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SUMMARY

Glioblastoma (GBM) is one of the most aggressive tumors in the adult central nervous system.
We previously revealed that circadian regulation of glioma stem cells (GSCs) affects GBM
hallmarks of immunosuppression and GSC maintenance in a paracrine and autocrine manner.
Here, we expand the mechanism involved in angiogenesis, another critical GBM hallmark, as a
potential basis underlying CLOCK’s pro-tumor effect in GBM. Mechanistically, CLOCK-directed
olfactomedin like 3 (OLFML3) expression results in hypoxia-inducible factor 1-alpha (HIFla)-
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mediated transcriptional upregulation of periostin (POSTN). As a result, secreted POSTN
promotes tumor angiogenesis via activation of the TANK-binding kinase 1 (TBK1) signaling

in endothelial cells. In GBM mouse and patient-derived xenograft models, blockade of the
CLOCK-directed POSTN-TBK1 axis inhibits tumor progression and angiogenesis. Thus, the
CLOCK-POSTN-TBKI circuit coordinates a key tumor-endothelial cell interaction and represents
an actionable therapeutic target for GBM.

In brief

Pang et al. show that circadian regulator CLOCK promotes tumor angiogenesis in glioblastoma
(GBM) through regulation of the OLFML3-HIF1a-POSTN-TBK1 circuit. Disrupting the tumor-
endothelial cell interaction by depletion of POSTN and TBK1 inhibits angiogenesis and tumor
growth in GBM mouse and PDX models.
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INTRODUCTION

Glioblastoma (GBM) is a devastating human malignancy, most commonly occurring in
adults. The current standard of care only offers modest and transient relief for patients

with GBM, 14 and the median survival is still approximately 20 months.> Moreover, efforts
toward developing novel targeted therapies, such as those against receptor tyrosine kinase
signaling, have failed in the clinic due to intratumoral heterogeneity.12:6 Glioma stem
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cells (GSCs) are a subpopulation of glioma cells that harbor stem cell-like properties and
play an important role in regulating tumor initiation, evolution, and treatment resistance.”-8
However, increasing evidence shows that the signaling of GSCs not only affects the cell
intrinsic biological properties (e.g., stemness) but also regulates the biology of the tumor
microenvironment (TME), including the most abundant macrophages and microglia.1:2:8-10
One important mechanism by which GSCs interact with the TME is the circadian regulation
by CLOCKS, which include transcriptional activators (e.g., the CLOCK-BMAL1 complex)
and repressors (e.g., cryptochrome 1 and 2 [CRY1 and CRY2], period 1, 2, and 3 [PER1,
PER2 and PER3], and REV-ERBa [also known as NR1D1]).11 Our recent studies have
shown that the CLOCK-BMAL1 complex in GSCs can upregulate the expression of
chemokines, thus triggering the infiltration of immunosuppressive microglia into the GBM
TME through a cell non-autonomous mechanism.112 Together, these findings highlight a
critical GSC-microglia interplay in GBM and provide a framework from which to identify
therapeutic targets intercepting the GSC-TME crosstalk in GBM.

Angiogenesis is a prominent TME-associated hallmark of GBM.13.14 Previous studies have
shown that GSCs can promote tumor angiogenesis through distinct mechanisms, such as the
secretion of pro-angiogenic factors and extracellular vesicles!®-17 and their differentiation
into pericytes.18 These findings gain added significance, as they suggest a critical connection
between GSCs and endothelial cells/pericytes. However, the molecular basis underlying
this connection remains enigmatic. A growing body of evidence demonstrates that the
CLOCK-BMAL1 complex can affect both developmental and tumor angiogenesis. For
example, disruption of the CLOCK-BMAL1 complex in a zebrafish embryonic model
impairs vascular development and in cancer cells reduces tumor angiogenesis in colorectal
cancer.19.20 Thus, these findings highlight a crucial role of the CLOCK-BMAL1 complex
in influencing angiogenesis in both physiological and pathological conditions. On the other
hand, we and others have demonstrated that the CLOCK-BMAL1 complex is critical for
maintaining GSC stemness in GBM.121 Together, these findings led us to hypothesize that
the CLOCK-BMAL1 complex might promote tumor progression by connecting GSCs and
angiogenesis in GBM.

Here, we reveal a key function of GSC-derived CLOCK in promoting tumor angiogenesis in
GBM. Mechanistically, the CLOCK-BMAL1 complex in GSCs modulates the olfactomedin
like 3 (OLFML3)-hypoxia-inducible factor 1-alpha (HIF1a) axis to upregulate periostin
(POSTN), which, in turn, promotes tumor angiogenesis via activation of the TANK-binding
kinase 1 (TBKZ1) signaling in endothelial cells. /n7 vivo studies with inhibition of POSTN
and TBK1 in GBM mouse models, followed by clinical-pathological validations using GBM
patient tumors, highlight the CLOCK-POSTN-TBK1 axis as a promising therapeutic target
for GBM.

GSC-derived CLOCK promotes angiogenesis in GBM

To explore CLOCK regulation of GSC-TME interactions, gene set enrichment analysis
(GSEA) was used to catalog hallmark pathways?2 in the TCGA GBM dataset with BMALI-
high versus BMAL I-low tumors.23 Angiogenesis was one of the top hallmark pathways
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enriched in BMAL I-high GBM patient tumors compared with BMAL 1-low tumors (Figures
1A and 1B). Moreover, GSEA on Gene Ontology Biological Process (GOBP) signatures
revealed that three angiogenesis-related signatures were enriched in CLOCK- and BMAL 1-
high GBM patient tumors compared with CLOCK- and BMAL I-low tumors, respectively
(Figures S1IA-S1F). To confirm the role of GSC-derived CLOCK in this process, we
performed GSEA on microarray data from GBM patient-derived GSC272 cells with or
without CLOCK depletion. The enrichment of angiogenesis signature was impaired in
GSC272 cells expressing inducible short hairpin RNA (shRNA) CLOCK (ishCLOCK)
compared with ish control (ishC) (Figure 1C). In order to obtain direct evidence, ShRNA-
mediated depletion of CLOCK and BMAL1 was performed in mouse QPP7 GSCs, a

GSC line isolated from GBM tumors of an engineered mouse model with null alleles

for Qki, Pten, and Trp53.2* Transwell migration and tube formation assays demonstrated
that the angiogenic potential of endothelial cells was dramatically reduced when they

were treated with conditioned media (CMs) from GSCs that had the CLOCK-BMAL1
complex inhibited. Specifically, the migration and tube formation of primary mouse brain
endothelial cells and immortalized human umbilical vein endothelial cells (iIHUVECS) were
inhibited by shRNA-mediated depletion of CLOCK (Figures 1D-1H and S1G) and BMALL1
(Figures 11-1K and S1H-S1J) in QPP7 GSCs. Next, we used our isShRNA knockdown
system! to deplete CLOCK in human GSC272 cells. Similarly, the migration and tube
formation of iIHUVECSs were reduced by CMs from GSC272 cells expressing ishCLOCK
compared with ishC (Figures 1L, 1M, S1K, and S1L). To rule out the potential effect

of GSC-derived CLOCK in regulation of endothelial cell survival, we performed flow
cytometry analyses and found that CMs from CLOCK-depleted GSC272 cells did not affect
survival and apoptosis of iIHUVECs (Figures SIM-S1P). Recently, we have demonstrated
that genetic depletion of CLOCK in an orthotopic GSC272 model significantly extended
survival.l To investigate whether the /7 vivo anti-tumor effects relate to tumor angiogenesis,
we performed immunofluorescence staining for CD31 in ishC and ishCLOCK GSC272
tumors. The number of CD31" blood vessels in tumors was substantially reduced upon
CLOCK depletion (Figures 1N and 10). Endothelial cells can be differentiated from CD34*
progenitor cells.2> We further found that the migration of mouse and human primary CD34*
cells was reduced when they were treated with CMs from GSC272 and QPP7 GSCs
harboring CLOCK and BMAL1 depletion (Figures S2A-S2H). In summary, these data
demonstrate that genetic depletion of the CLOCK-BMAL1 complex in GSCs impairs tumor
angiogenesis /in vitroand in vivo.

As an agonist of REV-ERB, SR9009 can inhibit the expression of CLOCK and BMAL1

in GSCs.12 Accordingly, CMs from SR9009-treated GSC272 cells inhibited endothelial cell
migration and tube formation /n vitro (Figures 1P, 1Q, S2I, and S2J). Moreover, SR9009
treatment in C57BL/6 mice implanted with CT2A cells, a glioma cell line isolated from

a carcinogen-induced tumor possessing a GSC-like phenotype,12:26 significantly extended
survivall and reduced the number of intratumoral CD31* blood vessels (Figures 1R

and S2K). Clinically, the expression of a 20-gene angiogenesis signature?’ correlated
positively with CLOCK and ARNTL (encoding for BMAL1) in TCGA GBM patient
tumors (Figures S2L and S2M). Using this angiogenesis signature, unsupervised clustering
was performed to categorize TCGA GBM into angiogenesis-high and angiogenesis-low
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subgroups (Figure 1S). Angiogenesis-high tumors showed higher CLOCK and ARNTL
expression compared with angiogenesis-low tumors (Figures 1T and 1U). Taken together,
these findings demonstrate that GSC expression of the CLOCK-BMAL1 complex promotes
tumor angiogenesis in GBM.

