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aforementioned oncogenic events and
impedes tumor relapse in vivo.
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SUMMARY

Radiation therapy (RT) provides therapeutic benefits for patients with glioblastoma (GBM), but inevitably in-
duces poorly understood global changes in GBM and its microenvironment (TME) that promote radio-resis-
tance and recurrence. Through a cell surface marker screen, we identified that CD142 (tissue factor or F3) is
robustly induced in the senescence-associated B-galactosidase (SA-BGal)-positive GBM cells afterirradiation.
F3 promotes clonal expansion of irradiated SA-BGal* GBM cells and orchestrates oncogenic TME remodeling
by activating both tumor-autonomous signaling and extrinsic coagulation pathways. Intratumoral F3 signaling
induces a mesenchymal-like cell state transition and elevated chemokine secretion. Simultaneously, F3-medi-
ated focal hypercoagulation states lead to activation of tumor-associated macrophages (TAMs) and extracel-
lular matrix (ECM) remodeling. A newly developed F3-targeting agent potently inhibits the aforementioned
oncogenic events and impedes tumor relapse in vivo. These findings support F3 as a critical regulator for ther-
apeutic resistance and oncogenic senescence in GBM, opening potential therapeutic avenues.

INTRODUCTION

Glioblastoma (GBM) is the most lethal brain cancer with no cura-
tive therapies available. Recent anti-angiogenic and immuno-
therapy approaches have not yet shown durable clinical benefits
for GBM patients.’*? Currently, maximal surgical resection fol-
lowed by radiation therapy (RT) and temozolomide (TMZ)
chemotherapy is standard-of-care therapy for newly diagnosed
GBM patients.® Limited benefits from current therapies can be
attributed to multiple factors, including inherent radio-resistance
of GBM tumors, preferential survival of GBM stem-like cells,
and treatment-induced activation of pro-tumorigenic adaptive
pathways.*®

1480 Cancer Cell 41, 1480-1497, August 14, 2023 © 2023 The Author(s). Published by Elsevier Inc.

RT exerts cytostatic and cytotoxic anti-tumor effects against
GBM, but tumor relapse is almost inevitable. Following RT,
GBM tumors undergo phenotypic transition via global remodeling
of epigenetic and transcriptome landscapes. RT enhances the
secretion of various chemokines, cytokines, and extracellular ma-
trix (ECM) molecules by tumor cells.”® Many RT-induced chemo/
cytokines are known to induce GBM cell state transition and
mediate reciprocal crosstalk between GBM cells and immune
cells.'" In addition, RT is a potent inducer of coagulopathy
and immune modulation.'*™"* While the aforementioned RT-
induced global changes have long been hypothesized to account
for tumor evolution and aggressiveness of recurrent tumors, the
upstream initiators of these processes are poorly understood.
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Figure 1. Radiation-induced SA-BGal* GBM cells clonally expand in vivo
(A) Representative images of SA-pGal activity in the brain sections. GBM tumor-bearing mice were not irradiated or irradiated (naive and RT, respectively) and

stained with X-gal or C1,FDG five days later. Tumor regions were shown in H&E images. Different patient-derived GBMs are designated as numbers. *p < 0.001 by
one-way ANOVA.

(legend continued on next page)
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In many malignant tumors such as GBM, irradiation and tar-
geted inhibitors transiently induce tumor cell senescence,
referred to as therapy-induced senescence (TIS)."*"° Because
the senescence program involves global epigenomic reprog-
ramming and the elevated secretion of multiple proteins, referred
to as the senescence-associated secretory phenotype (SASP),
TIS may play a role in RT-induced global changes."”'® Tumor
cell senescence remains poorly defined, with key questions
unanswered including how senescent tumor cell states are regu-
lated and how TIS affects treatment resistance and tumor recur-
rence. Here, we used an integrative approach to understand tu-
mor cell senescence in the course of radiation resistance,
combining the assays with a modified senescence-associated
B-galactosidase (SA-BGal) substrate that allows sorting and
live cell fate tracing of the senescent tumor cells, cell surface
marker screening, single-cell RNA sequencing (scRNA-seq),
and profiling of transcriptome and chromatin landscapes. We
demonstrate a causal link between RT-induced senescence
and global oncogenic reprogramming and derive a new thera-
peutic strategy to inhibit these processes.

RESULTS

Irradiation-induced SA-BGal* GBM cells harbor
stemness and senescence-like features

To determine the extent of senescence in GBM tumor, we uti-
lized three different orthotopic patient-derived GBM models
(Figure 1A). 827 and 022 GBM cells have homozygous deletion
of Cdkn2a, a common genomic alteration found in GBM."® The
brains of tumor-bearing mice were irradiated and the activity of
SA-BGal was measured with either a colorimetric substrate
X-Gal or a cell-permeable fluorogenic substrate C;,FDG>%?"
(Figures 1A and S1A). Irradiation induced strong SA-BGal activity
especially in the tumor regions (Figure 1A). To determine the cell
types of SA-BGal* cells, we implanted red fluorescent protein
(RFP)-transduced GBM tumors, irradiated the mice in vivo, and
stained with C1,FDG (Figure 1B). Flow cytometry analysis re-
vealed that more than 90% of SA-BGal* cells in the irradiated
brains were positive for RFP, indicating that primarily GBM cells
acquire RT-induced SA-BGal activity (Figure 1B). To better cover
inter-tumoral GBM genetic heterogeneity and to avoid model-
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dependent biases, we utilized multiple patient-derived GBM sli-
ces and organoids (details are in Method sections).?>"2* Across
all GBM samples tested, we found robust induction of SA-pGal
activity after RT (Figures S1B and S1C).

To investigate cellular states of post-irradiated SA-pGal* GBM
cells, we separated SA-BGal™ and SA-BGal” GBM subpopula-
tions by C4,FDG staining and subsequent fluorescence-acti-
vated cell sorting (FACS). DNA damage repair activity and clonal
growth capacity are critical for GBM radio-resistance and subse-
quent recurrence.” C1,FDG* cells after irradiation (RT-C1,FDG™)
showed enhanced activities of ataxia-telangiectasia mutated
(ATM) and DNA checkpoint kinases, relative to matched
C1oFDG or mock-sorted bulk tumor cells (Figure 1C).
Furthermore, RT-C1,FDG™* cells expressed nestin (a representa-
tive GBM stemness marker) and were highly enriched with clo-
nogenic cells, as determined by in vitro colony forming analysis
(Figures 1D and 1E). Next, we determined the levels of represen-
tative senescence markers in GBM tumors with or without irradi-
ation. RT-C4,FDG™ cells had high levels of HP1y and H3K9me3
but little or no expression of CDKN2A (also known as p16, a cell-
cycle arrest-associated senescence marker) (Figures 1F-11 and
data not shown). Notably, RT increased the number of GBM cells
that express both nestin and H3K9me3, which were further en-
riched in RT-C12FDG™ cells (Figure 1G).

To examine global transcriptomes of SA-BGal* GBM cells, we
performed scRNA-seq and bulk RNA-sequencing analysis. In to-
tal, we profiled about 100,000 single GBM cells and classified
these cells based on the expression levels of stemness and
cell cycle progression.?>?’ Both naive and irradiated GBM cells
contained the cell populations with high expression levels of the
cell cycle and/or stemness gene signatures, reflecting their
aggressive nature. Notably, RT-C1,FDG* subpopulation har-
bored most of the single cells that have the highest scores for
the stemness gene signature (Figures 1H and 1l).

Cellular senescence has been extensively studied in irradiated
IMR90 or WI38 cells (non-transformed human fibroblasts).
Consistent with a traditional view of senescence, SA-BGal*
IMR90 or WI38 cells did not proliferate (Figures S1D and S1E).
In contrast, bulk RNA-sequencing analysis of matched
C1,FDG* and C1,FDG'®~ GBM cells after radiation showed
that many of the cell cycle signature genes, including PCNA,

(B) Proportion of RFP* cells (human GBM cells) and RFP~ cells (mouse cells) within C1,FDG* populations (n = 3 per each).

(C) Immunoblots of DNA damage response (DDR) proteins in sorted RT-C1,FDG* and C4,FDG~ GBM subpopulations. B-Actin was used as a loading control.
(D) In vitro clonogenic growth of irradiated GBM subpopulations. Single cells from each subpopulation were plated in soft agar, cultured for 3 weeks, and resultant
colonies counted. *p < 0.001 by one-way ANOVA with Tukey’s multiple comparison test.

(E) Flow cytometry plot of C1o,FDG and nestin staining in naive and RT GBM cells. Quantitation of C;,FDG*/nestin* cells are shown. *p < 0.001 by one-
way ANOVA.

(F) Immunofluorescence (IF) staining images of C;,FDG and senescence markers (HP1y and H3K9me3).

(G) Flow cytometry plot of H3K9me3 and nestin staining in naive, RT-bulk, and RT-C4,FDG* GBM cells. *p < 0.001 by one-way ANOVA with Tukey’s multiple
comparison test.

(H) t-distributed Stochastic Neighbor Embedding (t-SNE) plots of GBM single cells in the naive, RT-bulk, and RT-C1,FDG* GBM cells (total of 105,653 cells). Color
gradient was overlaid with stemness signature scores. *p < 0.001 by Mann-Whitney test.

(I) Immunoblots of H3K9me3 and GBM stemness markers (nestin and Sox2) proteins in three matched sets of RT-C1,FDG* and RT-C,FDG™ GBM sub-
populations.

(J-L) Barcode-mediated clonal expansion and clonal diversity determination analysis. (J) Experimental schematic. (K) Floating bar plots of RFP-labeled cell
populations in vivo. Center line in each bar represents mean value (n = 4 animals per group). (L) Numbers of unique barcodes and barcode distribution within the
tumors derived from the indicated cell populations. *p < 0.01 by two-way ANOVA. NS, not significant.

(M) In vivo limiting dilution tumor formation results using naive, RT-bulk, and RT-C1.FDG* GBM cells. p values were determined by two-way ANOVA. Results are
presented as mean + SD. See also Figure S1.
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BUB1, and FoxM1, are highly expressed in C1,FDG* cells®®*°
(Figure STF-S1H). These data suggest that SA-BGal* GBM cells
do not exhibit the irreversible cell-cycle arrest state.

