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Editorial on the Research Topic

Epigenetic and metabolic regulation of primary and metastatic
brain cancers
Primary intrinsic brain tumors and brain metastases are among the most lethal of all

human malignancies despite decades of scientific advances. The intersecting fields of cancer

epigenetics and metabolism lie at the core of our current conceptual framework for the

pathophysiology of these diseases (1, 2). While alterations in epigenetic pathways

contribute to neoplastic metabolic dysregulation through transcriptional control

mechanisms, metabolite abundance and availability reciprocally impinge upon

epigenetic pathways. In this Research Topic, we highlight important advances focused

on epigenetic and metabolic processes that enable brain tumors to thrive within the

intracranial setting, along with key insights into the tumor microenvironment.

Epigenetic pathways integrate multiple sources of information regarding cell state and

microenvironmental features to orchestrate an organized cellular response, mediating

cellular adaptability, plasticity, and resilience. In this Research Topic, McCornack et al.

discuss mechanisms by which histone methyltransferases and acetyltransferases mediate

these diverse processes including reviewing downstream signaling elements and

therapeutic targeting opportunities. Valproic acid is a commonly used anti-epileptic with

anti-tumor effects through its histone deacetylase (HDAC) activity; however, in this

Research Topic, Barciszewska et al. define a new epigenetic role for valproic acid in the

induction of global hypermethylation. This study provides a rationale for the combination

of valproic acid with temozolomide for enhancing DNA damage and oxidative stress in

glioblastoma tissues. Although extrachromosomal circular DNA (eccDNA) had been

originally observed nearly six decades ago (3), the relevance of this alternative

mechanism of dynamic gene regulation to cancer survival and therapeutic resilience has

only recently come into sharper focus (4, 5), particularly in brain tumors (6–9). Zhu et al.

interrogate the landscape of eccDNAs in medulloblastoma, showing preferential inclusion
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of genes involved in neuronal development and differentiation, RAS

GTPase binding, and RAP1 signaling. They further identify the

upregulation of genes via eccDNAs associated with poor prognosis

in clinical datasets, highlighting eccDNAs as important mediators

of medulloblastoma pathophysiology and implicating future

therapeutic targets.

Tumor metabolism impinges on multiple key oncogenic processes

through the coordination of signaling cascades, bioenergetics, and

structural components both in a cell-intrinsic manner and in the

coordination of cellular interactions within the brain tumor

microenvironment. Bezawork-Geleta et al. review the importance of

lipid metabolism in glioblastoma biology, focusing on lipid droplets as

key substrates for cellular energy production and as intermediates that

affect cellular signaling through affecting ferroptosis (a lipid

peroxidation mediated and iron-dependent form of cell death), and

lipophagy (a lipid specific form of autophagy). Autophagy is a finely

tuned cellular process that enables cancer cell survival in nutrient- and

energy-poor settings that define the tumor microenvironment, but can

also be exploited for anti-cancer therapies (10). Induction of cytotoxic

autophagy using the small molecule inhibitor ABTL0812 impairs

glioblastoma stem cell proliferation and stem features in vitro and

displays combinatorial efficacy in orthotopic xenograft models when

combined with standard-of-care radiotherapy and temozolomide,

primarily through inhibition of AKT/mTORC1 signaling and

activation of ER stress responses (Mancini et al). These studies

highlight the important metabolic adaptations utilized by primary

brain tumors to survive in the intracranial setting and suggest a new

approach to undermining these key dependencies.

Epigenetic and metabolic pathways further support tumor cell

invasion. The blood-brain barrier preserves the integrity of the

central nervous system and shields against toxins from the central

circulation and from invading cancer cells. Breaching the blood-

brain barrier is a critical step in the metastatic cascade responsible

for the generation of brain metastases (11). Zhang et al. identify that

the blood-brain barriers of patients with advanced lung cancers are

more permeable than those of patients with early-stage lung cancers

or healthy controls, suggesting that primary lung cancers may act at

a distance to disrupt the blood-brain barrier and set the stage for

future metastases. Further understanding of the processes

underlying blood-brain barrier disruption may yield strategies to

protect the brain from metastatic colonization. Meningiomas are

among the most common primary brain tumors with widely

variable prognoses based on molecular classification and

morphologic features. Jiang et al. utilize imaging characteristics

from MRI studies to improve the identification of the extent of

tumor invasion to facilitate improved extent of resection. This study

further identifies imaging features that serve as independent risk

factors for predicting WHO tumor grades through deeper scrutiny

of interactions within the brain-tumor interface.

This Research Topic further touches on therapeutics in the

intracranial setting. Vasogenic edema is a major source of morbidity

and mortality in intracranial malignancies with limited treatment
Frontiers in Oncology 026
options (12). While studies have shown the efficacy of bevacizumab

in reducing edema and progression-free survival in primary brain

tumor patients (13, 14), Bai and Zhou investigate the role of

bevacizumab in patients with lung or colon brain metastases,

showing differential effectiveness based on the tumor of origin.

The prognosis for patients with brain metastases from non-small

cell lung cancer remains dismal, particularly when patients are not

candidates for surgical resection due to a variety of patient or tumor

characteristics. Yang et al. study the use of an alternative radiation

therapy delivery modality, 125-Iodide brachytherapy, compared to

external beam radiotherapy (EBRT) and find improved 6-month

survival and similar 12-month survival for the 125-iodide group

compared to the EBRT group. This study provides further evidence

for an additional modality for the treatment of brain metastases.

In a prescient and well-timed review, Johanssen et al. describe the

current state of basic and translational research as it applies to

glioblastoma with a discussion of the importance of understanding

brain tumors through the lens of intratumoral heterogeneity and

within the context of their tumor microenvironments. They suggest

the use of both rationally designed and hypothesis-generating unbiased

combinatorial screening approaches that incorporate heterogeneous

tumor models as well as important microenvironmental features to

identify compounds and combination therapies with the greatest

clinical utility. Taken together, this Research Topic highlights some

of the latest advances in the fields of brain tumor biology, specifically

focused on the intersection between cancer epigenetics and metabolism

and touching on key elements of the tumormicroenvironment, with an

eye towards improving outcomes for patients with primary and

metastatic brain tumors.
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The benefit of bevacizumab
therapy in patients with
refractory vasogenic edema
caused by brain metastasis from
lung and colon cancers

Xuexue Bai and Meng Zhou*

Neurosurgery of The First Affiliated Hospital, Jinan University, Guangzhou, China
Objective: This retrospective study investigated the efficacy of bevacizumab in

refractory brain edema caused by brain metastasis from lung cancer and colon

cancer.

Methods: A total of 72 patients with refractory brain edema were divided into

the lung cancer and colon cancer groups according to their primary tumor. All

patients received a single bevacizumab treatment for refractory brain edema.

MRI was performed 1 week before the treatment and 4 weeks after the

treatment. The edema and tumor volumes were calculated using imaging

modalities.

Results: After a single bevacizumab treatment, the refractory brain edema of 61

patients was controlled, and the clinical symptoms of 65 patients were

improved. The average edema volume before treatment was 201,708.97 ±

61,426.04 mm3, which has decreased to 116,947.01 ± 43,879.16 mm3 after

treatment (P < 0.05). After treatment, the edema index decreased from 25.97 ±

7.15 to 17.32 ± 5.24 (P < 0.05).We found that brain edema was controlled in 40

patients (93.02%) in the lung cancer group and 21 patients (72.41%) in the colon

cancer group (P<0.05). In addition, 22 patients (88.00%) in the radiotherapy

group achieved edema control, compared to 39 (82.98%) in the non-

radiotherapy group (P>0.05). Nine patients experienced hypertension after

treatment, two patients exhibited decreased platelet counts, and no

hemorrhage cases were observed.

Conclusion: Bevacizumab can significantly alleviate refractory brain edema,

and there is a significant difference in the efficacy of bevacizumab on refractory

brain edema caused by brain metastasis from lung and colon cancers.
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bevacizumab, refractory brain edema, lung cancer, colon cancer, brain metastasis
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Introduction

Brain metastases are 10 times more common than primary

intracranial cancer and represent the most common intracranial

malignancy in adults (1, 2). Brain edema often occurs around

brain metastases due to the abnormal accumulation of fluid in

the brain parenchyma (3), which increases brain volume and

elevated intracranial pressure (ICP) within the skull (4). Elevated

ICP may decrease cerebral blood flow, causing hypoxia in the

brain tissue and even brain herniation. These factors can lead to

irreversible damage to nerve function and even death. Mannitol,

diuretics, and steroids are used to reduce brain edema, but their

therapeutic effect on refractory brain edema is unsatisfactory.

Previous studies have shown that the control rate of these drugs

for refractory brain edema is 27%–39% (5–10). These drugs

cannot eliminate potential pathogenic factors and have many

adverse reactions (11). The long-term use of steroids can lead to

significant systemic side effects, including immunosuppression

and avascular necrosis (12, 13). Mannitol may cause systemic

hypotension, decreased cerebral perfusion, and acute renal

failure (14, 15). Vascular endothelial growth factor A (VEGF-

A) promotes angiogenesis and vascular permeability (16).

Therefore, it is considered to play a key role in brain tumor-

related edema. Bevacizumab, a monoclonal antibody against

VEGF-A, is an effective treatment for brain edema (17–20). The

purpose of this study is to explore whether there is a difference in

the efficacy of bevacizumab for refractory brain edema caused by

brain metastasis from lung and colon cancers.

We divided 72 patients who met the inclusion criteria into a

lung cancer group (n=43) and colon cancer group (n=29)

according to their primary tumor site of origin. We

demonstrated that bevacizumab is effective for the treatment

of refractory cerebral edema. Furthermore, the efficacy of

bevacizumab for the treatment of refractory cerebral edema
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caused by metastatic tumors with distinct anatomical origins

is different.
Materials and methods

Patients

From January, 2014 to January, 2021, 287 patients were

treated with bevacizumab in our hospital. The inclusion criteria

were as follows: (1) peritumoral brain edema confirmed by

magnetic resonance imaging (MRI) examination; (2) clinical

symptoms were not improved after more than 5 days of

mannitol or glucocorticoid treatment; and (3) patients

underwent pathological testing. The exclusion criteria were as

follows: (1) patients with a history of hypertension; (2) patients

with a history of other tumors; (3) patients with incomplete

clinical data; and (4) patients who refused to sign the informed

consent. All patients signed a written informed consent form

before receiving bevacizumab treatment. The academic and

ethics committee of the First Affiliated Hospital of Jinan

University approved this study.
Demographic characteristics

Table 1 summarizes the demographic characteristics of the

enrolled patients. A total of 72 patients were divided into a lung

cancer group (n=43) and colon cancer group (n=29) according

to the source of the primary tumor. There were 39 male patients

and 33 female patients in this study. The average age was 61.75 ±

12.60 (range, 29–87 years). Of the 72 patients, 64 were diagnosed

with brain metastases for the first time and had not received any

treatment. Eight patients experienced tumor recurrence after
TABLE 1 Demographic characteristics of two groups.

Lung cancer Colon cancer P

Age (Y) 62.51 ± 12.31 60.62 ± 13.15 >0.05

Sex >0.05

Male 23 16

Female 20 13

KPS 62.79 ± 9.84 60.00 ± 12.82 >0.05

Tumor size (mm) 8.95 ± 3.11 8.41 ± 3.26 >0.05

Edema volume 201,558.70 ± 59,327.27 201,931.79 ± 65,482.65 >0.05

Edema index 25.60 ± 7.47 26.52 ± 6.73 >0.05

Treatment time 1 1 >0.05

History of craniotomy 5 3 >0.05

Radiotherapy (mean ± SE) >0.05

Stereotactic radiotherapy 8(13.56 ± 2.53 Gy) 5(14.72 ± 1.24 Gy)

Whole-brain radiotherapy 5(16.31 ± 4.25 Gy) 4(17.76 ± 3.28 Gy)

Intensity-modulated radiotherapy 1(20Gy) 2(20.50 ± 0.71 Gy)
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craniotomy. None of the patients had a history of radiation

therapy prior to bevacizumab treatment. In total, 25 patients

received radiotherapy during MRI examination.
Treatment

Previous studies have suggested that the therapeutic dose of

bevacizumab was 5 or 10 mg/kg (21, 22). The relationship

between the bevacizumab dose and adverse reactions is

unclear (23, 24). The purpose of utilizing bevacizumab in this

study was to control refractory brain edema, so the therapeutic

dose we used was 5 mg/kg. All patients received a single dose

of bevacizumab.
Imaging examination

MRI was performed 1 week before the treatment and 4

weeks after treatment (25, 26). The tumor volumes were

measured using T1-weighted images, and edema volumes were

calculated using FRFSE and T2-weighted images. The tumor and

edema volumes were measured using a method previously

described by Bitzer (27). It is assumed that the volume of the

tumor and brain edema is an elliptical sphere. Therefore, V = p/6
× ABC calculates the volume. Figure 1 demonstrates the volume

measurement technique. Volume is measured by drawing

mutually perpendicular diameters (A and B) of the largest

cross-section of cerebral edema in the axial plane and

maximum height of sagittal cerebral edema (C). These

measurements are substituted into the formula above to

complete the volume calculation. The edema index (EI) was

calculated as (volume of edema + tumor volume)/tumor
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volume (27). Edema volume reduction >10% was considered

controlled, and volume increase or change ≤10% was considered

uncontrolled (28). A total of 25 patients received radiotherapy

during MRI examination. In total, 13 patients received

stereotactic radiotherapy. Nine patients received whole-brain

radiotherapy, and three patients received intensity-

modulated radiotherapy.
Statistical analyses

Our data were analyzed using SPSS 26.0 statistical software.

The Wilcoxon signed-rank test was used to compare the

differences in the edema volume and EI before and after

bevacizumab treatment. The edema control rate of each group

was compared using the chi-square test. An arbitrary level of 5%

was used to indicate statistical significance.
Results

Therapeutic effect

After treatment, the edema control rate was calculated by

examining images. The results revealed that the refractory brain

edema was controlled in 61 patients and the clinical symptoms

were improved in 65 patients. Table 2 summarizes the changes

in the edema volume and EI before and after treatment in each

group. Figures 2, 3 describe the changes in edema volume and EI

before and after treatment, respectively. The results showed that

bevacizumab effectively treated refractory brain edema and

reduced EI. Figure 4 shows the imaging changes in patients

with lung cancer and colon cancer before and after treatment.
FIGURE 1

Demonstration of volume calculation technology. Volume calculation formula: V = p/6 × ABC. Volume is measured by drawing the mutually
perpendicular diameters (A, B) of the largest cross-section of cerebral edema in the axial plane and maximum height of sagittal cerebral edema
(C). These measurements are substituted into the formula above to complete the volume calculation.
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FIGURE 2

Changes in the edema volume before and after bevacizumab treatment in the lung cancer group (A), colon cancer group (B), radiotherapy
group (C), and non-radiotherapy group (D). Red represents the edema volume before treatment, and blue represents the edema volume after
treatment. We use * to indicate statistical difference. * for p<0.05, and *** for p<0.001.
TABLE 2 Changes in edema volume and edema index after treatment.

Pretreatment (x ± s) Posttreatment (x ± s) P

All (n=72)

Edema volume (mm3) 201,708.97 ± 61,426.04 116,947.01 ± 43,879.16 <0.05

Edema index 25.97 ± 7.15 17.32 ± 5.24 <0.05

Lung cancer (n=43)

Edema volume (mm3) 201,558.70 ± 59,327.27 108,344.40 ± 35,299.96 <0.001

Edema index 25.60 ± 7.47 16.98 ± 5.21 <0.001

Colon cancer (n=29)

Edema volume (mm3) 201,931.79 ± 65,482.65 129,702.62 ± 52,258.17 <0.05

Edema index 26.52 ± 6.73 17.83 ± 5.34 <0.05

Radiotherapy (n=25)

Edema volume (mm3) 215,883.08 ± 56,569.51 123,312.40 ± 48,058.32 <0.001

Edema index 25.12 ± 6.73 16.88 ± 4.79 <0.05

Non-radiotherapy (n=47)

Edema volume (mm3) 194,169.55 ± 63,141.89 113,561.17 ± 41,629.79 <0.05

Edema index 26.43 ± 7.39 17.55 ± 5.50 <0.001
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Table 3 compares the edema control rate in each group

after treatment.
Adverse reactions

Adverse reactions to bevacizumab included hypertension,

several types of bleeding, venous thrombus exfoliation, and

albuminuria (29, 30). The correlation between the drug dose

and adverse reactions is unclear. Besse reported that the

incidence of intracerebral hemorrhage in patients with brain

metastases was 0.8%–3.3% after bevacizumab, while the

incidence without bevacizumab was 1.0% (31). Khasraw

reported that the incidence of intracerebral hemorrhage in
Frontiers in Oncology 05
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patients with glioma or brain metastasis after bevacizumab

treatment was 3.7%, while the incidence in those not

administered bevacizumab was 3.6% (32). In addition, other

complications after bevacizumab treatment have been reported,

such as thrombocytopenia, intestinal perforation, and sepsis

(33). In our study, nine patients experienced hypertension

after treatment, two patients exhibited decreased platelet

counts, and no cases of hemorrhage were observed.
Discussion

Surgery is often considered first-line treatment for patients

with a large (usually defined as >3 cm in diameter) or
A B
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FIGURE 3

Changes in the edema index before and after bevacizumab treatment in the lung cancer group (A), colon cancer group (B), radiotherapy group
(C), and non-radiotherapy group (D). Red represents the edema index before treatment, and blue represents the edema index after treatment.
We use * to denote statistical differences. * for p<0.05, and *** for p<0.001.
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symptomatic brain metastasis; however, many patients are not

optimal candidates for resection due to medical comorbidities,

extensive extracranial burden of disease, or multiple intracranial

metastases (34). None of the patients in this study were able to

undergo craniotomy for various reasons. In these cases,

radiation, either as whole-brain radiotherapy or stereotactic

radiosurgery, is considered. There is a protracted response

time following radiotherapy, with the earliest reaction

observed within 2–3 months (35). Because the onset of

radiation therapy was longer than our follow-up period, we

believe that the effects of radiation therapy on cerebral edema in
Frontiers in Oncology 06
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the patients during this study were small. Furthermore, although

there is no definitive time limit, radiation-associated cerebral

edema usually appears 3 or more months after radiation

therapy (5).
Steroids are widely used to control clinical symptoms caused

by perifocal edema (36). However, steroid treatment has side

effects that impair the quality of life, including iatrogenic

Cushing syndrome, which is frequently evident after only a

few weeks of treatment (37). Steroid side effects such as mood

changes, metabolic derailment, sleep disorders, and myopathy

add to the symptoms of advanced cancer and can further impair

the quality of life (9). Due to steroids’ adverse complications,

they often do not provide long-term efficacy. In addition,

steroids combined with mannitol have poor efficacy in

refractory cerebral edema, with a control rate of approximately

30% (38, 39). Bevacizumab has been reported to improve

steroid-resistant cerebral edema. A previous study reported

that bevacizumab treatment resolved edema in 82% of patients

(5). In our study, the edema control rate was similar at 84.72%.
This study is the first to assess differences in the therapeutic

efficacy of bevacizumab on refractory brain edema caused by

brain metastasis from different tissues of origin: lung and colon.

These findings may have important clinical significance for the

treatment of these patients. Previous studies have shown that

bevacizumab treats brain edema by blocking the binding of

VEGF-A to its receptor (40–43). Zustovich reported on 18

patients with peritumoral cerebral edema treated with

bevacizumab. The objective control rate was 100%, and the

effective rate was 60% (44).
In this study, patients were reexamined by MRI 4 weeks after

treatment. A total of 61 patients (84.72%) achieved edema

control after a single bevacizumab treatment. We found that

brain edema was controlled in 40 patients (93.02%) in the lung

cancer group and 21 patients (72.41%) in the colon cancer group

(P=0.023). This observation confirms that bevacizumab has

differential efficacy in refractory cerebral edema caused by

brain metastases from different organs. Refractory brain edema

from colon cancer brain metastases may require higher doses of

bevacizumab. In addition, 22 patients (88.00%) in the

radiotherapy group achieved edema control compared to 39
FIGURE 4

Radiographic images of brain edema before and after treatment
with bevacizumab. Panel (A) represents edema in a lung cancer
patient before treatment, and panel (B) represents after
treatment. Panel (C) represents edema in a colon cancer patient
before treatment, and panel (D) represents after treatment.
TABLE 3 Edema control rate of each group after treatment.

Controlled n/N (%) Uncontrolled n/N (%) P

All (n=72) 61/72 (84.72%) 11/72 (15.28%)

Lung cancer (n=43) 40/43 (93.02%) 3/43 (6.98%)

Colon cancer (n=29) 21/29 (72.41%) 8/29 (27.59%)

<0.05

Radiotherapy (n=25) 22/25 (88.00%) 3/25 (12.00%)

Non-radiotherapy (n=47) 39/47 (82.98%) 8/47 (17.02%)

>0.05
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(82.98%) in the non-radiotherapy group (P=0.573). We found

no significant difference in the edema control rate between the

radiotherapy and non-radiotherapy groups. This may suggest

that bevacizumab can effectively alleviate radiation-induced

brain edema.

Patients were followed up for 1 month. We only examined

changes in refractory brain edema after a single bevacizumab

treatment. In our study, the average edema volume before

treatment was 201,708.97 ± 61,426.04 mm3 which has

decreased to 116,947.01 ± 43,879.16 mm3 after treatment.

These results showed that bevacizumab reduces the volume of

refractory brain edema. Even if edema control is achieved after a

single treatment, some patients retain a large volume of

peritumoral edema. These patients continued bevacizumab

treatment 4 weeks after the first treatment. Due to the short

follow-up time, we could only observe the short-term effect of

bevacizumab on refractory cerebral edema. Therefore, the long-

term efficacy of bevacizumab after withdrawal is unclear.

However, a previous study has reported that bevacizumab was

effective in relapsed refractory cerebral edema (45).

Furthermore, considering the short survival time of patients

with brain metastases, we believe that the role of bevacizumab is

worthy of recognition.

When bevacizumab was ≥0.3 mg/kg, free VEGF in the serum

could not be detected (46). The currently recommended therapeutic

dose of bevacizumab is 5–10 mg/kg (11–14). Although there is no

evidence that adverse drug reactions are related to the dose, we still

choose safer therapeutic doses. In our study, the treatment dose of

bevacizumab was 5 mg/kg. Nine patients developed hypertension

after a single bevacizumab treatment and returned to normal after

nifedipine treatment. Platelet levels decreased in two patients and

returned to normal without treatment. Some studies have shown

that bevacizumab-induced hypertension significantly predicts

progression-free survival and overall survival in patients with

metastatic colorectal cancer, whereas its prediction for the

objective response rate was non-significant (47, 48). Previous

studies have reported that hypertension may be an indicator of

positive antitumor effects, may predict the efficacy of antiangiogenic

therapy, and could be associated with a favorable tumor prognosis

(49). In our study, the edema volume was reduced by 98,237.81 ±

32,134.05 mm3 in nine patients with new-onset hypertension, while

the edema volume in the others was reduced by 83,351.25 ±

47,735.24 mm3 (P<0.05). The edema control rate in the

hypertension group was 88.89%, while the edema control rate in

patients without new-onset hypertension was 84.13% (P>0.05).