The CLOCK-BMAL1 complex promotes angiogenesis via upregulating POSTN in GSCs

To elucidate the factors governing CLOCK-dependent angiogenesis, enriched genes within
the angiogenesis hallmark pathway were determined in TCGA GBM patient tumors
(BMALI high versus BMAL1 low) and GSC272 cells (ishC versus ishCLOCK). Four
angiogenesis-related genes (PF4, ITGAV, LPL, and POSTN) were identified to be regulated
by the CLOCK-BMAL1 complex (Figure 2A). Among them, POSTN showed the most
dramatic reduction upon CLOCK depletion in GSC272 cells (Figures 2B and 2C). qRT-
PCR demonstrated that POSTN expression levels were dramatically reduced upon CLOCK
depletion in GSC272 cells (Figure 2D) and upon SR9009 treatment in QPP7 GSCs (Figure
2E). Western blotting also confirmed that shRNA-mediated depletion of CLOCK (Figure
2F) and BMALL1 (Figure 2G) and SR9009 treatment (Figures 2H and 2I) significantly
reduced the protein level of POSTN in QPP7 GSCs and GSC272 cells. To confirm the
circadian regulation of POSTN, we monitored the mMRNA levels of CLOCK, ARNTL, and
POSTN in GSCs and found that they showed similar circadian oscillation in GSC272 and
QPP7 GSCs (Figures S3A and S3B). Clinically, correlation analyses in TCGA and Chinese
Glioma Genome Atlas (CGGA) GBM datasets demonstrated that POSTN expression in
tumors correlated positively with CLOCK and ARNTL (Figures 2J, 2K, and S3C). Next,
we performed analyses on single-cell RNA sequencing (ScCRNA-seq) data from a cohort of
28 GBM patient tumors.28 Within the malignant population (Figure S3D), CD44 was used
as a marker to classify GSCs (Figure S3E), and three discrete GSC subsets were identified
(Figure S3F). POSTN was highly expressed in all three GSC subsets (Figure S3G). Based on
the expression level of ARNTL (Figure S3H), we categorized GSCs into ARNTL negative
() and positive (+) subgroups and found that POS7N expression level in the ARNTL (+)
group was significantly higher than that in ARNTL (=) group (Figure 2L). Together, these
findings indicate that POSTN is regulated by the CLOCK-BMAL1 complex in GSCs.

To validate whether GSC-derived POSTN functions as a pro-angiogenic factor in GBM,
we performed angiogenic assays and showed that recombinant POSTN-supplemented media
increased endothelial cell migration and tube formation (Figures S4A-S4D). Conversely,
CMs from shRNA-mediated POSTN-depleted GSC272 (Figures 3A-3D and S4E), QPP7
GSCs (Figures 3E, 3F, and S4F-S4H), and CT2A cells (Figures S4F and S41-S4L)

showed impaired endothelial cell migration and tube formation compared with the CMs
from shRNA controls. To confirm whether POSTN depletion affects tumor biology, we
performed a series of cellular experiments and demonstrated that POSTN depletion did not
affect the proliferation, apoptosis, and cell cycle of CT2A cells (Figures SSA-S5H). To
confirm the importance of POSTN in tumor progression and angiogenesis /n vivo, shC and
shPostn QPP7 and CT2A cells were implanted into the brains of C57BL/6 mice. The result
demonstrated that POSTN depletion significantly extended the survival of tumor-bearing
mice (Figures 3G, 3H, and S51). Immunofluorescence for CD31 in shC and shPostn tumors
revealed that tumor angiogenesis was significantly reduced by POSTN depletion in QPP7
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and CT2A models (Figures 3l, 3J, S5J, and S5K). Tumor-associated macrophages play

an important role in angiogenesis.2 We found that POSTN depletion reduced intratumoral
F4/80*CD206* macrophages in QPP7 and CT2A GBM models (Figures S5L-S50), which
is consistent with a previous report.? These findings collectively suggest that CLOCK-
regulated POSTN is essential for tumor angiogenesis and GBM progression.

To reinforce the clinical relevance of our findings that CLOCK-regulated POSTN
contributes to tumor angiogenesis, we performed analyses on scRNA-seq data from a
cohort of 16 patients with GBM,2° which contain both glioma cells and TME components,
including immune cells, endothelial cells, and pericytes. Consistently, we confirmed that
POSTN was highly expressed in CD44" GSCs (Figures 3K—-3M). Based on the expression
level of POSTN, patient tumors were categorized into two subgroups of POSTN high

and POSTN low. GSEA on hallmark pathways in both glioma cells and endothelial cells
demonstrated that angiogenesis was one of the top hallmark pathways enriched in POSTN-
high patient tumors compared with POSTN-low patient tumors (Figures S6A and S6B).
Moreover, POSTN expression level in GSCs was observed to be correlated positively with
the abundance of endothelial cells, but not immune cells and pericytes, in GBM patient
tumors (Figure 3N). Similarly, endothelial cell frequency was higher in POSTN-high tumors
than that in POSTN-low tumors (Figure 30). Finally, we performed /n silico analyses

on the TCGA GBM dataset. GSEA on GOBP signatures in TCGA GBM patient tumors
showed that the expression of POSTN correlated positively with angiogenesis, blood vessel
morphogenesis, and endothelial cell differentiation (Figure S6C). Unsupervised clustering
with the angiogenesis signature?’ demonstrated that angiogenesis-high GBMs showed
higher POSTN expression relative to angiogenesis-low tumors (Figure S6D). POSTN
expression level correlated positively with the angiogenesis signature (Figure S6E)27 and
angiogenesis-associated marker genes, such as PECAMI (encoding for CD31; Figure S6F)
and CD34 (Figure S6G). Finally, the survival analysis demonstrated that the expression of
POSTN was found to negatively correlate with patient overall survival in the TCGA GBM/
low-grade glioma (LGG) dataset (Figure S6H) and the TCGA GBM dataset (Figure S6l).

CLOCK-directed OLFML3-HIF1la axis upregulates POSTN expression and angiogenesis

To investigate whether the CLOCK-BMAL1 complex can transcriptionally regulate POSTN
in GSCs, the BMAL1 chromatin immunoprecipitation (ChIP)-seq dataset?! from human
neural stem cells (NSCs; e.g., hNP1 and ENSA) and GSCs (e.g., T3565 and T387) was
analyzed. We did not observe binding of BMAL1 to the POSTN promoter in either NSCs or
GSCs (Figure S7A), suggesting that the CLOCK-BMAL1 complex may upregulate POSTN
via an indirect regulation mechanism. Given that our recent studies have demonstrated

that the CLOCK-BMAL1 complex promotes microglial infiltration via transcriptionally
upregulating OLFML3and HIF1A 112 we hypothesized a connection between the
OLFML3-HIFla axis and POSTN in GSCs. Bioinformatics analyses demonstrated that
POSTN was the top gene enriched in OLFML3-high GBM patient tumors (Figure 4A)

and correlated positively with OLFML3in TCGA GBM patient tumors (Figure 4B).
Western blotting demonstrated that ShRNA-mediated depletion of OLFML3 in GSC272
cells significantly reduced POSTN expression (Figure 4C). We have recently demonstrated
that depletion of OLFML3 extended the survival of SCID mice bearing GSC272 tumors.
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To confirm whether OLFML3-depletion-induced tumor growth impairment relates to
angiogenesis, we first performed a Transwell migration assay using the CMs from control
and OLFML3-depleted GSC272 cells and found that OLFML 3 depletion dramatically
reduced endothelial cell migration (Figures 4D and S7B). Next, immunohistochemistry
staining for POSTN and CD31 was performed in shC and shOLFML3 GSC272 tumaors,
which demonstrated that POSTN expression and CD31* blood vessels were significantly
reduced upon OLFML3 depletion (Figures 4E-4G). Together, these findings indicate that
the pro-angiogenic factor POSTN is regulated by OLFML3 in GSCs.