To formally test whether RT-SA-BGal™ GBM cells can clonally
expand and contribute to post-RT tumor growth, we used the
lentiviral-mediated barcode/RFP transduction technology to la-
bel GBM cells. We isolated C1,FDG" cells from the irradiated,
labeled GBM tumors and immediately injected these cells into
the brains of new recipient mice (Figures 1J-1M). RT- C1,FDG™
GBM cells generated significantly larger tumors in new recipient
mice compared to non-irradiated (naive) or irradiated bulk tumor
cells (Figure 1K). Clonal expansion analysis by barcode sequ-
encing revealed that larger numbers of individual barcodes
were detected in the tumors derived from RT-C1,FDG* GBM
cells compared to those of naive or RT-bulk cells (Figure 1L).
This trend corroborates well with the current notion of the clonal
diversity in cancer following treatment.**" Lastly, we performed
in vivo limiting dilution tumor formation assays using the afore-
mentioned cell populations. RT-C1,FDG™ cells derived from
two different patient GBMs contained higher frequencies of tu-
mor-forming cells than RT-bulk- or C1,FDG™ cells (Figure 1M).
Collectively, these data suggest that irradiation-induced SA-
BGal* GBM cells harbor stemness and some of senescence-
like characteristics and that they are a cell population contrib-
uting to post-RT tumor growth.

F3, highly expressed in irradiated C,,FDG* GBM cells, is
associated with stemness, cell state transition, and an
enhanced secretory phenotype
To investigate cellular states and molecular regulators of SA-
BGal* GBM cells, we profiled levels of cell surface proteins.
Matched naive and irradiated GBM cells (20 million cells each)
were stained with C4,FDG, split into individual wells, and co-
stained with each of 242 human clusters of differentiation (CD)
antibodies (Figure 2A). Co-staining results were quantitated by
flow cytometry and expression level of each CD marker was
calculated. Enriched cell surface receptors in RT-C4,FDG* cells
included ABCG2, JAMA, PDGFR, CD109, and integrin proteins,
implicated in stemness, GBM mesenchymal transition, and ther-
apeutic resistance (Figure 2B).*’* The most enriched CD
marker in our screen was CD142 (tissue factor or F3), originally
identified as a cell surface receptor that initiates blood coagula-
tion.** Tissue factor/F3 levels were increased over 10-fold in irra-
diated cells compared to the matched naive cells, further
increased in RT-C4,FDG™ cells (Figure 2B). In the irradiated pa-
tient-derived xenograft (PDX) tumor-bearing mice, we found
robust F3 induction, co-localized with C1,FDG* tumor cells (Fig-
ure 2C). This trend was further confirmed in GBM spheroids,
GBM organoids, and patient GBM slices (Figures S2A-S2G).
Two F3 canonical functions are the initiation of blood coagula-
tion and promotion of cell survival via intracellular signaling.
Coagulation factor VIl (F7, a cognate F3 ligand) is mainly pro-
duced in the liver and circulates in the bloodstream as an inactive
pro-enzyme. Upon interaction with F3, F7 is converted into a
protease-active form (FVIla), which then initiates coagulation
by catalyzing a thrombin-producing protease cascade.*®’
Intracellular signaling is mediated by activation of integrin and
the protease-activated receptor (PAR), leading to activation of
MAPK, PI3K, and NF-kB.?**® While F3 is expressed in various
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tumor types—including gliomas—and generally exerts pro-tu-
mor effects,***? the role(s) of F3 in RT responses and senes-
cence are largely unknown.

To test whether post-irradiated F3"" cells are enriched for
in vivo tumorigenic capacity, we isolated matched F3"9" and
F3'°" cells from PDX tumors 5 days after in vivo radiation by
F3 antibody-based cell sorting and then injected these cells
into immunodeficient mice. Compared to matched F3'°“ or
mock-sorted bulk tumor cells, post-irradiated F3"9" subpopula-
tions yielded significantly higher capacities for tumor formation
(Figures 2D and 2E).

To gain insight into signaling nodes associated with F3, we
performed ATAC (assay for transposase-accessible chro-
matin)-seq analysis to map genome regions with open chromatin
structures in matched F3"S" and F3'°" subpopulations. The
most enriched transcription factor-binding motifs in RT-F3*
GBM cells are STAT3 and FOSL2 (master transcriptional factors
for the GBM mesenchymal (MES) transcriptional network), RELA
(NF-kB, a master regulator for senescence and GBM cell sur-
vival), as well as Foxo4 and TEAD2 (implicated in tumor
dormancy and senescence),”*™* most of which were also en-
riched in RT-C4,FDG* GBM cells (Figures 2F and S2l). Following
RT, GBM tumors undergo phenotypic transition toward MES
subtype, which is mediated by activation of NF-kB and STAT3
signaling.®*®> We then determined the activation status of these
pathways by immunoblots, immunostaining, and transcriptome
analysis (Figures 2G-2L and S2A-S2K). Consistent with ATAC
data, irradiated F3"9" GBM cells have elevated levels of active
NF-kB and STAT3 as well as stemness-associated proteins
(Sox2, EZH2, and active B-catenin and integrin $1)*"*® (Figures
2G, 2H, and S2H-S2K). Active integrin signaling in this subpop-
ulation is further supported by additional surface marker
screening using anti-F3 antibody and 240 human CD markers.
Similar to the C1,FDG co-staining data, several different integrin
family proteins were highly enriched in irradiated F3"9" GBM
cells (Table S1). In addition, RT-F3* cells have high levels of
GBM mesenchymal markers (YKL-40, CD44, and active
STAT3) (Figures 24, 2K, and S2J).*° Lastly, secretome profiling
and gene signature analysis showed that irradiated F3"S" GBM
cells secreted significantly higher levels of SASP factors such
as IL6, IL8, hepatocyte growth factor (HGF), and epidermal
growth factor (EGF), relative to bulk naive or irradiated tumor
cells (Figures 2L and 2M). Together, these data indicate that
the RT-F3" populations have enriched traits of stemness,
mesenchymal GBM cell transition, senescence-like epigenomic
reprogramming, and SASP.

F3 signaling primes radiation-induced changes both in
glioblastoma and the TME

To probe the roles of F3 in GBM radiation responses in vivo, we
performed immunohistochemical staining analyses using human
PDX, GBM slice, and syngeneic mouse glioma models (Figure 3).
Orthotopic PDX tumor-bearing mice were irradiated, and the
brain tissues harvested 5 days later. In regions with a robust up-
regulation of F3, we found that F3 positively correlated with high
levels of fibrin, a key effector in the F3-initiaited coagulation
cascade (Figure 3A). F3-positive GBM cells were also positive
for YKL-40 and CD44 (MES-like GBM markers) and fibronectin
1 (FN1, an ECM protein and MES-like GBM marker).?*°°" Fibrin
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Figure 2. F3, highly expressed inirradiated C,;,FDG* GBM cells, is associated with stemness, cell state transition, and an enhanced secretory
phenotype

(A) A schematic of the cell surface marker screen.

(B) The lists of the cell surface proteins that were enriched in RT-bulk and RT-C1,FDG* GBM cells compared to naive cells.

(C) IF staining images of C4,FDG and F3 in the brains of PDX tumor-bearing mice. C1,FDG*/F3* double-positive cells were quantitated (n = 3 per each tumor).
*p < 0.001 by one-way ANOVA.

(D and E) In vivo proliferation of RT bulk, RT-F3+, and RT-F3- cell populations (D) and in vivo limiting dilution tumor formation results. “p < 0.01 by two-way ANOVA.
(F) Enriched transcription factor-binding motifs in RT-F3* subpopulations, as determined by ATAC sequencing analysis.

(G and H) Immunoblots of pp65, plkBa, EZH2, active-B-catenin, Sox2, and HUTS4 proteins in the RT-F3* and RT-F3~ GBM subpopulations. For detection with
HUTS4 antibody (specific for the activated form of ITGB1), non-denaturing gels were used.

(I) Quantitation of stemness gene set expression in naive, RT-bulk, RT-F3*, and RT-F3~ GBM single cells (total of 28,890 cells).

(J) Immunoblots of MES GBM transition-associated proteins (pSTATS3, IL6, and YKL-40).

(K) IF images of F3 and CD44 in matched naive and irradiated GBM tissue slices and quantitation.

(L) Quantitation of SASP factor gene set expression in the above subpopulations.

(M) Heatmap plots and quantitation of the secreted proteins from naive, RT-bulk, and RT-F3" GBM cells. Results are mean + SD. *p < 0.001 by Mann-Whitney test
in I and L. See also Figure S2 and Table S1.
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polymer and FN1 are known to form a mesh-like structure
together, referred to as an oncogenic provisional ECM. It pro-
vides a scaffold for recruitment of macrophages, activated plate-
lets, neutrophil extracellular traps (NETs), and traps various
growth factors and chemokines.®* Indeed, we found significant
increases in the numbers of TAMs and M2-like TAMs (CD163")
in F3-positive, fibrin/FN1 complex-rich regions in the irradiated
tumors (Figures 3B, 3C, and S3A).

Human GBM slices resected from newly diagnosed GBM pa-
tients maintain in vivo tumor architecture and TME including im-
mune cells, endothelial cells, and astrocytes; thus, they can
mimic acute responses of human GBM in situ.”* We prepared
acute GBM slices within 6 h post-surgery, irradiated them
ex vivo, and then processed for immunostaining and cytokine
array analysis 3 days later (Figure S3B). Fibrinogen (precursor
of fibrin) and F7 were detected in these GBM slices. Irradiation
resulted in robust induction of fibrin/FN1 complexes and
CD163" macrophages. Cytokine analysis utilizing 4 sets of
matched naive and irradiated GBM tissue slices consistently
showed higher levels of secreted proteins in the conditioned me-
dia from irradiated GBM slices (Figure S3C). These data suggest
a causal relationship between that RT and fibrin polymerization,
an enhanced secretory phenotype, and TAM polarization.

To validate the aforementioned findings in the intact immune
microenvironment, we employed a PDGFg-driven, p53-null, syn-
geneic mouse glioma, a representative proneural subtype tu-
mor.>® Naive tumors showed relatively low basal levels of fibrin,
TAMs, and CD44* cells. Upon irradiation, however, we found
massive increases in fibrin polymerization and TAM infiltration,
as well as in levels of F3 and CD44 (Figures 3D-3F). Notably,
most of the CD163*, CD206* M2-like TAMs were detected in
the fibrin polymer-enriched, F3*, CD44* tumor regions, indicating
a strong positive correlation between them (Figure 3G). Together,
these data further suggest a link between RT-induced coagula-
tion, oncogenic TAMs, and GBM mesenchymal transition.

Molecular mechanisms of F3 signaling in GBM
reprogramming and radio-resistance

Given strong spatiotemporal associations between F3 and RT-
induced GBM remodeling (Figure 3), we first determined the
roles of F3 in vivo via shRNA-mediated F3 knockdown (KD).
Non-targeting shRNA or F3 KD shRNA-expressing GBM cells
were transplanted into the brains of nude mice and in vivo radi-
ation was started 20 days later (Figures 4A and 4B). Immuno-
staining analysis of the tumor-bearing brain sections revealed
that F3 suppression significantly abrogated RT-induced fibrin
polymers and accumulation of IBA1* and CD44* cells (Fig-
ure 4A). F3 KD or irradiation alone extended the survival of tu-
mor-bearing mice compared to the control group. Notably, the
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group injected with F3 KD cells and given radiation showed far
longer survival than all other groups (p < 0.001 by log rank anal-
ysis) (Figure 4B).

