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SUMMARY
Glioblastoma (GBM) currently has a dismal prognosis. GBM cells that survive radiotherapy contribute to
tumor progression and recurrence with metabolic advantages. Here, we show that diacylglycerol kinase B
(DGKB), a regulator of the intracellular concentration of diacylglycerol (DAG), is significantly downregulated
in radioresistant GBM cells. The downregulation of DGKB increases DAG accumulation and decreases fatty
acid oxidation, contributing to radioresistance by reducing mitochondrial lipotoxicity. Diacylglycerol acyl-
transferase 1 (DGAT1), which catalyzes the formation of triglycerides from DAG, is increased after ionizing
radiation. Genetic inhibition of DGAT1 using short hairpin RNA (shRNA) or microRNA-3918 (miR-3918) mimic
suppresses radioresistance. We discover that cladribine, a clinical drug, activates DGKB, inhibits DGAT1,
and sensitizes GBM cells to radiotherapy in vitro and in vivo. Together, our study demonstrates that DGKB
downregulation and DGAT1 upregulation confer radioresistance by reducing mitochondrial lipotoxicity
and suggests DGKB and DGAT1 as therapeutic targets to overcome GBM radioresistance.
INTRODUCTION

Glioblastoma (GBM) is the most prevalent and lethal primary

tumor of the central nervous system (CNS). The median survival

of GBM patients is only 15 months, which has not improved over

the last two decades, and the 5-year recurrence rate of GBM

after treatments is nearly 90%. The current standard of care

for GBM patients is surgical resection followed by radiotherapy

and temozolomide (TMZ). Notably, about 80% of GBM recur-

rences occur within radiation treatment fields.1,2 In addition,

GBM cells that survive radiotherapy become more aggressive

and invasive. Therapeutic strategies to overcome the radiore-

sistance are therefore urgently needed.

Recent studies report that altered metabolism, a hallmark of

cancer, is closely associated with the radioresistance. Activa-

tions of glycolysis and its parallel pathway, the pentose

phosphate pathway, promote the repair of ionizing radiation

(IR)-induced DNA strand breaks and sustain rapid DNA meta-

bolism, thereby minimizing the IR-induced cytotoxicity.3 Glycol-

ysis is highly activated by IR in GBM.4,5 Likewise, mitochondrial
Cell Repo
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metabolism is tightly regulated to reduce oxidative damage.6

Leveraging the altered metabolism might inform the develop-

ment of novel therapeutics by enhancing the radiosensitivity

of GBM.

Fatty acids (FAs) are major structural components of mem-

brane phospholipids and are also used to produce ATP by mito-

chondria-mediated b-oxidation. Although glucose is a major fuel

for most brain tumor cells, GBM cells acquire large amounts of

FAs to promote cell growth, and inhibition of b-oxidation reduces

their proliferation.7 In addition, lipid droplets (LDs), the lipid stor-

age organelles, are prevalent in GBM but undetectable in the

normal brain, suggesting that lipid metabolism is also highly

involved in GBM progression.8,9 LDs are mainly composed of

triglycerides (TGs), an ester derived from glycerol and three fatty

acid molecules, and are known to play a role in maintaining lipid

homeostasis. In a nutrient-poor condition, tumor cells quickly

activate lipolysis to release FAs from LDs for structural lipid syn-

thesis and energy production, facilitating tumor cell survival.10,11

On the other hand, LDs also protect against excessive lipid

catabolism by storing FAs in the form of TGs to avoid lipotoxicity
rts Medicine 4, 100880, January 17, 2023 ª 2022 The Author(s). 1
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Figure 1. DGKB is downregulated in radioresistant GBM cells and radiation reduces DGKB expression

(A) A scheme illustrating the establishment of U87MG-RR cells through repeated xenograft and irradiation.

(B) Venn diagrams showing the number of genes overlapping among GBM poor-prognosis-related genes (TCGA, p < 0.05), lipid metabolism-associated genes

(Gene Ontology [GO]: 0006629), and significantly differentially expressed genes from the RNA-sequencing analysis (p < 0.05, fold change >1.8 or <0.55) (left). The

heatmap for the expression of genes in the term ‘‘lipid metabolism process’’ in U87MG-RR cells compared with parental cells (right).

(C) DGKB mRNA and protein levels in U87MG and U87MG-RR (left) as well as in U87MG, A172, BCL20-HP02, BCL21-HP03, and GSC11 without and with IR as

indicated (right). Data are represented as mean ± SEM of three biological replicates.

(D) The mRNA level of DGK isoforms DGKG, DGKH, DGKI, and DGKZ in U87MG-RR and U87MG. Data are represented as mean ± SEM of three biological

replicates. Statistical analysis was performed with one-way ANOVA plus a Dunnett’s multiple comparisons test for (C) and Student’s t test for (C) and (D).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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in cancer cells.12–14 Because IR-induced reactive oxygen spe-

cies (ROS) production renders cancer cells more sensitive to

oxidative stress-induced cell damage, cellular processes that

prevent lipotoxicity are essential for GBMmaintenance.15 There-

fore, maintaining lipid homeostasis between FA oxidation and

structural lipid synthesis is important for GBM growth and

radioresistance.

Diacylglycerol kinases (DGKs) are a family of enzymes that

catalyze the conversion of diacylglycerol (DAG) to phosphatidic

acid (PA).16 DGKs reduce the DAG level in the cell membrane,

limiting DAG’s functions as a secondary messenger and as a

biosynthetic precursor of phospholipids and TGs. In the brain,

most DGKs are abundantly expressed, with subtype-specific

regional distribution.17 Among 10 known DGK isozymes, diacyl-

glycerol kinase B (DGKB) is mainly expressed in the cerebral

cortex,18 where GBM is predominantly located; however, the

function of DGKB in GBMhas rarely been studied. Diacylglycerol

acyltransferase 1 (DGAT1), which catalyzes the esterification of

acyl-coenzyme A (CoA) with diacylglycerol (DAG) to form TGs,

is upregulated in GBM to reduce FA oxidation and protect

against mitochondrial lipotoxicity by storing excess FAs into
2 Cell Reports Medicine 4, 100880, January 17, 2023
TGs.18 Since DGKB regulates the level of DAG, a substrate for

TG, it might also play an important role in maintaining the lipid

homeostasis and thereby regulates GBM growth.

In this study, we demonstrate that DGKB is significantly

downregulated in radioresistant GBM cells, leading to DAG

accumulation and thus preventing lipotoxicity. Activating

DGKB or inhibiting IR-induced DGAT1 sensitizes GBM cells to

radiotherapy by promoting FA catabolism and oxidative stress.

Our study suggests a critical regulatory mechanism of lipid

homeostasis and a strategy to overcome therapeutic resistance

in GBM.

RESULTS

DGKB downregulation is associated with
radioresistance in GBM cell lines and patient-derived
glioblastoma stem-like cells
To explore factors contributing to radioresistance in GBM, we

established radioresistant GBM cells using the human GBM

cell line U87MG (Figure 1A). U87MG cells stably expressing lucif-

erase were subcutaneously implanted in a BALB/c nude mouse
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and exposed to IR (2 Gy/day for 5 days). In vivo bioluminescent

imaging showed that the tumor markedly shrunk on day 14 after

IR but regrew on day 21 after IR (Figure S1A, first cycle). Cells ob-

tained from the tumor tissue that survived IR were again im-

planted subcutaneously in a BALB/c nude mouse and exposed

to IR (2 Gy/day for 5 days). The tumor shrunk slightly on day 7

after IR but rapidly regrew (Figure S1A, second cycle).

Tumor cells obtained from dissociating the tumor were ortho-

topically implanted in a BALB/c nude mouse and exposed to

IR (2 Gy/day for 5 days). The tumor did not shrink by IR

(Figure S1A, third cycle). Cells dissociated from the tumor were

regarded as radioresistant U87MG cells (hereafter referred to

as U87MG-RR cells).

We next assessed the radiosensitivity of U87MG and U87MG-

RR cells after orthotopic xenograft in BALB/c nude mice. As

shown in Figure S1B, the growth of U87MG-driven tumor was

significantly inhibited by IR but that of U87MG-RR-driven tumor

was hardly inhibited by IR. Furthermore, histological analysis

showed that tumor infiltration was clearly increased in U87MG-

RR xenografts compared with U87MG xenografts (Figure S1C).

Because therapeutic resistance is closely related to cancer

stemness, we analyzed stemness properties of U87MG and

U87MG-RR cells in a serum-free stem cell medium. The mRNA

levels of canonical stem cell transcription factors NANOG,

OCT4, and SOX2 were significantly upregulated in U87MG-RR

cells (Figure S1D). Moreover, limiting dilution assay showed

that the frequency of glioblastoma stem-like cells (GSCs)

capable of forming tumor spheres was remarkably high in

U87MG-RR cells (Figure S1E). In sum, U87MG-RR cells not

only were more resistant to IR but also were more invasive and

had higher stem-like properties than their parental cells.