Compared to non-hypertensive patients, hypertensive patients

exhibited a more significant reduction in the edema volume, but

there were no significant differences in the edema control rate

between the two groups. Hypertension may be used to predict the

efficacy of bevacizumab in refractory cerebral edema, but more

research is needed to demonstrate this.

Despite these findings, our study has some limitations. First,

this was a single-center study. If we can conduct further
Frontiers in Oncology 07
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multicenter research, the results will be more representative.

Second, radiotherapy during follow-up may have an impact on

the edema volume and edema index. Our study found for the

first time that bevacizumab has a differential efficacy of

refractory brain edema caused by brain metastases from

primary lung and colon cancers. However, the reasons for the

differences in efficacy need to be further studied. Finally, only 72

patients were included in this study. All patients received only a

single dose of bevacizumab with a short follow-up period.

Increasing the follow-up time and bevacizumab dose allows

for a more precise assessment of bevacizumab efficacy.
Conclusion

This study suggests that bevacizumab may reduce refractory

brain edema, and there is a significant difference in the efficacy of

bevacizumab on refractory brain edema caused by the brain

metastasis of lung cancer and colon cancer. A total of 11 patients

experienced mild adverse reactions and quickly returned to

normal. Therefore, bevacizumab is a safe and effective

treatment option for refractory brain edema.
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Purpose: To explore the relationship between blood-brain barrier (BBB)

leakage and brain structure in non-brain metastasis lung cancer (LC) by

magnetic resonance imaging (MRI) as well as to indicate the possibility of

brain metastasis (BM) occurrence.

Patients and methods: MRI were performed in 75 LC patients and 29

counterpart healthy peoples (HCs). We used the Patlak pharmacokinetic

model to calculate the average leakage in each brain region according to the

automated anatomical labeling (AAL) atlas. The thickness of the cortex and the

volumes of subcortical structures were calculated using the FreeSurfer base on

Destrieux atlas. We compared the thickness of the cerebral cortex, the volumes

of subcortical structures, and the leakage rates of BBB, and evaluated the

relationships between these parameters.

Results: Compared with HCs, the leakage rates of seven brain regions were

higher in patients with advanced LC (aLC). In contrast to patients with early LC

(eLC), the cortical thickness of two regions was decreased in aLCs. The

volumes of twelve regions were also reduced in aLCs. Brain regions with

increased BBB penetration showed negative correlations with thinner

cortices and reduced subcortical structure volumes (P<0.05, R=-0.2 to

-0.50). BBB penetration was positively correlated with tumor size and with

levels of the tumor marker CYFRA21-1 (P<0.05, R=0.2–0.70).
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Conclusion: We found an increase in BBB permeability in non-BM aLCs that

corresponded to a thinner cortical thickness and smaller subcortical structure

volumes. With progression in LC staging, BBB shows higher permeability and

may be more likely to develop into BM.
KEYWORDS

lung cancer, brain structure, blood-brain barrier, brain metastasis, dynamic contrast-
enhanced MRI
1 Introduction

Brain metastasis (BM) are a serious public health problem

on a global scale. It is estimated that approximately 20% of

patients with cancer experience BM (1, 2), and that this is an

important cause of cancer-associated mortality. Lung cancer

(LC) is the most common cause of BM (3, 4). Approximately

25%-50% of LC patients have BM (5, 6). BMs may cause a range

of focal neurological symptoms as well as cognitive impairment,

thus greatly reducing patients’ quality of life (7). The average

survival time of untreated patients with BM is 2-3 months (8, 9).

Even with existing treatments (e.g., surgery, radiotherapy,

chemotherapy, targeted therapy, immunotherapy), the median

survival time of patients with BM is only approximately 5

months (10).

The pathogenesis of BM are complicated, and BBB

dysfunction is considered one of its mediating mechanisms.

LC cells reach the vascular system of the brain through blood

circulation, attach to microvascular endothelial cells, infiltrate

the parenchyma, induce angiogenesis, proliferate in response to

growth factors, and finally cross the BBB to form intracerebral

metastases (11).

The BBB is composed of endothelial cells, a basement

membrane, an astrocytic foot, and pericytes (12, 13). Its

integrity is essential for blocking the entry of toxic substances

into the peripheral circulation as well as blocking most tumor

cells (14). However, metastatic cells can cross the multiple cell

layers that comprise the BBB, including through the proteolysis

of adhesion molecules (such as JAM-B, junctional adhesion

molecule B) (15), leukocyte mimicry (15), and through the

action of a variety of cytokines (e.g., cyclooxygenase2 (COX2,

also known as PTGS2), heparin-binding EGF-like growth factor

(HB-EGF), ST6GALNAC5, PLEKHA5, placental growth factor

(PLGF)) (16, 17).

The process of transferring cells across the BBB leads to the

destruction of the BBB as well as to an increase in permeability.

Therefore, effective measurement of BBB permeability may
02
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potentially have application and clinical utility in terms of

predicting BM. Although BBB leakage plays an important role

in BM, it is difficult to measure human BBB permeability. The

ratio of cerebrospinal fluid to serum albumin is a common and

well- developed method for evaluating the permeability of the

BBB. However, it is invasive and its reliability is controversial as

it is easily affected by cerebrospinal fluid flow (18).

Progress in neuroimaging technology to date has

suggested the utility of a direct, quantitative, and detailed

method for evaluating BBB functionality (19). More

specifically, DCE-MRI can quantify the spillover of contrast

medium to the brain parenchyma and measure lower-level BBB

leakage/permeability (20, 21). DCE-MRI has been successfully

applied to study diseases related to BBB dysfunction, such as

multiple sclerosis (22), stroke (23), traumatic brain injury (20),

and dementia (24). Research on tumors is mainly focused on

evaluating tumor grade and patient prognoses, distinguishing

changes after treatment (e.g., progression, tumor recurrence),

and evaluating treatment efficacy and curative effects (25, 26).

Although the results of research to date are encouraging, the

aforementioned methodology has rarely been used in evaluating

BMs. Instead, this methodology has mainly been deployed in

evaluating therapeutic efficacy with respect to BMs. However, to

the best of our knowledge, there have been few studies on BBB

microleakage prior to BM or on micro-metastasis.

In the current study, we hypothesized that BBB permeability

may increase prior to BM or micro-metastasis and that BBB

permeability is related to the primary LC stage. Specifically, we

hypothesized that a higher LC stage would be associated with

more significant BBB damage and a greater likelihood that this

damage would be to develop into BM. DCE-MRI volume

transfer constant (Ktrans) was used to detect changes in the

BBB in order to predict the possibility of BM. Therefore, the

purpose of this study was to quantify BBB permeability in LC

patients without BM, and to explore the relationships between

BBB permeability, brain structural changes, tumor staging, and

tumor markers.
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2 Materials and methods

2.1 Participants

This study was approved by the ethics committee of the third

affiliated Hospital of Kunming Medical University (NO.

SLKYLX202118). All participants provided their written

informed consent prior to participating in this study. This

work was conducted in accordance with the principles of the

Declaration of Helsinki and its later amendments.

We conducted a cross-sectional study in LC patients. MRI was

performed in untreated LC patients without a BM. We also

enrolled age-and sex-matched HCs. Patients were enrolled into

a group that had not received any treatment (e.g., surgery,

radiotherapy, chemotherapy, immunotherapy) and had received

a pathological diagnosis. Exclusion criteria were prophylactic

craniocerebral irradiation, BM, stroke, craniocerebral trauma,

epilepsy, Alzheimer’s disease, Parkinson’s disease, other acute

mental or neurological diseases, a history of major medical

diseases (e.g., anemia, severe heart disease, thyroid dysfunction,

abnormal liver or kidney function), and severe vision or hearing

loss. According to the TNM (tumor, node, metastasis) staging

criteria (27), early-stage patients were categorized into stage I LC,

and those in more advanced stages were categorized into stage II–

IV LC(Supplementary material for detail). The study flowchart is

shown in Figure 1.
Frontiers in Oncology 03
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2.2 Imaging

2.2.1 MRI acquisition
Images were acquired using a 3T MRI scanner (Discovery

MR750, GE Healthcare, Waukesha, Wisconsin, USA) with a 21-

channel MR Instruments head coil. Tight but comfortable foam

pads was used to minimize head movement and earplugs and

headphones were used to reduce scanner noise. Participants were

instructed to lie down with their eyes closed, to stay awake, and not

to think of anything special. For each participant, routine MRI

sequences, including T2 and T1-weighted imaging and T2 fluid

attenuated inversion recovery (FLAIR) imaging, was performed to

ensure that there were no visible brain lesions or BMs.

The sequences for BBB assessment included the following steps:

(1) a T1- weighted three-dimensional (3D) axial anatomical scan

(BRAVO, TR=8.5ms, TE=3.2ms, field of view (FOV) 25.6×25.6,

acquisition matrix 256×256, voxel size 1×1×1 mm, bandwidth

31.25kHz, FA 12°; (2) a T1- weighted 3D axial sequence with

variable flip angles (3D-SPGR, TR 5.9ms, TE 2.0ms, flip angle 5°

and 14°, FOV 24×20.4, acquisition matrix 256×180, slice thickness

4.0 mm, interval 0, bandwidth 62.5kHz); and (3) a T1- weighted 3D

axial dynamic scan (LAVA, TR 5.9ms, TE 2.0ms, flip angle 14°,

FOV 24×20.4, acquisition matrix 256×180, slice thickness 4.0 mm,

interval 0, bandwidth 62.5 kHz) acquired within 650 s after

intravenous injection of the magnetic contrast gadolinium (0.05

mmol/kg, flow rate 3.0 mL/s).
FIGURE 1

Study flowchart.
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2.2.2 Analysis of the cerebral cortex and
subcortical structures

High-resolution T1-weighted anatomical images were

processed using the FreeSurfer 7.2 software package (https://

surfer.nmr.mgh.harvard.edu/). Processing included: 1) motion

correction and averaging of multiple volumetric T1-weighted

images; 2) removal of non-brain tissue using a hybrid

watershed/surface deformation procedure; 3) automated Talairach

transformation; 4) segmentation of the subcortical white matter and

deep gray matter volumetric structures (including the

hippocampus, amygdala, caudate, putamen, ventricles);

5) intensity normalization; 6) tessellation of the gray matter white

matter boundary with automated topology correction; and

7) surface deformation following intensity gradients to optimally

place the gray/white and gray/cerebrospinal fluid borders at the

location where the greatest shift in intensity defines the transition to

the other tissue class. Cortical thickness and subcortical structure

volume were calculated using the software template [i.e., the

Destrieux atlas (28)]. We analyzed the cortical thicknesses of 74

structures as well as 16 subcortical volumes.

2.2.3 BBB data processing
The contrast medium leakage caused by BBB leakage leads to

an increase in the T1-weighted signal in the affected tissue, thus

enabling the contrast medium leakage to be calculated. To

achieve this, we used SPM12 to register and normalize T1-

weighted images acquired continuously after contrast injection

to the MNI (Montreal Neurological Institute) coordinates

(University College London, www.fil.ion.ucl.ac.uk/spm).

Previous studies have shown that the Patlak model is more

accurate than other models in diseases presenting with slight

BBB damage (29–31). Using DCE-MRI to measure the subtle

leakage of the BBB has moderate to excellent repeatability (32).

Therefore, in this study, the Patlak model was used to calculate

Ktrans. All dynamic images were registered to the same reference

image, with an average flip angle of 14° to correct for head

displacement. The Patlak method uses a two-compartment

model, in which it is assumed that there is no reflux and

infinite flow. Therefore, the leakage rate is similar to the

product of vascular permeability (P) and the surface area (S)

per unit tissue mass.

For the Patlak graphic method, the two main factors

affecting the accurate measurement of BBB permeability are

the estimation of the blood concentration curve based on T1

signal intensity and the determination of the VIF (variance

inflation factor) (33) (Figure 2). A common method of T1

mapping is to change the flip angle (34). VIF measurements

also play a key role in estimating kinetic parameters. VIF was

calculated by selecting the region of interest (ROI) of the

superior sagittal sinus (35). The sagittal sinus has a sufficiently

large cross-section such that the VIF can be easily extracted from

the superior sagittal sinus and is not affected by partial volume
Frontiers in Oncology 04
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and inflow artifacts (35). Thereafter, Ktrans (min-1) was

calculated using MATLAB software (MathWorks, Natick, MA,

USA), implementing the Patlak model. The Ktrans value was used

to reflect BBB leakage.

Ktrans is calculated as a voxel. The whole brain was divided

into 116 brain regions based on the AAL atlas (36). Each brain

region was considered as a ROI with respect to extracting the

average Ktrans value for statistical analysis.
3 Statistical analysis

SPSS (version 19.0; SPSS Inc., Chicago, IL, USA) and R

statistical software (version 4.1.2, The R Project for Statistical

Computing, Vienna, Austria; https://www.r-project.org/) were

used for statistical analyses. Continuous variables with normal

distributions are described as mean ± standard deviation. We

evaluated classification variable usage (%) or the constituent

ratio (%). If the data were normally distributed and the variance

was uniform, an analysis of variance (ANOVA) test was

implemented and LSD Test was used for post hoc multiple

comparisons. Otherwise, the Kruskal-Wallis (KW) test was

performed. Differences were considered statistically significant

at a two-sided P-value of <0.05. The results were visualized using

R statistical software or GraphPad Prism visualization software

(San Diego, CA, USA). Multiple comparisons were performed

with Bonferroni correction.
4 Results

4.1 Demographic and clinical
characteristics

A total of 75 LC patients (39 eLCs and 36 aLCs) and 29 HCs

(selected through online advertising) were enrolled from August

2021 to March 2022 at the Department of Thoracic Surgery of

the Third Affiliated Hospital of Kunming Medical University

(Kunming, China). Participants were age and sex matched.

Eleven subjects were excluded due to excessive head

movement, allergies to the contrast medium, or miscalculation

during scanning. The number of participants assessed for

eligibility and the reasons for exclusion is shown in Figure 1.

A summary of detailed demographic data, histological

diagnoses, and tumor staging is shown in Table 1. There were

no statistically significant differences in sex, age, smoking, or

KPS (Karnofsky Performance Scale) scores between the LC

patients and the control group (P>0.05). The tumor diameter

in the eLC group was smaller than that in the aLC group

(P<0.001). The levels of the tumor markers CEA (carcino

embryonic antigen), NSE (neuron-specific enolase), CYFRA21-

1 (cytokeratin 19 fragment), and SCC (squamous cell carcinoma
frontiersin.org
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antigen) were higher in the aLC group than those in the eLC

group (P<0.05).
4.2 BBB leakage in patients with LC

Compared with the control group, the Ktrans levels of seven

brain regions and the whole cerebral gray matter in aLC group

were higher than those in HC group (P<0.05) (i.e., the left

calcarine fissure and surrounding cortex (CAL.L), right superior

occipital gyrus (SOG.R), right middle occipital gyrus (MOG.R),

left inferior occipital gyrus (IOG.L), right inferior occipital gyrus

(IOG.R), left Cerebelum Crus1, right Cerebelum 6). The

permeability of left Temporal pole: superior temporal gyrus

(TPOsup.L), right temporal pole: middle temporal gyrus

(TPOmid.R), and TPOmid.L was increased in eLC group

(P<0.05). The permeability of CAL.L, IOG.R, left Cerebellum

Crus1, left Cerebellum Crus2 and right Cerebellum 6 was

increased with the LC staging progression. There were no

statistically significant differences in BBB permeability in the

other brain regions (Figures 3A, S1–S16).
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4.3 Changes in cerebral cortex thickness
and volume

A comparison of 74 cortical thicknesses between eLCs, aLCs

andHCs showed that cortical thickness in nine brain regions in aLC

group was smaller than that of eLC group (i.e., left Transverse

frontopolar gyri and sulci, left Long insular gyrus and central sulcus

of the insula, left Posterior ramus of the lateral sulcus, left. Anterior

segment of the circular sulcus of the insula, left. Middle occipital

sulcus and lunatus sulcus, left. Medial occipito-temporal sulcus and

lingual sulcus, right Superior occipital gyrus, right Central sulcus and

right Medial occipito-temporal sulcus and lingual sulcus)(P<0.05).

The cortical thickness of the left aMCC and the left sulcus

intermedius primus (Jensen) in aLC group was statistically

significantly lower than in HC group. The cortical thickness of

the left long insular gyrus and the central sulcus of the insula

increased in eLC group (P<0.05). The locations are shown in

Figures 4A–H). There were no statistical differences with respect

to the other cortical thicknesses. However, we found an increasing

trend in cortical thickness, as well as a decreasing trend in the LC

group (Figure 3B, Supplementary Material Tables S17–S19).
FIGURE 2

The time-signal intensity curve of tissue and vascular input function (VIF) was converted into time-concentration curve. The leakage rate (Ktrans)
and plasma volume (Vp) were calculated by Patlak graphic method.
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Compared with HCs, the volume of 12 brain regions in aLC

group decreased (i.e., bilateral thalamus, putamen, pallidum, ventral

diencephalon, left hippocampus, amygdala and right cerebellum

white matter, nucleus accumbens), whereas the volume of the left

temporal horn of lateral ventricle increased (P<0.05). The specific

locations are shown in Figures 4I–K. In eLC group, the volume

decreased preferentially in the bilateral Ventral Diencephalon

(P<0.05), but there were no statistically significant differences

with respect to other volume changes. The volumes of the

bilateral thalamus, right pallidum, and right choroid plexus in aLC

group were smaller than those in eLC group (Figure 3C;

Supplementary Material Tables S20–S22; Figures S1–S4).
4.4 The correlations between the tumor
diameter, serum marker, cortical
thickness, volume and BBB leakage

To examine whether the maximum diameter of the tumor,

serum marker levels (CEA, NSE, CYFRA21-1, SCC), cortical

thickness, and volume were related to BBB leakage, we analyzed

the correlations between them. We found that the maximum

diameter of the tumor was positively correlated with Ktrans

(CAL.L, IOG.L, IOG.R, TPOmid.L, left Cerebellum Crus2). CEA

was positively correlated with Ktrans of the cerebral gray matter, and

CYFRA21-1 was positively correlated with CAL.L, TPOmid.L, left
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cerebellum crus1, right cerebellum 6, and Ktrans Gray (P<0.05,

R=0.25–0.51) (Figure 5A and Supplementary Material Table S23).

Increased Ktrans brain area was negatively correlated with the

average cortical thickness of the left aMCC, the left long insular

gyrus, the central sulcus of the insula, the posterior ramus of the

lateral sulcus, the left sulcus intermedius primus, the left medial

occipitotemporal sulcus, the lingual sulcus, the right superior occipital

gyrus, and the volumes of the left thalamus, the left pallidum, the left

hippocampus, the left ventral diencephalon, the right cerebellum

(white matter), the right thalamus, the right accumbens, and the

right ventral diencephalon. Increased Ktrans brain area was also

positively correlated with the left temporal horn of lateral ventricle

volume (P<0.05, |R|=0.2-0.50) (Figure 5B and Supplementary

Material Table S24).
5 Discussion

To the best of our knowledge, this is the first study to perform a

quantitative analysis of BBB leakage in LCs without a BM. It was

found that BBB leakage increased in patients with aLC and this was

related to brain structure. Patients with aLC showed a higher level of

BBB leakage in some brain regions. The BBB permeability was

associated with a decrease in cerebral cortex thickness and volume.

These findings present a key step in establishing the role of BBB

dysfunction in the pathogenesis of BM in LC and highlight that the
TABLE 1 Demographic and clinical features of patients with lung cancer.

Controls (n = 29) Early lung cancer (n = 39) Advanced lung cancer (n = 36) c2/F/m pvalue

gender

male/female 15/14 15/24 24/12 5.986 0.05a

Age(mean ± SD), year 51.07 ± 9.67 55.59 ± 8.23 56.06 ± 8.99 3.059 0.051b

Smoking(%) 10/29 9/30 16/20 3.84 0.147a

Tumor diameter (cm) (mean ± SD) 1.62 ± 0.94 4.93 ± 2.35 -8.103 0.000*c

KPS score(mean ± SD) 95.00 ± 7.77 96.15 ± 7.11 94.44 ± 6.95 0.568 0.568b

Clinical stage NAd

I 39 0

II 0 4

III 0 20

IV 0 12

Pathological type c2

Squamous cell carcinoma 7 13 7.396 0.092a

Adenocarcinoma 29 18

Small Cell Lung Cancer 3 5

Tumor markers (25%,50%,75%) m

CEA 1.53, 2.25, 3.57 1.87,4.38, 10.33 446.50 0.007*e

NSE 9.60, 11.80, 13.40 11.75, 13.70,21.96 397.50 0.001*e

CYFRA21-1 1,40, 2.00,2.60 2.625,4.500,7.025 223.00 0.000*e

SCC 0.70,0.80,1.00 0.72,1.10,1.47 493.00 0.026*e
frontie
Data are expressed as Mean ± SD, n (%) or InterQuartile Range(P25,P50,P75).
aThe P values are obtained by using c2 test. bThe P values are obtained by using one-way ANOVA. cThe P

values are obtained by using two sample t-test. dThere is no statistical analysis. eThe P values are obtained by Kruskal-Wallis test. *P<0.05 is considered significant. CEA, carcinoembryonic
antigen; NSE, neuron-specific enolase; CYFRA21-1, cytokeratins21-1; SCC, squamous cell carcinoma antigen.
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FIGURE 4

(A–H) shows statistical differences in the locations of cortical thickness: (A) Left hemisphere left side view; (B) Left hemisphere right side view;
(C) Right hemisphere left side view; (D) Left hemisphere front view; (E) Left hemisphere rear view; (F) Right hemisphere rear view; H Right
hemisphere bottom view. (I–K) The locations of subcortical structures with statistical differences: (I): coronal, (J): axial, (K): sagittal.
A B

C

FIGURE 3

(A) Comparisons of BBB leakage between patients with LC at different stages and HCs. Quantify the leakage rate of BBB in different brain
regions, and there were significant differences in 8 brain regions between patients with aLC and HCs (p < 0.05), which revealed the existence of
BBB leakage in patients with aLC. There was no statistical difference between SOG.R and TPOsup.R after correction. (B) Comparisons of
cerebral cortex thickness between patients with LC at different stages and HC. There was significant difference between patients with aLC and
patients with eLC (p < 0.05). The thickness of 9 cerebral cortices decreased in patients with aLC. There was no statistical difference between the
cerebral cortex of patients with LC and HC, but the cortex of patients with eLC showed an increasing trend and a decreasing trend in aLC. (C)
Comparisons of subcortical structure volume between patients with LC at different stages and HC. There was significant difference between HC
of patients with aLC (p < 0.05). In patients with aLC, the volume of 13 subcortical structures decreased, while the volume of 1 structure
increased. The volume of bilateral VentralDC showed volume reduction in patients with eLC. The volume of 6 subcortical structures in patients
with aLC was smaller than that in patients with eLC, while the volume of one structure increased in patients with aLC. *P<0.05, **P<0.01,
***P<0.001; ns, no statistical difference.
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BBB may be a potential diagnostic and therapeutic target. BM can

cause severe, uncontrollable symptoms and reduce quality of life,

including by inducing paralysis, elevated intracranial pressure, and/

or seizures. The incidence of BM has shown an upward trend in the

past decade, but there has been little progress in treatment, and

therapeutic effects have not been of sufficient quality (37).