We then determined the effects of F3 KD on the activation sta-
tus of NF-kB, STAT3, and integrin signaling (Figures 4 and S4). In
the naive state, F3 KD did not induce significant decreases in
pp65 and pSTAT3, possibly reflecting low levels of F3. In
contrast, F3 KD potently impeded RT-induced upregulation of
NF-kB, STAT3, and integrin activities, as well as mesenchymal
traits (YKL-40 and FN1) (Figures 4C, D, S4A, and S4B).
Conversely, over-expression of constitutively active mutants of
NF-kB or STATS3 signaling rescued cell survival of RT-F3 KD
cells, indicating that both NF-«kB and STATS3 activities are key
downstream effectors of RT-induced F3 signaling (Figure 4E).

As RT-F3* GBM cells secrete high levels of SASP factors (Fig-
ure 2M) and NF-«kB activity is a major regulator of SASP factor
secretion, we determined the levels of cytokines/chemokines
secreted by F3 KD GBM cells with or without irradiation. RT-
induced upregulation of multiple cytokine/chemokines was
significantly reduced by F3 KD (Figures 4F and S4C). To investi-
gate the roles of F3 in chemokine-mediated TAM recruitment, we
adapted in vitro transwell assays using U937 macrophage-like
cells (primed U937).>* Conditioned media from irradiated GBM
cells attracted significantly larger numbers of U937 cells
compared to conditioned media from matched naive cells. F3
KD reduced the levels of macrophage recruitment by ~80% (Fig-
ure 4G). Forced activation of NF-kB activity but not STAT3
rescued SASP factor secretion in irradiated F3 KD cells
and NF-kB suppression by p65 shRNA significantly inhibited
RT-induced SASP factor secretion, suggesting that RT-induced
SASP in GBM is largely dependent on NF-«B signaling (Figures
4H and 4l).

Conversely, over-expression of F3 in naive GBM cells showed
elevated levels of active NF-kB, STAT3, and integrin signaling
(Figure S4D). Consistent with this, F3 over-expressing cells
were more proliferative in the culture media without the added
growth factors and these cells had enhanced SASP factor secre-
tion compared to the control (Figures S4E and S4F). Lastly, the
roles of F3 in RT responses in tumor and TME in vivo were further
confirmed in a doxycycline-mediated inducible F3 KD system
(Figure 4J). These data support that F3 is a critical regulator for
the survival and cell state transition of irradiated GBM cells, as
well as for SASP factor secretion.

Recombinant AFVII protein impeded radiation-induced
coagulation, SASP factor secretion, and TAM
accumulation in vivo

The aforementioned data collectively suggest that F3 signaling is
a critical regulator for post-RT tumor growth and drives an

Figure 3. Radiation-induced F3 prime global changes both in tumor and microenvironment
(A) Immunohistochemical (IHC) staining images of F3, fibrin, and YKL-40 in 827 GBM tumors. Tumor-bearing mice were irradiated in vivo and tumors were

harvested 5 days later.

(B and C) IF images of fibrin, FN1 (an ECM molecule), F4/80, CD163 (M2-like TAM) staining. Fibrin*/FN1* areas and numbers of YKL-40", F4/80*, and CD163"

cells were quantitated (n = 4 per each). *p < 0.001 by one-way ANOVA.

(D-F) IF images of fibrin, IBA1, CD163, CD44, and F3 in syngeneic mouse gliomas and quantitation. * p < 0.001 by one-way ANOVA with Tukey’s multiple

comparison test.

(G) Correlation between the levels of fibrin polymers and CD163* TAMs in the brain sections of tumor-bearing mice with or without RT. r value determined by
Pearson’s correlation coefficient analysis. Results are presented as mean + SD. *p < 0.001. See also Figure S3.

1486 Cancer Cell 41, 1480-1497, August 14, 2023



Cancer Cell

¢? CellPress

OPEN ACCESS

A Naive-NT Naive-KD RT-NT RT-KD B 100 827
: - Naive-NT l .
- - Naive-KD
S ]-RTAT
S 50 —RT-KD
3
(2]
0 T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50
Days elapsed
100 022
- Naive-NT
— -~ Naive-KD *
s - RT-NT
% 50] ~RT-KD
=]
(7]
v T T T T T 1
0 10 20 30 40 50 60
Days elapsed
i D Control
C Naive RT 20 NFkB reporter . Naive-NT Survival index =S$RT?C ol
NT KD NT KD 32 E Naive-KD STAT3C O/E l IKK2SSEE O/E
T| pp6S e — = 15 1 B RT-NT NT NT KD1KD2 _ 45
i $ 104 © RT-KD 3
Z| P65 mm— O Flag e
. 5 54 Actin W S s s O
PSTATS s s e~ S 0 %
STAT3 Q 15 IKK2SSEEO/E € 05
1 STAT3 ’eP°"°' M Naive-NT NT NT KD1KD2 &
< |HuTs4 E! K D Naive-KD o
L) =10 4 Flag 4
| ITGB1 a r 8 RTAT
—— s ORT-KD  Actin wee s s s
| HUTS4 S e % "~ Naive ~ RT
o =
O [TGB1 —— 0 - SASP factor index B Control
U937 Mo H Control | STAT3 :
F i G MW NaiveNT H M STAT3C O/E ONF-kB
M Naive-NT \ — _./ O Naive-KD =15 B IKK2SSEE O/E 1.2 O Integrin i
100 © Naive-KD ) 2 x x
B RT-NT T 5 BRTANT e €1
2 8§ RT-NT S GBMcells s DORTKD = s
@ 60 ' —e L, 21 908
2w i i £, I " 3 206
£ 30 £ £° 205 204
2 2 2 2 = K]
S 8 2| s, A g, 202
10 N~ ~ 1 0
8 8 NT KD 827 022
0 So S o RT RT
IR S, R S Y 827 022
- \é‘oov ARV g Q,(’égg
A
J

Inducil}le shF3

¢— |.Cinjection
7

w/o DOX

Doxycycline

1 [] 4 6

Bt
w/ DOX

Figure 4. F3 knockdown suppresses radiation-induced coagulation, SASP factor secretion and TAM activation

(A) IHC images of fibrin, IBA1, and CD44 in the brains of 827 tumors expressing either non-targeting (NT) or F3 shRNAs (KD) with or without RT.
(B) Kaplan-Meier survival curves of mice in (A). n = 8 for each group. p < 0.001 by log rank analysis.
(C) Immunoblots to determine the activation status of NF-kB and STAT3, and integrin in F3 KD GBM cells with or without RT.
(D) Luciferase reporter assays to measure transcriptional activities of NF-kB and STAT3 signaling.
(E) Survival of irradiated F3 KD cells with forced activation of STAT3 or NF-kB.
(
(

F) Levels of the secreted proteins from

GBM cells with or without F3 KD and RT.

G) Recruitment of macrophage (M¢)-like U937 cells co-cultured with the above cell groups.

(legend continued on next page)
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oncogenic TME, making it a potential therapeutic target. Since
F3 protein, after binding to its ligand F7, is eventually degraded
via the ubiquitin pathway, we hypothesized that specific F7 de-
rivatives may directly trigger F3 degradation without eliciting
F3-mediated oncogenic effects.”® To test, we over-expressed
a series of F7 deletion mutants in GBM cells via lentiviral trans-
duction and determined the proliferation of these GBM cells after
irradiation (Figure 5A). Through this screen, we found a deletion
mutant that potently impeded the growth of irradiated GBM
cells, which we designated as AFVII (141-amino acid protein
without the F7 protease domain).

AFVII recombinant protein lacked the pro-coagulation activity
unlike wild-type F7 or FVlla, as determined by in vitro coagulation
assays (Figure S5A). Instead, AFVII robustly induced ubiquitin-
mediated degradation of F3 proteins and significantly reduced
the level of F3 proteins in irradiated GBM cells (Figures 5B and
5C). Consistent with this, irradiated GBM cells treated with AFVII
for a day showed a significant decrease in phosphorylated p65
and STAT3 proteins (Figure 5D). Furthermore, we found that
AFVII decreased the levels of the co-immunoprecipitated F3-in-
tegrin complexes, HUTS4 (specific for active integrin 1), and
phosphorylated FAK (an immediate downstream effector of in-
tegrin signaling) (Figures 5E and S5B). We then determined the
effects of AFVII on the survival and clonogenic growth of GBM
cells (Figures 5F and 5G). AFVII treatment effectively impaired
survival of irradiated GBM cells with an ICsq in the 0.1-1 nM
range (Figure 5F). In contrast, normal neural progenitor cells
(NPCs) and primary astrocytes did not exhibit cytotoxicity even
at micromolar AFVII concentration (Figure 5F). Unlike GBM cells,
normal brain cells showed little change in the levels of pFAK and
pERK after AFVII treatment, partially explaining GBM-specific
cytotoxicity of AFVII (Figure S5C). Real-time cell imaging anal-
ysis demonstrated that AFVII treatment potently impaired clono-
genic growth of irradiated F3"9" GBM cells (Figure 5G). GBM
cells treated with AFVII showed disruption of mitochondrial
membrane potential and defective mitochondrial structure
(Figures S5D-S5F). Lastly, to determine the effects of AFVII on
SASP factor secretion, we treated irradiated GBM cells with
AFVII for 1 day and collected the conditioned culture media.
AFVII treatment significantly diminished the secretion of cyto-
kines (Figure 5H). Together, these data suggest that AFVIl is a
potent anti-GBM agent that mitigates F3-mediated oncogenic
signaling, especially in combination with RT.

To determine in vivo effects of AFVII, we started with subcu-
taneous tumor models. We irradiated human PDX tumors focally
when the tumors reached ~500 mm?® and administered AFVII
protein (50 pg/kg body weight) via intravenous injection.
Compared to the naive controls, tumors harvested 5 days after
radiation showed marked increases in fibrin/FN1 complexes, tu-
mor-infiltrating CD11b*, F4/80", CCR2" immune cells, and
CD163" M2-like TAMs, along with massive upregulation of F3
(Figure 5l and data not shown). Notably, AFVII treatment potently
inhibited all the aforementioned changes, with a dramatic in-
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crease in the number of cleaved-caspase 3 (C-Cas3)* cells (Fig-
ure 5I). To evaluate in vivo effects of AFVII on signaling pathway
activation and senescence-like characteristics, we harvested
the tumors from each group and processed them for further an-
alyses. AFVIl treatment significantly reduced RT-induced cell
survival signaling such as STAT3, but increased levels of cell
death-associated proteins in tumor (Figure 5J). RT-induced
SA-BGal” reactivities were significantly decreased by AFVII
treatment and clonogenic capacities of sorted RT-C1,FDG™ cells
isolated from these tumors were significantly abolished by in vivo
AFVII treatment (Figures S5G and S5H). To analyze the chemo-
kine/cytokine microenvironment within the tumors treated with
radiation, AFVII, or both agents, we performed cytokine profiling
assays using tumor lysates. Irradiation induced significant upre-
gulation of secreted proteins, many of which have well-known
functions for macrophage recruitment, M2-like TAM polariza-
tion, and cell state transition. Notably, AFVII treatment signifi-
cantly and globally repressed the chemokine/cytokine levels
(Figures 5K and S5I).

