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Abstract

Aberrant chromatin remodeling and activation of the PI3K pathway have been identified as
important mediators of pediatric high-grade glioma (pHGG) and diffuse intrinsic pontine glioma
(DIPG) pathogenesis. As inhibition of these pathways are promising therapeutic avenues and
radiation is the only modality to prolong survival of patients with DIPG, we sought to explore
radiosensitizing functions of such inhibition and to explore mechanisms of action of such agents.
Here, we demonstrate that combined treatment with radiotherapy and CUDC-907, a novel first-in-
class dual inhibitor of histone deacetylases (HDAC) and PI3K, evokes a potent cytotoxic response
in pHGG and DIPG models. CUDC-907 modulated DNA damage response by inhibiting
radiation-induced DNA repair pathways including homologous recombination and
nonhomologous end joining. The radiosensitizing effects of CUDC-907 were mediated by
decreased NFxB/Forkhead box M1 (FOXMZ1) recruitment to promoters of genes involved in the
DNA damage response; exogenous expression of NFxB/FOXM1 protected from CUDC-907-
induced cytotoxicity. Together, these findings reveal CUDC-907 as a novel radiosensitizer with
potent antitumor activity in pHGG and DIPG and provide a preclinical rationale for the
combination of CUDC-907 with radiotherapy as a novel therapeutic strategy against pHGG and
DIPG. More globally, we have identified NFxB and FOXM1 and their downstream transcriptional
elements as critical targets for new treatments for pHGG and DIPG.

Significance: These findings describe the radiosensitizing effect of a novel agent in pediatric
high-grade gliomas, addressing a critical unmet need of increasing the radiation sensitivity of these
highly aggressive tumors.

Introduction

Pediatric high-grade glioma (pHGG) and diffuse intrinsic pontine glioma (DIPG) are among
the most recalcitrant malignancies with dismal prognoses despite aggressive multimodal
treatment (1). The 5-year survival for patients with pHGG is <20% and most children with
DIPG do not survive beyond one year after diagnosis (2). Radiotherapy is the standard of
care for pHGG and DIPG, but currently radiation fails to provide longterm disease control or
cure. Radiation dose escalation is not a viable approach due to its associated toxicities, thus
there is an urgent need for effective radiosensitizers (3).

Recent large-scale genomic studies have facilitated a better understanding of molecular
mechanisms underlying the pathogenesis of pHGG and DIPG, and aberrations in chromatin
regulation have emerged as a central theme (4-6). Driver mutations in histone genes and
histone chaperones are common in pHGG and DIPG, several of these mutations are
associated with poor outcomes, and targeting chromatin regulation through HDAC inhibition
shows potent tumor growth suppression /n vitroand in vivo (4-9). In parallel, most pHGGs
and DIPGs show activation of the PI13K pathway through PTEN silencing by DNA
hypermethylation or activating mutations in the PI3K pathway (10, 11). These findings
suggest alterations in chromatin remodeling and aberrant activation of the PI3K pathway as
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important contributors to tumorigenesis in pHGG and DIPG, and targeting these two critical
oncogenic pathways may serve as a novel therapeutic approach.

Radiotherapy induces DNA breaks and resultant damaged cells rely on (i) DNA repair
pathways, especially homologous recombination (HR) and nonhomologous end joining
(NHEJ), to repair DNA double strand breaks (DSB); and (ii) cell-cycle checkpoints to arrest
progression of damaged cells, allowing sufficient time for DNA repair. In the event that cells
enter mitosis with damaged DNA, they undergo mitotic catastrophe and apoptosis. Hence,
drugs that impair DNA repair or cell-cycle arrest are potential radiosensitizers. Several
studies have shown that HDAC and PI3K inhibitors interfere with DNA repair pathways
(12-16). HDAC inhibition decreases expression of critical HR and NHEJ regulators, such as
BRCAL, BRCAZ2, and KU80, and Go—M checkpoint kinases WEE1 and CHK1 (12, 13, 15).
Similarly, inhibition of the PI3K pathway in breast cancer leads to BRCAL downregulation,
and consequently HR deficiency (14). Inhibitors of PI3K and HDACs act synergistically in
medulloblastoma /n vitro and in vivo, and this effect is partially mediated by the FOXO1
pathway that participates in DNA damage response (DDR; refs. 17, 18). These
complementary roles of HDACs and PI13K in regulating DDR suggest that HDAC and PI13K
inhibitors may synergize in their anticancer and radiosenstizing functions.

A novel oral dual pan-HDAC and PI3K inhibitor, CUDC-907, exhibits broad antitumor
activity in hematologic and solid tumor preclinical models, and demonstrates greater
inhibition of tumor growth /n vitroand in vivothan HDAC or PI3K inhibitors as
monotherapy (19-21). Interestingly, CUDC-907 also inhibits compensatory signaling
pathways, such as RAF, MEK, and MAPK, suggesting that CUDC-907 may evade innate
and/or acquired tumor resistance (20). The current potential therapeutic benefit of dual
HDAC and PI3K inhibition, and in particular by CUDC-907, alone or in concert with
radiotherapy has not been explored in pHGG or DIPG.

Here, we demonstrate that CUDC-907 in combination with radiotherapy provides
synergistic cytotoxicity in pHGG and DIPG cell lines, and extends survival in mouse models
of pHGG and DIPG. Furthermore, we find that CUDC-907 reduces DDR and induces
sustained DNA damage in combination with radiation treatment through a NFxB- and
Forkhead boxM1 (FOXM1)- mediated pathway. Taken together, these data reveal the
potential for a new approach to the treatment of pHGG and DIPG by demonstrating precise
molecular elements that should be targeted in combination with radiation: NFxB and
FOXM1. CUDC-907 engages this novel strategy due to its ability to transcriptionally
downregulate NFxB and FOXM1, block the repair of DNA DSBs, and markedly
radiosensitize pHGG and DIPG.

Materials and Methods

Drugs, plasmids, and cell culture

CUDC-907 was obtained from Curis Inc. under a material transfer agreement. Panobinostat
and BKM120 were purchased from Selleck Chemicals. Plasmids for expression of
NFKB1/p50 (pcDNA-cFlag p50), RELB (pcDNA-cFlag RELB), and FOXM1b (pCW57.1-
HA-Flag-FOXM1b) were purchased from Addgene Inc. Cells were tested for mycoplasma
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contamination at the beginning of the study. Cell lines SF188, SF8628, SF9427 were
obtained from the Brain Tumor Research Center (BTRC) Tissue Bank at the University of
California, San Francisco (UCSF, San Francisco, CA) and authenticated by the UCSF
Genomics Core using short tandem repeat (STR) profiling. SF10693 was established in S.
Mueller's laboratory and authenticated by STR profiling and sequencing. BT245 and BT869
were established in K.L. Ligon's laboratory and the lines were authenticated by molecular
profiling using the Agilent 1 M feature array for comparative genomic hybridization. 77053
null mouse neural progenitor cells lacking Pfen (d333) or expressing BRAFV600E/
KIAA1549:BRAF were established in the laboratories of Drs. Zhou and Stiles (Dana Farber
Cancer Institute, Boston, MA), respectively. The loss of 7rp53and Ptenwas verified by
genotyping and immunoblotting and BRAFV600E/KIAA1549:BRAF insertion was
confirmed by genomic sequencing. KNS42 was obtained from JCRB (Japan Cancer
Research Resources) cell bank. BT245 was grown as a suspension culture in human
NeuroCult (StemCell Technologies Inc.) media supplemented with 20 ng/mL EGF, 20
ng/mL FGF2, 0.0002% heparin. SF9427 was grown as an adherent culture in media as for
BT245 above, with further 5% FBS supplementation. SF188, SF8628, and KNS-42 cell lines
were cultured as adherent cells in DMEM supplemented with 10% FBS. SF10693 (adherent)
and BT869 (suspension) were cultured in a 1:1 mix of neurobasal media and DMEM F-12
with B27 supplement, 20 ng/mL EGF, 20 ng/mL FGF2, 10 ng/mL PDGF-AA, 10 ng/mL
PDGF-BB, and 0.0002% heparin. Normal human astrocytes were purchased from Lonza
Inc. and cultured as per manufacturer's recommendation.