Next, we performed RNA-sequencing analysis of U87MG and

U87MG-RR cells to find genes that might play a significant role

in GBM radioresistance. Additionally, we analyzed GBM poor

prognosis-associated genes using The Cancer Genome Atlas

(TCGA) database and lipid metabolic process-associated genes

using the GeneOntology (GO) database (GO: 0006629).We iden-

tified 51 significantly differentially expressed genes overlapped

with these three analyses (Figure 1B, left). Among them, we

focused on DGKB, the major form of the DGK family in the brain

(Figure 1B, right), and investigated the roles of DGKB in GBM

radioresistance. Both mRNA and protein levels of DGKB were

significantly lower in U87MG-RR cells compared with the control

(Figure 1C, left). In addition, DGKBmRNA and protein levels were

reduced in U87MG and A172 GBM cell lines and in BCL20-HP02,

BCL21-HP03, and GSC11 patient-derived GSCs after treatment

with a single fraction of 3 Gy or three fractions of 1 Gy (over a

24-h interval) (Figure 1C, right). On the other hand, mRNA levels

of other DGK isoforms that expressed in the brain were similar in

U87MG-RR andU87MG cells (Figure 1D).19 DGKB SV30 is an iso-
form of DGKB that lacks the C-terminal part encoded by the last

exon, loses membrane localization, and has characteristics

different from those of the full-length isoform (Figure S2A).20,21

Because the expression of DGKB SV30 barely changed in

U87MG-RR or in the irradiated cells, only the full-length isoform

of DGKB appeared to be involved in GBM radioresistance (Fig-

ure S2B). Collectively, these results demonstrate that IR-induced

downregulation ofDGKBmaycontribute toGBMradioresistance.
Downregulation of DGKB is important for radioresistant
cancer cell proliferation and tumor growth
To examine the roles of DGKB in GBM cell proliferation and

tumor growth, we established GBM cell lines with DGKB knock-

down, knockout, or overexpression. DGKB overexpression

reduced the cell viability and the colony-forming ability of irradi-

ated U87MG-RR cells, whereas either knockdown or knockout

of DGKB promoted the cell viability and the colony-forming

ability of irradiated U87MG and the patient-derived GSCs

(Figures 2A and 2B). Interestingly, the basic clonogenicity was

unchanged between untreated control and DGKB knockdown

or overexpression cells, suggesting that the effect of DGKB on

GBM cell proliferation only plays a role under radiation (Fig-

ure 2B). To examine the role of DGKB in vivo, we established

orthotopic xenograft mouse model using U87MG-RR cells with

stable expression of luciferase. In vivo bioluminescent imaging

showed that IR alone had minimal effect on the tumor growth,

whereas IR combined with DGKB overexpression significantly

reduced the tumor growth by 62.19% compared with IR alone

(Figures 2C and 2D). H&E staining confirmed that the tumor

size was remarkably decreased by combining IR with DGKB

overexpression (Figure 2E). Immunohistochemistry (IHC) stain-

ing showed that the DGKB level was decreased by IR, and

DGKB overexpression markedly enhanced IR-induced

apoptosis, as determined by the level of cleaved caspase 3 (Fig-

ure 2F). Consequently, IR combined with DGKB overexpression

conferred a significant survival benefit compared with untreated

control (28 days of median survival) or IR alone (29 days of

median survival) (Figure 2G). In summary, downregulated

DGKB in GBM enhanced radioresistance by promoting cell

proliferation and tumor growth.

Increased DAG, the substrate of DGKB, confers
radioresistance to GBM cells
DGKB phosphorylates DAG to generate PA. To assess whether

the role of DGKB in GBM radioresistance depended on its kinase

activity, we generated a kinase-dead mutant (G495D) of DGKB

that lacked the ability to convert DAG to PA (Figure 3A).22

DGKB knockdown in U87MG-RR, U87MG, and patient-derived

GSCs promoted cell viability after IR, which was abrogated by

the ectopic expression of the wild-type but not mutant DGKB

(Figure 3B). Because the enzymatic function of DGKB contrib-

uted to GBM cell survival, we focused on levels of the substrate

and the product of DGKB. In U87MG-RR, U87MG, and patient-

derived GSCs with DGKB knockdown, intracellular DAG levels

were decreased, whereas PA levels were increased upon over-

expressing wild-type but not mutant DGKB (Figures 3C and

3D). Next, we investigated whether increased DAG levels or

decreased PA levels contributed to radioresistance by downre-

gulated DGKB in GBM. Supplementation of DAG increased the

cell viability in cells overexpressing DGKB, whereas PA supple-

mentation did not affect the cell viability in DGKB knockdown

cells after IR (Figure 3E). Furthermore, intracellular DAG levels

in U87MG-RR cells are significantly higher than in U87MG

cells, indicating that DAG accumulation is involved in GBM

radioresistance (Figure 3F). Taken together, DAG accumulation

resulting from downregulated DGKB contributes to GBM

radioresistance.
Cell Reports Medicine 4, 100880, January 17, 2023 3



Figure 2. DGKB overexpression suppresses radioresistance and prolongs overall survival in GBM xenograft mouse models

(A) The changes in cell viability after IR or IR combined with DGKB overexpression in U87MG-RR, DGKB knockdown or knockout in U87MG, and DGKB

knockdown in BCL20-HP02 and BCL21-HP03. Data are represented as mean ± SEM of three biological replicates.

(B) The changes in colony formation after shDGKB alone or DGKB overexpression alone, IR alone, or IR combined with DGKB overexpression in U87MG-RR,

DGKB knockdown or knockout in U87MG, and DGKB knockdown in BCL20-HP02 and BCL21-HP03. Data are represented as mean ± SEM of three biological

replicates.

(C and D) In vivo bioluminescence images (C) and relative luminescence units (D) of orthotopic xenografts derived from U87MG-RR in the untreated (control)

group, IR group, and IR combined with DGKB overexpressing group (n = 20).

(E and F) Representative H&E staining (E) and IHC staining for DGKB and cleaved caspase 3 (F) of orthotopic xenograft GBMmousemodels. Data are represented

as mean ± SEM of three biological replicates. Scale bars, 2,000 mm (E) or 50 mm (F).

(G) Survival plots of mice with orthotopic xenograft GBM with DGKB overexpression and without (control) or with indicated treatment (IR treatments started

7 days after xenograft). Statistical analysis was performed with Student’s t test for (A) one-way ANOVA plus a Tukey’s multiple comparisons test for (B and D)

comparedwith luminescence values of IR alone at 28 days after irradiation for (D), and Log rank (Mantel-Cox) test for (G). NS, non-significant; *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001.
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DGKB downregulation contributes to radioresistance by
decreasing mitochondrial lipotoxicity
To explore whether DGKB downregulation provided a metabolic

advantage for radioresistance, we investigated changes in bio-

energetics and biosynthesis. Consistent with our previous

studies,4,5 IR significantly increased the glycolytic rate but

reduced the lipid synthesis in U87MG-RR and patient-derived

GSCs (Figures S3A and S3B). However, knockdown or overex-

pression of DGKB did not affect glycolytic rates, RNA synthesis,

or lipid synthesis (Figures S3A–S3C). We then assessed b-oxida-

tion by monitoring the release of 3H2O from [9,10-3H] oleic acid.

Interestingly, by the end of the labeling period (pulse), the release

of 3H2O was reduced by IR, which was reversed by DGKB over-

expression (Figure 4A). After removing oleic acid from the media

(chase), the release of 3H2O into the media was generally
4 Cell Reports Medicine 4, 100880, January 17, 2023
decreased but DGKB overexpression still increased the release

of 3H2O, indicating that DGKB facilitates b-oxidation in GBM.

Similarly, the 14CO2 production from the complete b-oxidation

of [1-14C] oleic acid decreased by IR and restored by DGKB

overexpression (Figure S3D). Additionally, after IR, the intracel-

lular level of [9,10-3H] oleic acid was unchanged within the first

10 min, which was not affected by DGKB expression, but was

increased by 30 min, which was reduced by DGKB expression

(Figure 4B). These results indicated that the alteration of b-oxida-

tion after IR was not because of altered cellular uptake of oleic

acid and suggested that b-oxidation rather than fatty acid uptake

was affected by IR-induced DGKB downregulation. Likewise, as

shown in Figure S3E, basal b-oxidation is significantly reduced

in U87MG-RR cells compared with parental cells. Collectively,

IR-induced DGKB downregulation inhibits b-oxidation in GBM.



Figure 3. DAG accumulation by downregulation of DGKB contributed to cell viability

(A) The DGKB enzymatic activity in U87MG-RR, U87MG, BCL20-HP02, and BCL21-HP03 without or with ectopic expression of wild-type (WT) or mutant (MT)

DGKB.

(B) The cell viability of U87MG-RR, U87MG, BCL20-HP02, and BCL21-HP03 upon IR exposure without or with DGKB knockdown (shDGKB) or with DGKB

knockdown together with overexpression of WT or mutant DGKB.

(C andD) Intracellular DAG (C) and PA (D) levels in U87MG-RR, U87MG, BCL20-HP02, andBCL21-HP03 following IR alone or IR together with DGKBmodulations

as indicated without or with supplementation of DAG (C) or PA (D).

(E) The cell viability of U87MG-RR, U87MG, BCL20-HP02, and BCL21-HP03 following IR alone or together with DGKB overexpression or knockdown without or

with supplementation of DAG or PA.