To determine the effects of tumors and AFVII on systemic he-
mostasis, we measured the blood clotting activities by standard
tail bleeding assays (Figure 5M). Compared to the control mice,
tumor-bearing mice had shorter blood clotting time, which was
further shortened by irradiation. While AFVII treatment on non-
tumor-bearing mice did not affect blood clotting time, the com-
bination of irradiation and AFVII reverted hypercoagulation state
in the RT-tumor-bearing mice to near-normal range (Figure 5M).
Studies of tumor growth kinetics showed that irradiation or AFVII
monotherapy alone suppressed tumor growth rate to about 50-
60% of that of naive tumors, but the effect of either agent alone
was transient and led to rapid regrowth (Figures 5L and 5N). In
contrast, combination therapy yielded near-complete tumor
regression (Figure 5N).

AFVII therapies radio-sensitize GBM tumors in
orthotopic PDX models

We tested the effects of AFVII recombinant protein in orthotopic
GBM PDX models using patient-derived 022 or 827 GBM cells.
Irradiation was started 20 days (for 827 tumors) or 25 days (for
022 tumors) after tumor cell implantation and AFVII protein was
delivered via intravenous injection, concurrently with irradiation
(Figures 6A and S6A). Five days after irradiation, the brains
from each group were harvested for immunostaining (n = 3)
and immunoblot analysis through tumor dissection (n = 3). Com-
bination treatment with irradiation and AFVII greatly diminished
RT-induced fibrin accumulation, MES cell state transition, TAM
polarization, and activities of integrin and NF-«kB signaling, but
increased numbers of C-Cas3™ cells (Figures 6A-6D). Notably,
histological examination of the brain sections from the mice
receiving combined treatment at 38 days after implantation
(the time when RT-treated mice were sacrificed) showed few tu-
mor cells and only faint staining for fibrin polymers (Figure 6E).
We also determined the effects of orthotopic GBM tumors and

(H and |) Levels of cytokine secretion in the cells with forced activation of STAT3 or NF-kB (H) or inhibition of NF-xB, STATS3, integrin signaling (l). Details of
inhibitors are in Method section. SASP factor index is an arbitrary unit calculated from total amounts of the secreted proteins.
(J) IHC images of doxycycline-inducible F3 shRNA expressing tumors. Tumors were harvested 7 days after doxycycline treatment. “p < 0.001 by one-way ANOVA

with Tukey’s multiple comparison test in D, E, G, H, and |. See also Figure S4.
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Figure 5. AFVII treatment impeded RT-induced coagulation, SASP factor secretion, and TAM accumulation in vivo

(A) Schematic of F7 deletion mutant structures.

(B) Co-immunoprecipitation (IP)-immunoblots of F3 and ubiquitin (Ub) in naive and irradiated GBM cells treated with AFVII recombinant protein for 1 day. Levels of
ubiquitinated F3 proteins were quantitated by densitometry.

(C—E) Immunoblots of F3 (C), pp65 and pSTAT3 (D), and integrin signaling components (E) in irradiated GBM cells treated with AFVII for 1 day. (E) Co-IP blots of
F3-integrin p1 (ITGB1) immunocomplexes.

(legend continued on next page)
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AFVII on systemic hemostasis by D-dimer and tail bleeding as-
says (Figures 6F and 6G). Similar to subcutaneous tumor results
(Figure 5M), AFVII treatment potently inhibited the hypercoagu-
latory state in RT-tumor-bearing mice (Figures 6F and 6G).
Lastly, irradiation or AFVII monotherapy alone extended the sur-
vival of tumor-bearing mice by about 10 days compared to the
control group (Figure 6H). Notably, the group that received com-
bination therapy showed a far greater survival extension, with
about 50% of mice surviving and lacking detectable tumors
three months later (Figure 6H).

While several studies have reported that the blood-brain bar-
rier (BBB) is functionally disrupted in some GBM,® the highly
infiltrative GBM cells in the neighboring brain parenchyma pre-
sent technical challenges in developing effective anti-GBM ther-
apeutics. As an independent but complementary therapeutic
approach to AFVII recombinant protein, we developed a neural
progenitor cell (NPC)-based cellular vector system. NPCs have
intrinsic tumor-homing properties and survive well in the
brains.°”*® Lentivirally transduced AFVll-expressing NPCs
were viable and maintained stable levels of secreted AFVII (Fig-
ure S6B). Upon co-culture with irradiated GBM cells, AFVII-ex-
pressing NPCs but not the control NPCs induced massive
GBM cell death (Figure S6B). To mimic a clinical scenario in
newly diagnosed human glioma patients, we injected AFVIl-ex-
pressing NPCs into the established PDX tumors, followed by
head-only irradiation two days later (Figures S6C and S6D).
Similar to the RT and AFVII combination, co-treatment with RT
and AFVII-NPCs greatly diminished RT-induced F3 induction
and activities of pro-tumorigenic signaling, leading to longer sur-
vival of tumor-bearing mice (Figures S6C-S6E).

Recurrent tumors from early relapse GBM patients
harbor the upregulated gene signatures for the
senescence and coagulation pathways

Comparison of matching primary and recurrent GBMs can
inform therapy-induced phenotypic tumor evolution, including
GBM cell state and associations between TME components.
We, therefore analyzed, transcriptional profiles of primary
GBMs (n = 25) treated with RT and separated early relapses (pro-
gression-free survival (PFS) < 6 months, n = 11) from late re-
lapses (PFS >12 months, n = 14) using the dataset from
GLASS consortium (Figure 7).°°° The status of pathway activa-
tion in each tumor was inferred by the pathway enrichment
scores from representative gene signature sets® 59" (Figures
7A and 7B). We observed no significant differences in signature
gene set levels between primary tumors with early and late
relapse. When comparing relapsed GBMs, however, we found
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that early relapse GBMs showed a significantly higher predicted
presence of M2 macrophages and the enrichment of senes-
cence, coagulation, and NF-kB signatures compared with late-
relapse GBMs®° (Figure 7B). Furthermore, the enrichment scores
for senescence, coagulation, and NF-«B signatures highly corre-
lated with each other, especially in the early relapse tumor pairs
(Figures 7C and 7D). These data are consistent with our findings
and may provide clinical relevance for potential translation of
AFVII-based therapies.

We then determined whether F3 targeting can be combined
with other anti-cancer therapeutic approaches. A combination
therapy with TMZ and AFVII, and triple combination of RT,
TMZ, and AFVII significantly prolonged the survival of tumor-
bearing mice (Figure S7A). Aberrant activation of the EGFR,
MET, and AKT pathways is frequently found in GBM, and each
pathway has been established as a potential therapeutic
target.5%® We treated 4 different GBM cells with representative
EGFR, MET, and AKT inhibitors and AFVII (Figure S7B). Combi-
nation treatment robustly induced tumor cell death and impaired
the clonogenic growth of GBM cells to a much greater degree
than monotherapy alone (Figure S7C). Lastly, pre-metastatic
MG63 osteosarcoma model revealed RT-induced F3 signaling
very similar to GBMs, raising the possibility that our findings on
RT-induced F3 signaling may be applicable to other cancer
types (Figures S7TD-S7H).

Our data collectively support the previously unidentified
concept that activation of F3 signaling during TIS is a central initi-
ator to trigger global adaptation programs in tumor cells and in
the TME, leading to therapy resistance and tumor recurrence
(Figure 7E).

DISCUSSION

We show that radiation-induced SA-BGal* GBM cells robustly
contribute to post-RT tumor regrowth by active clonal expan-
sion and global reorganization of immune, ECM, and cytokine
landscapes in the TME. F3 proteins are rapidly elevated in
the SA-BGal® GBM cells upon irradiation, and F3 signaling
promotes clonal expansion, mesenchymal-like cellular state
transition, and secretion of oncogenic SASP factors and
ECM proteins. Concurrently, F3 also initiates a hyperactive
coagulation cascade including local fibrin polymers, which
in turn facilitates TAM accumulation/polarization and ECM re-
modeling in the tumor regions. These F3-initiated cellular
events are functionally linked, and together they constitute
an oncogenic feedforward loop, in which TAMs and SASP
factors are critical players. In fact, F3 appears to be a master

(F) Cell survival of normal brain cells and irradiated GBM cells treated with AFVII. Irradiated GBM cells, NPCs, and astrocytes were cultured with various con-

centrations of AFVII for 3 days and cell survival was determined by MTT assay.

(G) Live-cell imaging of RT-F3* 022 GBM cells treated with AFVII. Cell growth was monitored in real-time over 12 days.

(H) Quantitation of the secreted proteins using the conditioned media from irradiated GBM (022 and 827) cells treated with AFVII for 1 day.

() Representative staining images of fibrin, CD163, CCR2, and cleaved-caspase-3 (C-cas3) in the 827 GBM-derived PDX tumors treated with RT, AFVII, or both.
(J) Immunoblots of F3, pSTAT3, BBC3, C-cas3, bFGF, HGF, and H3K9me3 proteins using GBM tumor lysates.

(K) Levels of the secreted proteins from the above tumor sets.

(L) Tumor sizes and fibrin staining in the above tumor sets harvested 5 days after RT.
(M) Tail bleeding times of tumor-bearing mice treated with RT, AFVII, or both. n = 3 for each group.
(N) Tumor volumes of the above groups (n = 6). Results are presented as mean + SD. *p < 0.001 by one-way ANOVA with Tukey’s multiple comparison test in B, F,

G, and N. *p < 0.001 by one-way ANOVA in C, H, and M. See also Figure S5.
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Figure 6. AFVII therapies radio-sensitize GBM tumors in orthotopic PDX models

(A) IHC images of fibrin, CD44, and CD163 in orthotopic 827 GBM tumor-bearing mice treated with RT, AFVII, or both. Recombinant AFVII protein (50 ng/kg body
weight) was administered via intravenous injection daily, concurrent with irradiation.

(B and C) Representative immunoblots of Fibrin, FN1, YKL-40, HUTS4, pp65, CD163, and CD206 in GBM tumors (B) and quantitation in (C).

(D) IF images of fibrin/FN1, CD44, CD163, and C-cas3 and quantitation. “p < 0.001 by one-way ANOVA with Tukey’s multiple comparison test in C and D.

(E) H&E staining images of the mouse brain sections from combination treated group. Human tumor cells were stained with STEM121 antibody (human cell-
specific marker).

