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Abstract
High-grade glioma (HGG), a deadly primary brain malignancy, manifests radioresistancemediated by cell-intrinsic and
microenvironmental mechanisms. High levels of the cytokine transforming growth factor-β (TGF-β) in HGG promote
radioresistance by enforcing an effective DNA damage response and supporting glioma stem cell self-renewal. Our
analysis of HGG TCGA data and immunohistochemical staining of phosphorylated Smad2, which is the main
transducer of canonical TGF-β signaling, indicated variable levels of TGF-β pathway activation across HGG tumors.
These data suggest that evaluating the putative benefit of inhibiting TGF-β during radiotherapy requires personalized
screening. Thus, we used explant cultures of seven HGG specimens as a rapid, patient-specific ex vivo platform to test
the hypothesis that LY364947, a small molecule inhibitor of the TGF-β type I receptor, acts as a radiosensitizer in HGG.
Immunofluorescencedetection and image analysis of γ-H2AX foci, amarker of cellular recognition of radiation-induced
DNA damage, and Sox2, a stem cell marker that increases post-radiation, indicated that LY364947 blocked these
radiation responses in five of seven specimens. Collectively, our findings suggest that TGF-β signaling increases
radioresistance inmost, but not all, HGGs.We propose that short-term culture of HGG explants provides a flexible and
rapid platform for screening context-dependent efficacy of radiosensitizing agents in patient-specific fashion. This
time- and cost-effective approach could be used to personalize treatment plans in HGG patients.
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Introduction
High-grade gliomas (HGGs), including glioblastomas (GBMs) and
anaplastic gliomas, are the most common primary brain malignancy
with 10,000 to 15,000 new cases in the United States annually
(http://www.cbtrus.org). Despite aggressive surgical removal and
concomitant chemoradiotherapy, median survival remains at 14 to 16
months [1,2]. Recent sequencing efforts have classified GBM tumors
into molecular subtypes identified by distinct genetic alterations
[3,4]. However, current radiation schedules and chemotherapy
protocols fall in the “one size fits all” category [1] and fail to take
into account this intertumoral heterogeneity. In light of the mismatch
between uniform treatments and this heterogeneous malignancy, the
concept of personalized treatment plans has been gaining traction in
recent years.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.neo.2016.08.008&domain=pdf
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HGG shows profound radioresistance so that treatment requires
high doses and large fields of ionizing radiation (IR). Even then, and
despite concurrent and adjuvant treatment with the alkylating agent
temozolamide [1], HGG inevitably recurs and progresses. Stem-like
tumor cells, namely glioma stem cells (GSCs), have been linked to
tumor recurrence [5–7]. These cells, besides having the ability to
self-renew and efficiently initiate tumors in animal models, are
equipped with cell-intrinsic mechanisms that confer robust radio-
resistance due to enhanced DNA damage response (DDR) [7].
Signaling pathways associated with self-renewal are also important for
GSC survival after radiation [8–14]. Moreover, the brain and tumor
microenvironment (TME) are critical for the response to radiother-
apy, as exemplified by human GSCs identified by cell surface
expression of CD133 that display radiosensitivity in vitro but become
profoundly radioresistant when implanted into the mouse brain [15].
Given the importance of both cell-intrinsic and -extrinsic mechanisms
that confer resistance to radiotherapy, preclinical studies of radio-
sensitizing agents require a contextual testing platform that takes into
account GSC biology, the TME, and the intertumoral heterogeneity
of HGGs.

One of the key components of the HGG TME is the pleotropic
cytokine transforming growth factor-β (TGF-β), whose downstream
signaling regulates several processes related to tumor progression,
including matrix deposition, angiogenesis, and brain invasion
[16–21]. The TGF-β type II receptor is responsible for binding
TGFβ1, TGFβ2, or TGFβ3 ligands and then recruits type I receptors
(TGFβRIs) to form a heterotetrameric complex that initiates
downstream signaling via serine phosphorylation of Smad2 [21,22].
Our previous studies implicate TGF-β in GBM radioresistance and
GSC self-renewal [8,10,23]. We showed that pharmacologic TGF-β
inhibition in murine and human GBM cell lines prior to radiation
decreases DDR, increases tumor cell kill, and abolishes GSC
resistance, which together improve response to fractionated radiation
therapy in a preclinical model [8]. Huber and colleagues also reported
that a small molecule inhibitor of the TGFβRI (ALK5) kinase activity
is effective in combination with radiation and temozolamide [10,23].
Importantly, TGF-β inhibitors are currently in clinical trials to
treat recurrent HGG, with favorable responses observed in some
patients [16,24–27].

Given the molecular heterogeneity across HGG tumors and the
possibility that distinct tumors may respond differentially to
radiotherapy and TGF-β inhibition, we set out to develop an ex vivo
platform to test radioresponse for individual patients. Because the effects
of radiation on HGG tissue are mediated by both cell-intrinsic
properties and the TME, we reasoned that personalized radiation
biology could be improved by maintaining critical cancer cell-TME
interactions in human specimens. Tabar and colleagues recently
introduced HGG organotypic cultures that preserve tissue architecture
and TME and have been used to study several aspects of tumor biology
[28–30]. We hypothesized that such cultures of human HGG
specimens could serve as an ex vivo system to study radioresponse in a
personalized manner.

