine basis. Automatic cell counting was performed using the
Coulter Counter Z2 (Beckman Coulter, Brea, CA, USA).

Lentiviral production and knockdown of HIF1A and TP53.
Lentiviral-based vectors for RNA interference-mediated gene
silencing (FSVsi) consisted of an U6 promoter for expression of
short-hairpin RNAs (shRNAs) against HIFIA (5'-CCAGTTAT
GATTGTGAAGTTA-3") or TP53 (5-GTCCAGATGAAGCTCC
CAGAA-3') and the Venus variant of yellow fluorescent protein
(YFP) under the control of an SV40 promoter for monitoring
transduction efficiency. Oligonucleotides to produce plasmid-
based shRNA were cloned into the FSVsi vector using Agel-
BamHI restriction sites. Lentiviral particles were produced in 293T
human embryonic kidney cells co-transfected by the calcium
phosphate method as previously described (Li et al, 2012) with the
above plasmid plus plasmids coding for the envelope and the
packaging systems, VSV-G and D8.9, respectively.

The 293T cells were allowed to produce lentiviral particles for
3-4 days. Culture medium was then collected, centrifuged for
10 min at 2500 r.p.m., filtered through a 0.45 mm filter (Millipore,
Bedford, MA, USA) and concentrated by centrifugation through a
filter column of 100 kDa (VWR International LLC, West Chester,
PE, USA) for 1h at 4000 r.p.m. The DU 145 cells were incubated
overnight in the presence of medium containing lentiviral particles.
Then, medium was replaced with fresh medium and cells were
incubated for two additional days to allow endogenous protein
knockdown.

Treatments. Cells were seeded in triplicates 12 h before treatment
using 6-well plates and T25 cell flasks with sealable caps (both from
Nungc, Penfield, NY, USA) for the normoxia and hypoxia treatment
arm, respectively. Vorinostat (Cayman Chemical Company, Ann
Arbor, MI, USA) was diluted in DMSO and added to the medium
at a dose of 1um for 24h before irradiation. This treatment
condition has been reported to induce histone hyperacetylation in
prostate cancer cell lines (Kortenhorst et al, 2008), and
corresponding drug concentration has been found achievable in
patients (Ramalingam et al, 2007).

The humidified hypoxia chamber In Vivo, 200 (Ruskinn
Technology, Brigend, UK) with integrated gas concentration
measurements was used to create a model system for tumour
hypoxia. Cells were exposed to 0.2% O, and 5% CO, for 24h
before irradiation. This oxygen level has been shown to cause
radioresistance and alter DNA damage signalling of prostate cancer
cell lines (Chan et al, 2007; Stewart et al, 2011). To avoid
reoxygenation of hypoxia-treated cells before irradiation, the
sealable caps on cell flasks were closed inside the hypoxia chamber
before transport to the irradiation machine. Single-fraction
irradiation of 2 or 5 Gy was delivered by a 160 kV X-ray generator
(Faxitron, Tucson, AZ, USA) with a dose rate of 1 Gymin ~ !

Parallel normoxic and hypoxic cell cultures without exposure to
irradiation were harvested at 70-80% confluence for analysis of cell
cycle distribution, gene expression and protein expression. To
avoid reoxygenation, samples from the hypoxia treatment arm
were harvested inside the hypoxia chamber using reagents that had
been exposed to 0.2% O, for 1-2h, except for the ice-cold
methanol used for cell fixation.

Clonogenic assay. Clonogenic assay was performed to measure
surviving fraction of the cells after vorinostat treatment, knock-
down of HIFIA or TP53 and/or irradiation as described previously
(Saelen et al, 2012). Fresh medium without vorinostat or solvent
was added to the cells after treatment. The cells were incubated
under normoxia in 6-well plates (normoxic treatment arm) or
unsealed T25 cell flasks (hypoxia treatment arm) for 10-14 days
before aspiration of medium, fixation in ice-cold methanol and
staining with 0.05% crystal violet. Colonies of >50 cells were
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considered to stem from clonogenic cells and counted. Plating
efficiencies (mean t£s.em.) were 67+3% (DU 145), 70+ 7%
(PC-3) and 32+ 2% (22Rv1).

