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Low Dose Ionizing Radiation Responses and Knockdown of ATM Kinase
Activity in Glioma Stem Cells
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Genesis of new cells in the mammalian brain has previously been regarded as a negligible event; an assumption that long limited our under-
standing in the development of neoplasias. The recent discovery of perpetual lineages derived from neural stem cells has resulted in a new ap-
proach to studying the cellular behaviour of potential cancer stem cells in the brain. Glioblastoma multiforme (GBM), the most aggressive and
lethal brain tumour is derived from a group of cancerous stem cells known as glioma stem cells. GBM cells are impervious to conventional
therapies such as surgical resection and ionizing radiation because of their pluripotent and radioresistant properties. Thus in our study, we aim
to investigate whether a combination of chemo- and radio- therapies is an effective treatment for glioma stem cells. The study utilizes a specific
kinase inhibitor (ATMi) of the ATM (Ataxia-telangiectasia mutated) protein which is an essential protein in DNA-damage responses. In the pres-
ence of both low dose radiation and ATMi, glioma stem cells have rapid onset of cell death and reduction in growth. Since DNA damage can
be inherited through cell division, accumulated DNA breaks in later generations may also lead to cell death. The limitation of conventional ra-
diation therapy is that administration of fractionated (low) doses to reduce any potential harm to the surrounding healthy cells in the brain out-
weighs the benefits of high radiation doses to induce actual arrest in the propagation of malignant cells. Our study demonstrates a benefit in
using low dose radiation combined with chemotherapy resulting in a reduction in malignancy of glioma stem cells.
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Introduction

As evolution occurred slowly throughtime, individua cells began
to assemble into multi-celular colonies. The advantages awarded
to a community of cells are often greater than those for an individ-
ual. Survival and reproduction are part of the communa benefits.
Smilarly, aparallel can be drawn to sngle cancer cell in the brain.
Its presence as a Sngular entity in the bustling metropolis of norma
neurona cells may seem harmless and even ind gnificant a the be-
ginning. But once the cell 'plants its root', a community of cancerous
cdls arises. The resulting brain tumour is inevitable, in addition,
neighbouring healthy cdlls undergo continuous cellular necroticin-
ault through hypoxiaand nutrient deprivation. Subtle clinica signs
and symptoms may begin to manifes as fewer functional neurona
cdls are present. Altered persondity traits chronic throbbing head-

aches and weakness in the extremities are the sgnsof abrain tumour.
However, such clinical features are ambiguous, especidly in the early
dages of tumour formation and can be mistaken for other neurologi-
cd disorders. Delay in diagnosis can reduce a pati ent'smedian sur-
viva time as much as the l ack of therapeutic treatment. The current
maingay for brain tumour therapy is surgica resection and radia-
tion (to induce DNA damage and subsequent death of any remain-
ing tumour cells). This combination normally increases surviva by
an additiona 3-9 months.* Statisticaly, the patients will eventually
fal victim to the brain tumour. M agnetic resonance imaging (MRI)
scans have revealed that poor patient survival is predominantly due to
the rapid recurrence of tumour growth a the site of resecti on rather
than additional de novo tumour formation in other parts of the brain.
This raises the question — How do cancer cell s continueto prolifer-
ate rapidly despite theremoval of an entire tumour (or nearly entire
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tumour) combined with post-operative therapies that induce cel| death
and should decrease the rate of tumour growth.

Shortcomings of conventional therapies

The reasons for brain tumour recurrence can be outlined in two
parts Firdly, tumours are resistant to radiation therapy, thereby rap-
idly regaining population s ze. The progress ve accumulati on of mu-
tations and epigenetic slencing of key regulatory genes may be a
ource of radiation-resistance within cancerous brain cells limiting
the effects of IR-induced DNA damage responses.® Secondly, recent
advances have identified a small population of cancer stem cdls
(CCs) that hasthe ability to generate alarge number of differen-
tiated progenies, while maintaining its pluripotent form.* The fail-
ure of traditional therapy to remove CSCs can be attributed to the use
of typicd cytotoxic drugs that often target the progeny of cancer
gem cells which have a higher proliferative index while sparing
tumourigeni ¢ stem cells with a lower prdiferative rate. This demon-
drates that the limited understanding of the mechanisms involved in
brain tumour initiation, may have led to the unchanged medi an sur-
vival of patients for the past decades as the primary causes of the
tumour were unaffected by trestment.® Advances in diagnostic tools
in recent decades have markedly improved the resolution of computer
imaging (eg: MRI, radioisotope imaging, etc) which has lead to bet-
ter identification of brain tumour diseases In the United States alone,
more than 13,000 deaths are related to brain tumours diseases with
~18,000 new cases being dagnosed annually.® Brain tumour related
disesse is also the second most common childhood cancer.”® The
principle hurdlein formulati ng an effective therapy may liein target-
ing these brain tumour sem cels (BTSCs). As a model, we chose
the most malignant and common form of brain tumour; Glioblasoma
multiforme (GBM) to characterize the molecular properties of glioma
gem cdls