(F) Intracellular DAG levels in U87MG and U87MG-RR.WT,WTDGKB;MT, kinase-deadmutant DGKB (G495D). DGKB knockdown experiments were processed

by lentiviral vectors pLKO-Control shRNA or pLKO-shDGKB. All data shown are mean ± SEM of three biological replicates. Statistical analysis was performed

with Student’s t test for (F) and one-way ANOVA plus a Tukey’s multiple comparisons test for the others. ns, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001.
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Because upregulating DGKB activated b-oxidation, we next

tested whether upregulating DGKB could increase the ATP level

by the activation of b-oxidation. In accordance with the b-oxida-

tion activity, intracellular ATP levels were decreased upon down-

regulation of DGKB and increased by DGKB overexpression

(Figure 4C). However, IR alone significantly increased ATP levels

despite the inhibition of b-oxidation induced by DGKB downre-

gulation, probably because other metabolic pathways, such as

glucose metabolism, affected cellular bioenergetics. Accord-

ingly, the oxygen consumption rate (OCR) was significantly

reduced by DGKB downregulation and increased by its overex-

pression, whereas the extracellular acidification rate (ECAR)

hardly changed (Figures 4D and S3F). Together, downregulation

of DGKB attenuated the ATP production generated by

b-oxidation.

Recent studies have shown that excessive b-oxidation in-

duces tumor cell death,23 and that increased storage of TG

and LDs can be beneficial for tumor cell survival.24 Because

we confirmed that downregulation of DGKB conferred radiore-
sistance through DAG accumulation, we hypothesized that

DAG accumulation might allow acyl-CoA to be used for TG stor-

age rather than b-oxidation to induce radioresistance (Figure 4E).

As we expected, TG levels after IR were increased with or

without knockdown of DGKB but did not change when DGKB

was overexpressed (Figure 4F). Consistent with changes in TG

levels, BODIPY staining showed that DGKB knockdown

increased LDs, whereas DGKB overexpression diminished LDs

after IR (Figure 4G). In correspondence with levels of DAG and

TG following DGKB regulation, acyl-CoA (C16:0) and acylcarni-

tine, which is converted from FAs and shuttled into mitochondria

for b-oxidation, were decreased by DGKB knockdown and

increased by DGKB overexpression after IR (Figures S3G and

S3H). Consequently, the level of acetyl-CoA (C2:0), a major

product of FA degradation by b-oxidation, was also decreased

by DGKB knockdown and increased by DGKB overexpression

after IR (Figure S3I). In sum, radioresistant GBM cells that

express low levels of DGKB prefer to store FAs in TG instead

of utilizing them as an energy source.
Cell Reports Medicine 4, 100880, January 17, 2023 5
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Because radioresistant GBM cells prefer not to use FAs as

an energy source despite their high energy demand, we

hypothesized that excessive b-oxidation might contribute to

radiosensitivity. To investigate whether excessive b-oxidation

induced mitochondrial dysfunction, we measured mitochon-

drial membrane potential (MMP). As shown in Figure 4H,

DGKB overexpression contributed to aberrant MMP after IR.

Likewise, DGKB overexpression severely damaged mitochon-

dria after IR, as determined by transmission electron micro-

scopy (TEM) imaging (Figure 4I). Furthermore, we assessed

mitochondrial ROS and H2O2 through mitoSOX and mitoPY

staining and found that DGKB downregulation attenuated the

mitochondrial ROS and H2O2 levels, whereas DGKB overex-

pression highly increased their levels after IR (Figure 4J). How-

ever, cellular ROS and H2O2 levels were not affected by DGKB

overexpression or downregulation after IR (Figures S3J and

S3K), suggesting that regulation of DGKB affects ROS and

H2O2 through b-oxidation in mitochondria. In accordance

with ROS and H2O2 results, apoptosis was decreased by

DGKB downregulation and increased by its overexpression

after IR (Figures 4K and S3L). Next, we tested whether DAG

accumulation induces radioresistance by reducing b-oxida-

tion-derived ROS. As shown in Figure 4L, treatment of DAG

derives radioresistance, but induction of b-oxidation through

palmitate treatment diminishes the effect and confers radio-

sensitivity. Likewise, it was confirmed that mitochondrial

ROS is increased by the b-oxidation induction even when

DAG is accumulated (Figure 4L). Collectively, DAG accumula-

tion resulting from DGKB downregulation in GBM conferred

radioresistance by reducing excessive b-oxidation and

inducing the storage of TG and LDs to prevent cell death

from mitochondrial ROS.
Figure 4. DGKB downregulation contributes to radioresistance by dec

(A) b-Oxidation in U87MG-RR, BCL20-HP02, and BCL21-HP03 assessed by me

the pulse or chase phase after IR or IR combined with DGKB knockdown or ov

replicates.

(B) Evaluation of b-oxidation in U87MG-RR, BCL20-HP02, and BCL21-HP03 by

after IR or IR combined with DGKB knockdown or overexpression (24 h). Data a

(C) The concentration of ATP in U87MG-RR, BCL20-HP02, and BCL21-HP03 afte

represented as mean ± SEM of three biological replicates.

(D) The OCR of U87MG-RR, BCL20-HP02, and BCL21-HP03 cells cultured in lipid

(24 h). Data are represented as mean ± SD of three technical replicates.

(E) A scheme illustrating the pathway of TG synthesis and b-oxidation. DAG, the su

participates in b-oxidation.

(F) The intracellular TG level in U87MG-RR, BCL20-HP02, and BCL21-HP03 afte

represented as mean ± SEM of three biological replicates.

(G) Representative images and quantification of LDs (n = 30) in U87MG-RR, BCL

with DGKB knockdown or overexpression (72 h). Scale bars, 5 mm.

(H) Representative images and quantification analysis of MMP (n = 30) in U87MG-

IR combined with DGKB knockdown or overexpression (72 h). Scale bars, 5 mm

(I) Representative images and mitochondrial length (mean ± SD, n = 30) throug

combined with DGKB knockdown or overexpression (72 h). Scale bars, 500 nm.

(J) Mitochondrial ROS and H2O2 levels in U87MG-RR, BCL20-HP02, and BCL21-H

IR or IR combined with DGKB knockdown or overexpression (72 h) without or w

replicates.

(K) The percentages of apoptotic cell in U87MG-RR, BCL20-HP02, and BCL21-H

without or with N-acetyl cysteine (NAC). Data are represented as mean ± SEM o

(L) The changes in cell viability (left) and mitochondrial ROS (right) after IR, IR with

with supplementation of DAG, palmitate, and etomoxir in U87MG. Data are repre

performed with one-way ANOVA plus a Tukey’s multiple comparisons test. *p <
IR-induced DGAT1 confers radioresistance by
increasing TG formation
Because IR-induced DAG accumulation requires the activation

of diacylglycerol acyltransferase (DGAT), which catalyzes DAG

to TG, to increase the TG formation, we hypothesized that the

expression of DGAT was also regulated by IR. We assessed

levels of DGAT subtypes (DGAT1 and DGAT2) in U87MG-RR

and patient-derived GSCs. Because the lipid metabolism mainly

occurs in the liver, we also analyzed the human hepatocellular

carcinoma HepG2 cells. DGAT1 expression was overwhelmingly

higher than DGAT2 in U87MG-RR and patient-derived GSCs,

whereas DGAT1 expression was similar to DGAT2 in HepG2

cells (Figure 5A). Furthermore, higher DGAT1, but not DGAT2,

expression in GBM correlated with worse overall survival of

GBM patients in the TCGA database (Figure 5B). We therefore

then evaluated whether the DGAT1 expression was increased

by IR. Consistent with our hypothesis, DGAT1 was increased

by IR and its level was higher in U87MG-RR than in the control

cells (Figure 5C). Next, we tested whether DGAT1 directly regu-

lates b-oxidation activity. As shown in Figure 5D, DGAT1 knock-

down facilitates b-oxidation in GBM, suggesting that IR-induced

DGAT1 upregulation inhibits b-oxidation in GBM. In addition, the

TG level was significantly reduced by DGAT1 knockdown, with

or without DAG addition, in the irradiated GBM cells (Figure 5E).

Consequently, knockdown of DGAT1 increased the cell

apoptosis after IR, suggesting that inhibition of storing FA in-

duces cell death by excess b-oxidation (Figure 5F).

To investigate the mechanism of IR-induced changes in

DGAT1 expression, we performed a luciferase reporter assay

to determine the DGAT1 promoter activity and observed no sig-

nificant change in GBM cells treated with IR (Figure 5G). These

results suggested that IR did not increase the transcription of
reasing mitochondrial lipotoxicity

asuring the 3H2O production in cells incubated with [9,10-3H] oleic acid during

erexpression (24 h). Data are represented as mean ± SEM of three biological

measuring the [9,10-3H] oleic acid remaining in cells incubated with oleic acid

re represented as mean ± SEM of three biological replicates.

r IR or IR combined with DGKB knockdown or overexpression (24 h). Data are

ated media after IR or IR combined with DGKB knockdown or overexpression

bstrate of DGKB, is metabolized with acyl-CoA to TG synthesis. Acyl-CoA also

r IR or IR combined with DGKB knockdown or overexpression (72 h). Data are

20-HP02, and BCL21-HP03 through BODIPY staining after IR or IR combined

RR, BCL20-HP02, and BCL21-HP03 through rhodamine 123 staining after IR or

.

h TEM imaging in U87MG-RR, BCL20-HP02, and BCL21-HP03 after IR or IR

P03 through mitoSOX (upper graphs) and mitoPY (lower graphs) staining after

ith Mito-A TEMPO. Data are represented as mean ± SEM of three biological

P03 after IR or IR combined with DGKB knockdown or overexpression (72 h)

f three biological replicates.

supplementation of DAG, IR with supplementation of DAG and palmitate, or IR

sented as mean ± SEM of three biological replicates. Statistical analysis was

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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DGAT1. Next, we hypothesized that microRNAs (miRNAs)

targeting DGAT1 might be changed by IR. We identified 18 miR-

NAs as candidates that targeted DGAT1 using miRDB,

TargetScan, andmiRWalk (Figure 5H, left) but found that onlymi-

croRNA-3918 (miR-3918) was significantly decreased by IR (Fig-

ure 5H, right). To validate that miR-3918 affected the DGAT1

expression, we first confirmed that miR-3918 reduced the

expression of a reporter carrying the wild-type 30 UTR of

DGAT1 but not a reporter carrying the 30UTR of DGAT1 with

mutated miR-3918 targeting site (Figures S4A and S4B). We

then found that miR-3918 effectively inhibited IR-induced

DGAT1 expression in GBM (Figure 5I). Consistent with the effect

of the knockdown data, miR-3918 suppressed TG levels (Fig-

ure 5J) and induced ROS and H2O2 production (Figure 5K) and

apoptosis after IR (Figure 5L). Likewise, acylcarnitine and

acetyl-CoA levels were rescued by miR-3918 after IR

(Figures S5A and S5B). These results together showed that

DGAT1 attenuated b-oxidation through TG formation and that

miR-3918, which targets DGAT1, contributed to sensitizing the

IR effect through DGAT1 inhibition.

