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Abstract

Glioblastomas are highly lethal cancers, containing self-renewing glioblastoma stem cells (GSCs).
Here, we show that GSCs, differentiated glioblastoma cells (DGCs), and non-malignant brain
cultures all displayed robust circadian rhythms, yet GSCs alone displayed exquisite dependence on
core clock transcription factors, BMAL1 and CLOCK, for optimal cell growth. Downregulation of
BMAL1or CLOCK in GSCs induced cell cycle arrest and apoptosis. Chromatin
immunoprecipitation revealed BMAL1 preferentially bound at metabolic genes in GSCs,
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associated with differences in active chromatin regions compared to NSCs. Targeting BMAL1 or
CLOCK attenuated mitochondrial metabolic function and reduced expression of the tricarboxylic
acid (TCA) cycle enzymes. Small molecule agonists of two independent BMAL1::CLOCK
negative regulators, the Cryptochromes and REV-ERBs, downregulated stem cell factors and
reduced GSC growth. Combination of Cryptochrome and REV-ERB agonists induced synergistic
anti-tumor efficacy. Collectively, GSCs coopt circadian regulators beyond canonical circadian
circuitry to promote stemness maintenance and metabolism, offering novel therapeutic paradigms.
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INTRODUCTION

Glioblastoma (World Health Organization grade 1V glioma) is the most prevalent and
malignant primary intrinsic brain tumor (1). Standard-of-care includes maximal surgical
resection followed by chemoradiation with the oral methylator, temozolomide, then adjuvant
temozolomide, which offers only palliation (2). While glioblastoma has been extensively
characterized at the molecular level (3), translation of this knowledge to clinical practice has
been limited.

Glioblastomas display remarkable cellular heterogeneity, contributing to high rates of
therapeutic resistance and rapid recurrence (4,5). Glioblastomas contain self-renewing,
tumor-initiating cells, GSCs (6-8). Although the precise identity of GSCs remains
controversial due to a lack of universally informative GSC markers and functional assays,
GSCs have been reliably demonstrated in glioblastoma and promote tumor angiogenesis,
brain invasion, and immune evasion (9-11).

Altered circadian regulation in cancer stem cells may contribute to disease progression (12).
Endogenous circadian rhythms are established by two transcription-translation negative
feedback loops, in which the positive limb is composed of the basic helix-loop-helix-Per-
Arnt-Sim (bHLH-PAS) transcriptional factors, BMAL1 (Brain and Muscle ARNT-Like 1;
also known as Aryl hydrocarbon Receptor Nuclear Translocator-Like protein 1, ARNTL)
and CLOCK (Circadian Locomotor Output Cycles Kaput), which form heterodimers (13),
with the transcriptional output linked to metabolism, immune regulation, and other cellular
pathways (14,15). The BMALL::CLOCK complex drives the rhythmic expression of the
negative limb proteins, PERIOD (PER1/2/3) and CRYPTOCHROME (CRY1/2), which form
a complex to inhibit BMAL1-CLOCK transcriptional activity (16). The BMALL::CLOCK
complex also induces REV-ERBa and REV-ERB, which directly transcriptionally repress
BMAL 1 expression, constituting a second feedback loop (17). In some cancers and model
systems, BMALI or CLOCK serve as oncogenes (12,18,19), but, in others, their targeting is
tumor suppressive (20-22). Recent systems analysis revealed that alteration of circadian
genes is correlated with patient survival and clinical outcomes in several tumor types (23).
Circadian networks in glioblastoma may be oncogenic with an association between gene
variants and tumor incidence, and targeting circadian regulators may reduce tumor growth
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and improve efficacy of chemotherapy (24,25). Based on this background, we investigated
the integrity of the core circadian circuitry within GSCs.

RESULTS

Genetic disruption of core circadian genes inhibits GSC growth

To study the circadian rhythm and core circadian genes in glioblastoma, we monitored
circadian clock activity utilizing a luciferase reporter driven by the BMAL1 promoter.
Although MY C has been proposed to disrupt the normal circadian rhythm (26) and GSCs
express high MYC levels (27), patient-derived GSCs and their differentiated progeny,
displayed circadian rhythms with similar properties to non-malignant brain cultures derived
from epilepsy surgical resections (NMs), independent of tumor genetics (Fig. 1A-D;
Supplementary Fig. SIA-S1K). Consistent with the observed rhythmicity, BMAL1 bound to
core clock genes, including PER1/2, CRY1/2and NR1D1/2in GSCs, as measured by
BMAL1 chromatin immunoprecipitation followed by deep sequencing (ChlIP-seq;
Supplementary Fig. S1L-S1N). Canonical rhythms observed in normal brain cells and GSCs
suggest that cellular transformation maintains circadian rhythms, despite the activation of
oncogenes.

To study the functional roles of core circadian genes, BMAL 1 and CLOCK were targeted by
shRNA-mediated knockdown in patient-derived GSCs and NMs using two non-overlapping
shRNAs compared to a control non-targeting sShRNA sequence (ShCONT). Targeting either
BMAL1 or CLOCK potently impaired proliferation in GSCs derived from multiple patients
(Fig. 1E-H; Supplementary Fig. S2A-S2F). In contrast, targeting BMAL1 or CLOCK
minimally reduced cell proliferation in epilepsy-derived brain cultures or neural stem cells
(NSCs) (Fig. 11-L; Supplementary S2G and S2H), with modest anti-proliferative effects in
DGCs (Supplementary Fig. S21-S2L). Reduced GSC proliferation upon BMALI or CLOCK
knockdown was confirmed by CRISPR/Cas9-mediated knockout (Fig. 1IM-1P). As NPAS2
partially compensates for the loss of CLOCK in some tissues (28), we measured NPAS2
MRNA expression in different cell types; while NSCs and NMs had the lowest and highest
NPAS2mRNA expression respectively, GSCs expressed moderate NPASZ mRNA levels
(Supplementary Fig. S2M). A mild trend towards lower expression of NPAS2 in GSCs was
observed compared to that in DGCs (Supplementary Fig. S2N). BMAL1 or CLOCK
knockdown in GSCs induced minimal changes in NPASZ expression (Supplementary Fig.
S20-S2Q). Targeting NPASZ moderately reduced GSC proliferation compared to CLOCK
knockdown (Supplementary Fig. S2R-S2T). These data suggest that NPAS2 may function in
GSCs, but appears largely distinct from the role of CLOCK. Collectively, our results indicate
that core clock regulators are required for GSC growth, likely by regulating novel biological
processes rather than cell-specific modulation of the core circadian rhythm.

