Ghandhi et al. Radiation Oncology 2014, 9:206
http://www.ro-journal.com/content/9/1/206 RA D |AT| O N

ONCOLOGY

RESEARCH Open Access

RAD9 deficiency enhances radiation induced
bystander DNA damage and transcriptomal
response

Shanaz A Ghandhi', Brian Pormaiyaw, Sunil K Panigrahiw, Kevin M Hopkins1, Qingping Cui', Tom K Hei'?,
Sally A Amundson' and Howard B Lieberman'?"

Abstract

Background: Radiation induced bystander effects are an important component of the overall response of cells to
irradiation and are associated with human health risks. The mechanism responsible includes intra-cellular and
inter-cellular signaling by which the bystander response is propagated. However, details of the signaling mechanism
are not well defined.

Methods: We measured the bystander response of Mrad9"* and Mrad9™~ mouse embryonic stem cells, as well as
human H1299 cells with inherent or RNA interference-mediated reduced RAD9 levels after exposure to 1 Gy a
particles, by scoring chromosomal aberrations and micronuclei formation, respectively. In addition, we used
microarray gene expression analyses to profile the transcriptome of directly irradiated and bystander H1299 cells.

Results: We demonstrated that Mrad9 null enhances chromatid aberration frequency induced by radiation in
bystander mouse embryonic stem cells. In addition, we found that H1299 cells with reduced RAD9 protein levels
showed a higher frequency of radiation induced bystander micronuclei formation, compared with parental cells
containing inherent levels of RAD9. The enhanced bystander response in human cells was associated with a unique
transcriptomic profile. In unirradiated cells, RAD9 reduction broadly affected stress response pathways at the mRNA
level; there was reduction in transcript levels corresponding to genes encoding multiple members of the
UVA-MAPK and p38MAPK families, such as STAT1 and PARP1, suggesting that these signaling mechanisms may not
function optimally when RAD9 is reduced. Using network analysis, we found that differential activation of the SP1
and NUPRT1 transcriptional regulators was predicted in directly irradiated and bystander H1299 cells. Transcription
factor prediction analysis also implied that HIFTa (Hypoxia induced factor 1 alpha) activation by protein stabilization
in irradiated cells could be a negative predictor of the bystander response, suggesting that local hypoxic stress
experienced by cells directly exposed to radiation may influence whether or not they will elicit a bystander
response in neighboring cells.

Keywords: RAD9, lonizing radiation, Bystander, Gene expression, Micronucleus, Chromosome aberrations

* Correspondence: HBL1@columbia.edu

!Center for Radiological Research, Columbia University College of Physicians
and Surgeons, New York, NY 10032, USA

2Department of Environmental Health Sciences, Mailman School of Public
Health, Columbia University, New York, NY 10032, USA

- © 2014 Ghandhi et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
( B|°Med Central Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
unless otherwise stated.


mailto:HBL1@columbia.edu
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/publicdomain/zero/1.0/

Ghandhi et al. Radiation Oncology 2014, 9:206
http://www.ro-journal.com/content/9/1/206

Background

The radiation induced bystander effect is the biological
response of unirradiated cells in contact with or in the
vicinity of cells directly exposed to radiation. This re-
sponse has been demonstrated using a wide variety of
cell types, including primary cells [1], hematopoietic
cells [2], cancer cells [3], as well as in vivo [4]. Bystander
effects have been assessed by multiple radiation-related
endpoints such as clonogenic survival, apoptosis, micro-
nuclei formation and DNA damage [3]. There is evi-
dence for inter-cellular bystander signaling mediated by
reactive oxygen species [5], cytokines [6], gap-junction
proteins [7], and extracellular factors such as TGFp [8].
A global transcriptomic bystander response involving
NF«B has also been described in primary cells [9].

The DNA damage response (DDR) to direct radiation
exposure includes a multi-component network of path-
ways, leading to activation of ATM and ATR kinases that
sense structural damage to DNA, further triggering a
cascade of events that affect cell fate [10]. The heterotri-
meric protein complex made up of RAD9, HUS1 and
RAD1 (i.e. 9-1-1) is part of this signaling network, and
has numerous functions impacting on the way cells re-
spond to DNA damage, including cell cycle checkpoint
control and DNA repair [10-14]. Little is known about
the relationship between DNA damage signaling in cells
that are directly irradiated and their corresponding unir-
radiated bystanders. However it is established that ATR
upstream to ATM is important for the bystander re-
sponse [15]. In addition, one component of 9-1-1 has
been tested for a role in the bystander response; Cell
cycle checkpoint control protein RAD9 influences the
cellular response to both direct and bystander radiation
exposure. Mrad9 null mouse embryonic stem cells, rela-
tive to Mrad9"*cells, demonstrate enhanced radiation
induced bystander responses, including apoptosis and
micronuclei formation [14]. RAD9 has many functions,
including regulation of cell cycle checkpoints, DNA re-
pair and the ability to transcriptionally activate down-
stream target genes [12]. However, it is not known
which of the many functions of RAD?9 is critical for in-
fluencing the bystander response.

In this study, we investigated the role of mouse and
human RAD9Y protein in the ionizing radiation induced
bystander response, by assessing the effects of RAD9
level reduction on acquisition of DNA damage and
changes in transcriptomic profiles. We demonstrate that
Mrad9 null, relative to Mrad9™*, in mouse embryonic
stem cells enhances the frequency of direct and by-
stander radiation induced chromatid aberrations, which
persist over multiple cell divisions. In the human non-
small cell lung carcinoma cell line H1299, we found that
RNA interference-mediated RAD9 reduction increases
the frequency of micronuclei formation after direct and
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bystander ionizing radiation exposure. A significant gene
expression response was also detected in these cells. There
was a correlation between cells that showed an increase in
micronuclei frequency and the gene expression response
measured in parallel. Analysis of microarray gene expres-
sion data predicted SP1 and NUPRI transcription factors
to be involved in the radiation response of cells where by-
stander effects were observed. We also predict that HIF1a
activation status may be different in directly irradiated
cells that generate a bystander response in neighboring
cells, compared to those that do not.

Methods

Cell culture, protein isolation and Western blotting

An isogenic set of mouse embryonic stem cells, which
were either Mrad9*"*, Mrad9~"", or the latter ectopically
expressing Mrad9" [16], were grown at 37°C, 5% CO, in
Knockout-DMEM (Invitrogen), with 15% ES cell qualified
fetal bovine serum, 0.1 mM non-essential amino acids,
2 mM L-glutamine, 10™* M beta-mercaptoethanol, 100 U/
ml penicillin/streptomycin, and 10~ U/ml leukemia inhibi-
tory factor (LIF, available as “ESGRO” from Chemicon).
Tissue culture plates and dishes were coated with a 0.1%
gelatin solution and used routinely for cell passage and
maintenance. Mylar dishes were coated with a 4 mg/ml fi-
bronectin solution (Sigma). Human non-small cell lung
carcinoma cells, H1299 (ATCC, CRL-5803), were grown in
DMEM containing 10% FBS plus penicillin/streptomycin
(50 pg/ml) at 37°C in a humidified 95% air, 5% CO, incu-
bator. H1299 cells were infected with pSUPER.retro.puro
viral vector containing a RAD9 shRNA to promote knock-
down of expression as described [17], and grown in
medium supplemented with puromycin (2 pg/ml) for se-
lection of stable clones. RAD9 protein levels in cell lysates
were analyzed by Western blotting using anti-RAD9 anti-
body (BD Transduction Laboratories, catalog no. 611324)
and anti-beta-actin antibody (Sigma, catalog no. A5316).
Clones with greater than 70% reduction in RAD9 level,
relative to parental control cells, were chosen for additional
analyses.

Mouse ES cell irradiation and chromosome assay

All irradiations were carried out using confluent cells
plated on concentric Mylar dishes as described in detail
[14,18]. Cells were irradiated with *He ions (LET 123 keV/
pum) from a 5.5 MV Singletron accelerator, using the track
segment facility at the Radiological Research Accelerator
Facility of Columbia University. Unirradiated controls
were sham-irradiated alongside radiation-exposed dishes.
For chromosomal analyses, mouse embryonic stem cells
were irradiated with 1 Gy « particles and dishes were
returned to the cell culture incubator for 24 hours, follow-
ing which, irradiated (6 pm Mylar) and bystander (34 pm
Mylar) cell populations were separated and re-seeded into
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T25 flasks. Chromosome preparations were made at 7 days
post-irradiation, slides were blind-coded prior to scoring
and metaphases were analyzed for gross chromatid
(breaks and gaps on only one arm of a replicated chromo-
some) and chromosome-type (acentric fragments and
rings as well as dicentrics when detected) aberrations
using Giemsa staining [19].