Therefore, it is particularly important to identify LC patients who

are more prone to BM. Intensive treatment should be performed in

these patients.

The occurrence of BM involves a series of interrelated steps,

starting with the invasion of local cancer cells that progresses into

the intravascular and/or circulatory and/or lymphatic system.

Owing to the lack of a lymphatic system within the central

nervous system, the only way for cancer cells to reach the brain is

through blood circulation. The resulting circulating tumor cells

(CTCs)may enter themicrocirculation of the brain and adapt to the

microenvironment of the brain tissue, thus resulting in the

formation of micro-metastases that eventually form visible

tumors through metastatic colonization (38, 39). However,

metastatic cells that invade the parenchyma of the central

nervous system must pass through the BBB. Cerebral vascular

endothelial cells change in this process (40). These changes include

damage to the tight junction structure and an increased perivascular

space (41). In addition, windows corresponding to the surrounding

vascular system can be found in these vessels, and the number and

activity of pinocytic vacuoles have been shown to be increased (42).

Therefore, these blood vessels may reflect the blood vessels of the

tumor tissue rather than those of the endothelial cells of the central

nervous system. Owing to these structural changes, the leakage of

the BBB was found to increase in this study, and plasma was found

to infiltrate into the extracellular space (43).

DCE-MRI can be used to evaluate the leakage of extracellular

space in each voxel using pharmacokinetics parameters (Ktrans)
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as well as to detect BBB leakage (i.e., reflecting BBB destruction).

Ktrans is defined as the volume transfer constant between the

plasma and the extracellular space and is often used as a

synonym for permeability. This parameter has been confirmed

to be increased in patients with BMs (44), multiple sclerosis (22),

stroke (23), traumatic brain injury (20), and dementia (24).

Although DCE-MRI has been widely used in Neuro-oncology

imaging, it is uncommon to measure relatively complete BBB

leakage. Therefore, the level of leakage of BBB that we need to

measure in order to establish prognoses may be small. Thus, the

Patlak model was used to calculate Ktrans in the current study, as

this model is more accurate in measuring low level leakage

(29, 31).

Our results confirm that BBB leakage is increased in patients

with LC, especially in aLC. It is suggested that, with the

progression of LC, the integrity of the BBB may be destroyed

in a wider range of brain regions and that permeability may

increase. These changes indicate changes in cerebral vascular

endothelial cells in these brain regions (26), damage to tight

junction structures, and an increase in the perivascular space

(27). This in turn indicates that the potential occurrence of

microtransfer or a transition from the BBB to the blood-tumor

barrier (BTB), because the BTB is generally considered to be

more prone to leaking than the BBB (45). Therefore, BM may

develop if there is no further clinical intervention. Early

detection of increased BBB permeability as well as

strengthening clinical interventions is of great significance in

preventing the occurrence of BM.

We observed an interesting phenomenon in the current study.

Compared with HCs, the cortical thickness of patients with eLC

showed an increasing trend, although this difference was not

statistically significant. Compared with patients with eLC, the

cortical thickness of patients with aLC showed a downward trend,
A B

FIGURE 5

Correlation between tumor markers, differential cerebral cortical thickness, subcortical volume and BBB leakage in patients with LC. Red
represents positive correlation, blue represents negative correlation, the darker the color, the higher the correlation. (A) Showed the correlation
between tumor markers, tumor diameter and BBB leakage in LCs (n=75). (B) Showed the correlation between cerebral cortical thickness,
subcortical volume and BBB leakage in LCs and HCs (n=104).
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with statistically significant differences in the frontal transverse pole,

the cingulate gyrus, the insular, the temporal pole, and the occipital

pole cortices. At present, these findings have not been reported in

the literature. Hence, our findings may represent a new discovery.

However, these findings require more research support, including

confirmed in studies with a larger sample size.

Our study further found that patients with aLC showed a

larger tumor size, higher staging, and a higher incidence of BM

compared with those with eLC (46, 47). With an increase in

tumor diameter, BBB permeability was found to increase in the

left peri-talar cortex, the bilateral suboccipital gyrus, the middle

temporal pole, and the inferior cerebellum, probably because it is

easier for tumor cells to invade the vascular or lymphatic system

given a larger tumor volume (with CTCs entering the cerebral

microcirculation). This may affect BBB integrity in the above-

mentioned brain regions. CEA, CYFRA21-1, NSE, and SCC are

biomarkers related to the LC and are suitable for LC screening

and recurrence monitoring. In this study, the tumor markers

CEA, NSE, CYFRA21-1, and SCC were high in advanced LC.

BBB permeability of the cerebral gray matter increased with an

increase in CEA and CYFRA21-1 levels. The BBB permeability

of the left talar fissure, the left superior occipital gyrus, the

bilateral middle temporal gyrus, and the superior cerebellum

also increased with an increase in CYFRA21-1, indicating that

the observed increase in serum tumor markers was correlated

with BBB destruction. Therefore, the relationship between

elevated tumor marker levels and BBB integrity may reflect

tumor heterogeneity and may be a risk factor for BM (48, 49).

In contrast, in patients with aLC, cortical thickness and

subcortical volume were smaller with increased BBB permeability.

This may be because the development of LC is a long process, and

that tumor tissue directly or indirectly affects the BBB by secreting

cytokines or forming CTCs, which leads to changes in local

microcirculation structure and hemodynamics, ultimately leading

to a reduction in cortical structure and subcortical volume, an

increase in space within this area, easier adhesion and retention of

CTCs, and increased local invasion and micro-metastasis. The

continuous expansion of tumor lesions causes local and distal

changes, which directly damage the activity of neurons and

vascular function (50), thus further aggravating leakage of the

BBB and reducing the volume of the corresponding brain

structure. However, the specific mechanisms underlying these

changes are not clear. Therefore, BBB imaging may have the

potential to identify biomarkers for BM risk in LC patients.

Clinical adjuvant therapy should be strengthened for saboteurs of

the BBB, including better chemotherapy for CTCs and prophylactic

whole-brain radiotherapy for brain micro-metastasis, in order to

achieve accurate individual treatment.

The advantages of this study include a lack of clear

recruitment bias and a short time interval between clinical

evaluation and neuroimaging regimens (usually after clinical

evaluation). Moreover, MRI examination was completed within

one week. However, the enrolled sample size of our cohort was
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small and our imaging scheme required a gadolinium-based

contrast agent, which may potentially damage renal function

and limit the wide applicability of this methodology.
6 Conclusion

In conclusion, this study provides convincing evidence of

BBB leakage and its relationship with brain structure in patients

with LC at different stages in patients without a BM. The

accurate measurement of BBB leakage has the potential to be

established as an effective biomarker for predicting BM.
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Anticancer effects of ABTL0812,
a clinical stage drug inducer of
autophagy-mediated cancer cell
death, in glioblastoma models

Andrea Mancini1†, Alessandro Colapietro1†,
Loredana Cristiano2, Alessandra Rossetti 1, Vincenzo Mattei3,
Giovanni Luca Gravina1,4, Héctor Perez-Montoyo5,
Marc Yeste-Velasco5, Jose Alfon5, Carles Domenech5

and Claudio Festuccia1*

1Laboratory of Radiobiology, Department of Biotechnological and Applied Clinical Sciences,
University of L'Aquila, L'Aquila, Italy, 2Department of Clinical Medicine, Public Health, Life Sciences,
University of L'Aquila, L'Aquila, Italy, 3Biomedicine and Advanced Technologies Rieti Center, “Sabina
Universitas”, Rieti, Italy, 4Division of Radiation Oncology, Department of Biotechnological and
Applied Clinical Sciences, University of L'Aquila, L’Aquila, Italy, 5R&D Department, Ability
Pharmaceuticals, Parc Tecnològic del Vallès, Cerdanyola del Vallès, Barcelona, Spain
Background: Glioblastoma multiforme (GBM) is the most malignant adult brain

tumor. Current standard of care treatments have very limited efficacy, being

the patients´ overall survival 14 months and the 2-year survival rate less than

10%. Therefore, the treatment of GBM is an urgent unmet clinical need.

Methods: The aim of this study was to investigate in vitro and in vivo the

potential of ABTL0812, an oral anticancer compound currently in phase II

clinical stage, as a novel therapy for GBM.

Results: We showed that ABTL0812 inhibits cell proliferation in a wide panel of

GBM cell lines and patient-derived glioblastoma stem cells (GSCs) with half

maximal inhibitory concentrations (IC50s) ranging from 15.2 µM to 46.9 µM.

Additionally, ABTL0812 decreased GSCs neurosphere formation. GBM cells

aggressiveness is associated with a trans-differentiation process towards a less

differentiated phenotype known as proneural tomesenchymal transition (PMT).

ABTL0812 was shown to revert PMT and induce cell differentiation to a less

malignant phenotype in GBM cell lines and GSCs, and consequently reduced

cell invasion. As previously shown in other cancer types, we demonstrated that

the molecular mechanism of action of ABTL0812 in glioblastoma involves the

inhibition of Akt/mTORC1 axis by overexpression of TRIB3, and the activation of

endoplasmic reticulum (ER) stress/unfolded protein response (UPR). Both

actions converge to induce autophagy-mediated cell death. ABTL0812

anticancer efficacy was studied in vivo using subcutaneous and orthotopic

intra-brain xenograft tumor models. We demonstrated that ABTL0812 impairs

tumor growth and increases disease-free survival and overall survival of mice.

Furthermore, the histological analysis of tumors indicated that ABTL0812

decreases angiogenesis. Finally, we investigated the combination of
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ABTL0812 with the standard of care treatments for GBM radiotherapy and

temozolomide in an orthotopic model, detecting that ABTL0812 potentiates

the efficacy of both treatments and that the strongest effect is obtained with

the triple combination of ABTL0812+radiotherapy+temozolomide.

Conclusions: Overall, the present study demonstrated the anticancer efficacy

of ABTL0812 as single agent and in combination with the GBM standard of care

treatments in models of glioblastoma and supports the clinical investigation of

ABTL0812 as a potential novel therapy for this aggressive brain tumor type.
KEYWORDS

ABTL0812, glioblastoma, TRIB3, Akt, mTOR, ER stress, UPR, autophagy
Introduction

Glioblastoma multiforme (GBM) is a very aggressive cancer

with a high frequency of resistance to chemotherapy and

radiotherapy, which results in low patient survival (1, 2).

Current standard of care treatments, radiotherapy, and

chemotherapy (2, 3), have not improved the prognosis of

GBM, which has a median overall survival of approximately

14 months and a 2-year survival rate of less than 10% (1–3).

Recently, genotyping and expression profiling analyses have

demonstrated that GBMs may be categorized into four

subclasses dependent on their neural differentiation (4–6):

proneural (PN), neural (N), classical (CL), and mesenchymal

(MES). In particular, the MES subtype is associated with poorest

prognosis among all subtypes (6). MES tumors show an

inflammatory microenvironment, increased angiogenesis, and

resistance to therapies. Moreover, it has been demonstrated that

MES trans-differentiation from other subtypes occurs during

GBM progression due to the microenvironment or therapeutic

stimuli (7, 8). This phenomenon is similar to the epithelial-

mesenchymal transition (EMT), a reversible biological process

that occurs in epithelial cells. In glioblastoma, a specialized form

of EMT is the “Proneural-Mesenchymal Transition” or PMT (6–

8). The mesenchymal subtype of glioblastoma typically expresses

neural stem cell markers and is associated with an aggressive

phenotype (9, 10). Glioblastoma cells that express stem cell

markers are highly invasive and resistant to chemotherapy and

radiotherapy (11, 12).

ABTL0812 is a first-in-class orally administered small

molecule with anti-cancer activity currently at phase 2 clinical

stage. ABTL0812 kills cancer cells through the induction of

cytotoxic autophagy by a dual mechanism of action: i) inhibition

of Akt/mTORC1 axis by overexpressing TRIB3 (13), and ii)

induction of endoplasmic reticular (ER) stress and,
02
29
consequently, of the Unfolded Protein Response (UPR) (14).

Both actions converge to induce a robust and persistent

autophagy that results in cancer cell death, while non-tumoral

cells are spared. ABTL0812 anticancer activity as a single agent

by oral route has been demonstrated in preclinical animal

models, including pancreatic cancer (13, 14), endometrial

cancer (15), non-small cell lung carcinoma (NSCLC) (13, 14,

16), neuroblastoma (17) and breast cancer (18). Moreover, in

these models ABTL0812 potentiates chemotherapy activity

without increasing its toxicity (15, 16, 18). At clinical level, to

date ABTL0812 has successfully completed a first-in-human

phase 1 clinical trial showing a high safety profile and signs of

efficacy in patients with advanced solid tumors (NCT02201823)

(19). Subsequently, ABTL0812 was investigated in a phase I/IIa

clinical trial where it was administered as a first-line therapy in

combination with paclitaxel and carboplatin in patients with

endometrial and squamous non-small cell lung cancers

(NSCLC), showing improved efficacy without increasing

toxicities compared to chemotherapy alone (NCT03366480)

(20, 21). Currently, ABTL0812 is being studied in a phase 2b

trial as a first-line therapy in combination with FOLFIRINOX in

patients with metastatic pancreatic cancer (NCT04431258).

Autophagy is an evolutionarily conserved cellular process

leading to the degradation of disposable or potentially harmful

intracellular components in the autolysosome to preserve cell

homeostasis and to adapt to stress (22, 23). Autophagy can be

induced by multiple forms of cellular stress, such as nutrient

deprivation, oxidative stress, hypoxia, or endoplasmic reticulum

(ER) stress (22, 23) and is regulated by a multi-layered control

system. A main regulator of the autophagic responses is the

mechanistic target of rapamycin complex 1 (mTORC1), which

maintains autophagy inhibited (24). In cancer, autophagy plays

tumor-inhibiting and tumor-promoting functions depending on

the tumorigenesis stage, tissue, and genetic context (25). Among the

anti-tumor actions of autophagy is activation of cancer cell death; it
frontiersin.org
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has been described that over-stimulation of autophagy in tumors

leads to excessive cellular damage and triggers autophagic cell

death. Therefore, the induction of cytotoxic autophagy is a novel

and promising therapeutic strategy to treat cancers (25, 26).

Hyperactivation of the PI3K/Akt/mTOR (PAM) pathway is

commonly observed in human cancers including colorectal cancers

(27), head and neck cancer (28), non-small cell lung cancer (29),

endometrial cancer (30) as well as glioblastoma (31), and results in

induction of cell growth, survival, adhesion, and migration. PAM

activation is also involved in chemoresistance in several cancers

including GBM. Activation of PIK3 cascade has been shown to be

associated with reduced patient survival (31) in GBM. Thus, the

inhibition of this pathway is being used as an anticancer therapy and

several inhibitors of this pathways are under clinical development.

Here, we have investigated the anticancer effects and

underlying molecular effects of ABTL0812 as single therapy and

in combination with standard of care treatments in glioblastoma

in vitro and in vivo models. We have shown that ABTL0812

decreases cell proliferation, induces cell differentiation to a less

malignant and less invasive phenotype, and activates autophagy-

mediated cell death in glioblastoma cells and patient-derived stem

cells. As previously found in other cancer types, the molecular

mechanism of action of ABTL0812 in glioblastoma involves the

inhibition of Akt/mTORC1 axis by overexpression of TRIB3, and

the activation of ER stress and UPR. Overall, our findings support

the clinical investigation of ABTL0812 for the treatment of

glioblastoma, even for the most aggressive and less differentiated

types that are more resistant to current standard of care therapies.
Materials and methods

Reagents, antibodies, and
drugs preparation

Plasticware and materials for tissue culture were purchased

from Euroclone (EuroClone S.p.A, Milan, Italy). Antibodies for

b-actin [sc-130065], GFAP (2E1) [sc-33673], nestin [sc-23927],

b-catenin [sc-7199], LC3 [sc-271625], beclin1 [sc-48341], p62

[sc-28359] caspase-9 [sc-56076] recognizing the proenzyme and

caspase 9 [sc-56076] recognizing cleaved form were purchased

from Santa Cruz (Santa Cruz, CA, USA). LAMP1, Caspase-8

(1C12) Mouse mAb #9746, and caspase 9 were purchased from

Cell signaling (EuroClone, Milan, Italy). Antibodies against

eIF2a, ATFF4 and CHOP were purchased from St John’s

Laboratory Ltd (London, UK). Ki67 was purchased from Dako

(Carpenteria, CA). We used the ApopTag® peroxidase in situ

apoptosis detection Kit purchased from Merck Millipore

(Merck, Milan, Italy). Anti-Caspase-3 antibody [EPR18297]

recognizing pro-form and cleaved form of caspase 3 was

purchased from Abcam (Cambridge, MA). Vessel count was

detected by using anti-mouse CD34 from eBioscience, Inc.

(Prodotti Gianni SpA, Milan Italy). ABTL0812 was provided
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by Ability Pharmaceuticals (Barcelona, Spain). For in vitro cell

viability assays, ABTL0812 was dissolved in Dimethyl sulfoxide

(DMSO) and used at final concentrations of <0.2% DMSO.

Everolimus was purchased from Sigma-Aldrich (St. Louis, MO)

(for in vitro study). For in vivo study, pharmacological

preparation of the drug was purchased from Novartis Oncology.
Cell lines

Ten human high-grade glioma cell lines (U251MG, U373,

U118, U138, A172, U87MG, SW1783, LN229, T98G, and D54)

were cultured at 37°C in 5% CO2 and were maintained in

Dulbecco’s modified eagle medium (DMEM) containing 10% (v/

v) fetal bovine serum, 4 mM glutamine, 100 IU/ml penicillin and

100 mg/ml streptomycin (Thermo Fisher/Life Technologies, Inc.,

Carlsbad, CA, USA). Primary human brain microvascular

endothelial cells (HBMVEs) were kindly provided from Dr.

Emma Harper, Endothelium Biology Group (XB11), School of

Biotechnology. Dublin City University. To minimize the risk of

working with misidentified and/or contaminated cell lines, we

stocked the cells used in this report at very low passages and used

<20 subcultures. Periodically, a DNA profiling by GenePrint® 10

System (Promega Corporation, Madison, WI) was carried out to

authenticate cell cultures. Luciferase transfected U87MG cells were

kindly provided by Jari E. Heikkila, department of Biochemistry and

Pharmacy, Abo Akademi University, Turku, Finland. Three GBM

patient-derived stem cells (GSCs) BT12M, BT48EF and BT50EF

were kindly provided by J. Gregory Cairncross, and Samuel Weiss

(Hotchkiss Brain Institute, Faculty of Medicine, University of

Calgary, Calgary, Alberta, Canada) (32), and GSCs-5 from Marta

Izquierdo (Departamento de Biologıá Molecular, Universidad

Autónoma de Madrid, Spain) (33). All GSCs were maintained as

neurosphere cultures in Neurocult medium (Mixture DMEM: F12

1:1) supplemented with epidermal growth factor (20 ng/ml) and

fibroblast growth factor (10 ng/ml). NHA (normal human

astrocytes) cell line was obtained from LONZA (Rockville, MD)].
Cell viability assay

The cytotoxicity of ABTL0812 was measured by the Cell

Counting Kit-8 (CCK-8; Dojindo Molecular Technologies Inc.,

Tokyo, Japan) following manufacturer indications. The optical

density (OD) values were averaged and normalized against the

controls to generate dose-response curves to calculate the IC50

values using Grafit software.
Sphere counts

As previously indicated (34, 35) and in order to evaluate

effects on stem cell proliferation, we used two different modalities
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of study: (i) a direct count and sizing of neurospheres at 1 week of

culture from pre-formed spheres, and (ii) the evaluation of the

clonal capacity of GSCs cultured as single cells after 14–30 days.

For the analysis of sphere growth, pre-formed neurospheres were

treated with different doses of ABTL0812 for 72 h. After

treatment, spheres were photographed and counted at contrast

phase microscopy. Spheres were recorded as either large colonies

(>50 cells) or small colonies (<50 cells). Single cells were also

manually counted per microscopic field at 100× magnification.

For the clonogenic assay, GSCs were seeded in 96-well plates as a

single cell suspension at a density of 2 cells/mL (equivalent of 1

cell every 3 wells). Cells were maintained for 14–30 days in their

culturing media and then the wells were visually scanned using

l ight microscopy to identi fy and count the clones

(spheres) produced.
Immunofluorescence studies

GSCs-5, BT48EF, BT12M and BT50EF GSC cells were used

for immunofluorescence analyses as previously described (36, 37).

Spheres were seeded at a density of 10 000 cells/cm2 on glass

coverslips pretreated with Poly-L lysine 30µg/ml to allow the

spheres to adhere. Then, slides were washed with PBS and fixed

with 4% paraformaldehyde for 20min at room temperature (RT).

To stain cytoplasmatic markers, slides were permeabilized with

0.3% Triton-X-100, for 5 minutes, at RT. Next, spheres were

incubated overnight at 4°C with the following primary antibodies

accordingly to their data sheets: anti-OCT3/4, Ki67, nestin, bIII
tubulin, NFH, GFAP, Sox2, Stro-1, CD90 and CD44. After

washing with PBS, cells were incubated for 30 minutes at RT

with AlexaFluor 488 anti-rabbit IgG, AlexaFluor 595 anti-goat

IgG or AlexaFluor 633 anti-mouse IgG secondary antibodies

(1:2000 Molecular Probes, Invitrogen, Carlsbad, CA, USA).

Controls were performed by omitting the primary antibody.

Cell nuclei were stained with DAPI (0.5 mg/ml). Coverslips were

mounted with Vectashield Mounting Medium and examined at a

confocal microscope (Leica TCS SP5, Mannheim, Germany).
FACS analyses

Expression of antigens on GSCs untreated or not with

ABTL0812 (5 to 20 mM), were quantified by flow cytometry.