Targeting circadian regulators induces cell cycle arrest and apoptosis in GSCs

To determine the cellular effects of BMALIand CLOCK knockdown in GSCs, we analyzed
cell cycle progression and apoptosis upon modulation of BMAL1 and CLOCK. GSCs
transduced with shBMAL 1 or shCLOCK displayed reduced G4 and increased G,/M
fractions compared to GSCs transduced with shCONT (Fig. 2A and B). Gene Set
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Enrichment Analysis (GSEA) revealed decreased expression of G,/M and M phase genes
with BMAL 1 knockdown (Fig. 2C and D). Cell proliferation rate was substantially reduced
in ShBMAL 1- and shCL OCK-transduced GSCs by EdU incorporation and Ki67 staining
(Fig. 2E and F; Supplementary Fig. S3A-S3F). Flow cytometric measurement of Annexin V
and propidium iodide (PI) staining revealed induction of apoptosis by BMALI and CLOCK
knockdown relative to ShCONT (Fig. 2G; Supplementary Fig. S3G-S3J). Cleaved
CASPASE 3 was also induced upon targeting BMAL1 or CLOCK (Fig. 2H; Supplementary
Fig. S3K-S3N), confirmed by cleaved poly-ADP ribose polymerase (PARP)
(Supplementary Fig. S3M and S3N). However, Z-VAD-FMK, a pan-CASPASE inhibitor,
did not rescue the cellular death induced in GSCs after BMAL1 or CLOCK knockdown,
suggesting that multiple mechanisms contribute to the loss of GSC viability (Supplementary
Fig. S30 and S3P). As Cry knockout improves chemotherapy efficacy through p73-mediated
apoptosis by increasing 7P73 expression (29), we examined 7P73expression in GSCs after
BMAL1 or CLOCK knockdown, but no difference was found (Supplementary Fig. S3Q and
S3R), suggesting alternative mechanisms underlie GSC clock dependence. Collectively,
these results indicated that BMAL 1 and CLOCK are indispensable for cell proliferation and
survival of GSCs.

Disruption of circadian transcriptional circuitry impairs GSC self-renewal

To determine whether core circadian genes BMAL1 and CLOCK are important for
maintenance of stemness in GSCs, self-renewal was measured by limiting dilution sphere
formation. Upon downregulation of BMAL1 or CLOCK; both sphere formation frequency
(considered a surrogate of self-renewal) and sphere size (considered a surrogate of
proliferation) were reduced, revealing impairment of self-renewal (Fig. 21-L). Disruption of
BMAL1or CLOCK in GSCs decreased the expression of core GSC maintenance
transcription factors, including SOX2, OLIG2and MYC, as measured by RT-PCR and
immunoblot (Fig. 2M-P). BMALL1 bound the promoters of SOX2, OL/G2and MYC,
measured by ChlIP-seq and ChIP-gPCR (Fig. 2Q; Supplementary Fig. S3S-S3U). Thus, the
circadian machinery is essential for maintaining stem cell transcriptional regulator levels and
the subsequent self-renewal properties of GSCs, likely through transcriptional regulation.

The GSC epigenetic landscape reprograms circadian regulation

Circadian gene regulation is mediated through binding of the BMAL1::CLOCK
heterodimeric transcriptional complex. The selective dependency of GSCs on BMAL 1 and
CLOCK expression in cell growth and survival, relative to their normal counterpart, suggests
that core clock proteins must regulate gene expression programs in GSCs distinct from those
in normal stem cells. Therefore, we performed BMAL1 ChlP-seq in two GSCs and two
NSCs. Unsupervised clustering of each BMALL ChlP-seq sample by principal component
analysis (PCA) revealed that GSCs and NSCs showed divergent BMAL1 occupancy across
the genome (Supplementary Fig. S4A). BMAL1 peaks were distributed across the genome
with enrichment at promoter regions in GSCs compared to NSCs, consistent with greater
occupancy of BMALL1 in regions surrounding transcription start sites (TSSs) genome-wide
(Fig. 3A and B; Supplementary Fig. S4B). To understand the functional consequences of
differential BMALZ1 occupancy genome-wide, we defined BMALL1 peaks with increased
occupancy in GSCs and NSCs (Supplementary Fig. S4C and S4D). Expanded BMAL1
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binding site occupancy occurs despite similar BMALI or CLOCK expression levels in
GSCs relative to NSCs (Supplementary Fig. S4E and S4F). Consistent with previous studies
(30), the conserved E-box motif (CACGTG) was enriched within GSC-gained BMAL1
peaks, although additional de novo motifs were revealed by motif enrichment analysis (Fig.
3C). Most BMAL1 binding genes in NSCs were shared with GSCs (87%; 7,194 genes out of
8,266 total NSC target genes). In contrast, BMAL1 target genes in GSCs were largely
distinct from those in NSCs (50%; 8,507 genes out of 16,773 total GSC target genes) (Fig.
3D). This suggests that GSCs reprogram BMALL1 binding genome-wide, which in turn
drives novel transcriptional function. To gain insight into the unique biological functions of
BMALL1 in GSCs, we applied GSEA to identify molecular pathways selectively driven by
BMAL1 occupancy in GSCs. GSEA for GSC-gained BMALL1 peaks within 3-kb of a
transcription start site revealed an enrichment of pathways regulating circadian clock
transcriptional networks, as expected, but also regulation of glucose metabolism and lipid
biosynthesis (Fig. 3E-I; Supplementary Fig. S4G). In differentiated organs, BMAL1 targets
across the genome are largely tissue-specific (31) (Supplementary Fig. S4H). Although
many genes bound by BMAL1 in murine liver, kidney or heart were shared with GSC-
specific BMAL1 binding sites, the large majority of GSC-specific BMALL sites were
distinct from those seen in normal tissues (Supplementary Fig. S41-S4L). These results
suggest that the majority of BMALL1 binding sites gained in GSCs (6683 of 8508, 78.5%)
are distinct from sites in tissues in which BMALL1 is known to regulate metabolism. Taken
together, these data suggest that BMAL1 gains unique functions in GSCs beyond generation
of circadian oscillations and that this core circadian regulator has been repurposed to
regulate tumor metabolism in GSCs.

We next aimed to characterize the epigenomic features responsible for the differential
binding of BMAL1 between GSCs and NSCs, based on the hypothesis that BMAL1 binds
novel binding sites in GSCs due to differential access to chromatin in GSCs and NSCs.
Histone H3 lysine 27 acetylation (H3K27ac) ChlP-seq was performed on GSCs and NSCs to
define active chromatin regions. Overlapping the BMAL1 and H3K27ac ChlP-seq revealed
that BMAL.1 signals strongly correlated with H3K27ac signals (Fig. 3J). Almost all GSC-
gained BMAL1 peaks (11,338 of 12,386 peaks; 92%) overlapped with H3K27ac peaks,
which defined active promoter/enhancer regions (Fig. 3K). Further, chromatin regions with
GSC-gained BMAL1 peaks presented higher H3K27ac signals in GSCs compared to NSCs
(Supplementary Fig. S4M). Chromatin regions with GSC-gained BMAL1 peaks containing
E-box motifs exhibited higher H3K27ac signals in GSCs compared to NSCs (Supplementary
Fig. S4N). Collectively, these data suggest that the distinct patterns of BMAL1 binding in
GSCs and NSCs may be influenced by differential chromatin activity surrounding selected
E-box motifs in GSCs. This model predicts stronger overlapping between GSC-gained
H3K27ac peaks and BMALL binding in GSCs than in NSCs. To test this, we analyzed
BMALL1 binding around chromatin regions enriched with GSC-gained H3K27ac peaks and
found that BMALL signals were much higher at those regions in GSCs compared to NSCs
(Supplementary Fig. S40). BMAL1 binds to multiple gained E-box motifs at the promoter
regions of genes in various tissues and cells, so we examined BMAL1 binding around
chromatin regions containing E-box and enriched with GSC-gained H3K27ac. Consistent
with the hypothesis, BMALL signals are much higher in GSCs around the chromatin regions

Cancer Discov. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong et al.