Genetic inhibition of DGAT1 significantly suppresses
radioresistance and prolongs overall survival in GBM
xenograft mouse models
To examine the role of DGAT1 in vivo, we established orthotopic

xenograft GBM mouse models using U87MG-RR and BCL21-

HP03 cells, then treated tumor-bearing mice with IR together

with shDGAT1 or lentiviral-miR-3918 mimic (Figure 6A). In vivo

bioluminescent imaging showed that, compared with IR alone,

IR combined with shDGAT1 or miR-3918 reduced U87MG-RR

tumor growth by 65.34% or 53.64%, respectively, and reduced

BCL21-HP03 tumor growth by 64.48% or 52.94%, respectively

(Figures 6B and 6C). Consistently, H&E staining showed that
Figure 5. IR-induced DGAT1 confers radioresistance by increasing TG

(A) Relative mRNA levels of DGAT1 and DGAT2 in U87MG-RR, BCL20-HP02, BCL

replicates.

(B) Kaplan-Meier survival plots of individuals with GBM in TCGA database based

(C) ThemRNA and protein levels of DGAT1 in U87MG-RR, BCL20-HP02, and BCL

U87MG versus U87MG-RR (the right graph). Data are represented as mean ± SE

(D) b-Oxidation in U87MG-RR, BCL20-HP02, andBCL21-HP03 assessed bymeas

pulse or chase phase after IR or IR combined with DGAT1 knockdown or overe

BCL20-HP02, andBCL21-HP03 bymeasuring the [9,10-3H] oleic acid remaining in

or overexpression (24 h, lower graphs). Data are represented as mean ± SEM of

(E) The TG level (upper graphs) and the DGAT1 protein level (lower) in U87MG

knockdown without or with DAG supplementation. Data are represented as mea

(F) The percentages of apoptotic U87MG-RR, BCL20-HP02, and BCL21-HP03

supplementation. Data are represented as mean ± SEM of three biological replic

(G) The relative luciferase activity in U87MG-RR, BCL20-HP02, and BCL21-HP0

fractions). Data are represented as mean ± SEM of three biological replicates.

(H) Venn diagram of DGAT1-targeting miRNAs predicted from miRDB, TargetSca

miRNAs in U87MG-RR after IR (single 3 Gy or 1 Gy in three fractions). Data are r

(I) The mRNA and protein levels of DGAT1 in U87MG-RR, BCL20-HP02, and BCL2

mean ± SEM of three biological replicates.

(J) The TG level in U87MG-RR, BCL20-HP02, and BCL21-HP03 after IR or IR co

biological replicates.

(K) Mitochondrial ROS and H2O2 levels in U87MG-RR, BCL20-HP02, and BCL

combined with miR-3918 mimic. Data are represented as mean ± SEM of three

(L) The percentage of apoptotic U87MG-RR, BCL20-HP02, and BCL21-HP03 cell

SEM of three biological replicates. Statistical analysis was performed with Studen

way ANOVA plus a Tukey’s multiple comparisons test for the others. ns, non-sig
tumor size was remarkably decreased by IR combined with

DGAT1 knockdown or miR-3918 treatment (Figure 6D).

Moreover, the DGAT1 level was highly increased by IR and

DGAT1 knockdown or miR-3918 treatment markedly enhanced

IR-induced apoptosis, as determined by IHC staining of cleaved

caspase 3 (Figure 6E). Consistent with our in vitro analysis, LDs

were increased by IR, which was decreased by DGAT1 knock-

down or miR-3918 treatment, as determined by immunofluores-

cence (IF) staining of TIP47, suggesting that lipotoxicity induced

by b-oxidation increased under conditions of DGAT1 downregu-

lation. Consequently, the overall survival of mice with U87MG-

RR xenografts was significantly improved by IR combined with

DGAT1 downregulation compared with untreated control

(28 days of median survival) or IR alone (30 days of median sur-

vival) (Figure 6F). Likewise, the overall survival of mice with

BCL21-HP03 xenografts was significantly improved by IR com-

bined with DGAT1 downregulation compared with untreated

control (19 days of median survival) or IR alone (25 days of me-

dian survival). Notably, because a previous study showed that

DGAT1 knockdown solely suppressed tumor growth, we estab-

lished orthotopic xenograft GBM mouse models using U87MG-

RR untreated control cells and shDGAT1-treated cells then

treated tumor-bearing mice with IR. Although DGAT1 knock-

down alone reduced the tumor growth to some extent, shDGAT1

combined with IR reduced the tumor growth by 48.82%

compared with shDGAT1 alone (Figures S6A and S6B). Conse-

quently, the overall survival of mice with U87MG-RR xenografts

was significantly improved by shDGAT1 combined with IR

compared with untreated control (27 days of median survival)

or shDGAT1 alone (33 days of median survival) (Figure S6C).

Collectively, DGAT1 downregulation by its short hairpin RNA

(shRNA) or miR-3918 significantly reduced radioresistance and

extended overall survival in both models.
formation

21-HP03, and HepG2. Data are represented asmean ± SEM of three biological

on DGAT1 and DGAT2 mRNA levels.

21-HP03 with IR (single 3 Gy or 1 Gy in three fractions) (left three graphs) and in

M of three biological replicates.

uring the 3H2Oproduction in cells incubated with [9,10-3H] oleic acid during the

xpression (24 h, upper graphs) and evaluation of b-oxidation in U87MG-RR,

cells incubated with oleic acid after IR or IR combinedwith DGAT1 knockdown

three biological replicates.

-RR, BCL20-HP02, and BCL21-HP03 after IR, or IR combined with DGAT1

n ± SEM of three biological replicates.

cells after IR, or IR combined with DGAT1 knockdown without or with DAG

ates.

3 expressing a DGAT1 promoter reporter after IR (single 3 Gy or 1 Gy in three

n, and miRWalk and a bar graph showing relative levels of the 18 overlapped

epresented as mean ± SEM of three biological replicates.

1-HP03 after IR or IR combined with miR-3918mimic. Data are represented as

mbined with miR-3918 mimic. Data are represented as mean ± SEM of three

21-HP03 through mitoSOX (upper) and mitoPY (lower) staining after IR or IR

biological replicates.

after IR or IR combined with miR-3918 mimic. Data are represented as mean ±

t’s t test for (A) and (C, right graph), Log rank (Mantel-Cox) test for (B) and one-

nificant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 6. Genetic inhibition of DGAT1 significantly suppresses radioresistance and prolongs overall survival in GBM xenograft mouse

models

(A) The schedule of U87MG-RR or BCL21-HP03 orthotopic xenograft mouse model treated with IR together with shDGAT1 or miR-3918.

(B) In vivo bioluminescent images of orthotopic xenografts derived from U87MG-RR and BCL21-HP03 in control mice and in mice treated with IR or IR together

with miR-3918 or shRNA (n = 16).

(C) The relative luminescence units of orthotopic xenograft derived from U87MG-RR and BCL21-HP03 in control mice, with IR or IR together with miR-3918 or

shRNA.

(D) Representative H&E staining images of orthotopic U87MG-RR and BCL21-HP03 xenograft tissues with control, IR, IR combined with DGAT1 knockdown, and

IR together with miR-3918. Scale bars, 2,000 mm.

(E) Representative images of IHC for DGAT1 or cleaved caspase 3 and IF for TIP47 in tumor tissues from mice orthotopically xenografted with U87MG-RR and

BCL21-HP03 then without (control) or with IR, IR combined with DGAT1 knockdown, or IR combined with miR-3918. Scale bars, 50 mm (upper) or 20 mm (lower).