Cells were fixed with 4% paraformaldehyde and permeabilized

by 0.1% (v/v) Triton X-100. After washing, cells were incubated

for 1 hr at 4°C with selected primary antibodies (see above)

followed by CY5-conjugated anti-rabbit IgG H&L or PE-

conjugated anti-mouse IgG purchased from Abcam for an

additional 30 min. Negative controls were obtained by

analyzing the autofluorescence of samples with only the

secondary antibodies. All samples were analyzed by using the

“BD Accuri™ C6 Plus” Flow cytometer (Becton Dickinson Italia
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Spa, Milan, Italy) equipped with a blue laser (488 nm) and a red

laser (640 nm). At least 10,000 events were acquired.
Cell cycle and apoptosis analysis

The amount of subG1 cells and cell cycle profiles were analyzed

by flow cytometry of propidium iodide-stained cells by usingTali™

instrument (Thermo Fisher Scientifics, Carlsbad, CA, USA). Cells

were seeded into a 12-well plate at a density of 2.5 × 105 cells/mL

per well. After treatment with 0.1, 1 or 2 mMABTL0812, for 24, 48

and 72 h, cells were collected and separated from the culture

medium by centrifugation. Subsequently, they were first washed

withPBS and thenfixed in 70% ethanol in PBS for 1 h at 4 °C. Then,

cells were washed twice with PBS and resuspended in 125 mL of

PBS, 12.5 mL of 5 mg/mL RNase (Sigma-Aldrich) and stained with

125 mL of 100 mg/mL PI (Sigma-Aldrich). Finally, cells were

incubated for 30 min in the dark at room temperature before

analyzing their DNA content. The fluorescence was measured

using Tali™ instrument as above. In addition, apoptosis was

analyzed by using different methods: (i) In Situ Application

Abbkine TUNEL Apoptosis Detection Kit (Green Fluorescence),

which relies on the presence of nicks in the DNA which can be

identified by TdT, an enzyme that catalyzes the addition of dUTPs

that are labeled with fluorescein; (ii) TiterTACS™ Colorimetric

Apoptosis Detection Kit from Trevigen (BioTechne, Milan, Italy).

(iii) All cells were then measured on a Tali® Image-Based

Cytometer measuring the fluorescence emission at 530 nm (e.g.,

FL1) and >575 nm. The results were expressed as the percentage of

cell death in controls and in treated cultures. (iv) Apoptosis was also

evaluated measuring the enzyme activity of caspase 3 (CC3),

caspase 8 (CC8) and caspase 9 (CC9) by using specific

colorimetric substrates in particular N-Acetyl-Asp-Glu-Val-Asp

p-nitroanilide (zDEVD-pNA) for caspase-3, Ac-Ile-Glu-Thr-Asp-

pNA for caspase-8 and Ac-Leu-Glu-His-Asp-pNA for caspase 9.

The ELISA plates were read at 450 nm using an Elisa reader (Tecan

sunrise). Annexin V-propidium iodine staining was used to detect

early and late apoptosis by FACS analyses. Tali™ Apoptosis Kit

containing Annexin V Alexa Fluor™ 488 and propidium iodide

was used for detecting the early and late apoptotic cells. The

percentage of apoptotic cells acquired by BD FACS Caliber flow

cytometer was analyzed following the procedures recommended by

the manufacturer.
Preparation of cell lysates and
immunoblotting analysis

Following treatments, cells, grown in 90 mm diameter Petri

dishes, were washed with cold PBS, and immediately lysed with

1 ml lysis buffer containing a proteinase and phosphatase

inhibitor cocktail. Cytosol and lysosome fractions were

obtained by using the nuclear/cytosol fractionation and
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Lysosome Purification Kit, respectively from Biovision (Vinci-

biochem, Florence. Italy). Total lysates and sub-fractionated

extracts were (i) electrophoresed in 10% SDS‐PAGE, and

separated proteins transferred to nitrocellulose and probed

with the appropriate antibodies using the conditions

recommended by the suppliers. Total extracts were normalized

by using an anti b‐actin antibody. (ii) Parallelly total lysates and

sub-fractionated extracts were analyzed by ELISA as

described above.
Animal experiments: subcutaneous
xenograft model

For the in vivo experiments 6-week-old female CD1-nu/nu

mice (Charles River, Milan, Italy), were used and followed under

the guidelines established by our Institution (University of

L’Aquila, Medical School and Science and Technology School

Board Regulations, complying with the Italian government

regulation n.116 January 27, 1992, for the use of laboratory

animals (Protocol authorization number 555/2017-PR). Next,

animals were randomly divided into different groups. All mice

received subcutaneous flank injections (2 each) of 1 x 106 U87MG

(20 animals) or T98G (20 animals) cells. In a first set of experiments

40 animals (5 mice per group with two tumors each) with tumor

volumes of 0.8~1.3 cm3 were randomized in 4 different groups as

follow: group I: Vehicle (methylcellulose), n = 5; group II:

ABTL0812 at 120 mg/Kg/day, n= 5; group III: ABTL0812 at 240

mg/Kg/day, n = 5; group IV: Everolimus 5 mg/Kg/2 days for week,

n = 5). ABTL0812 and Everolimus were solubilized in DMSO and

dissolved in 0.5% methylcellulose and 100 ml of suspension was

administered. Tumor growth was assessed bi-weekly by measuring

tumor diameters with a Vernier caliper. If we considered a

xenograft as equivalent to an ovoid having three diameters: the

formula used was ‘TW (mg) = tumor volume (mm3) = 4/

3pR1xR2xR3 in which R1/R2/R3 are the 1/2 diameters (rays),

shorter diameter is the thickness/height of tumor, larger diameters

are the length and width of tumor (36–39). In a second set of

experiences, 30 mice bearing T98G and U251 cells (5 mice per

group with two tumors each) with tumor volumes of 0.8~1.3 cm3

were retained and randomly divided into 3 groups (1) Control

(vehicle, 0.5% methylcellulose); (2) ABTL0812 (120 mg mg/kg/5

Day/week, PO); (3) ABTL0812 (240 mg mg/kg/5 Day/week, PO).

Animals were treated with 10ml vehicle or drugs. At the end

of experiments (35 days after the start of treatments) animals

were sacrificed by carbon dioxide inhalation and tumors were

subsequently surgically removed. Half of the tumor were directly

frozen in liquid nitrogen for protein analysis and the other half

fixed and frozen in paraformaldehyde overnight for

immunohistochemical and biochemical analyses, respectively.

For the evaluation of treatment response in vivo, the following

parameterswereused toquantify theantitumoreffectsupondifferent

treatments as previously described (36, 37, 39): (1) Tumor volume
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measured during and at the end of experiments. (2) Tumor weight

measured at the end of experiment; (3) Tumor progression (TP))

defined as an increase of greater than 100% of tumor volume with

respect to baseline; (4) Time to Tumor progression (TTP) defined as

the time (T) necessary to Tumor progression.
Orthotopic intra-brain model

Female CD1 nu/nu mice were inoculated intra-cerebrally as

previously described (34) with luciferase transfected U87MG

and patient-derived GBM stem cell line (GSCs-5). Just before

treatment initiation (5 days after tumor injection), animals were

randomized as described above in three groups of 10 mice each:

(1) Control (vehicle); (2) ABTL0812 (120 mg mg/kg/5 Day/

week, PO); (3) ABTL0812 (240 mg mg/kg/5 Day/week, PO). In

vivo bioluminescence images were obtained using the UVITEC

Cambridge Mini HD6 (UVItec Limited, Cambridge, United

Kingdom). Animals were anesthetized and luciferin (150 mg/

kg) was injected intra-peritoneally (IP) 15 min prior to imaging.

Mice were photographed while placed on their front and the

bioluminescence intensity (BLI) was measured in the region of

interest. We deliberately inoculated a small number of cells (3

x103) to simulate a post-surgery clinical scenario. Treatments

were started 5 days after cell injection when no luciferase activity

was intracranially detectable. Mice were euthanized when they

displayed neurological signs (e.g., altered gait, tremors/seizures,

lethargy) or weight loss of 20% or greater of pre-surgical weight.

Luciferase transfected cells for bioluminescence evaluations. We

used luciferase transfected U87MG and CSCs-5 cells.
Immunohistochemical analyses

Indirect immuno-peroxidase staining was performed on 4

mm paraffin-embedded tissue sections. A consensus judgment as

indicated in previous reports (40, 41) was adopted for

immunohistochemical scoring of tumors based on the strength

of positivity: negative (score 0), weak (score 1), moderate (score

2), or strong staining (score 3). In each category, the percentage

of positive cells was assessed by scoring at least 1000 cells in the

area with the highest density of antigen positive cells.

Cytoplasmic/membrane staining intensity was graded as

follow: 0 = negative; 1 = <10% positive cells; 2 = positive cells

in a range of 10–50%; and 3 = >50% positive cells. Overall

expression was defined by the staining index (SI) and ranged

between 0 and 9, with an SI ≤ 4 indicating a low expression.

Proliferation index (labeling index) was determined through the

evaluation of the percentage of Ki67 positive cells by analyzing

500 cells at 100× magnification. A TACS Blue Label kit (R&D

Systems, Inc., Minneapolis, MN, USA) was used for in situ

apoptosis determination and the percentage of terminal

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
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positive cells was determined in five random fields evaluated at

400× magnification. In order to count the number of CD31+

micro vessels, five arbitrarily selected fields were analysed for

each group at 100× magnification (tumour micro vessels).

Martius yellow-brilliant crystal scarlet, blue stain was used to

stain erythrocytes, and consequently, the presence of micro-

thrombi and bleeding zones.
Statistics

Continuous variables were summarized as mean and SD or

as median with 95% CI. For continuous variables not normally

distributed, statistical comparisons between control and treated

groups were established by carrying out the Kruskal-Wallis

Tests. When Kruskal-Wallis Tests test revealed a statistical

difference, pair-wise comparisons were made by Dwass-Steel-

Chritchlow-Fligner method and the probability of each

presumed “non-difference” was indicated. For continuous

variables normally distributed, statistical comparisons between

control and treated groups were established by carrying out the

ANOVA test or by Student t-test for unpaired data (for two

comparisons). When the ANOVA revealed a statistical

difference, pair-wise comparisons were made by Tukey’s HSD

(Honestly Significant Difference) test and the probability of each

presumed “non-difference” was indicated. Dichotomous

variables were summarized by absolute and/or relative

frequencies . For Dichotomous variables , stat ist ical

comparisons between control and treated groups were

established by carrying out Fisher’s exact test. For multiple

comparisons, the level of significance was corrected by

multiplying the P value by the number of comparisons

performed (n) according to Bonferroni correction. TTP was

analyzed by Kaplan-Meier curves and Gehan’s generalized

Wilcoxon test. When more than two survival curves were

compared, the Log rank test for trend was used to test the

probability that there is a trend in survival scores across the

groups. All tests were two-sided and were determined by Monte

Carlo significance. P values <0.05 were considered statistically

significant. SPSS® (statistical analysis software package) version

10.0 and StatDirect (version. 2.3.3., StatDirect Ltd) were used for

statistical analyses and graphic presentations.
Results

ABTL0812 inhibits proliferation of
glioblastoma cells and glioblastoma stem
cells in vitro

ABTL0812 effects on cell proliferation was evaluated in a

panel of ten glioblastoma cell lines and four patient-derived

glioblastoma stem cells (GSCs). ABTL0812 reduced cell
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proliferation in a concentration-dependent manner in all

glioblastoma cell lines (Figure 1A) with IC50s that ranged from

15.8 mM to 46.9 mM. Similarly, proliferation assays performed on

glioma spheres from GSCs showed IC50s for ABTL0812 that

ranged between 15.2 mM and 43.7 mM (Figure 1B). Statistical

analysis showed no difference in IC50 calculated for glioblastoma

compared to GSC cell lines (Supplementary Figures S1A, B).

Importantly, in astrocytes and human brain derived endothelial

cells (HBMVECs) the calculated IC50 values were 380 mM and

225 mM, respectively (Figure 1C), confirming previous published

data showing that non-cancer cells are viable at the same

ABTL0812 concentrations that are cytotoxic for cancer cells

(13–18). Morphological changes were observed after

administration of ABTL0812 with the acquisition of a more

differentiated astrocyte phenotype, which was evident at

ABTL0812 concentrations between 10 and 20 mM. At the

highest dose tested of 40 mM, cell death and detachment was

observed. Figure 1D shows these changes in U87MG cells as a

representative model. Similar changes were observed in the other

glioma cell lines studied. In GSCs it was observed that ABTL0812

affects neurosphere formation and growth, the number and size of

spheres were reduced in a concentration-dependent manner and

over time (Figure 1E, Supplementary Figures S1C, D, E). These

results show that ABTL0812 decreases proliferation of

glioblastoma cells and GSCs, and reduces neurospheres

formation of GSCs.
ABTL0812 induces differentiation of
glioblastoma cells to a less malignant
phenotype

The morphologic changes induced by ABTL0812 in

glioblastoma and GSCs suggested tumor cell differentiation

and an associated reduction of malignancy. In glioblastoma,

the induction of malignancy is associated to the acquisition of

PMT (proneural to mesenchymal transition) phenotype, a

process which is similar to EMT (epithelial to mesenchymal

transition) found in epithelial cancers. We studied changes in

the expression of PMT and stem cell markers in high grade

glioblastoma cells (U87MG, U251 and A172) and GSCs (GSCs-5

and BT12M). U87MG cells show an undifferentiated phenotype

with high expression of CD44, CD90 and Stro-1 mesenchymal

markers. The administration of increasing concentrations of

ABTL0812 (10-40 mM) decreased in a concentration-

dependent manner the mesenchymal markers CD44, CD90

and Stro-1 and increased the expression of pro-neuronal

markers bIII tubulin and NFH (Figure 2A) Additonally, the

cell proliferation marker Ki67 was studied and, consistently with

the decrease of cell proliferation observed in the previous

section, a reduction of Ki67 by ABTL0812 was detected.

Similar results were obtained in glioblastoma cell lines U251

and A172 (Supplementary Figure S2). Next, we analyzed
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differentation and stem cell markers in the GSCs cell line GSCs-

5, that has a mesenchymal phenotype, detecting that ABTL0812

decrease in a concentration-dependent manner the expression of

mesenchymal markers Stro1, CD44 and CD90, and of stemness

marker CXCR4 and an increase of proneuronal markers bIII
tubulin and NFH (Figure 2B). In addition, Ki67 was reduced by

ABTL0812 treatment. Furthermore, we analysed the expression

and localization of the stemness marker Sox2 and proliferative

marker Ki67 by confocal microscopy in BT12M neurospheres.

The expression of Sox2 was decreased by ABTL0812 indicating a

reduction of cell stemness (Figure 2C, Supplementary Figure S2).

It is well known that glioblastoma mesenchymal phenotypes

are more invasive. The treatment of U87MG, U251 and A172

cells with ABTL0812 for 24 hours reduced cell invasion

(Figures 2D, E), which is consistent with an induction of a

more differentiated pro-neural phenotype which is less invasive.

Overall, these results indicate that ABTL0812 reverses the

proneural to mesenchymal transition (PMT), a process

associated to increased malignancy, and decreases cell invasion.
ABTL0812 induces autophagy-mediated
apoptotic death of glioblastoma cells

ABTL0812 is known to impair tumor growth by inducing

autophagy-mediated cancer cell death. During autophagy, the

soluble form of LC3 conjugates with phosphatidylethanolamine

and converts to the autophagosomal membrane-associated form
Frontiers in Oncology 07
34
LC3-II. Treatment of U87MG, A172 and U251 cells with

ABTL0812 increased LC3-II in a concentration-dependent

manner (Figure 3A). This was associated to an increase of

acidic vesicular organelles (AVO), characteristic of autophagy,

in U251 cells as detected by acridine orange staining (Figure 3B).

Furthermore, ABTL0812 administration concentration-

dependently induced the formation of vesicular structures with

the morphologic features of autophagosomes in U87MG cells.

Additionally, it was observed that mitochondria in cells treated

with ABTL0812 were smaller and with damaged mitochondrial

crests (Figure 3C). Moreover, the blockade of lysosomal content

degradation with cathepsin inhibitors (E64d and pepstatin A) in

U87MG cells resulted in increased levels of LC3-II, indicating

that ABTL0812 induced dynamic autophagy (Figure 3D).

Furthermore, the induction of dynamic autophagy was studied

by the co-localization of the lysosomal marker LAMP1 and LC3.

In U87MG cells ABTL0812 induced the co-localization of LC3

and LAMP1 in autolysosomes, and this co-localization was

partially impaired by chloroquine, an autophagy inhibitor that

blocks the binding of autophagosomes to lysosomes (Figure 3E).

Thereafter, we investigated if the autophagy-mediated

cancer cell death induced by ABTL0812 affected mitochondria

and involved apoptosis. Firstly, U251 cells were treated with

increasing concentrations of ABTL0812 and, stained with JC-1, a

dye used to monitor mitochondria status as an indicator of

mitochondrial membrane potential. ABTL0812 treatment

decreased the red/green fluorescence intensity ratio, which

indicates mitochondrial depolarization, a process that precedes
B C
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FIGURE 1

ABTL0812 inhibits proliferation of glioblastoma cells and glioblastoma stem cells. (A) ABTL0812 cell proliferation curves and IC50s at 48 hours in
glioblastoma cell lines, (B) at 96 hours in patient-derived glioblastoma stem cells (GSCs) and (C) at 48 hours in HBMVEC and astrocytes. (D)
Images of U87MG cells treated for 48 hours with ABTL0812 showing that ABTL0812 induce cell extensions associated to type I astrocytic
phenotype and cell death and detachment. Bar represents 50 µm (E) Neurosphere formation in BT12M cells treated for 96 hours with different
concentrations of ABTL0812.
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the release of apoptotic factors from the mitochondria cells

(Figure 4A). Next, apoptosis was analysed by TUNEL assay,

detecting that ABTL0812 induces apoptosis in a concentration-

dependent manner in U87MG cells (Figure 4B). Additionally,

apoptosis activation by ABTL0812 was confirmed by annexin V/

propidium iodide staining in U87MG cells (Figure 4C) and by

measuring subG1 apoptotic cell population in a wide panel of

glioblastoma cells (Supplementary Figure S3). Moreover, we

studied the cleavage of caspases by immunoblotting which

showed that activator caspases 8 and 9 and effector caspase 3

were activated by ABTL0812 (Figure 4D). Caspase activation

was further confirmed by measuring caspase 8, 9 and 3 enzimatic

activity in U251, A172 and U87MG cells (Figure 4E). Finally, in

order to study if autophagy precedes and is a necessary event for

apoptosis activation, U87MG cells were treated with ABTL0812

and chloroquine. The analysis of caspase 3 activity showed that

the increase induced by ABTL0812 was significantly reduced by

co-treatment with chloroquine (Figure 4F), confirming that

ABTL0812 induces autophagy-mediated apoptotic cell death.

Overall, these data indicates that ABTL0812 induces a dynamic
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autophagy that results in the induction of apoptotic death of

glioblastoma cells.
ABTL0812 inhibits Akt/mTORC1 axis and
induces ER stress

Previously, it was demonstrated that ABTL0812 activates

autophagy-mediated cancer cell death by inhibition of the Akt/

mTORC1 axis and induction of ER stress, two well-known actions

leading to autophagy (13, 14). Previous studies showed that

ABTL0812 inhibits Akt by inducing TRIB3 a pseudokinase that

binds to Akt and impedes its phosphorylation and activation by

upstream kinases. We detected by immunoblotting that

ABTL0812 induces TRIB3 in a concentration-dependent

manner, which leads to a decrease of phosphorylation of Akt on

residue Ser473 in U87MG and GSC-5 cells. The blockade of Akt

resulted in inhibition of mTORC1 as detected by a decrease of

phosphorylation of its target p70S6K (Figure 5A). The decrease of

p-Akt Ser473, and also p-Akt Thr308, was confirmed by ELISA in
B
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A

FIGURE 2

ABTL0812 induces glioblastoma and GSCs differentiation and reverts proneural to mesenchymal transition. (A) Representative FACS expression
profiles of mesenchymal (CD44, Stro1 and CD90), stemness (CXCR4), neural (bIII tubulin, NFH and GAP43) and proliferation (Ki67) markers and table
and histograms showing the percentage of cells expressing the markers analyzed by FACS in glioblastoma cells U87MG treated with ABTL0812 for
48 hours (B) and in glioblastoma stem cells GSCs-5 treated for 48 hours with ABTL0812 (C) Representative confocal images of BT12M cells stained
with Sox2, bIII tubulin and Ki67. Cell nuclei were stained with DAPI. (D) Representative images from Boyden chamber assays showing invasive
U87MG cells after a 6-hour assay that were pretreated with ABTL0812 for 48 hours (E) Quantification of invasive cells from a matrigel invasion
assays performed in U87MG, U251 and A172 cells treated with ABTL0812. CTRL= control vehicle-treated cells. ** p<0.01 vs vehicle basal.
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U251, U87MG, A172 and GSC-5 cells (Figure 5B). Moreover, it

was previously shown that ABTL0812 induces sustained ER stress

that results in activation of unfolded protein response (UPR) via

PERK-eIF2a-ATF4-CHOP-TRIB3 (16–18). Immunoblotting

analysis of this pathway showed that ABTL0812 induced

pPERK, peIF2a, ATF4 and CHOP in a concentration-

dependent manner in U87MG cells. ABTL0812 effects on this

pathway were similar to the ones induced by Brefeldyn A, a

compound widely used as an ER stress inducer. (Figure 5C). It is

known that the accumulation of unfolded proteins in the ER

triggers the unfolded protein response (UPR), a stress signaling

pathway. This firstly leads to the promotion of a pro-adaptive

signaling pathway by the inhibition of global protein synthesis and

cell cycle, however, during conditions of prolonged ER stress, pro-

adaptive responses fail, and apoptotic cell death is induced. It has

been demonstrated that UPR induces growth arrest in G1 phase of

the cell cycle. Thus, we analyzed whether ABTL0812 was able to

modify cell cycle in glioblastoma cell models. Here, we

demonstrated that ABTL0812 decreased in U87MG cells the

levels of cyclin D1 and E as well as of CDK4 and CDK2 which
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are involved in G1/S cell cycle transition and induced the

expression of the CDK inhibitors p27 and p16INK4A

(Figure 5D). Accordingly, cell cycle analysis by flow cytometry

using propidium iodide staining shows that ABTL0812 induces

cell cycle arrest in G0/G1. It is worth mentioning that at lower

concentrations of ABTL0812 (5 and 10 mM) the predominant

effect is the arrest at G0/G1, whereas at higher concentrations (20

and 40 mM) the subG1 cell dead population is highly increased

(Figure 5E). These data indicates that ABTL0812 inhibits Akt/

mTORC1 axis and induces ER stress and both molecular events

lead to autophagy and ultimately to glioblastoma cells death.
ABTL0812 treatment impairs tumor
growth in glioblastoma subcutaneous
xenograft tumor models

To study the therapeutic efficacy of ABTL0812 on tumor

growth in vivo, U87MG and T98G cells were injected

subcutaneously in athymic female cd1 nu/nu mice. Mice were
B C
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FIGURE 3

ABTL0812 induces autophagy in glioblastoma cells. (A) Representative immunoblotting images of LC3-II from U87MG, A172 and U251 cell lines
treated with ABTL0812 for 12 hours. (B) Representative immunofluorescence images of staining with acridine orange, a green fluorophore that
fluoresces red in acidic vesicular organelles (AVO) in U87MG cells treated for 12 hours with ABTL0812 (40X magnification). (C) Representative
electron microscopy microphotographs of U87MG in cells treated with ABTL0812 at 20 and 40 mM for 12 hours. N= nucleus, Au=autophagosomes;
M= mitochondria and V= vesicles. Blue arrows indicate small or unfunctional mitochondria. (D) Representative immunoblotting images of LC3-II
from U87MG cells pretreated with lysosome protease inhibitors (E64 and pepstatin A at 10 mg/ml each) for 24 hours followed by 12 hours
treatment with ABTL0812. (E) Representative immunofluorescence images of the staining of LAMP1 and LC3 in U87MG cells treated with ABTL0812
(20 mM) for 12 hours with or without a pretreatment of 1 hour with chloroquine (3 mM). LAMP1 in is a marker of endosomes/lysosomes (green
signal), LC3 is a marker of autophagosomes (red signal) and DAPI stains nuclei (blue signal). The colocalization of red and green signal results in
orange signal and corresponds to autolysosomes. CTRL, control vehicle-treated cells.
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orally treated with vehicle, ABTL0812 (120 mg/Kg or 240 mg/Kg)

or everolimus, a mTOR inhibitor that was used as a comparator

for antitumor activity. Both doses of ABTL0812 were well

tolerated and animals did not show significant weight loss or

signs of distress or toxicity (Table S1 and S2). In animals bearing

U87MG tumors, ABTL0812 at 120 and 240 mg/Kg significantly

reduced tumor weight; compared to vehicle, we detected a weight

decrease of 38.1% and 58.6%, respectively. Everolimus at 5 mg/kg

only achieved a decrease of 12% compared to vehicle (Figure 6A

and Supplementary Table S1). In T98G cells-derived xenograft

tumors, ABTL0812 treatment at 120 and 240 mg/Kg significantly

decrease tumor weight by 36.4% and 62.5%, respectively, whereas

with everolimus the decrease was 24.4% (Figure 6B and

Supplementary Table S1). Additionally, ABTL0812 antitumor

efficacy was evaluated by analyzing tumors time to progression

(TTP), a parameter widely used in human clinical trials. In both

U87MG and T98G xenograft tumors, ABTL0812 at 120 and

240mg/kg significantly increased TTP compared to vehicle

(Supplementary Tables S1 and S2). Next, we investigated the

molecular markers of ABTL0812 treatment in the surgically

removed xenograft tumors. In both U87MG and T98G

xenograft tumors, immuno-histochemical analyses revealed that

TRIB3 expression was significantly increased in tumors treated

with ABTL0812, whereas p-Akt Ser473, p-Akt Thr308 and the

mTORC2 target p-p70S6K Ser411 were significantly decreased.