Since HIF1a is a downstream signaling of OLFML3,12 we further investigated whether
POSTN is regulated by HIF1a in GSCs. Bioinformatics analyses demonstrated that POSTN
was the top gene enriched in H/F1A-high tumors compared with H/F1A-low tumors
(Figure S7C) and correlated positively with H/F1A in TCGA GBM patient tumors (Figure
S7D). To confirm whether HIF1a can directly regulate POSTN, the JASPAR database
was utilized, which revealed that putative HIFLA-binding elements were identified in the
POSTN promoter and were evolutionarily conserved across different species, including
human and mouse (Figures S7E and S7F). ChIP-PCR assay confirmed that HIF1A bound
to the POSTN promoter in GSC272 cells (Figures 4H and 41). gRT-PCR and western
blotting assays demonstrated that inhibition of HIF1a using its inhibitor acriflavine (ACF)
dramatically reduced the mRNA and protein levels of POSTN in GSC272 cells (Figures
4J and 4K). Functional studies showed that the migration and tube formation potential

of endothelial cells was enhanced by GSC272 CM treatment, which was abolished when
GSC272 cells were pretreated with ACF (Figures 4L, 4M, S7G, and S7H). Together, these
findings indicate that the OLFML3-HIF1a axis is required for CLOCK-regulated POSTN
expression and angiogenesis in GBM.

TBK1 mediates POSTN-induced tumor angiogenesis in GBM

To explore the potential molecular mechanisms underlying POSTN-directed angiogenesis,
an unbiased GSEA in GBM patient tumors from the TCGA dataset was performed with
POSTN high versus POSTN low and in endothelial cells from scRNA-seq GBM dataset?8
with POSTN high versus POSTN low in glioma cells/GSCs. By overlapping these two
datasets, we identified three signature pathways (e.g., ESC_V6.5_UP_EARLY.V1 DN,
ESC V6.5 UP_LATE.V1 DN, and TBK1 signature) that were potentially regulated by
POSTN (Figures 5A, S8A, and S8B). Among these three signature pathways, TBK1 is

a druggable kinase, and the other two signatures are involved in early and late stages

of differentiation of embryonic stem cells. Therefore, we decided to investigate whether
TBK1 is required for POSTN-induced angiogenesis. To solidify the connection between
angiogenesis and TBK1, expression patterns of angiogenic marker CD31 and phospho-
TBK1 (P-TBK1; Serl72) were analyzed in mouse and human GBM tumor samples.
Immunofluorescence staining demonstrated that P-TBK1 was highly expressed in CD31*
blood vessels in GBM tumors from murine animal models (including CT2A and QPP7
GSC) and patients with GBM (Figure 5B). In our endothelial cell system, western blotting
demonstrated that CT2A CMs upregulated P-TBK1, an effect that was abolished when
CT2A cells express shPostn (Figure 5C). To further confirm the role of POSTN in regulation
of TBK1, endothelial cells were treated with POSTN recombinant protein that upregulated
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TBKI mRNA levels (Figure S8C) and induced TBK1 activation (as indicated by P-TBK1
level) in a time- and dose-dependent manner (Figures 5D and 5E). In tumors from QPP7
and CT2A GBM mouse models, shRNA-mediated POSTN depletion reduced P-TBK1-
expressing blood vessels (Figure S8D-S8G). Thus, the POSTN-induced TBK1 activation
is observed in endothelial cells of mouse and human GBM, prompting exploration of a
potential role of TBK1 in mediating POSTN-induced angiogenesis in GBM.

Next, angiogenic assays showed that POSTN-induced endothelial cell migration and tube
formation were abolished by TBK1 inhibition using its specific inhibitors, including BX-795
hydrochloride (BX795)30:31 and compound 1 (CMPD1)32 (Figures 5F, 5G, S8H, and S8l).
A Matrigel plug assay also demonstrated POSTN-induced angiogenesis (CD31* cells) was
impaired by the treatment with TBK1 inhibitors BX795 and CMPD1 (Figures S8J and
S8K). Together, these findings support a role for TBK1 signaling in mediating POSTN-
induced angiogenesis. To investigate the role of endothelial cell TBK1 in angiogenesis

and tumor growth /n vivo, we generated endothelial cell-specific TBK1 null (TBK1-eKO
[knockout]) mice by crossing TBK1-flox mice with Cdh5(PAC)-CreERT2 mice (Figure
5H).33 Orthotopic transplantation of QPP7 and CT2A cells into the brains of TBK1-eKO
mice showed a survival extension compared with TBK1 wild-type (WT) mice (Figures 5I
and 5J). Immunofluorescence staining confirmed that TBK1 in endothelial cells (Figure
S8L) and CD31* blood vessels (Figures 5K and 5L) were dramatically reduced in tumors
from TBK1-eKO mice compared with TBK1-WT mice. Moreover, treatment with TBK1
inhibitor BX795 in the GSC272 model resulted in reduction of intratumoral P-TBK1
signaling and blood vessels (Figures S8M-S8P). Finally, the clinical relevance of the above
experimental findings was supported by the positive correlations among POSTN, P-TBK1,
and CD31 in GBM patient tumors (Figures 5M-5P). Together, these findings highlight the
importance of endothelial cell TBK1 in angiogenesis and glioma tumor biology.

DISCUSSION

In the current study, we revealed the CLOCK-BMAL1 complex as a key molecular switch
controlling the connection between GSCs and endothelial cells in GBM. We identified
POSTN as a critical pro-angiogenic factor that is regulated by the CLOCK-OLFML3-
HIFla axis in GSCs and promotes tumor angiogenesis via activation of the TBK1

signaling in endothelial cells. As a result, inhibition of POSTN in GSCs and TBK1 in
endothelial cells impairs GBM tumor growth and angiogenesis. Clinically, we found that the
expression of the CLOCK-POSTN-TBK1 axis correlates positively with tumor angiogenesis
and negatively with overall survival in patients with GBM. Together, our study reveals

the CLOCK-OLFML3-HIF1a-POSTN axis (in GSCs) and the POSTN-TBK1 axis (in
endothelial cells) as key regulators mediating GSC-endothelial cell communication and as
actionable therapeutic targets for GBM.

Circadian rhythm regulators (e.g., the CLOCK-BMAL1 complex) play an important role

in tumorigenesis across cancer types.3435 Emerging evidence reveals that depletion of

the CLOCK-BMAL1 complex in cancer cells has shown to inhibit leukemia stem cell
proliferation, promote myeloid differentiation in acute myeloid leukemia,3¢ and impair
cancer cell proliferation and migration in GBM.3” Moreover, we and others have shown that
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the CLOCK-BMAL1 complex is essential for GSC stemness maintenance via regulating cell
metabolism.121 In addition to this cell-intrinsic effect, recent findings support the hypothesis
of cell-extrinsic effects of the CLOCK-BMAL1 complex in regulating the TME.11 In GBM,
we have demonstrated that GSC-derived CLOCK functions as a suppressor of anti-tumor
immunity via promoting the infiltration of immunosuppressive microglia.}:12 In this study,
we extend the actions of GSC-derived CLOCK as a promoter of tumor angiogenesis in
GBM, consistent with recent reports showing that cancer cell-derived CLOCK promotes
tumor angiogenesis in colorectal cancer.1® Functionally, our work demonstrates that
inhibition of the CLOCK-BMAL1 complex impairs tumor angiogenesis in GBM mouse
models. In sum, our work reinforces the importance of the GSC-directed CLOCK-BMAL1
complex in regulating tumor angiogenesis and highlights a critical angiogenesis-related
therapeutic potential via blockade of the CLOCK-BMAL1 complex in GBM.

Angiogenesis is a prominent cancer hallmark in solid tumors, including GBM.13.14
Although good clinical responses have been obtained in some types of cancer, such as
colorectal cancer, the anti-angiogenic therapy (e.g., anti-VEGF therapy) induces adverse
effects since it can drive vascular alterations in healthy tissues.38-40 In GBM, clinical
trials have shown that anti-angiogenic therapy does not improve the overall survival of
patients.#! The basis for this therapeutic failure is unclear, but it is worth noting that
angiogenesis regulation in GBM is context dependent. For example, PI4ARF deficiency
in GBM cells inhibits angiogenesis via upregulation of metalloproteinase-3,42 whereas the
rearrangement and activation of EGFRV/// promotes angiogenesis via the nuclear factor
xB (NF-xB)-interleukin-8 pathway.43 Consistent with previous studies,? our ScRNA-seq
analysis on GBM patient tumors suggests that POSTN is preferentially expressed by GSCs.
In this study, we established that CLOCK-dependent POSTN supports tumor angiogenesis
and GBM progression and is associated with poor clinical outcomes. Therefore, our

study reinforces the importance of the CLOCK-BMALL1 complex in regulation of tumor
angiogenesis and identifies POSTN as a potential target along with a specific CLOCK/
BMAL1-high responder population for such intervention. In addition to directly promoting
angiogenesis, as supported by our data in this study and other reports,** POSTN limits the
tumor response to anti-angiogenic therapy in various cancer types, including GBM.45:46
Together, these findings highlight the importance of the CLOCK-BMAL1 complex in
regulating tumor angiogenesis and suggest that combined inhibition of POSTN and anti-
angiogenic therapy may yield clinical benefits for CLOCK/BMAL1-high GBM.