H1299 cell irradiation and micronucleus assay

Irradiation of cells and detection of micronuclei were per-
formed as published [14,18], H1299 and H1299shRAD9
cells (1 x 10°) were plated onto concentric Mylar dishes a
day before irradiation to ensure confluence at the time of
treatment. Immediately prior to irradiation, cell culture
medium was replaced with fresh medium to remove dead
cells. Irradiations were carried out as described above,
using a dose of 1 Gy a particles. For each set of experi-
ments, three to five dishes served as unirradiated controls.
After irradiation, cells were incubated at 37°C for 4 hours.
Cells from directly irradiated (6 um Mylar) and corre-
sponding bystander (34 um Mylar) dishes were processed
for scoring micronuclei (MN) and for RNA isolation. In
brief, dishes were separated, and cells were removed from
a small area (z4 mm?) of each Mylar surface separately
using trypsin. Cells from the rest of the Mylar were resus-
pended in lysis solution (miRCURY RNA isolation kit
from Exiqon) and stored at —80°C. Trypsinized cells were
plated onto four-well chamber slides, and incubated for an
additional 17 hours. Growth medium was replaced with
fresh medium containing 2 pg/ml cytochalasin B, and cells
were incubated for another 26 hours to enrich for those
that are binucleated [18]. Cells were fixed for 15 minutes
with methanol: acetic acid (3:1), followed by two washes
with distilled water. After air drying, slides were briefly
stained with SYBR® Green solution (Molecular Probes),
cells were visualized with a fluorescence microscope, and
a minimum of 1000 binucleated cells were scored per
sample. MN percentage was calculated as the number of
binucleate cells with micronuclei relative to the total num-
ber of binucleate cells in the population examined.

Microarray and gPCR analyses

RNA was isolated from H1299 cells (miRCURY RNA iso-
lation from Exiqon) with an additional on-column DNase
treatment step to eliminate genomic DNA contamination
in RNA preparations. RNA quality was assessed using the
NanoDrop ND-1000 Spectrophotometer (Thermo Scien-
tific) and RINs were assayed using the Agilent Bioanalyzer
(Agilent Technologies), RNA with RINs greater than 8.5
were used for hybridizations. We analyzed n=5 RNA
samples from each condition by microarray hybridization.
Cyanine-3 (Cy3) labeled cRNA was prepared from 0.2 pg
total RNA using the One-Color Low RNA Input Linear
Amplification PLUS kit (Agilent Technologies). Dye
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incorporation and cRNA yield were monitored with the
NanoDrop ND-1000 Spectrophotometer (Thermo Scien-
tific). cRNA (1.6 pg , >9 pmol Cy3 per ug cRNA) was frag-
mented, hybridized to Agilent Whole Human Genome
Oligo 4X44K v2 Microarrays (G4845A) using the Gene
Expression Hybridization Kit, and washed following rec-
ommendations from Agilent. Slides were scanned with the
Agilent DNA Microarray Scanner (G2505B). Default pa-
rameters of Feature Extraction Software GE1_1105_Oct12
(Agilent) and grid version 026652_D_F_20120130 were
used for image analysis, data extraction, background cor-
rection, and flagging of non-uniform features.

Data were exported as text tab delimited files, collated
and analyzed using BRB-Array Tools ver. 4.3.2 [20]. Back-
ground corrected intensities were log, transformed and
median normalized; probes were averaged over replicates
and then filtered. Non-uniform outliers or features not sig-
nificantly above background intensity in 25% or more of
the hybridizations were filtered out, leaving 15,859 fea-
tures. A further filter requiring a minimum 1.3 fold change
in at least 20% of the hybridizations was then applied,
yielding a final set of 9502 features that were used for
subsequent analyses. The microarray data are available
through the Gene Expression Omnibus database using ac-
cession number GSE55869. Class comparisons were made
between paired sample sets of unirradiated controls, dir-
ectly irradiated and bystander H1299 cells with inherent
or reduced RAD?9 levels. The choice of samples was based
on the percentage of binucleated cells with micronuclei: 1)
unirradiated (micronuclei <3%); 2) bystander positive (BP;
micronuclei >20%); 3) directly irradiated corresponding to
bystander positive (DBP; micronuclei >50%); 4) bystander
negative (BN; micronuclei <3%), and 5) directly irradi-
ated corresponding to bystander negative (DBN; micro-
nuclei >50%). Five independent samples for each of the
groups were selected for microarray and qPCR studies.

BRB-Array Tools was employed to identify genes differ-
entially expressed in various class comparisons using a
random-variance paired t-test, which improves on the
standard t-test by sharing information about within-class
variation among genes, but which does not require the as-
sumption that all genes have the same variance [21]. The
test compares differences in mean log-intensities between
classes relative to the expected variation in mean differ-
ences computed from the independent samples. Genes
with p values less than 0.006 were considered statistically
significant. The false discovery rate (FDR) was also esti-
mated for each gene using the method of Benjamini and
Hochberg [22] to control for false positives.

The High-Capacity ¢cDNA Archive Kit (Life Technolo-
gies, Foster City, CA) was used to prepare cDNA from total
RNA. Real time qPCR was performed for selected genes
using Tagman assays (Additional file 1). Genes were chosen
for this analysis on the basis of differential expression and
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low EDR, and the results used to confirm microarray ex-
periment findings for the selected genes. For gene expres-
sion validation studies, 10 ng cDNA was used as input for
replicate reactions. Quantitative real time PCR reactions
were performed with the ABI 7900 Real Time PCR System
using Universal PCR Master Mix (Life Technologies), with
initial activation at 50°C for 120 seconds and 95°C for
10 minutes, followed by 40 cycles of 95°C for 15 seconds
and 60°C for 60 seconds. Relative fold-induction was calcu-
lated by the AACt method [23], using SDS version 2.3
software (Life Technologies). Data were normalized to
ACTB gene expression levels (raw Ct values are included
in Additional file 1).

Ontology and network analysis

The genes responding significantly (p <0.006 and FDR <
10%) were imported into DAVID, the database for annota-
tion, visualization and integrated discovery (http://david.
abcc.ncifcrf.gov/home.jsp). These genes were mapped to
DAVID identifiers, and then functionally annotated using
DAVID biological processes and molecular function cat-
egories. Genes in each functional classification category
were compared against those from the NCBI human gen-
ome in that category. The one-tailed Fisher exact t-test
probability value was used to statistically determine
over- or under- representation of classification categor-
ies, Bonferroni corrected p values or EASE adjusted
Fisher exact p values less than 0.05 were considered sig-
nificant [24,25].

The sets of genes significantly differentially regulated
in all conditions (FDR < 10%) were imported into In-
genuity Pathways Analysis (IPA; Ingenuity® Systems,
http://www.ingenuity.com) to analyze network interac-
tions between them. The imported genes were mapped
onto a global molecular network developed from infor-
mation contained in the Ingenuity Pathways Knowledge
Base. Biological functions most significant to these net-
works were determined, and Fischer’s exact test was
used to calculate p values assessing the probability that
each biological function assigned to a network was due
to chance alone. IPA canonical pathways most signifi-
cant within the differentially expressed gene sets were
also identified. These analyses use curated information
on the published relationships between gene products to
predict network information. Transcription factor ana-
lysis specifically uses information about the relationship
between the activity of potential upstream regulatory
factors and mRNA abundance changes of target genes
for predicting which regulatory factors may be activated
or inhibited, based on number of targets and their ex-
pression changes. IPA generates a z-score for each factor
and uses a cutoff of z > 2 to predict activation and z < -2
to predict inhibition.
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Results

Impact of Mrad9 status on delayed chromatid and
chromosome aberration formation in direct and
bystander irradiated cells

We examined the effect of Mrad9 status on chromosome
and chromatid aberration frequencies in unirradiated or
irradiated cells, using mouse embryonic stem cells either
Mrad9**, Mrad9~~ or the latter ectopically expressing
Mrad9* [16]. Representative examples of these aberrations
are depicted in Additional file 2. There were no differences
in chromatid aberration yields in unirradiated controls re-
gardless of Mrad9 status (Figure 1A, open bars). However,
there were significant differences with respect to induction
of chromatid aberrations following exposure to o particles.
In contrast to Mrad9*'* cells, directly irradiated Mrad9~'~
cells showed a 4-fold increase in chromatid aberrations at
seven days post-irradiation, while bystanders demon-
strated a 3-fold increase in chromatid aberrations relative
to corresponding unirradiated controls. Ectopic expression
of mouse Mrad9" in Mrad9~~ ES cells lowered radiation-
induced chromatid aberration frequency levels to those
observed in Mrad9*'* cells.

Spontaneous chromosome aberrations were higher in
Mrad9™'~ cells, compared with Mrad9*'* cells or the mu-
tant ectopically expressing the wild-type gene (Figure 1B).
Directly irradiated cells regardless of Mrad9 status had
equivalent increases in chromosome-type aberration fre-
quencies above spontaneous background levels. These ab-
errations were likely induced directly by irradiation and
were in the process of being cleared from the populations,
as scoring was performed seven days post-treatment.
Chromosome aberration frequencies in Mrad9"" by-
stander cells, but not in Mrad9™"~ or the latter expressing
Mrad9*, were elevated above background relative to cor-
responding unirradiated control populations.