Moreover, tumors treated with ABTL0812 showed a decrease of
Frontiers in Oncology 10
37
the cell proliferation marker Ki67, an induction of apoptosis as

detected by an increase of caspase-3 and TUNEL staining, and a

decrease of vascularization of the tumors as shown by CD34

staining and, consequently, an increase of hypoxia as shown by an

increase of HIF-1a. The effect of ABTL0812 on all these

parameters shows a clear trend towards a greater modification

than with everolimus in both U87MG (Figure 6C) and T98G cells

(Figure 6D). Supplementary Table S1 shows the numerical results

of the IHC analyses. Overall, these in vivo studies have

demonstrated the therapeutic efficacy of ABTL0812 against

glioblastoma xenograft tumors. Additionally, the effect of

ABTL0812 on the molecular markers of its mechanism of

action have been shown, as well as that ABTL0812 decreases

cell proliferation, activates apoptosis and reduces vascularization

of tumors.
ABTL0812 treatment impairs tumor
growth of glioblastoma orthotopic
intra-brain xenograft tumor models and
increases overall survival of mice

Next, we investigated the efficacy of ABTL0812 in orthotopic

mice models that mimic the clinical setting of glioblastoma

treatment. U87MG and GSC-5 luciferase-tagged cells were

injected orthotopically into the brain of athymic female cd1
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FIGURE 4

ABTL0812 induces mitochondrial depolarization and apoptosis in glioblastoma cells. (A) Representative immunofluorescence images of staining
with JC-1, a dye indicator of mitochondrial membrane potential in U251MG cells treated for 16 hours with ABTL0812 (200X magnification). Red
staining indicates polarized mitochondria and green indicates depolarized mitochondria. (B) Apoptosis TUNEL assay performed on U87MG cells
treated with ABTL0812 for 16 hours. (C) Table showing the percentage of cell populations as determined by FACS analysis of annexin V/
propidium iodide staining of U87MG cells treated for 16 hours with ABTL0812. (D) Representative images of immunoblotting detection of
caspase 3, 8 and 9 pro-enzymes and cleaved isoforms in U87MG cells treated with ABTL0812 for 16 hours. (E) Quantification of caspases 8, 9
and 3 activities by using caspase-specific chromogenic substrates in U87MG, A172 and U251 cells treated for 16 hours with ABTL0812. The
mTORC1 inhibitor everolimus was used as a comparator to ABTL0812 *p<0.05 and ** p<0.01 vs vehicle treated cells. (F) Quantization of
caspase 3 activity in U87MG cells treated for 16 hours with ABTL0812 and with or without a 1 hour chloroquine pretreatment. *p<0.05 and **
p<0.01 vs vehicle basal; #p<0.05 and ## p<0.01 vs vehicle+chloroquine.
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nu/nu mice. A low number of U87MG cells (3000) were injected

into the brain to simulate an after surgery clinical setting where a

few amounts of tumor cells cannot be removed. The oral

treatment with vehicle, ABTL0812 or everolimus started 5

days after the injection when bioluminescence could not be

detected intra-cranially yet. Animals were treated for 35 days

and after this treatment period, mice were observed for 150 days

(follow-up period) without being treated as indicated in the

diagram of Figure 7A. Tumor growth was monitored over time

by bioluminescence detection and two parameters were used to

assess treatments efficacy: (i) disease free survival (DFS), which

is defined as the time from tumor cells injection until luciferase

activity was intracranially detectable; and, (ii) overall survival

(OS) of mice over time. In the U87MG orthotopic model it was

detected that ABTL0812 treatment at both 120 and 240mg/kg

significantly increased the time of tumor onset in a

concentration-dependent manner compared to vehicle-treated

mice. When we compared ABTL0812 treatment with

everolimus, we detected that DFS was significantly increased

by ABTL0812 240mg/Kg (Figure 7B and Supplementary Tables

S3 and S4). The overall survival was also significantly increased

by ABTL0812 at both doses compared to vehicle and by

ABTL0812 240mg/kg compared to everolimus (Figure 7C and

Supplementary Tables S3 and S5). In order to investigate the

anticancer efficacy of ABTL0812 treatment against glioblastoma
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stem cells, an orthotopic model using GSC-5 cells was generated

in nude mice (Figure 7A). When comparing the DFS of each

treatment again it was detected that compared to vehicle-treated

animals, ABTL0812 240mg/kg was the most efficient in delaying

the appearance of luminescence from tumor cells, followed by

ABTL0812 120mg/Kg, whereas the less efficient was everolimus

(Figure 7D and Supplementary Tables S3 and S4). Regarding

overall survival, the efficiency of the treatments correlate with the

DFS results: ABTL0812 increased overall survival in a

concentration-dependent manner compared to vehicle, and both

ABTL0812 doses increased overall survival compared to everolimus

treatment although only the ABTL0812 240mg/kg dose was

significantly different to everolimus. (Figure 7E and

Supplementary Tables S3 and S5). All together these data

demonstrates that ABTL0812 treatment has anticancer activity in

orthotopic glioblastoma mouse models that reproduce the clinical

setting after surgical removal of tumors. Moreover, the efficacy of

ABTL0812 against glioblastoma stem cells in vivo was proven.

Currently, the standard of care treatment for GBM is

surgery, followed by radiotherapy and temozolomide

chemotherapy. To investigate the potential of combination of

ABTL0812 with radiotherapy and temozolomide, we used the

U87MG orthotopic model where ABTL0812 single therapy was

studied. With the aim of mimicking the clinical practice,

treatment doses and schedules were the following: 120 mg/Kg
B C

D E

A

FIGURE 5

ABTL0812 inhibits Akt/mTORC1 axisA and induces ER stress (A) Representative immunoblotting images of Akt/mTORC1 axis markers TRIB3, Akt
and p70S6K from U81MG cells treated with ABTL0812 for 16 hours. (B) ELISA quantification of p-Akt Ser473, and p-Akt Thr308 in U81MG, U251,
A172 and GSCs-5 cells treated with ABTL0812 for 16 hours (C) Representative immunoblotting images of p-eIF2a, ATF4, CHOP and LC3-II from
U81MG cells treated with ABTL0812 for 16 hours The ER stress inducer Brefeldin A was used as a positive control for ER stress response (D)
Representative immunoblotting images of PERK and phase G1-S cell cycle regulators from U81MG cells treated with ABTL0812 for 16 hours. (E)
Diagrams showing percentages of cell population in each cell cycle phase in U87MG and U251 cells treated with ABTL0812 for 16 hours
determined by flow citometry analysis of propidium iodide-stained cells.
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ABTL0812 administered orally 5 days a week from day 7; a

single 4 Gy dose of radiotherapy at day 8; and 32mg/kg

temozolomide from day 5 for 5 consecutive days, as shown in

the diagram in Figure 8A. The investigated treatments were

ABTL0812, radiotherapy and temozolomide as single agents;

ABTL0812 in combination with radiotherapy or temozolomide;

the combination of radiotherapy and temozolomide; and a

triple combination of ABTL0812 with radiotherapy and

temozolomide. The efficacy of the treatments was analyzed by

performing Kaplan-Meier to calculate OS. We detected that

ABTL0812 as a single agent had an efficacy similar to

temozolomide and radiotherapy as single agents. When

ABTL0812 was combined with radiotherapy or temozolomide
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the efficacy was significantly improved compared to any single

treatment, however, when comparing ABTL0812 + radiotherapy

or ABTL0812 + chemotherapy vs. the standard of care

combination radiotherapy + temozolomide, despite detecting

an increase of efficacy, it was not significant. Nevertheless, the

triple combination of ABTL0812 + radiotherapy +

temozolomide was the most efficacious treatment and the

increase of OS was statistically significant when compared to

the standard of care treatment of radiotherapy + temozolomide

(Figure 8B and Supplementary Table S6). Therefore, these

results have shown the efficacy of ABTL0812 in combination

with radiotherapy and temozolomide to significantly increase

the OS in a glioblastoma orthotopic mouse model.
B

C

D

A

FIGURE 6

ABTL0812 impairs tumor growth in glioblastoma subcutaneous xenograft models. U87MG and T98G cells were injected subcutaneously in
athymic female cd1 nu/nu mice (N=10 each group). Mice were treated daily with vehicle or ABTL0812 at 120 or 240 mg/Kg by oral
administration. The mTORC inhibitor everolimus (ve) was used as a comparator for antitumor activity and was administered orally at dose of 5
mg/kg/2 days per week (A, B) Weight of U87MG and T98G cells-derived xenograft tumor removed from nude mice. (C, D) Representative
immunohistochemistry images from U87MG (C) and T98G (D) xenograft tumors stained with Akt-mTORC axis markers (TRIB3, p-Akt Ser473 and
p-Akt Thr308); the cell proliferation marker Ki67; the endothelial cell marker CD34; the apoptosis marker caspase3; the hypoxia marker HIF-1a;
and TUNEL staining to measure apoptosis (Magnification 400X). Statistical significance levels: *p<0.05, **p<0.01 and n =10. CTRL= control
vehicle-treated cells.
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Discussion

Glioblastoma Multiforme (GBM) is the most malignant

adult brain tumor. Unfortunately, glioblastoma tumors are

often diagnosed once the patients become symptomatic when

the lesion is already widely extended. GBMs are classified into

four subtypes (classical, neural, proneural, and mesenchymal)

based on their neural differentiation. It has been widely

demonstrated that subtype changes have a strong impact on

the prognosis, with mesenchymal subtype showing the worst

outcome. Mesenchymal subtype glioblastomas usually express

stem cell markers and are more invasive. Proneural to

mesenchymal transition (PMT) has been shown to lead to

resistance to standard of care therapies and to disease

recurrence (6). PI3K/Akt/mTORC pathway is involved in the

maintenance of PMT, therefore, the inhibition of this pathway

may revert this phenotype (42).
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The current available therapeutic options for GBMs require

very aggressive treatments. The standard of treatment for GBM

is surgery, followed by daily radiation and oral chemotherapy for

six and a half weeks, then a six-month regimen of oral

chemotherapy given five days a month (43). However, these

therapies have very limited efficacy with a median overall

survival of patients of 14 months. Therefore, the treatment of

GBM remains an unmet clinical need. In the latest years, novel

therapeutic agents have been actively investigated as additional

therapeutic tools to be combined with standard of care

treatments or as stand-alone therapies. Novel therapeutic

agents currently under clinical investigation include targeted

therapies, such as MET or FGFR inhibitors; immunotherapies,

such as checkpoint inhibitors, cytokines, dendritic cell vaccines

or CAR-Ts; and antiangiogenics among others (44).

ABTL0812 is a first-in-class anti-cancer drug that exerts its

therapeutic action through the induction of autophagy-mediated
B

C

D
E

A

FIGURE 7

ABTL0182 inhibits tumor growth in an orthotopic model of glioblastoma in mice that reproduces the clinical setting after surgical removal of
tumors. (A) Diagram showing the experimental design of the treatment of glioblastoma orthotopic models using U87MG and GSCs-5 luciferase-
tagged cells ortotopically inoculated into the brain of athymic nude mice and treated with ABTL0812 (120 and 240 mg/Kg) and Everolimus (5
mg/Kg). Tumors were monitored by bioluminescence detection which was performed every 7 days in order to determine Disease Free Survival
(DFS) and Overall Survival (OS). (B) DFS of mice bearing orthotopic tumor of U87MG-Luc cells. (C) Overall survival of mice bearing U87MG-Luc
cells orthotopic tumors. (D) DFS of mice bearing orthotopic tumor of GSC-5 -Luc cells. (E) Overall survival of mice bearing GSC-5 -Luc cells
orthotopic tumors. Statistical significance levels: *p<0.05, **p<0.01, ***p<0.01 n=10 in each group. CTRL= control vehicle-treated cells.
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cancer cell death (13, 14). To date, ABTL0812 has successfully

completed a phase I clinical trial as a single therapy in advanced

solid tumors (19) and a phase IIa clinical trial in combinationwith

chemotherapy in Non-Small Cell Lung Carcinoma (NSCLC) and

endometrial cancer showing superiority over standard of care

chemotherapy (20, 21). In this study we investigated the

therapeutic potential of ABTL0812 for the treatment of

glioblastoma. We showed that ABTL0812 treatment inhibits cell

proliferation and induces autophagy-mediated cell death in a

wide panel of glioblastoma cell lines. Very importantly,

ABTL0812 anticancer effects were also detected in glioblastoma

stem cells, which are more resistant to chemotherapy and

radiotherapy, at similar concentrations as for glioblastoma non-

stem cells. Also noteworthy is the fact that ABTL0812 at

supratherapeutic concentrations did not affect non-tumoral

brain cells, as previously detected in other models (13–18).

Previously, it was shown that ABTL0812 inhibits the Akt/

mTORC1 axis (13, 17) and induces ER stress and UPR response

(14, 17) and both actions converge to induce a robust and

persistent autophagy which eventually leads to cell death (15,

16).When interrogating themechanism of action ofABTL0812 in

glioblastoma models, we demonstrated that ABTL0812 induces

TRIB3 and consequently inhibits Akt/mTORC1 axis, as indicated

by a reduction of p-Akt and of the mTORC1 substrate p-p70S6K.

Also, the involvement of the activation of ER stress and UPR was

shown as indicated by the activation of the PERK-eIF2a-ATF4-
CHOP-TRIB3 signaling pathway. As expected, both actions

resulted in the induction of autophagy as shown by an increase

of autophagy markers and by the presence of autophagosomes
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detected by electronic microscopy. Ultimately, in all the

glioblastoma models studied here, the activation of autophagy

led to cancer cell death by apoptosis as detected by TUNEL and

annexin V staining. Additionally, we detected that ABTL0812

treatment induces caspases activation in a dose-dependent

manner, including the initiator caspases 8 (death receptor/

extrinsic apoptotic pathway) and 9 (mitochondrial/intrinsic

apoptotic pathway) and the effector caspase 3.

As mentioned before, glioblastoma cells through PMT can

progress to a more invasive and aggressive phenotype that

correlates with treatment resistance and disease recurrence.

Considering the therapeutics implications of PMT we studied the

phenotype of glioblastoma cells after treatment with ABTL0812.

We detected that ABTL0812 reverted the mesenchymal phenotype

of glioblastoma cells to a more differentiated phenotype.

Consequently, when cell invasion was assessed, ABTL0812 was

shown to decrease cell invasiveness. This is the first report showing

thatABTL0812 can revertmesenchymal phenotype and invasion in

cancer cells, an effect that support the therapeutic potential of

ABTL0812 against metastasis, development of anticancer therapy

resistance, and disease recurrence. Additionally, in this study, we

found for the first time that ABTL0812 decreases vascularization

and induces hypoxia. Angiogenesis is a key step in tumor

progression and, therefore, its inhibition might also contribute to

ABTL0812 anticancer action.

The anticancer efficacy of ABTL0812 was studied in animal

models using xenograft subcutaneous and intra-brain orthotopic

models. ABTL0812 was tested in two subcutaneous models using

glioblastoma cell lines U87MG and T98G. In both models
BA

FIGURE 8

ABTL0182 potentiates the anticancer effect of the standard of care treatments radiotherapy and temozolomide in an orthotopic model of
glioblastoma in mice (A) Diagram showing the experimental design of the treatment of glioblastoma orthotopic models using U87MG luciferase-
tagged cells orthotopically inoculated into the brain of athymic nude mice and treated with ABTL0812 (120 mg/Kg), radiotherapy (4 Gy),
temozolomide (32mg/kg) and combinatorial treatments. Tumors were monitored by bioluminescence detection which was performed every 7 days
in order to determine Overall Survival (OS). (B) Overall survival of mice bearing U87MG-Luc cells orthotopic tumors. n=10 in each group.
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ABTL0812 significantly reduced tumor weight compared to

vehicle. Moreover, ABTL0812 efficacy was dose dependent as

shown by a significantly higher effect of ABTL0812 at 240mg/kg

compared to 120mg/kg. For the intra-brain models the U87MG

cell line and the GSCs-5 patient stem cells were used. In both

models, ABTL0812 increased disease-free survival (time to

tumor onset) and overall survival in a dose dependent manner.

The PAM pathway has a key role in the development and

progression of glioblastoma, as well as in the development of

resistance to current treatments. PAM inhibitors are being

investigated for the treatment of human glioma, however, the

clinical results obtained to date have not met the expectations. The

clinicaluseofPAMinhibitors is restrictedby itspoorly tolerance, and

by its limited efficacy, that might come by complex regulation of the

pathway (45). ABTL0812 has been demonstrated to be safe and well

tolerated. In addition, ABTL0812 uses a novel mechanism of action

to inhibit the Akt/mTORC axis by inducing TRIB3, a pseudokinase

that binds to Akt and impedes its phosphorylation and activation.

This novel mechanism to inhibit the PAM pathway avoids some

feedback loops that might be limiting the efficacy of other PAM

inhibitors.Moreover,ABTL0812has a secondactionby inducingER

stress and UPR. In order to compare ABTL0812 anticancer efficacy

with mTORC inhibitors, the most clinically advanced mTORC1

inhibitor everolimus was tested in in vivo models. Previous

preclinical studies have shown the efficacy of the rapamycin

derivative everolimus in glioblastoma mice models (46, 47). In the

two subcutaneous xenograft models studied, both doses of

ABTL0812 were significantly more efficacious than everolimus.

The superiority of ABTL0812 compared to everolimus was also

demonstrated in the two intra-brain xenograft models used.

Therefore, these results support the clinical investigation of

ABTL0812 for the treatment of glioblastoma.

Cancer cells due to its fast proliferation need to synthesize a vast

amount of protein which can result in misfolded proteins that can

induce ER stress andUPR. These characteristic of tumor cells can be

exploited as a therapeutic strategy by overstimulating ER stress and

UPR to induce cancer cell death (48, 49). Preclinical studies in

glioblastomamodels have shown the anticancer efficacy of ER stress

inducers that include small molecules and natural compounds (50).

This therapeutic strategy is already being tested in clinical trials,

currently, an ongoing study is investigating TN-TC11G (9-

tetrahydrocannabinol + CBD) in combination with temozolomide

and radiotherapy in patients with newly diagnosed GBM

(NCT03529448). As mentioned above, in this study we have

shown that ABTL0812 induces the ER stress UPR, more

specifically the PERK-eIF2a-ATF4-CHOP-TRIB3 pathway. This

action in conjunction with the Akt/mTORC1 inhibition leads to the

activation of cytotoxic autophagy. Therefore, ABTL0812 treatment

combines two therapeutic strategies that are under clinical

investigation for the treatment of glioblastoma: the inhibition of

PAM pathway and the activation of ER stress/UPR, highlighting its

potential as novel therapy for these aggressive tumors.
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Previous preclinical and clinical data has shown that the most

promising therapeutic strategy for the clinical use of ABTL0812 to

treat cancer is in combination with standard of care

chemotherapies (15, 16, 18, 20, 21). Hence, we decided to study

the potential of combining ABTL0812 with the standard of care

therapies for glioblastoma: radiotherapy and temozolomide. In a

glioblastoma orthotopic mouse model we evaluated OS, and we

detected that ABTL0812 efficacy in monotherapy is similar to

temozolomide and radiotherapy as single agents. The

combination of ABTL0812 with either radiotherapy or

temozolomide significantly increase its anticancer efficacy,

however, the highest efficacy was detected with the combination

of ABTL0812 with both radiotherapy and temozolomide.

Therefore, these data shows that the most promising therapeutic

option for the treatment of glioblastoma with ABTL0812 is in

combinationwith the standard of care regimen of radiotherapy and

chemotherapy and supports the clinical investigation of a triple

combination of ABTL0812 + radiotherapy + temozolomide, even

more considering that ABTL0812 is well tolerated in humans.

In summary, this study demonstrated the anticancer efficacy of

ABTL0812 as single agent and in combination with glioblastoma

standard of care treatments in preclinical glioblastoma models

including patient-derived stem cells. We showed that the

therapeutics actions of ABTL0812 in glioblastoma models

included decrease of cell proliferation, induction of differentiation

to a less malignant phenotype, induction of autophagy-mediated

cell death and decrease of angiogenesis. In conclusion, our findings

support ABTL0812 as a potential novel therapeutic agent for the

treatment of glioblastoma.
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Background: Medulloblastoma (MB) is a malignant tumor associated with a

poor prognosis in part due to a lack of effective detection methods.