Table 1. World Health Organisation (WHO) classification of brain tumours.
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Glioblastoma multiforme stem cells

The World Health Organisation (WHO) classification of nervous
gystem tumours has been the gold standard for defining the malig-
nancy of brain tumours by employing a graded system (Table 1).°
Amongst the various tumours listed, grade IV gliomas or Glioblastoma
Multiforme (GBM) accounts for the mgority of primary tumours
(~77%), and ather known (~20%) intracranial tumours cases. Patients
that undergo surgical resection have an ~90% chance of recurrent
tumour formation. Surviva gatistics aso reflect this with only 40%
of patients surviving for the first 6 months post-treatment and only
3.3% surviving after two years.? Recent studies support arole of
BT SCsin the progresson of GBM . This hypothesis postulates that
the recurrent tumour growth results from a rare subset of cells that
have the capacity to support development and progression of neo-
plasm. When neura- and glioma-extracted sem cell s are compared,
only thelatter hasthe capacity to initiate tumour growth when trans-
planted into an animal model."* A further feature that supports post-
operdative stem cel | dependent tumour initiation is the determination
of the cdlular origin of medull oblastomain a mouse modd . When
neura stem cdls received a ddetion in the Patched (Ptc) gene, ab-
norma stem cells begin to increase their proliferation rate within
the ventricular zone (VZ). Later, these Ptc deficient neurd cells
can be observed migrating towards the cerebe lum —the sitewhere
medulloblastomais initiated.® Although there is no clear mechanism
for the homing of 'medulloblastoma stem cdlls', this suggests that the
source of giomastem cellsmay be different from the site of tumour
initiation.** Patentially, glioma stem cells can d so originate in asmi-
lar region to 'medulloblastoma stem cells (eg: subgranular zone) where
asymmetrica cell division generates CSC progenies tha migrateto
other regions and initiate tumour growth.* If this hypothesis holds
true, then the elimination of glioma sem cdlswill have a generd
effect in reducing the recurrence of tumour growth.

Different types of neuroepithelid origin tumours have been classified by WHO according to the cell types and genetic aberrations that predominate in the
tumour mass.” GBM s the most aggressive form of brain tumour with the lowest survivd rate. Abbreviationsin table (OE) Overexpressad, (amp) amplified,

(muf) mutated.
Types of General onset of disease Median Genetic distinction Pathology
astrocytic tumours survival
Grade < 40 yeas of age, common in 8-10 years No obvious gendtic dteraion Begin tumour with loose
Pilocytic Astrocytomas children and in young adults textured astrocytes
Grade < 45 years of age, more common 5-10 years p53 mut, PDGF/R OE Low mitatic index,
Diffuse Astrocytomas in young to middle-aged adults Infiltrating astrocyte
Grade < 45 years of age 2-3yeas RB mut, CDK4/6 amp, PTEN loss, Increase proliferation,
Anaplastic Astrocytomas DMBTVmxi loss, 199 loss, 11p loss  diffuse invasion,

angiogens's

Grade > 45 yeas of age frequentin fifth 6-12 months PTEN mut/OE, EGER amp/OE/mut, Rapid proliferaion,

Glioblastoma Multiforme  decade of life but occessionally

occurs in the brain stem of children

MDM2 OE amp/OE, p53 mut, p16,
CyclicD1/3 amp/OE, RB mut,
INK4dARF loss and 10q loss

diffuse invasion,
angiogenes's, necrosis
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The role of glioma stem cells in response to radia-
tion therapy