Reduction of RAD9 expression in H1299 cells enhances
induction of micronuclei by direct and bystander
radiation exposure

In our previous studies, we observed a 2-3 fold increase
in radiation induced bystander apoptosis and micronuclei
formation in Mrad9~~ mouse ES cells, compared to the
Mrad9*"* control population [14]. In addition, mutant
cells showed higher spontaneous levels of micronuclei,
relative to the wild-type control. We extended these stud-
ies to human non-small cell lung carcinoma cells, H1299,
and two independent stable transfectants expressing
shRNA against RAD9 (H1299shRAD9), wherein the corre-
sponding protein levels were reduced 70-80% relative to
the untransfected control (Figure 2A). The two transfec-
tants were used interchangeably with no difference in re-
sults. In this study, we used 440 dishes (200 for H1299
and 240 for H1299sZRAD9Y). Out of these 440, 365 were ir-
radiated dishes and the other 75 served as unirradiated
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Figure 1 Impact of Mrad9 status on formation of chromatid and chromosome aberrations. Chromatid (A) and chromosome (B) aberration
frequencies in unirradiated control (open bars), irradiated (closed bars) and bystander (stippled bars) mouse embryonic stem cells as a function of
Mrad9 status (Mrad9"*, Mrad9™~ or the latter ectopically expressing Mrad9* [16]) in mouse embryonic stem cells at 7 days post irradiation

(mean + SD; n=2). Asterisk and double asterisk depict values that are statistically significant, p < 0.1 and p < 0.05, respectively, between the
controls and the corresponding experimental groups. Results from two experiments were pooled and are expressed as mean + SD. Differences in
these data were analyzed using Student’s t-test. (Additional file 2 shows representative pictures of metaphase spreads and aberrations scored in
this study).
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Figure 2 Effect of RAD9 status on micronuclei formation in H1299 cells A. Western blot of RAD9 protein in H1299 cells. Lane 1,
untransfected H1299 cells, lanes 2 and 3, two stable clones transfected with shRAD9. Western blot analysis was performed using RAD9 and

B-actin antibodies. Image J was used to determine the level of RAD9 protein after knockdown and the abundance of RAD9 indicates expression
normalized to untransfected control H1299. B. IR-Induced Micronuclei (MN): micronucleus formation in H1299 (grey bars) and H1299shRAD9
(striped bars) cells after direct (IR) or bystander (BYS) exposure to 1 Gy of a particles. Data were pooled from five independent sets of experiments
each having n= 35 and results represent mean + SD. Single asterisk indicates a significance of p < 0.05 and triple asterisk, a p < 0.001. C. MN fold
induction values plotted as a function of number of dishes with each fold change for directly irradiated cells (IR). H1299 (grey line) and
H1299shRAD9 (dashed black line). D. same as C, except bystander cells (BYS) were assessed.
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controls (37 for H1299 and 38 for H1299shRAD?9). Unirra-
diated H1299 cells showed 3.44 +0.82 (mean + SD) per-
cent micronuclei in binucleated cell populations and
H1299shRAD9 cells had a value of 2.92+0.61 (mean +
SD) percent. Within each track segment experiment (ap-
proximately 35 dishes were used in each set of experi-
ments), we normalized the average MN percentage for
each bystander and irradiated sample relative to the aver-
age for the corresponding unirradiated controls. The nor-
malized value is expressed as MN fold above unirradiated
control. An increase in MN fold was observed for both
bystander and directly irradiated samples of H1299shRAD9
and H1299 with inherent levels of RAD9 protein
(Figure 2B). Bystander and directly irradiated populations
with reduced levels of RAD9, compared with inherent
RAD9 counterparts, had a significant elevation in fold in-
duction of MN above corresponding unirradiated controls.
Plots of number of dishes with varying MN levels above
background were used to assess differences in irradiated
and bystander cells before and after RAD9 reduction. By
comparing H1299 and H1299shRAD9 cells, either directly
irradiated or bystanders, we found an increase reflected as
a modal shift in the number of dishes demonstrating the
highest MN fold induction above unirradiated controls in
H1299 cells with reduced RAD9. A two-tailed test, using
the Z statistic and a 1% level of significance (p value) was
performed to check the statistical significance of this find-
ing. As both samples are large (n > 30), we used Z test as
opposed to t-test. We rejected the null hypothesis (Ho) in
both bystander and irradiated populations as the Z value
is greater than 2.575 (7.159 in bystander and 18.937 in dir-
ectly irradiated cells). Therefore, the observed difference
in the induced number of micronuclei between H1299
and H1299shRAD?9 cells after either bystander or direct ir-
radiation is statistically significant.

Gene expression profiling in H1299 cells with inherent or
reduced levels of RAD9 protein

Microarray gene expression analyses were performed to as-
sess the impact of RAD9 protein reduction on H1299 cells
at the molecular level in the absence of radiation. RNA
from H1299 cells, untransfected or stably transfected with
RAD9 shRNA and demonstrating a reduction in corre-
sponding protein abundance (Figure 2A), were hybridized
to Agilent Human whole genome arrays. BRB-Array Tools
was used for data analysis [20]. A total of 9502 genes, com-
prising the filtered gene set, were analyzed in a class com-
parison between unirradiated H1299sZRAD9 and H1299,
which revealed 1845 genes differentially expressed between
these two classes (Additional file 3). Of these, 1112 genes
(60%) were down regulated and 733 (40%) were up regu-
lated. We analyzed these genes using DAVID functional
annotation and looked for categories enriched after reduc-
tion of RAD9 in H1299 cells. Using an EASE score of 0.1
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as a universal cut-off, we found that down regulated genes
were enriched for inter- and intra-cellular functions, such
as cytoskeletal and actin binding (p value <10™*), GTPase
activity (p value 0.0009), protein kinase inhibitor activity
(p value 0.002), cyclin-dependent kinase regulatory activity
(p value 0.01) and other broad categories of enzymatic ac-
tivity, such as transferase, carbohydrate kinase and oxidore-
ductase activity (Table 1A). Performing a similar functional

Table 1 Enriched GO categories among H1299shRAD9 vs.
H1299 differentially expressed genes

A. H1299shRAD?9 vs. H1299, down regulated genes

Gene Ontology Term (molecular functions) Gene Count p value
Cytoskeletal protein binding 49 0.00001
Actin binding 33 0.0002
GTPase regulator activity 36 0.0009
Growth hormone receptor binding 3 0.001
Phospholipid binding 19 0.002
Phospho-inositide binding 13 0.002
Protein kinase inhibitor activity 7 0.002
Kinase inhibitor activity 7 0.002
GTPase binding 13 0.005
Protein kinase regulator activity 10 0.008
PIP-3,4,5-trisphosphate binding 3 0.009
Cyclin-dependent protein kinase 4 0.01
Microtubule binding 9 0.01
NAD binding 3 0.01
Kinase activity 58 0.02
Oxidoreductase activity 12 0.02
Tubulin binding 1 0.02
Carbohydrate kinase activity 4 0.02
Phospho-transferase activity 51 0.02
Glutathione transferase activity 4 0.02
Transferase activity 63 0.03
De-oxyribonuclease activity 5 0.03
Guanyl-nucleotide exchange factor activity 14 0.03
Rab GTPase activator activity 6 0.04
Heparin binding 10 0.04
B. H1299shRAD9 vs. H1299, up regulated genes

Gene Ontology Term (molecular functions) Gene Count p value
Nor-epinephrine binding 2 0.002
RNA methyl-transferase activity 4 0.002
Myosin binding 4 0.002
Structure-specific DNA binding 9 0.01
Single-stranded DNA binding 5 0.01
Glycoprotein binding 4 0.01
Coenzyme binding 9 0.03
Transcription factor activity 33 0.04
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annotation on the 733 upregulated genes revealed enrich-
ment of processes such as RNA methyl-transferase activity
(p value 0.002), DNA binding activity (p value 0.01) and
even transcription factor activity (p value 0.04), which sug-
gested that RAD9 reduction in H1299 cells affects multiple
levels of cellular function (Table 1B). We also investigated
important regulatory pathways using both DAVID func-
tional annotation and IPA networks, which suggested
that two signaling mechanisms, Interferon signaling via
STAT1 (p value 0.0006) and Interleukin-4 signaling via
STAT6 (p value 0.01), were significantly altered at the
RNA level.

Gene expression profiling in direct and bystander
irradiated H1299 cells with reduced levels of RAD9 protein
Gene expression was analyzed in H1299 cells with or with-
out shRAD?Y, after direct and bystander exposure to a parti-
cles. Five independent samples for each group, namely,
unirradiated controls, directly irradiated samples and corre-
sponding bystander samples were selected for microarray
and qPCR experiments. The choice of samples was based
on micronuclei levels in binucleated cells as described
above in the Materials and Methods. Micronuclei forma-
tion was assessed initially in cells on a small portion of the
Mylar dish, with the remainder harvested for RNA isolation
at 4 hours after irradiation. Control, directly irradiated and
bystander sample RNA were hybridized to Agilent Human
whole genome arrays. Using the class comparison tool of
BRB-Array Tools [20], we identified genes with significant
differential expression in direct and bystander cells com-
pared with unirradiated controls. We found no significant
differentially expressed genes in the H1299 parental cells at
4 hours after irradiation. However, in H1299shRAD9 cells,
there was a significant response at the transcriptomic level
in both directly irradiated and bystander cells.