Page 6

having E-box and GSC-gained H3K27ac marks compared to those in NSCs (Fig. 3L).
Combined analysis of H3K4me3 ChlP-seq, BMAL1 ChIP-seq and H3K27ac ChlIP-seq data
revealed that the majority of gained BMAL1 peaks (11381 of 12386 peaks; 91.9%) in GSCs
overlapped with H3K4me3 peaks (Fig. 3M). Most of the overlapped peaks (8441 of 11381
peaks; 74.2%) from BMAL1 ChlP-seq and H3K4me3 ChiIP-seq overlapped with H3K27ac
peaks (Supplementary Fig. S4P). The strongest BMAL1 signals were found at the active
TSSs marked by H3K4me3 (Fig. 3N). In contrast, few BMAL1 peaks (305 of 12386 peaks;
2.5%) were found at enhancer regions marked by H3K27ac alone (Supplementary Fig. S4P).
These data indicate preferential binding of BMAL1 at active TSSs in GSCs.

In summary, BMAL1 occupancy is distinct between GSCs and NSCs, with preferential
binding defined by the underlying differences in chromatin activity between GSCs and
NSCs. Interrogating the differential targets of BMAL1 between GSCs and NSCs revealed
that BMALZ1 may gain novel functions in GSCs to support aberrant tumor metabolism. The
greater genome-wide binding of BMAL1 in GSCs than NSCs mirrored the greater
distribution of active chromatin, as marked by H3K27ac, suggesting that differences in
downstream BMAL1 transcriptional regulation is derived, at least in part, from the greater
accessibility of binding sites in GSCs (Fig. 30).

BMAL1 and CLOCK maintain metabolic homeostasis in GSCs

Core circadian genes regulate multiple metabolic processes, including glucose and lipid
metabolism, oxidative phosphorylation, and mitochondrial dynamics (32,33). BMAL1 ChiP-
seq showed that GSC-gained BMAL1 binding occupies about half of metabolic genes
analyzed (Supplementary Fig. S5A). Targeting BMAL 1 reduced the expression of most
selectively BMAL1-bound metabolic genes in GSCs, as revealed by RNA-seq data
(Supplementary Fig. S5B). To better understand the biological functions of BMAL1 and
CLOCK in GSCs, we derived gene sets from GSC-gained BMAL1 binding, revealing
enrichment of glucose metabolism (Fig. 3E-I; Supplementary Fig. S4G). Individual genes,
including prominently cancer-related metabolic genes, demonstrated increased BMALL1 and
H3K27ac binding in GSCs compared to NSCs (Supplementary Fig. S5C-S5K).

Based on the association of BMAL1 with metabolic genes, we interrogated BMAL1 and
CLOCK regulation of bioenergetics through glycolysis and the tricarboxylic acid (TCA)
cycle in GSCs. Glycolysis and oxidative phosphorylation (OXPHOS) were monitored using
an extracellular flux analyzer (XF) by measuring oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) after BMAL1 or CLOCK knockdown. OCR was
inhibited in two patient-derived GSCs upon knockdown of either BMALI or CLOCK (Fig.
4A and B). Decreased mitochondrial respiration was reflected in reduced basal OCR (Fig.
4C and D), ATP-capacity (Fig. 4E and F), and uncoupled OCR upon targeting BMAL1 or
CLOCK (Fig. 4G and H). Further, BMAL1- or CLOCK-deficient GSCs showed significant
reduction in ECAR, indicating decreased glycolysis (Supplementary Fig. S6A and S6B).
Basal glycolysis after glucose treatment in BMAL 1 or CLOCK shRNA-transduced GSCs
was similar to control ShCONT. Targeting BMAL1 or CLOCK followed by oligomycin-
induced stressed glycolysis exhibited greater decrease compared with basal level
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(Supplementary Fig. S6C and S6D). Thus, the circadian regulators BMAL1 and CLOCK
promote mitochondrial OXPHOS and glycolysis in GSCs.

OXPHOQOS and glycolysis involve many different metabolic enzymes. BMAL1 ChlP-seq
(Supplementary Fig. S5C-S5K) and ChIP-gPCR (Fig. 41 and J) indicate that
BMAL1::CLOCK heterodimers may directly regulate OXPHOS and glycolysis in GSCs by
binding to the promoters of glycolysis genes (HK2and LDHA) and TCA cycle genes
(ACOZ, IDH3A, SDHA and CS). This notion is supported by reduced transcription of these
genes upon BMALI1 or CLOCK knockdown (Fig. 4K; Supplementary Fig. S6E-S6H).
Metabolites generated by the TCA cycle were measured by mass spectrometry, revealing
reduction in the levels of succinate, isocitrate, malate and fumarate compared with other
metabolites, such as pyruvate, in GSCs following knockdown of BMAL1 or CLOCK
(Supplementary Fig. S61-S6K). Collectively, BMAL1 and CLOCK control essential
metabolic activity, in part, by directly regulating the expression of genes important for
glycolysis and the TCA cycle in GSCs.

Mitochondrial fission-fusion dynamics are regulated in a circadian manner through
dynamin-related protein 1 (DRP1) regulation and targeting BMAL 1 induces swollen and
dysfunctional mitochondria (34,35). Upon BMAL1 or CLOCK knock down, we detected no
obvious differences in protein levels of DRP1 and PINK1 (PTEN-induced kinase 1), nor
phosphorylated DRP1 in GSCs (data not shown), suggesting that BMAL1 and CLOCK
control the OXPHOS independent from mitochondrial dynamics.

Succinate dehydrogenase is controlled by BMAL1 and CLOCK and essential for GSC
maintenance

To extend the understanding of circadian control of GSC metabolism, we interrogated
enzymes that have been linked to tumor growth and were specifically downregulated in
GSCs upon targeting BMALI or CLOCK. Succinate dehydrogenase (SDHA) is a unique
enzyme participating in both the TCA cycle and the electron transport chain. We observed
consistently decreased SDHA levels after transduction with either shBMAL1 or shCLOCK
(Supplementary Fig. S6L). SDHA knockdown reduced the levels of stemness markers,
SOX2and OLIGZ (Fig. 4L), induced apoptosis measured by cleavage of CASPASE 3 and
PARP (Fig. 4M), and abolished growth of GSCs (Fig. 4N and O). Pharmacologic inhibition
of SDHA using B-nitropropionic acid (NPA) repressed GSC growth to a greater degree than
either DGCs or non-malignant brain cells (Fig. 4P), suggesting that TCA disruption
differentially represses GSC proliferation.

Pharmacological targeting of circadian machinery in GSCs specifically impairs GSC

survival

BMAL1 and CLOCK are transcription factors, which are notoriously challenging to target,
especially in the brain, where drug delivery is highly restricted. However, the circadian
machinery has two, independent negative feedback loops for which pharmacologic agents
have been developed as agonists or stabilizers that would be expected to disrupt the positive
circadian activity mediated by BMAL1 and CLOCK. SR9011 and SR9009 are small
molecule agonists of nuclear receptors REV-ERBa./B, which negatively regulate BMAL 1
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transcription by directly binding to its promoter (Fig. 5A) (36). SR9011 and SR9009
treatment reduced expression of the circadian regulators, BMAL 1, PERI and PERZ, in a
concentration-dependent manner (Fig. 5B and C). SR9009 and SR9011 treatment attenuated
the expression of GSC markers, OL/G2and SOX2, supporting negative transcriptional
regulation of key GSC targets (Fig. 5D and E). SR9011 and SR9009 also reduced GSC cell
proliferation to a greater degree than DGCs, astrocytes, and non-malignant brain cultures,
demonstrating greater sensitivity of GSCs, as measured by ECsq (Fig. 5F and G). Consistent
with BMAL 1 knockdown in GSCs, REV-ERBs agonists reduced the expression of genes in
glycolysis, TCA cycle, and lipid metabolism (Supplementary Fig. S7TA-S7F), consistent
with prior observations (37).