Lentiviral production and establishment of cell line with FOXM1 overexpression

For lentiviral production, 80% confluent 293 cells in 100-mm plates were transfected with
1.5 ug of pMD8.2, 3.0 ug of psPAX2, and 6 ug of either pPCW57.1HA-Flag-FOXM1b,
pCVL. SFFV-SceOpt.l.IRES.BFP, or pCVL.SFFV-IRES.BFP using Lipofectamine 2000 as
per manufacturer's instructions; supernatant was harvested 72 hours posttransfection, debris
removed by centrifugation at 3,000 rpm for 5 minutes, and filtered through 0.45-um filter
before use or storage at —80°C. Supernatant containing the lentiviral particles with the
doxycycline-inducible HA-tagged FOXM1b cDNA was used to transduce SF188 cells in the
presence of 8 pg/mL polybrene. Cells stably expressing FOXM1b were selected by adding
puromycin at 2.5 pg/mL after 48 hours of infection and selection was performed for two
weeks. The doxycycline-inducible expression of HAFOXM1b was confirmed by Western
blotting. Doxycycline treatment (250 ng/mL) for 24 hours induced modest HAFOXM1b
expression.

Surgical procedure, in vivo treatment of orthotopic tumorbearing mice, and IHC analyses

DFCI and UCSF Institutional Animal Care and Use Committees (IACUC) approved all
animal protocols. Five-week-old athymic mice were used for orthotopic glioma tumor
formation. Mice were anesthetized by intraperitoneal injection of 100 mg/kg ketamine and
10 mg/kg xylazine in 0.9% saline. The skulls of the mice were exposed and a small opening
made using a 25-gauge needle at 1.5 mm to the right of midline, posterior to the lambdoid
suture for injection into the pontine tegmentum for luciferized SF8628 cells while an
incision was made at 2 mm to the right of the midline for d333 cells. A total of 1.0 x 10°
cells in a volume of 1 pL, were injected into the pontine tegmentum or cerebrum for SF8628
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(DIPG) and d333 (HGG), respectively. Tumor-bearing mice were randomized to one of the
following treatment groups: (i) control; (ii) radiation (}37Cs source); (iii) CUDC-907; (iv)
CUDC-907 + radiation. Tumor-bearing mice were treated daily by oral gavage for 10 days
(Monday-Friday, 2 weeks) and 12 days (Monday—-Thursday, 3 weeks) for SF8628 and d333,
respectively, using 100 mg/kg CUDC-907 (constituted fresh daily at 7.5 mg/mL in 30%
Captisol). Radiation was administered at 0.5 Gy every other day (Monday—Wednesday—
Friday for SF8628 and Monday—-Wednesday for d333), for a total dose of 3.0 Gy. Mice in
control and radiation only groups were administered vehicle (30% Captisol); in the
combination arm radiation was administered 3 hours after CUDC-907. Mice were monitored
daily for tumor-related signs and were euthanized for indications of abnormal neurologic
function according to the IACUC protocol. Prism software was used to plot the survival
Kaplan-Meier curves. As all the animals died, to determine the survival differences among
the groups oneway ANOVA (after logarithmic transformation of the values) followed by the
Newman-Keuls method were performed. Additional mice from each cohort were sacrificed 2
hours after completion of treatments for SF8628 and following 1 week of treatments for
d333; brains were then resected and fixed in 4% paraformaldehyde overnight followed by
storage in 70% ethanol before paraffin embedding and sectioning for IHC staining. The
slides were dewaxed with xylene, hydrated, antigen unmasked with citrate buffer, blocked,
incubated with either yH2AX or Ki-67 antibodies overnight before signal was detected
using 3,3 Diaminobenzidine (DAB) chromogen and slides were counterstained with
hematoxylin prior to dehydration and mounting.

Cell viability, clonogenic survival assay, cell cycle, apoptosis, and yH2AX detection assays

To measure cell viability, 1 x 104 cells were plated in triplicates in 96-well dish and cell
viability was detected by performing CellTiter-Glo assays after 72 hours of drugs treatment
or silencer RNA (siRNA) transfections.

To evaluate colony-forming potential, cells were seeded into a 6-well plate in triplicates for
each condition. Cells were allowed to grow and adhere overnight before CUDC-907 (2
nmol/L) was added. After 16 hours of CUDC-907 treatment, cells were irradiated at varying
doses and grown for 10-20 days to allow colony formation. Colonies of =50 cells were
counted for each condition and normalized to the plating efficiency of each line. Dose
enhancement ratio (DER), described as radiation dose required to achieve 10% survival in
[radiotherapy group/CUDC-907 + radiotherapy group] was calculated by fitting a liner
quadratic model using PRISM software and a DER of >1 indicates that CUDC-907 acts as a
radiosensitizer.

For cell-cycle analysis, 60% confluent SF188 and SF8628 cells were treated with 2.5
nmol/L and 5.0 nmol/L CUDC-907 overnight (~16 hours) and then irradiated at 4 Gy in a y-
irradiator (137Cs source). Cells were harvested by trypsinization 6 hours after irradiation,
fixed in 70% ethanol overnight at 4°C before cells were washed with 1x PBS, and stained
with propidium iodide using RNaseA containing propidium iodide solution (Cell Signaling
Technology). Cells were analyzed by flow cytometry (Sony SP6800) and cell-cycle profiles
were determined using the MODFIT software.
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Apoptosis was measured using the caspase 3/7 assay kit from Promega Inc. and Annexin
Vstaining kit from BD Pharmingen Inc. For caspase 3/7 assay, 1 x 10% cells were plated in
96-well plate in triplicates 24 hours prior to treatment with 1.25 nmol/L CUDC-907.
Radiation (4 Gy) was administered to the cells after 16 hours of CUDC-907 exposure and
caspase activity was measured 48 hours after the commencement of CUDC-907 treatment as
per the manufacturer's protocol (Promega Inc.). For Annexin V detection, 60% confluent
cells were treated with 100 nmol/L CUDC-907 for 16 hours before irradiation (4 Gy) where
indicated. Cells were harvested together at a time point corresponding to 4 hours after
irradiation and Annexin V levels were analyzed by flow cytometry (CytoFLEXS) using the
Annexin V detection kit from BD Biosciences as per the recommended protocol; data
analyses were performed using FlowJo software.

v-H2AX-positive cells were determined using a flow cytometry-based assay. Cells were
treated with either CUDC-907 (100 nmol/L), or radiation (4 Gy), or combination of
CUDC-907 (100 nmol/L) followed by irradiation (4 Gy). Control- and radiation-treated cells
were incubated with DMSO while the CUDC-907 and combination-treated cells were
incubated with 100 nmol/L CUDC-907 for 16 hours prior to irradiation and cells were
harvested at the indicated time points (30 minutes, 5 hours, and 24 hours after irradiation) by
trypsinization. Cells were washed, fixed in 1.5% paraformaldehyde for 15 minutes, washed,
refixed in cold 90% methanol and stored at —20°Cuntil all samples were collected.
Following at least a 30-minute fixation with 90% methanol, cells were washed with 1x PBS
and resuspended in 100 uL of staining buffer (1 mg BSA/mL of 1x PBS). To block
nonspecific signal from Fc receptor, 5 pL of TruStain FcX blocker (Biolegend Inc.) was
added and samples were incubated at room temperature for 10 minutes. Following the
blocking, 5 pL of FITC-conjugated yH2AX antibody (Biolegend Inc.) was added and cells
were incubated in the dark for 1 hour. Cells were washed once with 1x PBS, resuspended in
250 pL of staining buffer containing 2.5 ug/mL propidium iodide, and stained cells were
identified by flow cytometry (CytoFlexS). Flow cytometry data were analyzed using the
FlowJo software.