Extrachromosomal circular DNA (eccDNA) has been associated with multiple

tumors. Nonetheless, little is currently known on eccDNA in MB.

Methods: Genomic features of eccDNAs were identified in MB tissues and

matched cerebrospinal fluid (CSF) and compared with corresponding normal

samples using Circle map. The nucleotides on both sides of the eccDNAs’

breakpoint were analyzed to understand the mechanisms of eccDNA

formation. Bioinformatics analysis combined with the Gene Expression

Omnibus (GEO) database identified features of eccDNA-related genes in MB.

Lasso Cox regression model, univariate and multivariate Cox regression

analysis, time-dependent ROC, and Kaplan–Meier curve were used to assess

the potential diagnostic and prognostic value of the hub genes.

Results: EccDNA was profiled in matched tumor and CSF samples from MB

patients, and control, eccDNA-related genes enriched in MB were identified. The

distribution of eccDNAs in the genomewas closely related to gene density and the

mechanismof eccDNA formationwas evaluated. EccDNAs in CSF exhibited similar

distribution with matched MB tissues but were differentially expressed between

tumor and normal. Ten hub genes prominent in both the eccDNA dataset and the

GEO database were selected to classify MB patients to either high- or low-risk

groups, and a prognostic nomogram was thus established.
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Conclusions: This study provides preliminary evidence of the characteristics and

formationmechanism of eccDNAs in MB and CSF. Importantly, eccDNA-associated

hub genes in CSF could be used as diagnostic and prognostic biomarkers for MB.
KEYWORDS

extrachromosomal circular DNAs (eccDNAs), medulloblastoma (MB), liquid biopsy,
differentially expressed genes, GEO
Introduction

Medulloblastoma (MB) is one of the most common

malignant tumors of the central nervous system (CNS) in

children, with an annual incidence of about five cases per 1

million people (1), and an overall 5-year survival rate of 70%–

85% in the standard-risk group (2, 3) and less than 30% in the

high-risk group (4, 5). The diagnosis of MB is mainly based on

clinical symptoms, imaging findings, cerebrospinal fluid (CSF)

examination, and histopathological examination. With the

addition of molecular pathology, the 2016 edition of the

World Health Organization (WHO) CNS tumor classification

classifies MB into four subgroups (6): wingless pathway (WNT),

sonic hedgehog (SHH), Group 3, and Group 4, making the

diagnosis and treatment of MB more individualized. However,

this raises the demand for accurate detection tools to select the

optimal treatment regimen and assess treatment response and

monitor relapse. Currently, clinical monitoring of MB is

commonly done by magnetic resonance imaging (MRI) and

CSF cytology, but the sensitivity of these two methods can be

limited by the extent of tumor growth and affect the assessment

of the disease (7, 8). Accordingly, there is an urgent clinical need

for a more sensitive way to reliably monitor tumor status that

may not have changed on imaging.

Extrachromosomal circular DNA (eccDNA) is a type of

circular DNA located outside of chromosomes, independent of

the traditional genome structure previously thought. Wu et al.

published electron microscopy photographs of eccDNA and

supported the widespread presence of eccDNA in human

tumor cells and normal tissues in 2019 (9). Several studies

published subsequently revealed the unique topological

structure and genetic properties of eccDNA, which can rapidly

remodel the genome through diversity (including structural,

functional, and quantitative diversity) and thus are directly

and effectively involved in cancer development (9–13). An

increasing body of evidence suggests that eccDNAs can be

derived from multiple genes and contain one or more gene

fragments, intact genes, or regulatory regions; in tumors,

eccDNA contains oncogenes or genes associated with drug

resistance in cancer therapy (10, 14), tumor heterogeneity, and

adaptability. In addition, eccDNA leads to an increase in the
02
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copy number of oncogenes (15), resulting in high levels of

oncogene products; indeed, oncogene amplification on

eccDNA is significantly more efficient than on chromosomes

(10, 16). Current evidence suggests that eccDNA abundance is

significantly associated with cancer progression and poor

prognosis in various tumors (16). Taken together, the above

findings indicate the great potential of eccDNA in

cancer therapy.

Ana C. de Carvalho et al. found that the regulation of

epidermal growth factor receptor (EGFR) VIII expression by

eccDNA in glioblastoma (GBM) is significantly associated with

resistance to EGFR inhibitors (11). Another report found that

eccDNA is involved in and promotes most genomic

rearrangements in neuroblastoma that induce mutant

phenotypes, leading to tumor development and affecting

patient survival (10). It is highly conceivable that eccDNA in

MB may have some hitherto unexplored but important

functions and molecular mechanisms. That eccDNA has

potential in clinical diagnosis is demonstrated by the fact

that fetal- and maternal-derived eccDNAs exist simultaneously

in the plasma of pregnant women, with significant differences

in fragment size and chromosome distribution (17),

Similarly, eccDNA also holds promise in cancer diagnostics

because eccDNA could be released from tumors (18).

Importantly, eccDNAs are more stable than linear DNAs in

blood circulation, suggesting that eccDNAs have the potential

for clinical application as a novel cancer biomarker in liquid

biopsies (19).

Considering the importance of eccDNA in cancer, here we

investigated the mechanism of eccDNA formation in MB and

the diagnostic potential of profiling eccDNA in CSF samples. We

reasoned that, for diagnostic purposes, CSF samples are superior

to both MB tissue and plasma samples, are relatively easy to

obtain, and are in direct contact with MB tissue. For this

purpose, eccDNA was profiled in matched tumor and CSF

samples from n = 3 MB samples and n = 1 control; one

separate MB tissue was also included in the MB group. To

classify MB patients into high- or low-risk groups, 10 hub genes

prominent in both our eccDNA data and gene expression

profiles in high- and low-risk MB patients as well as controls

from databases were selected. Finally, the selected genes were
frontiersin.org
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used to establish a prognostic nomogram and evaluate the

diagnostic potential of eccDNA in MB.
Materials and methods

Sample collection and DNA preparation

MB tissue samples and matched CSF samples were obtained

from four patients who underwent surgery at the Department of

Neurosurgery, Sanbo Brain Hospital, Capital Medical University

(Beijing, China) between January 2020 and November 2021,

with a pathological diagnosis of MB. After harvesting, the tumor

tissues were rapidly frozen in liquid nitrogen and stored in a

−80°C refrigerator. CSF was processed using a standardized

protocol and immediately stored in a −80°C refrigerator. All

patients provided informed consent, and the protocols used in

this study were approved by the local institutional review board.
Sequencing and analysis of eccDNA

The eccDNA extraction, enrichment, and amplification

procedures were conducted as previously described in the

literature with sl ight modificat ions (19, 20). DNA

quantification and detection of DNA integrity were performed

by a Qubit 3.0 fluorometer (Table S1) and agarose gel

electrophoresis (Figure S1A), respectively. Agilent 2100

Bioanalyzer (Agilent Technologies, Inc., USA) was used to

determine the library quality (Figure S1B) (Table S2). Circle-

Seq and Circulome-seq eccDNA sequencing Service was

provided by CloudSeq Biotech Inc. (Shanghai, China).

(1) Tissue DNA Library Preparation and Sequencing (19):

Tissue samples (6 mg) were placed in a 600-µl L1 buffer (Plasmid

Mini AX; A&A Biotechnology: #010-50), and 15 µl of Proteinase

K (ThermoFisher: #4333793) was added for incubation

overnight at 50°C. The lysed samples were alkaline treated and

purified through an ion exchange membrane column, according

to the instructions (Plasmid Mini AX; A&A Biotechnology).

Column-purified DNAs were digested for 16 h by FastDigest

MssI (Thermo Scientific: #FD1344) at 37°C to remove

mitochondrial circular DNA, as recommended by the

manufacturer’s protocol. DNAs were then incubated at 37°C

with exonuclease (Plasmid-Safe ATP-dependent DNase,

Epicentre: #E3101K); additional ATP (2 µl) and DNase (2.5

µl) were added every 24 h continuously for 1 week to remove the

remaining linear DNA, as recommended by the manufacturer’s

protocol (Plasmid-Safe ATP-dependent DNase, Epicentre). The

processed DNAs were used as a template for eccDNA

amplification via phi29 polymerase reactions (REPLI-g Midi

Kit, Qiagen: #150043) at 30°C for 2 days (46–48 h), as

recommended by the manufacturer’s protocol. Amplified
Frontiers in Oncology 03
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DNAs were sheared with sonication (Bioruptor), and the

sequencing libraries were prepared using the NEBNext® Ultra

II DNA Library Prep Kit for Illumina (New England Biolabs;

#E7645) following the manufacturer’s manual. Sequencing was

performed on Illumina NovaSeq 6000 with 150-bp paired-end

mode according to the manufacturer’s instructions.

(2) DNA of CSF library preparation and sequencing (20):

The QIAamp Circulating Nucleic Acid Kit (Qiagen: #55114) was

used to extract DNA in CSF of four samples (1 ml/sample), as

recommended by the manufacturer’s protocol. To remove linear

DNA, the DNA was digested for 5 min with exonuclease V (New

England Biolabs: #M0345S) at 37°C, as recommended by the

manufacturer’s protocol. The circular structure of eccDNA was

opened by transposable enzymes, and the ends of the DNA

fragments were attached to the joints. Next, the Klenow enzyme

(New England Biolabs: #M0210L) was used to fill these gaps and

ends, as recommended by the manufacturer’s protocol. Then,

these products were amplified and purified by PCR. The

sequencing libraries were prepared with the NEBNext®

Ultra™ DNA Library Prep Kit (New England Biolabs:

#E7645S) following the manufacturer’s manual. Agilent 2100

Bioanalyzer (Agilent Technologies, Inc., USA) was used to

determine the library quality. DNA libraries were sequenced

on Illumina NovaSeq 6000 with 150-bp paired-end mode

according to the manufacturer’s instructions.

Quantitative PCR was performed with SYBR Premix Ex Taq

(Takara: #RR420A) under conditions of 40 cycles of PCR, as

recommended by the manufacturer’s protocol. COX5B was

amplified with the forward primer GGGCACCATTTTCCTTG

ATCAT and reverse primer AGTCGCCTGCTCTTCATCAG.

Paired-end reads were obtained from the Illumina NovaSeq

6000 sequencer and were quality controlled by Q30 (Table S3).

After 3’ adaptor-trimming and low-quality read removal by

cutadapt software (v1.9.1) (21), the high-quality clean reads

were aligned to the reference genome with Burrows–Wheeler

Alignment (BWA) software (v0.7.12) (22). Then, Circle-Map

(v1.1.4) (23) was used to detect eccDNA within all samples, and

Samtools (v0.2) (24) was used to obtain raw soft-clipped read

counts of the breakpoint. Then, edgeR (25) (v0.6.9) was used to

perform normalization and differentially expressed eccDNA

filter by p-value and fold change. Bedtools (v2.27.1) (26) was

used to annotate the eccDNAs. IGV (27) software (v2.4.10) was

used for eccDNA visualization.
Gene enrichment analysis

To better understand the functions of the known or

predicted genes, Gene Ontology (GO) analysis was conducted

in terms of biological process (BP), cellular component (CC),

and molecular function (MF) by the “clusterProfiler” R package

(4.0.5). The “clusterProfiler” was used to understand the
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relationship between genes and pathways provided by the Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway

database (28).
Acquisition of gene expression and
clinical data

The patient’s data for MB tissues and normal brain tissues

gene expression and platform profiles of GSE85217 (29) and

GSE124814 (30) were downloaded from the National Center for

Biotechnology Information Gene Expression Omnibus (NCBI-

GEO) (http://www.ncbi.nlm.nih.gov/geo). According to the

annotation information on the platform, the probes were

converted into corresponding gene symbols. A total of 337

patients with clinical survival and follow-up information from

dataset GSE85217 were included in the survival analysis as the

training cohort.
Construction of the gene signature
model and validation

The univariate analysis was performed by the “survival” and

“survminer” R packages (https://github.com/therneau/survival)

(https://github.com/kassambara/survminer) to identify OS-

related hub genes. Lasso-penalized Cox regression analysis

(31) was performed to construct the prognostic gene signature.

The prognostic gene signature was presented as a risk score

obtained by the “survival” R package. Taking the median risk

score as the cutoff value, 337 patients were divided into high-

and low-risk groups. Kaplan–Meier (KM) survival curves and

time-dependent receiver operational feature (ROC) curve

analyses were generated to assess the predictive capacity of the

model (32). Univariate and multivariate Cox regression analyses

were performed to evaluate the survival status. The hazard ratio

(HR) and 95% confidence interval (CI) were calculated to

identify genes related to overall survival (OS). The area under

the curve (AUC) of the ROC was used to compare the diagnostic

and prognostic abilities of different indexes. All independent

prognostic parameters and corresponding clinical data were

included in a prognostic nomogram constructed by a stepwise

Cox regression model to predict the 3-, 5-, and 10-year OS of MB

patients in the training set.
Statistical analysis

All statistical analyses were performed by R software version

4.1.2 and visualized by GraphPad Prism 8.0 (GraphPad Software,

La Jolla, CA, USA) and the “ggplot” R package (https://ggplot2.
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tidyverse.org/). Average and standard deviations were calculated

for all data; as the underlying data distribution was unknown,

Wilcoxon rank-sum test and Friedman test were applied to

compare data from two or more groups using GraphPad Prism

8.0. In the enrichment analysis, the Benjamini and Hochberg

(1995) test (33) has been applied to evaluate GO ID; a false

discovery rate (FDR) < 0.25 and adj.p <0.05 were considered

statistically significant. Lasso-penalized Cox regression analysis

was performed to construct the prognostic gene signature. The

KM method was used to compare OS between the two groups,

and the logarithmic rank test was used to assess the difference in

survival curves. Univariate and multivariate Cox regression

analyses were performed to evaluate the survival status, and the

hazard ratio (HR) and 95% confidence interval (CI) estimated the

hazard risk of the individual indicators. p-value < 0.05 was

statistically significant unless otherwise specified. * represents p

< 0.05, ** represents p < 0.01, and *** represents p < 0.001.
Results

Identification and verification of
eccDNAs from tissue and CSF

We adopted two different processes based on the Circle-Seq

(19, 34, 35) method for better extraction and enrichment of

eccDNAs in tissue and CSF, respectively. The samples were

divided into two groups, one with tissue and matched CSF from

MB (n = 3) and the other with normal (n = 1); one separate MB

tissue sample was also included in the MB group. For tissue

samples, column separation of eccDNA was used and incubated

with exonuclease for better removal of linear genomic DNA.

Then, the products were rolling-circle amplified before being

sheared by sonication, and the fragmented DNAs were later

used for library preparation for next-generation sequencing. For

CSF samples, linear DNAs were removed directly using

exonuclease V (Exo V), the circular structure of eccDNAs was

opened by transposable enzyme, and the Klenow enzyme was

used for gap/end repair. Finally, a polymerase chain reaction

(PCR) was performed to amplify and purify the products for

sequencing. Referring to Circle-Seq (19), COX5B, a gene absent

from eccDNA, was measured using quantitative PCR (qPCR) to

verify that linear DNA was removed after exonuclease treatment

(Table S3). The overall process is shown in Figure 1A. Original

reads were quality controlled by Q30 (Table S4), low-quality reads

were removed, and the high-quality clean reads were aligned to

the reference genome with BWA (22) (Table S5). Then, Circle-

Map (23) software was used to detect eccDNA within all samples

and obtain raw soft-clipped read counts of the breakpoint. Finally,

more than 30,000 different eccDNAs (average: 6,718; median:

5,472) were identified from nine samples.
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We explored the possible mechanism of eccDNA formation

by analyzing DNA sequences from 10 bp upstream to 10 bp

downstream of the start and end positions of each eccDNA; the

eccDNA sequences were acquired from our data, while

sequences besides the eccDNA sequences were inferred from

the reference genome. Trinucleotide motif sequences flanking

the start and end positions of eccDNA in each group were

labeled as I, II, III, and IV, respectively (Figure 1B, Figures

S2A–C).
Detection and analysis of eccDNAs in
different samples

A total of 35,179 eccDNAs was detected in nine samples,

containing 34,308 eccDNAs in tissue samples and 12,058

eccDNAs in CSF samples. These eccDNAs originated from all

chromosomes; however, chromosome 17 exhibited the highest

density of eccDNAs and was associated with more DNA

damage-repair-related genes (Figures 2A, B) (36, 37).

Interestingly, we found the least number of eccDNA on

chromosome Y in normal tissue and CSF samples, consistent

with the eccDNA profile reported in the previous literature (19).

Localization of eccDNA to different component regions of the
Frontiers in Oncology 05
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genome was conducted as previously described in the literature,

defined as the percentage of eccDNA localized to that class of

genomic regions divided by the percentage of the genome

covered by that class of genomic regions (17). We found that

eccDNAs were enriched in 5’-untranslated regions (5’UTRs) and

Alu repeat regions, with the lowest distributions in the intronic

regions (Figure 2C). The size of eccDNAs of all samples ranged

from 32 to 7,239,203 bp, with 16 eccDNAs larger than 1 MB

(0.4548‰), and most (35,098/35,179, 99.77%) eccDNAs were

less than 2 kb with the median size of 272 and 279 bp in tissue

and CSF, respectively (Figure S3A). Both tissue and CSF

eccDNAs showed no variability in length distribution and

exhibited two distinctive peaks at 201 bp and 360 bp (Figure 2D).

Meanwhile, after mapping all eccDNAs detected onto the

whole genomic chromosomal region, 47.57% (16,733/35,179) of

eccDNA overlapped with gene regions, of which 47.50% (16,297/

34,308) and 50.07% (6,038/12,058) of eccDNAs covered gene

fragments in tissue and CSF samples, respectively; 97.87%

(34,428/35,179) of the detected eccDNAs were mapped to only

one gene region. Unexpectedly, some could carry multiple gene

fragments (Figures 2E, F); eight of all eccDNAs contained more

than 15 gene fragments, which are not shown here considering

that they may be due to chromosomal rearrangements. In

addition, we found that 77.35% (13,943/18,026) of genes were
B

A

FIGURE 1

Identification and mapping process of eccDNAs in samples. (A) Two different methods were used to extract, enrich, and amplify eccDNAs from
MB tissue samples and CSF samples, respectively, then compared to the reference genome. (B) Trinucleotide motif sequences flanking the start
and end positions of eccDNA in normal CSF were labeled as I, II, III, and IV. eccDNAs, extrachromosomal circular DNAs; MB, medulloblastoma;
CSF, cerebrospinal fluid.
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present on more than two eccDNAs (Figure S3B), and the

CNTNAP2 gene formed 43 unique eccDNAs, which may be

related to the fact that CNTNAP2 encompasses almost 1.5% of

chromosome 7 and is one of the largest genes in the human

genome (38). Finally, as shown in Figure 2G, a positive

correlation was found between eccDNAs/Mb and encoding

genes/Mb, with a significantly higher average rate of eccDNA/

Mb for chromosome 17 compared to other chromosomes.
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Differentially expressed eccDNAs
between MB and normal tissues

Next, we compared whether there were differences in

eccDNAs between tumor and normal samples. As shown in

Figure 3A, 24,873 out of 35,179 eccDNAs were present only in

all tumor samples, 3,553 were present in the normal samples,

and 6,753 were detected in both samples. However, tumor and
B C D

E F G

A

FIGURE 2

Characteristics of total eccDNAs. (A) Distribution for eccDNAs of four sample groups in chromosomes. (B) Frequency (per Mb) of distribution of
eccDNAs in 23 pairs of chromosomes for each group. (C) The distribution of all samples of eccDNAs in different genomic regions. (D) Size
distribution and relative abundance of eccDNAs in tissue (red) and CSF (blue), data from all samples. (E, F) The counts and proportion of
eccDNAs in all samples cover different numbers of gene fragments. (G) The ratio of coding genes/Mb and eccDNAs/Mb in 23 pairs of
chromosomes from analysis of all samples. Mb, megabase.
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normal samples did not show differences between eccDNAs/Mb

and encoding genes/Mb (Figure 3B). No significant variation in

the length distribution of eccDNAs was found in each sample

(Figure 3C). Interestingly, by comparing the length

characteristics of eccDNAs of normal and tumor tissue

samples, we found peaks of eccDNA at ∼201 and ∼306 bp in
Frontiers in Oncology 07
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tumor tissues and 140 and 206 bp in normal tissues (Figure 3D).

Subsequently, we analyzed the cumulative frequency to further

explore the differences in their length characteristics (Figure 3E)

and found that the length of normal tissue eccDNAs was smaller

than tumor tissues. We compared the distribution of eccDNA

length between tumor and normal CSF samples, and no
B C

D

E

F

A

G

FIGURE 3

Comparison of the characteristics for eccDNAs in tumor samples and normal samples. (A) Differences in the counts for eccDNAs were detected in
tumor and normal samples. (B) The ratio for coding genes/Mb and eccDNAs/Mb of chromosomes in tumor and normal samples. (C) Distribution of
eccDNA length in each independent sample. (D, E) Size distribution of eccDNAs in tissue for tumor (red) and normal (blue). (F) Genomic
distributions of eccDNAs between tumor (red) and normal (blue). (G) Heat map of abundance of eccDNAs in each sample.
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significant differences were found (Figures S4A, B). Notably, we

did not find significant differences in genomic elements of

annotated eccDNAs between tumor and normal samples (Figure 3F).