Distinct from REV-ERBs, CRY1 and CRY2, two other core clock components, function by
interacting directly with BMAL1::CLOCK complexes to repress their activity (16). KL001
(N-(3-(9H-carbazol-9-yl)-2-hydroxypropyl)-N-(furan-2-ylmethyl) methane-sulfonamide), a
carbazole derivative previously discovered in our high-throughput cell-based screens,
stabilizes CRYs by inhibiting FBXL3-mediated ubiquitination and degradation of CRY
proteins (Fig. 5H) (38). CRYSs represent attractive targets for agonism/stabilization in several
disease areas such as inflammation, metabolic disease and cancers (29,39,40). Here, we
found that KLOO1 decreased expression of PERI and PERZbut increased BMALL protein
levels, in a concentration-dependent manner in GSCs (Fig. 51; Supplementary Fig. S7G).
KLO0O01 decreased OL/G2and SOXZ2expression in GSCs (Fig. 5J) and inhibited GSC
proliferation more effectively than normal brain cells and DGCs (Fig. 5K). CRY1
overexpression decreased MY C levels and impaired GSC proliferation (Fig. 5L-N). Thus,
pharmacological modulation of circadian components may offer a novel strategy for
improving glioblastoma treatment.

Combinatorial pharmacologic REV-ERBs and CRYPTOCHROME agonists inhibit GSC

growth

Targeting circadian control of GSCs through monotherapies of REV-ERB or CRY agonists
selectively repress GSC growth. We hypothesized that combinatorial activation of both
major negative feedback loops of the circadian rhythm could augment disruption of GSC
growth. Indeed, combination of REV-ERBs and CRY agonists displayed combinatorial
efficacy against two patient-derived GSCs (Fig. 6A-D; Supplementary Fig. S8A-S8D).
Combinations of SR9011 and KL001 reduced cell growth in a concentration-dependent
manner to a greater degree than single treatments (Fig. 6E—H). To evaluate the combination
of SR9011 and KL001 on maintenance of stemness, self-renewal was measured by the
limiting dilution assay. Following treatment with combined agents, sphere formation
frequency (Fig. 61 and J) and sphere size (Supplementary Fig. S8E) were reduced, revealing
greater impairment of self-renewal capacity than either single agent alone. Combined
treatment also reduced the expression of core clock genes and the metabolic genes,
indicating the on-targeting affects (Fig. 6K). Cleaved caspase 3 staining in GSCs following
combined drug treatment showed a marked induction of apoptosis compared with either
single agent (Fig. 6L and M; Supplementary Fig. S8F). Combined drug treatment also
augmented disruption of cell cycle progression, as assessed by EdU incorporation assay and
Ki67 staining (Fig. 6N and O; Supplementary Fig. S8G-S8H). Enhanced apoptosis in GSCs
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after combined drug treatment was confirmed by increased cleaved-PARP (Fig. 6P). GSCs
display potent cell migration, so we performed wound healing assays, revealing that the
wound closure was delayed following treatment with two agonists (Fig. 6Q and R),
suggesting combination of SR9011 and KL001 impaired cell migration ability in GSCs.
Collectively, these results demonstrate proof-of-concept for combinatorial targeting of both
negative circadian feedback loops in the disruption of GSC proliferation and survival.

Genetic and small molecules targeting of core clock components in GSCs inhibits tumor

growth

To address whether disruption of core circadian genes influences in vivo brain tumor growth,
we implanted GSCs transduced with either ShCONT or shRNAs targeting BMAL 1 or
CLOCK into the frontal lobes of immunocompromised mice. The lifespan of tumor-bearing
mice nearly doubled upon BMAL1 or CLOCK knockdown, relative to controls (Fig. 7A and
B). Tumor-bearing brains harvested 20 days after GSC transplantation revealed no visible or
very small tumors in mice bearing GSCs transduced with either shBMAL 1 or shCLOCK,
while tumors reaching our endpoint criteria were present in mice bearing GSCs transduced
with shCONT (Fig. 7C-F). To validate these loss-of-function studies, we performed
reciprocal gain-of-function experiments, revealing that GSCs with BMAL1 overexpression
proliferated more rapidly than GSCs expressing EGFP (Supplementary Fig. S8I and S8J).
Mice bearing GSCs overexpressing BMAL1 survived for shorter periods than mice bearing
GSCs transduced with EGFP (Supplementary Fig. S8K and S8L). Taken together, these
results demonstrate that BMAL1 and CLOCK contribute significantly to in vivo tumor
growth of GSCs.

While REV-ERB agonists have been previously tested in glioblastoma preclinical studies
using mouse cells (25), CRY agonists offer a novel therapeutic route. In vivo tool molecules
derived from KLO0O1 have been developed and shown to be efficacious in preclinical models
of diabetes (41). We tested one of the most promising proof-of-concept tool molecules,
SHP656, to characterize potential utility of CRY stabilizers for glioblastoma therapy.
Treating patient-derived GSCs, DGCs or non-malignant (NM) epilepsy-derived neural cells
with different concentrations of the compound, SHP656 selectively reduced the cell number
of GSCs, without obvious suppression of DGCs or NMs at the same concentrations (2—-30
uUM) (Figure 7G). To determine potential in vivo efficacy, we implanted GSCs bearing a
luciferase reporter into the frontal lobes of mice, and treatment was initiated once
measurable tumors were evident. SHP656 was well-tolerated, with no evidence of weight
loss or changes in mouse behavior (Supplementary Fig. S8M and S8N). SHP656 treatment
prolonged the survival of mice bearing two different patient-derived GSCs compared with
non-treatment (Fig. 7H and I). Thus, targeting the circadian rhythm of GSCs via CRY
stabilizing compounds to inhibit tumor growth in vivo is a viable treatment paradigm to
pursue.

To determine the potential clinical utility of targeting the circadian rhythm machinery, we
interrogated BMAL 1 expression in The Cancer Genome Atlas (TCGA), revealing that
BMALImRNA levels were elevated in glioblastomas relative to lower grades of glioma and
other glioma histologies (Fig. 7J and K). High BMAL 1 expression was associated with poor
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prognosis across tumor grades and within glioblastoma (Fig. 7L and M), whereas higher
levels of the circadian clock repressors, CRY2, REV-ERBa, PER2 and PER3 were
associated with improved survival in glioma patients (Fig. 7N-Q). These data support
targeting the BMALL::CLOCK axis as a promising strategy for glioblastoma therapy in
humans.

