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Abstract

Background. Despite significant endeavor having been applied to identify effective therapies to treat glioblastoma
(GBM), survival outcomes remain intractable. The greatest nonsurgical benefit arises from radiotherapy, though
tumors typically recur due to robust DNA repair. Patients could therefore benefit from therapies with the potential
to prevent DNA repair and synergize with radiotherapy. In this work, we investigated the potential of salinomycin
to enhance radiotherapy and further uncover novel dual functions of this ionophore to induce DNA damage and
prevent repair.

Methods. /n vitro primary GBM models and ex vivo GBM patient explants were used to determine the mech-
anism of action of salinomycin by immunoblot, flow cytometry, immunofluorescence, immunohistochemistry,
and mass spectrometry. In vivo efficacy studies were performed using orthotopic GBM animal xenograft models.
Salinomycin derivatives were synthesized to increase drug efficacy and explore structure-activity relationships.
Results. Here we report novel dual functions of salinomycin. Salinomycin induces toxic DNA lesions and prevents
subsequent recovery by targeting homologous recombination (HR) repair. Salinomycin appears to target the more
radioresistant GBM stem cell-like population and synergizes with radiotherapy to significantly delay tumor forma-
tion in vivo.We further developed salinomycin derivatives which display greater efficacy in vivo while retaining the
same beneficial mechanisms of action.

Conclusion. Our findings highlight the potential of salinomycin to induce DNA lesions and inhibit HR to greatly
enhance the effect of radiotherapy. Importantly, first-generation salinomycin derivatives display greater efficacy
and may pave the way for clinical testing of these agents.

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society for Neuro-Oncology.
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. Salinomycin activates autophagy to impair homologous recombination.

2. Salinomycin induces DNA breaks via replication fork collapse.

. Salinomycin derivatives show significantly increased efficacy.

Importance of the Study

GBM is an aggressive cancer known to resist standard
DNA damage—based therapies. Therapeutic strategies
with the ability to induce DNA damage and inhibit
DNA repair hold merit and could be used to increase
the effect of radiotherapy. Here, we identified that

Glioblastoma (GBM) is a highly aggressive tumor with a
poor prognosis. Current treatment involves surgical re-
section, ionizing radiation (IR), and DNA alkylation with
temozolomide (TMZ)." GBM commonly displays resistance
to these therapies and tumors invariably recur.This is in part
due to the robust DNA repair mechanisms present within
these tumors.2“#The 2 major repair pathways capable of re-
solving DNA double-strand breaks (DSBs) are relatively ex-
clusive during cell-cycle progression.? Non-homologous end
joining (NHEJ) is most active during G,-phase.®To date, no
therapeutic benefit has been implicated by targeting NHEJ
in GBM.3* Homologous recombination (HR), which func-
tions during S- to G,-phase, is the principal pathway used
to resolve DNA DSBs arising from replication fork collapse.
Evidence shows that upregulation of HR repair components
correlates with worse prognosis in GBM.” Furthermore, GBM
is dependent on HR repair to promote resistance against
DNA alkylating-based therapies, including TMZ.8° To elimi-
nate radioresistance, current alkylating-based strategies re-
quire the concomitant use of DNA repair inhibitors.'®" While
effective, this approach poses significant toxicity risk. The
present effort has shed light on characterizing a single agent
capable of inducing both DNA damage and repair inhibition
with favorable synergistic properties.

Salinomycin is an ionophore first isolated from
Streptomyces albus. Its potent anticancer function was
more recently identified in the treatment of breast cancer,
where it showed greater efficacy than paclitaxel and tar-
geted the cancer stem cell population.'? Calzolari and col-
leagues first discovered that salinomycin synergized with
tumor necrosis factor apoptosis inducing ligand, leading to
apoptosis in GBM.'® Subsequent studies have outlined the
potential of salinomycin to target GBM as well as synergize
with TMZ.'4-'¢ Despite these past studies, little is known
about the direct function of salinomycin. We therefore
sought to characterize in detail the effect of salinomycin
and understand its synergistic properties. Obstacles to the
clinical translation of salinomycin do exist—these include
potential issues of adverse effects from administration at
high doses and selective penetrance of the blood-brain
barrier.” However, clinical reports also indicate that
salinomcyin is well tolerated at low doses.'® Given the

salinomycin has the potential to induce DNA damage
and disrupt HR-mediated repair. Development of
first-generation salinomycin derivatives improves
drug efficacy and paves the way for testing of these
agents in the clinic.

favorable anticancer properties of salinomycin, we sought
to develop first-generation derivatives with the hope of
increasing efficacy and in turn reducing potential toxicity
issues.