(F) Kaplan-Meier survival curve of mice with orthotopic U87MG-RR or BCL21-HP03 xenograft untreated (control) or treated with IR, IR combined with DGAT1

knockdown, and IR together with miR-3918 (IR treatments started 7 days after xenograft). Statistical analysis was performed with one-way ANOVA plus a

Tukey’s multiple comparisons test for (C) compared with luminescence values of IR alone at 28 days after irradiation, and Log rank (Mantel-Cox) test for (F). ns,

non-significant; *p < 0.05; **p < 0.01; ****p < 0.0001.
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Pharmacological alteration of DGKB and DGAT1
expressions sensitizes GBM cells to IR and attenuates
tumor growth in GBM xenograft mouse models
Although TMZ is the only chemotherapeutic agent currently

used in GBM patients, approximately half of treated patients

do not respond to TMZ due to their tumors overexpressing

O6-methylguanine-DNA methyltransferase (MGMT).25 More-

over, most drugs developed for GBM treatment over the past

20 years failed in clinical trials due to various challenges,

including inefficient drug delivery and severe side effects. In
10 Cell Reports Medicine 4, 100880, January 17, 2023
this regard, we investigated existing blood-brain barrier

(BBB)-penetrating radiosensitizers with dual functions of acti-

vating DGKB and inhibiting DGAT1 by interrogating The Con-

nectivity Map (CMap).26 Of the various candidates, we found

that cladribine (2-chloro-20-deoxyadenosine), a US Food and

Drug Administration (FDA)-approved drug for leukemia,

showed the best enrichment scores and significantly increased

the DGKB mRNA level and decreased the DGAT1 mRNA level

(Figure 7A). We then tested whether mRNA levels of DGKB and

DGAT1 were regulated by cladribine treatment in U87MG-RR



(legend on next page)
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cells and patient-derived GSCs. Cladribine significantly

increased DGKB and decreased DGAT1 mRNA levels

(Figure 7B) and increased the TG level after IR (Figure 7C).

Moreover, cladribine treatment increased mitochondrial ROS

and H2O2 levels (Figure 7D) and apoptosis (Figure 7E) after

IR. To determine whether cladribine can affect tumor growth

in vivo and animal survival, we established orthotopic xenograft

GBM mouse models using U87MG-RR and BCL21-HP03 cells

and treated them with IR or IR combined with cladribine or TMZ

(Figure 7F). In vivo bioluminescent imaging showed that

cladribine markedly sensitized the GBM cells to IR in both

models (Figures 7G and 7H). When combined with IR, TMZ

was more effective than cladribine in inhibiting the growth of

U87MG-RR-driven tumors (reduced by 96.67% and 75.78%,

respectively) but was less effective than cladribine in BCL21-

HP03-driven tumors (reduced by 18.97% and 63.43%, respec-

tively). This difference presumably is because that U87MG-RR

cells are MGMT negative, whereas BCL21-HP03 cells are

MGMT positive. Likewise, H&E staining showed that tumor

size was remarkably decreased by IR combined with cladribine

(Figure 7I). Moreover, consistent with our in vitro analysis, cla-

dribine restored IR-induced DGKB downregulation and

reduced IR-induced DGAT1 (Figure 7J). Likewise, cladribine

increased the level of cleaved caspase 3 and decreased

TIP47 after IR, indicating that cladribine highly sensitizes

GBM cells to IR by reducing LDs and promoting apoptosis.

Consequently, overall survival of tumor-bearing mice was

significantly improved by IR combined with cladribine

compared with untreated control (20.5 days of median survival)

or IR alone (27 days of median survival), and it was much more

effective than TMZ combined with IR (27 days of median

survival) in BCL21-HP03 xenografts (Figure 7K). Collectively,

cladribine induced DGKB upregulation and DGAT1 downregu-

lation, significantly sensitized GBM cells to IR, decreased tumor

growth, and increased overall survival in both models.
Figure 7. Pharmacological regulation of DGKB and DGAT1 sensitizes G

models

(A) A scheme illustrating the screening to identify cladribine through The Connec

(B) The relative mRNA level of DGKB (left) and DGAT1 (right) in U87MG-RR, BCL

represented as mean ± SEM of three biological replicates.

(C) The level of TG in U87MG-RR, BCL20-HP02, and BCL21-HP03 after IR or

biological replicates.

(D) Mitochondrial ROS and H2O2 levels in U87MG-RR, BCL20-HP02, and BCL

combined with cladribine. Data are represented as mean ± SEM of three biologi

(E) The percentages of apoptotic U87MG-RR, BCL20-HP02, and BCL21-HP03 ce

of three biological replicates.

(F) The schedule of U87MG-RR or BCL21-HP03 orthotopic xenograft mouse mo

(G) In vivo bioluminescent images of orthotopic xenografts derived from U87MG-R

cladribine or TMZ (n = 16).

(H) The relative luminescence units of orthotopic xenograft derived from U87MG-

cladribine or TMZ.

(I) Representative H&E staining images of orthotopic U87MG-RR and BCL21-HP

cladribine or TMZ. Scale bars, 2,000 mm.

(J) Representative images of IHC staining for DGKB, DGAT1, and cleaved caspase

tissues from control mice or mice treated with IR or IR together with cladribine o

(K) Kaplan-Meier survival curve of mice with orthotopic U87MG-RR and BCL21-H

cladribine or TMZ (IR treatments started 7 days after xenograft). Statistical analy

test for (B)–(E). In addition, one-way ANOVA plus a Tukey’s multiple comparison

irradiation, and Log rank (Mantel-Cox) test for (K). ns, non-significant; *p < 0.05;
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DISCUSSION

Rewiring of lipid metabolism is important for ATP production and

maintenance of redox homeostasis in GBM. However, howGBM

cells acquire radioresistance by regulating lipid metabolism has

not been elucidated. In this study, we demonstrate that radiore-

sistant GBM cells maintain lipid homeostasis through DGKB

downregulation and DGAT1 upregulation to reduce the FA

oxidation-mediated ROS after radiation. DGKB knockdown or

the expression of DGKB kinase-dead mutant induces DAG

accumulation and IR-induced DGAT1 promotes the accumula-

tion of TGs and LDs to prevent FAs from entering the mitochon-

dria to undergo FA oxidation. Conversely, DGKB overexpression

or DGAT1 inhibition bymiR-3918mimic activates FA oxidation to

increase ROS-induced mitochondrial damage and GBM cell

radiosensitivity. Additionally, cladribine, which increases the

expression of DGKB and decreases that of DGAT1, significantly

improves the survival of GBM-bearing mice in combination with

IR, indicating that targeting the lipid homeostasis could be a

promising strategy to overcome radioresistance of GBM.

Reprogramming of the lipid metabolism is closely linked to

alterations in energy production by FA oxidation. Because the

mitochondrial electron transport chain is a major source of ROS

production and GBM tissue contains large amounts of TGs,13

FA oxidation can be harmful due to the unavoidable production

of ROS in GBM cells. In this regard, therapeutic approaches pro-

moting lipid catabolism can possibly be effective when the ROS

levels cross the death threshold.27,28 Notably, antioxidant-

related genes are highly upregulated in our radioresistant GBM

cell model according to the RNA-sequencing analysis. For

example, the level of manganese superoxide dismutase

(MnSOD) increasesby3.778-fold and the interleukin (IL) 6 level in-

creases by 12.394-fold in U87MG-RR cells compared with their

parental cells. MnSOD is themain antioxidant enzyme protecting

cells frommitochondrial ROS, and a recent study shows that the
BMcells to IR and attenuates tumor growth in GBM xenograft mouse

tivity Map (CMap, BROAD Institute).

20-HP02, and BCL21-HP03 after IR or IR combined with cladribine. Data are

IR combined with cladribine. Data are represented as mean ± SEM of three

21-HP03 through mitoSOX (upper) and mitoPY (lower) staining after IR or IR

cal replicates.

lls after IR or IR combinedwith cladribine. Data are represented asmean ±SEM

del treated with IR or IR together with cladribine or TMZ.

R and BCL21-HP03 in control mice or mice treated with IR or IR together with

RR and BCL21-HP03 in control mice or mice treated with IR or IR together with

03 xenograft tissues from control mice or mice treated IR or IR together with

3 and IF images of TIP47 in orthotopic U87MG-RR andBCL21-HP03 xenograft

r TMZ. Scale bars, 50 mm (upper) or 20 mm (lower).

P03 xenograft without treatment (control) or treated with IR or IR together with

sis was performed with one-way ANOVA plus a Tukey’s multiple comparisons

s test for (H) compared with luminescence values of IR alone at 28 days after

**p < 0.01; ***p < 0.001; ****p < 0.0001.
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increasedactivity ofMnSOD improves cell viability after IRand in-

duces radioresistance.29 Furthermore, treating glioma cells with

IL6 has been shown to induce radioresistance by reducing mito-

chondrial ROS.30 Thus, our RNA-sequencing data support the

fact that radioresistant GBM cells prefer to store FAs rather

than use them for energy production to minimize damage from

mitochondrial ROS.

Cladribine is a synthetic purine nucleoside analogue that is

approved by the FDA to treat hairy cell leukemia and B cell

chronic lymphocytic leukemia as well as multiple sclerosis, sup-

porting that cladribine is safe for CNS functioning. Cladribine is

phosphorylated by deoxycytidine kinase (DCK) to cladribine

triphosphate instead of being broken down by adenosine deam-

inase. Cladribine triphosphate is then incorporated into and

accumulates in DNA, resulting in an imbalanced triphosphory-

lated deoxynucleotide (dNTP) pools and subsequent apoptosis.