POSTN, a multifunctional matricellular protein (also called osteoblast-specific factor), was
first identified in osteoblasts, which displays an important role in regulating inflammatory
responses and the TME.# It has been shown that POSTN is essential for macrophage

and epithelial cell migration into the TME via binding to its receptors a VB3 and

a VPS5 integrins.®#8 Along similar lines, it would be helpful to determine whether these
integrins are required for CLOCK-directed POSTN signaling in GBM angiogenesis, thus
expanding therapeutic targets for this intractable disease. Intriguingly, our unbiased pathway
analysis, followed by functional studies, demonstrated that TBK1 is the key downstream
signaling responsible for POSTN-induced angiogenesis in GBM. TBK1 is essential for
type | interferon production during anti-viral immune responses.#%-51 TBK1 in cancer
cells functions as an oncogene to regulate cell division, autophagy, and AKT pro-survival
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signaling in melanoma and lung cancer,2-54 and in GSCs, it serves to suppress the core
pluripotency circuitry in GBM.®® The function of TBK1 in angiogenesis is supported

by a study showing that cancer cell TBK1 promotes tumor angiogenesis in a non-cell-
autonomous mechanism via upregulating VEGF.%6:57 However, our work further reinforces
the critical role of endothelial cell TBK1 in regulating POSTN-induced tumor angiogenesis
in GBM. This identification, coupled with the anti-tumor effect of endothelial cell TBK1
deletion in GBM mouse models, provides guidance for clinical investigation of blocking
angiogenesis as a strategy. Together, this study contributes to our understanding of TBK1,
specifically in endothelial cells, in supporting tumor angiogenesis in GBM.

Limitations of the study

First, we observed an angiogenesis promoting effect of the CLOCK-BMAL1 complex

via upregulating pro-angiogenic factor POSTN in GSCs and have shown that CLOCK is
essential for GSC stemness maintenance.l However, in this article, we have not shown the
direct evidence supporting the CLOCK-regulated connection between GSC stemness and
angiogenesis in GBM. Second, we showed that GSC-derived POSTN promotes angiogenesis
via activation of the TBK1 signaling. However, the detailed molecular mechanism for how
POSTN activates TBK1, and subsequently promotes angiogenesis, is not understood well
and is a future direction to pursue.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents
should be directed to and will be fulfilled by the Lead Contact, Peiwen Chen
(peiwen.chen@northwestern.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—This paper analyses publicly available data. The references
for these datasets are listed within the relevant results sections. This study does not report
original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and intracranial xenograft tumor model—Female C57BL/6 (Jackson
Laboratory, #0000664), SCID (Taconic Biosciences, #ICRSC-F) and nude (Jackson
Laboratory, #007850) mice at 3—4 weeks of age were grouped by 5 animals and maintained
under pathogen-free conditions. C57BL/6 TBK1-flox mice were a kind gift from Dr.
Katherine Fitzgerald (University of Massachusetts) and have been described previously.49
TBK1-flox mice were crossed with Cdh5(PAC)-CreERT2 mice (developed by Dr. Ralf
Adams and provided by Dr. William A. Muller) to obtain TBK1-eKO mice. All animal
experiments were performed with the approval of the Institutional Animal Care and Use
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Committee (IACUC). The intracranial xenograft tumor models in C57BL/6 and SCID
mice were established.? In brief, mice were anesthetized by intraperitoneal injection of a
stock solution containing ketamine (Covetrus, #056344, 100 mg/kg) and xylazine (Akorn,
#59399-110-20, 20 mg/kg) and were placed into the stereotactic apparatus (RWD Life
Science, # 68513). A small hole was bored in the skull 1.2 mm anterior and 3.0 mm lateral
to the bregma using a dental drill. Cells were injected in a total volume of 5 pL into the
right caudate nucleus 3 mm below the surface of the brain using a 10 uL Hamilton syringe
with an unbeveled 30-gauge needle. The incision was closed using Vetbond glue. Mice
with neurologic deficits or moribund appearance were sacrificed. Following the transcardial
perfusion with 4% PFA (Alfa Aesar, #J61899), brains were removed and fixed in formalin
(Fisher Chemical, #SF100-4), and were processed for optimal cutting temperature (OCT)-
and paraffin-embedded blocks.

GBM patient samples—~Patient tumor samples (n = 23) from surgically-resected IDH-
WT GBMs were collected at the Northwestern Central Nervous System Tissue Bank
(NSTB). All patients were diagnosed according to the WHO diagnostic criteria by
neuropathologist at the NSTB. Patient information is provided in Table S1. According to
The George Washington University Institutional Review Board and based on the guidelines
from the Office of Human Research Protection, the conducted research meets the criteria for
exemption #4 (45 CFR 46.101(b) Categories of Exempt Human Subjects Research) and does
not constitute human research.

METHOD DETAILS

Cell culture—293T and CT2A cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco, #11995-065) containing 10% fetal bovine serum (FBS; Fisher
Scientific, #16140071) and 1:100 antibiotic-antimycotic (Gibco, #15140-122), and were
purchased from the American Type Culture Collection (ATCC). For stemness maintenance,
CT2A cells were cultured in neural stem cell (NSC) proliferation media (Millipore,
#SCMO005) containing 20 ng/mL basic fibroblast growth factor (bFGF; PeproTech,
#100-18B) and epidermal growth factor (EGF; PeproTech, #AF-100-15). iHUVECs were
made by transduction of HUVEC with LSNX-16E6E7, an amphotrophic retrovirus
encoding the oncoproteins E6 and E7 of human papillomavirus type 16 (provided by Dr.
David Klumpp; Northwestern University, Evanston, IL). iHUVECs display all the known
characteristics of primary endothelial cells.>8>° Human primary CD34" cells (#70002.1)
were purchased from STEMCELL Technologies. iIHUVECs and CD34* cells were cultured
in endothelial cell basal medium (Gibco, #11111044) containing 12.5 mg/mL endothelial
cell growth supplement (Corning, #356006), 10% FBS and 1:100 antibiotic-antimycotic.
Patient-derived GSC272 and mouse QPP7 GSCs were cultured in NSC proliferation media
(Millipore Corporation, Billerica, MA) containing 20 ng/mL bFGF and EGF. All cells were
maintained at 37°C and 5% CO, and were confirmed to be mycoplasma-free.

Isolation and culture of primary mouse brain endothelial cells and CD34*
hematopoietic stem and progenitor cells—Mouse brains were dissected and

placed in a Petri dish containing cold phosphate-buffered saline (PBS; Fisher Scientific,
#BP399500). Olfactory lobes, cerebellum, medulla, spinal cord, and meningeal layers were
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removed. Each brain was individually minced into tiny pieces and transferred into a 50

mL conical tube with 1 mL of wash buffer containing IMDM (Cytiva, #SH30228.FS) and
2% FBS. 10 mL of a digestion mixture containing IMDM supplemented with 100 pg/mL
collagenase I (usp, #1148089), 100 ug/mL collagenase 1l (MP Biomedicals, #0210050201),
and 20 units/mL deoxyribonuclease | (Worthington, #L.S002139) was added to each tube,
and samples were incubated in a 37°C shaking incubator for 60-90 min. Following
digestion, tissue samples were filtered through a 70 uM strainer (BioX, #15-1070-1) and
centrifuged at 700 g for 5 min at 4°C. To each tube, 3 mL of ACK lysing buffer (Gibco,
#A1049201) was added to incubate for 5-10 min at room temperature. After adding 5

mL PBS, samples were centrifuged 700 g for 5 min at 4°C. Then, magnetic-activated

cell sorting (MACS) method was used to separate primary CD31* endothelial cells from
CD45" immune cells in the brain. To this end, we first completed a CD45 positive

selection using CD45 MicroBeads (Miltenyi Biotec, #130-052-301), and then the CD45~
fraction samples were centrifuged at 300 g for 10 min. Cells were then incubated with
CD31 MicroBeads (Miltenyi Biotec, #130-097-418). CD45-CD31* endothelial cells were
cultured in human endothelial media (Gibco, #11111044) supplemented with 10% FBS,

1% penicillin-streptomycin, and 12.5 mg/mL endothelial cell growth supplement, and
maintained at 37°C with 5% CO,. CD34* hematopoietic stem and progenitor cells were
isolated from mouse bone marrow using EasySep Mouse Hematopoietic Progenitor Cell
Isolation Kit (STEMCELL Technologies, #19856). Breifly, bone marrow cells were flushed
from the femur and tibia using a 23 gauge needle. After centrifuge, cells were resuspended
in RPMI 1640 media (Gibco, #22400-089) containing 10% FBS, 50 uM 2-mercaptoethanol
(Sigma, #M7522), and 1:100 antibiotic-antimycotic at 1 x 108 cells/mL. Rat serum was used
to block the unspecific bindings between samples and biotinylated antibodies. Samples were
then loaded into a 5 mL polystyrene round-bottom tube and incubated with isolation cocktail
and rapidSpheres sequentially. Negative isolation was performed using EasySep (Catalog
#18000) magnet. This method allowed us to remove Lin* (CD3, CD11b, CD19, CD45R
(B220), Ly6G/C (Gr-1), and TER119) mature erythroid, myeloid, and megakaryoid cells.
The remaining hematopoietic stem and progenitor cells (Lin"SCA1~/1oW¢-Kijt*, CD34",
Thy*) were pelleted and cultured in RPMI 1640 media containing 10% FBS.