Our study confirms the findings of others showing
the potent antitumor effect of salinomycin and the ability
to target the stem cell-like population in GBM. Further,
we identify previously uncharacterized functions of
salinomycin, demonstrating its ability to induce DNA DSBs
and prevent HR. These properties enable salinomycin to
synergize with radiotherapy in vitro and in vivo. We also
developed salinomycin derivatives with enhanced pharma-
cokinetic (PK) properties. A salinomycin-benzene derivative
displayed enhanced PK while retaining its synergistic prop-
erties. In summary, this study reveals previously unknown
functions of salinomycin and defines a first-generation de-
rivative which may be suitable for future clinical testing.

I
Methods

Antibodies, primers, buffers, synthesis of derivatives, drug
toxicity profiling, and proteomics details can be found in
the Supplementary Material.

Cell Culture

GBM specimens were collected at the Royal Brisbane and
Women'’s Hospital (ethical approval, HREC/17/QRBW/577).
GBM patient-derived cells (WK1: classical, SB2: mesen-
chymal, MMK1, and JK2: proneural subtypes) were cul-
tured under glioma neural stem (GNS) conditions. GNS cell
lines have been fully characterized. Data are available at
Q-Cell™ (https://www.gimrberghofer.edu.au/our-research/
commercialisation/qg-cell/).

Animal Orthotopic Xenograft

The animal ethical committee of Queensland Institute of
Medical Research (QIMR) approved the use of non-obese
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diabetic/severe combined immunodeficiency (NOD/
SCID) and NOD/recombination activating gene 1 (NOD/
RAG) mice for orthotopic engraftment and intracranial
and intraperitoneal injection. Mice received stereotactic-
guided injection of live WK1-luc cells (1 x 10%5 x 109).
Dead cells were excluded using trypan blue prior to en-
graftment. For intratumoral drug administration studies, a
guide screw (Plastics One) was used. Dimethyl sulfoxide
(DMSO0), salinomycin, and its derivative were given fol-
lowed by mock or IR (2 Gy). QML Pathology provided the
drug toxicity service. Tumor progression was monitored by
bioluminescent imaging. As per QIMR ethical guidelines,
animals were sacrificed upon signs of tumor burden.

Ex Vivo Explant Slice Assay

De-identified GBM specimens were collected immediately
postsurgery, specimens were sliced (750 pM thickness)
using a vibratome (World Precision Instruments), trans-
ferred onto a polytetrafluoroethylene membrane insert
(Millipore), and maintained in Dulbecco’s modified Eagle’s
medium:Hank’s Balanced Salt Solution media with horse
serum.?

DNA Repair Reporter

DNA DSB repair was determined by measuring NHEJ (lin-
earized Hindlll pEGFP-N3) and HR (pDRGFP) activity as
described.?’

Immunoblotting

Whole cell lysate was used. Forty micrograms were sep-
arated with 6%, 8%, and 12% sodium dodecyl sulfate-pol-
yacrylamide gel electrophoresis gels and transferred to
nitrocellulose membranes (BioRad) using a wet transfer
system.

Inhibitors and Small Interfering RNA Knockdown

To examine protein degradation, MG132 (20 uM), MLN4924
(1 uM), CDC34 (50 uM), or PYR-41 (50 pM) was used to
inhibit 26S proteasome and E1, E2, and E3 ubiquitin, re-
spectively. 3-Methyladenine (5 mM) and leptomycin B
(LMB (20 nM) were employed to inhibit autophagosome
formation and nuclear protein export. Nucleosides
(40 pM) were used as a supplement. Small interfering (si)
RNA control, extracellular signal-regulated kinase 1 and
2 (ERK1/2), and autophagy related 7 (ATG7) were per-
formed per manufacturing protocol. Aphidicolin (APH)
(10 pg/mL) or nocodazole (NOCO) (1 uM) was used for cell
synchronization.

Quantitative Real-Time PCR

RNA extraction was performed according to the
manufacturer’s instructions (Sigma-Aldrich). All reactions
were performed in triplicate by using a SYBR green master
mix at quarter reaction and carried out in a ViiA 7 Real-time

PCR Cycler (Applied Biosystems). Average cycle thresholds
were determined by ABI software.Transcript level of mRNA
was determined by the relative expression of 3-actin.

Salinomycin-Biotin Pulldowns

Whole cell lysate was pre-cleared with dynabeads
(streptavidin, Invitrogen). Separately, salinomycin-biotin
and biotin (100 ng) were prepared by incubating with
dynabeads. Coated beads were rinsed with NaCl (400 mM)
solution. Whole cell lysate (1 mg) was incubated with
salinomycin-biotin or biotin-bounded dynabeads at 4°C
overnight. Samples underwent 0.05% NP-40 washes to
remove nonspecific binding and protein eluted with urea
(8 M) for label-free quantification (see Supplementary
Material).