DNA repair assays

DR-GFP and EJ5 cells were treated with CUDC-907 (2.5 or 5.0 nmol/L) or transfected with
SiRNA (Supplementary Table S1) for 24 hours prior to addition of lentiviral particles
expressing I-Scel endonuclease and blue fluorescent protein (BFP). Lentiviral particles were
generated as described above and the minimum volume of viral supernatant that resulted in
approximately 50% BFP-positive cells in 48 hours was used for transduction. After 48 hours
of transduction of DR-GFP and EJ5 cells, cells were harvested and analyzed by flow
cytometry (Sony SP6800) to detect BFP- and GFP-positive cells. The percentage of double
positive cells represents the frequency of DNA break repair.

Reverse transcriptase-PCR and chromatin immunoprecipitation-PCR

SF188 cells were treated with DMSO, CUDC-907 (100 nmol/L) for 16 hours, radiation (4
Gy), or CUDC-907 pretreatment followed by radiation 16 hours later. Total RNA was
isolated for RT-PCR analysis 3 hours after irradiation. Reverse transcription was performed
on 2 ug of total RNA using Superscript IV (Invitrogen Inc.) and real-time PCR was
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performed on Roche Light Cycler 96 using the specific primers with SYBR Green chemistry
(Supplementary Table S2). Expression of MRNA was calculated using the AAC; method
relative to DMSO-treated samples. For ChIP-PCR analysis, 60% confluent SF188 cells in
100-mm plates were treated as above and DNA—protein interactions were captured 1-hour
postirradiation by crosslinking with 1% formaldehyde for 10 minutes. Crosslinking was
terminated by adding 125 mmol/L glycine-HCI (pH 3.5) and cells were washed twice with
1x PBS; cells were collected in 2 mL of lysis buffer | (50 mmol/L HEPES-KOH, pH7.4; 140
mmol/L NaCl; 1 mmol/L EDTA; 10% glycerol; 0.5% NP-40; 0.25% Triton X-100; protease
inhibitors) and incubated on rotator at 4° C for 15 minutes. Nuclei were collected by
centrifugation and washed for 10 minutes at room temperature with buffer 1 (10 mmol/L
Tris-HCI, pH 8.0; 200 mmol/L NaCl; 1 mmol/L EDTA; 0.5 mmol/L EGTA,; protease
inhibitors). Next, nuclei were resuspended in 1 mL of lysis buffer 11 (10 mmol/L Tris-HCI,
pH 8.0; 100 mmol/L NaCl; 1 mmol/L EDTA; 0.5 mmol/L EGTA; 0.1% sodium
deoxycholate; 0.5% N-lauroylsarcosine; protease inhibitors) and DNA was fragmented using
a Bioruptor on a 30-second ON and 30-second OFF cycle, four times for 5 minutes each (20
minutes total) to a size range of 200700 bp. Finally, Triton-X100 was added to a final
concentration of 1% and solubilized chromatin was clarified by centrifugation. The
solubilized chromatin was precleared with Protein G-dyna beads for 2 hours before it was
incubated with 20 L of protein G-dyna beads that were prebound with 2 pg of antibody
(1gG isotype control, anti-FOXM1 or anti-RELB) for 16-18 hours at 4°C on a nutator. The
bound nucleoprotein complexes were washed extensively before elution, followed by
crosslinking reversal at 65°C for 16 hours, ProteinaseK and RNAse treatment for 2 hours,
and finally DNA purification using the MinElute PCR Purification Kit (Qiagen Inc.). Eluted
DNA was PCR amplified using specific primers for each locus to detect recruitment of
FOXM1 and RELB (Supplementary Table S3).

Antibodies, Western blotting, nuclear—cytoplasmic fractionation, immunoprecipitation, and
immunofluorescence

Anti-RAD51, 53BP1, XLF, KU70, KU80, WEE1, CDKN1A/p21, FOXM1, NFKB1/p50,
RELA, and RELB were purchased from Santa Cruz Biotechnology. Anti-phospho-Ser473-
AKT, yH2AX, pPRAS40, p4EBP1, CHK1, Acetyl-TUBULIN, Acetyl-Histone H3, Histone
H3, TUBULIN, pCDK1/2, ACTIN, and VINCULIN were purchased from Cell Signaling
Technology. FITC-conjugated yH2AX and isotype control antibodies were purchased from
BiolLegend.

Cells were either treated with DMSO or CUDC-907 (100 nmol/L) for 16 hours, and
irradiated (4 Gy) as indicated. Western blot analysis was performed on whole-cell extracts
(20 ug) prepared using RIPA buffer (Pierce Biotechnology Inc.) 5 hours after irradiation,
separated by SDS-PAGE, and transferred onto polyvinylidene difluoride membrane. Western
blotting was performed using the recommended condition for each antibody as per
manufacturer's recommendations.

To extract nuclear and cytoplasmic fractions, cells were washed with 1x PBS and collected
by centrifugation. Cell pellet was resuspended in 3x volume of hypotonic buffer [10 mmol/L
HEPES-KOH (pH 7.5), 10 mmol/L KCI, 1 mmol/L EDTA, 1.5 mmol/L MgCl,, protease,
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and phosphatase inhibitors] and incubated on ice for 10 minutes. The cell suspension was
homogenized by passing through 27 G needle, 15 times, and the supernatant representing the
cytoplasmic fraction was collected by centrifugation. The pellet representing the nuclei was
washed twice with 3x volumes of hypotonic buffer, resuspended in 1x volume of high salt
buffer [10 mmol/L HEPES-KOH (pH 7.5), 400 mmol/L KCI, 1 mmol/L EDTA, 1.5 mmol/L
MgCl,, 10% glycerol, protease, and phosphatase inhibitors] and incubated on ice for 40
minutes followed by centrifugation to clarify the nuclear extracts. Following centrifugation,
equal volume of low salt buffer [10 mmol/L HEPES-KOH (pH 7.5), 1 mmol/L EDTA, 1.5
mmol/L MgCl,, 10% glycerol, protease, and phosphatase inhibitors] was added and extracts
were further analyzed by immunoblotting.

For immunoprecipitation experiments, whole-cell extracts were prepared by lysis in buffer
containing 25 mmol/L Tris-HCI pH 8.0, 0.5% NP-40, 1 mmol/L EDTA, 150 mmol/L NaCl;
100 pg of extract was incubated with 2 pg of antibody bound to 15 pL of protein G-dyna
beads overnight. Bound protein—antibody complexes were washed extensively with lysis
buffer before elution with 2x SDS-PAGE loading dye and Western blotting.

For immunofluorescence experiments, cells were plated on coverslips overnight, treated with
CUDC-907 (100 nmol/L) or DMSO for 16 hours, then irradiated (4 Gy) where appropriate,
before fixation with 1% paraformaldehyde containing 0.5% Triton-X100 for 30 minutes at
room temperature, followed by methanol fixation for 20 minutes at —20°C. All blocking was
performed with 3% goat serum in 1x PBS containing 0.1% Triton X-100,1 mmol/L EDTA,
and 1 mg/mL BSA for 1 hour and primary incubations were done overnight at 4°C with
antibodies diluted in blocking buffer (1:200 for anti-RAD51, 1:1,000 for anti-yH2AX, and
anti-53BP1). After overnight incubations, coverslips were washed twice with blocking
buffer and once with 1x PBS prior to incubation with secondary antibody solution
containing Alexa Fluor488—conjugated anti-mouse and Alexa Fluor 594—conjugated anti-
rabbit for 1 hour. Coverslips were washed as before and slides were mounted on slides.
Nuclei were counterstained with DAPI and images were taken at x63 magnification using
the Zeiss microscope. At least 100 cells were counted for each condition and cells with more
than 5 foci were considered positive.