Plasmids, viral transfections, and cloning—shRNAs targeting human CLOCK,
OLFML3and POSTN, and mouse Clock, Bmall and Postn in the pLKO.1 vector (Sigma,
#SHCO001) were used in the current study. Lentiviral particles (8 pug) were generated by
transfecting 293T cells with the packaging vectors psPAX2 (4 ug; Addgene, #12260) and
pMD2.G (2 pug; Addgene, #12259). Lentiviral particles were collected at 48 and 72 h after
the transfection in 293T cells and filtered through a 0.45-um filter. Receiving cells were
infected with viral supernatant containing 10 ug/mL polybrene (Millipore, #TR-1003-G).
After 48 h, cells were selected by puromycin (2 pg/mL; Millipore, #540411) and tested
for the expression of CLOCK, BMAL1, OLFML3 and POSTN by immunoblots. The
following mouse (Clock. #74: TRCN0000095686 and #86: TRCN0000306474; Bmall.
#54: TRCN0000095054 and #57: TRCNO000095057; POSTN: #9: TRCN0000111166
and #12: TRCN0000111169) and human (CLOCK: TRCN0000306475; OLFML3. #1:
TRCNO0000186745 and #3: TRCN0000203502; and POSTN: #2: TRCN0000123055 and
#4: TRCN0000123057) shRNA sequences were selected for further use following the
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validation. Doxycycline-inducible plasmids were generated by cloning the desired human
shRNA sequences (CLOCK: TRCN0000306475) into a pLKO.1 vector through the Gateway
Cloning System (Thermo Fisher Scientific, #12535029).

Angiogenesis assays—~For the transwell migration assay, endothelial cells were
suspended in serum-free culture medium treated with POSTN (R&D, # 3548-F2-050)
recombinant protein in the presence and absence of TBK1 inhibitors BX795 (Selleck
Chemicals, #51274) and CMPD1 (Selleck Chem, #58922) and seeded into 24-well transwell
inserts (8.0 um). In the other sets of transwell migration assays, conditioned media from
GSCs or CT2A cells with or without CLOCK, BMAL1, POSTN and OLFML3 shRNA:s,
as well as SR9009 (Selleck Chemicals, #58692) and ACF (Sigma, #A8126) treatment were
added to the remaining receiver wells. After 24 h, the migrated endothelial cells were fixed
and stained with crystal violet (0.05%, Sigma). Tube formation assay was carried out as
described previously.50 Briefly, 96-well plates or 24-well plates were coated with growth
factor reduced matrigel (Corning, #354230). iHUVECs were treated with indicated CM,
POSTN recombinant protein in the presence or absence of TBK1 inhibitors BX795 and
CMPD1, and then seeded on this matrix, forming tubules within 24 h of plating. Transwell
inserts or wells were visualized, and endothelial cell migration and tube formation were
assessed using ImageJ (NIH). For the matrigel plug assay, growth factor-reduced matrigel
supplemented with POSTN recombinant protein in the presence or absence of TBK1
inhibitor were subcutaneously injected into WT C57BL/6 mice. The plugs were removed
for investigation of blood vessel density 7 days after implantation.

Immunoblotting—Immunoblotting was performed following a standard protocol. In
brief, indicated cells were lysed on ice with RIPA buffer (Thermo Fisher Scientific,
#89901) supplemented with protease inhibitor cocktail (Millipore, #11697498001). Samples
were applied to SDS-PAGE gels (GenScript, #M00652) and blotted onto a nitrocellulose
membrane (Bio-Rad, #1704270). Membranes were then incubated with primary antibodies
(1:1,000 dilution) overnight at 4°C, and then incubated with HRP-conjugated secondary
antibodies (1:1,000 dilution; Cell Signaling Technology (CST), #7076S and #7074S) for

1 h at room temperature. Signaling was exposed with chemiluminescence (Pierce, #34580
and #34076) using the ChemiDoc MP Imaging System (Bio-Rad, #17001402). Antibodies
were purchased from the indicated companies, including b-actin (Sigma, #A3854), Vinculin
(EMD Millipore, #05-386), CLOCK (CST, #5157S), BMAL1 (CST, #14020S), OLFML3
(Fisher, #PA5-31581), POSTN (Novus, #NBP1-30042), TBK1 (CST, #3504), and P-TBK1
(CST, #5483S).

Quantitative real-time PCR (RT-qPCR)—Cells were detached with trypsin (Gibco,
#25300-054) or Accutase (Millipore, #SCR005) and then pelleted. RNA was isolated using
the RNeasy Mini Kit (Qiagen, #74106), and then reverse-transcribed into cDNA with the
All-In-One 5X RT MasterMix (Applied Biological Materials, #G592). PCR was performed
using the SYBR Green PCR Master Mix (Bio-Rad, #1725275). Approximately 10 ng of
template was used per PCR reaction. The expression of each gene was quantified using the
AACt method and normalized to the housekeeping gene (e.g., ACTB or GAPDH). PCR was
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run using the CFX Connect Real-Time PCR Detection System (Bio-Rad, #1855201). The
primers used for RT-qPCR are listed in Table S2.

Immunofluorescence and immunohistochemistry—Immunofluorescence and
immunohistochemistry were performed using a standard protocol. Briefly, a pressure cooker
(Bio SB, #7008) was used for antigen retrieval using antigen unmasking solution (Vector
Laboratories, #H-3301) at 95°C for 30 min. After blocking with 10% goat serum for 1 h,
slides were incubated with primary antibodies (1:200) overnight at 4°C. Slides were then
washed with PBS and incubated with secondary antibodies (Life Technologies, 1:500) for 1
h at room temperature. For immunofluorescence, slides were counterstained with DAPI/anti-
fade mounting medium (Vector Laboratories, #H-1200-10). Signal of protein was captured
by using Nikon AX/AX R Confocal Microscope System in the Center for Advanced
Microscopy (CAM) at Northwestern University. The staining signaling was analyzed using
ImageJ (NIH, Bethesda, ML). For immunohistochemistry, the staining was developed with
DAB Quanto (Epredia, #TA125QHDX). The nuclear was stained with hematoxylin and then
images were captured using EVOS Cell Imaging System. ImageJ with IHC profiler plug-in
was used to score positive signals.61 Antibodies specific to CD31 (Novus Biologicals,
#NBP2-80640), P-TBK1 (CST, #5483S), CD206 (R&D, #AF2535), F4/80 (CST, #70076S)
and POSTN (Novus, #NBP1-30042) were used.

Chromatin immunoprecipitation sequencing and ChlIP-PCR—GSE134974
containing BMAL1 chromatin immunoprecipitation sequencing (ChlP-seq) data?! in
patient-derived GSCs and normal human NSCs was enrolled in this study and the data were
analyzed by the Integrative Genomics Viewer (Broad Institute). ChIP-PCR was performed
using the commercial Pierce™ Magnetic CHIP kit (ThermoFisher, #26157) according to
the manufacturer’s instruction. Briefly, GSC272 cells were cross-linked with 1% PFA for
10 min, and then reactions were quenched with the use of glycine for 5 min at room
temperature. Cells were incubated with Membrane Extraction Buffer for 10 min on ice, then
lysed using MNase Digestion Buffer at 37°C for 15 min, after which a stop solution was
added to halt the reaction. Chromatin fragmentation was performed using sonication, and
solubilized chromatin was then incubated with HIF1a antibodies (CST, #3716S) overnight
at 4°C. IP reactions were mixed with ChIP Grade Protein A/G Magnetic Beads for 2 h

at 4°C. After collecting the beads with a magnetic stand separator and washing, elution

and reverse-crosslinking were performed in elution buffer containing proteinase K (20
mg/mL) and NaCl (5 M) at 65°C for 1.5 h. Eluted DNA was purified using the provided
purification kit and then used to perform gPCR. PCR products were also visualized via gel
electrophoresis on a 2% agarose gel. The POSTN primers (as shown in Table S2) were
designed according to the E-box of human POSTN gene.