Immunofluorescence

Cells were permeabilized with cytoskeletal buffer, fixed
with 2% paraformaldehyde, and blocked with 5% bo-
vine serum albumin. Antibodies were performed at 1:500
anti-yH2AX and 1:100 anti-RAD51, followed by the use of
fluorophore-conjugated antibody 1:400 (Invitrogen) and
Hoechst stain. Images were acquired by AxioScop2 (Zeiss),
780 nonlinear optical confocal (Zeiss), or IN Cell (GE
Healthcare).

Nucleotide Pool Extraction

Cell pellets were resuspended in ice-cold methanol (60%),
vortexed, and heated at 95°C. Supernatant was collected
and nucleotides level was determined as described.??

Single-Strand Fiber and DNA Pulse Labeling

Native single-strand (ss)DNA fiber (non-denatured) anal-
ysis was performed as described.?? Cells were pulse-
labeled with iododeoxyuridine (IdU) (75 pM) for 16
hours. The reaction was stopped by ice-cold versene and
treated accordingly. Approximately 100 ssDNA fibers
were scored per experiment. To determine native single-
strand bromodeoxyuridine (BrdU) foci, cells were pulse-
labeled with IdU (10 pM) for 16 hours prior to treatment.
For double-stranded (ds)BrdU labeling, G,/S synchronized
cells were treated and then replaced with fresh culture con-
taining 10 uM of IdU. Cells were incubated for 6 hours prior
to fixation, permeabilization, and DNA denaturation by HCI
(1 M).

Cell Cycle, Cell Death, Cell Division Proliferation
and Flow Cytometry

Cells were fixed with 70% ethanol (-20°C) overnight and
subsequently incubated with propidium iodide. Cell cycle
was measured using flow cytometry. Cell death was per-
formed by using an annexin V-fluorescein isothiocyanate
apoptosis detection kit (BD Pharmingen) or NucGreen vi-
able dye (Invitrogen). We employed the IncuCyte system
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(Essen Instruments) to determine proliferation. For sur-
face marker analysis, cells were immunolabeled with
CD133-Alexa Fluor 488 (Miltenyi) and performed as de-
scribed.?* In cell division analysis, cells were pre-labeled
with carboxyfluorescein succinimidyl ester (CFSE) (10 uM)
before quenching. Data were analyzed by ModFit.

Neurosphere Formation

Orthotopic xenograft tumor was dissociated, treated, and
grown as a single cell suspension. Neurospheres were
captured 7 days later with a digital microscope (Evos Cell
Imaging).

Immunohistochemistry

Samples were fixed in 10% neutral buffered formalin and
embedded in paraffin. Sections were stained with hema-
toxylin and eosin (H&E). Antigen retrieval was performed
using a pH 6.0 citrate buffer (125°C) for 15 min. Sections
were probed with the respective antibodies and stained as
described.?*

Synthesis of Salinomycin Derivatives

The salinomycin-biotin, 20-O-acetyl (Sal-Ac), 20-O-benzoyl
(Sal-Bz), and the truncated F1 and F2 derivatives were pre-
pared as described (see Supplementary Material).?5-%7

Data Analysis

Unless otherwise stated, all data represent the means +
SEM of 3 independent experiments. Where appropriate,
comparisons were conducted using a two-tailed Student'’s
t-test or ANOVA. Asterisks indicate statistical significance
(*P<0.05; **P<0.01; ***P< 0.001).

Results

Salinomycin Prevents the Resolution of
DNA Damage

Radioresistant GBM relies on the DNA damage re-
sponse (DDR) cascade to survive IR and TMZ treatment.28
However, a growth inhibitory effect was observed when
GNS cells received salinomycin alone and in combina-
tion with IR (2 Gy) (Fig. 1A). Unresolved DNA DSBs were
noted in the majority of salinomycin-treated cells, as indi-
cated by the presence of YH2AX foci in the nucleus (Fig. 1B,
Supplementary Fig. 1A). We postulated that salinomycin
could promote a defect in cell-cycle arrest, DNA repair
inhibition or both. In the presence of salinomycin, cell-
cycle arrest appears normal (Supplementary Fig. 1B). We
next investigated the more predominant of the 2 major
DNA DSB repairs, NHEJ. Salinomycin-treated cells in-
dicated functional PS2°6DNA-PK_, which is required for
NHEJ (Supplementary Fig. 1C). This was further confirmed
using an NHEJ green fluorescent protein (GFP) reporter

essentially showing no difference (Fig. 1C). Investigation
of the HR pathway using a similar reporter demonstrated
salinomycin-treated cells had complete HR inhibition (Fig.
1D).2' RAD51, a major component for HR, was absent in the
nucleus of salinomycin-treated cells following IR (Fig. 1E,
Supplementary Fig. 1D).