We consider those bystanders that showed a micronu-
cleus percentage in binucleates of >20%, successful in
bystander signal transmission from the corresponding irra-
diated cells, and we call these cell populations, bystander
positive (BP). An unsuccessful transmission would be when
the irradiated cells were unable to induce a micronucleus
response in the neighboring bystander cells (micronucleus
index < 3%), which we call “bystander negative (BN)”. In
directly irradiated cells that successfully transmitted a
bystander response (direct bystander positive; DBP),
572 genes were differentially expressed (p <0.006 and
false discovery rate, FDR < 10%; Additional file 4). In the
corresponding bystander positive (BP; micronucleus
index >20%) cells, 254 genes were differentially expressed
(p<0.006 and FDR < 10%; Additional file 5). There were
146 genes common to both directly irradiated and by-
stander positive gene sets.

Next, we compared H1299shRAD9 directly irradiated
cells unable to transmit a bystander signal (direct bystander
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negative; DBN) and their matched bystander negative
(BN; micronucleus index <3%) cells to their matched
H1299shRAD9 unirradiated controls. We found 591 sig-
nificantly differentially expressed genes (p<0.006 and
FDR < 10%, Additional file 6) in DBN and only 3 genes dif-
ferentially expressed (p < 0.006 and FDR < 10%, Additional
file 7) in the BN condition, respectively. The lack of a tran-
scriptional response in the bystander negative population
corresponded to the lack of micronuclei induction. Com-
paring gene expression changes in directly irradiated cells
corresponding to bystander positive (DBP) and directly ir-
radiated cells corresponding to bystander negative (DBN);
we found 311 responding genes that overlapped between
these two groups, representing approximately half the
genes in each class.

We analyzed the differentially expressed genes revealed
by the microarray studies for enrichment of biological
processes, using the DAVID functional annotation data-
base. In H1299shRAD9 directly irradiated cells corre-
sponding to bystander positive (DBP), 572 differentially
expressed genes were used for analysis. Functional annota-
tion revealed that GO biological terms cell cycle (p value
10719, M phase of mitosis (p value <107°), and cell div-
ision (p value 10™®) were significantly enriched in this gene
set (Table 2). Out of the 254 genes significantly changed
in H1299shRAD9 bystander positive cells, ontology ana-
lysis showed that the biological processes RNA metab-
olism (p value 0.05) and cell organization (p value 0.02)
were mostly affected in bystander cells. Cell cycle processes
and cell division were not affected in the bystander popula-
tion; however, processes such as cell re-organization were
significantly enriched in both gene sets (p value of <0.02)
(Table 2).

Quantitative PCR validation of microarray changes

We selected genes for qPCR validation on the basis of
expression fold change and low FDR. We selected 5 of
the most up regulated (PRDMI, DOK3, CD86, ADCY7,
and STAT6) and 5 of the most down regulated
(LIMCHI, NNMT, NUPR, FTCD and PDE2A) genes
after RAD9 reduction in H1299. Log, transformed fold
changes ranged from -5.6 to +2.3 by microarray ana-
lysis. We also validated by qPCR genes that did not
show significant changes in mRNA levels by microarray
in RAD9-reduced H1299 (ATF7IP, CCNF, SEPT7 and
PIFI), and other genes that were selected based on fold
change alone (ZNF480, STEAP1 and PMEPAI). We
found a close correlation between the measured fold
change for 13 out of these 17 genes by microarray and
qPCR (Figure 3A).

To verify gene expression changes detected by micro-
array analyses after direct irradiation, we selected two
genes with the highest fold change (FBXWI2 and
VNN2) and two with the lowest fold change (PIFI and
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Table 2 Enriched GO categories among differentially
expressed genes in directly irradiated (DBP) vs. controls
and bystander positive (BP) vs. controls

Gene Ontology Term DBP (p value)  BP (p value)
(Biological process)

Organelle fission 33x 107" NS®
Cell cycle phase 57 %1070 NS?
Nuclear division 81x 107" NS®
M phase of mitotic cell cycle 13x107° NS®
Cell division 38x107° NS?
Cell organization 0.00001 0.02
Cellular process 0.00004 0.0003
Microtubule-based process 0.0002 NS®
Cellular component organization 0.001 NS?
Macromolecule metabolic process NS? 0.0015
Chromosome segregation 0.002 NS
RNA metabolic process NS? 0.05

NS = not significant (p > 0.05).

CCNF) in H1299shRAD9 directly irradiated correspond-
ing to bystander positive (DBP) cells, for qPCR valid-
ation. From H1299shRAD9 bystander positive (BP) cells,
we selected two genes with the highest fold change
(GIPC3 and ZNF480) and two with the lowest fold
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change (ACOTI11 and SNORA33). For each condition,
mRNA changes for two out of four genes were almost
identical as measured by microarray and qPCR (Figure 3B
and C). All the genes that were validated also demon-
strated a close correlation between microarray and qPCR
measurements across other class comparisons (data not
shown).

Comparative gene network analysis in H1299 cells
containing reduced or inherent levels of RAD9 protein
The 1845 genes differentially regulated after shRAD9 me-
diated reduction and their corresponding expression fold
changes were uploaded into the Ingenuity Pathway Ana-
lysis (IPA) suite. Of these differentially expressed genes,
65% (1016 identified in IPA) were down regulated. We
next queried well known pathways predicted to be affected
in these cells, given the large number of genes altered in
expression by RAD9 reduction (Figure 4A). The top path-
way selected by IPA was Interferon signaling (p value 107°)
(Figure 4B), in which mRNA changes occur in genes at all
levels of this network (Figure 4C), with an overall reduc-
tion in mRNA of multiple known target genes, such as
IRF9, IFITM1, PSMBS8 and IFI35 [26]. We also looked for
other well-defined pathways that were subject to a similar
suppression at the mRNA level, by exploring the informa-
tion and networks from down regulated genes only (65%
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Figure 4 Network analysis and comparison of gene regulation in H1299shRAD9 cells relative to H1299 cells with inherent levels of
RAD?9. A. Volcano plot showing genes whose expression is significantly altered (blue), when RAD9 is reduced, above the p value cut-off -log;, (0.005)
shown as the bold dashed line; log, (fold change) on the x-axis and -log (p value) on the y-axis. B. Pathways affected after RAD9 reduction in H1299 cells:
pathways were ordered by decreasing significance [—log10 (p value)] in down regulated genes (solid grey bars). Up regulated genes (open bars) did not
show pathway enrichment. C. Interferon signaling pathway and D. UVA-MAPK signaling pathway were top pathways affected at various levels of signal
transduction after RAD9 reduction in H1299 cells. The IPA canonical pathways are shown overlaid with changes of gene expression indicated by different
colors. Up regulated genes are red and down regulated genes green, blank nodes are genes that are in the pathway but not in the dataset. Solid lines
indicate direct interactions between molecules and dashed lines indicate indirect interactions. Bold grey lines separate cellular compartments, such as
extracellular space, cytoplasm, mitochondria and the nucleus. In the UVA-MAPK pathway diagram, signal transduction affects biological processes, such as
apoptosis and cell proliferation downstream of nuclear gene expression changes.

of the total identified genes affected). The UVA-induced
MAPK signaling pathway was significantly repressed after
RAD9 reduction (p value 107) (Figure 4B and D), where
repression of multiple transcripts encoding members of
regulatory complexes; p38MAPK, JNK and PARP was ob-
served. In both pathways, STAT1 (mRNA down regulated
-1.6 fold) appeared as a central player involved in signal
transduction. This suggests interference in the stress re-
sponse of cells following RAD9 reduction, possibly com-
pounded in H1299 cells by the lack of p53 and its
downstream effectors. A similar analysis of up regulated
genes did not reveal a significant effect on other pathways
in IPA (Figure 4B).