Cell cycle distribution. Cell cycle distributions following combina-
tions of vorinostat and hypoxia treatments were analysed in an
LSRII flow cytometer (BD Biosciences, Mountain View, CA, USA)
using the detergent-trypsin method developed by Vindelov et al
(1983). Approximately 2 x 10° cells were washed with PBS, and
nuclei were prepared and stained with propidium iodide as
previously described (Vindelov et al, 1983) using 900 ul of solution
A and 750 pl of solutions B and C. Cell doublets were excluded from
analysis in the BD FACSDiva software (BD Biosciences, Franklin
Lakes, NJ, USA) by using area and width of the DNA signal.
Fraction of cells in the different cell cycle phases was assessed using
ModFit version 5.11 (Verity Software House, Topsham, ME, USA)
and FlowJo (Tree Star Inc., Ashland, OR, USA).

Illumina gene expression analysis. Gene expression analysis of
three biological replicates of each cell line was performed using
HumanHT-12 v4 bead arrays from Illumina (San Diego, CA, USA)
with ~48000 probes. Total RNA was extracted with the
QiaShredder and RNeasy Mini Kits (Qiagen, Oslo, Norway)
following the manufacturer’s instructions. Quality control of
RNA was performed with Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). RNA amplification, cRNA
synthesis, hybridisation, scanning and quantile normalisation
were performed as previously described (Halle et al, 2011).
Log,-transformed data were used in further analysis. The data
have been deposited to the Gene Expression Omnibus (GEO)
repository (GSE80657). Direct HIF1 and TP53 target genes were
identified in the data sets by using a list of 276 HIF1 and 129 TP53
targets (Riley et al, 2008; Mole et al, 2009; Xia et al, 2009). Target
genes of mutant TP53 may differ from those depicted in the latter
list, but no alternative list was available.

Protein expression analysis. Whole-cell protein lysates were
prepared using Mammalian Protein Extraction Reagent (Thermo
Scientific, Oslo, Norway) supplemented with phosphatase and
protease inhibitors. To ensure complete disruption of cells,
sonication was performed. After 2-3h of incubation at 4 °C, the
lysates were centrifuged at 15000r.p.m. for 15min. The super-
natant was aspirated and protein concentration was measured
using a bicinchoninic acid assay (Thermo Scientific). Protein
expression levels were evaluated by western blots, applying 20 ug
protein onto 4-20% SDS gels and overnight incubation at 4 °C with
the antibodies anti-acetylated histone H3 (polyclonal; Merck
Millipore, Billerica, MA, USA), anti-total histone H3 (clone A3S;
Merck Millipore), anti-HIF1 A (clone 54; BD), anti-EPAS1
(HIF20) (polyclonal; Novus Biologicals, Littleton, CO, USA) and
anti-TP53 (polyclonal, sc-6243; Santa Cruz, Dallas, TX, USA). The
mouse monoclonal anti-y-tubulin (anti-TUBG1) (clone GTU-88;
Sigma-Aldrich) or anti-MCM?7 (clone DCS-141, Santa Cruz) was
used as loading control. Secondary antibodies were peroxidase-
conjugated goat anti-rabbit and donkey anti-mouse (both from
Jackson ImmunoResearch Laboratories, West Grove, MA, USA).
For visualisation, chemiluminescence with SuperSignal West Dura
Extended Duration Substrate (Thermo Scientific) or LumiGLO
Chemiluminescent Substrate (KPL, Gaithersburg, MD, USA)
was used.