(F and G) D-dimer levels in plasma (F) and tail bleeding time determination (G). N = 3 for each group. *p < 0.05, **p < 0.001 by one-way ANOVA in F. *p < 0.001 by
one-way ANOVA in G.

(H) Kaplan-Meier survival curves of tumor bearing mice treated with radiation, AFVII, or both. n = 10 for each group. Combination-treated group showed a
significant survival extension, compared to all other groups. p < 0.001 by log rank analysis. See also Figure S6.

switch regulating the radiation response in GBM, with striking therapeutic approach. These data collectively support that
effects on senescence-like and mesenchymal tumor pheno- F3 is a critical driver of oncogenic senescence and therapeu-
types as well as the microenvironment. We also demonstrate tic resistance in GBM, opening potential therapeutic avenues
a strategy to inhibit oncogenic F3 signaling as an anti-GBM  for F3 targeting.
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Figure 7. Expression of senescence and coagulation gene sets in matched primary and recurrent human GBM pairs

(A) Heatmap plots of the senescence, coagulation, NF-«kB, cell cycling, and stemness gene set expression in early (n = 11) and late relapsed (n = 14) GBM pairs.
(B) Quantitation of each gene signature expression in the following tumor sets. EP, early relapse GBM patients’ primary tumors; ER, early relapse GBM patients’
recurrent tumors; LP, late-relapse GBM patients’ primary tumors; LR, late-relapse GBM patients’ recurrent tumors. Wilcoxon rank test and two-tailed Student’s t

test were performed. *p < 0.001.

(C and D) Scatterplot showing the correlations of coagulation and senescence signature gene expression (C), and NF-kB and coagulation (D). r values were

determined by Pearson’s correlation coefficient analysis.

(E) Schematic illustration to depict the roles of F3 signaling in RT-induced GBM remodeling. See also Figure S7.
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We report here the existence of an F3-driven phenotype
in GBM sharing some features of senescent cells—including
SA-BGal reactivity, senescence marker expression (HP1y and
H3K9me3), enrichment of representative senescence gene
sets, and SASP-like secretory phenotype—with features of
GBM stem cells. On the other hand, robust clonal expansion of
irradiated SA-BGal* GBM cells is different from the traditional
view of cellular senescence in which irreversible cell-cycle arrest
is a central tenet. Our findings are highly consistent with recent
studies showing that the senescence program activates key
stemness signaling pathways such as WNT and YAP**®* and
that the senescent state in cancer is highly dynamic and revers-
ible.** Thus, we propose the cellular states of irradiated SA-
BGal* GBM cells as the senescence-like GBM cell phenotype
without stable cell-cycle arrest.

At the early stages of tumor initiation, oncogene-induced
senescence (OIS) is an essential tumor-suppressive barrier
that limits expansion of pre-malignant cells. It has been generally
thought that cells under OIS remain arrested due to activation of
TP53 and/or Cdkn2a pathways, however, a subset of these cells
escapes from OIS and progress to more aggressive stages.®®
GBM harbors defects in apoptosis and cell cycle regulators
such as homozygous deletion of Cdkn2a and deregulated
TP53 pathways, possibly enabling bypass of cell-cycle arrest
while adopting other pro-tumorigenic features of senescence.
Itis increasingly clear now that various therapies including irradi-
ation, chemotherapeutics, and targeted inhibitors induce
massive numbers of senescent or senescent-like cells in
malignant cancers.'®%® In most of these studies, however, se-
nescent-like tumor cells have been identified by colorimetric
SA-BGal assay and very limited senescent cell marker staining
without cell fate determination. Our findings in GBM may provide
a clue to better characterize TIS in other malignancies.

The close relationship between cancer and thrombosis has
been recognized by Trousseau since 1865.°” Hyper-coagula-
bility can lead to serious, life-threatening conditions such as
venous thromboembolism (VTE). VTE is frequently found in can-
cer patients, among whom high-grade glioma patients showed
the highest incidence.®*®® F3, originally identified as an initiator
of a stress-responsive coagulation cascade, has been impli-
cated in hyper-coagulation activities in cancer, pro-proliferative
signaling, and tumor dormancy, and metastasis.*%4%-52:69.70 p
more recent study reported that F3 is preferentially expressed
in quiescent stem-like GBM cells.*? In addition, increased blood
clotting activities and aberrant fibrin clots have frequently been
observed in patients with senescence-associated pathologies
including COVID, tissue injury, and aging.”'~"* Our findings
may suggest the possibility that senescence plays a causal
role in hypercoagulation activity in non-cancer pathologies
as well.

Various therapeutic approaches that target senescent tumor
cells and/or senescence-associated pathways have been devel-
oped as potential anticancer approaches.®® These approaches
can be largely classified into three categories: (i) targeting indi-
vidual oncogenic SASP factors,”>’® (ji) targeting individual stem-
ness/survival pathways that are particularly induced by the TIS
program,**’” and (jii) targeting senescent tumor cells with seno-
lytic approaches.’® Similar to the highly overlapping RTK
signaling networks found in cancer, post-therapy malignant
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OPEN ACCESS

tumors secrete multiple SASP factors with very similar or redun-
dant functions.’ 757983 T|S-associated epigenetic reprogram-
ming may reactivate multiple, potentially redundant, oncogenic
transcription networks.**®*”" Our data suggest that AFVII
targeting approach can be developed into a viable therapeutic
option. F3 targeting potently inhibited radiation-induced TAM
accumulation and oncogenic TAM polarization, indicating a po-
tential intersection with TAM re-education approaches and/or
other immune-based anti-cancer approaches. We postulate
that F3 signaling is a crucial hub triggering multiple oncogenic
pathways in the therapy-induced tumor cell senescence setting.

As senescence in the brain parenchyma and immune land-
scapes are likely critical for RT-induced remodeling and GBM ra-
dio-resistance, extensive studies in syngeneic tumor models can
provide deeper understanding of associations between immune,
microenvironmental components, and treatment response.
Most of our data were obtained from PDX-bearing immunocom-
promised mice models. Despite this caveat, our data reveal that
F3 signaling in GBM is an active adaptation program to evade
therapeutic pressure and leverage oncogenic aspects of TIS.
Thus, inhibiting F3 signaling may represent a promising strategy
to markedly enhance otherwise suboptimal anti-GBM therapies.
Our findings may provide a step forward to a better understand-
ing of F3 signaling, which may be critical for advancing therapeu-
tic strategies.
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SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-F3 (HTF-1)

Mouse monoclonal anti-F3, Phycoerythrin
Conjugated, (HTF-1)

BD Biosciences
BD Biosciences

Cat# 55025; RRID: AB_393557
Cat# 550312; RRID: AB_393602

Rabbit polyclonal anti-F3 Abcam Cat# ab104513; RRID: AB_10711603
Mouse monoclonal anti-F3 (10H10) Invitrogen Cat# MA1-83495; RRID: AB_2101347
Rabbit anti-phospho-ATM (Ser1981) (D6H9) Cell Signaling Cat# 5883; RRID: AB_10835213
Rabbit anti-ATM (D2E2) Cell Signaling Cat# 2873; RRID: AB_2062659
Rabbit anti-phospho-Chk1 (Ser345) (133D3) Cell Signaling Cat# 2348; RRID: AB_331212

Mouse anti-Chk1 (2G1D5) Cell Signaling Cat# 2360; RRID: AB_2080320
Rabbit anti-phospho-Chk2 (Thr68) (C13C1) Cell Signaling Cat# 2197; RRID: AB_2080501
Rabbit anti-Chk2 Cell Signaling Cat# 2662; RRID: AB_2080793
Rabbit anti-Histone H3 (tri methyl K9) Abcam Cat# ab8898; RRID: AB_306848
Rabbit- anti-trimethyl-Histone H3 (Lys9) Millipore Sigma Cat# 07-442; RRID: AB_310620
Mouse monoclonal anti-HP1y (14D3.1) Millipore Sigma Cat# MABE656; RRID: AB_2722628

Cat# SC56; RRID: AB_628110

Cat# NCL-L-Ki67-MM1; RRID:AB_563841
Cat# AF2018; RRID:AB_355110

Cat# SC-23927; RRID:AB_627994

Mouse monoclonal anti-PCNA
Monoclonal anti-Ki67 (MM1)
Goat polyclonal anti-Human Sox2 R&D systems

Santa Cruz Biotechnology
Leica Biosystems

Mouse monoclonal anti-Nestin (10c2) Santa Cruz Biotechnology

Mouse anti-Human CD338 (ABCG2)
Mouse monoclonal anti-Fibrin (59D8)
Rabbit polyclonal anti-Fibronectin
Mouse anti-Fibronectin

Rabbit polyclonal anti-CHI3L1

Mouse monoclonal anti-CD44 (G44-26)
Rat monoclonal anti-CD44 (IM7)

Rabbit monoclonal anti- Phospho-NFkB
p65 (Ser536) (93H1)

Rabbit monoclonal Anti-NFkB p65 (D14E12)

Mouse monoclonal Anti-phospho-lkBao
(Ser32/36)(5A5)

Mouse monoclonal Anti-lkB-alpha (L35A5)

Rabbit monoclonal anti- human
beta-Catenin, phospho (Ser675) (D2F1)

Mouse monoclonal anti-Active-beta-catenin (8E7)

Mouse monoclonal anti-CD42b (42C01)
Rabbit polyclonal anti-Histone H3 (CitH3)
Rat monoclonal anti-F4/80 (BM8)

Rat monoclonal anti-CD163 (TNKUPJ)
Mouse monoclonal anti-CD163 (10D6)
Rabbit recombinant CCR2 (EPR20844-15)
Rat Monoclonal anti-CD11b

Rabbit polyclonal anti-Iba1

Rabbit polyclonal anti-Fibrinogen

Rabbit polyclonal anti- Ezh2 (D2C9)
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BD Biosciences
Millipore Sigma

Abcam

BD Biosciences

Abcam

BD Biosciences
Thermo Fisher Scientific
Cell Signaling

Cell Signaling
Cell Signaling

Cell Signaling
Cell Signaling

Millipore

Thermo Fisher Scientific
Abcam

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Abcam

Abcam

FUJIFILM Wako

Abcam

Cell Signaling

Cat# 562167; RRID: AB_11153672
Cat# MAB52155; RRID: AB_2893306
Cat# ab2413; RRID: AB_2262874
Cat# 610077; RRID: AB_2105706
Cat# ab77528; RRID:AB_2040911
Cat# 550392; RRID:AB_2074674
Cat# 14044181; RRID:AB_467245
Cat# 3033; RRID:AB_331284

