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Running Title: Olfactory bulb provides a radioresistant niche

Abstract

Background: The various microenvironments existing within theain combined with the
invasive nature of glioblastoma (GBM) creates tlgeptial for a topographical influence on
tumor cell radiosensitivity. The aim of this studhas to determine whether specific brain
microenvironments differentially influence tumodlaadioresponse.

Methods: GBM stem-like cells (GSCs) were implanted inte tight striatum of nude mice. To
measure radiosensitivity, proliferation statusrafividual tumor cells was determined according
to the incorporation of 5-chloro-2'-deoxyuridinelidered at 4, 8, 12 and 20days after brain
irradiation. As an additional measure of radiogenty, the %human cells in the right
hemisphere and the olfactory bulb were defined gugidPCR. Targeted gene expression
profiling was accomplished using NanoString analysi

Results: Tumor cells were detected throughout the striataampus callosum and olfactory
bulb. After an initial loss of proliferating tumaells in the corpus callosum and striatum after
irradiation, there was only a minor recovery byd&ys. In contrast, the proliferation of tumor
cells located in the olfactory bulb began to recated days and returned to unirradiated levels
by day 12 post-irradiation. Defining the %humatisce the right hemisphere and the olfactory
bulb after irradiation also suggested that the tun®lls in the olfactory bulb were relatively
radioresistant. Gene expression profiling ideadifconsistent differences between tumor cells
residing in the olfactory bulb versus the right igwhere.

Conclusion: These results suggest that the olfactory bulbigesva radioresistant niche for

GBM cells.



I ntroduction

Glioblastoma (GBM) has long been classified asdéorasistant tumot™>. Whether this
treatment outcome reflects a homogeneous radianesepamong the cells comprising a given
GBM or is dictated by a radioresistant subpopultgsdremains unclear. The presence of tumor
cell subpopulations of varying radiosensitivitieoouM have implications not only in the
development of more effective radiotherapy but dls® application of molecularly targeted
radiosensitizers.

The radioresponse of brain tumor models is typycaNaluated according to animal
survival and more recently using imaging technigwegefine tumor growth rate, both of which
describe the radiosensitivity of the tumor cell plagion as a whole. To identify variations in
radiosensitivity among the subpopulations of a givemor, it is necessary to evaluate
radioresponse at the individual cell level. Towgarthis end, one approach is to deliver
halogenated thymidine analogs after irradiationlofeéd by histochemical analysis.
Halogenated thymidine analogs are incorporated i@ during the S-phase of the cell cycle;
this procedure has long been used to identify femaliing cells in normal tissue and tumérs
With respect to radioresponse, incorporation of tmdogenated thymidine analog after
irradiation would be indicative of proliferation thisuch cells classified as radioresistant. The
histology-based identification of cells that do add not proliferate after irradiation thus
provides a strategy for defining intratumor hetemgjty in radiosensitivity.

GBMs in situ are highly migratory and extensively invasijeresulting in tumor cells
being distributed across the multiple microenviremtal niches that exist within the brain.

Consequently, a potential source of intratumor foggeneity in radiosensitivity among the cells



of a given GBM is the location at the time of in@tbn. To investigate the role of specific brain

microenvironments in determining tumor cell radgpense, we used orthotopic xenografts
initiated from GBM stem-like cells (GSCs). GSCe #rought to be critical to the development,

maintenance and treatment response of GBNWoreover, GSC-initiated orthotopic xenografts

not only replicate the genotype and phenotype oM&But also theiin vivo growth patterr{®.

In the study described here, GSCs implanted irgaitfht striatum are shown to migrate into the
frontal cortex and olfactory bulb (OB). The datagented indicate that tumor cells in the OB
were radioresistant as compared to those in theusazallosum (CC) and striatum. Thus, these

results suggest that the murine OB provides a rasiistant niche for tumor cells.