Clinical data. Associations between gene expression and hypoxia
in prostate tumours were investigated in a cohort of 39 patients
recruited to our ongoing FuncProst-study (NCT01464216).
Clinical information, analysis methods, gene expression and
hypoxia data have been presented in previous work (Ragnum
et al, 2015). All patients had localised, intermediate or high-risk
disease and were subjected to prostatectomy the day after iv.
administration of the hypoxia marker pimonidazole hydrochloride

(Hydroxyprobe Inc., Burlington, MA, USA). Gene expression
profiles were assessed with HumanHT-12 v4 bead arrays
(Ilumina) and hypoxia was measured by immunohistochemistry
of pimonidazole (1:50, Hydroxyprobe Inc.) in fresh frozen punch
biopsies taken from the surgical specimen. For the immuno-
histochemistry, antigen retrieval was performed with citrate buffer
(pH 6.0). Envision System (Dako, Glostrup, Denmark) followed
by counterstaining with haematoxylin, was used for visualisation.
Percentage of pimonidazole-positive malignant gland staining in
the histological sections was scored from 0 to 5 (0: 0%; 1: 1-10%; 2:
11-50%; 3: 51-90%; 4: 91-100%; and 5: 100%). The tumours were
divided into a more and less hypoxic group based on a median
score of 2, implying a pimonidazole-positive percentage above 10%
for the more hypoxic tumours. The gene expression profiles are
available in the GEO repository (GSE55935).

The study was reviewed and approved by The Regional
Committee for Medical and Health Research Ethics in Southeast
Norway. All patients provided informed consent for the use of
their data in the analysis.

Statistics. Statistical analyses were performed with the SigmaStat
software version 3.5 (Systat software, Erkrath, Germany) or with R,
version 3.1.1 (www.r-project.org). Differences between treatment
groups were evaluated with two-sided Student’s f-test under
conditions of normal distribution or with Mann-Whitney test
when this criterion was not met. Pearson correlation analyses were
performed to search for correlations in gene expression data. A
significance level of 0.05 was used unless otherwise indicated.

The Linear Models for Microarray Data (LIMMA) software
(Smyth, 2004) was applied to find differentially expressed genes
between groups using Benjamini-Hochberg correction for multiple
testing (Benjamini and Hochberg, 1995) with an adjusted (adj)
P-value (false discovery rate) of <0.01 considered to be significant.
This strict adj P-value cutoff provided an appropriate number of
genes for the analysis. Gene ontology (GO) analysis was performed
with the DAVID version 6.7 software (Huang da et al, 2009),
where the same multiple testing correction was included and with
adj P-value of 0.1 as significance level. Pathway analyses of HIF1
and TP53 target genes were carried out by allowing proteins
encoded by the target genes with adj P<0.01 from the LIMMA
analysis and a >1.5-fold up- or downregulation to generate a
network of their known protein interactions from an integrated set
of 10 interaction databases (Razick et al, 2008). In the networks,
each interaction had at least one Medline citation, was experi-
mentally validated and was a physical binding protein interaction.
All interaction partners were proteins encoded by the differentially
expressed genes with adj P<0.01 from the LIMMA analysis. The
Cytoscape software (Shannon et al, 2003) was used to visualise the
networks.

RESULTS

Alterations in surviving fractions and cell cycle distributions by
vorinostat. Vorinostat treatment caused hyperacetylation of histone
H3 in all cell lines under both normoxia and hypoxia (Figure 1A),
showing that the treatment had the expected effect on histone H3. A
significant decrease in surviving fraction by vorinostat was observed
in normoxic DU 145 and PC-3 cells (P=0.002 and P=0.025,
respectively; Figure 1B), but not in 22Rvl. Under hypoxia, a
minor decrease in survival fraction was found only in PC-3
(P=0.027; Figure 1B). Thus, at a dose of 1 uMm, vorinostat appeared
to have similar cytotoxic effect in DU 145 and PC-3 under both
normoxia and hypoxia, whereas 22Rv1 was more resistant.