Finally, the abundance of eccDNA in all samples was

evaluated, and no significant difference was found (Figure 3G),

probably due to the limited number of samples. However,

analysis of the abundance of eccDNA in CSF samples showed

that some eccDNAs were overexpressed in all three tumor CSF

samples compared with normal samples (Figure S4E), suggesting

that these eccDNAs have huge prospects for clinical application
Frontiers in Oncology 08
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to distinguish tumors from the normal brain and may be

involved in tumorigenesis and progression.
EccDNAs between tissue and matched
CSF in MB

To verify whether the states of eccDNAs in tumor tissue and

matched CSF were consistent, we investigated the characteristics

and abundance levels of eccDNA in three groups of patients,
B C

D

E F G

A

FIGURE 4

Characteristics of eccDNAs were comparable in MB and matched CSF. (A–C) Size distribution of eccDNAs in tissue (red) and CSF (blue) for each
patient. (D) Comparison of chromosomal density trend of eccDNAs in tissue and CSF for three patients. (E, F) Scatter plots showing the
differential abundance of eccDNAs between MB and normal in tissue and CSF, respectively. (G) Correlation of eccDNAs abundance between MB
tumors and matched CSF.
frontiersin.org

https://doi.org/10.3389/fonc.2022.934159
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhu et al. 10.3389/fonc.2022.934159
respectively. The eccDNA counts of tissue samples and matched

CSF samples in the three groups of patients were as follows:

group 1 (tissue: 3,508, CSF: 5,340), group 2 (tissue: 6,199, CSF:

4,221), and group 3 (tissue: 12,071, CSF: 5,471), with minimal

interindividual differences in each group. As shown in

Figures 4A–C, eccDNAs in both the tissue and matched CSF

samples of the three groups did not exhibit significant differences

in length distribution. On the other hand, tissue samples

exhibited similar chromosome distribution with their matched

CSF samples to a certain extent (Figure 4D). Finally, we

compared the levels of eccDNA abundance between tumor

and normal tissue samples, between tumor and normal CSF

samples, and between tumor tissue samples and match CSF

samples (Figures 4E–G). No significant difference in eccDNA

abundance was found between tumor samples and matched CSF

samples, suggesting that CSF has huge prospects to replace

tumor samples as a means of detection and provides a new

direction for monitoring eccDNA abundance levels in MB.
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Functional and pathways enrichment of
the CSF differentially expressed eccDNAs

GO and KEGG pathway enrichment analyses were used to

analyze the biological processes and functions of genes associated

with the differentially expressed eccDNAs in CSF samples. As

shown in Figure 5A, the top three enriched terms of the biological

process associated with upregulated eccDNAs were “dendrite

development”, “axonogenesis”, and “regulation of cell

morphogenesis involved in differentiation”; the top three

enriched terms of the cellular component were “glutamatergic

synapse”, “cation channel complex”, and “ion channel complex”;

the top three enriched terms of the molecular function were “Ras

GTPase binding”, “small GTPase binding”, and “calmodulin

binding”. Similarly, the top three enriched biological process

terms associated with downregulated eccDNAs were “regulation

of ion transmembrane transport”, “axonogenesis”, and “dendrite

development”; the top three enriched cellular component terms
B

C D

A

FIGURE 5

GO and KEGG pathway analysis of genes associated with the differentially expressed eccDNAs in CSF between MB and normal tissues. (A) Top
10 enriched BP, CC, and MF terms associated with the upregulated eccDNA genes. (B) Top 10 enriched BP, CC, and MF terms associated with
the downregulated eccDNA genes. (C, D) KEGG pathway analysis of the upregulated and downregulated eccDNA genes, respectively. GO, Gene
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological processes; CC, cellular components, MF molecular functions
(http://www.bioinformatics.com.cn/).
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were “cation channel complex”, “ion channel complex”, and

“transmembrane transporter complex”; the top three enriched

molecular function terms were “small GTPase binding”, “Ras

GTPase binding”, and “calmodulin binding” (Figure 5B). In

addition, KEGG pathway analysis showed that genes associated

with differentially expressed eccDNA were significantly enriched

in “Axon guidance pathway” (upregulated), “Rap1 signaling

pathway” (upregulated), and “Cholinergic synapse pathway”

(upregulated), and “ErbB signaling pathway” (downregulated),

“GnRH secretion pathway” (downregulated), and “Focal adhesion

pathway” (downregulated) (Figures 5C, D).
Identification of survival-related hub
genes associated with the differentially
expressed eccDNAs in the CSF derived
from normal and MB subjects

A total of 380 eccDNAs were expressed in three CSFs but not

in normal samples. As previously mentioned, these eccDNAs

contained 220 gene fragments, considered differential genes

between the tumor and normal groups (Figure 6A). These

genes were then intersected with genes in datasets GSE85217

and GSE124814, yielding 161 genes for subsequent analysis

(Figure 6B). A total of 337 patients with clinical survival and

follow-up information from the GEO dataset GSE85217 were

included in the following survival analysis as the training cohort.

Based on the univariate Cox regression model, 21 hub genes

significantly correlated with the OS. Lasso-penalized Cox

analysis identified 18 genes to be incorporated in multivariate

Cox analysis (Figure 6C), and 10 genes were finally used to

establish a prognostic model comprising MSH6, NUP85, TBCK,

HERPUD2, ZNF750, BAIAP2L1, IFNGR2, FAM172A, FBXO45,

and CFLAR. Interestingly, when we compared the expression of

these hub genes with samples in the GSE214814 dataset (n =

1,641: 1,350 MB and 291 normal brain samples), 9 of these genes

were differentially expressed (p < 0.05) (Figure 6D). Univariate

Cox regression analysis demonstrated that these genes were

independent prognostic factors of OS (p < 0.05), although the

multivariate Cox regression analysis showed no significant

association between FBXO45 and CFLAR and OS (Table S6).

Finally, we included all 10 genes to establish the risk score

model (Figure 6E).
Establishment of the prognostic
signature of hub genes

The risk score was calculated based on the expression value

of hub genes using the R package “survival”. Taking the median

risk score as a cutoff value, 337 patients were assigned to high- or

low-risk groups. The KM survival curve was plotted to compare
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OS between the two groups, and a significant difference was

found (p < 0.001) (Figure 7A). The survival curves in Figure S5A

demonstrate that the expressions of MSH6 (p = 0.028), NUP85

(p = 0.001), IFNGR2 (p = 0.017), and FBXO45 (p = 0.05) were

negatively correlated with OS, and TBCK (p = 0.037),

HERPUD2 (p = 0.001), and BAIAP2L1 (p = 0.008) were

positively correlated. In addition, to assess the predictive

power of the hub genes, time-dependent receiver operational

characteristic (ROC) curves were used, yielding area under the

curve (AUC) values of 0.759, 0.799, and 0.781 for 1-year, 3-year,

and 10-year survival, respectively (Figure 7B). This finding

suggests that these genes have a high sensitivity and specificity

in predicting OS. Meanwhile, we found that the 3- and 10-year

AUCs were higher than the 1-year AUC, indicating the stronger

predictive power of hub genes for long-term outcomes.

Moreover, ROC curve analysis showed that the AUCs of the

intersected hub genes were >80% (Figure 7C), suggesting that

they have a significant diagnostic value for MB. The individual

ROCs for each gene are shown in Figure S5B, revealing the

positive value of MSH6 and IFNGR2 as independent diagnostic

factors. A comparison of the OS and the expression of 10 genes

between the high-risk and low-risk groups showed that the high-

risk group was associated with a poorer prognosis (Figure 7D).

The expression of the upregulated genes correlated with worse

patient prognosis (Figure 7E). As shown in Figure S5C, we

established a clinically applicable nomogram for predicting the

prognosis of MB patients based on the expression of these hub

genes. All independent prognostic and associated gene

expression parameters were included in the prognostic

nomograms constructed by stepwise Cox regression models to

predict 1-, 5-, and 10-year OS of MB patients in the

training cohort.
Construction and validation of the
predictive nomogram

After verifying that the risk score could be used as an

independent factor to predict OS of MB patients (p < 0.001),

age, gender, tumor metastasis, and molecular subtype were

included in our prognostic model (Table S7). Univariate and

multivariate Cox regression analysis suggested that risk score

(p < 0.001), age (p < 0.05), and tumor metastasis (p < 0.01)

were all independent prognostic factors of OS in MB patients,

unlike gender and molecular subtype (Figure 8A), consistent

with the literature. Next, we established a nomogram to

predict the OS of this patient population. The prognostic

nomogram was constructed by a stepwise Cox regression

model that included risk score, age, tumor metastasis,

prognostic parameters, and relevant clinical data, to predict

3-, 5-, and 10-year OS of MB patients in the training cohort

(Figure 8B). Finally, we compared the nomogram-predicted 3-
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, 5-, and 10-year OS with the observed 3-, 5-, and 10-year OS

to validate the accuracy of the prognostic model, and both

were generally consistent (Figure 8C), highlighting the

reliability of our nomogram to predict the survival

probability of MB patients.
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Discussion

Several studies suggest the presence of eccDNA in human

plasma and tissues (17, 19, 39). Here, we extracted eccDNA from

MB tumor tissue and matched CSF using two different methods
B C D

E

A

FIGURE 6

Identification of hub genes for differentially expressed eccDNAs in CSF. (A) A total of 380 differentially expressed eccDNAs between normal and
MB in CSF. (B) Venn plot of genes among GSE124814, GSE85217, and data from our cohort. (C) Eighteen genes were selected by Lasso-
penalized Cox analysis. (D) Differential expression of 10 hub genes between normal and tumor samples in dataset GSE124814. (E) Ten hub
genes associated with OS in the training cohort. The symbol * means FDR adjusted p value for the labeled correlation was less than 0.05, **
means FDR adjusted p value for the labeled correlation was less than 0.01.
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based on Circle-Seq (17, 19, 35), substantiating the existence of

eccDNA in CSF. It has been shown that eccDNA is closely

related to the development of CNS tumors and affects the

prognosis (10, 11, 16). An increasing body of evidence

suggests that the genetic characteristics of cell-free tumor

DNA (ctDNA) in CSF are consistent with matched CNS

tumors and could be a reliable approach for monitoring the
Frontiers in Oncology 12
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status of tumors (40–43). In the present study, we hypothesized

that eccDNA might exhibit the genetic characteristics of MB

tumors, and detecting the genetic characteristics of eccDNAs in

CSF may provide a new direction for clinical diagnosis,

treatment, and prognosis.

Importantly, the eccDNAs revealed in this study can be

derived from all genomes and are roughly proportional to the
B C
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A

FIGURE 7

Signature-based risk score in the training cohort. (A) The Kaplan–Meier survival curves of the high (red) and low (blue) risk groups are based on
the 10 hub gene signature. (B) The time-dependent ROC curves (1 year, 3 years, and 10 years) of the 10 hub gene signature. (C) ROC curve of
the sensitivity for MB diagnostic through the 10 hub gene signatures. (D, E) Distribution of risk score, survival overview, and heatmap of hub
genes in the training cohort. The symbol "*" means FDR adjusted p value for the labeled correlation was less than 0.05, "**" means FDR adjusted
p value for the labeled correlation was less than 0.01, and "***" means FDR adjusted p value for the labeled correlation was less than 0.001.
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overall abundance of non-repetitive and repetitive sequences in

the genome, consistent with the literature (44, 45). Interestingly,

the highest density of eccDNA distribution was found on

chromosome 17, which may be because human autosomes

have the highest gene density on chromosome 17 (46). The

least amount of eccDNA was observed on chromosome Y, which

has a low gene density. Consistently, when we mapped eccDNA

to different classes of genomic elements to investigate their

formation preferences, eccDNA was most enriched in the

5’UTR and the Alu repeat regions, which have the highest

gene densities (47, 48). The pattern identified here was slightly

different from that previously reported in the literature for
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eccDNAs in mice (49), human plasma (17), and esophageal

squamous cell carcinoma (ESCC) (50), possibly due to the

unique intracranial environment, although the exact reason

remains to be further investigated. This distribution

characteristic of eccDNA suggests that its formation may be

inextricably linked to high gene density. To further search for the

potential mechanism of eccDNA formation, we performed motif

analysis of the nucleotide patterns around the breakpoints on

both sides of eccDNAs. It has been suggested that double-repeat

trinucleotide sequences on both sides of the breakpoints may be

associated with eccDNA formation (17, 51), with increasing

reports highlighting the presence of microhomologous base
B C

A

FIGURE 8

Construction and validation of a nomogram for survival prediction. (A) Multivariate Cox regression analysis of the association among clinical
factors, risk score, and OS. (B) Nomogram combining the 10 hub gene signature and clinical factors. (C) Validation of the accuracy of the
prognostic model with dataset GSE85217. The symbol "*" means FDR adjusted p value for the labeled correlation was less than 0.05, "**" means
FDR adjusted p value for the labeled correlation was less than 0.01, and "***" means FDR adjusted p value for the labeled correlation was less
than 0.001.
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patterns at the junctions of eccDNAs, which can be formed by

homologous recombination, microhomology end joining, or

nonhomologous end joining-mediated cyclization of DNA (17,

18, 50, 52). A large number of repetitive bases were also

identified in our data; unfortunately, after comparison with the

repetitive sequences reported in the literature, we did not find

any prominent features to prove an association with eccDNA

formation. The current method of eccDNA purification is

mainly through exonuclease digestion after alkaline lysis to

obtain the product (19); this presents a problem that a trace

amount of endonuclease activity in the exonuclease can cause

eccDNA loss and thereby affect the yield. Mann et al.

demonstrated that current research methods on eccDNA may

produce false positives in rolling circle amplification (RCA) (53),

because of its dependence on many cycles of amplification, and

susceptibility to template-switching artifacts. These factors

contribute to the general limitations of eccDNA research. A

recently published study describes a new three-step eccDNA

purification (3SEP) procedure by adding a new step that allows

eccDNA purification with high purity and reproducibility (39);

however, further details of the comparison between the different

methods deserve to be discovered in more studies.

Of 35,179 eccDNAs, 16,733 (47.57%) overlapped with

regions encoding genes . Surpr is ingly , some genes

corresponded to multiple eccDNAs. Identification of genes

that could form more than 20 eccDNAs showed that they

were larger than 1 Mb (Table S8), which may reveal a genetic

preference for eccDNA formation.

Consistent with previous studies, most eccDNAs (99.77%)

were smaller than 2 kb and exhibited two distinct peaks at 201 bp

and 360 bp (19, 54). Comparison of the eccDNA characteristics

between the normal and tumor groups showed that the length of

normal tissue eccDNAs was smaller than that of tumor tissues,

similar to the difference between fetal and maternal eccDNA in

the plasma (17). Although we did not observe differences in

chromosome distribution, genomic elements of annotated

eccDNAs, and repetitive sequences between the tumor and

normal groups, the two groups exhibited greater variability in

eccDNA abundance level, a phenomenon previously reported in

a study on ESCC (50). Surprisingly, the abundance levels of

eccDNAs in tumor tissue samples and matched CSF samples

were related, while tumor and normal brain tissue samples were

significantly different. Furthermore, the morphological

characteristics and genomic distribution of eccDNAs in tumor

tissue samples and matched CSF samples were consistent,

highlighting that eccDNA levels in the CSF of MB patients can

reflect the status of eccDNA levels in MB, warranting further

investigation. Interestingly, we found that some eccDNAs were

expressed in all three tumor CSF samples, which were lowly

expressed in normal samples, suggesting that these eccDNAs

may be potential biomarkers in distinguishing tumor from
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normal brain tissue and may be involved in tumorigenesis,

progression, and evolution. Although our findings are

clinically positive, unfortunately, there were not enough

matched normal samples to further validate the differences

between the tumor and normal groups, and the samples did

not cover all MB subtypes, leaving us unable to investigate the

characteristics of eccDNA in each MB subtype, which requires

more patient data to increase its robustness.

To understand the underlying mechanisms, GO and

KEGG pathway analyses of differentially expressed eccDNA-

related genes in tumor CSF samples and normal CSF samples

were conducted and revealed enrichment in “dendrite

development”, “axonogenesis”, “Axon guidance pathway”,

and “Rap1 signaling pathway”, which have been associated

with CNS tumors (55, 56).

MB is one of the most common malignant tumors of the

CNS in children with a poor prognosis (1, 4, 5). After the new

addition of molecular biological markers in the 2016 edition of

the World Health Organization (WHO) CNS tumor

classification (6), genetic testing plays an important role in the

staging and treatment of MB, including CTNNB for the WNT

group (57), TP53 for the SHH group (58), MYC or MYCN for

group 3 (59), and methylation for group 4 (60); these mutations

are strongly associated with poor prognosis in MB patients. The

sensitivity of magnetic resonance imaging (MRI) and CSF

cytology, currently used in the clinical setting for patients with

MB, is limited by the extent of tumor growth (7, 8), and

monitoring tumor status that may not be found by imaging

techniques can help physicians diagnose and treat earlier,

contributing to the OS of patients (61). Importantly, previous

literature has shown that the abundance of eccDNA is closely

correlated with gene expression profiles (10, 62); thus, we

hypothesized that a set of eccDNA-related genes might exhibit

better performance in predicting the prognosis of MB patients.

Subsequently, we analyzed two mRNA microarray datasets

(GSE85217 and GSE124814), combined with the expression

data of eccDNA overlapping genes measured in our cohort

samples. Univariate Cox analysis, Lasso Cox regression

analysis, and multivariate Cox analysis were performed, and

10 hub genes were incorporated to construct the risk model

comprising MSH6, NUP85, TBCK, HERPUD2, ZNF750,

BAIAP2L1, IFNGR2, FAM172A, FBXO45, and CFLAR.

Although these eccDNA-related genes expressed some

correlation after comparing our data with GSE124814, which

is consistent with previous studies (10, 62), the overall

association between the two datasets was not significant due to

the different sources. More work will be carried out to reveal the

correlation between eccDNA and gene expression profiles in MB

by including a larger sample in the future. A total of 337 patients

with clinical survival and follow-up information from the GEO

dataset GSE85217 were included in the following survival
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analysis. We evaluated the model’s performance using ROC

curves of the risk score obtained from the combined analysis of

hub gene expression. ROC curve analysis yielded AUCs of 0.759,

0.799, and 0.781 for survival at 1, 3, and 10 years, respectively,

implying that the risk score had high sensitivity and specificity.

We also assessed the diagnostic performance of the hub gene in

MB patients. Finally, we constructed a nomogram to predict the

OS of MB patients, which exhibited better performance than

traditional clinical factors (gender, grading, age, etc.), and

validated its accuracy and sensitivity using prognostic data

from real patients. Compared to previous literature that

identified a 12-gene signature (AUC of 1 year = 0.889, AUC of

3 years = 0.681, and AUC of 5 years = 0.703) to predict OS inMB

by considering only the GEO database (63), our data (AUC of 1

year = 0.759, AUC of 3 years = 0.799, and AUC of 10 years =

0.781) show stronger long-term predictive power in prognosis,

and one strength of eccDNA is the ability to profile it in the CSF.

However, this model has not been further validated in

experiments and was based on a relatively small sample size

of data.

In addition, 7 of these 10 hub genes reportedly participate in

the biological processes of the tumor. MSH6 is a protein-coding

gene component of the post-replicative DNA mismatch repair

system (MMR) and forms a heterodimer with MSH2 to form

MutS a, which is involved in DNA repair. Growing evidence

suggests that MSH6 expression is significantly associated with

tumor drug resistance and poor clinical outcomes, especially in

MB, glioblastoma, bladder cancer, and breast cancer (64–66).

MSH6 also showed high accuracy and sensitivity in diagnosis and

prognosis in our data analysis, highlighting that it is an area

worthy of our focus. NUP85 is related to the composition of the

Nup107–160 subunit of the nuclear pore complex, mostly

associated with nephrotic syndrome (67). Recent studies have

identified its possible involvement in tumor development through

the immune system and its potential as a new therapeutic target

(68). ZNF750 is mainly expressed in squamous epithelial cells,

with a nuclear localization signal and a conserved C2H2 zinc

finger domain, and has been reported to correlate with the

prognosis of ESCC, colonic cancer, and nasopharyngeal

carcinoma patients (69–71). BAIAP2L1 is a protein-coding gene

belonging to the IRSp53 family, which acts as an insulin receptor

(IR) adapter that activates the IR-irs1/2 (insulin receptor substrate

1/2)–AKT signaling pathway by stimulating tyrosine

phosphorylation of IR (72). BAIAP2L1 has been reported as a

potential biomarker in various tumors (73–75). FAM172A is a

newly discovered protein-coding gene whose specific function has

not been studied, although it is widely thought to regulate

alternative splicing by interacting with AGO2 and CHD7 (76),

especially in pancreatic cancer and papillary thyroid carcinoma

(76, 77). FBOX45 belongs to the FBXO protein subfamily and has

been closely associated with the development of the nervous
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system. Recent studies have shown that FBOX45 is also

involved in cancer development (78, 79), but the exact

mechanism has not yet been studied. Moreover, CFLAR

(CASP8 And FADD Like Apoptosis Regulator) plays an

important role in several cellular processes such as apoptosis,

necrosis, autophagy, and inflammation and is structurally similar

to caspase-8 (80). An increasing body of evidence from recently

published studies suggests that CFLAR overexpression contributes

to tumor progression and correlates with a poor clinical outcome

in cancers such as prostate, colorectal, gastric cancers, head and

neck squamous cell carcinoma (HNSCC), and non-small cell lung

cancer, which may be related to the cell death inhibitory function

of FLIP (81, 82). Moreover, the protein encoded by HERPUD2

may be involved in the endoplasmic reticulum (ER)-associated

degradation and mediates ER stress-induced inflammation (83).

Furthermore, TBCK (TBC1 domain containing kinase) may be

involved in the transcriptional regulation of components of the

mammalian target of the rapamycin (mTOR) complex and has

also been associated with neuronal developmental disorders (84,

85). Finally, IFNGR2 (interferon-gamma receptor 2) encodes a

protein that is the non-ligand binding b-chain of the gamma

interferon receptor, and its possible involvement in interleukin

(IL)-1b-dependent inflammation was noted in recent studies

(86, 87).

Notwithstanding that several articles have studied the

potential functional mechanisms of eccDNAs in various

tumors by combining next-generation sequencing, few have

explored the association between eccDNAs and MB. Herein,

we demonstrated the presence of eccDNAs in CSF, described the

characteristics and genomic landscape of eccDNAs, and

researched the possible mechanisms of its production.