Materialsand Methods

Céll Lines: The glioblastoma stem-like cell (GSC) lines NSChdl &ISC20 (provided by
Dr. Frederick Lang, MD Anderson Cancer Center) wagntained as neurospheres; CD133+
GSCs were isolated by FACSnd met the criteria for tumor stem-li%&”. In vitro clonogenic
survival analysis was performed as described

Orthotopic Xenografts: GSCs (1.0 x 1%), transduced to express luciferase and GFP
with the lentivirus LVpFUGQ-UbC-fflLuc2-eGFP2 wenaplanted into the right striatum of 6-
week-old athymic female nude mice (NCI Animal Praiibn Program, Frederick, MDY
Before irradiation mice were randomized accordimghie bioluminescent imaging signal (BLI)
1 5-chloro-2'-deoxyuridine (CldU) was delivered bigily intraperitoneal (IP) injections
(100mg/kg) with mice euthanized 2h after the lagedtion. For irradiation, mice were

anesthetized and placed in plexi glass jigs wiikldmg for the entire torso of the mouse along

with critical normal structures of the head. R#&diawas delivered using an X-Rad 320 X-
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irradiator (Precision X-Rays, Inc) at 2.9 Gy/miAll experiments were performed as approved
by the principles and procedures in the NIH GuioleGare and Use of Animals and conducted
in accordance with the Institutional Animal Careldsse Committee.

Immunohistochemical analysis. Formalin fixed brains were embedded in paraffin and
cut into 6-10um sections. The antibodies used wenman SOX2 (Cell Signaling), CldU (clone
BU1/75, ICR1), phospho-H2AX (Millipore), anti-ralibAlexaFluor488, anti-rat-AlexaFluor647
and anti-mouse-AlexaFluor555. Image analysis sedieed in Supplementary Methods.

Digital Droplet PCR (ddPCR): Copy numbers of a human gene (Myocardin-like
protein 2 (MKL2)) and a mouse gene (Transferrindpéar (Tfrc)) were determined by ddPCR
and used to calculate the ratio of human/mouse ¢8llpplementary methods).

NanoString nCounter Gene Expression: Using paraffin blocks generated from brain
tumors on day 35 post-implant, RNA was isolatednfrcore punches (1.5-2mm diameter) with
the RNease FFPE kit (Qiagen). RNA (200ng) wasyaedl using the NanoString nCounter
Human PanCancer and Human Neuropath gene exprgsaigis (NanoString Technologies)
and nSolver analysis software according to Nanotguidelines'2. Differentially expressed
genes (OB vs. right hemisphere) were defined asOa<(Btudent’d-test). Classification into

Gene Ontologies was performed using Panther (fggmtherdb.org/) and pathway enrichment

analyses were performed using Ingenuity Pathwayyaisa(IPA®, QIAGEN).

Results
To evaluate the radiosensitivity of human tumotscas a function of location within the
murine brain, orthotopic xenografts were generdtech CD133+ NSC11 GSCs. At day 28

post-implantation, CldU was delivered for 2-6 daysice were euthanized 2h after the last



injection, and brains collected for immuno-histacieal analysis of CldU incorporation to
identify cycling cells with co-staining for SOX2 talentify the NSC11 cells in the mouse
background. The survival of unirradiated mice mR&SC11 implantation is approximately 55
days™. SOX2 expression was detected in the right simiaimplantation site), corpus callosum
(CC) and cortex as well as the left hemispherai(@dLA). The specificity of SOX2 staining for
human tumor cells is illustrated in Supplementguké 1. CldU+ tumor cells were detectable
after 2 days of injections with an increase in pleecentage of tumor cells (SOX+) expressing
CldU at 4 days. Higher magnification of SOX2+ a@idU+ cells (figure 1B) was used for the
guantification of CldU+ tumor cells. CldU was dgel in approximately 50% of tumor cells in
the right striatum and CC after 2 days, which iasezl to >80% after 6 days (figure 1C). These
results indicate the xenografts contain a largetifsa of cycling cells.