Comparative gene network analysis in direct and bystander
irradiated H1299 cells with reduced levels of RAD9 protein
We compared gene expression networks generated from
differentially expressed genes in the H1299shRAD9 dir-
ectly irradiated cells corresponding to bystander positive
(DBP; 572 significantly differentially regulated genes) and
in corresponding bystander positive cells (BP; 254 signifi-
cantly differentially regulated genes). Figure 5A shows the
volcano plot of expression changes and corresponding p
values in DBP cells, where 50% of the 572 genes were up
regulated (all blue dots above the dashed line are statisti-
cally significant genes with p values <0.006). Figure 5B is
the volcano plot of expression changes and corresponding
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p values in BP cells, where 85% of the 254 genes were up
regulated (all blue dots above the dashed line are statisti-
cally significant genes with p values <0.006). For network
analyses, we used the IPA core analysis tool, which com-
pares two or more sets of genes and their corresponding
fold changes based on networks and prediction of regula-
tory mechanisms. Comparison of networks within these
two cell populations revealed both similarities and differ-
ences in gene regulation. This has been documented previ-
ously in other bystander gene expression studies [6,9]. [PA
upstream regulator analysis predicted activation of the SP1
transcription factor (z-score +2.61 in DBP cells; +2.5 in BP
cells) (Figures 5C and D) after direct and bystander radi-
ation exposure in H1299shRAD9. Although this network
was also predicted to be activated in H1299shRAD9 directly
irradiated corresponding to bystander negative (z-score
+2.45 in DBN cells), 10 out of 22 genes differentially
expressed in DBP, shown in the SP1 network in
Figure 5C, were not similarly affected in DBN cells.

NUPR1 DNA binding nuclear phospho-protein p8, which
acts as a transcription regulator via chromatin binding, was
also predicted to be activated in directly irradiated cells cor-
responding to bystander positive (z-score +2.61 in DBP),
but inactivated in bystander positive cells (z-score —1.89 in
BP) (Figures 5E and F). There was no overlap of genes in
the NUPR1 networks for these two cell populations, sug-
gesting that regulation of NUPR1 might be different in dir-
ectly irradiated cells (DBP) and corresponding bystander
positive (BP) cells. Of note, 22 out of 25 genes in the
NUPRI1 network of directly irradiated corresponding to by-
stander positive (DBP), shown in Figure 5E, overlapped
with the NUPR1 network in directly irradiated cells corre-
sponding to bystander negatives (DBN, not shown) and the
direction of change was the same in both populations.

The numbers of genes differentially regulated in the two
directly irradiated cell groups, one corresponding to
bystander positive (DBP) and the other corresponding to
bystander negative (DBN) cells were 572 and 591, respect-
ively, with approximately 50% of the genes in common to
both groups (Figure 6A). These 311 overlapping genes
showed similar trends in gene expression and none chan-
ged in the opposite direction in the two gene sets. We were
interested in the genes unique to each condition ie. 261 in
DBP (left side of the Venn diagram in Figure 6A) and 280
in DBN cells (the right side of the Venn diagram) as they
may suggest differences in signaling mechanisms respon-
sible for the very different responses observed in the
corresponding bystander cells. Network and upstream tran-
scriptional factor analyses in IPA predicted that the top
transcriptional regulator, Hypoxia Inducible Factor 1-alpha
subunit, HIF1a was activated in directly irradiated cells cor-
responding to bystander negative (z-score +2.74 in DBN)
and inhibited in directly irradiated cells corresponding
to bystander positive (z-score -1.55 in DBP). This
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transcription factor was selected because of correspond-
ence to the highest significance z-score in DBN gene net-
works. The network centered on HIFla, as shown in
Figure 6B, is generated from these two unique gene sub-
sets. On the left side of the Figure, in both panels, are
genes significant only in directly irradiated cells corre-
sponding to bystander positive (13 genes in DBP that con-
nect with HIFla). On the right side in both panels of
Figure 6B are genes significant only in directly irradiated
cells corresponding to bystander negative (11 genes
in DBN that connect with HIFla). The upper panel in
Figure 6B depicts the predicted HIFla inhibition status in
directly irradiated cells corresponding to bystander posi-
tive (DBP) only, with consequent down regulation of tar-
get genes in this group [27]. Some genes such as MMPI
and TFAM were expected to be up regulated following in-
hibition of HIFla [28,29]. However, most genes, such as
BCL2L1 and CDKNIB, were down regulated, as expected
following HIFla inhibition/degradation [30,31]. The genes
on the right side of this panel remained unchanged in
DBP cells. In contrast, the lower panel of Figure 6B depicts
predicted HIF1a activation status and the network of gene
expression in directly irradiated cells corresponding to by-
stander negative, DBN cells, which are now shown as reg-
ulated on the right side. In this part of Figure 6B, genes to
the left were not significantly changed in DBN cells and
remain uncolored. However, on the right of this lower
panel, the majority of the genes were expected to be in-
duced following the prediction of HIFla activation in DBN
cells, for example CDKNIC and VEGFA were expected to
be induced following HIFla activation [32,33]. The previ-
ously mentioned SPI gene is also seen in this overlay as a
down regulated target gene following HIF1a inhibition [34].

Discussion

It is well established that a DNA damage response can be
induced not only in cells exposed directly to radiation but
also in neighboring unirradiated bystander cells (reviewed
in [3]). Nevertheless, the signaling mechanisms that medi-
ate this non-targeted effect are not well defined. Previously,
we studied the effect of Mrad9 null in mouse embryonic
stem cells, where it was established that these cells, relative
to the wild-type control, demonstrate enhanced spontan-
eous and high-LET radiation induced bystander apoptosis
and micronucleus formation, with much less of a diffe-
rential effect on cell killing by direct or bystander « particle
exposure [14]. In the present study, we analyzed the forma-
tion of delayed chromosome and chromatid aberrations at
seven days after 1 Gy a particle exposure. We found that
chromatid aberrations were induced at higher levels in
Mrad9~ cells, compared with the Mrad9** population,
and low background levels were restored in the mutant
cells when Mrad9* was ectopically expressed. These results
indicate that Mrad9 plays a role in protecting against long-
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expression in directly irradiated cells corresponding to bystander negative (DBN). Up regulated genes are red and down regulated genes green, with fold
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known inhibition. A grey line represents an unchanged or unpredicted relationship between two nodes.

term genomic instability after irradiation. Examination of
these cell populations up to 28 days post-irradiation re-
vealed continuing induction of chromosome aberrations in
the Mrad9”" cells, and background levels when Mrad9
was ectopically expressed (data not shown). These findings

in mouse ES cells are consistent with those obtained using
H1299, indicating that reduced levels of RAD9 enhance
many direct and bystander radiation responses.

This study also focused on the role of human RAD9 in
the radiation induced bystander response, using a
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transcriptome profiling approach. RNA interference was
used to reduce RAD9 protein levels in the human non-
small cell lung carcinoma cell line, H1299 [36]. Micronu-
cleus formation in binucleate cells, as a measure of the
damage response, was used as an endpoint. While all cell
populations directly irradiated with 1 Gy « particles showed
>50% micronuclei frequency, bystander cells, on the other
hand, showed a wide range of micronuclei responses, from
background levels to a frequency >20%. Because of the het-
erogeneity of this response, we assessed damage in individ-
ual Mylar dishes, as opposed to pooling cells from multiple
dishes. We selected only those bystander RNA samples for
further processing that showed a robust micronucleus re-
sponse (>20%), in an attempt to minimize noise within the
microarray gene expression results. These high responders
were designated bystander positive and constituted ~3% of
the total dishes processed individually for each group,
H1299 and H1299shRAD9. We also selected bystander
negative dishes wherein we observed background levels of
micronuclei, for further study. For every bystander sample
chosen, we isolated RNA from the paired outer dish (dir-
ectly irradiated), in which micronuclei formation was con-
sistently >50%, and a matched unirradiated control
(micronuclei frequency at background, <3%). The goal of
this approach was two-fold, to determine the effect of
RAD?9 on the bystander response and to suggest a mechan-
ism underlying the observed variability in intensity of that
response.

We found that RAD9 reduction had a significant effect
on the mean micronuclei fold induction above back-
ground in directly irradiated or bystander cells (Figure 2B);
reduction of RAD9 also caused a modal shift in the num-
ber of dishes having a higher fold of micronuclei above
background (Figure 2C and D). This indicates that RAD9
protects against the formation of micronuclei after a par-
ticle exposure.

Gene expression was assessed via whole genome micro-
array analysis of transcripts, initially in unirradiated H1299
and H1299shRAD9 cells. Differential expression of 1845
genes was detected, and 60% were down regulated in the
H1299shRAD9 cells relative to the H1299 parental control.
Previously, it was reported by us that RAD9 over expression
in H1299 cells transcriptionally activated CDKNIA [37].
Another study showed that RAD9 overexpression in H1299
cells initiates a p21(CDKN1A)-dependent senescence pro-
gram [38]. In the present study, we observed down regula-
tion of CDKNIA mRNA (-1.7 fold change, FDR <1.5%) in
H1299shRAD9 cells, consistent with a role for RAD9Y in
CDKNIA transcription control.

Network and ontology analysis of the genes down regu-
lated when RAD?9 level is reduced indicated that Interferon
signaling and MAPK stress response pathways were sup-
pressed at the mRNA level (Figure 4). Interferons have
anti-proliferative properties and promote apoptosis in
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immune system cells via a STAT1-based mechanism, and
the connection between RAD9 reduction and this pathway
is not obvious. The STAT1 transcription factor is also cen-
tral to the UVA-MAPK pathway, which involves p38MAPK
and JNK in a signal transduction network leading to ex-
pression of target DNA repair genes. There is evidence for
the reduction of RAD9 abundance resulting in diminished
transcription of nucleotide excision repair genes, such as
DDB2 and XPC [39]. However the effect of RAD9 reduc-
tion on the UVA-MAPK pathway is a novel finding.