Cat# 8242; RRID:AB_10859369
Cat# 9246; RRID:AB_2267145

Cat# 4814; RRID: AB_390781
Cat# 4176; RRID:AB_1903923

Cat# 05-665; RRID:AB_309887

Cat# MA5-11642; RRID:AB_10986763
Cat# ab5103; RRID:AB_304752

Cat# MF48000; RRID:AB_10376289
Cat# 14163182; RRID:AB_2716934
Cat# MA5-11458; RRID:AB_10982556
Cat# ab273050; RRID: AB_2893307
Cat# ab8878; RRID:AB_306831

Cat# 019-19741; RRID:AB_839504
Cat# ab34269; RRID:AB_732367
Cat# 5246; RRID:AB_10694683

(Continued on next page)
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Mouse monoclonal anti-Ubiquitin (P4D1): Santa Cruz Biotechnology Cat# SC8017; RRID: AB_628423
Rat monoclonal anti-Integrin 1b (AllB2) Sigma-Aldrich Cat# MABT409; RRID:AB_2893323
Rabbit polyclonal anti- Integrin alpha 3 Abcam Cat# ab131055; RRID:AB_11156484
Rabbit polyclonal anti- Integrin betal Cell Signaling Cat# 4706; RRID:AB_823544

Goat Polyclonal anti-Human Integrin
alpha 5 / cd49e

Mouse monoclonal anti-Integrin beta 1 (HUTS4)
Mouse monoclonal anti-ITGB1 (TS2/16)

Mouse monoclonal anti-Integrin beta 1 [P5D2]
Rabbit monoclonal anti-pSTAT3(Tyr705) (D3A7)
Mouse monoclonal anti-Stat3 (124H6)

Rabbit monoclonal anti-pAKT(S473) (D9E)
Rabbit monoclonal anti-AKT (C67E7)

Rabbit monoclonal anti-Phospho-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) (197G2)

Rabbit monoclonal p44/42 MAPK (Erk1/2) (137F5)
Rabbit polyclonal anti-IL6

Rabbit polyclonal anti-pFAK (Tyr397)

Rabbit monoclonal anti-FAK (D2R2E)

Mouse monoclonal anti- PUMAa/B (G-3)

Rabbit monoclonal anti-Cleaved
Caspase3 (Asp175) (5A1E)

Mouse monoclonal anti-STEM121

Goat polyclonal anti-Factor VI

Rabbit polyclonal anti-Lamin B1

Rabbit polyclonal anti-phospho-GSK3 B (Ser9)
Rabbit monoclonal anti-GSK-38 (D5C52)

Goat polyclonal anti-Hepatocyte Growth Factor
Goat polyclonal anti-Human FGF

Rabbit anti-Histone H3 (D1H2)

Rabbit anti-Flag Tag (D6W5B)

Mouse monoclonal anti-F3 blocking antibody (5G9)
Mouse monoclonal anti-a-tubulin (DM1A)
Mouse monoclonal anti-actin (C-2)

Donkey anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary antibody, Alexa Fluor 594
Donkey polyclonal anti-Mouse 1gG (H+L) Cross-
absorbed secondary antibody, Alexa Fluor 488
Donkey anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 647
Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary antibody, Alexa Fluor 594
Donkey anti-Rabbit IgG (H+L) Highly Cross-
absorbed secondary antibody, Alexa Fluor 488
Donkey anti-Goat IgG (H+L) Cross-Adsorbed
Secondary antibody, Alexa Fluor 594

Donkey polyclonal anti-Goat IgG (H+L) Cross-
absorbed secondary antibody, Alexa Fluor 488

Donkey anti-Rat IgG (H+L) Highly Cross-Adsorbed
Secondary antibody, Alexa Fluor 594

R&D systems

Millipore Sigma

Thermo Fisher Scientific
Abcam

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

Abcam

Cell Signaling

Cell Signaling

Santa Cruz Biotechnology
Cell Signaling

Takara

R&D systems
Abcam

Cell signaling

Cell signaling

R&D systems
R&D systems

Cell signaling

Cell signaling
Absolute Antibody
Millipore Sigma
Santa Cruz Biotechnology
Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Thermo Fisher Scientific

Invitrogen

Cat# AF1864; RRID:AB_355026

Cat# MAB2079Z; RRID:AB_2233964
Cat# MA2910; RRID:AB_223515
Cat# ab24693; RRID: AB_448230
Cat# 9145; RRID:AB_2491009

Cat# 9139; RRID:AB_331757

Cat# 4060; RRID:AB_2315049

Cat# 4691; RRID:AB_915783

Cat# 4377; RRID:AB_331775

Cat# 4695; RRID:AB_390779

Cat# ab6672; RRID:AB_2127460
Cat# 3283; RRID:AB_2173659

Cat# 13009; RRID:AB_2798086

Cat# SC-374223; RRID:AB_10987708
Cat# 9664; RRID:AB_2070042

Cat# Y40410; RRID:AB_2801314
Cat# AF2338; RRID:AB_416580
Cat# ab16048; RRID:AB_10107828
Cat# 9336; RRID:AB_331405

Cat# 2456; RRID:AB_2636978
Cat# AF-294-NA; RRID:AB_354451
Cat# AF-233-NA; RRID:AB_354413
Cat# 4499; RRID:AB_10544537
Cat# 14793; RRID:AB_2572291
Cat# ab00516 RRID:AB_2934070
Cat# T9026; RRID:AB_477593
Cat# SC-8432; RRID:AB_626630
Cat# A-21203; RRID:AB_141633

Cat# A-21202; RRID: AB_141607

Cat# A-31571; RRID: AB_162542

Cat# A-21207; RRID:AB_141637

Cat# A-21206; RRID: AB_2535792

Cat# A-11058; RRID:AB_2534105

Cat# A-11055; RRID: AB_2534102

Cat# A-21209; RRID:AB_2535795

(Continued on next page)
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Donkey polyclonal anti-Rat IgG (H+L) Highly Cross-
Absorbed secondary antibody, Alexa Fluor 488

Goat anti-Mouse IGG antibody (H+L), Biotinylated
Goat anti-Rabbit IgG antibody (H+L), Biotinylated

Goat anti-Rat IgG antibody, mouse
absorbed (H+L), biotinylated

Rabbit anti-goat IgG antibody (H+L), Biotinylated

Thermo Fisher Scientific

Vector Laboratories
Vector Laboratories
Vector Laboratories

Vector Laboratories

Cat# A-21208; RRID: AB_2535794

Cat# BA9200; RRID:AB_2336171
Cat# BA1000; RRID:AB_2313606
Cat# BA9401; RRID:AB_2336208

Cat# BA5000; RRID:AB_2336126

Biological samples

Human glioblastoma specimen

Cleveland Clinic

Bacterial and virus strains

One Shot™ StbI3™ Chemically Competent E. coli

Thermo Fisher Scientific

C737303

Chemicals, peptides, and recombinant proteins

4%PFA

A/G agarose beads

ABT-263

Accutase Cell detachment solution
Antigen Unmasking solution, citrate based
B-27 Supplement (50x), minus Vitamin A
Bafilomycin A1

Blasticidin

BLOXALL Endogenous blocking solution,
peroxidase and alkaline phosphatase

Bovine Serum Albumin (BSA)
BYL 719

C12FDG (5-Dodecanoylaminofluorescein
Di-B-D-Galactopyranoside)

Cilengitide

Cucurbitacin

DAPI

Dasatinib

Dimethyl sulfoxide (DMSO)
Doxycycline

DMEM

DRAQS5 fluorescent probe

Dulbecco’s phosphate-buffered saline
(DPBS), no calcium, no magnesium

ECL Western Blotting detection reagents
Gefitinib

Halt Phosphatase Inhibitor Single-Use Cocktalil
Lab Vison Mayer’s Hematoxylin

Lenti-X concentrator

Matrigel

Mini Protease inhibitor cocktail
Mouse-on-mouse blocking reagent

N-2 Supplement (100x)

Neurobasal medium

Nuclease-Free Water (not DEPC-treated)
0O.C.T compound

Penicillin-Streptomycin

PHA 665752
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Santa Cruz Biotechnology
Santa Cruz Biotechnology
Selleckchem
Sigma-Aldrich

Vector Laboratories
Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
Vector Laboratories

Sigma-Aldrich
ApexBio technology
Invitrogen

Selleckchem
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Gibco

Thermo Fisher Scientific
Thermo Fisher Scientific

GE Healthcare

Abcam

Thermo Fisher

Vector Laboratories
Clontech

Corning costar
Sigma-Aldrich

Vector Laboratories
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
SAKURA Tissue Tek
Thermo Fisher Scientific
ApexBio technology

Cat# Sc281692; CAS: 30525-89-4
SC2003

Cat# S1001; CAS: 923564-51-6
AB964

H3300

12587010

Cat# B1793; CAS: 88899-55-2
R21001

SP6000100

Cat# B6917; CAS: 9048-46-8
Cat# A8346; CAS: 1217486-61-7
D2893

Cat# S6387; CAS: 188968-51-6
Cat# C4493 CAS:2222-07-3

Cat# D9542; CAS: 47165-04-8
Cat# SML2589; CAS: 302962-49-8
Cat# D2650; CAS: 67-68-5

Cat# D9891; CAS: 564-25-0

Cat# D5796

62251

14190144

RPN2232

Cat# ab142052; CAS: 184475-35-2
78428

TA-125-MH

631231

354230

11836153001

Cat# MKB-2213; RRID: AB_2336587
17502048

12349015

AM9937

4583

15070063

Cat# A2307; CAS: 477575-56-7

(Continued on next page)



Cancer Cell

¢? CellPress

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ProLong Gold Antifade Mountant Invitrogen P36934

Puromycin Sigma-Aldrich Cat# P8833; CAS:53-79-2
Saponin Sigma-Aldrich Cat# S7900; CAS: 8047-15-2
Sodium citrate Sigma-Aldrich Cat# PHR1416; CAS: 6132-04-3
Sucrose Sigma-Aldrich Cat# S0389; CAS: 57-50-1
Temozolomide Sigma-Aldrich Cat# T2577; CAS: 85622-93-1
Triton X-100 Sigma-Aldrich Cat# T9284; CAS: 9002-93-1

Trypan blue stain, 0.4%
VectaMount AQ Aqueous Mounting medium

Thermo Fisher Scientific

Vector Laboratories

T10282
H550160

Xylene Sigma-Aldrich Cat# 214736; CAS:1330-20-7
Critical commercial assays

ATAC-Seq Library Preparation Kit APEXBIO K1157
CalPhos Mammalian Transfection Kit Clontech 631312

Cell Proliferation kit (MTT) Sigma-Aldrich 11465007001
DAB Substrate Kit Vector Laboratories SK4100

DNA purification Kit Qiagen 28104

Factor 7 human chromogenic activity Assay Abcam ab108830
Human Cytokine antibody array kit RayBiotech AAH-CYT-1000
Mouse D-dimer ELISA kit Novus Biologicals NBP3-08100
PE Annexin V Apoptosis Detection Kit BD biosciences 559763