This procedure was then applied to irradiated temo©On day 35 post-implantation,
NSC11 brain tumors received 10Gy; on days 4, 122dhdfter irradiation CldU delivery was
initiated (3 daily IP injections with tumors colted 2h after the last dose). The 4day delay
between irradiation and the first CldU injectionsmehosen to allow for the resolution of the
presumed initial transient cell cycle arrest. Ae tspecified times after irradiation immuno-
histochemical analyses of CldU incorporation ancK8@xpression was performed to determine
the percentage of tumor cells that were prolifeain the CC, striatum and OB (figure 2A).
SOX2 staining in the sagittal section of the rigamisphere from a control mouse (figure 2A top
panel) shows that by day 35 after implantation, BliS€ells had migrated into the frontal cortex
and to the right OB.

When CIdU injections were initiated 12 days afteadiation there was a reduction in

CldU+ tumor cells in the CC and striatum (bottormglafigure 2A). However, in the OB, the



level of CldU+ tumor cells in the irradiated micasvsimilar to that in the unirradiated animals.
The %CldU+ tumors in each location as a functioniimie after 10Gy is shown in figure 2B.
When CldU was delivered at 4 days post-10Gy, leas 4% of tumor cells in the CC and
striatum were CldU+, levels that increased slightlyen CldU delivery was initiated 20 days
after irradiation. In the OB, whereas there wassaterable variability among mice at 4 days
post-10Gy, the %CldU+ tumor cells was similar toittols at 12 days increasing above controls
at 20 days post-10Gy. Thus, while there was s@oevery of tumor cell proliferation in the CC
and striatum 20 days after irradiation, recoverfN&C11 cells in the OB was faster and more
complete. These initial results suggest that tucetls in the OB are relatively radioresistant.

As an orthogonal approach to comparing radiosertgitof tumor cells in the OB versus
the right hemisphere, ddPCR was used to deterrhmentimber of copies of a human specific
gene MKL2) and a mouse specific gen&frg) in each region, which provides a measure of
the %human cells. On days 35, 42 and 49 afterantption of NSC11 cells into the right
striatum, the right OB and right hemisphere werdected by gross dissection of GFP-
expressing tumor tissue; DNA was isolated from e&gfion and the %human cells determined.
In addition, 8 mice were irradiated (10Gy) on d&yehd their right OB and right hemisphere
collected on days 42 and 49 post-implant, respelgtiv The %human cells increased in the
unirradiated OB and right hemisphere over the lyks dmalysis period (figure 2C), consistent
with tumor cell proliferation. After 10Gy, the %man cells in the right hemisphere declined
over the 14day period. In contrast, in the OB%teuman cells was slightly increased at 14 days
after 10Gy. These results, consistent with thaseetpted from the analysis of CldU+ cells,
indicate that NSC11 cells in the OB are radiorasistas compared to those in the right

hemisphere.



As an estimation oifn vivo dosimetry,yH2AX foci **, were defined in the CC, striatum
and OB. Mice were irradiated and2AX foci scored in SOX2 expressing cells in eamtation
at 0.5 and 6h post-irradiation. Representativeggsayenerated from the OB are shown in figure
3A. ¥H2AX foci/cell levels in each location 0.5h afteradiation (figure 3B) were similar
indicating that there was no difference in theiahitevel of radiation-induced DSBs in OB
compared to the CC or striatum and that each loca&ceived an equivalent radiation dose.

To further investigate the microenvironment as atewhinant of tumor cell
radiosensitivity, neurosphere cultures were geadritbm the OB and the right hemisphere of 2
mice bearing NSC11 tumors (35 days post-implant) aarbjected to in vitro clonogenic survival
analyses. For each mouse the radiation survival curvesgead from NSC11 cells isolated
from the OB and right hemisphere were similar (Feg8C). These data suggest that the
radioresistance of NSC11 cells in the OB is depenhdm the continued input from the
microenvironment.