Salinomycin Promotes Autophagy to Target
Homologous Recombination

Nuclear RAD51 foci were analyzed to determine HR in-
duction. GNS cells were pretreated with LMB, a nu-
clear protein export inhibitor, followed by combined
salinomycin and IR. RAD51 recruitment to the nucleus
was absent, indicating salinomycin could be inhibiting
this process (Fig. 2A). Salinomycin did not affect RAD51
mRNA levels (Supplementary Fig. 2A). However, we noted
loss of RAD51 protein following salinomycin treatment.
Furthermore, treatment with the proteasome inhibitor
MG132 did not recover RAD51, indicating protein degra-
dation was not occurring via this pathway (Fig. 2B). To fur-
ther explore salinomycin function, a biotin conjugate was
generated. Proteins that bound to the salinomycin-biotin
were subjected to label-free quantification by liquid chro-
matography-tandem mass spectrometry. Analysis using
MaxQuant identified 95 interacting proteins (Fig. 2C). Gene
enrichment analysis (Gene Ontology, Kyoto Encyclopedia
of Genes and Genomes, and Reactome) revealed 3 func-
tional clusters (Fig. 2D).2%30Two of these were closely asso-
ciated: mitogen-activated protein kinase (MAPK) signaling
and proteolysis. Validation of MAPK (PT202/T204ERK1/2)
signaling confirmed salinomycin-induced autophagy, as
shown by the conversion of light chain (LC)3I into LC3lII
(Fig. 2E, Supplementary Fig. 2B and 2C).3'32 Inhibiting
autophagosome (A) formation confirmed that the loss
of RAD51 was autophagy mediated. Since the ubiquitin-
conjugating enzymes (E3, E2, and E1) are different pro-
tein degradation pathways, inhibition of these cascades
was unlikely to recover RAD51 (Fig. 2F). To demon-
strate autophagy-mediated loss of RAD51, we targeted
ATG7, which is essential for autophagosome maturation.
ATG7 knockdown using 2 independent siRNAs rescued
RAD51 protein levels (Fig. 2G, Supplementary Fig. 2D).
Furthermore, ATG7 siRNA treated cells (autophagy defi-
cient) showed HR recovery and displayed partial resistance
to salinomycin (Fig. 2H, Supplementary Fig. 2E). These
data combined indicate that salinomycin exerts its role not
in NHEJ but through autophagy to inhibit HR.

Salinomycin Induces Replication Fork Breakage

Nucleotide metabolism was the third cluster identified
in our mass spectrometry analysis. This indicated that
salinomycin could target nucleotide production and af-
fect DNA replication.®® Ribonucleotide reductase is re-
sponsible for deoxyribonucleotide triphosphate (dNTP)
synthesis, and investigation showed its catalytic subunit
ribonucleotide reductase regulatory subunit M2 (RRM2)
was downregulated following salinomycin treatment (Fig.
3A).34 In the event of an exhausted nucleotide pool, replica-
tion fork stall can occur and give rise to ssDNA.To prevent
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Fig. 1 Salinomycin prevents the resolution of DNA DSBs. (A) Salinomycin (Sal) dose response 72 hours post-treatment + IR (2 Gy). (B) 24 hours
post-Sal (0.5 uM-10 uM) treatment. DNA DSBs induction was assessed by yH2AX foci (green) and nuclear staining (blue). Each dot represents the
foci number of individual cells. (C, D) DNA DSB (NHEJ and HR) repair was determined by quantifying GFP positive cells (above diagonal line) at 48
hours post-DMSO or post-Sal treatment (middle). NHEJ and HR was depicted as fold change (bottom). (E) RAD51 positive cells (>5 foci per nucleus)
were assessed following DMSO (blue) or Sal (red) treatment (10 uM) followed by IR (2 Gy). Statistical significance: **P < 0.01, ***P < 0.001.