The effect of vorinostat on cell cycle distribution also differed
across the cell lines and the same tendency was observed in the
normoxic and hypoxic treatment arms (Figure 1C; Supplementary
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Figure 1. Vorinostat-mediated changes in histone acetylation, survival fraction and cell cycle distribution. (A) Western blots of acetylated histone
H3 (AcH3) and total histone H3 under normoxia and following combinations of vorinostat (1 um, 24 h) and hypoxia exposure (0.2% O, 24 h) in DU
145, PC-3 and 22Rv1 prostate cancer cell lines. TUBG1 was included as loading control. H=hypoxia; N =normoxia. (B) Survival fraction under
normoxia and following combinations of vorinostat (1 um, 24 h) and hypoxia exposure (0.2% O, 24 h) in DU 145, PC-3 and 22Rv1 prostate cancer
cell lines. The data for combinations of vorinostat and hypoxia exposure were normalised to the survival fraction under normoxia. (C) Fraction of
cells in different cell cycle phases under normoxia and following combinations of vorinostat (1 um, 24 h) and hypoxia exposure (0.2% O, 24 h) in DU
145, PC-3 and 22Rv1 prostate cancer cell lines. (B and C) Columns represent mean values from three independent experiments, and bars depict

s.e.m. *Statistically significant difference.

Figure S1). In DU 145, fraction of cells in G,- and M-phase
increased by ~10% (normoxia, P=0.034; hypoxia, P=0.002),
whereas no significant change in G,/M was observed in PC-3. In
22Rvl, vorinostat primarily increased the G, fraction (normoxia,
P<0.001; hypoxia, P=0.005). Hypoxia treatment alone had no
significant effects on the cell cycle distribution in DU-145 and
PC-3, but led to an increase in G, fraction in 22Rvl (P<0.001).

Vorinostat-mediated radiosensitisation. At single doses of 2 and
5 Gy, DU 145 was the most radioresistant cell line under normoxia
followed by PC-3 and 22Rvl, in accordance with previous work
(Leith et al, 1993; Hennessey et al, 2013), and similar results were
found for the hypoxic condition (Figure 2). Pretreatment with
vorinostat under normoxia decreased the surviving fraction of DU
145 cells at both 2 and 5 Gy (P <0.001; Figure 2A), whereas a much
smaller, although significant, effect was seen in 22Rv1 (P<0.001;
Figure 2C). No significant radiosensitisation was observed in PC-3
(Figure 2B). Thus, combined treatment with vorinostat made DU
145 cells equal or more radiosensitive than the intrinsically
radiosensitive PC-3 and 22Rv1 treated with radiation alone at both
radiation doses.

A pronounced radiosensitisation of DU 145 by vorinostat was
also seen under hypoxia (P<0.001; Figure 2A), whereas no
significant effects were found in PC-3 or 22Rv1 (Figure 2B and C).
In particular, pretreatment with vorinostat rendered hypoxic DU
145 cells more radiosensitive than normoxic DU 145 cells without
pretreatment and hypoxic PC-3 or 22Rvl cells with or without
pretreatment (Figure 2). The radiosensitising effect of vorinostat
therefore appeared to differ considerably across the cell lines, and
was significant under both normoxia and hypoxia only in the most
radioresistant DU 145.

HIF1 and TP53 repression in relation to radiosensitisation. To
investigate mechanisms underlying the radiosensitising effect of
vorinostat in DU 145, we first explored whether repression of the
HIF1 and TP53 transcription factors could be involved for one or
both of the normoxic and hypoxic conditions. Global gene
expression analysis revealed a significant change (adj P<0.01) in
the expression of numerous genes by vorinostat, including several
HIF1 and TP53 targets, in normoxic and hypoxic DU 145 and
22Rv1, whereas fewer genes were affected in PC-3 (Supplementary
Figure S2). In general, the HIF1 and TP53 targets showed a greater
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Figure 2. Radiosensitising effect of vorinostat. Survival fraction
following irradiation (IR) under normoxia and combinations of
vorinostat (1 um, 24 h) and hypoxia exposure (0.2% O, 24 h) in DU 145
(A), PC-3 (B) and 22Rv1 (C) prostate cancer cell lines. Points represent
mean value from at least three independent experiments, and bars
depict s.e.m. *Statistically significant difference compared with
normoxia solvent control; **statistically significant differences
compared with hypoxia solvent control.

change in DU 145 than in the other cell lines, as demonstrated by
network analysis of the targets altered by > 1.5-fold (Figure 3A and
B and Supplementary Figures S3 and S4). In addition, HIF1A and
TP53 protein were downregulated by vorinostat under normoxia
and hypoxia in DU 145, but not in the others (Figure 3C and D).
Vorinostat induced no major changes in EPAS1 (HIF2w) protein
expression in any cell line. Altogether, it seemed that vorinostat
repressed HIF1 and TP53 in DU 145, but had less effect in PC-3
and 22Rv1.