Another interesting result, related to the large number
of down regulated genes, was the significance of the
cytoskeletal protein binding molecular function category
(p value 107°) revealed by gene ontology analyses (Table 1).
Enrichment of this functional category after RAD9 reduc-
tion was based on 49 down regulated genes related to cell
structure. Although the connection between radiation sen-
sitivity and cytoskeletal organization is not well defined,
there is evidence that overexpression of cofilin, a protein
that promotes disorganization of the actin cytoskeleton,
can increase radiation sensitivity of H1299 cells [40].
These findings suggest it would be interesting to study the
role of RAD9 protein in mediating a DNA damage re-
sponse through cell structure organization.

Gene expression was also analyzed four hours after o par-
ticle irradiation in bystander and matched directly exposed
cells, relative to unirradiated controls. No significantly
responding genes were detected in H1299 cells. In another
study, H1299 cells were reported to be similarly unrespon-
sive to radiation at the mRNA level, when a subset of radi-
ation response genes were measured after an acute dose of
10 Gy of ionizing radiation [36]. This study looked at gene
expression responses up to 24 hours after irradiation and
found that H1299 cells did not show a transcriptional re-
sponse. A study of the gene expression response of the NCI-
60 cell line panel, which includes H1299, to 8 Gy of gamma
rays, similarly found that p53 played a dominant role in the
transcriptional response to radiation [41]. In the absence of
p53, E2F transcription factor family member (E2F4) and Ret-
inoblastoma protein family member (RBL2) were predicted
as possible regulators of gene expression. In another study
on the Lymphoblastoid cell lines TK6 (wild-type p53),
NH32 (p53 null) and WTKI1 (mutant p53), it was found that
in the absence of functional p53, NF«B, E2F1 and E2F4 tran-
scriptional factors dominate the transcriptional response and
that the number of genes responding in p53 null cells, over
a 24 hour period, was a third of that detected in wild-type
p53 cells, with few genes in common [42]. The absence of
significant gene expression changes observed in a particle
exposed H1299 cells in this study is thus consistent with
published reports and likely due to the lack of wild type p53.

We also characterized the transcriptional response of
H1299shRAD? cells to irradiation. Reduction of RAD9 pro-
tein level had a significant effect on gene expression
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measured four hours after exposure, relative to unirradiated
controls. Gene ontology analyses on directly irradiated cells
suggested that cell division and cell cycle processes were af-
fected after irradiation (Table 2). IPA analysis of the genes
responding to direct irradiation (DBP) and in bystander
positive (BP) cells suggested that regulation in DBP and BP
cells may be mediated by SP1 and NUPR1 transcription
factors, which have not previously been implicated in the
bystander response (Figure 5). The SP1 transcription factor,
a member of the Retinoblastoma control protein (RCP)
family, is known to be a component of the coordinate cellu-
lar response after irradiation [43] and can be regulated by
ATM-mediated phosphorylation as well as by ATR [44,45].
Since the 9-1-1 complex is an integral part of ATR signal-
ing, which is also important for the bystander response
[15], it is not surprising that SP1 expression is influenced
by RAD9 status. SP1 potentially targeted expression of 22
genes in DBP cells, some of which were down regulated
[46,47]. In addition to repression of CDKN1B and CDC25B
mRNA, there was down regulation of CDKN2 gene tran-
scripts encoding p18-INK4C (CDKN2C) and p19-INK4D
(CDKN2D) proteins, which have common functions of
binding and inhibiting cyclin/CDK complexes and promot-
ing growth arrest [48]. SP1 also potentially targeted induc-
tion of genes promoting cell growth and migration, MMPI,
MMPI14 and FGFRI in directly irradiated cells correspond-
ing to bystander positive, DBP; and MMPI14 and FGFRI in
bystander positive, BP cells [49-51]. The down regulation of
transcripts encoding cell cycle inhibitors observed in DBP
cells was not observed in BP cells, implying that irradiation
may lead to cell cycle changes in directly hit cells that are
not matched bystanders.

Network based transcription factor analysis also predicted
NUPRI1 to be activated in DBP cells, but repressed in BP
cells. NUPR1 is a phospho-protein that inhibits apoptosis
and promotes cell growth [52,53], and is over expressed in
cancer cells [54]. Its regulation by phosphorylation leads to
gene expression, and a microarray study of NUPRI silen-
cing revealed changes in gene expression enriched in DNA
repair and cell cycle functions [55]. In H1299 directly irra-
diated cells corresponding to bystander positives, NUPR1
activation was predicted, potentially targeting down regula-
tion of a number of genes after irradiation. This same net-
work was not seen in bystander positive cells, implying
alternate regulation of this potential transcription factor.

Bystander negative cells that had background levels of
micronuclei also lacked a significant gene expression re-
sponse. This finding supports the idea that the bystander
response is highly variable from dish to dish, with per-
centages of cell populations demonstrating micronuclei
ranging from 1% to 48%. This confirms that our tech-
nique of sampling a small portion of the dish for micro-
nuclei formation successfully identified responding and
non-responding cell populations.
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We used a similar approach as above for comparing the
genes that responded differently in the two sets of directly
irradiated cells, one corresponding to bystander positive,
DBP, and the other corresponding to bystander negative,
DBN cells. Prediction analysis suggested HIF1la activation
(by protein stabilization) as a potential component that
may be involved in DBN cell signaling. The most common
stimulus for activation/stabilization of HIFla is hypoxia,
but HIF1a can also be activated by growth factors and ROS
[27]. Figure 6 shows the predicted network in which HIF1a
may be inhibited/degraded in directly irradiated cells corre-
sponding to bystander positive (DBP; upper panel), and in-
cludes some common target genes of the SP1 transcription
factor, such as MMPI and CDKNIB. In directly irradiated
cells corresponding to bystander negative, HIF1la was pre-
dicted to be activated (DBN; lower panel). HIF1a activation
occurs by protein stabilization and dimerization with HIF1«
protein followed by translocation to the nucleus and activa-
tion of known target genes such as SESNI and VEGFA.
HIFla activation may also have an effect of suppressing the
SP1 transcript in these cells. SP1 was not predicted to be an
active regulator of transcription in directly irradiated cells
corresponding to bystander negative, in contrast with the
irradiated cells corresponding to bystander positive. There
is evidence for a role of HIFla activation in H1299 cells
after radiation and the protein was shown to be activated
3 hours after exposure to 3 Gy of ionizing radiation via a
phospho-AKT and phospho-ERK1/2 mechanism involving
stabilization by the Hsp90 chaperone [56]. In the same
study, HIFla silencing in H1299 cells promoted radiation
resistance and lowered endothelial cell viability via VEGFA
in conditioned medium. Further studies will be needed to
test the ability of HIFla to mediate differences in extra-
cellular signaling from irradiated cells, and to investigate its
potential for influencing or predicting whether or not a by-
stander response is triggered.

Conclusions

We have presented evidence that RAD9 plays a role in the
radiation induced bystander response and that cells defi-
cient in RAD9 show increased sensitivity to direct and by-
stander irradiation. We demonstrated heterogeneity in the
bystander response, using micronuclei formation as the
endpoint. All directly irradiated cell populations had high
frequencies of micronuclei, but associated neighboring cells
had dramatically different bystander responses. In addition,
we provide evidence that HIFla activation status of irradi-
ated cells may be critical for the ability to elicit a bystander
response. We demonstrate further support of a role for
RAD9 in the bystander response to irradiation, and identify
genetic elements that potentially mediate the response.
These results are important as they reveal underlying
mechanism and potential targets to modify the cellular re-
sponse to direct and bystander radiation exposure.



Ghandhi et al. Radiation Oncology 2014, 9:206
http://www.ro-journal.com/content/9/1/206

Additional files

Additional file 1: PCR assay information and Ct values.

Additional file 2: Representative metaphase spreads showing
chromosomal breaks.

Additional file 3: Class comparison of genes differentially
expressed in H1299shRAD9 vs. H1299.

Additional file 4: Class comparison of genes differentially
expressed in H1299shRAD9 cells 4 hours after direct irradiation
(corresponding to bystander positive).

Additional file 5: Class comparison of genes differentially expressed in
H1299shRAD9 4 hours after irradiation in bystander positive cells.
Additional file 6: Class comparison of genes differentially
expressed in H1299shRAD9 cells 4 hours after direct irradiation
(corresponding to bystander negative).

Additional file 7: Class comparison of genes differentially expressed in

H1299shRAD9 4 hours after irradiation in bystander negative cells.