The analysis of tumor cell proliferation based dd\Cincorporation was then extended
to the orthotopic xenografts initiated from the NNBA5SCs using the same treatment protocol as
for NSC11 tumors. On day 35 post-implantation, [88®rain tumor xenografts were exposed
to 10Gy; on days 4 and 12 after irradiation CldUweey was initiated (3 daily IP injections with
tumors collected 2h after the last dose). As shbwthe SOX2 expression in the control tumors
(figure 4A), by day 35 after implantation, althoutitere remain NSC20 cells in the striatum,
many have invaded past the CC and into the corféhe percentage of CldU+ tumor cells was
similar between frontal cortex and striatum. Alilgh the growth pattern was different from that

of NSC11 in the right hemisphere, NSC20 cells aifitirated the OB (figure 4A, right panel).



When CldU injections were initiated 12 days afteadiation there was a dramatic loss of
CldU+ tumor cells throughout the right hemisphdyetfom panel, figure 4A). However, in the
OB, the level of CldU+ tumor cells in the irradidtenice was similar to that in the control
animals. Quantitation of the %CIldU+ tumor cellgeafirradiation (figure 4B) shows a
significant reduction in the right hemisphere antl 12 days after 10Gy. In the OB, whereas
there was considerable variability among mice aays, the %CldU+ tumor cells returned to
control levels by 12 days post-10Gy. These dathcate that NSC20 cells in the OB are
relatively radioresistant as compared to thosenenright hemisphere. As for NSC11 tumors,
ddPCR was used to determine the %human cells i@Biand right hemisphere after irradiation.
After 10Gy the %human cells in the right hemispheeelined over the 14day analysis period,
whereas the %human cells in the OB slightly inaedasThese results, consistent with the CldU
analysis, indicate that NSC20 cells in the OB atatively radioresistant as compared to those in
the right hemisphere.

To compare the molecular phenotype of the NSClbtwells residing in the OB and
the right hemisphere, targeted gene expressionlipgofvas performed on RNA isolated from
FFPE samples using the NanoString nCounter Analygsdem, which provided a quantitative
expression analysis of 1385 genes. Comparisoerd gxpression levels in the OB versus right
hemisphere identified 233 differentially expressgghes (p<0.05) (Supplemental figure 2A,
Supplemental Table 1). These significant gene® weganized into Gene Ontologies and the
classification of “GO biological process completeds used to annotate the pathways. Table 1
lists examples of the significantly overexpressathways that were nested with@ellular
Process to Chemical Synaptic Transmission (FDR range 2.95E-15 to 3.36E-25). This gene list

was interrogated using Ingenuity Pathway Analy$#A]. The majority of genes (158/233)



were present under the KEGG headhegvous System Development and Function with 49 sub-
headings related to the nervous system each ofhwhias significant (p<10E-13). The
networked genes within these headings (n=135) hoavis in figure 5A with most genes
increased (red) in the tumors harvested from thec@@Bpared to the right hemisphere. Within
this network are multiple genes that correspondaioium metabolism, glutamate receptors and
BMPs.

Performing the same gene expression analysis or2B$€&lls in the OB versus the right
hemisphere identified 199 significant genes (Suppletal figure 2B, Supplemental Table 2).
The differentially expressed genes distributed &inailar set of GO pathways associated with
neuronal function as with the NSC11 tumors, withbak Synaptic Transmission, glutamatergic
being significant (Table 1). Genes from the NSG@@Mors in the OB also sorted sgnal
transduction (GO:0007165) in a more significant way than NSC11. When theCR® outliers
were subjected to IPA the majority of genes alspeaped under the KEGG headiNgrvous
System Development and Function. The networked genes (n=63) within this headireggsimown
in figure 5B. The genes that were differentiabkpeessed (n=34) between tumor cells in the OB
and right hemisphere for both NSC20 and NSC11 d¢eduBMPs, calcium metabolism and

glutamate receptors (Supplemental figure 3).