Therefore, the more a cell accumulates intracellular cladribine

triphosphate, the more vulnerable it is to cladribine-mediated

apoptosis. The accumulation of cladribine triphosphate depends

on the ratio of DCK to 50-nucleotidase, which turns cladribine

triphosphate back to the inactive cladribine. The DCK to

50-nucleotidase ratio is high in immune cells but is considerably

low in other cell types, including glial cells.31 Cladribine triphos-

phate is therefore hardly accumulated in GBM cells. Indeed, our

cell viability data show that the half maximal inhibitory concen-

tration (IC50) of cladribine is significantly higher in U87MG-RR

than that in THP-1 cells (Figure S7A). However, our results

show that cladribine triggers ROS-induced apoptosis by regu-

lating the expression of DGKB and DGAT1, indicating that

unphosphorylated cladribine may have a role in GBM cells inde-

pendent of its conventional function. In addition, as an FDA-

approved oral drug, side effects of cladribine are quite manage-

able and it has been well evaluated for pharmacokinetics and

efficacy in previous clinical trials.31,32 According to Cladribine

Tablets Treating Multiple Sclerosis Orally (CLARITY) and

CLARITY Extension, approximately 90% of actively treated

patients completed each study, and there were relatively few

study discontinuations due to adverse effects.33 Moreover, the

bioavailability of oral cladribine is 37%–51%comparedwith sub-

cutaneous administration and the terminal half-life of cladribine

is 5.7–19.7 h.34 Furthermore, cladribine effectively penetrates

the BBB, and approximately 25% of the plasma concentration

of cladribine reaches the cerebrospinal fluid (CSF).34 The effects

of cladribine are sustained for more than 10months following the

last dose of both parenteral cladribine and oral cladribine

tablets.31 Therefore, the pharmacokinetics of cladribine may

not limit its application to GBM therapy.

Overall, our study suggests that radioresistant GBM cells effi-

ciently prevent mitochondrial lipotoxicity by downregulating

DGKB and upregulating DGAT1, and provides a strong basis

to regulate them for clinical application against GBM. DGKB

has also been reported to play a major role in the small intes-

tine,35 and our results show that the expression of DGAT1 is

also upregulated by IR in other cancers such as pancreas,

lung, and gallbladder, so it will be important to determine

whether targeting either or both enzymes affects other cancer

types (Figure S4C). Considering our preclinical data from xeno-

graft mouse models using the established radioresistant GBM
cells and MGMT-positive GSCs, regulating DGKB and DGAT1

or repurposing cladribine for GBM treatment may overcome

resistance to conventional therapies.

Limitations of the study
Despite the considerable radiosensitizing effect of cladribine, the

mechanism of its regulatory effect on DGKB and DGAT1 is still

unclear. Thus, further studies are needed to identify the mecha-

nism that can translate our findings to the clinic for the treatment

of GBM. Nevertheless, most drugs developed for GBM

treatment failed over the past 20 years in clinical trials due to

inefficient drug delivery and severe side effects even though

themechanisms have been elucidated. Our goal was to discover

a radiosensitizing drug that has manageable side effects and the

ability to penetrate the BBB. We believe that its clinical trials to

treat GBMmay demonstrate a long-term benefit and therapeutic

value for GBM patients.

Another limitation of this study is that we only usedGBM xeno-

graft mouse models but not syngeneic GBM mouse models.

Even though xenograft mouse models are more generally used

in GBM studies than syngeneic mouse models,36 the effect of

the immune system on radioresistance can be neglected when

immunodeficient mice are used. Notably, because cladribine

preferentially targets B and T lymphocytes, there is a need to

investigate the radiosensitizing effect of cladribine using immu-

nocompetent syngeneic GBM mouse models. Touching on this

issue, it will be possible not only to verify the efficacy of cladri-

bine as a radiosensitizer but also to elucidate the relationship

between radioresistance and the immune system in GBM.
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Youn (bhyoun72@pusan.ac.kr).

Materials availability
This study did not generate new reagents.

Data and code availability
d RNA sequencing data has been deposited at NIHGene Expression Omnibus (GEO): GSE207002 and are publicly available as of

the date of publication.

d All original code is available in this paper’s supplemental information Data S1.

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

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Glioblastoma stem cell derivation
Patient-derived GSC11 glioblastoma stem cells were provided by Dr. Frederick F. Lang (Department of Neurosurgery, The University

of Texas, M. D. Anderson Cancer Center, Houston, USA); patient-derived BCL20-HP02 and BCL21-HP03 glioblastoma stem cells

were obtained from patients undergoing resection in accordance with a protocol approved by Haeundae Paik Hospital (Inje Univer-

sity, Busan, Republic of Korea). BCL20-HP02 GSCs were derived from a GBM from a 38-year old male patient. BCL21-HP03 GSCs

were derived from a GBM from a 67-year old male patient. Detailed information of the patients is summarized in Table S1. More

specifically, after the resection, about 200–500 mg of tumor samples were collected into a tube containing DMEM/F-12 supple-

mented with B27 without vitamin A. Tumor specimen was then washed with 5 mL of HBSS to remove blood and debris. After the

washing, the tumor was cut into small fragments and minced with a sterile scalpel blade into approximately 1 mm3 fragment. To

dissociate GBM tumor tissue, the minced tumor was treated with collagenase D (1 mg/mL) and DNase I (0.1 mg/mL) in HBSS

and incubated at 37�C for 30 to 90 min with gentle mixing. Finally, the solution was passed through the 70 mm sterile mesh filter
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to remove any large, undigested tumor pieces. To culture cells as tumorspheres, the patient-derived glioblastoma stem cells were

cultured in DMEM/F-12 supplemented with B27, EGF (20 ng/mL), bFGF (20 ng/mL), penicillin/streptomycin (10,000 U/ml) at 37�C in a

humidified atmosphere of 95% air and 5% CO2. For adherent cell cultures, the cells were plated in laminin-coated plate in the same

medium composition.

Establishment of radioresistant cells
To acquire radioresistant GBM cells, in vivo selection was processed 3 times in total. First, 2 3 106 U87MG cells-expressing lucif-

erase were subcutaneously implanted in six-week-old male BALB/c athymic nude mice and exposed to IR (2 Gy/day for 5 days,

F1). Implanted U87MG cells were monitored once a week by mouse bioluminescence imaging until 35 days after IR. Then, implanted

U87MG cells were extracted from F1 mice and cultured in DMEM with 10% FBS and 1% antibiotics. Next, 2 3 106 F1-derived

U87MG cells were subcutaneously implanted in six-week-old male BALB/c athymic nude mice and exposed to IR (2 Gy/day for

5 days, F2). Like U87MG cells of the F1 mouse, cells were monitored once a week by mouse bioluminescence imaging until the

mice were dead. Then, implanted U87MG cells were extracted from F2 mice and cultured in DMEM with 10% FBS and 1% antibi-

otics. Lastly, 5 3 105 F2-derived U87MG cells were orthotopically implanted in six-week-old male BALB/c athymic nude mice and

exposed to IR (2 Gy/day for 5 days). Cells weremonitored once a week bymouse bioluminescence imaging until themice were dead.

Then, implanted U87MG cells were extracted from mice, cultured in DMEM with 10% FBS and 1% antibiotics, and referred to as

U87MG-RR. Additionally, U87MG-RR cells were validated by being compared with parental U87MG cells in xenograft, tissue imag-

ing, stemness marker, and limited dilution assay.

Animal care protocol and orthotopic xenograft mouse model
Six-week-old male BALB/c athymic nude mice were used for generating xenograft mouse model following the previous study.4 All

experiments were performed in accordance with the provisions of the NIH Guide for the Care and Use of Laboratory Animals. The

mice were housed individually or in groups of up to five in sterile cages, and were maintained in animal care facilities in a temperature

regulated room (23 ± 1�C) with a 12 h light–dark cycle. All animals were fed water and standard mouse chow ad libitum. U87MG-RR-

luciferase expressing cells and HP03-luciferase expressing cells were harvested and suspended at a density of 13 105 cells per mL in

serum freemedia. Then, 53 105 cells were injected into themice brains using 10 mL syringewith stereotactic surgery. 7 days after the

injection, the brain of injected mice were irradiated with 2 Gy daily for five days at a dose rate of 600 MU/min using a TrueBeam STx.

Xenograft growth wasmonitored by bioluminescent imaging using VISQUE InvivoSmart LF. Micewere sacrificed uponmanifestation

of neurological symptoms.

Cell lines, cell culture, and irradiation
U87MG, A172, and HepG2 cell lines were obtained from the Korea Cell Line Bank (KCLB, Seoul, Republic of Korea). The phenotypes

of these cell lines have been authenticated by the KCLB. All cells were free of mycoplasma contamination and were authenticated by

short tandem repeat profiling within the past 12 months. U87MG-luciferase expressing cells were transferred via a material transfer

agreement fromSeveranceHospital (Yonsei University, Seoul, Republic of Korea). The cells were grown in DMEMsupplementedwith

10% FBS, penicillin (100 U/ml), and streptomycin (100 mg/mL) at 37�C in a humidified atmosphere of 95% air and 5%CO2. The cells

were exposed to a single dose of X-ray using an X-ray generator M-150WE at a dose rate of 0.38 Gy/min. The radiation was delivered

by using an 8 mm-diameter collimator.

METHOD DETAILS

RNA-sequencing
To obtain RNA samples from U87MG and U87MG-RR, U87MG and U87MG-RR cell lines were incubated upon 1 3 106 cells. RNA

samples from U87MG and U87MG-RR were obtained through RNA extraction kit and 3 biological samples of each cell lines were

prepared. RNA sequencing was performed through Illumina sequencing platform by ebiogen (Seoul, Republic of Korea). All RNA

sequencing results of samples were assessed by triplicate. For quantifications, Fisher exact test was used for comparing U87MG

and U87MG-RR groups. Genes were classified depend on significancy (p < 0.05) and fold change (>1.8 or <0.55).