QIAmp DNeasy Blood and Tissue Kit Qiagen 69504
Senescence-B-galactosidase kit Cell Signaling 9860
TMRE-Mitochondrial Membrane Abcam ab113852
Potential Assay Kit

Vectastain elite ABC kit Vector Laboratories PK6100
CloneTracker™ 50M Lentiviral Barcode Library Cellecta BC13X13-V
NGS Prep Kit for Barcode Libraries in pRSI16/17 Cellecta LNGS-200
(CloneTracker™)48x50ugCellectaLNGS-200

ONE-Glo Luciferase Assay System Promega E6110
Deposited data

RNA Sequencing data This study GEO: GSE162931
Experimental models: cell lines

NPCs from aborted fetal brain tissues Lonza Cat # PT-2599
Embryonic stem cell-driven NPCs Invitrogen Cat #N7800100
Human HEK293 ATCC CRL-1573
Human HEK293T ATCC CRL-3216
Primary human astrocytes Lonza Cat# CC-2565
U937 ATCC CRL-1593.2
Human glioma cells N/A

MG63 Received from NIH N/A
Experimental models: organisms/strains

Mouse: BALB/c, nu/nu TACONIC BALBNU
(C.Cg/AnNTac-Foxn1"“NE9)

Mouse: RCAS-TVA, p53 -/-, PDGFB O/E Hambardzumyan et al.>*

Recombinant DNA

pCMV-VSV-G Addgene 8454
pLenti6/V5 vector Invitrogen K495500
psPAX2 Addgene 12260
pGreenFire 2.0 NFkB Reporter Systems Biosciences TR412PA-P

(Continued on next page)
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pGreenFire 2.0 TCF/LEF Reporter Systems Biosciences TR413PA-P

Software and algorithms

10x Genomics Chromium Single Cell Platform

Cell ranger Pipeline

FlowJo

Gene Set Enrichment Analysis (GSEA)
ImageJ
Imagescope

LAS X application suite

Imagescope

LAS X application suite

Plotly R package

RayBiotech analysis tool

Scanpy

UMAP dimensionality reduction visualization

10x Genomics

10x Genomics

BD Biosciences

Subramanian et al.*®

NIH
Leica Biosystems

Leica Biosystems

Leica Biosystems

Leica Biosystems

Sievert C (2020).
Raybiotech
Wolf et al.”*
Becht et al.”

https://www.10xgenomics.com/
products/single-cell-gene-expression

https://support.10xgenomics.com/
single-cell-gene-expression/software/
pipelines/latest/what-is-cell-ranger

https://www.flowjo.com/solutions/
flowjo/downloads

https://www.gsea-msigdb.org/gsea/index.jsp
https://imagej.nih.gov/ij/
https://www.leicabiosystems.com/digital-
pathology/manage/aperio-imagescope/

https://www.leica-microsystems.com/products/
microscope-software/p/leica-las-x-Is/

https://www.leicabiosystems.com/digital-
pathology/manage/aperio-imagescope/

https://www.leica-microsystems.com/products/
microscope-software/p/leica-las-x-Is/

https://github.com/ropensci/plotly
AAH-ANG-1000
https://scanpy.readthedocs.io/en/stable/

https://github.com/Imcinnes/umap

Other

Cancer Genome Atlas (TCGA) database
GLASS consortium

Gene Expression Omnibus (GEO)

Leica TCS SP5 confocal microscope
Zeiss EM 10 transmission electron microscope
Aperio AT2 Slide Scanner

Leica DM6B (with Leica 7000T camera)
LSR Il Fortessa flow cytometer

FACS Aria ll

Stereotactic device

IncuCyte Live-cell analysis system
Vibratome

Leica Microsystems
Carl Zeiss

Leica Microsystems
Leica Microsystems
BD

BD

Kopf instruments
Sartorius

Leica

http://www.ncbi.nlm.nih.gov/geo/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jeongwu

Lee (leej7@ccf.org).

Materials availability

Materials generated in this study are available from the lead contact upon request.

Data and code availability

The datasets generated during this study are available at GEO under accession number GEO; GSE162931. Any additional informa-

tion required to reanalyze the data reported in this paper is available from the lead contact upon request.
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METHOD DETAILS

Patient-derived glioblastoma specimens and derivatives

Following written informed consent, tumor samples classified as GBM, based on the WHO criteria, were obtained from patients un-
dergoing surgical treatment in accordance with the NIH, Cleveland Clinic Lerner Research Institute, and Samsung Medical Center
Institutional Review Boards. Within 1 to 6 hours after surgical removal, tumors were washed in PBS and processed for the following
models.

GBM spheroids: Tumor cells were cultured in Neurobasal medium supplemented with N2, B27 and bFGF and EGF (NBE medium;
Neurobasal media, N2 and B27 supplements (0.5x each; Invitrogen), and human recombinant bFGF and EGF (25 ng/mL each; R&D
Systems).*"8

GBM organoids: GBM organoids display tumor cell hierarchy and differentiation heterogeneity by oxygen/nutrient gradient. Tissue
pieces were cut into 0.5 to 1 mm diameter and cultured in the dishes on top of an orbital shaker rotating at 120 rpm at 37°C ina 5%
CO,, 95% humidity incubator.*2%:8°

GBM slices: GBM tissue pieces were sliced using a vibrating blade microtome into 3 to 5 mm diameter, 300 um thick slices and
transferred to a culture dish.

Primary cell cultures

Normal NPCs derived from human embryonic stem cells (H9, Invitrogen, Cat #N7800100) and aborted fetal brain tissues (Lonza, Cat
# PT-2599) were cultured in NBE media or neural progenitor maintenance media (Lonza, Cat# CC-3209). Primary human astrocytes
(Lonza, Cat# CC-2565) were cultured in astrocyte growth media (Lonza, Cat# CC-3186). Human U937 cells from ATCC (CRL-1593.2)
were maintained in RPMI 1640 media (Gibco,11875093) with 10% FBS (Gibco,10438026), and 1% penicillin/streptomycin (Gibco,
15140148). For all co-culture experiments, FBS serum was not used.

Patient-derived xenograft (PDX) and RCAS-TVA mouse glioma models

All mice experiments were performed according with the IACUC approved protocols. For orthotopic tumor implantation, GBM cells
were injected intracranially into the striatum of nude mice (BALB/c nu/nu) by using a stereotactic device (Kopf instruments, coordi-
nates: 2 mm anterior, 2 mm lateral from the bregma, 2.5 mm depth from the dura) as previously described.*’ For F3 inducible knock-
down, drinking water containing doxycycline (D9891, Sigma, 2 mg/ml) and 5% sucrose was given at 20 days after injection. The water
was protected from light and exchanged every 2 days. Syngeneic RCAS-TVA mouse gliomas induced by PDGFB overexpression in
p53-null background were generated as previously reported.® When mice develop neurological symptoms (lethargy, ataxia, and sei-
zures) or significant body weight loss, mice were killed and processed for histological analysis.

Lung metastasis model
Naive or irradiated MG63 cells (5 x 10°) were injected into the tail vein of each nude mice (BALB/c nu/nu).

AFVIl-mediated therapy in animal models

All mice were randomly assigned to appropriate treatment groups. For recombinant AFVII protein experiments, AFVII proteins (50 pg/
kg body weight) were administered via intravenous injection daily, concurrent with irradiation or temozolomide treatment (25 mg/kg
body weight, intraperitoneal injection, T2577, Sigma).?® For AFVIl-expressing NPC experiments, NPCs (1x10° cells per mice) were
injected into the brains of tumor-bearing mice, two days before irradiation.

Blood clotting time test
To determine tail-bleeding time, mice were kept under anesthesia and placed on a heating pad. Distal tail was cut at 5 mm from the tip
and immediately submerged into 10 ml PBS at 37 °C.%"

D-dimer ELISA assays
Plasma was collected in 3.2% buffered sodium citrate tube from each sample for D-dimer detection. The amount of D-dimer was
assayed using mouse D-dimer ELISA kit (Novus Biologicals, NBP3-08100) according to manufacturer’s protocol.

Radiation regime

For irradiation of tissues and cells, a single dose of 3Gy, 5Gy, or 10 Gy was used. For in vivo irradiation, the anesthetized mice were
placed in a lead shielding device in which the brains or subcutaneous tumors were exposed. Localized radiation was performed with
either a single dose of 10 Gy or a fractionated regime (2Gy daily for 5 days).

Senescence-associated p-galactosidase (SA-BGal) reactivity assays

For colorimetric SA-BGal assay, we used senescence-B-galactosidase kit (9860, Cell Signaling). Briefly, samples were incubated
with B-galactosidase staining solution (pH 6.0) at 37°C in a dry incubator without the added CO.,. Staining images were analyzed
using an inverted fluorescence microscope (DM4000 B, Leica). For fluorometric SA-BGal staining assay, live cells or tissues were
pre-treated with bafilomycin A1 (B1793, Sigma-Aldrich, 100 nM) and then cultured with C1,FDG (5-Dodecanoylaminofluorescein
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Di-B-D-Galactopyranoside, D2893, Invitrogen) as described with minor modifications.”’ C1,FDG intensity was analyzed by LSR I
Fortessa flow cytometer (BD) or confocal microscope.

Fluorescence activated cell sorting (FACS)

Cell sorting was performed using BD FACS Aria Il. GBM cells were stained with either C1,FDG or F3 antibody (BD 550312 1:20), and
each subpopulation was sorted based on the levels of staining intensities. A matched isotype antibody was used as a control and
propidium iodide (PI, 5 ng/ml) was used for live/dead cell determination. To ensure purity and viability of the sorted subpopulations,
we repeated flow cytometry analysis and Pl staining after initial sorting. Data were collected and analyzed using FlowJo software.

Flow cytometry analysis
Dissociated GBM cells were incubated with 5% donkey or goat serum, 2mM EDTA in PBS for 30 minutes to block non-specific bind-
ing, and then labeled with anti-F3-FITC antibody (BD 550312, 1:20), Nestin (SC-23927, 1:100), H3K9me3 (ab8898, 1:100), or ABCG2
(BD562167, 1:100) in 5% serum containing PBS for 1 hour. For detection of intracellular proteins, cells were permeabilized with 0.1%
saponin (S7900, Sigma-Aldrich). After gently wash by cold PBS, the cells then incubated with Alexa Flour secondary antibodies (In-
vitrogen, 1:400) for additional 30 minutes.

Annexin V staining and mitochondria TMRE assays were performed using standard detection kits (ab113852, Abcam). Flow cy-
tometry assays were performed using at least three independent biological samples.