Here, we tested responses to IR and TGF-β inhibition by
LY364947, an antagonist of TGFβRI kinase activity (RIKI), in
human HGG explants. We show that recognition of
radiation-induced DNA double-strand breaks (DSBs) marked by
γ-H2AX and the post-radiation increase in the GSC self-renewal
marker Sox2 [31] are blocked by RIKI in most, but not all,
patient-derived explants. This study serves as proof-of-principle
demonstration that TGF-β inhibition represents a robust approach to
compromise DDR, and presumably increase tumor cell kill, in the
majority of HGGs. Furthermore, as candidate responders were
identified using screening ex vivo within a week of surgery, HGG
patient stratification using explant cultures is a viable approach
toward personalized precision medicine. We propose that the
preservation of tumor cell-TME interactions in these explants renders
them a highly adaptable ex vivo drug screening platform for testing
agents that affect complex biological processes, such as radioresponse.

Materials and Methods

Analysis of TCGA Gene Expression Data
The UCSC Cancer Browser (https://genome-cancer.ucsc.edu) was

used to analyze TCGA RNA-seq data of 172 GBM patients. The
database was interrogated for expression levels of six transcripts
(TGFB1, TGFB2, TGFB3, TGFBR1, TGFBR2, and TNC) and
grouped according to the origin of the specimen (normal brain, newly
diagnosed tumor, recurrent tumor). Data were exported to Prism for
statistical analysis with analysis of variance (ANOVA) and post hoc
Tukey test. Significance was set at P b 0.05. Data were plotted as box
and whisker plots, showing the median, first and third quartiles (box),
and min to max (whiskers).

Grading of GBM Specimens Based on p-Smad2 Immunoreactivity
We analyzed 14 formalin-fixed paraffin-embedded (FFPE) human

HGG biospecimens from 12 patients (Supplemental Table 1) for
phosphorylated Smad2 immunoreactivity (p-Smad2; cat. #3108, Cell
Signaling Technology, Danvers, MA) using immunohistochemical
techniques [32]. Antibody optimization was performed on 4-μm
sections. We regarded cells clearly showing nuclear labeling as
positive. Chromogenic immunohistochemistry was performed on a
Ventana Medical Systems Discovery XT instrument with online
deparaffinization using Ventana's reagents and detection kits
(Ventana Medical Systems Tucson, AZ). p-Smad2 was antigen-
retrieved in Ventana Cell Conditioner 1 (Tris-Borate-EDTA) for
20 minutes. Antibody against p-Smad2 was diluted 1:100 in Cell
Signaling Antibody Diluent (cat. #8112, Cell Signaling Technolo-
gies) and incubated for 3 hours at room temperature. Primary
antibody was detected with anti-rabbit secondary antibody conju-
gated to horseradish peroxidase for 8 minutes. The complex was
visualized with 3,3′-diaminobenzidene and enhanced with copper
sulfate. Slide were washed in distilled water, counterstained with
hematoxylin, dehydrated, and mounted with permanent media.
Negative controls were incubated with Dulbecco's phosphate-
buffered saline (PBS) instead of primary antibody.

Staining intensity was graded by two observers according to the
following criteria: no staining, grade −; b1% of tumor cells, grade +;
1% to 10% of tumor cells, grade ++; 10% to 50% of tumor cells,
grade +++; and N50% of tumor cells, grade ++++. We have used this
approach previously for grading immunohistochemical signal in
surgical specimens [33].

Molecular Subtyping of Primary HGG Specimens
We followed a protocol approved by NYU Langone Medical

Center's Institutional Review Board to procure fresh tumor tissue
from patients undergoing surgery for resection of HGG (Institutional
Review Board #12-01130). Diagnosis and grade of the specimens
were confirmed by reviewing hematoxylin and eosin slides. Parental
tumors were molecularly classified using genomic DNA extracted

https://genome-cancer.ucsc.edu
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from FFPE tissue and analyzed with Infinium 450K DNA
methylation arrays (Supplemental Table 2 and Supplemental
Figure 1), as previously described [34]. Briefly, the DNA was
bisulfite-converted using the EZ-96 DNA Methylation Kit (Zymo
Research). After the unmethylated cytosines were deaminated, the
DNA then underwent restoration using the Illumina Infinium HD
FFPE DNA Restore Kit, followed by whole-genome overnight
amplification. The amplified DNA was then enzymatically fragmen-
ted using end-point fragmentation, isolated, precipitated in iso-
propanol, and resuspended in Illumina RA1 buffer. The resuspended
DNA was then denatured at 95°C, and the resulting single-stranded
DNA was dispensed directly onto the Illumina Human Methylation
450 BeadChip Array for hybridization overnight at 48°C. After
hybridization, the BeadChips were washed with Illumina PB1 buffer
to remove any unhybridized and nonspecifically hybridized DNA.
Using Tecan Te-Flow, labeled nucleotides were dispensed over the
BeadChips in flow-through chambers to extend primers hybridized to
the DNA. The primers were then fluorescently stained, and the
BeadChips were coated in Illumina XC4 buffer to protect the
fluorescence before scanning. Once the BeadChips were scanned, raw
data files containing the fluorescence intensity data for each probe
were generated. Illumina Infinium HumanMethylation450 Bead-
Chip arrays were analyzed using the R package RnBeads version 1.0.0
[35]. Briefly, probes overlapping single nucleotide polymorphisms
(n = 4713) were removed. The remaining probes were
background-corrected using the “noob” method of the methylumi
package [36], and β values were normalized using the β-mixture
quantile method [37].
DNA methylation profiling can reliably identify RTK1-type GBM