In responseto radiation therapy, CSCs show increased prolifera-
tion and reduced cell death when compared to differentiated cells.
CSC aurviva may be dueto an dtered DNA damage response and
subsequent cel-cycle regulation. Supporting evidence exists from
Bao et al who observed that glioma sem cells have s gnificantly in-
creased phosphorylation of Rad17, Chk1 and Chk2 proteins.”® The
latter proteins (Chk1 and Chk2) halt cell-cycle progresson to facili-
tate DNA damage-response proteins relocati ng to the site of damage.
For instance, in the event of aG2/M arrest, sensor protein, Rad17 is
able to recruit the DNA-response complex (Radl, Rad9 and Husl)
to asig in the repar of DNA lesions.”® Although Rad1, Rad9 and
Hus1 proteins are functionally different and activation occurs in de-
fined sections of the cell-cycle, biochemica analysis demonstrates
that the activity of these proteins is mainly controlled by amember
of the AKK (Phosphati dylinostol-3 kinase-like) family; the ATM
protei n.***® The increased phosphorylation of these proteinsin CSC
may be due to a lack of negative feedback |cop to limit the response
to damaged DNA, or chronic activation of the initiator kinase (ATM).
Consequently, further invegtigation into the mechanism underlying
the dominant activation of signalling in glioma gem cdls is re-
quired. ATM is essential for the DNA double strand break response
and its activation orchestrates severa cellular processes such asregu-
lation of apoptasis, cdl-cycle checkpoint activation and DNA repair.
Modul ation of ATM activity may prove to be a starting point to de-
lineate the cause of radioresstance in gliomastem cells. In this study,
we focus on the role of ATM in the DNA damage response in GBM
and the potentid use of ATM inhibitors to increase the GBM re-
gponse to low dose radiation.

Materials and methods
Establi shed glioma stem cell and |ymphoblastoid cell lines

Grade IV GBM neurosphere (NS) line—U-251 was a kind gift
provided by Dr Bryan Day. To generate neurospheres, U-251 cdlls
were maintained in NSmedia containing NeuroCult® (StemCell
Technologies Inc), 20ng/ml recombinant human Epidermal Growth
Factor (R&D Systems), 10ng/ml recombinant human Fibroblast Growth
Factor (R&D Systems) and Lunit/ml of Heparin (Sigma). For passaging
to generate new neurospheres, cells were chemicaly dissociated
usng trypsn and replated in a T-25 flask at a concentration of 1 x
10° cdls per ml. A-T deficient human lymphoblagoid cdl line
(AT1ABR) and normal human lymphoblastoid cdl line (C3ABR)
were cultured as suspension cells in RPM 11640 medium supple-
mented with 6% v/v of fetal caf serum and penicil lin/streptomycin.

lonizing radiation exposure

All cultures were growth to 70%-80% confluency before being
subjected to radiation in a GammaCell ‘= (Best Theratronics Ltd.)
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with an exposure rate of 960cGy/min. Where indicated ATMi* was
added to media 2hrs prior to irradiation. Treated cell swere harvested
at indicated times and trypsinised (only U-251) before fixing with
19% of PFA for 15mins on iceand sored at -20°C with 70% ethand

Cdl proliferation

Growth of neurosphere U-251 cell s was observed using a 40x ob-
jective microscope (Olympus Ckx41). Photographs of neurosphere cul-
tureswi th different trest ments were taken at indicated ti me points using
an attached digitd CCD colour camera (QImaging micropublisher
3.3). An average of 30 neurospheres was photographed from each
culture. Neurospheres that resembled clugersof cellsrather than true
gpheres were excluded from analys s Acquired photographs were
then analysed separately on a PC computer for size distribution of
gpheres usng Q-Capture Suite Software (QImaging).

Cdl-cycle digtribution

All cultures were collected at 16hrs, trypsinised (only U-251),
fixed and sored at -20°C as mentioned above. Cells were incubated
with Propidum iodide (50ug/ml) (Sgma) and RNAs A (Roche)
(100ug/ml) for 30mins before cell-cycle profiles were quantified
using aFACScan™ (BD Biosciences). Analysis was performed using
ModFit LT™ (BectonDickinson). Histograms are representative of
two independent experiments.

RESULTS
Establi shing of glioma stem céls culture

The neurosphere culture is based on the fact that stem cells are
able to survive in the presence of mitogenic agents but the media
does not support the surviva of differentiated cells. Tumour was ac-
quired from a GBM diagnosed patient (Figure 1a). Upon remova of
the tumour, extensive washes were conducted to remove any excess
haemoglobin. The tumour underwent mechanical d ssociation to ex-
pose thetumour cell s to subsequent tryps nization. A heterogeneous
population of cells released from the tumour were later separated
from ti ssue debris using a cel| strai ner. Coll ected cell swere growth
in serum-free NS-media containing the appropri ate mitogenic agents.
After 8-10 weeks of selective growth, only pure stem cells remained.