NFxB reporter assay, plasmid, and siRNA transfection

All plasmid transfections were performed using Lipofectamine 3000 (Invitrogen Inc.) as per
the manufacturer's instructions. NFxB reporter assays were performed in 96-well plates in
triplicate in either SF188 cells or SF188/FOXM1b (SF188 cells stably expressing
doxycycline-inducible FOXM1b) cells. The plasmid pHAGE NF«xB-TA-luc-UBC-GFP-W
(100 ng) was used as the luciferase-based reporter and pRenillaLuciferase (0.5 ng) was used
as the transfection efficiency control. Firefly and Renilla luciferase expression was measured
48 hours after transfection using the Dual Glo luciferase assay system (Promega Inc.). To
overexpress NFxB, pcDNA3.1/cFlagRELB and pcDNA3.1/cFlagp50 (1:1) were
cotransfected and to overexpress FOXM1b, doxycycline (250 ng/mL) was added to the
SF188/FOXM1b cells 4 hours after transfection. For reporter assays and cell viability rescue
assays, CUDC-907 was added for 5 hours after transfection and cells were irradiated (2 Gy)
1 hour prior to luciferase assay measurements.

Cancer Res. Author manuscript; available in PMC 2019 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pal et al.

Page 9

All siRNA transfections were performed using RNAIMAX (Invitrogen Inc.) with indicated
siRNAs (Supplementary Table S1) according to manufacturer's protocols. For
radiosensitization experiments, radiation was administered 24 hours after SIRNA
transfection and cell viability was measured 70 hours postirradiation.

Statistical analysis

Results

Unless indicated, all data are represented as mean + SEM and ECsg were calculated using
the PRISM software. Whenever multiple groups were compared we used one-way ANOVA
followed by post hoc tests whether significance was noted. Pairwise comparisons were
performed using the Newman-Keuls test (if all groups were to be compared) or the Dunnett
test whenever all groups were compared with a single reference group. Asterisks indicate
statistically significant (*, A< 0.05; **, A<1072; *** p<1073; **** pP<1074) values.

CUDC-907 induces cytotoxicity and synergism with radiotherapy

The cooccurrence of PI3K pathway activating mutations and histone mutations in pHGG
and DIPG along with observed cytotoxicity of HDAC inhibition in DIPG cells led us to
investigate the antineoplastic activity of CUDC-907 (dual pan-PI3K and pan-HDAC
inhibitor) in pHGG and DIPG. We assessed /17 vitro cytotoxicity of CUDC-907 in seven
human cell lines derived from pHGGs (BT245, KNS42, SF188, and SF9427) and DIPGs
(BT869, SF8628, and SF10693) and in PI3K- or BRAF- activated mouse neural stem cells
(mNSC) that produce gliomas in mice upon intracranial injection (22). All pediatric glioma
cell lines and mMNSC models were sensitive to CUDC-907 treatment with half maximal
effective concentrations (ECsg) at low nanomolar ranges (Fig. 1A and B). All glioma lines
except KNS-42 showed 2-10 fold greater sensitivity to CUDC-907 than normal human
astrocytes; in particular the c-MY C—-amplified SF188 and BT245 lines exhibited marked
sensitivity to CUDC-907 (Fig. 1A; Supplementary Fig. S1A).

We confirmed dual inhibition of HDAC and PI3K pathways after CUDC-907 treatment by
measuring levels of acetylated proteins (histones and tubulin) as markers for HDAC
inhibition (19, 20) and levels of phospho-proteins downstream of PI3K (pAKT, pPRAS40,
p4EBP1) in SF188 and SF8628 cells (Fig. 1C; Supplementary Fig. S1B and S1C).
CUDC-907 decreased phosphorylation of AKT within two hours and downstream targets of
AKT by 16 hours, similar to BKM120, and increased acetylated histones and tubulin within
two hours, similar to panobinostat (Fig. 1C; Supplementary Fig. S1B and S1C).

Given the roles of HDAC and PI3K inhibitors in DNA damage repair (12-16), we tested
combinations of CUDC-907 and radiation in genetically representative pHGG and DIPG
cell lines and in a mMNSC model of high-grade glioma. Using Combenefit software (23), we
observed significant synergy between radiation and CUDC-907 in all /n vitro models of
pHGG and DIPG while there was little to no synergy in normal human astrocytes (Fig. 1D;
Supplementary Fig. S2A). We also performed clonogenic cell survival assay on SF188 and
SF8628 cells and the dose enhancement ratio (DER>1.0) also indicated radiosensitization by
CUDC-907 in both pHGG and DIPG lines (Supplementary Fig. S2B). The synergistic
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effects of combination treatment of CUDC-907 and radiotherapy were observed even at low
concentrations of CUDC-907 (0-1 nmol/L) and clinically relevant doses of radiation (1-4
Gy; Fig. 1D). This dramatic synergistic activity of sequentially administered CUDC-907 and
radiation was also seen when both CUDC-907 and irradiation were administered
concurrently (Supplementary Fig. S2C).

Weasked whether the radiosensitizing functions of CUDC-907, observed /7 vitro, would be
recapitulated /7 vivo, and tested this hypothesis in genetically engineered mNSC (Pten

~ - Trp53, d333) and DIPG (SF8628) orthotopic glioma models. In mice bearing SF8628
brainstem tumors, combination treatment with CUDC-907 and radiation significantly
increased survival compared with control or single agent [control vs. combination 2= 0.005;
CUDC-907 or radiotherapy vs. combination 2= 0.046]. Similar results were observed in
mice bearing orthotopic murine d333 intracranial tumors (control vs. combination, 2= 0.04;
Fig. 1E). Single modality treatment with CUDC-907 or radiation did not increase survival
significantly compared with control in either orthotopic glioma model (Fig. 1E).
Furthermore, Ki-67 immunostaining demonstrated that cellular proliferation was
significantly reduced in d333 and SF8628 orthotopic tumors treated with CUDC-907 and
radiotherapy compared with tumors treated with vehicle, radiation alone, or CUDC-907
monotherapy (Fig. 1F; Supplementary Fig. S3). Together, these data establish CUDC-907 as
a novel potent radiosensitizer in pHGG and DIPG /n vitroand in vivo.