[34], which corresponds to the proneural subtype described by
Verhaak et al. [3]. However, DNA methylation cannot by itself
reliably distinguish between mesenchymal and classical GBM [3,34].
For the sake of simplicity, we will use the term “non-RTK1 GBM”
for such tumors (Supplemental Table 2).

HGG Explant Culture System
Our protocol was modified from the GBM organotypic culture

method previously described [28]. Fresh specimens were transported
to the laboratory in ice-cold Hank's buffered saline solution (Gibco)
within 30 minutes after resection. Gelatinous tumor tissue was diced
to roughly 0.5-mm3 pieces using sterile surgical blades on a sterile
100-mm Petri dish on ice. Necrotic areas were discarded, as
previously described [28]. Tissue pieces were transferred onto
Laminin (20 μg/ml, cat. #L2020, Sigma)-coated Transwell inserts
(cat. #3414, Corning) and placed in wells in which the lower
compartment contained Neurobasal Media (cat. #21103049, Gibco)
supplemented with N2 (cat. #A1370701, Gibco), B27 (cat.
#12,587,010, Gibco), 20 ng/ml of epidermal growth factor (cat.
#PHG0311, Life Technologies), and 20 ng/ml of fibroblast growth
factor 2 (cat. #PHG0021, Life Technologies). Tissue pieces were wet
with 10 μl of media on a daily basis to prevent them from drying out.
The medium in the lower compartment was changed every other day.
At least three pieces of tissue from each specimen were used for each
treatment condition studied. Explant cultures were maintained in a
37°C incubator whose atmosphere contained 21% O2 and 5% CO2.

Irradiation and Sample Collection
HGG explants were irradiated with 2 Gy using 225-kV X-rays with

an Xstrahl small animal radiation research platform (Surrey, UK).
Samples were collected 30 or 60 minutes after irradiation. Cultured
tissue was frozen in Optimal Cutting Temperature compound
(Tissue-Tek) and cryosectioned at 5-μm thickness.

Activation and Inhibition of TGF-β Signaling
To assess the responsiveness of explants to TGF-β, cultures were

treated with TGF-β (2 ng/ml; cat. #240-B-002, R&D Systems) given
30 minutes prior to collection. TGF-β signaling was blocked with the
TGF-β receptor I inhibitor LY364947, referred to as RIKI (2 μM;
Millipore, cat. #616,451), administered 24 hours prior to collection.
TGF-β responsiveness and efficacy of inhibition with RIKI were
assessed by p-Smad2 immunostaining, as described below.

Immunofluorescence Staining
Cryosections were fixed using 4% paraformaldehyde for 20

minutes at room temperature. Sections were blocked with 0.5%
casein in PBS and incubated with the following antibodies: mouse
anti–γ-H2AX at 1:200 (cat. #05-636, Millipore); rabbit anti-
phosphoserine 465/467 Smad2 (p-Smad2) at 1:50 (clone138D4,
cat. #3108, Cell Signaling); rabbit anti-CD45 (cat. #Ab10558,
Abcam) at 1:200; and goat anti-Sox2 at 1:50 (cat. #AF2018, R&D
Systems). Primary antibody incubations were carried out overnight at
4°C, followed by washes and 1-hour incubation with Alexa488- or
Alexa594-labeled anti-mouse, anti-rabbit, or anti-goat secondary
antibodies (Molecular Probes) at room temperature. Nuclei were
stained with 4′,6-diamidino-2-phenylindole (DAPI). Sections were
washed in PBS-Tween20 (0.1%) before mounting with Vectashield
mounting medium (Vector Labs).

Image Acquisition and Quantification
Specimens were imaged using a 40× Zeiss Plan-Apochromat

objective with 0.95 numerical aperture on a Zeiss Axiovert (Zeiss)
epifluorescent microscope. All images were acquired with a CCD
Hamamatsu Photonics (Herrsching am Ammersee, Germany)
monochrome camera at 1392 × 1040 pixel size, 12 bits per pixel
depth, and assembled as false-color images using the Metamorph
imaging platform (Molecular Devices, Inc.).