Abbreviations

RAD9: Cell cycle checkpoint control protein RAD9; Mrad9: Mouse RAD9 homolog
gene; NSCLC: Non small cell lung cancer; MN: Micronucleus; IR: lonizing radiation;
GO: Gene ontology; FDR: False discovery rate; IPA: Ingenuity Pathway Analysis;
DBP: Direct irradiated corresponding to bystander positive; BP: Bystander positive;
DBN: Direct irradiated corresponding to bystander negative; BN: Bystander
negative; HIF1a: Hypoxia inducible factor 1-alpha subunit.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

SAG participated in study design and irradiations; carried out the microarray
screens, PCR and bioinformatics analyses, as well as contributed to writing the
manuscript. BP performed the mouse embryonic stem cell studies and helped
prepare the manuscript. SKP and QC contributed to the micronuclei experiments
and helped prepare the manuscript. KMH was involved in experimental design,
preparation of cells, and irradiations. TKH provided valuable advice and
consultation. SAA was involved in experimental design and preparation of this
manuscript. HBL conceived of the study, participated in its design and helped
write the manuscript. All authors read and approved the final manuscript.

Acknowledgements

Analyses were performed using BRB-Array Tools developed by Dr. Richard
Simon and the BRB-ArrayTools Development Team. We thank Mr. Stephen
Marino and the RARAF staff for assistance with irradiations. We thank Mr.
Jeffrey D. Knotts and Ms. Mashkura Chowdhury for assistance with gPCR
experiments. The RARAF is a Research Center supported by NIH through
NIBIB grant P41 EB-002033, and this study was supported by NIH grants
CA049062, CA130536 and GM079107.

Received: 9 May 2014 Accepted: 12 September 2014
Published: 18 September 2014

References

1. Barcellos-Hoff MH, Park C, Wright EG: Radiation and the microenvironment -
tumorigenesis and therapy. Nat Rev Cancer 2005, 5:867-875.

2. Watson GE, Lorimore SA, Macdonald DA, Wright EG: Chromosomal
instability in unirradiated cells induced in vivo by a bystander effect of
jonizing radiation. Cancer Res 2000, 60:5608-5611.

3. HeiTK Zhou H, Ivanov VN, Hong M, Lieberman HB, Brenner DJ, Amundson SA,
Geard CR: Mechanism of radiation-induced bystander effects: a
unifying model. J Pharm Pharmacol 2008, 60:943-950.

4. Mancuso M, Pasquali E, Leonardi S, Tanori M, Rebessi S, Di Majo V,

Pazzaglia S, Toni MP, Pimpinella M, Covelli V, Saran A: Oncogenic bystander
radiation effects in Patched heterozygous mouse cerebellum. Proc Nat/
Acad Sci U S A 2008, 105:12445-12450.

5. Zhou H, Ivanov VN, Lien YC, Davidson M, Hei TK: Mitochondrial function
and nuclear factor-kappaB-mediated signaling in radiation-induced
bystander effects. Cancer Res 2008, 68:2233-2240.

20.

21.

22.

23.

24,

25.

26.

28.

Page 15 of 16

Ivanov VN, Zhou H, Ghandhi SA, Karasic TB, Yaghoubian B, Amundson SA,
Hei TK: Radiation-induced bystander signaling pathways in human
fibroblasts: a role for interleukin-33 in the signal transmission. Cell Signal
2010, 22:1076-1087.

Azzam El, de Toledo SM, Little JB: Oxidative metabolism, gap junctions
and the ionizing radiation-induced bystander effect. Oncogene 2003,
22:7050-7057.

Barcellos-Hoff MH, Brooks AL: Extracellular signaling through the
microenvironment: a hypothesis relating carcinogenesis, bystander
effects, and genomic instability. Radiat Res 2001, 156:618-627.

Ghandhi SA, Yaghoubian B, Amundson SA: Global gene expression analyses
of bystander and alpha particle irradiated normal human lung fibroblasts:
synchronous and differential responses. BMC Med Genomics 2008, 1:63.
Zhou BB, Bartek J: Targeting the checkpoint kinases: chemosensitization
versus chemoprotection. Nat Rev Cancer 2004, 4:216-225.

Volkmer E, Karnitz LM: Human homologs of Schizosaccharomyces pombe
rad1, hus1, and rad9 form a DNA damage-responsive protein complex.
J Biol Chem 1999, 274:567-570.

Lieberman HB: Rad9, an evolutionarily conserved gene with multiple
functions for preserving genomic integrity. J Cell Biochem 2006, 97:690-697.
Hang H, Lieberman HB: Physical interactions among human checkpoint
control proteins HUS1p, RAD1p, and RAD9p, and implications for the
regulation of cell cycle progression. Genomics 2000, 65:24-33.

Zhu A, Zhou H, Leloup C, Marino SA, Geard CR, Hei TK, Lieberman HB:
Differential impact of mouse Rad9 deletion on ionizing radiation-
induced bystander effects. Radiat Res 2005, 164:655-661.
Burdak-Rothkamm S, Rothkamm K, Prise KM: ATM acts downstream of ATR
in the DNA damage response signaling of bystander cells. Cancer Res
2008, 68:7059-7065.

Hopkins KM, Auerbach W, Wang XY, Hande MP, Hang H, Wolgemuth DJ,
Joyner AL, Lieberman HB: Deletion of mouse rad9 causes abnormal
cellular responses to DNA damage, genomic instability, and embryonic
lethality. Mol Cell Biol 2004, 24:7235-7248.

Zhu A, Zhang CX, Lieberman HB: Rad9 has a functional role in human
prostate carcinogenesis. Cancer Res 2008, 68:1267-1274.

Hei TK, Komatsu K, Hall EJ, Zaider M: Oncogenic transformation by
charged particles of defined LET. Carcinogenesis 1988, 9:747-750.
Ponnaiya B, Cornforth MN, Ullrich RL: Induction of chromosomal instability
in human mammary cells by neutrons and gamma rays. Radiat Res 1997,
147:288-294.

Simon R, Lam A, Li MC, Ngan M, Menenzes S, Zhao Y: Analysis of Gene
Expression Data Using BRB-Array Tools. Cancer Inform 2007, 3:11-17.
Wright GW, Simon RM: A random variance model for detection of
differential gene expression in small microarray experiments.
Bioinformatics 2003, 19:2448-2455.

Benjamini Y, Hochberg Y: Controlling the False Discovery Rate - a Practical
and Powerful Approach to Multiple Testing. Journal of the Royal Statistical
Society Series B-Methodological 1995, 57:289-300.

Amundson SA, Grace MB, McLeland CB, Epperly MW, Yeager A, Zhan Q,
Greenberger JS, Fornace AJ Jr. Human in vivo radiation-induced
biomarkers: gene expression changes in radiotherapy patients.

Cancer Res 2004, 64:6368-6371.

Huang DW, Sherman BT, Lempicki RA: Systematic and integrative analysis
of large gene lists using DAVID bioinformatics resources. Nat Protoc 2009,
4:44-57.

Hosack DA, Dennis G Jr, Sherman BT, Lane HC, Lempicki RA: Identifying
biological themes within lists of genes with EASE. Genome Biol 2003,
4:R70.

Der SD, Zhou A, Williams BR, Silverman RH: Identification of genes
differentially regulated by interferon alpha, beta, or gamma using
oligonucleotide arrays. Proc Natl Acad Sci U S A 1998, 95:15623-15628.
Meijer TW, Kaanders JH, Span PN, Bussink J: Targeting hypoxia, HIF-1, and
tumor glucose metabolism to improve radiotherapy efficacy. Clin Cancer
Res 2012, 18:5585-55%4.

Herrera |, Cisneros J, Maldonado M, Ramirez R, Ortiz-Quintero B, Anso E,
Chandel NS, Selman M, Pardo A: Matrix metalloproteinase (MMP)-1
induces lung alveolar epithelial cell migration and proliferation, protects
from apoptosis, and represses mitochondrial oxygen consumption.

J Biol Chem 2013, 288:25964-25975.

Krishnan J, Danzer C, Simka T, Ukropec J, Walter KM, Kumpf S, Mirtschink P,
Ukropcova B, Gasperikova D, Pedrazzini T, Krek W: Dietary obesity-


http://www.biomedcentral.com/content/supplementary/1748-717X-9-206-S1.xls
http://www.biomedcentral.com/content/supplementary/1748-717X-9-206-S2.pdf
http://www.biomedcentral.com/content/supplementary/1748-717X-9-206-S3.xls
http://www.biomedcentral.com/content/supplementary/1748-717X-9-206-S4.xls
http://www.biomedcentral.com/content/supplementary/1748-717X-9-206-S5.xls
http://www.biomedcentral.com/content/supplementary/1748-717X-9-206-S6.xls
http://www.biomedcentral.com/content/supplementary/1748-717X-9-206-S7.xls

Ghandhi et al. Radiation Oncology 2014, 9:206
http://www.ro-journal.com/content/9/1/206

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

associated Hif1alpha activation in adipocytes restricts fatty acid
oxidation and energy expenditure via suppression of the Sirt2-NAD+
system. Genes Dev 2012, 26:259-270.