DNA deterioration, replication protein A (RPA) is recruited.3®
Indeed, salinomycin depleted dNTPs (Fig. 3B) and caused
ssDNA formation, which correlated with increased RPA foci
(Supplementary Fig. 3A and 3B). Oxidative damage was
ruled out as a source for ssDNA induction (Supplementary
Fig. 3C). Using an independent approach to assess repli-
cation fork stall, we performed ssDNA fiber analysis and
confirmed salinomycin gave rise to ssDNA fibers (Fig. 3C).
Without HR, replication fork stall leads to DNA DSBs and
is detrimental to cell survival.’¢%” To investigate this phe-
nomenon, salinomycin-treated cells were assessed for the
colocalization of ssDNA and yH2AX foci. We observed a
>2-fold increase for both markers (Fig. 3D, Supplementary
Fig. 3D). When GNS cells undergo replication fork stall,
cell-cycle arrest typically occurs at S-phase. Aphidicolin
was employed to synchronize GNS cells in G,/S phase.
Upon release, salinomycin-treated cells showed S-phase
blockage (Fig. 3E, Supplementary Fig. 3E). Subsequent
analysis of dsBrdU uptake confirmed that replication was
absent (Supplementary Fig. 3F). To strengthen the no-
tion that salinomycin causes replication fork breakage,
we examined the accumulation of YH2AX foci during cell-
cycle progression. In an asynchronous condition, mod-
erate accumulation of YH2AX foci was observed following
salinomycin treatment (Fig. 3F Supplementary Fig. 3G).
However, this effect was exacerbated in APH-synchronized

cells when progressing from G,/S to S phase to initiate rep-
lication. Salinomycin caused rapid YH2AX foci induction as
a result of replication fork breakage. YH2AX foci were ab-
sent following APH synchronization in DMSO-treated cells
(Fig. 3G, Supplementary Fig. 3H).To further assess replica-
tion fork breakage, we also synchronized GNS cells in G,/M
phase with NOCO. During the progression from G,/M to G,
phase, we did not detect DNA DSBs following salinomycin
treatment (Fig. 3H, Supplementary Fig. 3l). Additionally,
we attempted to rescue the effect of DNA DSBs by supple-
menting nucleosides, which showed reduced YH2AX foci
and partial recovery in cell survival (Fig. 31 and 3J). Taken
together, these data indicate salinomycin induces replica-
tion fork breakage in rapidly dividing GBM cells.

Salinomycin Targets the Radioresistant Stem
Cell-Like Population

Salinomycin-treated cells showed chromatin condensa-
tion, DNA fragmentation, and subsequent cell death (Fig.
4A). Our previous studies indicate that GBM cell survival is
heavily reliant on elevated myeloid cell leukemia 1 (MCL-1)
levels and that other anti-apoptotic protein members are
lowly expressed.®® Following salinomycin treatment, we
observed downregulation of MCL:-1 followed by apoptosis,
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Fig.2 Salinomycin induces autophagy to target HR. (A) GNS cells were given LMB (20 nM) to inhibit nuclear protein export followed by DMSO or
Sal (10 pM) with IR (2 Gy). Six hours posttreatment RAD51 foci were assessed (white arrows). (B) One hour prior to treatment, GNS cells were given
the proteasome inhibitor (MG132, 20 pM) following DMSO or Sal treatment (10 uM). RAD51 protein was determined by immunoblot. (C) Schematic
of the label-free quantification approach used for drug—protein interaction study. A Venn diagram depicted the number of interacting proteins with
Sal-biotin or biotin (false discovery rate <0.05). (D) The functionally grouped network of proteins that interacted with Sal-biotin. Three proteins per
term as nodes linked with >0.4 kappa score level. Overrepresented term per group was shown. (E) Immunoblot to validate MAPK and autophagy in
Sal-treated cells (10 pM). (F) GNS cells received ubiquitin E3 (PYR-41, 50 M), E2 (CDC34, 50 uM), E1 (MLN4924, 1 uM) ligases and autophagosome
(A) (3-Methyladenine, 5 mM) inhibitors as indicated (+) for one hour prior to Sal treatment (10 pM). The vertical line represents a splice mark be-
tween samples from the same gel. (G) RAD51 and LC3 levels were assessed by immunoblot in siControl versus siATG7 knockdown cells. Following
siRNA knockdown, cell proliferation was assessed 48 hours post-Sal treatment (2.5 uM-10 pM). Statistical significance: **P < 0.01, *** P < 0.001.

which was exacerbated when combined with IR (Fig. 4B and
4C, Supplementary Fig. 4A).38 Previous findings have high-
lighted the ability of salinomycin to target the more stem
cell-like population.™ To confirm these findings, we first
tracked cell division via CFSE staining, following treatment
and subsequent drug withdrawal. Results showed reduced
cell division even after withdrawal (Fig. 4D, Supplementary
Fig. 4B). Despite not being exhaustive, CD133 has been
proposed as a glioma stem cell marker.23® In our anal-
ysis, salinomycin eliminated the CD133+ cell population
(Supplementary Fig. 4C-E). We also adopted an ex vivo