For quantitation of cells immunoreactive for p-Smad2, three to five
nonoverlapping images were obtained per section and analyzed using
in-house algorithms in Fiji-Image J (NIH, Bethesda, MA). Nuclear
masks based on DAPI served to determine the regions of interest
(ROIs). The fraction of p-Smad2–positive pixels in each ROI was
calculated. A threshold value that discriminates between positive and
negative cells was determined using all ROIs. The nuclear
immunofluorescence intensity of Sox2 was similarly quantified.
γ-H2AX foci were enumerated using an algorithm similar to that
previously described [38]. The mean number of γ-H2AX foci as a
function of treatment was determined only from positive cells (i.e.,
nuclei with one or more foci). To quantitate nuclear size after
irradiation, we used SigmaScan Pro 5 (Systat Software Inc.) to
measure dimensions of 524 nuclei defined by ROIs.

Statistical Analysis
Prism (Graphpad) software was used for statistical analysis.

Statistical comparisons were calculated using Student's two-tailed
t test or one-way ANOVA with post hoc Tukey test for multiple
comparisons. Correlations were evaluated with Spearman's rank
correlation coefficient and linear regression analysis. Data are
presented as mean ± standard error. The number of patient samples



Figure 1. Heterogeneous activation of TGF-β signaling in HGGs. (A) Analysis of TCGA data on expression levels of five transcripts related
to TGF-β signaling in GBM specimens (i: TGF-β ligands, ii: TGF-β receptors). For each transcript, expression levels across three different
groups, normal brain (black), newly diagnosed GBM (red), and recurrent GBM (green), have been plotted as box-whisker plots. (B)
Expression levels of transcripts TGFB1, TGFBR1, and TGFBR2 across different molecular subgroups of GBM. (C) Analysis of TNC mRNA
levels, a downstream target of TGF-β signaling, in normal brain (black), newly diagnosed GBM (red), and recurrent GBM (green). ANOVA
statistics with post hoc comparisons were used in A to C. (D) Representative images of the grading system used to analyze p-Smad2
immunostaining in normal brain and HGG specimens.
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analyzed (n) is designated in each analysis. Statistical significance was
set at P b 0.05.

Results

Intertumoral Variability in TGF-β Signaling in TCGA Data
and HGG Specimen Immunohistochemistry

The Cancer Genome Atlas (TCGA; http://cancergenome.nih.gov/)
was interrogated for expression levels of mRNA transcripts encoding
TGF-β isoforms (TGFB1, TGFB2, TGFB3; Figure 1Ai) and the
TGF-β type I and II receptors (TGFBR1 and TGFBR2; Figure 1Aii) in
newly diagnosed (n = 154) and recurrent (n = 13) GBM, the most
common form of HGG, compared with normal brain (n = 5). The
specimens from recurrent tumors are very likely to have been irradiated
because the standard-of-care treatment for newly diagnosed HGG is
surgery followed by concurrent chemoradiotherapy [1]. A robust and
significant increase in expression of TGFB1 and TGFBR1 was evident
between normal brain and GBM (Figure 1, Ai and ii). TGFB2 trended
toward significance (P = .06), but TGFB3 did not. TGFBR1 and
TGFBR2were significantly increased in recurrent, very likely irradiated,
tumors compared with newly diagnosed tumor (Figure 1Aii). These
findings support the idea that TGF-β pathway is aberrantly activated in
GBM and in response to therapy.

GBM is classified into four molecular subgroups by RNA
sequencing and dominant driver mutations: classical, mesenchymal,
proneural, and neural [3]. TGFB1, TGFBR1, and TGFBR2 mRNA
transcripts were differentially expressed among GBM subgroups
(Figure 1B). Consistent with this, tenascin C (TNC) mRNA [39–41],
a TGF-β target, was also significantly higher in both newly diagnosed
and recurrent GBM compared with normal brain (Figure 1C).
Within GBM, TNC expression was also differentially expressed
across molecular subtypes, similar to TGFB1, TGFBR1, and
TGFBR2 (Figure 1C). The differences in expression of TGF-β
pathway components among GBM molecular subtypes suggest that
its activity may vary in tumors.

The key event in the canonical signal transduction pathway
downstream of TGF-β receptor activation involves phosphorylation
of Smad2 [20,22]. Upon ligand binding, TGF-β type II receptor
dimers recruit, phosphorylate, and activate TGF-β type I receptor
dimers. Active type I receptor, in turn, phosphorylates Smad2

http://cancergenome.nih.gov
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(p-Smad2), which is the primary transducer of TGF-β signaling.
Activation of the pathway causes a transient accumulation of
p-Smad2 in the nucleus. To confirm whether the TGF-β pathway
is activated in HGGs, as suggested by our TCGA analysis, we stained
14 FFPE HGG specimens from 12 patients for phosphorylated
Smad2 (p-Smad2) (Figure 1D and Supplemental Table 1). We used a
grading system based on the fraction of tumor cells that stain positive
(see Methods). Normal brain was graded as negative for p-Smad2
immunostaining (−) (Figure 1D). In contrast, all HGG specimens
stained positive with p-Smad2 at varying levels, analyzed by two
independent observers (R.B. and D.Z.) (Figure 1D). The extent of
the staining was variable and even included small sections of tumors
with little to no staining in three specimens. However, the sample size
was too small to identify specific correlations between the staining
intensity and pathobiology (Supplemental Table 1). Collectively,
these studies provide robust confirmation of the idea that TGF-β
signaling is active in HGG, consistent with prior observations [20],
but also indicate that the extent of activation of the pathway may vary
among tumors.