DISCUSSION

Disruption of circadian function in oncogenic processes has been largely considered at the
systems level. Analysis of TCGA data identified correlations between tumor-types and
tumor-stage specific alteration of cyclic clock genes with patient survival across 32 cancer
types (23). Despite these insights for a role of circadian dysregulation in cancer, few novel
mechanisms of action to guide new cancer therapies have emerged. Here, we report that
cancer stem cells derived from patients afflicted with glioblastomas recruit core components
of the circadian molecular machinery to regulate noncanonical target genes, distinct from
those in the corresponding normal cells. GSCs exhibit unique chromatin landscapes that
reprogram the output of BMAL1::CLOCK-dependent transcriptional regimes. Circadian
rhythmicity was preserved in multiple patient-derived GSCs with different genetic
backgrounds. Although MY C antagonizes circadian rhythms in cancer cells (26), GSCs with
MY C amplification or high expression demonstrated robust cyclic activity of luminescence.
Growth of normal brain cells and differentiated tumor cells was resistant to genetic or
pharmacological disruption of circadian circuitry. In contrast, GSCs display high sensitivity
to circadian targeting, with associated loss of viability and diminished self-renewal.
Furthermore, gain-of-function studies in GSCs revealed that BMAL 1 expression accelerates
tumor growth, providing further support for an oncogenic role for BMAL1::CLOCK activity
in the cancer stem cell compartment. Our findings in fully transformed cancer cells stand in
contrast to previous reports that a circadian rhythm and core clock genes function as tumor
suppressors during initial tumorigenesis (20,21), suggesting that the role of core clock
function in tumor progression may differ based on tumor development stage, cell type and
species differences. Consistent with our observations presented here, BMAL1 and CLOCK
are oncogenic in myeloid leukemia stem cells (12). These findings point to a global
reprogramming of circadian gene regulation, rather than the presence or absence of overt
rhythms in cancer cells, as being critical for understanding how the clock can be targeted for
novel therapies.

Widespread transcriptional regulation by circadian networks is reflected in the breadth of
reported phenotypes connecting circadian regulators to cancer biology, including tumor
metabolism, metastasis, and immune dysregulation (14,21,42). The observation that
specifically targeting circadian regulators diminishes viability of GSC populations opens the
possibility that modulating circadian machinery could offer novel treatment paradigms, e.g.
combinations with traditional cytotoxic therapies, anti-angiogenics, or emerging immuno-
oncology approaches. We recently identified GO289, a highly potent and specific inhibitor
of Casein Kinase 2 that regulates PER phosphorylation and circadian gene expression (43),
which suppressed BMAL 1 transcription and reduced viability in renal cell carcinoma and
acute myeloid leukemia cells versus non-malignant cell lines. Mathematical modeling of
radiation administration has indicated that timing of radiation treatment for glioblastoma
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may also improve tumor control (44). Circadian timing of treatment affected sensitivity of
glioblastoma cells to temozolomide in vitro, with maximal chemotherapy-induced DNA
damage responses, activation of apoptosis, and growth inhibition occurring near the daily
peak of BMAL1 expression (24). In contrast to the traditional focus on chronotherapy being
on optimal timing of treatments, we propose that the identification of the ectopic rewiring of
BMAL1::CLOCK in GSCs provides the rationale to develop glioblastoma therapies with
novel mechanisms of action.

The observations that GSCs express and depend on core circadian regulators could have
several explanations, all of which can contribute to the development of experimental
therapeutics. BMAL1 binding to cell-type specific promoters is mediated by tissue-
specifically distributed histone modifications controlling transcription factor accessibilities
at the TSSs of target genes which regulate output profile (45). Our analysis of BMALL1 and
H3K27ac ChlP-seq in GSCs and NSCs revealed strong correlation between BMAL1 peaks,
H3K27ac peaks as well as H3K4Me3 peaks. Genome-wide BMAL1 occupancy in GSCs
was more extensive and showed higher peak intensity at active chromatin regions, as
indicated by H3K27ac modification, compared to NSCs. BMAL1 displayed higher
enrichment at E-box motifs with higher H3K27ac occupancy in GSCs, as compared with
NSCs. Thus, differential BMALL binding between GSCs and NSCs is most likely driven by
the different epigenetic states and subsequently different chromatin accessibility at target
sites including stemness genes. Based on our analysis of the genome-wide binding of
BMAL1 and the differential chromatin landscape of GSCs compared to NSCs, we propose
that BMAL1 (and CLOCK) drives ectopic transcriptional programs via novel target binding
sites, including canonical binding sites (CLOCK and BMAL1), but also conserved binding
sites associated with ETS family members (ETV4 and ETV6) as well as key regulators of
chromatin tertiary structure (YY1, YY2 and CTCF) (Fig. 3C). The broad net effect on
transcription programs promotes key tumor metabolic effects on glucose and lipid
metabolism, as well as EGFR signaling (Fig. 3F), which itself has been linked to lipid
metabolism (46). Consistent with the idea that BMAL 1 and CLOCK drive networks that
promote oncogenesis, we see specific molecular targets that are regulated by BMALZ in
GSCs (e.g. hexokinase 2 and SDHA) that have been independently linked to tumor
maintenance (47,48). The collective emergent properties of this previously unidentified
reprogramming in GSCs strongly support the maintenance of tumor growth selectively in the
stem-like tumor cells.

Disordered mitochondrial OXPHQS in our study, which is consistent with previous studies
in other models (32), reinforced the critical roles of core clock genes in maintaining
metabolic states that support tumor growth. We and others have found that glucose
metabolism is critical to maintenance of GSCs, which selectively take up glucose through a
high affinity uptake mechanism (49). BMAL1 or CLOCK maintained GSCs by promoting
glycolysis and TCA cycle, supported by the reduced glycolysis and TCA cycle accompanied
by decreased levels of TCA metabolites in GSCs upon BMAL1 or CLOCK knockdown
(Fig. 4A-H; Supplementary Fig. S6A-S6F, S61 and S6J). Maintained pyruvate levels in
GSCs after BMALI or CLOCK knockdown may be attributed to reduced consumption of
pyruvate due to reduced TCA cycling (Fig. S6K). Tumor metabolism generates
oncometabolites that can serve as functional modulators or co-factors of chromatin
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regulators (50,51). GSC circadian rhythms may have a feedforward effect, whereby cooption
of BMAL1::CLOCK activity, aligned with the relatively open chromatin of GSCs, may
promote oncogenic effects that ultimately feedback to maintain the open chromatin state.
Thus, the targeting of core circadian clock machinery in GSCs may represent a topological
vulnerability that results in disruption of this feedforward mechanism and collapse of cell
state, that does not occur in NSCs or DGCs. Therapies that directly modulate circadian
regulators may augment the efficacy of pharmacologic agents that target tumor metabolism
(e.g. DCA) or chromatin states (e.g. EZH2, BMI1, or KDM inhibitors). BMAL1 and
CLOCK are bHLH-PAS transcription factors, which are commonly considered as
undruggable, but pharmacological modulation of the core circadian feedback loop has been
undertaken through two distinct feedback mechanisms; both of which we have investigated.
Here, SR9011 and SR9009 displayed high efficacy against GSCs (~2 fold more responsive
then DGCs and up to ~25 fold more responsive than non-malignant cells), which is
consistent with previous reports in mouse cell lines (25), although SR9009 also has REV-
ERB independent effects (52). We extend the therapeutic hypothesis by demonstrating
reduced stemness upon treatment, supporting the potential benefit of targeting core clock
genes for cancer therapy.