Analysis of GBM poor prognosis-related genes
To obtain GBM poor prognosis-related gene, we utilized the list of gene expression in GBM patients through R language. First, we

installed and utilized the packages, including ‘ggplot2’, ‘dplyr’, ‘TCGAbiolinks’, ‘GEOquery’, ‘SummarizeExperiment’, ‘biomaRt’,

‘stringr’, and ‘tidyverse’ on R system. Next, we performed ‘TCGAbiolinks’ and downloaded TCGA-GBM cohort. Then, the data

was queried by ‘GEOquery’ as data category, data type, sample type, experimental strategy, and workflow type. We performed

the gene naming and tubulin normalization. Because our focus of TCGA-GBM cohort is poor prognosis in primary tumor, we

extracted clinical data through specifying data category is ‘clinical’ and sample type is ‘primary tumor’. Next, to obtain the information

of prognosis, we arranged the data as days to death and divided as quartile (top 25% or bottom 25%) or half (top 50% or bottom

50%). Finally, we selected statistically significant genes (both quartile p value <0.05 and half p value <0.05). The codes for analyzing

GBM poor prognosis-related genes have been uploaded as supplemental information (Related to Data S1).
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Quantitative real-time PCR
For mRNA expression assessment, qRT-PCR was performed following the previous study.41 Briefly, RNA was isolated with TRIzol

following the manufacturers’ instructions and real-time qRT-PCR was performed using an Applied Biosystems StepOne Real-Time

PCR System. It was performed for 40 cycles of 95�C for 15 s and 60�C for 1 min followed by thermal denaturation. The expression of

each gene relative to GAPDH mRNA was determined using the 2�DDCt method. The sequences of the primers used are listed in

Table S2. Each sample was assessed by triplication.

Western blots
The protein expression was validated as previously described.42 Briefly, whole cell lysates (WCL) were prepared using radioimmu-

noprecipitation assay (RIPA) lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 25 mM NaF, 1 mM dithiothreitol, and

20mMethylene glycol tetraacetic acid supplemented with protease inhibitors) and the protein concentrations were determined using

a BioRad protein assay kit (BioRad Laboratories, Hercules, CA, USA). Protein samples were subjected to SDS-PAGE, transferred to a

nitrocellulose membrane and then blocked with 5% BSA in tris-buffered saline with Tween 20 (10 mM Tris, 100 mM NaCl, and 0.1%

Tween 20). The membranes then were probed using the specific primary antibodies and peroxidase-conjugated secondary anti-

bodies from Thermo Fisher Scientific. For all western immunoblot experiments, blots were imaged using an ECL detection system

(Roche Applied Science, Indianapolis, IN, USA) with iBright FL1000 Imaging System from Thermo Fisher Scientific.

Lentiviral transduction
HEK-293 cells were seeded at 1 3 106 cells with DMEM with FBS in 150mm plates 1 day before lentiviral transfection. When cell

confluency was approximately 50%, transfection mixture, Opti-MEM with pLKO.1, psPAX2, and pMD2.G, was added through

TransIT-LT1 reagent agent. After 18 h, media was exchanged to DMEM with FBS and antibiotics. Then, 6 h later, media was

harvested and centrifuged at 1,500 g for 15 min. After centrifugation, supernatant was transferred other fresh tube and Virus Precip-

itation Solution was added to tube and incubated at 4�C for 12 h. To obtain lentiviral particles, supernatant with solution was cen-

trifugated at 1,500 g for 5 min, and the pellet was diluted at 1/10-1/100 with PBS. The virus titer was quantified by real-time PCR

by using Ultra-Rapid Lentiviral Global Titering Kit. For lentiviral transduction, target cells were seeded at appropriate plates and incu-

bated up to 50 to 70%confluency. Then, transduction solution, culturemedium combinedwith Trans-Dux to a 1X final concentration,

was added to cells as for the desired MOI. 3 days after transduction, cells were selected by puromycin.

Cell viability assay and colony-forming assay
For cell viability assay, cells were seeded at 10,000 cells per well in 96-well plates 1 day before IR, or IR combined with DGKB shRNA

transfection or DGKB plasmid transfection or DGKB mutant transfection for 48 h. Cell viability was determined using CellTiter-Glo

Luminescent Viability Assay kit. Colony-forming assay was performed following the previous study.5 Briefly, the cells were seeded

at a density of 600 cells in 35-mm culture dishes. After 24 h, the cells were treated with IR, or IR combined with DGKB knockdown or

overexpression. 14 days after seeding, the cells were fixed with 10% methanol and 10% acetic acid, which were then stained with

1% crystal violet. Colonies containing more than 50 cells were identified using densitometry software and scored as survivors.

Mouse bioluminescence imaging
Mice implanted with U87MG-RR and BCL21-HP03 cells expressing luciferase were injected intraperitoneally with a Luciferin solution

(3 mg/mL in PBS, dose of 15 mg/kg) by an intraperitoneal route. After 10 min, mice were anesthetized by inhalational way using

isoflurane and bioluminescence images were acquired using VISQUE Invivo Smart LF.

Hematoxylin and Eosin (H&E) and Immunohistochemistry (IHC) staining
H&E staining and IHC were performed as previously described.5 The brain samples were embedded in paraffin blocks, and the sec-

tions were prepared by HistoCore AutoCut. Next, the sections were cut into 4 mm sections and stained with H&E, following standard

procedures. For IHC, sections were treated with 3% hydrogen peroxide/methanol and then with 0.25% pepsin to retrieve antigens.

Next, samples were incubated in blocking solution, after which they were incubated at 4�C overnight with the specific primary

antibodies diluted in the antibody diluent. The sections were subsequently washed with tris-buffered saline with 0.1% Tween 20

and then incubated with polymer-horseradish peroxidase conjugated secondary antibody. A 3,30-diaminobenzidine substrate chro-

mogen systemwas utilized to detect antibody binding. Stained sectionswere observed under anOlympus IX71 invertedmicroscope.

The quantification of IHC was processed by ImageJ. IHC images were loaded into ImageJ, and a color threshold was adjusted. To

measure the total area, the hue and saturation values were adjusted to the maximum, the brightness was adjusted to the point where

all tissues were selected, and the selected area (total area) was measured. To measure the IHC stained area, the selected area (IHC

stained area) wasmeasured by adjusting the color value until only the IHC stained areawas selectedwithout changing the brightness.

To calculate the IHC stained area, the IHC stained area value was divided by the total area value and multiplied by 100.

Enzyme activity assay
For DGKB enzymatic activity quantification, cells were seeded at 10,000 cells per well in 96-well plates 1 day before IR, or IR com-

bined with DGKB mutant for 48 h. DGKB activity were assessed by DAG kinase Activity Assay Kit following the manufacturers’
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instructions. In detail, DAG substrate and kinase buffer was added to wells. Then control and treated samples were added to same

wells and mix thoroughly following incubation for 30 min at 37�C. Next, the mixture was transferred to black 96-well plate and lipase

solution is added following incubation for 30 min at 37�C. Finally, detection enzyme mixture is added to wells and incubated

room temperature for 10 min in dark. Then, the plate was read by a GloMax Discover Microplate Reader equipped for excitation

in the 530-560 nm range and for emission in the 585-595 nm range.

LC-MS/MS lipid profiling
Lipid profiling were performed as previously reported.43 Cells were seeded in 10 cm plates 1 day before IR, or IR combined with

DGKB shRNA transfection or DGKB plasmid transfection or miR-3918 mimic transfection for 48 h. When cells were 90% confluency,

media were removed and cells were washed carefully with PBS and resuspended in serum-free media. After incubation at 37�C for 3

h, themedia was removed and cells were washedwith PBS. Cells were scraped in PBS, transferred to a fresh tube and centrifuged at

2,000 rpm for 8 min, and resuspended in PBS. Then, cells were lysed using a sonicator, and 1 mL of lysates normalized to 1.5 mg/mL

was transferred to 2-dram glass vials. Internal standard mix was added to lysates and vigorously vortexed. Samples were centrifu-

gated at 1,000 rpm for 5 min to pellet insoluble precipitate, and the remaining eluent carefully transferred to fresh 2-dram vials.

Samples were reconstituted in 500 mL of mixture (lipid species:H2O, 1:1 vol/vol) and analyzed by LC/MS/MS. The indicated lipid

species were quantified by measuring the area under the peak relative to an internal standard.