Mutant TP53 has been shown to have oncogenic function in
many cancer cell lines, including DU 145 (Zhu et al, 2011). Both
HIF1 and mutant TP53 repression could therefore be a possible
cause of the vorinostat-mediated radiosensitisation of DU 145. To
test this hypothesis, the radiosensitising effect of vorinostat under

normoxia and hypoxia was studied in HIF1A and mutant TP53
knockdown DU 145 cells, for which downregulation of the proteins
was confirmed (Figure 4A). Knockdown of HIFIA decreased the
surviving fraction of normoxic, unirradiated cells by 30%
(P=0.001), whereas this knockdown under hypoxia or mutant
TP53 knockdown had no significant effect on survival (Figure 4B).
Neither HIFIA nor mutant TP53 knockdown led to any
significant change in the survival of DU 145 cells upon 2 or 5Gy
irradiation (Figure 4C). Repression of HIF1A or mutant TP53
could therefore not explain the vorinostat-mediated radiosensitisa-
tion of DU 145.

Expression of DNA repair and chromatin organisation genes in
relation to radiosensitisation. Unsupervised GO analysis of all
genes differentially expressed by vorinostat was performed to
identify DNA repair and chromatin organisation genes that could
play a role in radiosensitisation. The analysis revealed six main
biological processes enriched in DU 145 and 22Rvl, including
cellular stress response with its subgroup response to DNA damage
stimulus, DNA repair and chromatin organisation (Supplementary
Table S1). Approximately the same processes were identified for
the normoxic and hypoxic condition. In PC-3, only RNA
processing and cell cycle were significantly enriched.

The DNA repair and chromatin organisation genes from the
GO analysis of DU 145 were potential mediators of the
radiosensitising effect, and their expression changes by vorinostat
were compared with those in PC-3 and 22Rv1. Many genes were
altered similarly in all three cell lines and are therefore probably
not key mediators of the effect. These included the double-strand
break repair gene CHEKI that was significantly downregulated
under both normoxia and hypoxia. Totally, 51 DNA repair and 77
chromatin organisation genes were significantly more up- or
downregulated in DU 145 than in either PC-3 or 22Rv1 in at least
one of the normoxic or hypoxic conditions (Supplementary Tables
S2 and S3). Thus, they were candidate genes in radiosensitisation
of DU 145.

Further support for a role of the candidate genes in radio-
sensitisation was provided by comparing the expression changes in
DU 145 with the baseline expression levels (without vorinostat
treatment) in the intrinsically radiosensitive PC-3 and 22Rvl.
A significant inverse correlation was found between the expression
changes in DU 145 under normoxia and hypoxia and the baseline
difference between this cell line and PC-3 or 22Rvl, both for the
DNA repair genes (normoxia, r= —0.40, P<0.001; hypoxia,
r= —0.26, P=0.03) and chromatin organisation genes (normoxia,
r=—0.19, P=0.04; hypoxia, r= —0.26, P=0.03). Hence,
vorinostat seemed to change the expression of the candidate
DNA repair and chromatin organisation genes in DU 145 towards
the baseline level of PC-3 and 22Rv1 cells and therefore towards a
more radiosensitive phenotype.