Repressing BMAL1::CLOCK activity by modulating CRY's presents an entirely novel
approach for glioblastoma treatment, and offers the possibility of combinatorial therapy with
emerging as well as established agents. KLOO1 is a carbazole derivative identified in a
phenotypic cell-based screen (38). KLOO1 results in the stabilization of CRY1 and CRY2
proteins by binding the FAD pocket subsequently reducing binding to the FBXL3 ubiquitin
ligase and proteolysis (53). Here, we found that KLO0O1 and its derivative, SHP656, are
highly potent in killing GSCs compared to other cell types. Parallel to this high specificity,
SHP656 has shown minor toxicity when administered to mouse (Supplementary Fig. S8M
and S8N). Consistent with the known mode of action of CRY proteins (12), KL001
treatment suppressed E-Box dependent core clock gene expression such as PER1 and PERZ.
In addition to its canonical effects, KL001 potently reduces the expression of several genes
required to maintain stemness. Although preclinical derivates of KL001 and SHP656 have
been developed and applied to treatment for metabolic diseases (38,41), this is their first
known application in oncology.

The link between the circadian clock and aging (54), suggests that circadian control may be
differentially regulated in pediatric brain tumors. Recent studies have demonstrated that
pediatric brain tumors are molecularly distinct from adult brain tumors, with frequent
mutations in core histone proteins (55), which induce epigenetic reprogramming, possibly
altering available binding sites for BMALL. Future studies will define circadian regulation
of pediatric brain tumors and potential utility of targeting the circadian clock in these
important cancers.

GSC resistance to current therapies represents a significant unmet medical need for
glioblastoma patients. Targeting of one or more components of the circadian machinery
offers a compelling new path for the development of novel therapies in combination with
conventional therapies, radiation and chemotherapy.

Cancer Discov. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong et al. Page 13

METHODS

Derived Glioblastoma Stem Cells

Patients undergoing surgical resection for glioblastomas at Duke University or University
Hospitals-Case Medical Center provided written informed consent in accordance with a
protocol (090401) approved by Institutional Review Board (United States). All patient
related studies were conducted in accordance with the Declaration of Helsinki. After review
by neuropathology, excess glioblastoma surgical specimens were obtained. Validated brain
tumor initiating cells were isolated from glioma specimen and xenograft through prospective
sorting and functionally characterized, as previously described (56). Short Tandem Repeat
(STR) analyses were performed to authenticate the identity of GSCs used in this article
yearly. Mycoplasma testing was performed by PCR using cellular supernatants. To decrease
the incidence of artifacts caused by in vitro culture, patient derived xenografts were
propagated as a renewable source of tumor cells. Cells were grown in vitro fewer than 10
passages for in vitroand in vivo experiments.

Intracranial Tumor Formation in vivo

All mice procedures were performed under an animal protocol approved by University of
California, San Diego Institutional Animal Care and Use Committee. Intracranial
transplantation of GSCs was performed as previously described (56). Viable 50,000 cells
transduced with sShRNA for 48 hours were injected intracranially into the right cerebral
cortex of NSG (NOD.Cg-Prkdcscid I12rgtm1W;jl/SzJ, the Jackson Laboratory)
immunocompromised mice. To compare the tumor growth, Brain were isolated from mice
implanted with GSCs on the same day when there was development of neurological signs
after implantation. For the survival experiment, mice were maintained until manifestation of
neurological signs.

For in vivo therapy, NSG mice were implanted intracranially with 20,000 cells. After 7 days,
mice were divided into a vehicle control (1% CMC) group and a SHP656 group. The
reagents were administered by oral gavage (10 mg/kg BID for T387, and OD for T3565)
until endpoints were reached. Identical volumes of vehicle were given to the control group.

RNA Isolation and Quantitative RT-PCR

Cellular RNA was isolated and reverse-transcribed to cDNA using cDNA synthesis kit (ABI,
4387406). Then RT-PCR was performed using SYBR Green Mastermix (ABI, 4309155) on
an Applied Biosystems 7900HT cycler with primers (Table S1).

For all complete experimental details, reagents and statistical analyses, please see
Supplementary Methods and Supplementary reagents.

DATA AND SOFTWARE AVAILABILITY

All newly generated raw sequencing data is available on GEO through the accession
number: GSE134974. All data from external sources has been referenced in methods.
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STATEMENT OF SIGNIFICANCE

Cancer stem cells are highly malignant tumor populations. We demonstrate that
glioblastoma stem cells selectively depend on circadian regulators with gained binding
sites promoting tumor metabolism accompanied with active chromatin regions.
Supporting clinical relevance, pharmacologic targeting of circadian networks specifically
disrupted cancer stem cell growth and self-renewal.
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Figure 1. Genetic disruption of core clock genes suppresses GSC growth despite robust circadian

Days after seeding cells

oscillation.
(A-D) Bioluminescence of BMALL::Luc in T387 (A) and T3565 (B) GSCs, non-malignant
brain cultures (C), NSC (ENSA) (D), synchronized by 100 nM dexamethasone or 10 uM
forskolin. Data are representative of three experiments.
(E and F) mRNA and protein expression of BMAL1 and CLOCK in T387 (E) and T3565
(F) GSCs transduced with ShCONT, shBMAL1 or shCLOCK. Data are presented as mean *
SD. *** P< 0.001. Statistical significance was determined by one-way ANOVA with
Tukey’s multiple comparison. N=3.
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(G and H) Relative cell numbers of T387 (G) and T3565 (H) GSCs transduced with
shCONT, shBMAL1 or shCLOCK. Data are presented as mean + SD. *** P< 0.001.
Statistical significance was determined by two-way ANOVA with Tukey’s multiple
comparison. N=4.

(I and J) mRNA and protein expression of BMAL1 and CLOCK in non-malignant brain
cultures (NM 263) (I) and NSC (ENSA) (J) transduced with shCONT, shBMAL1 or
shCLOCK. Data are presented as mean = SD. *** P< 0.001. Statistical significance was
determined by one-way ANOVA with Tukey’s multiple comparison. N=3.

(K and L) Relative cell numbers of non-malignant brain cultures (K) and NSCs (L)
transduced with shCONT, shBMAL1 or shCLOCK. Data are presented as mean = SD. ***,
P< 0.001. Statistical significance was determined by two-way ANOVA with Tukey’s
multiple comparison. N=4.

(M-P) Protein expression of BMALL or CLOCK and relative cellular numbers in GSCs
transduced with Cas9-sgCONT, Cas9-sgBMAL1 (M and N) or Cas9-sgCLOCK (O and P).
Data are presented as mean + SD. *** P< 0.001. Statistical significance was determined by
two-way ANOVA with Tukey’s multiple comparison. N=3.
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Figure 2. The core clock components, BMAL 1 and CLOCK, areindispensable for GSCs

proliferation and survival.

(A and B) Cell cycle analysis of GSCs following transduction with sShCONT, shBMALI (A)

or shCLOCK (B). N=3.

(C and D) GSEA plot of genes in G2M (C) and M phase (D) during cell cycle after BMAL1

knockdown in GSCs.