Discussion

The assortment of microenvironments that exist iwitlhe brain combined with the
invasive nature of GBM creates the potential ftw@ographical influence on tumor cell biology.
In experimental models GSCs have been reportedefenentially locate in a number of niches

including perivascular and perineurondl.  Although noteworthy with respect to the



fundamental biology of GBM, whether a given locatipreferentially impacts tumor cell
radiosensitivity has yet to be determined. To aesgslrthis issue, we used GSCs that after
orthotopic implantation migrate throughout the neusrain. Results generated from 2
experimental approaches showed that tumor celthanOB are radioresistant as compared to
those in the right hemisphere. These data inditetethe murine OB provides a radioresistant
niche for tumor cells. More broadly, these resulisstrate the potential for intratumor
heterogeneity in GBM radiosensitivity.

Whether the OB in the human brain provides an gumais niche is unclear. However,
defining the molecular and cellular processes idiate the radioresistance in murine OB may
generate a better understanding of the mechaniespsmsible for the radioresistance of GBM in
general. Along these lines, recent studies haeatified a direct interaction between neurons
and glioma cells, which, based on single cell ttaptome analysis, resulted in the modification
of glioma gene expression and, moreover, were gafgi as a source of tumor progressfort
The murine OB is highly enriched in neurons an@érméurons providing an environment that
may promote neuron-glioma cell interactions. Adaogly, as recently reported for single cell
transcriptomes®!’, targeted expression analysis comparing the NS®HINSC20 cells in the
murine OB and right hemisphere showed that the twmrls residing in the OB preferentially
expressed genes related to neuronal function. ,Miusreas defining the molecular and cellular
processes that mediate radioresponse of tumorinatsirine OB may provide an opportunity to
investigate a radioresistant subpopulation, it ra#sp lead to a better understanding of the

mechanisms responsible for the radioresistanceBdfl @& general.
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FigureLegends

Figure 1. CIdU incorporation into NSC11 xenografts. On day 28 post-implantation daily

CldU treatment was initiated (100mg/kg, IP) withceneuthanized 2h after the last injection. A)
Representative coronal images collected after 24adalys of CldU delivery. B) Representative
high magnification images. C) CldU+ tumor cells@ach location (right hemisphere) as a
function of the days of CldU treatment. Each paotresponds to an individual mouse with at

least 200 cells analyzed (mean+SEM for 4-5 mice).

Figure 2. NSC11 cel proliferation after brain irradiation. 35days post-implant, mice
received 10Gy; CldU delivery (3 daily doses witle tamor collected 2h after the last dose) was
initiated on the specified day after irradiatio@ldU delivery was initiated to control mice on
day 35. A) Representative matched images of shgtctions of the right hemisphere and
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coronal sections of the right OB of a control mo(te®) and a mouse in which CldU delivery
was initiated on day 12 post-10Gy (bottom). (CQrglis Callosum; STR: Striatum; HIP:
Hippocampus; GL: Glomerular Layer; GCL: Granule |Cehyer). B) CldU+ tumor cells
identified in the CC, STR and OB of matched micadsnction of time after 10Gy. Each point
corresponds to an individual mouse (meantSEM far Bice), *p<0.05 vs. control. (C)
%human cells in the right OB and correspondingtriggmisphere (RH) as a function of time
after 10Gy. Mice were collected on day 0 (day 85tpmplant) or received 10Gy and collected
for analysis 7 and 14days later along with unia#eti controls. Values represent the mean *