Proliferation of glioma stem cells after radiation

To date, sudies regarding the use of ATM inhibitor to examine
radiosendtivity haverelied heavily on the use of non-specific PIKK
inhi bitors such as wortmannin and caffeine to understand the molecu-
lar mechanism of the DNA -damage response to radiation.” Although
such an gpproach often di splayed i ncrease radiosensitivity, data ob-
tained from these studies could raise concern over its specificity as
other members of the PIKK family are also inhibited (eg: ATR,
DNA-PX, etc.).”? Thus, the use of non-specific PIKK inhibitorsis
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Figure 1. ATMi exacerbates growth retardation of neurospheresin response to low dose IR.

Neurospheres were exposed to theindicated dose of IR. Where indicated aultures were treated with 5uM of ATMi for 2hr prior to IR treatment. a) Cultures
were photographed at the indicaed time points &ter exposure to IR. The single cells suspension began to produce spheres after 24hrs in all cultures.
Differences in the size of spheroids formed between cultures could be identified from 48hrs. b) Average neurosphere sizes were determined by Q-Capture
Suite. Both untreated and 2Gy treated neurosphere cultures were capable of forming regular spheres whereas 10Gy and 2Gy with ATMi cultures had re-
duced spheroid formation. Columns show the average size and error bars represent the standard deviaion of neurosphere diameter in each aulture.

ineffective in identifying novel therapeutic approaches asthese stud-
ies only partially identified the IR-induced signalling pathways. This
lack of molecular tools is one of the reasons why the cause of
radioresisance of GBM has been difficult to elud date.”® However, with
the identi fi cation of a specific kinase inhibitor of ATM (ATMi),” we
can now study the molecular pahways invol ved in GBM radioresistance

in grester detail. Inaninitia experiment, we examined the growth
response of glioma stem cells in the presence of atherapeuticaly
relevant IR dose of 2Gy, followed by the comparison of ATMi in
combi nati on with low dose radiation (2Gy) and high dose radi ation
(10 Gy) alone.

When U-251 neurospheres were exposed to 2Gy of IR, growth was
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dmilar to the untreated neurogphere culture during the first 24hrs.
However, areducti on in neurogphere size and number at 48hrs was
dightly more obvious in irradiated neurosphere cultures (Figure 1a).%
The reduction in growth may be due to activation of cell-cycle check-
points and damage repair pathways. By 96hrs, spheroids formedin
the irradiated (2Gy) neurosphere culture (~246um) and untreated
(~285um) were asimilar gze, demonstrating the surviva of glioma
gem cdlsin response to low dose IR.

Further comparisons, indicated that neurogphere cultures that were
treated with ATMi prior to IR had a g gnificant reduction in spheroid
formation. At 48hrs, 2Gy induced IR alone neurospheres had an
average diameter of >120um in size whereas those treated with a
combination of ATMi and IR were smaller than ~75um (Figure 1b).
Interestingly, the neurosphere culture that was treated with 10Gy of
IR exhibited asimilar growth reduction to the cul ture given the com-
bination of 2Gy IR and ATMi, displaying an average diameter of
~80um at 48hrs. By 96hrs, spheroid size in both cultures, 10Gy
(~173um) and 2Gy with ATMi (~156pum) were ~1.7 fold smaller
than 2Gy IR done-treated neurosphere cultures (~246um). This data
grongly suggests that radiosenstivity could be induced in glioma
sem cdlsby inhibition of ATM kinase activity. In fact, inhibition of
ATM activity dlowed a 2Gy dose to appear to be equivalently asle-
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thal to GBM as a10Gy dose. The dataalso indi cated that ATM may
be required for radioresistance in neurogpheres.

Effect of ATMi on the cell-cydl e distribution of glioma sem cdls

One of the hdlmarks of A-T deficient cell sis the extended delay
in G2 phase after irradiation.” This delay relies on alternate (ATM-
independent) sgnalling pathways to arrest cells at the G2 cell-cycle
checkpoint.® Corresponding with reduced neurosphere formation, we
attempted to delineate the cell-cycle digribution of glioma stem cells
in regponse to both ATMi and irradiation. Three asynchronous cell
types (ATIABR; A-T defici ent lymphoblagoid cell, C3ABR: contrd
lymphoblastoid cell and U-251: glioma neurosphere) were compared
following irradiation with or without ATMi pre-treatment. Cultures
were treated with 2Gy of IR before harveding at 16hrs (Figure 2).*
When exposed to radiaion, ATIABR had a prominent shift to G2
(61.85%) accumulation as comparedto G1 phase (13.69%y). Conversly,
IR treatment of C3ABR cdlsand U-251 neurospheres resulted in
equal numbers of celsin G1 and G2 phase (Figure 2), suggesting
normal ATM activation which | eads to the phosphorylation of Chk2.
However, the inclus on of ATMi prior to IR significantly increased
the accumulation of cellsin G2 in both C3ABR and U-251 samples.
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Figure 2. Analysis of cell-cycle.