CUDC-907 induces sustained DNA damage and reduces DNA damage response

We sought to understand the mechanisms underlying the antineoplastic effects of
CUDC-907 as a single agent and in synergy with radiation. Because radiation induces a Gy—
M cell-cycle arrest to allow for DNA damage repair, we first studied the effect of
CUDC-907 on cell-cycle regulation. We found that CUDC-907 monotherapy induced a Gy
cell cycle arrest and pre-treatment with CUDC-907 abolished radiation-induced G,—M arrest
(Fig. 2A; Supplementary Fig. S4A). Given that induction of CDKN1A/ p21 is important in
regulating G1 cell cycle arrest (24) and phosphorylation of CDK1 by WEE1 and CHEK1 is
important in mediating Go—M arrest (25), we examined p21 and pCDK1 levels after
CUDC-907 treatment. p21 expression was markedly elevated and pCDK1 levels were
reduced after treatment with CUDC-907 as monotherapy or with radiation, suggesting a
mechanism for CUDC-907-induced G arrest (Fig. 2B; Supplementary Fig. S4B). To delve
further into the mechanism of such p21 protein induction, we measured steady-state levels of
p21 mRNA following treatment with CUDC-907 and observed elevated p21 mRNA (Fig.
2C). To investigate the mechanism of CUDC-907-induced p21 mRNA increases, we
examined the transcriptional activation marks, H3K9 acetylation and RNA pol Il
recruitment, at the p21 gene. We observed high levels of histone H3K9 acetylation at the p21
promoter in the presence of CUDC-907 (Fig. 2D). In contrast, the recruitment of RNA Pol |1
to the p21 promoter was not altered but enrichment was seen in the gene body only in the
presence of CUDC-907 (Fig. 2E). Taken together, our data indicate that although RNA Pol 11
is bound to the p21 promoter, hyperacetylation at H3K9 after CUDC-907 treatment leads to
increased transcription of the p27 gene (Fig. 2C-E). We also sought to explore the
contribution of apoptosis by measuring caspase-3/7 activity and Annexin V staining, and
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found that CUDC-907 induced apoptosis, an effect that was augmented by radiation,
whereas radiation alone induced little to no apoptosis (Fig. 2F; Supplementary Fig. S4C).

We hypothesized that, in addition to abrogating the radiation-induced Go—M cell-cycle
arrest, CUDC-907 radiosensitizes pediatric gliomas by an additional mechanism of directly
blocking repair of radiation-induced DNA damage (26). We tested whether CUDC-907
augments and sustains levels of radiation-induced yH2AX, an indicator of DNA damage.
Using flow cytometry and immunostaining, we quantified yH2AX-positive cells at multiple
time points after CUDC-907 and irradiation. CUDC-907 or radiation significantly increased
the number of yH2AX-positive cells, and combination therapy elevated levels of yH2AX
significantly more than either single treatment modality (Fig. 3A; Supplementary Fig. SS5A
and S5B). Moreover, combination therapy led to sustained elevations of yH2AX-positive
cells for longer duration compared with radiation alone (Fig. 3A; Supplementary Fig. S5A
and S5B).

In concordance with these /n vitro results, IHC staining of orthotopic tumors treated /n vivo
revealed that combination of CUDC-907 and radiotherapy significantly increased yH2AX
levels in d333 orthotopic tumors compared with controls (= 0.00014) or CUDC-907
monotherapy (P = 0.00011) or irradiation alone (£ = 0.0001; Supplementary Fig. S6A and
S6B). Similar results were seen for the SF8628 orthotopic tumors (Supplementary Fig. S6A
and S6B). These findings suggest that CUDC-907 induces DNA damage and inhibits
efficient DNA repair.

As CUDC-907 treatment led to persistent DNA damage and the most lethal lesions (double
strand breaks) are primarily repaired by NHEJ and HR, we examined effects of CUDC-907
on these particular DNA repair pathways. To study HR, we measured RAD51 focus
formation, while 53BP1 focus formation was used as an indicator for NHEJ pathway choice
(Fig. 3B and C; refs. 27-29). As expected, irradiation of SF188 cells induced formation of
53BP1 and RAD51 foci in yH2AX-positive cells and dsSDNA breaks were repaired
efficiently by 24 hours, as indicated by return of yH2AX, 53BP1 and RAD51 foci to basal,
pretreatment levels (Fig. 3B and C). When CUDC-907 was combined with irradiation,
CUDC-907 pretreatment blunted radiation-induced RAD51 focus formation to levels
comparable with that of siRNA knockdown of RAD51 prior to irradiation, consistent with
CUDC-907's function of blocking HR (Fig. 3C). Evaluation of NHEJ revealed that
CUDC-907 prevented resolution of radiation-induced 53BP1 foci with levels comparable
with that of sSiRNA knockdown of KU70 prior to irradiation (Fig. 3B). CUDC-907 treatment
did not reduce radiation-induced 53BP1 focus formation (Fig. 3B). Loss of RAD51 focus
formation and sustained 53BP1 foci in combination therapy samples, accompanied by
increased yH2AX foci, indicate defective HR and NHEJ resulting in augmented DNA
damage. siRNA-mediated knockdown of core NHEJ and HR components mimicked these
effects of CUDC-907.

To confirm that CUDC-907 causes functional defects in NHEJ and HR, we used established
Hel a-based EJ5-GFP and U20Shased DR-GFP reporter assays, respectively (Fig. 3D; ref.
30). In both systems, I-Scel induces double-strand breaks; DNA repair by either HR (in DR-
GFP cells) or end joining (classical NHEJ or Alt-EJ in EJ5-GFP cells) restores GFP
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expression (30). These functional assays demonstrated that CUDC-907 significantly
inhibited both end joining (40%-80% inhibition) and HR (40%-65% inhibition) in dose-
dependent manners (Fig. 3D).

To elucidate the detailed mechanisms by which CUDC-907 affects DDR, we next asked if
CUDC-907 reduces expression of key proteins in the DNA repair machinery. We examined
the expression of important HR (RAD51, BRCA1, BRCAZ, FANCDZ2) NHEJ (KUS0O/
XRCC5, KU7O/XRCC6, DNAPKcs/PRDKC, XRCC4, L1G4, NHEJ1/XLF) and Alt-EJ
(POL Q) pathway genes, and Go—M checkpoint kinases (CHEKI and WEEI) in SF188 cells.
Differential expression of these genes has been previously described as mechanisms of
radiosensitization (15, 16, 26, 31). As assessed by quantitative real-time PCR, expression of
RAD51, BRCAIL FANCDZ, KUS0, KU70, DNAPKcs, XLF, CHEK1, WEE1, and POLQ
was significantly reduced after treatment with CUDC-907 (Fig. 4A). Furthermore, radiation-
induced upregulation of BRCA1, BRCAZ, FANCDZ, KU80, KU70, DNAPKcs, CHEK1,
WEE1, and POLQ was ablated by CUDC-907 pretreatment (Fig. 4A). The effects of
CUDC-907 on these particular DDR genes were specific, as other DDR genes, such as
MRE11a and L 1G4, were upregulated and XRCC4 was unaffected by CUDC-907 (Fig. 4A).
We confirmed that these quantitative real-time PCR results are reflected in protein
expression by utilizing Western blot analyses in SF188 and SF8628 cells. Indeed, protein
levels of RAD51, KU70, KU80, XLF, WEEL, and CHEK1, but not BRCA2, were
significantly reduced after CUDC-907 monotherapy and in combination with radiation (Fig.
4B; Supplementary Fig. S7A and S7B).

Together, these data reveal CUDC-907 as a regulator of DDR, inhibiting end joining (NHEJ
and Alt-EJ), HR, and checkpoint kinases. CUDC-907 not only decreases expression of DDR
proteins when used as a single agent, but also prevents induction of these DDR proteins after
irradiation, thus leading to sustained DNA damage and radiosensitization.