Apoptosis analysis—The apoptosis of CT2A cells with or without POSTN knockdown
was evaluated using Apotracker Green (BioLegend, #427402).52 Briefly, 10 cells were
stained with Apotracker (1:10 dilution) and then 5 pL propidium iodide (PI) solution
(BioLegend, # 421301) was added to label late apoptotic and necrotic cells. After washing
with PBS, FITC and PI signals were analyzed in BD FACSymphony flow cytometer.
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Proliferation analysis—The proliferation of control and shPostn CT2A cells was assayed
through colony formation. Briefly, cells (5x103) were seeded in each well of 6-well plates
and cultured for 5-7 days. At the endpoint, cells were fixed and stained with 0.5% crystal
violet in 25% methanol for 1 h. On the other hand, the proliferation of CT2A cells was
investigated using CellTrace CFSE Cell Proliferation Kit (Invitrogen, #C34554). To this end,
109 cells were harvested and incubated with CFSE working solution (1:1000) for 20 min

at 37°C. After the incubation, the staining was stopped by adding complete cell culture
medium. Cells were collected for flow cytometry analysis after 5 days of culture in the dark.
The number of CFSE-positive peaks was analyzed using ImageJ.

Cell cycle analysis—Control and shPostn CT2A cells were harvested and incubated with
70% ethanol for 30 min on ice. After washing with PBS, cells were treated with 100 pL
ribonuclease (100 pg/mL) for 5 min at room temperature to remove RNA fragments. 400
uL PI (50 pg/mL) was then added to stain the DNA content. Data was acquired in BD
FACSymphony flow cytometer. The measurement of cell cycle parameters was analyzed
using FlowJo.

Microarray analysis—Microarray data of GEO, GSE140409, containing gene expression
data of ishC and ishCL OCK GSC272 cells,! was enrolled in this study. The gene expression
in human GBM was analyzed using gene-profiling data from the TCGA datasets.

GSEA analysis—GSEA was performed using the GSEA software 4.1.0 from the

Broad Institute (http://www.broad.mit.edu/gsea/software/software_index.html). The gene
expression data were microarray data from public available GEO and TCGA datasets.

The hallmark and gene Ontology Biological Process (GOBP) signatures were downloaded
from the Molecular Signatures Database (http://software.broadinstitute.org/gsea/msigdb/
index.jsp). The normalized enrichment score (NES) and false discovery rate (FDR) were
acquired by the analysis. A gene set is considered significantly enriched when an FDR is <
0.25.

Single-cell sequencing data analysis—Single-cell sequencing data of GEO,
GSE131928,28 were used to perform unsupervised sub-clustering for GSCs. GSC clustering
was performed within the malignant population, and CD44 was selected as the positive
control. GSC sub-clustering was performed using principal component analysis with the
number of principal components from the elbow point of scree plot. For the differential
gene expression of ARNTL within the GSC subcluster, cells were divided into ARNTL* and
ARNTL™ subgroups. The expression of ARNTL and POSTN in the total GSC population
and subgroups were analyzed. Next, the single-cell sequencing data of GEO, GSE182109,2°
was used to analyze the connection among glioma cells/GSCs, POSTN, immune cells, and
angiogenesis in GBM patient tumors. Canonical markers and cluster differential genes were
used to identify distinct cell types in GBM tumors. For the differential gene expression of
POSTN within the glioma cell subcluster, cells were divided into two groups: POSTN-high
and POSTN-low subgroups. DESeq2 v 1.30.0 was performed to obtain the rank list of

the differential genes in glioma cells and/or endothelial cells for GSEA. Differential gene
analysis was based on the non-parametric Wilcoxon rank-sum test. Genes with adjusted
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p value < 0.05 were further used for gene set enrichment analysis by fgsea R package.
Resolutions from 0.1 to 1 were explored for reasonable sub-clusters. The average expression
of each gene was represented by color (low to high was shown as blue to red).

Computational analysis of human GBM datasets—For analysis of human

GBM data, we downloaded the gene expression and survival data of TCGA datasets
(Agilent-4502A or HG-U133A microarrays) or other available datasets from GlioVis: http://
gliovis.bioinfo.cnio.es/. The expression, correlation, and survival analyses, and GSEA of
interesting genes in GBM patients were performed using GlioVis. The TCGA GBM samples
were clustered by using the 20-gene angiogenesis signature into angiogenesis-high and
angiogenesis-low subgroups, using complete-linkage hierarchical clustering.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with Student’s t-test for comparisons between two
groups, and one-way ANOVA test for comparisons among groups. Data was represented

as mean + SD or SEM. The survival and correlation analyses in brain cancer datasets
(including TCGA datasets) and animal models were performed using the Log rank (Mantel-
Cox) test and the Pearson test, respectively (GraphPad Prism 9). p values were designated as
*, p <0.05; ** p<0.01, and ***, p < 0.001; n.s., non-significant (p > 0.05).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
The CLOCK-BMAL1 complex promotes tumor angiogenesis in GBM

CLOCK-directed OLFML3-HIF1a axis upregulates pro-angiogenic factor
POSTN

POSTN promotes angiogenesis via activation of the TBK1 signaling in
endothelial cells

Inhibition of the CLOCK-directed POSTN-TBK1 axis impairs GBM
progression and angiogenesis
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Figure 1. GSC-derived CLOCK promotes angiogenesis in GBM
(A) GSEA analysis on TCGA GBM patient tumors shows the top 10 enriched hallmark

pathways in BMAL I-high (the upper quartile) patients compared with BMAL I-low (the
lower quartile) patients. Blue highlighted pathway relates to angiogenesis.

(B) GSEA shows enrichment of angiogenesis signature in BMAL 1-high patient tumors
compared with BMAL I-low patient tumors. The normalized enrichment score (NES) and
false discovery rate (FDR) g value of correlation are shown.

(C) GSEA shows enrichment of angiogenesis signature in GSC272 cells harboring an
inducible CLOCK shRNA (ishCLOCK) compared with ish control (ishC). NES and FDR g
value of correlation are shown.

(D and E) Representative images (D) and quantification (E) of relative migration of primary
mouse brain endothelial cells following stimulation with conditioned media (CMs) from
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QPP7 GSCs expressing control ShRNA (shC) and Clock shRNAs (shClock). Scale bar, 200
um; n = 3 biological replicates.

(F) Quantification of relative migration of iIHUVECs following stimulation with CMs from
QPP7 GSCs expressing shC and shClock. n = 3 biological replicates.

(G and H) Representative images (G) and quantification (H) of relative tube formation of
iHUVEC:s following stimulation with CMs from QPP7 GSCs expressing control shC and
shClock. Scale bar, 200 um; n = 3 biological replicates.

(1) Quantification of relative migration of primary mouse brain endothelial cells following
stimulation with CMs from QPP7 GSCs expressing shC and shBmal1. n = 3 biological
replicates.

(J) Quantification of relative migration of iIHUVECs following stimulation with CMs from
QPP7 GSCs expressing shC and shBmal1. n = 3 biological replicates.

(K) Quantification of relative tube formation of iIHUVECs following stimulation with CMs
from QPP7 GSCs expressing control shC and shBmall1. n = 3 biological replicates.

(L and M) Quantification of relative migration (L) and tube formation (M) of iIHUVECs
following stimulation with CMs from GSC272 cells expressing with or without ishC and
ishCLOCK. n = 3 biological replicates.

(N and O) Immunofluorescence (N) and quantification (O) of CD31 in tumors from SCID
mice implanted with ishCLOCK and ishC GSC272 models. Scale bar, 100 pm; n =3
biological replicates.

(P) Quantification of relative migration of iIHUVECs following stimulation with CMs from
GSC272 cells treated with or without SR9009 (5 uM). n = 3 biological replicates.

(Q) Quantification of relative tube formation of iIHUVECs following stimulation with CMs
from GSC272 cells treated with or without SR9009 (5 pM). n = 3 biological replicates.

(R) Quantification of CD31 in tumors from CT2A-bearing C57BL/6J mice treated with or
without SR9009 (100 mg/kg, intraperitoneally [i.p.], daily) for 10 days beginning at day 7
post-orthotopic injection. n = 3 biological replicates.

(S) Clustering of human TCGA GBM tumor samples into angiogenesis-high and
angiogenesis-low groups with use of a 20-gene angiogenesis signature.

(T) The expression of CLOCK in angiogenesis-high versus angiogenesis-low patient tumors.
(U) The expression of ARNTL in angiogenesis-high versus angiogenesis-low patient tumors.
Data from multiple replicates are presented as mean. Error bars indicate mean £ SEM or SD.
*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test and/or one-way ANOVA test.

See also Figures S1 and S2.
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Figure 2. The CLOCK-BMAL1 complex upregulates pro-angiogenetic factor POSTN in GSCs
(A) Identification of four overlapping angiogenic factors in ishCLOCK versus ishC GSC272

cells and in BMAL I-high versus BMAL I-low TCGA GBM patient tumors.

(B) Heatmap representation of the four angiogenesis signature genes in ishCLOCK GSC272
cells compared with ishC cells. Red signal indicates higher expression, and blue signal
denotes lower expression.

(C) mRNA levels of the four angiogenesis signature genes in ishCLOCK and ishC GSC272
cells. n = 2 biological replicates. POSTN shows the most dramatic reduction upon CLOCK
depletion.

(D) gRT-PCR shows the expression of POSTN in ishC and ishCLOCK GSC272 cells. n

= 3 biological replicates. Values are expressed as relative expression levels with respect to
housekeeping gene ACTB.