Chen N, Chen X, Huang R, Zeng H, Gong J, Meng W, Lu Y, Zhao F, Wang L,
Zhou Q: BCL-xL is a target gene regulated by hypoxia-inducible factor-1
{alpha}. J Biol Chem 2009, 284:10004-10012.

Sitkovsky MV, Lukashev D, Apasov S, Kojima H, Koshiba M, Caldwell C, Ohta
A, Thiel M: Physiological control of immune response and inflammatory
tissue damage by hypoxia-inducible factors and adenosine A2A
receptors. Annu Rev Immunol 2004, 22:657-682.

Schipani E, Ryan HE, Didrickson S, Kobayashi T, Knight M, Johnson RS:
Hypoxia in cartilage: HIF-1alpha is essential for chondrocyte growth
arrest and survival. Genes Dev 2001, 15:2865-2876.

Fernandez-Martinez AB, Lucio Cazana FJ: Epidermal growth factor receptor
transactivation by intracellular prostaglandin E2-activated prostaglandin
E2 receptors. Role in retinoic acid receptor-beta up-regulation. Biochim
Biophys Acta 1833, 2013:2029-2038.

Zawacka-Pankau J, Grinkevich W, Hunten S, Nikulenkov F, Gluch A, Li H,
Enge M, Kel A, Selivanova G: Inhibition of glycolytic enzymes mediated by
pharmacologically activated p53: targeting Warburg effect to fight
cancer. J Biol Chem 2011, 286:41600-41615.

Oliveros JC: VENNY. http://bioinfogp.cnb.csic.es/tools/venny/ 2007.

Kim KH, Yoo HY, Joo KM, Jung Y, Jin J, Kim Y, Yoon SJ, Choi SH, Seol HJ,
Park WY, Nam do H: Time-course analysis of DNA damage response-
related genes after in vitro radiation in H460 and H1229 lung cancer cell
lines. Exp Mol Med 2011, 43:419-426.

Yin'Y, Zhu A, Jin YJ, Liu YX, Zhang X, Hopkins KM, Lieberman HB: Human
RAD9 checkpoint control/proapoptotic protein can activate transcription
of p21. Proc Natl Acad Sci U S A 2004, 101:8864-8869.

Wen FC, Chang TW, Tseng YL, Lee JC, Chang MC: hRAD9 functions as a
tumor suppressor by inducing p21-dependent senescence and
suppressing epithelial-mesenchymal transition through inhibition of Slug
transcription. Carcinogenesis 2014, 35:1481-1490.

Li T, Wang Z, Zhao Y, He W, An L, Liu S, Liu Y, Wang H, Hang H: Checkpoint
protein Rad9 plays an important role in nucleotide excision repair.

DNA Repair (Amst) 2013, 12:284-292.

Lee YJ, Sheu TJ, Keng PC: Enhancement of radiosensitivity in H1299
cancer cells by actin-associated protein cofilin. Biochem Biophys Res
Commun 2005, 335:286-291.

Amundson SA, Do KT, Vinikoor LC, Lee RA, Koch-Paiz CA, Ahn J, Reimers M,
Chen Y, Scudiero DA, Weinstein JN, Trent JM, Bittner ML, Meltzer PS,
Fornace AJ Jr: Integrating global gene expression and radiation survival
parameters across the 60 cell lines of the National Cancer Institute
Anticancer Drug Screen. Cancer Res 2008, 68:415-424.

Lu TP, Lai LC, Lin BI, Chen LH, Hsiao TH, Liber HL, Cook JA, Mitchell JB, Tsai
MH, Chuang EY: Distinct signaling pathways after higher or lower doses
of radiation in three closely related human lymphoblast cell lines.

Int J Radiat Oncol Biol Phys 2010, 76:212-219.

Yang CR, Wilson-Van Patten C, Planchon SM, Wuerzberger-Davis SM, Davis
TW, Cuthill S, Miyamoto S, Boothman DA: Coordinate modulation of Sp1,
NF-kappa B, and p53 in confluent human malignant melanoma cells
after ionizing radiation. FASEB J 2000, 14:379-390.

Iwahori S, Yasui Y, Kudoh A, Sato Y, Nakayama S, Murata T, Isomura H,
Tsurumi T: Identification of phosphorylation sites on transcription factor
Sp1 in response to DNA damage and its accumulation at damaged sites.
Cell Signal 2008, 20:1795-1803.

Chu S: Transcriptional regulation by post-transcriptional modification—
role of phosphorylation in Sp1 transcriptional activity. Gene 2012,
508:1-8.

Ohlsson C, Kley N, Werner H, LeRoith D: p53 regulates insulin-like growth
factor- (IGF-) receptor expression and IGF-l-induced tyrosine phosphorylation
in an osteosarcoma cell line: interaction between p53 and Sp1. £ndocrinology
1998, 139:1101-1107.

St Clair S, Giono L, Varmeh-Ziaie S, Resnick-Silverman L, Liu WJ, Padi A,
Dastidar J, DaCosta A, Mattia M, Manfredi JJ: DNA damage-induced
downregulation of Cdc25C is mediated by p53 via two independent
mechanisms: one involves direct binding to the cdc25C promoter.

Mol Cell 2004, 16:725-736.

Canepa ET, Scassa ME, Ceruti JM, Marazita MC, Carcagno AL, Sirkin PF, Ogara
MF: INK4 proteins, a family of mammalian CDK inhibitors with novel
biological functions. [UBMB Life 2007, 59:419-426.

Page 16 of 16

49.  Dufour A, Overall CM: Missing the target: matrix metalloproteinase
antitargets in inflammation and cancer. Trends Pharmacol Sci 2013,
34:233-242.

50. Parakati R, DiMario JX: Repression of myoblast proliferation and fibroblast
growth factor receptor 1 promoter activity by KLF10 protein. J Biol Chem
2013, 288:13876-13884.

51. Tomlinson DC, Lamont FR, Shnyder SD, Knowles MA: Fibroblast growth
factor receptor 1 promotes proliferation and survival via activation of
the mitogen-activated protein kinase pathway in bladder cancer.

Cancer Res 2009, 69:4613-4620.

52, Sandi MJ, Hamidi T, Malicet C, Cano C, Loncle C, Pierres A, Dagorn JC,
lovanna JL: p8 expression controls pancreatic cancer cell migration,
invasion, adhesion, and tumorigenesis. J Cell Physiol 2011, 226:3442-3451.

53. Hamidi T, Cano CE, Grasso D, Garcia MN, Sandi MJ, Calvo EL, Dagorn JC,
Lomberk G, Urrutia R, Goruppi S, Carracedo A, Velasco G, lovanna JL:
Nupr1-aurora kinase A pathway provides protection against metabolic
stress-mediated autophagic-associated cell death. Clin Cancer Res 2012,
18:5234-5246.

54. Hamidi T, Algul H, Cano CE, Sandi MJ, Molejon MI, Riemann M, Calvo EL,
Lomberk G, Dagorn JC, Weih F, Urrutia R, Sdhmid RM, lovanna JL: Nuclear
protein 1 promotes pancreatic cancer development and protects cells
from stress by inhibiting apoptosis. J Clin Invest 2012, 122:2092-2103.

55, Encinar JA, Mallo GV, Mizyrycki C, Giono L, Gonzalez-Ros JM, Rico M, Canepa
E, Moreno S, Neira JL, lovanna JL: Human p8 is a HMG-I/Y-like protein with
DNA binding activity enhanced by phosphorylation. J Bio/ Chem 2001,
276:2742-2751.

56. Kim WY, Oh SH, Woo JK, Hong WK, Lee HY: Targeting heat shock protein
90 overrides the resistance of lung cancer cells by blocking radiation-
induced stabilization of hypoxia-inducible factor-1alpha. Cancer Res 2009,
69:1624-1632.

doi:10.1186/1748-717X-9-206

Cite this article as: Ghandhi et al: RAD9 deficiency enhances radiation
induced bystander DNA damage and transcriptomal response. Radiation
Oncology 2014 9:206.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central



http://bioinfogp.cnb.csic.es/tools/venny/

	Abstract
	Background
	Methods
	Results

	Background
	Methods
	Cell culture, protein isolation and Western blotting
	Mouse ES cell irradiation and chromosome assay
	H1299 cell irradiation and micronucleus assay
	Microarray and qPCR analyses
	Ontology and network analysis

	Results
	Impact of Mrad9 status on delayed chromatid and chromosome aberration formation in direct and bystander irradiated cells
	Reduction of RAD9 expression in H1299 cells enhances induction of micronuclei by direct and bystander radiation exposure
	Gene expression profiling in H1299 cells with inherent or reduced levels of RAD9 protein
	Gene expression profiling in direct and bystander irradiated H1299 cells with reduced levels of RAD9 protein
	Quantitative PCR validation of microarray changes
	Comparative gene network analysis in H1299 cells containing reduced or inherent levels of RAD9 protein
	Comparative gene network analysis in direct and bystander irradiated H1299 cells with reduced levels of RAD9 protein

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