Ex vivo Analysis of HGG Response to Radiation
To test the hypothesis that TGF-β signaling may regulate the

response to radiation in human HGG tissue, we established explant
cultures from seven surgical HGG specimens, all procured at NYU
School of Medicine. The success rate of establishing viable explant
cultures was 100% after removing the necrotic parts of specimens
[28] (see Methods). Six of the samples were radiation-naïve, newly
diagnosed HGG (WHO grade IV or GBM). One sample was a
recurrent and irradiated anaplastic astrocytoma (WHO grade III)
(Supplemental Table 2). However, this tumor clinically behaved like
a grade IV GBM, with rapid progression and resistance to multiple
therapies. We, therefore, suspect that the histologic diagnosis may
have underestimated tumor grade due to sampling bias. All samples
were wild-type for IDH1. Six of the seven specimens were subjected
to DNA methylation analysis with 450K arrays, which allow
molecular subtyping [34]. Based on DNA methylation, one tumor
was classified as proneural (RTK1) GBM, whereas the rest were
classified as non-RTK1 GBM, which signifies either classical (RTK2)
or mesenchymal subtype [3]. The DNA methylation analysis also
showed distinct copy number variation profiles for each sample,
demonstrating the molecular intertumoral heterogeneity of HGG
(Supplemental Figure 1). In four specimens, the MGMT promoter
was methylated. The three MGMT-unmethylated specimens showed
epidermal growth factor receptor amplification. One of the HGG
samples contained sarcomatous features by histology (Supplemental
Table 2). These data suggest that, despite the small sample size used in
this study, the explant cultures generated represent a highly
heterogeneous population of HGG samples, with variable mutational
make-ups.
To generate explant cultures, fresh surgical specimens were

dissected, and multiple fragments were placed on laminin-coated
filters in the upper chamber of Transwell inserts (Figure 2A). Explants
were cultured for 4 days prior to analysis. During this time, the
specimens flattened, allowing easier diffusion of RIKI. Supplemental
Table 3 summarizes the conditions used and the experiments
performed with each patient sample.
We assessed the TGF-β responsiveness and efficacy of inhibition

by LY364947 (RIKI). In cell-free assays, LY364947 inhibits TGFβRI
(ALK5) with an IC50 of 0.58 μM [42], but nonspecific effects on
other kinases have been demonstrated [43]. RIKI has been used at
concentrations ranging from 0.4 to 10 μM in cell-based assays
[8,44,45]. Because drug bioavailability deep within explants cannot
be predicted by previous in vitro assays, we tested two concentrations
of RIKI (0.4 μM and 2 μM; 24-hour treatment) in six explants using
immunofluorescence analysis for nuclear p-Smad2. In keeping with
the reported characterization of the compound, the low concentration
of RIKI had little effect (data not shown), whereas 2 μM RIKI given
for 24 hours effectively blocked TGF-β induction of p-Smad2
(representative images from L46, Figure 2B). The fraction of
p-Smad2+ cells after TGF-β and RIKI (24 hours) treatments of
individual specimens was variable (Supplemental Figure 2); thus, the
data were normalized to their respective controls. Although RIKI
(2 μM) alone did not affect baseline p-Smad2 immunoreactivity, the
fraction of cells positive for nuclear p-Smad2 increased 1.56 ±
0.09-fold upon exposure to exogenous TGF-β for 30 minutes
(P b 0.05), indicating that HGGs were responsive to TGF-β
(Figure 2C). The fraction of TGF-β–treated cells positive for nuclear
p-Smad2 decreased 1.75 ± 0.12-fold by 24-hour pretreatment with
2 μM RIKI compared with TGF-β alone (P b 0.01) (Figure 2C),
suggesting efficient inhibition of TGF-β signaling by RIKI. Overall,
these findings indicate that RIKI blocks TGF-β–induced phosphor-
ylation of Smad2 in HGG explants and suggest that explant cultures
are an effective model system to study the effects of small molecular
inhibitors ex vivo.

Impaired Recognition of Radiation-Induced DNA Damage by
Inhibition of TGF-β Signaling

The histone H2AX becomes phosphorylated (γ-H2AX) in
chromatin localizing to DSB [46]. The resulting foci of γ-H2AX
serve as a means to evaluate cellular efficacy of DSB recognition and
DDR [47,48]. Inhibition of TGF-β signaling leads to decreased
formation of γ-H2AX foci and reduced cell survival in irradiated
GBM cell lines [8], suggesting TGF-β is required for recognition of
DSB and effective DDR. Having confirmed that RIKI efficiently
blocks activation of TGF-β signaling in HGG explants, we tested its
effects on the response to IR in these specimens. Explant cultures
were incubated with RIKI for 24 hours prior to irradiation with 2 Gy,
which represents a single fraction of the dose HGG patients receive
for therapy (Figure 3A).