CUDC-907 inhibits NFxB and FOXM1 expression and transcriptional activity

To further elucidate mechanisms by which CUDC-907 confers its synergistic antitumor
effects with radiation, we explored the biochemical machineries by which dual HDAC- and
PI3K inhibition modulate expression of DDR genes. We first conducted /n7 silico analysis on
0POSSUM (http://opossum.cisreg.ca/oPOS SUM3Y/) to identify transcription factor families
with binding sites in the promoter regions of DDR genes including those specifically
regulated by CUDC-907 (Fig. 4A, ref. 32). Binding sites for NFxB and forkhead proteins
were significantly enriched in promoter regions of the examined DDR genes (z-score =
-10.19 and —2.87, respectively). We focused on NFxB and FOXM1, among the forkhead
proteins, because NFxB and FOXM1 have been linked to radio- and chemoresistance in
diverse cancers and were recently identified as transcriptional binding partners (33-36).
Interestingly, NFxB and FOXM1 have been previously described as targets downregulated
by HDAC inhibitors (17). To characterize effects of CUDC-907 on NFxB and FOXM1, we
examined mRNA and protein expression of FOXM1 and NFxB subunits (RELA/p65,
RELB, REL/c-REL, NFKB1/p50, NFKBZ/p52.) Both mRNA and protein expression of
NFKB1/p50, RELB, and FOXM1 were significantly reduced after treatment with
CUDC-907 alone or in combination with radiation (Fig. 5A and B; Supplementary Fig. S8A
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and S8B). Of particular note, CUDC-907 prevented radiation-induced upregulation of
NFKBI1/50, RELB, and FOXM!I1 (Fig. 5A and B). These effects were specific, as
expression of NFKB2/52 and RELA/p65was not substantially affected by CUDC-907
(Fig. 5A and B) and expression of forkhead transcription factors FOXP3and FOXOJ, both
implicated in DDR response (18, 37), was upregulated by CUDC-907 (Supplementary Fig.
S9A). Furthermore, as transcriptional activity of NFxB is regulated through its nuclear-
cytoplasmic translocation, a process that is modulated by PI3K (38, 39), we investigated
whether CUDC-907 interferes with NFKB1/p50 and RELB cytoplasmic-nuclear
translocation. Western blot and immunostaining demonstrated that radiation increases
nuclear localization of NFKB1/p50 and RELB, but CUDC-907 pretreatment blocks
radiation-induced nuclear localization, resulting in continued diffuse cytoplasmic staining of
NFKB1/p50 and RELB (Supplementary Fig. S9B and S9C). These findings indicate that
CUDC-907 inhibits expression of FOXM1 and subunits of the NFxB pathway, NFKB1/p50
and RELB, and impairs nuclear localization of NFKB1/p50 and RELB, thus preventing
transcriptional activity of these important DDR regulators.

Recent findings in lymphoblastoid cells identified FOXML1 as a transcriptional partner for
NFxB based on cooccupancy at NFxB DNA-binding sites; therefore, we sought to confirm
the interaction between FOXM1 and NFxB by coimmunoprecipitation (40). Wefound that
FOXM1 strongly bound to RELB, but not RELA/p65 in pediatric glioma cells under normal
and irradiated conditions, and FOXM1 weakly interacted with NFKB1/p50 after irradiation
(Fig. 5C). Next, using an NFxB-driven luciferase reporter assay, we explored the
transcriptional significance of the RELB-FOXML1 interaction, and the reduced NFxB and
FOXM1 expression after CUDC-907 treatment. Radiation induced a marked increase in
NFxB-driven luciferase activity; however, CUDC-907 inhibited NFxB-driven luciferase
activity and significantly diminished radiation-induced increase in NFxB transcriptional
activity (Fig. 5D). We next sought to confirm that NFKB1/p50, RELB, and FOXM1 mediate
the observed alterations in NFxB transcriptional activity by investigating the effect of
exogenous overexpression of NFKB1/ p50 and RELB with or without FOXM1 before
CUDC-907 treatment. Reduction of luciferase activity by CUDC-907 was rescued by
exogenous overexpression of NFKB1/p50 and RELB, and this effect was further augmented
by the exogenous overexpression of FOXM1b in combination with NFKB1/p50 and RELB
(Fig. 5E). Thus, we found that CUDC-907 impairs NFxB-driven gene expression, a novel
pathway by which dual HDAC and PI3K inhibition causes transcriptional dysregulation.

CUDC-907 inhibits expression of critical DDR genes through a NFxB- and FOXM1-mediated

pathway

Given that CUDC-907 downregulates expression of key DDR genes, inhibits NFxB and
FOXML transcriptional activity, and NFxB- and FOXMZ1-binding sites are enriched in
promoter regions of DDR genes, we hypothesized that NFxB and FOXM1 directly bind to
the promoter regions of DDR genes to modulate their expression. We first performed
chromatin immunoprecipitation with anti-RELB and anti-FOXM1 antibodies followed by
PCR analyses to identify recruitment of NFxB and FOXML to the promoter regions of
specific DDR genes. We found significantly enriched binding of RELB and FOXML1 to the
promoter regions of RAD51, KU70, KU80, XLF, RAD51, WEE1, CHEK1, but not to a gene
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desert genomic locus in control cells (Fig. 5F). Furthermore, recruitment of RELB and
FOXML to these promoter regions was enhanced by irradiation, consistent with our
described radiation-induced increase in mMRNA expression (Fig. 5F). These findings suggest
important roles for NFxB and FOXML1 in driving basal transcription of critical DDR genes
and regulating induction of these genes by radiation (Fig. 5F). CUDC-907 significantly
abrogated binding of RELB and FOXML1 to promoter regions of all six DDR genes with and
without radiation (Fig. 5F). These results are consistent with the hypothesis that dual HDAC
and PI3K inhibition by CUDC-907 impairs DDR by reducing NFxB and FOXM1
transcriptional activities, which are critical in regulating appropriate DDR gene expression.

To further confirm these findings, we used siRNAs to knockdown NFxB and FOXM1 and
evaluated DNA damage, DDR gene expression, and functional DDR. Knockdown of
NFxB1/p50 and FOXM1 increased yH2AX and reduced cell viability, whereas cell-cycle
profile was only altered by NFxB knockdown (Supplementary Fig. SI0A-S10C). To
understand the mechanisms by which loss of NFxB1/p50 and FOXM1 augmented yH2AX
levels, we examined HR- and NHEJ-mediated repair using DR-GFP and EJ5- GFP systems
after NFxB1/p50 and FOXM1 knockdown. In both systems, we observed significantly
reduced GFP expression; a phenotype recapitulated by downregulation of key HR and NHEJ
proteins, RAD51 and LIG4, respectively. These results indicate that loss of NFxB and
FOXM1 inhibits HR- and NHEJ-mediated dsDNA break repair (Fig. 6A). We also
demonstrated that HR and end-joining defects were associated with reduced mRNA and
protein expression of NFxB- and FOXM1-mediated DDR genes, RAD51, KU70, KU80,
XLF, WEE1, and CHEKI (Fig. 6B; Supplementary Fig. S10D). Expression of XRCC4, a
gene whose expression was not altered by CUDC-907, was similarly not affected by sSiRNA
knockdown of NFxB and FOXM1 (Fig. 6B).

Having demonstrated that NFxB and FOXML1 are important transcriptional regulators
through which CUDC-907 mediates its effects on DDR gene expression, we asked whether
NFxB and FOXM1 knockdown recapitulates the radiosensitizing effects of CUDC-907 and
whether overexpression of NFxB and FOXM1 rescues cytotoxic effects of CUDC-907.
NFxB and FOXM1 knockdown markedly enhanced radiation-induced cytotoxicity in SF188
cells (Fig. 6C). Interestingly, exogenous overexpression of NFxB and FOXML1 significantly
decreased CUDC-907-induced apoptosis (Fig. 6D; Supplementary Fig. S10E).Taken
together, our findings further demonstrate that CUDC-907's antitumor and radiosensitizing
properties are dependent on NFxB- and FOXM1- mediated pathways.