SEM of 4 mice, *p<0.05 vs. day 35, Student’s t-test

Figure 3. yH2AX foci in NSC11 xenografts and in vitro radiosensitivity of NSC11 GSCs
isolated from olfactory bulb and right hemisphere. On day 35 post-implant of NSC11 cells,
mice received 6Gy and collected for analysis atititkcated time points. A) Representative
images of yH2AX foci in tumor cells (SOX2+) (40x magnificatibn The last column
corresponds to the overlay used for automateddmanting. B)yH2AX foci in the CC, striatum
and OB as a function of time after 6Gy. Each calwrarresponds to an individual mouse with
at least 50 cells analyzed per mouse at each docatBars represent mean + SEM. C). Two
NSC11 tumor bearing mice were euthanized on dgyo3%implant. GFP fluorescent tissue was
collected from the OB and right hemisphere fromheamuse, disaggregated and seeded into
standard tissue culture plates in stem cell mediae resulting neurospheres grown from each
location were subjected to in vitro clonogenic $sualzanalysis. Values represent the mean = SD

of 3 independent experiments.
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Figure 4. NSC20 cell proliferation after brain irradiation. 35days post-implant, mice
received 10Gy; CldU delivery (3 daily doses witle tamor collected 2h after the last dose) was
initiated on the specified days after irradiatioBldU delivery was initiated to control mice on
day 35. A) Representative matched images of sagitctions of the right hemisphere and
coronal sections of the right OB of a control moasel a mouse in which CldU delivery was
initiated on day 12 post-10Gy. Insets: zoomed-in images illustrating cells in the right
hemisphere. B) CldU+ tumor cells identified in REl and OB of matched mice as a function of
time after 10Gy. Each point corresponds to arnviddal mouse with at least 200 cells analyzed
in each location (mean+SEM for 3-4 mice) *p<0.05 esntrol. (D) %human cells in the right
OB (OB) and corresponding RH as a function of teffter 10Gy. Mice were collected on day
35 (day 0) or received 10Gy and collected for asialy and 14days later along with unirradiated

controls. Values represent the mean + SEM of 4&& nmp<0.05 vs. day 35.

Figure 5. Gene expression for tumor cells growing in the OB versus the right hemisphere.
IPA networked genes under the KEGG headiegvous System Development and Function for
A) NSC11 and B) NSC20. Shades of red refer toagpudated genes in the OB and green to
down regulated genes. The color intensity of a mdk indicates the degree of increased or
decreased enrichment. Other colors indicate theepee (gray) or absence (white) of a given

gene.
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TABLE 1. Biological/biochemical functions of the genes differentially expressed in NSC11 and
NSC20 cells growing in the olfactory bulb versus the right hemisphere.

NSC11 NSC20

GO Pathway Genes Expected Genes Detected FDR Genes Expected Genes Detected FDR
Cellular Process (0009987) 69 152 3.36E-25 141 199 5T7E-23
LCell Communication (0007154) 6 42 8.33E-20 52 147 1.10E-38
I Cell-Cell Signaling (0007267) 6 2 795E-18 11 54 149E-20
Synaptic Signaling (0099536) 4 30 13215 4 2 7.58E-08
Urans-synapic Signaling (0099537) 4 30 255E-15 4 2 14E07
Lnterograde trans-synapic sig 0098916) 4 30 263E-15 4 20 367E-07
tchemical Synaptic transmission (0007268) 4 30 295E-15 4 20 3.68E-07
Synaptic Transmission, glutamatergic (0035249) 05 12 1.25E-10 03 1 8.64E-01
Cell Surface receptor signaling (1905114) 3 103 1.01E-30 3 103 1.29E-38
Lat Signaling (0016053) 4 17 2.93E-05 4 17 442E-06
LSignal Transduction (0007165) 19 82 9.39E-27 49 133 255E-32
LCell surface receptorsignaling (0007166) 8 H 7.4E-17 3 103 1.29E-38
I:Glmamate receptor signaling (0007215) 05 12 3.98E-11 05 5 2.29E-03
MAPK cascade (0000165) 4 20 456E-10 4 18 1.57E-06
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LCell surface receptor signaling (0007166) 8 44 7.14E-17 23 103 1.29E-38
Glutamate receptor signaling (0007215) 0.5 12 3.98E-11 0.5 5 2.29E-03

MAPK cascade (0000165) 4 20 4.56E-10 4 18 1.57E-06
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Figure 3
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Figure 4
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Figure 5
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