(E) gRT-PCR shows the expression of Postrin control- and SR9009 (5 puM)-treated QPP7
GSCs. n = 3 biological replicates. Values are expressed as relative expression levels with
respect to housekeeping gene Actb.
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(F) Immunoblots for CLOCK, BMALL, and POSTN in lysates of QPP7 GSCs expressing
shC and shClock.

(G) Immunoblots for CLOCK, BMAL1, and POSTN in lysates of QPP7 GSCs expressing
shC and shBmall.

(H and 1) Immunoblots for CLOCK, BMALL, and POSTN in lysates of GSC272 cells (H)
and QPP7 GSCs (1) treated with or without SR9009 (5 pM).

(J) The correlation of CLOCK and POSTNin CGGA GBM patient tumors. Rand p values
are shown. Pearson test.

(K) The correlation of ARNTL and POSTN in CGGA GBM patient tumors. Rand p values
are shown. Pearson test.

(L) POSTN expression in ARNTL () and ARNTL (+) GSCs. The analysis is based on
single-cell RNA sequencing data from 28 patients with GBM. **p < 0.01, Student’s t test.
Data from multiple replicates are presented as mean. Error bars indicate mean £ SEM. *p <
0.05, **p < 0.01, Student’s t test.

See also Figure S3.
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Figure 3. POSTN in GSCs is essential for angiogenesis and tumor progression
(A and B) Representative images (A) and quantification (B) of relative migration of

iHUVEC:s following stimulation with CMs from GSC272 cells expressing shC and
shPOSTN. Scale bar, 200 um; n = 3 biological replicates.

(C and D) Representative images (C) and quantification (D) of relative tube formation
of iIHUVEC:s following stimulation with CMs from GSC272 cells expressing shC and
shPOSTN. Scale bar, 400 um; n = 3 biological replicates.

(E and F) Quantification of relative Transwell migration (E) and tube formation (F) of

Page 26

iHUVEC:s following stimulation with CMs from QPP7 GSCs expressing shC and shPostn. n

= 3 biological replicates.

(G) Survival curves of C57BL/6 mice implanted with QPP7 GSCs (2 x 10% cells) expressing

shC and shPostn (n = 6-7 mice per group).
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(H) Survival curves of C57BL/6 mice implanted with CT2A cells (2 x 104 cells) expressing
shC and shPostn (n = 5 mice for shC group and 10 mice for shPostn group).

(I and J) Immunofluorescence (1) and quantification (J) of CD31 in tumors from C57BL/6J
implanted with shC and shPostn QPP7 GSCs. Scale bar, 50 um; n = 3 biological replicates.
(K—=M) High-resolution uniform manifold approximation and projection (UMAP)
dimensional reduction of glioma cells from GBM patient tumors, partitioned into nine
distinct clusters (K). The expression of CD44 (L) and POSTN (M) in glioma cells/GSCs are
shown. Intensity of the blue color indicates the expression of individual cells. The analysis
was performed on single-cell RNA sequencing data of glioma cells from samples of 16
patients with GBM.

(N) The correlation between glioma cell/GSC POSTN level and the frequency of tumor
microenvironment components (including immune cells, endothelial cells, and pericytes as
indicated) based on single-cell RNA sequencing data from 16 GBM patient tumors. Red
signal indicates positive correlation, and blue signal denotes negative correlation.

(O) Endothelial cell frequency in patients with glioma with glioma cell/lGSC POSTN high
versus POSTN low. The analysis is based on single-cell RNA sequencing data from 16
GBM patient tumors.

Data from multiple replicates are presented as mean. Error bars indicate mean £ SEM. *p <
0.05, **p < 0.01, ***p < 0.001, one-way ANOVA test (B and D-F), Student’s t test (O), and
log rank test (G and H).

See also Figures S4-S6.

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Pang et al.

Page 28

A B C - o D

H* 3 < 15 *%

™ ¢ o v *kk
’5100 OLFML3 () 101R=0.31, P<0.0001 S T o7 -
57 i %) 3 é g
g 2 2 2wa '8
a 50 w50 £ 0.9

poword s
S b OLFML3 Loz 2 0o
B

7100 N
POSTN m \«%fc;@o\&

o

-50 SO
: R
ACn e — s— R\
S
GSC272 SO0
G
5
% 1.5 l [
o = H e <
S T =
5 1.0 5 &
z
0.5
2
2 0.0+ Actin=|nput
@ O D P
i : 2 R & o oX GSC272
] : k% &\/ &\/
GSC272 model O > of
o 9 é‘(\ r;(\
b 4 J GSC272 K s L Gl M
0 @ c 20 - E = P———
e 2 _ o E s 4% £
z 3 ? 15 S S o 2 2
5 g8 £ s b B | lgd 3
02 5% 10 S 2 <ka 2, 1 8
3 -100 T 2
2, ¢ g 0I5 POSTN | gy s 2 e
2 3 oo 50 & 1 =
2o < o0 Actin a7 °
- = LI I I |
&N S & GSC272 S )
& O SAAT NEOAORE
AN SRR Sk &
b %% SN
St O
0&9\)%\}

Figt_Jre 4. C_LOCK-directed OLFML3-HIF1la axis upregulates POSTN expression and
angiogenesis

(A) Volcano plots showing the fold change of genes (log2 scale) between OLFML3-high and
OLFML3low patient tumors (y axis, log10 scale). POSTN is the top one highly expressed
in OLFML3-high tumors.

(B) The correlation of POSTNand OLFML3in TCGA GBM patient tumors. R and p values
are shown. Pearson test.

(C) Immunoblots for OLFML3 and POSTN in lysates of GSC272 cells expressing shC and
ShOLFMLS3.

(D) Quantification of relative Transwell migration of iIHUVECs following stimulation with
CMs from GSC272 cells expressing shC and shOLFML3. n = 3 biological replicates.

(E) Immunohistochemistry staining for CD31 (top panels) and POSTN (bottom panels) in
tumors from SCID mice implanted with shOLFML3and shC GSC272 cells. Scale bar, 100
pm.

(F and G) Quantification of immunohistochemistry staining for CD31 (F) and POSTN (G) in
tumors from SCID mice implanted with shOLFML3and shC GSC272 cells. n = 3 biological
replicates.

(H and I) Representative images (H) and quantification (I) of HIFLA ChIP-PCR in the
POSTN promoter of GSC272 cells. n = 3 biological replicates.
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(J) gqRT-PCR for POSTN in lysates of GSC272 cells treated with HIF1a. inhibitor acriflavine
(ACF) at indicated concentrations. n = 3 biological replicates. Values are expressed as
relative expression levels with respect to housekeeping gene ACTB.

(K) Immunoblots for POSTN in lysates of GSC272 cells treated with ACF at indicated
concentrations.

(L and M) Quantification of relative Transwell migration (L) and tube formation (M) of
iHUVEC:s following stimulation with CMs from GSC272 cells treated with or without ACF
at indicated concentrations. n = 3 biological replicates.

Data from multiple replicates are presented as mean. Error bars indicate mean £ SEM. *p <
0.05, **p < 0.01, ***p < 0.001, one-way ANOVA test (D, F, G, J, L, and M) and Student’s t
test (1).

See also Figure S7.
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Figure 5. TBK1 mediates POSTN-induced angiogenesis in GBM
(A) Identification of the overlapping signature pathways in TCGA GBM patient tumors

(POSTN high versus POSTN low) and in endothelial cells from single-cell RNA sequencing
(scRNA-seq) data of GBM patient tumors (glioma cell/GSC POSTN high versus POSTN
low).

(B) Co-immunofluorescence for P-TBK1 and CD31 in QPP7 and CT2A tumors established
in C57BL/6J mice (top and middle panels) and in GBM patient tumors (bottom panels).
Scale bar, 50 um.

(C) Immunoblots for TBK1 and P-TBK1 in lysates of primary mouse brain endothelial cells
treated with or without CMs from CT2A cells expressing shC and shPostn.

(D and E) Immunoblots for TBK1 and P-TBK1 in lysates of iHUVECS treated with POSTN
recombinant protein at 500 ng/mL for different time points (D) and for 60 min at different
concentrations (E).
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(F and G) Quantification of relative Transwell migration (F) and tube formation (G) of
iHUVEC:s following stimulation with POSTN recombinant protein (500 ng/mL) in the
presence or absence of TBK1 inhibitor BX795 (1 uM) and CMPD1 (1 uM). n = 3 biological
replicates.

(H) Schematic of generation of endothelial cell-specific TBK1 knockout (TBK1-eKO) mice
by crossing TBK1fl/fl mice with Cdh5(PAC)-CreERT2 mice. TBK1 KO in endothelial cells
is induced by injection of tamoxifen (TAM; 75 mg/kg i.p.) for 5 days.

(1 and J) Survival curves of TBK1-WT and TBK1-eKO mice implanted with 2 x 10* QPP7
GSCs (I, n = 8-9 mice/group) and CT2A cells (J, n =5 mice/group).