Discussion

Here, we establish CUDC-907, a potent dual PI3K and HDAC inhibitor, as a novel
radiosensitizer with therapeutic potential in models of pHGG and DIPG, pediatric brain
tumors with dismal survival rates and limited treatment options. In recent years, HDAC
inhibitors have emerged as a novel therapeutic strategy for DIPG (8, 41) and the
combination of radiation and CUDC-907 is a novel treatment concept in pHGGs and DIPG
that capitalizes on known effects of dual PI3K and HDAC inhibition on DNA repair
pathways (4-7, 12-15).
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We chose to investigate the dual inhibitor, CUDC-907, rather than using combinations of
single agents targeting the PI3K and HDAC pathways, because such a single dual inhibitor
simplifies pharmacokinetic approaches, avoids undesirable drug-drug interactions that may
lead to dose-limiting toxicities, and allows us to build on the CUDC-907 backbone for
further combination studies. It is therefore not surprising that this dual inhibitor, that
provides a simple treatment regimen, is already quite far along in pediatric clinical
development, with a phase Il pediatric dose already established. We demonstrate that
CUDC-907 has potent cytotoxic effects in the investigated pHGG and DIPG cell lines, and
in combination with radiation, synergistic cell death is observed in /n vitro glioma models
harboring a wide range of genetic aberrations with limited effects on wild-type astrocytes
(Fig. 1). In jn vivo HGG and DIPG models, despite the limited blood-brain barrier (BBB)
penetration of orally delivered CUDC-907 (<10% distribution in normal brain relative to
plasma, personal communication, Curis Inc.), CUDC-907 and radiation significantly
prolonged survival, indicating a potential therapeutic advantage for the combination (Fig. 1).

We elucidated novel mechanisms by which CUDC-907 confers its cytotoxicity and
synergistic activity with radiation /n vitro, finding that CUDC-907 regulates cell-cycle
progression and impairs DDR. We observed that CUDC-907 treatment induced G cell-cycle
arrest likely through CDKN1A/p21 promoter hyperacetylation-driven transcriptional
activation, downregulation of CDK1 phosphorylation, and abrogation of the G,—M block
induced by radiation treatment (Fig. 2). The Go—M arrest upon radiation treatment is crucial
for the repair of DSBs through HR and end-joining (NHEJ and Alt-EJ) processes. In the
presence of CUDC-907, the G, arrest excludes the error-free HR pathway and cells depend
on error-prone end-joining pathways to repair DNA and maintain genomic integrity. We
show that CUDC-907 by itself induces DNA damage as measured by yH2AX and levels of
DNA damage are significantly heightened by the addition of radiation treatment (Fig. 3).
Furthermore, we observed a significant delay in the resolution of yH2AX in cells treated
with CUDC-907 and radiation. Both PI3K and HDAC inhibition have been shown to block
DNA repair pathways, and HDAC inhibitors alter expression of critical DNA repair genes
(4-7, 12-16, 26, 31). We explored the effects of CUDC-907 on DDR pathways by
employing functional assays and immunofluorescence-based foci formation, and found that
both HR and end-joining DNA repair efficiencies were reduced in the presence of
CUDC-907 (Fig. 3). Specifically, this loss of DDR is a result of transcriptional down-
regulation of the critical players of HR (RAD51, BRCA1, FANCD2) and end-joining
pathways (KU70, KU80, XLF, DNAPKcs, POLQ; Fig. 4). Interestingly, CUDC-907 ablated
the radiation-induced upregulation of DDR pathways. As HR is known to function only
during S and Go—M phase (42), CUDC-907-mediated G, cell-cycle arrest also contributes to
the reduction in HR efficiency. Together, these data demonstrate that CUDC-907 functions
as a novel radiosensitizer by inducing a G cell-cycle arrest and inhibiting important DNA
damage repair pathways, leading to sustained radiation-induced DNA damage and
eventually apoptosis.

The effects of CUDC-907 on diverse DDR pathways led us to investigate transcriptional
networks downstream of CUDC-907 and we demonstrated that CUDC-907 inhibits a
transcriptional program driven by RELB-NFKB1/p50 axis of NFxB and FOXM1. NFxB
and FOXML1 participate in oncogenesis of many cancers and contribute to radio- and
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chemoresistance; however, the exact mechanisms by which NFxB, particularly RELB-
NFKB1/p50, and FOXM1 regulate DDR are not well understood (33-36). CUDC-907
decreased expression of NFKB1/p50 and RELB components of the NFxB pathway, and
FOXM1, a transcriptional partner for NFxB in lymphoblastoid cells. CUDC-907 abolished
radiation-induced upregulation of NFKB1/p50, RELB, and FOXM1 and their transcriptional
activities (Fig. 5). Similar to our findings, decreased expression of FOXM1 was observed
after treatment with trichostatin A, an HDAC inhibitor, and LY294002, a PI3K inhibitor (35,
43, 44). Although HDAC inhibitors can activate or inhibit the NFxB pathway depending on
cellular context (45, 46), PI3K-Akt pathway activation upregulates NFxB transcriptional
activity through nuclear translocation (38, 39). We show that FOXM1 interacts with RELB
but not RELA in glioma cells, and augments RELB-NFKB1/p50—driven transcriptional
activity (Fig. 5C-E). In agreement with above observations, CUDC-907 treatment decreased
recruitment of RELB on target genes like RAD51, KU70, KU80, XLF, WEE1, CHEK,
leading to reduced expression of these key DDR genes and HR and end-joining mediated
repair; an effect recapitulated by siRNA-mediated knockdown of NFKB1/p50, RELB, and
FOXML1 (Figs. 5F and6B; Supplementary Fig. S10D). In a manner similar to CUDC-907
treatment, RELB-NFKB1/p50 and FOXM1 knockdown radiosensitizes glioma cells and the
exogenous overexpression of NFKB1/ p50, RELB, and FOXML1 partially rescues
CUDC-907-induced cell death, in keeping with the hypothesis that cytotoxicity of
CUDC-907 in glioma models depends on the DDR pathways regulated by NFKB1/p50,
RELB, and FOXML1 (Fig. 6C and D). Given the partial rescue, CUDC-907 likely also affects
other transcriptional regulators of DDR. For example, /n sifico analysis also revealed high
confidence predictions for c-MYC binding site (E-box) upstream of many DDR genes (Z
score = 5.82), and c-MYC is a known target of HDAC and PI3K inhibition (47, 48). Future
characterization of additional downstream targets of CUDC-907 will further illuminate the
diverse antitumor and radiosensitizing effects of CUDC-907.

Radiosensitization can be accomplished by targeting different participants in DDR
pathways, including DNA damage sensors, signaling kinases, cell-cycle effectors, and
transcription factors (49). Here, we demonstrate that CUDC-907 synergizes with radiation in
pHGG and DIPG models by inducing G4 cell-cycle arrest and affecting critical DDR
pathways involved in dsDNA break repair and cell-cycle arrest by decreasing transcriptional
regulators, NFxB and FOXM1. DDR is critical for repairing DNA damage after radiation,
and combination treatment of CUDC-907 and radiotherapy leads to loss of DNA repair
capabilities and hence sustained DNA damage after radiation, resulting in greater apoptosis
(Fig. 7). Our findings also support targeting NFxB and FOXM1, and their downstream
transcriptional programs as a novel therapeutic strategy in pHGG and DIPG. Wethus
contribute to an expanding literature in which investigations of cellular responses to
radiation disclose specific molecular elements that warrant further investigation as
anticancer targets in precision medicine. Importantly, initial clinical trials of CUDC-907
have shown a favorable toxicity profile in adults (50) and a pediatric phase I trial is ongoing
(NCT02909777). Our preclinical data presented here suggest that pHGG and DIPG can
benefit from dual PI3K and HDAC inhibition, particularly by CUDC-907, especially in
concert with radiation, and this novel promising therapeutic avenue warrants further clinical
investigation.
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Figure 1.
CUDC-907 induces cytotoxicity and synergizes with radiation in pHGG and DIPG models

in vitroand in vivo, A and B, Cell viability of pHGG and DIPG cell lines (A) and
genetically defined MNSC HGG cell lines after treatment with CUDC-907 for 72 hours (B).
C, Immunoblot analyses (SF188) of downstream elements after CUDC-907 (100 nmol/L),
panobinostat (100 nmol/L), or BKM120 (300 nmol/L) for either 2 hours for AKT, p-AKT,
and acetylated proteins, or 16 hours for p-PRAS40 and p-4EBP1. D, Synergism-antagonism
analyses using Combenefit software display marked synergy between CUDC-907 and
radiation in pHGG and DIPG lines but not normal human astrocytes. Cellswere pretreated
with CUDC-907 for 24 hours prior to irradiation and cell viability was determined 48 hours
after irradiation (23). E, Kaplan-Meier survival curves for SF8628 and d333 (Pten

Cancer Res. Author manuscript; available in PMC 2019 January 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Pal et al.