Generation of a hypoxia-independent gene expression signature
of radiosensitisation. All candidate genes were regulated in the
same direction by vorinostat under normoxia and hypoxia
(Supplementary Tables S2 and S3). Moreover, the expression level
differed little between the normoxic and hypoxic conditions
regardless of cell line, except for BNIP3 in chromatin organisation
(Supplementary Figure S5). In general, the candidate genes were
therefore apparently not regulated by hypoxia. Based on this
observation, we could define a radiosensitisation signature with the
expression changes of 56 of the most altered candidate genes in DU
145 compared with PC-3 and 22Rv1; 24 genes in DNA repair and
32 in chromatin organisation. These genes were significantly
altered by vorinostat (adj P<0.01, LIMMA) in DU 145 and
showed a larger change in this cell line than in the others (P <0.05,
t-test) under both normoxia and hypoxia (Figure 5A and
Supplementary Tables S2 and S3). The signature included
both up- and downregulated genes, reflecting a pronounced
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Figure 3. Vorinostat-mediated changes in HIF1 and TP53 signalling. (A and B) First-degree protein interaction networks of the direct HIF1 (A) and
TP53 (B) target genes with > 1.5-fold change following vorinostat exposure (1 um, 24 h) under hypoxic conditions (0.2% O,, 24 h) in DU 145, PC-3
and 22Rv1 prostate cancer cell lines. Large circles indicate direct interaction partners of HIF1 and TP53. The first-degree interaction partners
(smaller circles) were selected among the genes significantly changed by vorinostat (adj P<0.01, LIMMA). Green and red colour denotes
downregulation and upregulation by vorinostat, respectively. Blue arrows indicate regulatory DNA-protein interactions and black lines indicate
protein—protein interactions. (C and D) Western blots of HIF1A, EPAST (HIF20) and TP53 under normoxia and following combinations of vorinostat
(1 um, 24 h) and hypoxia (0.2% O, 24 h) exposure in DU 145, PC-3 and 22Rv1 prostate cancer cell lines. TUBG1 (C) and MCM7 (D) were included as
loading controls. The experiment was repeated three times with similar results (data not shown). H=hypoxia; N =normoxia.

already before the onset of vorinostat treatment, we search for
baseline gene expression characteristics of the radioresistant DU
145 phenotype, for which a radiosensitising effect was observed, as
compared with the radiosensitive PC-3 and 22Rv1 phenotype with

deregulation of the DNA repair and chromatin organisation
processes in association with the vorinostat-mediated radiosensitisation.

To investigate whether any of the signature genes could serve as
pretreatment biomarker for prediction of a radiosensitising effect
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Figure 4. Radiosensitising effect of HIF1A and mutant TP53 knockdown. (A) Western blots of HIF1A and TP53 under normoxia and following
hypoxia exposure (0.2% O, 24 h) in DU 145 prostate cancer cell line without (—) and with (+) lentiviral-mediated knockdown of HIF1A and mutant
TP53. TUBG1 and MCM7 were included as loading controls. The experiment was repeated three times with similar results (data not shown).
(B) Survival fraction under normoxia and hypoxia (0.2% O,, 24 h) in DU 145 prostate cancer cell line without (ctl) and with lentiviral mediated
knockdown of HIF1A (HIF1A shRNA) and mutant TP53 (TP53 shRNA). The data for hypoxia and knockdown were normalised to the survival fraction
under normoxia. Columns represent mean values from three independent experiments, and bars depict s.e.m. *Statistically significant difference.
(C) Survival fraction following irradiation (IR) under normoxia and hypoxia exposure (0.2% O, 24 h) in DU 145 prostate cancer cell line without (ctl)
and with lentiviral-mediated knockdown of HIF1A (HIF1A shRNA) and mutant TP53 (TP53 shRNA). Points represent mean value from at least three

independent experiments, and bars depict s.e.m.

no radiosensitisation. This comparison identified a subset of eight
signature genes; ABLI, APEXI, CRYI, NEIL2 and VCP in DNA
repair and HIF0, H3F3B and HDACI in chromatin organisation,
for which a significant difference (P<0.01, LIMMA) in baseline
expression was seen between DU 145 and both PC-3 and 22Rvl
(Figure 5B). Hence, a high expression of ABL1, APEX1, NEIL2 and
VCP and low expression of CRY1, HIF0, H3F3B and HDACI
represented a pretreatment predictor of a radioresistant phenotype
for sensitisation with vorinostat regardless of hypoxia status.

To confirm that the radiosensitisation signature, including the
eight biomarker genes, was also independent of hypoxia in a
clinical setting, we compared the expression level of the 56 genes
between pimonidazole-positive and -negative prostate tumours in
patients (Figure 6). No difference between the two groups was seen
for any of the genes, consistent with our cell line results.