approach where orthotopically engrafted GBMs were
dissociated and subsequently treated with salinomycin.
Using this assay, salinomycin also eliminated the CD133+
cell population. Even with the removal of salinomycin for
4 days, tumor cells did not recover CD133 expression (Fig.
4E). We also employed a neurosphere assay as a surrogate
readout for stemness.?* Following salinomycin treatment
and subsequent 7 days recovery, a significant reduction in
primary and secondary neurospheres were observed (Fig.
4F). Furthermore, salinomycin prevented ex vivo tumor
cells from undergoing replication (Supplementary Fig. 4F).
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Fig.3 Salinomycin causes replication-associated DNA DSBs. (A) RRM2 protein expression was assessed by immunoblot following Sal treatment
(10 uM). (B) ANTP level was measured 24 hours post-Sal treatment (10 uM). (C) ssDNA combing strategy used (top) and representative ssDNA fiber
(middle). GNS cells were pre-labeled with BrdU for 24 hours prior to DMSO or Sal treatment (10 pM) for 8 hours to determine native ssDNA fibers
(bottom). (D) GNS cells were pre-labeled with BrdU prior to DMSO or Sal treatment (10 pM) for 8 hours. Positive cells (%) showing dual ssDNA and
YH2AX foci (>5 foci per nucleus, bottom). (E) GNS cells were synchronized in G,/S phase using APH. Cell-cycle analysis was conducted following
the release and subsequent DMSO or Sal (10 pM) treatment. (F) Analysis of YH2AX positive cells (>5 foci per nucleus) following Sal treatment
(10 pM) in asynchronous cells. (G, H) GNS cells were synchronized using APH (G,/S phase) or NOCO (G, phase). DNA DSBs were determined by
quantifying yH2AX positive cells (>5 foci per nucleus) following Sal treatment (10 pM). (I) GNS cells received PBS or nucleoside supplement (40 M)
prior to Sal treatment (10 pM). yH2AX positive cells (>5 foci per nucleus) were assessed 12 hours post-treatment. (J) Cell proliferation was assessed
48 hours post-Sal treatment (1 pM—10 uM) in PBS versus nucleoside supplemented cells (40 uM). Statistical significance: *P < 0.05, **P < 0.01.
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Fig. 4 Salinomycin targets the radioresistant stem cell-like population. (A) Intact, condensed, and fragmented nuclei (4’,6’-diamidino-2-
phenylindole blue) were assessed 24 hours post-DMSO0 versus post-Sal (10 uM) treatment, quantitation (right). (B) Flow cytometry was performed
to determine cell death following Sal treatment (10 pM) with + IR (2 Gy). (C) Immunoblot was performed to determine MCL-1 protein expression
following Sal (10 uM) with + IR (2 Gy) treatment. (D) CFSE was used to track cell division, GNS cells were treated with Sal (10 uM) + IR (2 Gy) and
allowed to recover for 72 hours prior to labeling. Cell division was assessed 96 hours later. (E, F) WK1-luc tumor cells were isolated from orthotopic
xenografts at day 60 and received Sal (10 pM) with + IR (2 Gy) treatment for 72 hours prior to CD133 flow cytometric expression analysis as indi-
cated; CD133 expression was assessed during treatment (treated) and after Sal had been removed for 96 hours (recovery). Neurosphere formation
was assessed 7 days post-treatment withdrawal as indicated. Statistical significance: **P < 0.01, ***P < 0.001.

This included DNA DSB formation and HR
(Supplementary Fig. 4G and 4H).

inhibition
Salinomycin Synergizes with Ionizing Radiation

In Vivo

Firstly, to examine the effect of salinomycin in vivo we
adopted an organotypic GBM slice culture technique.*° GBM