Metabolic assays
DAG, PA, TG, and ATP levels were assessed by utilizing fluorometric assay kits (DAG, ab242293; PA, ab273335; TG, ab65336; ATP,

ab83355) following the manufacturers’ instructions. Briefly, cells were seeded at 10,000 cells per well in 96-well plates 1 day before

IR, or IR combined with transfection (shDGKB, shDGAT1, and DGKB) or treatment (DAG, PA, miR-3918 mimic, and cladribine) for 48

h. DAG and PAwere kept as 1000-fold concentrated stock solutions in chloroform, dried prior to use under N2 stream, and emulsified

by sonication for 10min in 150mMNaCl, 10mMTris-HCl, pH 8.0. DAG and PA in vesicles were added to cells to a final concentration

of 50 mM. Then, appropriate buffer is added to sample-loaded wells and plates were incubated by fit for the situation. Finally, the

plates were read by aGloMax Discover Microplate Reader equipped for contextual excitation/emission fluorescence filter. Glycolytic

rate, lipid synthesis, and RNA synthesis were assessed as previously described.44 Glycolytic rate was determined by measurement

of 3H2O release. In brief, cells were spiked with 20 mCi/mL of D-[U-3H]glucose in Krebs buffer supplemented with 10mMglucose for 1

h. Diffused 3H2O from D-[U-3H]glucose was measured by liquid scintillation counting, and values were normalized with cell numbers

of each sample. For lipid synthesis, lipids were extracted using solvent of hexane and isopropanol (3:2 v/v). The solvent was air-dried

and resuspended in chloroform. The amount of 14C-lipid was determined by liquid scintillation counting and normalized to the amount

of protein. For RNA synthesis, subconfluent cells were spiked with 4 mCi/mL of D-[U-14C]glucose for 2 h. Total RNA was extracted,

and the labeled RNA was quantified by liquid scintillation counting and normalized to the total RNA amount.

Fatty acid oxidation
These experimental conditions were adapted from studies conducted byHansson et al.45 Cells were seeded in 60-mmculture dishes

and allowed to adhere for 4 h prior to pulse labeling for 4 h with 2 mL of serum-free DMEM containing 5 mCi of [9,10-3 H] oleic acid

(0.4mMoleic acid complexed to 0.4%BSA) to stimulate neutral lipid synthesis. After 4 h, the pulsemedia were removed by aspiration

and retained for analysis, and cells were washed three times with serum-free DMEM containing 0.4% fatty acid-free BSA. Then, cells

were incubated with 2mL of serum-free DMEM for an additional 4 h (chase) prior to collecting the chasemedia for analysis. Pulse and

chase media samples were centrifuged at 2,500 g for 5 min to remove cell debris. Labeled fatty acids were precipitated out from

media samples by the addition of 30 mL of 20%BSA and 16 mL of 70% perchloric to 200 mL of culture media. Media were then centri-

fuged at 25,000 g for 5 min before an aliquot of the supernatant was counted for radioactivity. The cells were washed with ice-cold

PBS, and cell homogenates were prepared in the same buffer, and protein concentration wasmeasured. Lastly, the amount of radio-

activity in lysates was determined by scintillation counting.

Seahorse analysis
Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured by Seahorse XFe24 Extracellular Flux

Bioanalyzer (Agilent Technologies) with 80–90% confluent cells following the previous study.5 Briefly, 10,000 cells were seeded in

24-well Seahorse plate. In the next day, cells were treated with IR or IR combined with DGKB shRNA transfection or DGKB plasmid

transfection. 24 h later, cells were equilibrated for 1 h in a non-CO2 incubator. For theOCR assay, themedia were changed to the FAO

assay buffer (Agilent Technologies). Injection port A on the sensor cartridge was loaded with oligomycin (2 mM), port B was loaded

with FCCP (1 mM), and port Cwas loadedwith rotenone/antimycin A (1 mMeach). For the ECAR assay, themedia were changed to the

FAO assay buffer (Agilent Technologies) without glucose. The injection port A was loaded with glucose (10 mM), port B was loaded

with oligomycin (2 mM), and port C was loaded with 2-Deoxy-D-glucose (100mM). A minimum of three wells were utilized per con-

dition to calculate OCR and ECAR.
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Lipid droplet staining and quantification
For live cells, LDs were stained with BODIPY 493/503 (0.5mM) for 30min and visualized by confocal microscopy (Carl Zeiss LSM800,

63x/1.4 NA oil). More than 30 cells were analyzed and LDs were quantified by ImageJ, as previously described.13 In xenograft tumor

tissues, we utilized immunofluorescence using TIP47 antibody. After antigen retrieval, sections were incubated with the TIP47 anti-

body, followed by incubation with an appropriate secondary antibody, and slides were then mounted, imaged, and LD counted by

using ImageJ.

Mitochondrial membrane potential
4 days before imaging, cells were seeded at 10,000 cells on confocal plate. In the next day, cells were treated with IR or IR combined

with DGKB shRNA transfection or DGKB plasmid transfection. 72 h later, cells were washed for 3 times with PBS. Then, cells were

placed in FluoroBrite DMEMwith 5%FBS andRhodamine 123 (0.05mg/mL) for 30min. Additionally, cells were washed for twice with

PBS and incubated with Hoechst 33342 for 30min. Finally, cells were visualized by confocal microscopy (Carl Zeiss LSM800, 63x/1.4

NA oil). A minimum of 100 cells were analyzed and fluorescence was quantified with ImageJ.

Transmission Electronic microscopy (TEM)
TEM imaging was performed as previously described.46 Briefly, the material was pre-fixed with 2.5% glutaraldehyde in PBS (pH 7.2)

at 4�C and was post-fixed with 1% osmium tetroxide in PBS. The material was dehydrated with a series of the graded ethyl alcohol,

and embedded in epoxy resin (Epon 812 mixture). Sections (70 nm) were produced on an ultramicrotome (EMUC7) and were double

stained with uranyl acetate and lead citrate. The sections were then analyzed with a transmission electron microscope (JEM-

1200EXII). This experiment was performed at Pusan National University Hospital.

Reactive oxygen species detection
After washing cells 3 timeswith PBS, cells were placed into FluoroBrite DMEMwith 5%FBS supplemented and 0.5 mMMitoSOXRed

Mitochondrial Superoxide Indicator and incubated for 10 min at 37�C. After washing twice with PBS, cells were then incubated with

Hoechst33342 for 30 min before confocal imaging. A minimum of 100 cells were analyzed and fluorescence was quantified by the

ImageJ.

Mitochondria and cytosol fractionation
The mitochondrial proteins were prepared using Mitochondria/Cytosol Fractionation Kit following the manufacturer’s instructions.

Briefly, cells were harvested and washed with PBS, and resuspended with Lysis buffer and incubated at 4�C for 10 min. The cells

were centrifuged at 1,000 g at 4�C for 10 min, and the supernatants were used as the cytosolic fractions. Pellets were resuspended

in Disruption buffer and disrupted by using a 21G needle and a syringe. Following a centrifugation at 1,000 g at 4�C for 10 min, the

supernatants were transferred to new tubes and centrifuged at 6,000 g at 4�C for 10 min. The pellets containing mitochondria were

resuspended in Mitochondria storage buffer, and centrifuged at 6,000 g at 4�C for 20 min. Pellets were then resuspended in Mito-

chondria storage buffer and protein concentration was determined.

Apoptosis assay (Annexin V/PI)
The Annexin V-fluorescein isothiocyanate (FITC) kit was used to detect apoptosis as previously described.47 Following DGKB or

DGAT1 shRNA transfection or DGKB plasmid transfection, cells (105-106 cells/mL) were harvested, washed with ice-cold PBS,

and resuspended in 100 mL of ice-cold 1X binding buffer. Next, 25 ng of Annexin V-FITC and 250 ng of PI were added to the cell

suspension and the cells were incubated on ice for 10 min in the dark. Finally, the stained cells were diluted to a final volume of

250 mL with binding buffer and analyzed using a FACS Verse flow cytometer.

Luciferase reporter gene assay
Genomic region harboring the DGAT1 promoter (�1000 to +226 bp of the transcription start site of the gene) was cloned into pGL3-

NFAT luciferase vector digested by MluI and HindIII. A luciferase assay was performed as previously reported.47 Briefly, luciferase

activity was measured using Luciferase Assay System from Promega. Cells were seeded in 60mm culture dishes 1 day before trans-

fection and irradiation. At 48 h after transfection, media was removed and the dishes were washed by PBS. 400 mL of Cell Culture

Lysis Reagent was added to the dishes directly and transferred to new tubes. After brief centrifugation, 20 mL of cell lysate wasmixed

with 100 mL of Luciferase Assay Reagent. Luminescence was measured using a GloMax Discover Microplate Reader.

Intracerebral injection procedures
For intracerebral administration of lentivirus vectors, mice were first anesthetized by inhalation of 1–3% isoflurane in oxygen and

positioned in a stereotaxic frame. Viral supernatant injections (1 mL per injection; viral supernatant concentrations ranged from

5.5 3 108 to 4.5 3 109 infectious units (IFU) per mL) were delivered into themice brains using 10 mL syringe with stereotactic surgery.

Injection sites, the same site of xenograft, were according to the following stereotaxic position: at stereotactic coordinates of bregma,

�1 mm anteroposterior, and +2 mm mediolateral using stereotaxic injection frame. To deliver the virus, a small hole was drilled

through the skull, and a microliter syringe was lowered to injection site. The viral supernatant injection was delivered over 60 s. After
e7 Cell Reports Medicine 4, 100880, January 17, 2023
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the infusion, the syringe was left in place for a further 60 s. The syringe then raised to the next more dorsal injection site, and the

injection procedure repeated. After the final virus supernatant injection, the drill holes in the skull were filled with bone wax, the scalp

sutured and the incision site treated with antibiotic ointment.

QUANTIFICATION AND STATISTICAL ANALYSIS

All numerical data are presented as the means ± SEM from at least three independent experiments. For quantifications, two-tail un-

paired Student’s t test was used for comparing two experimental groups, and one-way ANOVA with appropriate post-hoc test was

applied when needed to compare three or more experimental groups. Log rank (Mantel-Cox) test was used for statistical analysis of

survival. The Prism 9 software was used for all statistical analyses. A p value <0.05 was considered to be statistically significant.
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