DISCUSSION

Pretreatment of prostate cancer cells with clinically relevant doses
of the class I/l HDACi vorinostat led to significant radio-
sensitisation under both normoxic and hypoxic conditions. This
effect was observed in the most radioresistant DU 145 cell line that
became as sensitive as the radiosensitive PC-3 and 22Rvl lines.
Our results encourage further development of drugs inhibiting
class I/ II HDACs for use in combination with radiation to
counteract the poor response of the most radioresistant prostate
tumours and, in particular, to overcome a major problem in
radiotherapy caused by hypoxia. Approval by the Food and Drug
Administration (FDA) and ongoing testing of vorinostat in clinical
studies (Groselj et al, 2013) make this drug especially interesting
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Figure 5. Gene expression signature of radiosensitisation. (A) Change
in expression by vorinostat in DU 145 prostate cancer cell line under
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by vorinostat in DU 145 under either normoxia or hypoxia (adj P<0.01,
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selected. Genes with a significantly higher or lower expression (adj
P<0.01, LIMMA, three experiments) in DU 145 than in both PC-3 and
22Rv1 at baseline (i.e., before vorinostat treatment) under normoxic and
hypoxic conditions are marked with a red or green dot, respectively.

(B) Baseline expression ratio between DU 145 and PC-3 and 22Rv1 for
the eight genes marked with a red or green dot in (A). Columns represent
mean value of three independent experiments, and bars depict s.e.m.

for the exploration of radiosensitising properties. Moreover, new
drugs are in pipeline, although none of those tested in patients
have so far demonstrated superior clinical activity or more
favourable toxicity profiles (West and Johnstone, 2014). Regardless
of cell line and radiosensitisation, HDACi treatment led to
deregulation of HIF1, TP53, DNA repair and chromatin organisa-
tion genes. However, to the best of our knowledge, our work is the
first to identify a gene expression signature associated with a
radiosensitising effect of the HDACi treatment and demonstrate its
independence of hypoxia status.

The HDACI treatment had a large effect on HIF1 and TP53 in
DU 145. Previous work has shown that HIF1 may play a role in the
cellular radiation response, although both radioprotective and
radiosensitising effects have been demonstrated, and the under-
lying mechanisms are not clarified (Moeller et al, 2007). Moreover,
various lines of evidence indicate that mutations in TP53 may lead
to gain of function and resistance to anticancer treatment,
including radiation (Oren and Rotter, 2010). However, it appeared
from our knockdown experiments that neither HIF1 nor TP53
repression alone could explain the radiosensitising effects of
HDAC inhibition. It is possible that a HDACi-mediated cell cycle
redistribution could have played a role in the radiosensitisation of
DU 145. The HDAC: treatment caused accumulation of DU 145
cells in G, and M phases, which are the most radiosensitive phases
(Joiner and van der Kogel, 2009), whereas no such accumulation
was observed in PC-3 and 22Rv1. However, this accumulation led
to an increase in the G,/M fraction of only 10%, and this is not
enough to explain the entire difference of approximately one order
of magnitude in radiosensitisation between DU 145 and the other
cell lines.

By comparing HDACi-mediated gene expression changes on a
global scale, significant differences in the expression of numerous
DNA repair and chromatin organisation genes across the cell lines
were identified, most likely contributing to radiosensitisation in a
collective manner. This hypothesis was supported by the finding
that HDAC] treatment changed the expression of these genes in
DU 145 towards the level in the more radiosensitive PC-3 and
22Rvl. Many of the same genes were affected by vorinostat under
both normoxia and hypoxia, and only few of them were responsive
to hypoxia exposure alone as confirmed in a clinical data set.
It therefore seems that the mechanisms underlying the radio-
sensitising effect are independent on the hypoxia status of the
tumour cells. This observation is important for the use of HDACi
in the clinic, as pretreatment identification of the hypoxic tumours
would not be necessary.