Radiation induces TGF-β activation, which is evident as p-Smad2
induction [49]. To confirm that radiation elicits TGF-β activation in
HGG explants, we quantified the percentage of p-Smad2+ cells in
explants from specimen L50 under control conditions (sham), in the
presence of RIKI, 60 minutes after IR, and after combined IR and
RIKI (Figure 3B). RIKI completely abolished the radiation-induced
increase in the fraction of p-Smad2+ cells. This finding, combined
with the fact that RIKI blocks the TGF-β–induced increase in the
fraction of p-Smad2+ cells (Figure 2, B and C), suggests that
irradiation of explant cultures upregulates TGF-β signaling and that
RIKI is an effective blocker of this signaling pathway.

IR increased the percentage of γ-H2AX+ nuclei, defined as those
with one or more foci, across explant specimens, and RIKI did not
affect the percentage of γ-H2AX+ cells (Supplemental Figure 3A).
Given that all cells are damaged by IR, we were puzzled by the fact
that certain cells lacked radiation-induced γ-H2AX foci. We
determined that the percentage of γ-H2AX+ cells did not correlate
with the number of γ-H2AX foci per nucleus in irradiated cultures
(Supplemental Figure 3B). We noted that γ-H2AX− nuclei were



Figure 2. Establishment of HGG cultures and effects of RIKI on TGF-β–induced Smad2 phosphorylation. (A) Schematic showing the
establishment of cultures from surgical HGG specimens. (B) Representative images of p-Smad2 (red) immunofluorescence analysis
(specimen L46) at baseline (i), after 24 hours of RIKI (ii), after 30 minutes of TGF-β (iii), and after combined RIKI and TGF-β (iv). Nuclei are
counterstained with DAPI (blue). RIKI was given for 24 hours and TGF-β for 30 minutes prior to assays. (C) The fraction of p-Smad2–
positive cells increased after TGF-β stimulation in GBM cultures. This effect was blocked by pretreatment with RIKI. The mean values and
standard error of six specimens are shown [AVOVA F(3,20) = 8.876, P = 0.006]. *P b 0.05; **P b 0.01.
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substantially smaller than their γ-H2AX+ counterparts, raising the
possibility that they were not tumor cells (Supplemental Figure 3C).
We tested the idea that these cells were bone marrow–derived or
putative tumor stem cells but found that the negative cells were
neither CD45+ leukocytes [50–52] nor Sox2+ GSCs [8,31]; indeed,
γ-H2AX foci colocalized with both markers, which provided a
qualitative demonstration that both leukocytes and GSCs responded
to IR with induction of γ-H2AX foci (Supplemental Figure 3D).
Based on these considerations, we eliminated negative cells from
quantification of the radiation response.

Thus, to assess radiation sensitivity, we evaluated only cells with
γ-H2AX foci and enumerated the number of foci per nucleus, which
is reported to reach the maximum number within the first hour after
IR, at the 30- and 60-minutes marks. The number of γ-H2AX foci
increased following IR, and this was abolished with RIKI treatment
(representative images from L46, Figure 3C). We used quantitative
image analysis to determine the number of nuclear γ-H2AX foci
(Figure 3D), as previously described [38,53]. RIKI did not affect the
number of γ-H2AX foci per nucleus in the absence of radiation
(Figure 3, E and F). At 30 minutes, the mean number of foci per
nucleus increased from 2.5 ± 0.2 to 9.9 ± 0.8 (n = 6 explants), and
at 60 minutes, the mean value was 10.5 ± 1.5 (n = 7 explants).
Pretreatment of irradiated explants with RIKI reduced the number of
γ-H2AX foci per nucleus at both the 30-minute (6.5 ± 0.9) and the
60-minute (6.3 ± 0.9) marks. These data suggest that TGF-β
inhibition impairs formation of γ-H2AX foci in HGG explants, in
line with our previous data [8].
RIKI Prevents Radiation-Induced Upregulation of Sox2
Our previous work indicated that radiation enhances GSC

self-renewal, as evidenced by increased expression of transcription
factor Sox2, a GSC marker [31], and in vitro tumorsphere formation,
in the murine GBM cell line GL261 [8]. Hence, we tested if radiation
leads to increased levels of Sox2 in HGG explants and if TGF-β
signaling blockade with RIKI affects this response. Specimens were
analyzed at 60 minutes post-radiation using immunofluorescence to
detect Sox2. The degree of Sox2 expression varied across explants
(Supplemental Figure 4). We observed an increase in nuclear Sox2
immunofluorescence after radiation, and this increase was blocked by
24-hour pretreatment with RIKI (representative images from L52,
Figure 4A). Cumulatively, irradiated specimens showed a 2.4 ±
0.3-fold increase in the intensity of nuclear Sox2 immunofluorescence
compared with no radiation (n = 6) (Figure 4B). RIKI prevented
upregulation of nuclear Sox2 intensity after radiation (n = 6).
Interestingly, two explants did not follow this overall response pattern
for different reasons. Radiation had no effect on Sox2 immunofluo-
rescence in specimen L54, wherease RIKI failed to suppress the
radiation-induced increase in Sox2 levels in L55. These results suggest
that radiation-induced upregulation of Sox2, a transcription factor
implicated in GSC self-renewal, requires TGF-β signaling.

Personalized Screening of TGF-β Inhibition Using Irradiated
HGG Explant Cultures

Cumulative statistics from the seven HGG explant cultures showed
that RIKI reduced radiation-induced γ-H2AX foci (Figure 3,D and E).