In vivo clonal analysis using barcode-sequencing

GBM cells were transduced with Clone Tracker 50M lentiviral barcode library (BC13X13V, Cellecta Inc.). For in vivo clonal analysis,
transduced GBM cells were injected into the brains of nude mice. Genomic DNA was extracted from the resultant tumor tissues using
QlAamp DNeasy Blood and Tissue kit (69504, Qiagen) following manufacturer instructions. Barcodes from the tumor were amplified
using sample-specific primer sets provided in the NGS prep kit (LNGS-200, Cellecta Inc.). Library quality and fragment sizes were
assessed on a Fragment Analyzer before high-throughput sequencing on a HiSeq. Sequence processing and analysis were per-
formed by using Cellecta NGS Demultiplexing and Alignment software.

Cell surface marker screening

BD lyoplate human cell surface marker screening panel contains 242 purified monoclonal antibodies against human clusters of dif-
ferentiation (CD) markers (560747, BD). Patient-derived GBM cells (131 and 559) were used for cell surface marker screening. Briefly,
GBM cells (about 1.5x108) were dissociated with Accutase (A6964, Sigma-Aldrich) and incubated with bafilomycin A1 (100 nM) and
C412FDG (33 uM) for 2 hours at 37°C or anti-F3-FITC for 1 hour at 4°C. After C1oFDG or F3 staining, cells were split and incubated with
each CD antibody for 1 hour at 4°C. Flow cytometry data were measured using LSRII HTS system and analyzed using FlowJo soft-
ware (NIH).

Single cell RNA-sequencing (scRNA-seq) and bulk RNA-seq analysis

Cells were dissociated with Accutase and suspended in 1% BSA PBS solution. Live cell FACS sorting was performed with DRAQS
fluorescent probe (62251, Thermo Fisher Scientific). Cell vitality was determined by trypan blue staining and live cells were diluted to a
final concentration of 1000 viable cells/ uL in 0.1% BSA PBS solution. Each sample had over 90% viability. SCRNA-seq library prep-
aration and sequencing were performed as previously reported.?*° Briefly, scRNA-seq data were processed through 10x Genomics
Chromium Single Cell Platform, and count matrices were generated using their Cell Ranger pipeline (10x Genomics). ScCRNA-seq
data were analyzed using scanpy. For quality control, genes detected in less than 5 cells and cells with fewer than 1000 genes
were excluded. Expression values were corrected to 100,000 reads per cell and transformed. Unbiased clustering was performed
by UMAP dimensionality reduction visualization analysis.”® Gene signature sets used in this report are; GBM subtype,®® stem-
ness,”>*? cell cycling,?® NF-kB,° senescence,®*®'#° and coagulation.™

ATAC-sequencing analysis

Cells were stained with either C1,FDG or F3 antibody (BD 550312, 1:20), and each subpopulation was sorted using BD FACS Aria Il.
Propidium iodide (PI, 5 ng/ml) was used for live/dead cell determination. 5 x 10° cells / sample were used for ATAC-Seq Library Prep-
aration (K1157, APExBio). Briefly, cells were resuspended in 50ul ATAC lysis buffer containing (0.5 pnl 10% NP40, 0.5 ul 10% Tween
20, and 0.5 ul 2% Digitonin) for 3 min on ice and then cold ATAC lysis buffer containing (0.5 ul 10% Tween 20) was added. Nuclei were
centrifuged at 1000 rpm for 10 min at 4°C in a fixed angle. Nuclei were resuspended in 50ul tagmentation master mix containing (5ul
transposase, 16.5ul PBS, 0.5ul 2% Digitonin, 0.5 nl 10% Tween 20, 2.5ul water, and 25l 2x tagmentation buffer). The tagmentation
reaction was incubated at 37°C for 30 min in a thermomixer with 1000 rpm. Reactions were cleaned up with DNA purification kit
(28104, Qiagen). Libraries were amplified and sequenced on a Nextseq instrument (lllumina).

Bioinformatics data analysis

Analysis for genomic alterations including amplification, deletion, and mutation of key genes and glioma subtype assignment were
performed, as described.%°%¢2:88% pearson correlation coefficient was calculated by "cor" function of R and Pearson’s Chi-
squared Test was conducted using "chisq.test" function of R with default settings.
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Chemokine/cytokine profiling assays

Conditioned media was filtered through 0.2 um filters (Sartorious Stedium Biotech). Filtered media or cell lysates were incubated with
Human Cytokine antibody array kit (AAH-CYT-1000, RayBiotech). Intensity of each spot was measured using ImageJ and analyzed
using the RayBiotech analysis tool (AAH-ANG-1000, RayBiotech). Heatmaps were generated by “heatmap.2” function of R package.

Lentivirus

Human HEK293 cells (ATCC) were cultured in DMEM media supplemented with 10% FBS, 1% penicillin and streptomycin. For viral
production, 293T cells were co-transfected with the corresponding lentiviral vector and packaging plasmids (psPAX2 and pCMV-
VSV-G) using CalPhos Mammalian Transfection Kit (631312, Clontech). Virus-containing supernatants were collected and concen-
trated by Lenti-X concentrator (631231, Clontech).

All expression vectors were cloned into pLenti6/V5 vector (K495500, Invitrogen) and validated by sequencing and immunoblot
analysis. Expression vectors used in this study include wildtype F3, wildtype F7, F7 deletion series, STAT3C mutant, and IKK-2
S177E S181E (IKK2SSEE) mutant (a gift from Anjana Rao, Addgene plasmid # 11105).°" A series of F7 deletion mutants was designed
to include and/or exclude domains of F7 proteins. Short hairpin RNA (shRNA)-expressing lentiviral vectors were purchased from
Sigma-Aldrich and doxycycline-inducible shRNA plasmids were purchased from Dharmacon. F3 or pp65 shRNA constructs were
tested and at least two independent shRNA knockdown vectors were selected for further studies.

AFVII recombinant proteins

We designed various recombinant variant FVII proteins including AFVII and S404A FVII mutant as well as wild type FVII.°? Recom-
binant FVII variant proteins including wildtype F7, S404A F7, and AFVII (181 amino acid protein without peptidase S1 domain; 141
amino acid protein in a secreted form) were synthesized (Genscript) and validated by immunoblot analysis, in vitro clotting assay (fac-
tor 7 human chromogenic activity Assay; ab108830, Abcam), and cysteine bond determination by MASS spectrometry.

Immunofluorescence analysis

Tissue slices were harvested 1 to 3 days after irradiation and fixed in 4% PFA (SC281692, Santa Cruz biotechnology). To prepare the
frozen sections of tumors, samples were washed in PBS, cryoprotected in 30% sucrose (S0389, Sigma-Aldrich) at 4°C overnight,
embedded in O.C.T compound (4583, SAKURA Tissue Tek), and sectioned using a cryostat (CM3050S, Leica). Tissue sections
and cells were blocked using a blocking solution (0.3% Triton X-100, 5% goat or donkey serum, 1% BSA in PBS) for 1 h at room
temperature. For mouse tissue sections, mouse-on-mouse blocking reagent (MKB-2213, Vector Laboratories) was added to the
blocking solution. Immunofluorescence images were taken using a Leica TCS SP5 Confocal Microscope.

Immunohistochemistry analysis (IHC)

Paraffin sections were prepared in the Cleveland Clinic Lerner Research Institute imaging core. For immunohistochemistry analysis
(IHC), tissue sections were deparaffinized in xylene (214736, Sigma-Aldrich) and rehydrated through ethanol gradient. Antigen
retrieval was achieved by microwaving the sections in Unmasking solution (citrated based buffer, pH 6.0, H-3300, Vector Labora-
tories). Endogenous peroxidase activity was blocked by incubation with BLOXALL blocking solution (SP-6000, Vector Laboratories).
All images were taken by slide scanner Leica SCN400 microscope and analyzed by Imagescope and ImageJ.

Immunoblots and co-immunoprecipitation

Cells were lysed in Pierce IP lysis buffer 25 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 5% glycerol; #87788,
Thermo) supplemented with protease inhibitors cocktail (Complete Mini, 11836153001, Sigma-Aldrich) and phosphatase inhibitor
(#78428, Thermo), incubated on ice for 30 minutes and cleared by centrifugation at 4°C for 20 minutes. For immunoprecipitation,
protein lysates were incubated with appropriate antibodies for overnight at 4°C. Protein bands were visualized using ECL Western
Blotting Detection Reagents (RPN2232, GE Healthcare) and subjected to densitometry analysis using ImageJ.

Cell growth, viability, drug treatment, and soft agar colony forming assays

Standard methods including cell counting and MTT assays (11465007001, Sigma-Aldrich) were used. Cilengitide (1 to 5 uM, S6387,
Selleckchem), integrin blocking antibody (ab24693, Abcam), and cucurbitacin (100 nM, C4493, Sigma-Aldrich) were used to inhibit
integrin or STAT3 signaling, respectively.

Soft agar colony forming assays were performed to determine capacity of clonogenic cell growth by counting single cell-driven
colonies. GBM cells were mixed with top agar (Neurobasal media, N2 and B27, 0.4% agarose) and layered on top of 0.8% agarose.
Medium with fresh AFVII (100 ng/ml) was added every 3 days. Three weeks later, colonies were fixed with 4% PFA and stained with
0.5% crystal violet.

Macrophage recruitment assay

Immune cell recruitment capacity of GBM cells and U937 cells was measured using transwell inserts (8 um pore size, 3422). The cells
were subsequently fixed with 4% paraformaldehyde at room temperature for 15 min and stained with crystal violet at room temper-
ature for 10 min.
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NF«B, STAT3, and TCF/LEF reporter assays
To determine transcriptional activities of the above pathways, cells were transduced with lentiviral constructs containing NFkB
consensus element, STAT3 binding elements, and TCF/LEF transcriptional response elements with the minimal promoter red firefly
luciferase reporter gene (Systems Biosciences). Luciferase intensities were measured by ONE-Glo Luciferase Assay System accord-
ing to manufacturer’s protocol (E6110, Promega).

Transmission electron microscopy (TEM)

Cells were fixed in 2.5% glutaraldehyde / 4% PFA in 0.1M sodium cacodylate buffer at 4°C overnight. Cell suspension samples were
washed and treated with 1% osmium tetroxide for 1 hour, stained with 1% uranyl acetate, dehydrated, and then embedded in LX-
112. Samples were analyzed using Zeiss EM 10 transmission electron microscope.

Real-time live cell imaging analysis
Cell growth was monitored by using Incucyte live cell analysis system (Essen Bioscience). Confluency of each well was determined
every 3 hours for the entire experimental periods.

QUANTITATION AND STATISTICAL ANALYSIS
All data were expressed as means + SD from at least three independent experiments. Quantification of immuno-positive cells in im-
munostaining analyses was carried out using NIH imagedJ software (National Institutes of Health, Bethesda, MD). For the animal sur-

vival studies, p values were determined by log-r*ank test. Student’s t-test or ANOVA were used to determine statistical significance.
Pearson correlation coefficient was calculated by "cor" function of R.
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