The 56-gene signature may provide information about the
mechanisms underlying the sensitising effect. In particular, the
signature contained downregulated genes with a regulatory role in
DNA repair pathways, such as genes encoding the ubiquitin-
selective segregase VCP and the ABL tyrosine kinase. These
proteins orchestrate double-strand break repair by regulating
proteins like TP53BP1, BRCAI, RAD51 and RAD52 (Colicelli,
2010; Meerang et al, 2011). Notably, genes encoding these
downstream proteins have been found to be downregulated by
class I/I1 HDACis in previous work (Lee ef al, 2010; Kachhap et al,
2010), but their regulators, VCP and ABLI, have not been
mentioned. In addition, the signature contained downregulated
genes involved in the first steps of base excision repair (Curtin,
2012), including genes encoding the multifunctional DNA repair
enzyme APEX1 and the members of the Nei-like protein family,
NEIL2 and NEIL3, suggesting that deregulation of this pathway
also plays a role. In accordance with this, the importance of APEX1
for the radiosensitivity of DU 145 has been demonstrated by
knockdown experiments (Skvortsova et al, 2008), although the
radiosensitising effect was not as large as observed in our
study. The genes EEPDI and CRY1 were among the upregulated
DNA repair genes and appear to be involved in DNA damage

936

www.bjcancer.com | DOI:10.1038/bjc.2016.278


http://www.bjcancer.com

Hypoxia and radiosensitisation by HDACi

BRITISH JOURNAL OF CANCER

Chromatin organisation

A

B DNA repair
134

N

j=2)

2 12

+ L
g 111
a
.g 101 n J
7] B

g 91 et

§ gy T

s Ll ¥

0] L

7 8 9 10 11 12 13

7 8 9 10 11 12 13

Gene expression, pimo—(log,)

Figure 6. Expression of signature genes in relation to hypoxia in prostate tumours in patients. (A) Histological section of tumour biopsy from two
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between the pimo+ and pimo — groups.

sensing and stabilisation of genotoxic stress (Papp et al, 2015;
Wu et al, 2015).

The chromatin organisation genes included the downregulated
H2AFY2 and upregulated H3F3B genes, encoding the variant
histone H2A (macroH2A) and H3 (H3.3), respectively, suggesting
reorganisation of the chromatin in DU 145 by HDACi towards a
more open and transcriptionally active structure (Melters et al,
2015). Hence, increased acetylation of histones by HDACis results
in loosening of chromatin and better accessibility for replication
and transcription. It has been shown that the number of double-
strand breaks after irradiation is enhanced by chromatin relaxation
possibly because of more accessible DNA attack sites for the
radicals (Lavelle and Foray, 2014). Chromatin reorganisation by
HDACI treatment may therefore have increased the radiation-
induced DNA damage in DU 145 cells. Interpretation of the
chromatin organisation data is, however, difficult, as many genes,
including HDACI, may act as both tumour suppressor gene
and oncogene, depending on cell type and state (West and
Johnstone, 2014), and also affect the cellular repair capacity
(Robert et al, 2011).

Monitoring expression changes of the signature genes during
HDACiI treatment may indicate a possible radiosensitisation before
the onset of radiotherapy, and might be of clinical value. In
addition, a subset of eight genes showed differences in baseline
expression across the cell lines and might be useful in the initial
treatment planning to decide upon a possible pretreatment with
HDACI. Hence, high baseline expression of DNA repair genes
(ABLI, VCP, APEX1, NEIL2) in DU 145 as compared with PC-3
and 22Rvl suggests higher repair capacity of the former cell line,
whereas low H3F3B expression may indicate a close chromatin
structure. It could be speculated that these baseline characteristics
play a role in the intrinsic radioresistance of DU 145 and that

targeting of these characteristics by HDACi is an efficient way to
radiosensitise the cells. The association between baseline expres-
sion and radioresistance could be tested retrospectively in stored
tumour specimens from prostate cancer patients treated with
radiotherapy and with known outcome data. Moreover, for the
HDACi-mediated radiosensitisation, it would be of interest to
evaluate pretreatment expression level of the 8 genes as well as the
expression changes during HDACi pretreatment of all 56 genes in
specimens collected in combination trials with radiotherapy.
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