(K and L) Immunofluorescence (K) and quantification (L) of relative CD31 in tumors from
TBK1-WT and TBK1-eKO mice implanted with CT2A cells. Scale bar, 50 umn=3
biological replicates.

(M) Representative images show low, medium, and high expression of POSTN, P-TBK1,
and CD31 in human GBM tumor samples based on immunohistochemistry staining. Scale
bar, 100 um.

(N-P) Quantification of immunohistochemistry staining showing strong positive correlation
between POSTN and P-TBK1 (N), POSTN and CD31 (O), and P-TBK1 and CD31 (P) in
human GBM tumor samples (n = 23). Rand p values are shown. Pearson test.

Data from multiple replicates are presented as mean. Error bars indicate mean £ SEM. *p <
0.05, **p < 0.01, ***p < 0.001, one-way ANOVA test (F and G), Student’s t test (L), and
log rank test (1 and J).

See also Figure S8.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

POSTN Novus Biologicals Cat#NBP1-30042; RRID:AB_2166656
HIFla Cell Signaling Cat#3716S; RRID:AB_2116962
TBK1 Cell Signaling Cat#3013S; RRID:AB_2199749
P-TBK1 Cell Signaling Cat#5483S; RRID:AB_10693472
OLFML3 Thermo Fisher Scientific Cat# PA5-31581; RRID:AB_2549054
BMAL1 Cell Signaling Cat#14020S; RRID:AB_2728705
CLOCK Cell Signaling Cat#5157S; RRID:AB_10695411
B-ACTIN Cell Signaling Cat# 3700S; RRID:AB_2242334
Vinculin Cell Signaling Cat#13901S; RRID:AB_2728768
CD31 Novus Biologicals Cat#NBP2-80640; RRID:AB_2927581
Anti-mouse 1gG, HRP-Linked Cell Signaling Cat#7076S; RRID:AB_330924
Anti-rabbit 19gG, HRP-linked Cell Signaling Cat#7074S; RRID:AB_2099233
Anti-rabbit IgG, Alexa Fluor® 594 Conjugate Cell Signaling Cat#8889S; RRID:AB_2716249
Anti-rabbit IgG, Alexa Fluor ® 488 Conjugate Cell Signaling Cat#4412S; RRID:AB_1904025
Anti-mouse IgG, Alexa Fluor® 594 Conjugate Cell Signaling Cat#8890S; RRID:AB_2714182

Anti-rat 19G, Alexa Fluor ©® 647
F4/80
CD206

Thermo Fisher Scientific
Cell Signaling
R&D Systems

Cat# A-21247 RRID:AB_141778
Cat# 70076S RRID:AB_2799771
Cat#AF2535 RRID:AB_2063012

Biological samples

Human patient tumor samples (n = 23) from
surgically resected IDH-WT GBMs. See Table S1.

Northwestern Central Nervous System
Tissue Bank

N/A

Chemicals, peptides, and recombinant proteins

Endothelial cell growth supplement

Human fibroblast growth factor basic recombinant
protein

Human Epidermal growth factor recombinant
protein

Collagenase |

Collagenase Il

Deoxyribonuclease |

CD45 MicroBeads

CD31 MicroBeads

Recombinant human POSTN protein
BX795

TBK1/IKKe-IN-1 (Compound 1)
SR9009

Acriflavine (ACF)
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Corning
R&D Systems

R&D Systems

USsP

MP Biomedicals
Worthington
Miltenyi Biotec
Miltenyi Biotec
R&D Systems
Selleck Chemicals
Selleck Chemicals
Selleck Chemicals

Sigma -Aldrich

Cat#356006; CAS:N/A
Cat#233-FB; CAS:N/A

Cat#236-EG; CAS:N/A

Cat#1148089; CAS: N/A
Cat#0210050201; CAS: 2,593,923
Cat#L.S002139; CAS: 9003-98-9
Cat#130-052-301; CAS: N/A
Cat#130-097-418 CAS:N/A

Cat# 3548-F2-050 CAS:N/A

Cat# S1274 CAS: 702,675-74-9
Cat# S8922 CAS: 1,893,397-65-3
Cat# S8692

Cat# A8126 CAS: 8048-52-0
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Propidium iodide (PI)

BioLegend

Cat# 421301 CAS:N/A

Critical commercial assays

BCA protein assay kit Thermo Fisher Scientific Cat#23225

Pierce ™ Magnetic ChIP Kit Thermo Fisher Scientific Cat# 26157
Apotracker™ Green BioLegend Cat# 427402
CellTrace™ CFSE Cell Proliferation Kit Invitrogen Cat# C34554
EasySep™ Mouse Hematopoietic Progenitor Cell STEMCELL Technologies Cat# 19856
Isolation Kit

Deposited data

ChIP-seq data Dong et al.2! GSE134974

Gene expression microarray data Chenetal.l GEO, GSE140409
Single-cell sequencing data Neftel et al.28 GEO, GSE131928

Single-cell sequencing data

TCGA and CGGA expression and survival data

Abdelfattah et al.2®

http://gliovis.bioinfo.cnio.es/

GEO, GSE182109
N/A

Experimental models: Cell lines

293T
QPP7
GSC272

Immortalized human umbilical view endothelial
cells (iIHUVEC)

CT2A

Human CD34+ Cells

Experimental models: Organisms/strains
Mouse C57BL/6

Mouse J:NU

Mouse ICR SCID

MouseC57BL/6 TBK1-flox

Mouse Cdh5(PAC)-CreERT2

ATCC
Laboratory of Dr. Jian Hu (MDACC)

Laboratory of Dr. Frederick Lang
(MDACC)

Laboratory of Dr. William A. Muller

Seyfried et al.28
STEMCELL Technologies

Jackson Laboratory
Jackson Laboratory
Taconic Biosciences

Laboratory of Dr. Katherine Fitzgerald
(University of Massachusetts)

Laboratory of Dr. William A. Muller
(Northwestern University)

Cat#CRL-11268; RRID:CVC_1926
N/A
N/A

N/A

N/A
Cat# 70002.1

0,000,664
007,850
ICRSC-F
N/A

Developed by Dr. Ralf Adams (Max
Planck Institute)

Oligonucleotides

See Table S2 This paper N/A
Recombinant DNA

psPAX2 Addgene Cat#12260
pMD2.G Addgene Cat#12259
pLKO.1 vector, Gateway Cloning System Thermo Fisher Scientific Cat#12535029
pLKO.1-puro Sigma Aldrich Cat#SHCO001

Cell Rep. Author manuscript; available in PMC 2023 October 23.


http://gliovis.bioinfo.cnio.es/

1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Pang et al.

Page 34

REAGENT or RESOURCE SOURCE IDENTIFIER
pLKO.1-puro-human-CLOCK shRNA Sigma-Aldrich TRCNO0000306475
pLKO.1-puro-human-OLFML3 shRNA #1 Sigma-Aldrich TRCNO0000186745
pLKO.1-puro-human-OLFML3shRNA #3 Sigma-Aldrich TRCN0000203502
pLKO.1-puro-human-POSTN shRNA #2 Sigma-Aldrich TRCNO0000123055
pLKO.1-puro-human-POSTN shRNA #4 Sigma-Aldrich TRCN0000123057
pLKO.1-puro-mouse- Clock sShRNA #74 Sigma-Aldrich TRCNO0000095686
pLKO.1-puro-mouse- Clock shRNA #86 Sigma-Aldrich TRCNO0000306474
pLKO.1-puro-mouse- Bmall shRNA #54 Sigma-Aldrich TRCNO0000095054
pLKO.1-puro-mouse- Bmall shRNA #57 Sigma-Aldrich TRCNO0000095057
pLKO.1-puro-mouse- Postn shRNA #9 Sigma-Aldrich TRCNO0000111166
pLKO.1-puro-mouse- Postn shRNA #12 Sigma-Aldrich TRCN0000111169
Software and algorithms

Prism GraphPad 9 Prism https://www.graphpad.com/scientific-

DESeq2 v 1.30.0

Image Lab

Integrative Genomics Viewer (IGV)

Transcriptome Analysis Console

Data Visualization Tools for Brain Tumor Datasets

GSEA-4.1.0

R package

ImageJ

Bioconductor

Bio-Rad

Broad Institute

Affymetrix

http://gliovis.bioinfo.cnio.es/

Broad Institute

The R Project for Statistical Computing
NIH

software/prism/

https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

https://www.bio-rad.com/en-us/product/
image-lab-software?| D=KRE6P5E8Z

http://software.broadinstitute.org/
software/igv/

https://www.thermofisher.com/us/en/
home/life-science/microarray-analysis/
microarray-analysis-instruments-
software-services/microarray-analysis-
software.html

N/A

http://software.broadinstitute.org/gsea/
index.jsp

https://www.r-project.org/

https://imagej.net/Fiji
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