patient specimens were obtained at time of surgery and
cut into 750 pM slices and cultured (Fig. 5A). Two GBM pa-
tient specimens (#1 and #2) were treated with salinomycin,
IR, or the combination. Immunohistochemistry (IHC) anal-
ysis showed presence of YH2AX positive cells following
salinomycin treatment, which was exacerbated by IR (Fig.
5B, Supplementary Fig. 5A). Orthotopic GBM xenograft
tissue was also assessed using the same approach and
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demonstrated a similar response (Supplementary Fig. 5B).
We investigated an additional 2 GBM patient specimens
(#3 and #4), using immunoblot. Results also showed ele-
vated YH2AX and loss of RAD51 following salinomycin
treatment (Fig. 5C). As an initial in vivo study, WK1-luc
cells were pretreated with salinomycin for 72 hours. Prior
to engraftment, dead cells were excluded by using trypan
blue (Fig. 5D, Supplementary Fig. 5C and 5D). Animals en-
grafted with 1 x 10* WK1-luc cells showed a median sur-
vival of 120 days in DMSO-treated versus IR = 140 days,
salinomycin = 152 days, and the combination = 164 days.
Animals engrafted with 1 x 10° WK1-luc cells showed a
median survival of 112 days for DMSO-treated versus
IR = 120 days, salinomycin = 136 days, and combina-
tion = 149 days. In both experiments, salinomycin and
combination therapy led to an increase in survival. As
previously reported, salinomycin may have adverse ef-
fects at high doses, especially from systemic injection."’
We therefore adopted an approach of direct intratumoral
administration via a guide screw. Our toxicity studies
showed salinomycin 5 mg/kg (based on brain weight) was
the maximum tolerated dose with no observable signs of
neurotoxicity (Supplementary Fig. 5E and 5F). To assess
drug efficacy, WK1-luc engrafted animals were random-
ized to 4 treatment arms: DMSQO, IR, salinomycin, and com-
bined treatment. A single IR (2 Gy) dose was administered
48 hours post-engraftment (Fig. 5E, top). Mice received 8
doses of salinomycin (total dose = 40 mg/kg) followed by a
control cull 5 days after the last treatment to examine acute
systemic toxicity. Salinomycin was well tolerated with no
elevation of liver and kidney enzymes to indicate tissue
injury (Fig. 5F). Overall survival analysis showed DMSO-
treated mice had a median survival of 114 days. When com-
bined, salinomycin (5 mg/kg) was able to synergize with
IR to increase overall survival to 134 days (Fig. 5E, right).
At endpoint, liver and kidneys were collected, and H&E
examination did not indicate observable long-term tissue
damage (Supplementary Fig. 5G).

Salinomycin-Benzene Derivative Shows Increased
Efficacy In Vivo

Given the favorable properties of salinomycin, we sought
to develop first-generation derivatives with increased ef-
ficacy. Two derivatives with alterations at the carbon 20
position, an acetate (Sal-Ac) and a benzene (Sal-Bz), were
generated (Fig. 6A). We also generated a salinomycin
truncation, introduced at position C9 (Sal-F1 and Sal-
F2), to determined which portion of the molecule was re-
sponsible for function. Of the 2 derivatives tested, Sal-Bz
displayed the highest potency across all GNS cell lines
(Fig. 6B, Supplementary Fig. 6A-6C). The half-maximal
inhibitory concentration (IC,) of Sal-Bz ranged from
80 nM to 30 nM and synergized with IR (IC,, of 10 nM to
20 nM). Sal-Bz was ~20-fold more potent than the orig-
inal salinomycin. Conversely, Sal-Ac, Sal-F1, and Sal-F2
were less effective. Similar to salinomycin, Sal-Bz showed
identical DNA damage and repair inhibition functions 24
hours posttreatment. Sal-Bz at 500 nM and 1 pM resulted
in 27% and 43% of YH2AX positive cells, respectively (Fig.
6C, Supplementary Fig. 6D). In comparison, salinomycin at

the same concentration showed reduced DNA damage and
repair inhibition (Fig. 6D, Supplementary Fig. 6E). When
combined with IR, Sal-Bz showed significant synergy com-
pared with salinomycin at the same concentration (Fig. 6E,
Supplementary Fig. 6F), and resulted in greater cell death
(Fig. 6F, Supplementary Fig. 6G).

We next assessed the ability of Sal-Bz to synergize with
IR in vivo. Toxicity testing (Sal-Bz 1.25 mg/kg x 8 sched-
ules, total dose 10 mg/kg) showed good drug tolerance
with no observable organ damage (Supplementary Fig.
6H). To assess overall survival, mice were engrafted with
WK1-luc cells and randomized to 3 treatment arms: DMSO,
Sal+IR, and Sal-Bz+IR. A single intratumoral injection of
salinomycin or Sal-Bz (1.25 mg/kg) was given prior to IR
(2 Gy). This was followed by 7 salinomycin or Sal-Bz treat-
ments (total dose 10 mg/kg). Median survival for DMSO-
treated animals was 118 days versus 131 days in the Sal+IR
arm. The Sal-Bz+IR arm showed a significantly better re-
sponse (P < 0.001); by day 200 only a single animal had
succumbed to tumor burden when the experiment was
terminated (Fig. 6G). Taken together, these data show that
the beneficial properties of salinomycin were retained in
the Sal-Bz derivative with greater efficacy. Furthermore,
Sal-Bz showed significant synergy in vivo when admin-
istered with IR compared with salinomycin at the same
concentration.