Page 21

=/~ -Trp53 ) orthotopic glioma models randomized into four treatment arms: (i) control, (ii)
CUDC-907 (100 mg/kg), (iii) radiation (RT 0.5 Gy, Monday-Wednesday-Friday), and (iv)
CUDC-907, followed by radiotherapy (3 hours later). F, Quantification of IHC analyses for
Ki-67 in d333 and SF8628 orthotropic tumors using the Cell Profiler software. At least five
representative tumor areas were imaged per slide and brain sections from two mice were
analyzed per group. Values are mean £ SEM and only Pvalues <0.05 are shown as *, P<
0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.
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Figure 2.

CUDC-907 induces G cell-cycle arrest, CDKN1A/p21 expression, and apoptosis. A, Cell-
cycle distribution of SF188 (pHGG) and SF8628 (DIPG) following CUDC-907 (2.5 or 5.0
nmol/L) for 16 hours with or without irradiation (4 Gy); all samples were fixed 6 hours after
irradiation. B and C, Protein levels of cell-cycle regulators p21 and p-CDK1/2 (B) and 18S
rRNA normalized mRNA expression of p21 (C), 16 hours after CUDC-907 (100 nmol/L),
irradiation (4 Gy) or combination (4 Gy 16 hours after CUDC-907). D and E, Enrichment of
H3K9 acetylation (D) and RNA Pol 1l recruitment (E) to the promoter and in the body of the
p21 gene in SF188 cells. F, SF188 and SF8628 assessed for apoptosis, measured by
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caspase-3/7 activity, 48 hours after CUDC-907 (1.25 nmol/L), irradiation (4 Gy), or
combination (4 Gy administered 16 hours after CUDC-907). Values are mean + SEM,
normalized to control (DMSO) and only £< 0.05 are shown (7= 3; *, P< 0.05; **, P<
0.01; *** P<0.001; ****, P<0.0001).
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Figure 3.

CUDC-907 impairs DDR pathways. A, DNA damage measured by yH2AX flow cytometry
at specific time points after CUDC-907 (100 nmol/L), irradiation (4 Gy), or combination (4
Gy administered 16 hours after CUDC-907). B and C, Representative images and
quantification of immunofluorescence staining for yH2AX and 53BP1 or yH2AX and
RADS51 in SF188 cells treated with radiotherapy (4 Gy), CUDC-907 (100 nmol/L), or
combination treatment in which radiotherapy was combined with KU70 siRNA, RAD51
SiRNA (48 hours after siRNA transfection), or CUDC-907 (16 hours prior to 4 Gy). For
staining, quantitated 3 or 24 hours after the last treatment, a minimum of 100 cells were
counted per condition and nuclei containing =5 foci of yH2AX or colocalized yH2AX and
53BP1 or yH2AX and RADS51 were considered positive. D, Functional assays for HR (DR-
GFP) and end-joining (EJ5-GFP) demonstrate that CUDC-907 impairs both DNA repair
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pathways in a dose-dependent fashion. Cells were treated with CUDC-907 (2.5 and 5.0
nmol/L) for 16 hours prior to introduction of dsDNA breaks with lentivirus expressing IScel
restriction enzyme and BFP tracker. GFP- and BFP-positive cells, reflecting proficient DNA
repair, were identified by flow cytometry 48 hours after lentiviral infection. All values are
mean + SEM and only < 0.05 are indicated. 7= 3 independent samples; *, P< 0.05; **, P
<0.01; *** P<0.001; **** P<0.0001. Statistical analysis for A, compared radiotherapy
vs. CUDC-907 + radiotherapy sample at each time point. Detailed P values for panel B and
C are provided in Supplementary Table S4.
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CUDC-907 downregulates DDR pathway genes. mRNA (A) and protein expression of genes
involved in end joining, HR, and cell-cycle checkpoints in SF188 cells treated with
CUDC-907 (100 nmol/L), radiation (4 Gy), and combination (CUDC-907 pretreatment for
16 hours, followed by 4 Gy; B). mRNA expression is normalized to 18S rRNA; Graph
represents mean + SEM and ANOVA Pvalue for each gene is significant (P < 0.05) except
for BRCAZ, Pvalues of pairwise comparisons are shown in Supplementary Table S5.
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Figure5.

CUDC-907 impedes the recruitment and transcriptional activity of NFxB and FOXML1.
mRNA (A) and protein expression of NFxB pathway genes and FOXM1 in SF188 cells after
CUDC-907 (100 nmol/L), radiation (4 Gy) or combination (4 Gy administered 16 hours
after CUDC-907; B). C, Coimmunoprecipitation of SF188 cells with or without radiation (4
Gy) using indicated antibodies and FOXM1 immunoblot. Input represents 10% of protein
extract used in immunoprecipitation analysis. D and E, NFxB-driven luciferase activity in
SF188 cells treated with CUDC-907 plus radiation (4 Gy; D) or overexpression of NFxB
(NFKB1/p50 and RELB; E) and FOXM1b. F, Chromatin immunoprecipitation followed by
PCR (ChIP-PCR) using anti-RELB and anti-FOXM1 antibodies on cross-linked chromatin
from SF188 cells following indicated treatments. Graphs show the average + SEM, and
significant Pvalues are indicated as *, P< 0.05; **, £<0.01; ***, P<0.001; **** P<
0.0001. For A and F, Pvalue summary of pairwise comparisons are provided in
Supplementary Tables S6 and S7, respectively.
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Figure®6.

NFxB- and FOXM1-driven transcription regulates the DNA-damage response and
CUDC-907 mediates cytotoxicity through NFxB and FOXM1. A, Functional assays for HR
(DR-GFP) and end-joining (EJ5-GFP), after siRNA knockdown of indicated genes,
demonstrate that loss of NFxB and/or FOXM1 inhibits HR- and NHEJ-mediated dsDNA
break repair. B, mRNA levels of indicated genes after sSiRNA knockdown of NFxB
(NFKB1/p50and RELB)and FOXML1 (for 72 hours in SF188 cells). C, NFKB1/p50 and
FOXM1 siRNA knockdown enhance radiation-induced cytotoxicity (SF188 cells, 2 Gy). D,
Cell viability of SF188 after CUDC-907 treatment (1.25 or 2.5 nmol/L) with or without
exogenous overexpression of NFxB (p50 and RELB) or NFxB and FOXM1b, demonstrating
that exogenous overexpression of NFxB and FOXML1 significantly decreases CUDC-907-
induced cell death. All graphs represent values as mean = SEM (*, £< 0.05; **, < 0.01;
*** P<0.001; **** P<0.0001; ns, nonsignificant). The P values for all pairwise
comparisons of B are provided in Supplementary Table S8.
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Figure7.

Novel NFxB- and FOXM1-dependent mechanism of cytotoxicity and radiosensitization in
glioma cells. CUDC-907 augments unrepaired DNA damage by simultaneously directly
inducing DNA damage and reducing DNA repair capabilities through reduced NFxB and
FOXM1 activity, thus leading to apoptotic cell death as a single agent and synergistically
with radiation.
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