(E) Quantification of EdU incorporation in GSCs transduced with sShCONT, shBMAL 1 or
shCLOCK. Data are presented as mean + SD. ***, P<0.001. Statistical significance was
determined by one-way ANOVA with Tukey’s multiple comparison. N=3.
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(F) Quantification of Ki67-positive cells by immunofluorescent staining in GSCs after
transduction with shCONT, shBMAL1 or shCLOCK. Data are presented as mean + SD. **%,
P< 0.001. Statistical significance was determined by one-way ANOVA with Tukey’s
multiple comparison. N=4.

(G) Quantification of FITC-Annexin V/PI positive cells of GSCs transduced with sShCONT,
shBMALI or shCLOCK. Data are presented as mean + SD. **% A< 0.001. Statistical
significance was determined by one-way ANOVA with Tukey’s multiple comparison. N=3.
(H) Quantification of cleaved CASPASE3 positive cells by immunofluorescent staining in
GSCs after transduction with sShCONT, shBMAL 1 or shCLOCK. Data are presented as
mean + SD. *** P<0.001. Statistical significance was determined by one-way ANOVA
with Tukey’s multiple comparison. N=4.

(I-L) In vitro limiting dilution assays and sphere formation of GSCs transduced with
ShCONT, shBMALI(l and J), or shCLOCK (K and L). The estimated stem cell frequencies
were indicated. Scale bar is 100 pm. Data of sphere numbers are presented as mean + SD.
#** P< 0.001. Statistical significance of sphere numbers was determined by one-way
ANOVA with Tukey’s multiple comparison. x 2 test was used for pair-wise differences in
stem population frequency. N=3.

(M-P) Transcripts and protein levels of GSC regulatory factors (SOX2, OLIGZand MYC)
measured by quantitative PCR and immunoblot in GSCs transduced with sShCONT,
shBMALI (M and N), or shCLOCK (O and P). Data are presented as mean + SD. *** /<
0.001. Statistical significance was determined by two-way ANOVA with Tukey’s multiple
comparison. N=3.

(Q) ChIP-gPCR experiments showing occupancy of BMALL1 at the promoters of SOX2,
OLIG2and MYC. All the results are normalized to 1gG control. N=3.
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Figure 3. BMAL 1 exhibits aberrant genome-wide binding patternsin GSCs compared to NSCs.
(A) Binding profiles and heatmaps for BMAL1 ChlP-seq signals in GSCs (T387 and T3565)

and NSCs (ENSA and hNP1). ChIP-seq signals are displayed within a region spanning +3
kb around all canonical transcription start sites (TSS) genome-wide.

(B) Distribution of genomic annotations of BMALL1 peaks in GSCs (middle panel) and
NSCs (right panel) with background shown in left panel. Consensus peaks were derived by
selecting all peaks present in both replicates of respective cell types.
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(C) Motif analysis of GSC-gained BMAL1 binding sites as defined in (Figure S4C). Both de
novo (left) and known consensus (right) motifs are shown with corresponding enrichment
significance values.

(D) Venn diagram showing the overlap between BMAL1 binding genes in GSCs and NSCs
+3 kb around the TSS.

(E and F) Gene set enrichment analysis (GSEA) (E) and pathway enrichment bubble plots
(F) of genes with GSC-gained BMAL1 peaks +3 kb around the TSS.

(G-1) GSEA plots of genes involved in circadian rhythm (G), glucose regulation (H) and
lipid metabolism (1) with increased BMALL binding in GSCs relative to NSCs.

(J) Heatmaps showing correlation of BMAL1 and H3K27ac ChIP-seq in T3565 GSCs. All
ChiIP-seq signals are displayed from £3 kb surrounding each annotated BMAL1 peak.

(K) Venn diagram showing the overlap between gained BMAL1 and H3K27ac peaks in
T3565 GSCs.

(L) Heatmaps displaying BMAL1 and H3K27ac ChlP-seq signals across GSC-gained
H3K27ac peaks containing an E-box motif.

(M) Venn diagram showing the overlap between GSC-gained BMALL1 peaks and H3K4me3
peaks in GSCs.

(N) Heatmaps showing correlation of BMAL1, H3K4me3 and H3K27ac ChIP-seq in GSCs.
(O) Schematic showing differential BMAL1 chromatin binding in NSCs and GSCs.
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Figure 4. Core clock components contribute to oxidative phosphorylation and TCA cyclein

GSCs.

(A and B) Oxidative phosphorylation (OXPHQOS) of T387 (A) and T3565 (B) GSCs after
transduction with ShCONT, shBMAL1 or shCLOCK using seahorse extracellular flux
analyzer (XF) OCR indicates OXPHOS. Cells were sequentially treated as indicated with
oligomycin (2 uM), P-trifluoromethoxy carbonyl cyanide phenylhydrazone (FCCP, 2 uM),
antimycin A (1 pM) and rotenone (rote, 1 uM). Vertical line indicates the time points for

inhibitors administration. Data are presented as mean = SEM. N=3.

(C and D) Histograms of basal oxidative phosphorylation in T387 (C) and T3565 (D) GSCs
transduced with ShCONT, shBMAL 1 or shCLOCK. Data are presented as mean £ SEM. *
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P<0.05; ** A< 0.01; *** A< 0.001. Statistical significance was determined by one-way
ANOVA with Tukey’s multiple comparison. N=3.

(E and F) ATP capacity of T387 (E) and T3565 (F) GSCs transduced with ShCONT,
shBMAL 1 or shCLOCK. Data are presented as mean £ SEM. ** A< 0.01; *** A< 0.001.
Statistical significance was determined by one-way ANOVA with Tukey’s multiple
comparison. N=3.

(G and H) Levels of uncoupled OXPHOS in T387 (G) and T3565 (H) GSCs transduced with
ShCONT, shBMAL1 or shCLOCK. Data are presented as mean £ SEM. ** A< 0.01; ***
P< 0.001. Statistical significance was determined by one-way ANOVA with Tukey’s
multiple comparison. N=3.

(I and J) ChIP-gPCR experiments showing BMAL1 and CLOCK occupancy at the promoter
region of the indicated genes in T387 (1) and T3565 (J) GSCs. All the results are normalized
to 1gG control. N=3.

(K) Transcript levels of the indicated genes related to glycolysis and tricarboxylic acid cycle
in GSC upon BMAL1 or CLOCK knockdown. Data are presented as mean = SD. % A< 0.05;
** < 0.01; *** A< 0.001. Statistical significance was determined by one-way ANOVA
with Tukey’s multiple comparison. N=3.

(L) Protein levels of critical GSC transcription factors (SOX2and OL/G2) after targeting
SDHA with shRNAs for 48 hours. N=3.

(M) Immunoblotting of cleaved CASPASE 3 and cleaved PARP in GSCs transduced with
ShCONT or shSDHA. N=3.

(N and O) Cell survival analysis of T387 (N) and T3565 (O) GSCs transduced with
shCONT or shSDHA. Relative cell survival was measured at indicated day (0, 2, 4, 6, or 8).
Data are presented as mean + SD. *** A< 0.001. Statistical significance was determined by
two-way ANOVA with Tukey’s multiple comparison. N=3.