Discussion

Here we show that salinomycin has dual functions of
inducing replication fork collapse and HR inhibition,
and displays significant synergy when administered
with IR. Our findings are consistent with the findings
of others demonstrating the synergistic properties
of salinomycin when combined with DNA alkylating-
based chemotherapies.''® Current evidence suggests
that autophagy can mediate HR and is likely cancer
type dependent.*#?2 We found that salinomycin induces
an autophagy-mediated response leading to RAD51
downregulation. The depletion of HR components ren-
ders DNA repair unresponsive and leaves the replication
machinery prone to DNA damage (see model in Fig. 6H).%%
Even when autophagy was inhibited by targeting ATG7,
HR-mediated repair could be partially restored following
salinomycin treatment. This is due in part to the absence
of RRM2, which is critical for nucleotide production. Low
dNTP levels support the notion of nucleotide exhaustion
in obstructing fork progression, resulting in DNA DSBs.
A critical matter with active DNA repair is the issue of re-
storing tumorigenesis. Alkylating-based drugs such as
TMZ and radiotherapy can promote DNA replication fork
stall; this DNA damage is resolved by HR, leading to tumor
recurrence.®® In our study, salinomycin showed its greatest
benefit when combined with IR. Significant synergy was
observed in our animal studies despite only a single dose
of radiotherapy being given, suggesting that the dual prop-
erties of DNA damage and repair inhibition increase IR
effectiveness.

Our GBM organotypic model is clinically relevant as it
preserves tumor heterogeneity and in part recapitulates
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Fig. 5 Salinomycin synergizes with IR to prolong survival in vivo. (A) GBM patient organotypic slice cultures were harvested 16 hours post-Sal
(10 pM) with + IR (2 Gy) treatment. (B) IHC was conducted to assess YH2AX positive cells post-treatment (patient specimens #1 and #2) and (C)
vyH2AX and RAD51 were determined by immunoblot (patient specimens #3 and #4). (D) WK1-luc cells received 72 hours of Sal treatment (10 pM)
with + IR (2 Gy). Dead cells were excluded by trypan blue, 1 x 10* and 1 x 10° WK1-luc cells were engrafted orthotopically into NOD/SCID mice and
survival determined by Kaplan—Meier plot. (E) Intracranial studies were conducted using a guide screw approach, a total dose of 40 mg/kg (brain
weight) of DMSO versus Sal in 8 fractions of 5 mg/kg was given. (F) Control cull (n = 4) was performed 5 days post-treatment. Serum was col-
lected for the analysis of liver (alanine aminotransferase, alkaline phosphatase, and creatinine) and kidney (urea) injuries. Statistical significance:

*P<0.05,**P<0.01.

the native state of radioresistance.° These GBM patient
specimens showed that RAD51 was upregulated in re-
sponse to radiotherapy, which was subsequently abro-
gated by salinomycin treatment. Unresolved DNA DSBs
were noted in multiple patient specimens. The clinical
relevance of salinomycin, in its native form, is uncertain,
with potential side effects being observed from systemic
administration at high doses.' Despite this limitation,
the field has recognized the benefits of salinomycin and
is developing next-generation derivatives with significant
potential.’®4 We developed and tested a benzene deriv-
ative, which maintained the beneficial characteristics of
the original drug while significantly improving efficacy.

The addition of a benzene group typically aids cell per-
meability, allowing greater drug transfer and stability.
This enabled us to administer less drug, reducing toxicity
while increasing the synergistic effects when combined
with radiotherapy.

In summary, we have performed an in-depth analysis of
salinomycin, further elucidating its mechanism of action,
and validated the efficacy of a first-generation salinomycin
derivative using preclinical models of GBM. The transla-
tional significance of this study is relevant as salinomycin
and its derivatives hold the potential to greatly improve
radiotherapy, a modality which has long held the greatest
benefit for GBM patients.
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Fig. 6 Benzene derivative analysis in vitro and in vivo. (A) Diagram showing the generated structural analogues of salinomycin. (B) A dose re-
sponse curve of cell proliferation was used to compare derivatives versus Sal 96 hours posttreatment. (C, D) YH2AX or RAD51 positive cells (>5 foci
per cell) were assessed by immunofluorescence to compare the response between Sal and Sal-Bz (1 pM—-10 uM). (E, F) GNS cells were pretreated
for one hour with 1 uM of DMSO0, Sal, or Sal-Bz in combination with IR (2 Gy). YH2AX positive cells and cell death were quantified using IncuCyte
analysis. (G) WK1-luc cells were intracranially engrafted in NOD/RAG mice; animals received a total dose of 10 mg/kg (brain weight) of DMSO, Sal,
or Sal-BZ in 8 fractions of 1.25 mg/kg and survival determined by Kaplan—-Meier plot. Statistical significance: **P < 0.01, ***P < 0.001. (H) Simplified

model of the mechanism of action of salinomycin.
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