All cell types, AT1ABR (A-T deficient), C3ABR (normal) and U-251 (glioma) neurospheres were treated with or without 2Gy IR. Where indicated, cells
weretreated with 5uM of ATMi for 2hr prior to IR treatment. Cdls were harvested 16hrs post-irradiation and the cell cyde profile determined by propidium

iodide staining and flow cytometry.
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Theincreased in G2 accumulation was consistent with the data from
radiosensitive AT1ABR cells ATMi specificity was confirmed by,
1) the lack of cdl-cycle shift in cells that were not exposed to IR,
and 2) no change in G2 accumulation in AT1IABR (AT deficient)
cdlls when exposed to IR in the presence or absence of ATMi.

Discussion

To date, the lack of molecular tod s for understanding the mecha-
nisms of GBM response to radiothergpy has prevented therapeutic
endeavours aimed at improving patient survival.®? In our sudy, the
use of a specific ATM kinase inhibitor provides data showing that
ATM activity may be crucial for the surviva and radiores sance of
giomastem cells. Thisisexemplified by the increasein G2 accumu-
lation in response to IR. Absence of ATM kinase activity prevents
rgpid ATM-dependent phosphoryl ation of Chk2 therefore arrest of
cdls at G2 phase requires dternate signalling via the ATR-Chk1 de-
pendent pathway.”* Response through this pathway occursonly at
later time points (5-24hrs),” once activated, ATR-Chk1 dependent
phosphorylation of CDC25 occurs. "CDC25 then interacts with 14-3-3
protein, trandocating to the nucleus and preventing dephosphorylation
of CDC2, causing G2 cell-cycle arres.” Compensation for a lack of
ATM activation via increased ATR-dependent signal ling could mani-
fes as an extended delay in G2 arrest observed in ATMi treated
cdls. However, the advantage of employing ATM kinase i nhibition
during IR induction is the lack of early arrest in G2 phase (1-4hr)
(Data not shown).” Glioma stem cells that have received damage
to their DNA in G2 phase can contribute significant chromosome
breakage/i nstability to its next generation of sem cells when they exit
the mitotic phase without any G2 arrest.”**" However, damaged glioma
gem cdls that are driven into the G1 phase may allow activation
of p53 pathway that can induce cdlsto undergo either cdl death,
through the apoptosis pathway, or downstream phosphorylation of
p21 resulting in G1 accumulation.® In the latter process, DNA can
then berepaired by initi ation of NHEJ (Non-homologous end join-
ing) prior to DNA synthes s** Data obtai ned from the growth of
neurospheres in reponseto IR adone does sugged that glioma stem
cdls may be inclined to rapid DNA-damage repair when ATM is
present. For example, acomparison of IR treated (2Gy) and untreated
neurosphere culture does not show any significant difference in phe-
roid formation. The importance of ATM activity to gliomastem cell
aurvivd is shown in (Figure 1b) where addition of ATMi to cels
treated with 2Gy IR could severely limit cdl growth compared to
2Gy of IR alone®

GBM radiored sance may be due to altered signalling pathways
that have been found during genomic sudies of gliomatumours. Out
of 206 GBM extracted tumours, ~88% had an atered PI(3)K signalling
pathway, which could result in the dysregulation of the downsream
activation cascade including the p53, p16 and AKT pathways™ ATM
can activate more than 900 different phosphorylation sites in 700
different proteins, a large proportion (48%) of which are related to
DNA replication, recombination and repair.*
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To confirm these findings we plan to examine the effect of ATMi
pre-treatment in combination with low dose IR on DNA damage re-
gponsve dgnalling pathways, apoptos s, rate of DNA repair and cel-
lular proliferation.

In conclusion, data from the growth response of neurasphere cul-
ture treated with ATMi and |ow dose radi ation showed signifi cant
reduction in growth, and adeay in G2 cell-cycle arrest providing
us with preliminary results that suggest A TM-dependent signalling is
important in glioma stem cedll surviva. The removal of ATM kinase
activity and reduction of the resulting DNA damage and repar
dgnaling cascades had a significant impact on the radiation dose
response curve of glioma stem cdls. In our studies, admini gration
of ATMi to cdlls treated with 2Gy IR resulted in cd lular responses
dmilar to cells treated with 10Gy of IR. Therefore, inhibition of ATM
offers a potential platform for formul ati ng effective therapeutic in-
terventions to be used in conjunction with current conventional ther-

apy.
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