Figure 3. DSB recognition dynamics in HGG explant cultures analyzed by γ-H2AX immunoreactivity. (A) Experimental timeline for testing
radiosensitizing effects of TGF-β inhibition. (B) RIKI prevented the radiation-induced increase in the percentage of p-Smad2+ cells in
explants from specimen L50. RIKI had no effect on the fraction of p-Smad2+ cells in the absence of radiation [ANOVA F(3,8) = 170.3,
P b 0.0001]. (C) Representative images of effects of RIKI on γ-H2AX (red) immunofluorescence (specimen L46) before and after radiation.
Nuclei are counterstained with DAPI (blue). (D) Schematic representation of quantitation of γ-H2AX foci. Only the positive nuclei were
considered for analysis. (E) Cumulative data for γ-H2AX foci/positive nucleus in six explants 30 minutes after radiation [ANOVA F(3,20) =
32.38, P b 0.0001]. (F) Collective data for γ-H2AX foci/positive nucleus in seven explants 60 minutes after irradiation [ANOVA F(3,24) =
17.44, P b 0.0001]. ns, not significant. *P b 0.05; **P b 0.01; ****P b 0.0001.
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However, based on the response of individual HGG explants, two
categories were evident: five responders that showed decreased
γ-H2AX foci upon RIKI treatment (Figure 5, Ai–v) and two
nonresponders (Figure 5, Bi and ii). This dichotomy was evident at
both 30 and 60 minutes after radiation. The two nonresponder
explants had these properties: In L49, RIKI suppressed Sox2
upregulation by radiation but not the increase in γ-H2AX foci
(Figure 5Bi, Supplemental Figure 4). L55 failed to show effects of
RIKI on formation of γ-H2AX foci, much like it failed to show
prevention of Sox2 upregulation by RIKI (Figure 5Bii, Supplemental
Figure 4). Finally, L54 showed induction of γ-H2AX foci by
radiation and their suppression by RIKI but did not demonstrate
increased radiation-induced Sox2 expression (Figure 5Bi, Supple-
mental Figure 4). There was no obvious correlation between the



Figure 4. Inhibition of TGF-β signaling prevents radiation-induced
upregulation of GSC marker Sox2. (A) Representative images
showing effects of RIKI on Sox2 immunostaining (green) before
and after radiation (specimen L52). Nuclei were counterstained
with DAPI (blue). (B) Nuclear Sox2 intensity at 60 minutes after 2-Gy
irradiation in six HGG explant cultures [ANOVA F(3,20) = 5.837, P =
0.0049]. *P b 0.05.
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molecular subtype of the explants or their baseline p-Smad2 levels and
their response pattern in this small cohort of samples. These results
demonstrate that the response to TGF-β inhibition in the context of
radiotherapy varies among tumors, highlighting the need for
personalized approaches.

Discussion
One of the main roadblocks in HGG research is the lack of
experimental models recapitulating the extensive intertumoral
heterogeneity of the disease [3,4]. It is now clear that the “one size
fits all” approach to treatment is unlikely to succeed because of this
heterogeneity and that understanding the biological properties of
individual tumors will provide paths to personalized therapy.
However, some of the personalized therapy approaches, such as
high-throughput next-generation sequencing, may not always be
cost-and time-efficient and do not provide functional data.
Patient-derived cultures and xenografts certainly capture individual
tumor properties, but developing and testing these models are
nonetheless lengthy and laborious. Importantly, in vitro cultures and
xenografts in immunocompromised mice do not take into account
the full range of cells that make up the TME. Explant cultures
represent an effective alternative to such models. Not only can they
can be subjected to testing within hours to days after tissue
procurement, but they also preserve the tissue architecture and
interactions of tumor cells with the microenvironment to provide the
appropriate biological context for assessing basic tumor biology and
response to treatment. Indeed, explant cultures have been previously
used successfully to study HGGs [28–30].

TGF-β and components of its signaling pathway are highly
expressed in HGG and are linked to GSC self-renewal [10–13,20].
Moreover, previous studies have indicated that radiation enriches
GSCs in HGG [7,15], that GSC in vitro surrogates produce
abundant TGF-β [8], and that radiation therapy activates TGF-β
[21,49]. Our prior experiments showed that inhibition of TGFβR1
kinase activity with RIKI impedes recognition of radiation-induced
DNA damage and suppresses induction of self-renewal signals
associated with tumorsphere-forming cells (an in vitro surrogate of
GSCs) in a GBM cell line [8]. Interference with these radiation
responses results in decreased clonogenic survival and improved
tumor response in a subcutaneous brain tumor model [8], as well as in
breast [54] and lung [55] tumor models. Our current study aimed to
extend our previous findings and test the role of TGF-β in HGG
radioresistance in human HGG tissue.