(P) Concentration-responsive curve of GSCs (T387 GSC and T3565 GSC), DGCs (T387
DGC and T3565 DGC) and non-malignant brain cultures (NM263) treated with beta-
Nitropropionic acid (NPA) for 3 days. N = 3.
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Figure5. Targeting BMAL 1 with small molecules provides a therapeutic strategy for glioma.
(A) Schematic of negative feedback loop driven by REV-ERBs and BMAL1::CLOCK.

Small molecules SR9011 and SR9009 repress BMAL 1 expression by activating REV-ERBs.
(B and C) Transcript levels of core clock genes measured by quantitative RT-PCR in two
GSCs treated with different concentrations of SR9011 (B) or SR9009 (C) for 3 days. Data
are presented as mean + SD. *, /< 0.05; ** A< 0.01; *** A< 0.001. Statistical significance
was determined by two-way ANOVA with Tukey’s multiple comparison. N=3.

(D and E) Transcript level of GSC markers in two GSCs incubated with different
concentrations of SR9011 (D) or SR9009 (E) for 3 days in vitro. N=3. * /< 0.05; ** A&
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0.01; *** A< 0.001. Statistical significance was determined by two-way ANOVA with
Tukey’s multiple comparison. N=3.

(F and G) Concentration-response curves and EC50 of various cell types treated with
SR9011 (F) or SR9009 (G) (x axis, log scale). T387 and T3565 are GSCs, T387 DGC and
T3565 DGC are DGCs, NM263 and NM290 are non-malignant brain cultures, NHA is
astrocyte. N=3. Data are presented as mean + SD.

(H) Schematic of CRY's feedback loop. The small molecule modulator KLO0O1 inhibits
BMALL1 activity via stabilizing CRY1.

(I and J) Transcript expression of core clock genes (I) and GSC markers (J) measured by
quantitative RT-PCR following treatment of GSCs with different concentrations of KL001
for 3 days. Data are presented as mean = SD. * A< 0.05; ** A< 0.01; *** P<0.001.
Statistical significance was determined by two-way ANOVA with Tukey’s multiple
comparison. N=3.

(K) Concentration-response curves and EC50 of GSCs (T387 and T3565), DGCs
(T387DGC and T3565DGC), non-malignant brain cultures (NM263 and NM290) and
astrocytes (NHA) treated with different concentrations of KL001 (x axis, log scale) for 3
days. N=3.

(L) Immunoblot of CRY1 and MYC in GSCs overexpressing CRY 1. Data are representative
results from three-independent experiments.

(M and N) Relative cell numbers of GSCs overexpressing CRY 1 or GFP. Data are presented
as mean + SD. *** A< 0.001. Statistical significance was determined by one-way ANOVA
with Tukey’s multiple comparison. N=3
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Figure 6. Synergism of REV-ERB and CRY agonistsin vitro.
(A-D) Synergy indices of SR9011 and KL001 (A and B), SR9009 and KL001 (C and D)

analyzed by R package “synergyfinder”.
(E and F) Relative cell survival of T387 (E) and T3565 (F) GSCs following treatment with
indicated concentration of KL001 (10 uM), SR9011 (5 pM), or a combination. Data are
presented as mean £ SD. * A< 0.05; *** P< 0.001. Statistical significance was determined
by two-way ANOVA with Tukey’s multiple comparison. N=3.

(G and H) Relative cell viability of T387 (G) and T3565 (H) GSCs following treatment with
indicated concentration of KL001 (15 pM), SR9011 (7.5 uM), or a combination. Data are
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presented as mean £ SD. * A< 0.05; *** P< 0.001. Statistical significance was determined
by one-way ANOVA with Tukey’s multiple comparison. N=3.

(I and J) In vitro limiting dilution assays (I) and sphere numbers of GSCs (J) following
treatment with KL001 and SR9011 at indicated concentrations for 8 days. Data of sphere
numbers are presented as mean + SD. *** A< 0.001. Statistical significance of sphere
numbers was determined by one-way ANOVA with Tukey’s multiple comparison. x 2 test
was used for pair-wise differences in stem population frequency. N=3.

(K) Relative mRNA level of circadian and metabolic genes after treatment with KL001 (20
uM), SR9011 (10 uM) or a combination. Data are presented as mean + SD. * A< 0.05; **,
F£<0.01; *** P< 0.001. Statistical significance was determined by two-way ANOVA with
Tukey’s multiple comparison. N=3.

(L and M) Quantification of cleaved CASPASES3 positive cells by immunofluorescent
staining in T387 (L) and T3565 (M) GSCs after treatment with indicated agonists. Data are
presented as mean + SD. * F< 0.05, ** A< 0.01, *** P<0.001. Statistical significance was
determined by one-way ANOVA with Tukey’s multiple comparison. N=3.

(N and O) Quantification of EdU positive cells by immunofluorescent staining in T387 (N)
and T3565 (O) GSCs after treatment with indicated agonists for 48 hours. Data are presented
as mean + SD. ** A< 0.01, *** A< 0.001. Statistical significance was determined by one-
way ANOVA with Tukey’s multiple comparison. N=3.

(P) Immunoblot of cleaved-PARP in GSCs after treatment with indicated agonists for 48
hours. Data are representative results of three independent experiments.

(Q and R) /n vitrowound healing assay (Q) and calculated relative wound area (R) of T3565
GSCs treatment with indicated agonists. The scale bar is 0.4 mm. N=6. Data are presented as
mean + SD. *%* P< 0.01,; *** P<0.001. Statistical significance was determined by two-way
ANOVA with Tukey’s multiple comparison.
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Figure 7. Targeting core clock components suppressesin vivo tumor growth.
(A and B) Kaplan-Meier survival curves of immunocompromised mice bearing GSCs

transduced with ShCONT (N = 5), shBMALI (N = 4) (A) or shCLOCK (N = 4) (B).
Statistical significance was determined by Mantel-Cox log-rank test.
(C-F) H&E staining of tumor-bearing brains following implantation of GSCs transduced
with either sShCONT, shBMALI (C and D) or shCLOCK (E and F). Scale bar is 2 mm.
(G) Concentration-response curves and EC50 of GSCs (T387 and T3565), DGCs
(T387DGC and T3565DGC), non-malignant brain cultures (NM263 and NM290) and
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astrocytes (NHA) treated with different concentrations of SHP656 (x axis, log scale) for 3
days. N=3.

(H and 1) Kaplan-Meier survival curves of mice bearing T387 GSC (H) or T3565 GSC (1)
treated with SHP656. 15 mice were used per arm for T387 GSC and mice were treated BID
(twice a day) at 10mg/Kg. 10 mice were used per arm for T3565 GSC and mice were treated
QD (once a day) at 10mg/Kg. Statistical significance was determined by Mantel-Cox log-
rank test.

(J and K) BMALIZ mRNA level in different grades (J) or histologies (K) of glioma patients
from TCGA dataset. Data are presented as mean + SD. Statistical significance of sphere
numbers was determined by one-way ANOVA with Tukey’s multiple comparison.

(L and M) Kaplan-Meier survival curves of patients with higher or lower BMAL1
expression in low grades of glioma and glioblastoma (L) or glioblastoma alone (N).
Statistical significance was determined by Mantel-Cox log-rank test.

(N-Q) Kaplan-Meier survival curves of patients with higher or lower CRY2(N), NR1D1
(0), PER2 (P) or PER3(Q) expression in low grades of glioma and glioblastoma. Statistical
significance was determined by Mantel-Cox log-rank test.
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