Accurate and efficient DDR of cancer cells is often compromised,
which is considered an Achilles heel that can be targeted to achieve
better response to therapies [56]. Here, we used explant cultures to
study the effects of TGF-β inhibition on radioresponse and DDR in
HGG. First, we interrogated the TCGA for expression levels of
transcripts related to TGF-β signaling and found differences among
molecular subtypes of GBM. Second, we immunostained 14 human
HGG FFPE specimens for p-Smad2 and confirmed that the extent of
TGF-β signaling pathway activation is variable across tumors, similar
to prior observations [20]. Using HGG explants, we found that
inhibition of TGF-β receptor I with RIKI reduces the number of
γ-H2AX foci after radiation, suggesting attenuation of the tumor's
response to DNA damage. Even more importantly, this radio-
sensitizing effect of RIKI was observed in five of seven specimens but
was absent in the two other specimens. This heterogeneous response
to RIKI was in agreement with our analysis of TCGA data and
immunostaining of FFPE biospecimens for p-Smad2. We conclude
that the explant method can distinguish tumors with differential
sensitivity to TGF-β inhibition in the context of radioresponse [57]
and establishes a proof-of-concept paradigm for patient-specific
screening of candidate therapies. Furthermore, the predicted benefit
of TGF-β inhibition in most HGGs provides further motivation for
their current clinical testing but also underscores the utility of
implementing ex vivo assays for personalized efficacy studies.

In addition to the significant effects of IR and RIKI on the number
of γ-H2AX foci/nucleus, we observed that not all cells in the HGG
explants responded to radiation and that the percentage of γ-H2AX+
cells remained variable across samples, without any correlation to the
number of γ-H2AX foci/nucleus. We demonstrated that CD45+
tumor leukocytes and Sox2+ GSCs both respond to IR with
induction of γ-H2AX foci. The nature of the γ-H2AX- cells remains
unknown at this point and requires future investigation. The fact that
γ-H2AX- cells have smaller nuclei leads us to speculate that they may
represent normal brain cells or other cellular components of the
TME, which may exhibit different dynamics of DSB recognition and
DRR from tumor cells.

Previous clinical trials with TGF-β receptor I inhibitor or antisense
oligonucleotide against TGF-β2 in recurrent post-radiation HGG
showed mixed results, with favorable responses only in a subset of
patients [25–27], especially those harboring IDH1 mutations in their
tumors [25,26]. Our explant culture findings suggest that TGF-β
inhibition may be efficacious in subsets of radiation-naïve HGG
patients and provide rationale for designing additional clinical trials
testing the efficacy of TGF-β inhibitors in newly diagnosed HGG,
while highlighting the need for patient screening and stratification.
Furthermore, the explant system represents an ideal platform for
comparing the effect of TGF-β inhibition on radioresponse in
IDH1-mutated and IDH1–wild-type tumors in the future.

The evidence that TME is an important regulator of radioresponse
emphasizes the need to develop novel testing platforms to test



Figure 5. The response to TGF-β inhibition varies among different specimens. (Ai-v) Five explants responded to RIKI with decreases in
radiation-induced γ-H2AX foci. (i) L46 [ANOVA F(3116) = 186.9, P b 0.0001]. (ii) L50 [ANOVA F(5174) = 41.49, P b 0.0001]. (iii) L52 [ANOVA
F(5174) = 91.12, P b 0.0001]. (iv) L53 [ANOVA F(5174) = 84.59, P b 0.0001]. (v) L54 [ANOVA F(5174) = 43.16, P b 0.0001]. (Bi-ii) In two
explants, RIKI did not suppress radiation-induced γ-H2AX foci. (i) L49 [ANOVA F(5174) = 12.93, P b 0.0001]. (ii) L55 [ANOVA F(5174) =
27.70, P b 0.0001]. *P b 0.05; **P b 0.01; ***P b 0.001; ****P b 0.0001.
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putative radiosensitizers [15,58]. Although orthotopic tumor xeno-
grafts in the mouse brain provide a suitable model for testing drugs in
an appropriate microenvironmental context, drug assays become
logistically challenging in vivo. Furthermore, the fact that xenografts
are implants in immunocompromised mice implies that immune
components of the TME are lacking. The use of ex vivo systems to
test the effect of IR in conjunction with candidate radiosensitizing
agents preserves human microenvironmental factors without the
logistical limitation of performing such assays in orthotopic
xenografts. Additionally, the potential to evaluate individual patient
samples allows for personalized patient-specific biological assays in the
setting of a highly heterogeneous tumor type. Finally, the concept of
explant cultures, once technically refined, appears theoretically
amenable to high-throughput screening of chemical libraries, which
is not feasible with in vivo testing. In the future, we envision that this
platform could be used to individually test FDA-approved drugs
toward the establishment of personalized therapy regimens.
Conclusions
Inhibition of TGF-β signaling with a small molecule inhibitor of the
kinase activity of TGF-β receptor I attenuates recognition of
radiation-induced DSB and expression of the GSC marker Sox2 in
most, but not all, HGG explant cultures. Our findings indicate the
general utility of TGF-β inhibition as a radiosensitization approach
but also underscore the heterogeneity in the response of individual
tumors. We propose that HGG explant cultures can be used to test
individual tumors for effects of TGF-β inhibitors on radioresponse,
and more generally, as a flexible ex vivo platform for screening drugs
with antitumor activity in patient-specific fashion.
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