EccDNAs exhibit similarities between MB and matched CSF,

suggesting their potential as a biomarker in the diagnosis and

prognosis of MB. Based on the differentially expressed eccDNA-

related genes between tumor and normal CSF samples,

combined with the GEO database analysis, we screened 10 hub

genes associated with MB diagnosis and prognosis and

established a model to benefit patients and physicians in

clinical practice. Our findings also reveal the potential of

eccDNA in targeted interventions. However, limited by the

relatively small clinical sample size, individual variations in

eccDNAs among the samples from this study may affect the

robustness of our findings to a certain extent, emphasizing the

need for more studies with larger sample sizes.
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Cross-reactivity between
histone demethylase inhibitor
valproic acid and DNA
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glioblastoma cell lines

Anna-Maria Barciszewska1,2†, Agnieszka Belter3†,
Iwona Gawrońska3, Małgorzata Giel-Pietraszuk3

and Mirosława Z. Naskręt-Barciszewska3*

1Intraoperative Imaging Unit, Chair and Department of Neurosurgery and Neurotraumatology, Karol
Marcinkowski University of Medical Sciences, Poznan, Poland, 2Department of Neurosurgery and
Neurotraumatology, Heliodor Swiecicki Clinical Hospital, Poznan, Poland, 3Institute of Bioorganic
Chemistry, Polish Academy of Sciences, Poznan, Poland
Currently, valproic acid (VPA) is known as an inhibitor of histone deacetylase

(epigenetic drug) and is used for the clinical treatment of epileptic events in the

course of glioblastoma multiforme (GBM). Which improves the clinical

outcome of those patients. We analyzed the level of 5-methylcytosine, a

DNA epigenetic modulator, and 8-oxodeoxyguanosine, an cellular oxidative

damage marker, affected with VPA administration, alone and in combination

with temozolomide (TMZ), of glioma (T98G, U118, U138), other cancer (HeLa),

and normal (HaCaT) cell lines. We observed the VPA dose-dependent changes

in the total DNA methylation in neoplastic cell lines and the lack of such an

effect in a normal cell line. VPA at high concentrations (250-500 mM) induced

hypermethylation of DNA in a short time frame. However, the exposition of

GBM cells to the combination of VPA and TMZ resulted in DNA

hypomethylation. At the same time, we observed an increase of genomic 8-

oxo-dG, which as a hydroxyl radical reaction product with guanosine residue in

DNA suggests a red-ox imbalance in the cancer cells and radical damage of

DNA. Our data show that VPA as an HDAC inhibitor does not induce changes

only in histone acetylation, but also changes in the state of DNAmodification. It

shows cross-reactivity between chromatin remodeling due to histone

acetylation and DNA methylation. Finally, total DNA cytosine methylation and

guanosine oxidation changes in glioma cell lines under VPA treatment suggest

a new epigenetic mechanism of that drug action.
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Introduction

Valproic acid (2-propylvaleric acid, 2-propylpentanoic acid,

VPA) is used primarily in the treatment of epilepsy, bipolar

disorders neuropathic pain, and migraine prophylaxis. It is also

a first-line antiepileptic drug (AED) for glioblastoma (GBM)

patients (1). Although the mechanism of the VPA action is not

fully understood, its action includes increased GABAergic activity,

a reduction in excitatory neurotransmission, and modification of

monoamines (2). VPA is mostly known due to its histone

deacetylase (HDAC)-inhibitory activity (3), which is believed to

be responsible for the antitumor action defined as epigenetic

effects of this drug (4). Through the HDAC inhibition, VPA

promotes transcription activity of chromatin, and a better access

to transcription factors as well as the transcriptional machinery to

DNA (5). Furthermore, it has been shown that VPA affects tumor

cells by inhibiting proliferation, angiogenesis and promoting

apoptosis. However, these activities on glioma cells are

somewhat contradictory (4, 6, 7), and may allow more durable

benefits from its anti-glioma properties.

VPA (Figure 1A) is a branched short-chain fatty acid with a

half-life of 9-16 h. Maximum plasma concentrations range from

25 to 100 mg/l following administration of 250 to 1000 mg dose.

The protein binding capacity of VPA in plasma is approximately

90% in healthy persons. It is almost completely absorbed after

oral administration, and dose-dependent peak plasma

concentrations are attained within 1 to 10 hours. The

bioavailability of VPA is nearly 100%, and its therapeutic

concentration is 50–100 µg/ml (340–700 µM/l) (8). However,

VPA penetration through the blood–brain barrier (BBB)

changes because of an asymmetric transport of valproate, such

that the brain-to-blood flux exceeds the blood-to-brain flux.

Only a free, non-protein-bound, portion of VPA crosses the BBB

and shows its antiepileptic effect (9). Valproate concentration in

the cerebral cortex is remarkably low, compared with either total

or unbound VPA concentration in plasma. The respective brain-

to-serum partition ratios based on the total and free drug in
Frontiers in Oncology 02
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serum are 0.11 ± 0.05 and 0.54 ± 0.18, respectively (10). Other

studies showed brain levels of VPA at 6.8-27.9% and CSF levels

at 7.6-25.0% of the plasma level (11). Altogether, understanding

the mechanism of action of VPA is necessary.

The best known chemotherapeutic agent for GBM is

temozolomide (TMZ). Temozolomide, (4-methyl-5-oxo-

2,3,4,6,8-pentazabicyclo[4.3.0]nona-2,7,9-triene-9- carboxamide)

(Figure 1B) is an oral alkylating agent that significantly prolongs

survival in GBM patients when administered during and after

radiotherapy (12). It is used as first-line chemotherapy, but also

shows significant activity against recurrent glioblastoma (13).

TMZ is available to the central nervous system (CNS) because

its lipophilic properties allow efficient crossing of the BBB. TMZ

interferes with the mechanism of development of cancer, slowing

down its growth and spread in the body. O6-methylguanine (O6-

mG) is regarded as the primary cytotoxic lesion of TMZ in DNA,

although, it constitutes only ca. 5% of the TMZ-mediated

methylation reaction products. Therefore, it is not clear why

methylation of the O6 position of guanine can be the major

player in cytotoxic drug action.

Glioblastoma is the most frequent, highly recurrent, and

rapidly progressing type of astrocytic brain tumor in adults. It is

characterized by uncontrolled proliferation, dynamic

angiogenesis, invasiveness, and the ability to evade apoptosis

and infiltrate the neighboring brain. There are much data

showing that GBM is mainly driven by genetic and epigenetic

aberrations (14). The standard therapy for glioblastoma patients

consists of surgical resection followed by radiation therapy and

concomitant chemotherapy with temozolomide (12). However,

even with that therapeutic scheme, the median survival time of

GBM patients is still below 12 months from diagnosis, and the 5-

year survival rate is less than 5%. Therapy failure, observed in the

vast majority of glioblastoma patients, and bad prognosis are

probably due to high intrinsic resistance to chemo- and

radiotherapy on the one hand, as well as the rapid spread of

glioblastoma cells in the brain on the other. Therefore, a new

strategy to treat GBM is still urgently needed. Up to 50% of
BA

FIGURE 1

Chemical formulae of Valproic acid – (A) and temozolamide – (B).
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glioblastoma patients develop tumor-associated epileptic

seizures that are treated with AEDs. Glioma patients with a

history of seizures have a better prognosis than patients without

seizures, and it has been reported that this phenomenon could be

related to the VPA used for seizure prophylaxis or treatment

(15). It has been shown that VPA might have a synergistic

antitumor effect with radiation therapy because of the radio-

sensitizing properties of VPA (16). On the other hand, there are

clinical trials suggesting that the addition of VPA to the standard

radiotherapy with temozolomide in newly diagnosed

glioblastoma patients may prolong survival (17), but others

show no significant difference in overall survival (18). In

addition to that, a meta-analysis confirmed some survival

benefits unequally (19). Even mechanism of VPA action is

vague and the impact on GBM patients’ survival is doubtful,

still VPA is the most commonly used AED during glioblastoma

treatment. Therefore, we decided to look more precisely at the

mode of action, of this epigenetic drug.

Epigenetics provides a new explanatory area for many

pathological processes. It offers a connection between genetic

and environmental factors that influence the development of the

disease. Epigenetic regulation of gene expression is a dynamic,

responsive, and reversible process. It plays a critical role in the

pathophysiology of diseases, from neurological to metabolic

disorders, to cancer and rare diseases thus leading to the

tailoring of conventional therapies and ultimately better

outcomes. DNA methylation is an essential mechanism for gene

expression regulation, genomic imprinting, development, and

genomic stability. DNA methylation status can significantly alter

transcription factor binding and is thought to be inversely

proportional to the level of expression of gene products. The

bestcharacterized epigenetic marker is 5-methylcytosine (m5C) in

DNA (20). Therefore, the implications of DNA methylation

changes are numerous (21, 22). Recently, we have shown that

m5C is a diagnostic marker for brain tumors’ malignancy and the

severity of other diseases (23, 24). In other studies we have found

that temozolomide which modifies DNA through methylation

(damage) of oxygen 6 of guanosine in DNA, affects methylated

cytosine (m5C) level, causing oxidative demethylation (25, 26).

Another DNA damage product is 8-hydroxydeoxy

guanosine (8-oxo-dG), formed by the reaction of guanosine

residue with hydroxyl radical (•OH). It induced base paring not

only with cytosine (Watson-Crick base pair) but also with

adenosine causing G-T transversion. A high level of 8-oxo-dG

as a result of oxidative stress contributes to genome instability,

elevated proliferation rate, and metastasis. A mutual monitoring

of m5C and 8-oxo-dG level in DNA will provide data for

discussion of VPA effects on the cell.

The aim of the present work was to look for a new

mechanism of VPA action in glioblastoma cells. We showed

that it works not only as HDAC inhibitors but also as an effector

of DNA methylation. It is known that epigenetic modifications

respond to environmental changes more rapidly than genetic
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ones. Therefore, the level of their changes seems to be most

promising in the treatment of such diseases as cancer.

In the paper, we showed that VPA stimulates DNA cytosine

methylation, and did not change significantly red-ox potential of

the GBM cells. The effect of combined treatment of VPA and

TMZ is toxic to the cell.
Materials and methods

Chemicals and reagents

Sodium valproate (Sanofi-Aventis, France) stock solution of

100 mg/ml in water was used to prepare the required

concentration with a complete medium. Temozolomide

(Merck, Germany) was dissolved in dimethyl sulfoxide

(DMSO, Sigma) at a concentration of 0.103 M. [g-P32] ATP

(6000 Ci/mmol) was purchased fromHartmann Analytic GmbH

(Germany), T4 polynucleotide kinase was purchased from USB

(UK), micrococcal nuclease, spleen phosphodiesterase II,

apyrase, RNase P1, thiazolyl blue tetrazolium bromide, and

inorganic salts were purchased from Sigma Aldrich/Merck

(Germany), cellulose plates and methanol were purchased

from Merck (Germany), and the Genomic Mini kit for DNA

isolation was supplied by A&A Biotechnology (Poland).
Cell line and culture conditions

The human glioblastoma cell lines (T98G, U138, U118), the

cervical cancer cell line (HeLa), and the human keratinocyte cell

line (HaCaT) were purchased from ATCC (USA). T98G and

U138 cell lines were cultured in EMEM medium (ATCC), U118

in DMEM (ATCC), HeLa, and HaCaT in EMEM (Sigma-

Aldrich). Each medium was supplemented with 10% (v/v) fetal

bovine serum (FBS, Sigma-Aldrich) and 10 mg/ml antibiotics

(penicillin 100 U/ml and streptomycin 100 mg/ml). Cells were

cultured at 37°C with 5% CO2 in humidified air. After 24 h, cells

were washed with phosphate-buffered saline (PBS, Sigma-

Aldrich/Merck), placed in a fresh medium, and treated with

VPA alone or a mixture of VPA and TMZ.
Cell viability/proliferation assay

Cell viability was evaluated with a dye-staining method,

using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT) (27). Cell lines (HaCaT, HeLa,

T98G, U118, U138) were seeded in 96-well culture plates at a

density of 1×104 cells/well and grown in the supplemented

medium at 37°C under 5% CO2 atmosphere. Next the cell

lines were treated with VPA at concentrations (20, 39, 78, 156,

313, 625, 1250, 2500, 5000, 10000, 20000 µM). The combinations
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of TMZ concentrations of 0, 1, 30, and 100 µM with the above

mentioned VPA concentrations were performed to show the

concomitant effect of dual treatment. After 24 h, the supernatant

was washed out, and 100 µl of MTT solution in medium (0.5 mg/

ml final concentration of MTT) was added to each well for 2 h.

After the incubation, the unreacted dye was removed through

aspiration. The formazan crystals were dissolved in 100 µl/well

DMSO and measured spectrophotometrically in a multi-well

Synergy2 plate reader (BioTek Instruments, USA) at a test

wavelength of 492 nm and a reference wavelength of 690 nm.

The half-maximal inhibitory concentrations (IC50) were

calculated by fitting experimental values to the sigmoidal bell-

shaped equation using GraphPad Prism v5.01 (GraphPad

Software, Inc., USA). Values represent the means from three

independent experiments.
Treatment of the cell lines with valproic
acid

VPA stock solution was added directly to the culture

medium (with 90–95% confluence) to get the required

concentrations (30, 50, 100, 250, 500 mM) and incubated for 3,

12, 24, and 48 h. For the control reaction the cells were treated

with H2O only. After 3–48 h of VPA treatment, cells were

washed with PBS, trypsinized, and collected by centrifugation at

4000 rpm for 10 min. The cellular pellets were quickly frozen

and stored at 20°C for DNA isolation.
Treatment of the cell lines with the
combination of valproic acid and
temozolamide

VPA and TMZ stock solutions were added directly to the

culture medium to get the designed concentration. In

experiments with TMZ, the final DMSO concentration in

each cell culture was 0.8%. Cell cultures (with 90–95%

confluence) were washed with PBS and placed in fresh

medium, and treated with: 50 mM VPA and 0, 1, 30, or 100 mM
TMZ for 3, 24 and 48 h; 200 mMVPA and 0, 1, 30, or 100mMTMZ

for 3, 24 and 48 h; 350mMVPA and 0, 1, 30, or 100mMTMZ for 3,

24 and 48 h. The control cells were treatedwithH2O (forVPA) and

DMSO (for TMZ). After incubation, the cells were washed with

PBS, trypsinized, and collected by centrifugation at 4000 rpm for

5min. The cellularpelletswerequickly frozenand storedat20°C for

DNA isolation.
DNA isolation from cell cultures

DNA from tissue samples was extracted with the Genomic

Mini kit according to the manufacturer’s instructions. Shortly,
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tissue samples were incubated with RNase A first and then with

proteinase K. After centrifugation (15000 rpm for 3 min), the

supernatant was applied to a mini-column, and DNA bound to

the column was eluted with Tris-buffer pH 8.5 and stored at 20°

C for further analysis. The purity of DNA preparations was

assessed by measuring UV absorbance at 260 and 280 nm. The

A260/A280 ratio was 2.0–2.1.
Analysis of m5C contents in DNA

DNA (dried, 1mg) was dissolved in a succinate buffer (pH

6.0) containing 10 mM CaCl2 and digested with 0.001 units of

spleen phosphodiesterase II and 0.02 units of micrococcal

nuclease in 4 ml total volume for 5 h at 37°C. DNA digest was

labeled with 1mCi [g-P32]ATP (6000 Ci/mmol) and 1.5 units of

T4 polynucleotide kinase in 10 mM bicine-NaOH pH 9.7 buffer

containing 10 mM MgCl2, 10 mM DTT, and 1 mM spermidine.

After 0.5 h at 37°C, apyrase (10 units/ml) in the same buffer was

added and incubated for another 0.5 h. The 3’nucleotide

phosphate was cleaved off with 0.2 mg RNase P1 in 500 mM

ammonium acetate buffer, pH 4.5. Identification of [g-P32]m5C

was pe r fo rmed wi th two-d imens iona l th in - l aye r

chromatography (TLC) on cellulose plates using the solvent

system isobutyric acid:NH4OH:H2O (66:1:17 v/v) in the first

dimension and 0.2 M sodium phosphate (pH 6.8)-ammonium

sulfate-n-propyl alcohol (100 ml/60 g/2 ml) in the second

dimension. Radioactivity was subsequently measured using a

Fluoro Image Analyzer FLA-5100 with Multi Gauge 3.0 software

(FujiFilm). Each analysis was repeated three times. For precise

calculations, we evaluated spots corresponding not only to m5C,

but also to products of its degradation, such as cytosine (C) and

thymine (T). The amount of m5C was calculated as R = [(m5C/

m5C+C+T)]*100 (23).
Analysis of 8-oxo-dG contents in DNA

DNA was dissolved in 200 µl of a buffer (pH 5.3) containing

40 mM sodium acetate and 0.1 mM ZnCl2, then mixed with

nuclease P1 (Sigma-Aldrich, St. Louis, MO, USA) solution (30

µg), and incubated for 3 h at 37°C. Then, 30 µl of 1M Tris–HCl

pH 8.0 and 5 µl of alkaline phosphatase (1.5 units) solution was

added, followed by 1 h incubation at 37°C. DNA hydrolysate was

purified using a cut-off 10,000 Da filter. 8-oxo-dG amount in

DNA was determined using HPLC (Agilent Technologies 1260

Infinity, CA, USA) with two detectors working in series: 1260

Diode Array Detector and Coulochem III Electrochemical

Detector (ESA Inc., Chelmsford, MA, USA). Isocratic

chromatography of DNA hydrolysate was performed using a

solution of 50 mMCH3COONH4 at pH 5.3 and methanol (93:7).

Analysis of dG for reference was performed at 260 nm. 8-oxo-dG

was determined with the following electrochemical detection
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settings: guard cell +400 mV, detector 1: +130 mV (screening

electrode), detector 2: + 350 mV (measuring electrode set on the

100 nA sensitivity) (28).
Calculation of the genomic amount of
m5C and 8-oxo-dG in human DNA

The amount of modified bases in DNA was calculated on the

basis of global genome composition - 3.05× 109 bases (100%),

where C - 624 × 106 (20,5%), T - 905 × 106 (29,6%), G - 623 × 106

(20,4%), A - 901 × 106 (29,5%), and m5C - 31 × 106 (1%). The

amount of m5C (%) in pyrimidines in DNA was determined

from TLC analysis with the formula R[%] = m5C × 100/(C + T).

The total number of m5C in the genome was calculated from the

formula m5C = (1 498 333 975) × R/100. The input amount of

guanosine was necessary to determine 8-oxo-dG contents. It was

calculated from Diode Array Detector (PAD) measurements

using Avogadro number NG = 6.02 × 1020 × b(mAU)/a(mAU)

standard. 8-oxo-dG nucleoside amount was estimated with

electrochemical detector N8-oxo-dG = 6.02 × 1020 × d(nA)/c

(nA) standard. The total number of 8-oxo-dG = 623 × 106 ×

N8-oxo-dG/NG (29).
Statistical analysis

STATISTICA software, (StatSoft Polska), was used for

analyses of all data, as previously (30). The data are the result

of three independent experiments. The descriptive statistics

function was used to generate the mean and SD. The one-

tailed t-test was used to calculate significant differences in R

values for tested samples as compared with the control. Standard

deviations were indicated as error bars on graphs.
Results

Cytotoxic effect of VPA in neoplastic and
normal cell lines

Cell viabil ity was determined by MTT assay at

concentrations in the range of 20 µM–20 mM (1.29 - 4.3 on

the logarithmic scale) and 1 µM–2 mM (0 - 3.301 on the

logarithmic scale) for VPA and TMZ, respectively. VPA below

1000 µM (3 on logarithmic scale) showed no effect either on

U118 or T98G glioma cells (Figures 2A, D, E), in a range 1 000 –

10 000 µM (3 – 4 on logarithmic scale) slight, and above 10 000

µM (4 on logarithmic scale) significant decrease of these

cells viability

Interestingly, no toxicity of VPA at concentrations below 5

000 µM (3.7 on logarithmic scale) toward U138 and HaCaT cells
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was observed. What is more, a slight increase in cells viability in

a range of 40 - 1 250 µM (1.6 – 3.1 on logarithmic scale) and 625

– 10 000 µM (2.8 – 4 on logarithmic scale) VPA was reported for

U138 and HaCaT cells, respectively (Figures 2A, C). TMZ is

much more toxic for all tested cell lines than VPA (Figures 2C–

F). TMZ at concentrations above 50 mM shows a significant

decrease in the viability of human glioblastoma cell lines (T98G,

U118), a keratinocyte cell line (HaCaT), and a cervical cancer

cell line (HeLa) (Figures 2B–F). Calculated IC50 for T98G and

HaCaT cell lines were 2.3 and 1.2 mM, respectively (31, 32).

Combination index (CI) of VPA and TMZ was calculated

with CompuSyn software (31, 32), for T98G cells, treated

simultaneously with different concentrations VPA (up to 20

mM) and 100uM TMZ or VPA only. Clearly combination index,

CIVPA-TMZ value is above >1 (IC = 2.55, for fa = 0.5), which

suggests antagonistic effect of these drugs on cell viability.
The effect of VPA on genomic DNA
methylation level in cell lines

The total DNA methylation level (expressed as R) in the cell

lines was analyzed in after treatment with 30-500 mM of VPA for

3-48 h (Figure 3). We noticed concentration and time dependent

m5C contents changes. Small fluctuations of DNA methylation

were observed for a normal cell line (HaCaT), where are m5C

level increased slightly for other cell lines after 12 and 24 h of

incubation. For the HeLa cell line we observed the highest

increase in total DNA methylation. For glioblastoma cell lines

at the concentrations of 250-500 mM (for U138 and U118 also in

100 mM), we noticed that m5C content increased in a dose-

dependent manner. For T98G, a significant increase in DNA

methylation at all concentrations was visible after 24 h. However,

a longer incubation time (48 h) showed a lower level of m5C,

which suggests demethylation (Figure 3). The differences in R

values between different VPA concentrations in all cell lines were

statistically significant (Supplementary Table S1).
The effect of VPA and TMZ on genomic
DNA methylation level in cell lines

We analyzed the combined effect of VPA (0, 50, 200, and 350

mM) and of TMZ (0, 1, 30, and 100 mM) for 3, 24, and 48 h on

human glioblastoma (T98G, U138, U118) and keratinocyte

(HaCaT) cell lines (Figure 4). In control experiments, cell lines

were treated with H2O and DMSO for VPA and TMZ,

respectively. The effect of VPA/TMZ action on glioblastoma

cell lines is variable. One can see VPA alone produces a clear

dose-dependent increase in genomic DNA methylation in

glioblastoma cell lines and scarcely in a non-neoplastic cell

line. For HaCaT cell line, longer incubation (24 h) was crucial
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to obtain a statistically significant increase in total DNA

methylation with VPA and TMZ (Supplementary Table S2).

On the other hand for T98G, U138, and U118 cell lines, TMZ

catalyzes the removal of m5C, which clearly proves DNA

demethylation. The decrease in m5C contents in the DNA of

T98G cell line is negatively correlated with treatment with TMZ

(100 mM) and VPA (350 mM), for 3 h (Figure 4). Similar

observations can see for U118 for 24h (Figure 4). A slightly

higher increase in m5C contents induced with the increasing

amount of TMZ was observed only for the U138 cell line at 50

mM of VPA after 48 h of incubation. The differences in R values

are statistically significant (Supplementary Table S2).
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Cytotoxic effect of a combination of
VPA and TMZ in neoplastic and normal
cell lines

Cell viability of glioblastoma (T98G) and keratinocyte

(HaCaT) cell lines undergoing combined therapy was

determined with MTT assay in the range of 20 µM - 20 mM

(1.3 – 4.3 on logarithmic scale) VPA and 1, 30 and 100 µM

(0, 1.5 and 2 on logarithmic scale TMZ (Figure 5).

T98G cells seem to be more sensitive than HaCaT to TMZ

(Figures 2B, 5D–F), VPA (Figure 2A) and a combination of

TMZ and VPA (Figures 5A–F). VPA, in a concentration range of
B

C D

E F

A

FIGURE 2

(A) - valproic acid’s effect on human glioblastoma cell lines (T98G, U118, and U138) and a keratinocyte cell line (HaCaT) viability 24 h after cell
culture supplementation with VPA (20-20000 µM; log concentration, 1.3 - 4.3 µM). (B) - TMZ’s effect on human glioblastoma cell lines (T98G,
U118), a keratinocyte cell line (HaCaT) and an adenocarcinoma cell line (HeLa) viability 24 h after cell culture supplementation with TMZ (1 µM -
2 mM, log concentration 0–3.3 µM). The comparison of TMZ and VPA effect on the viability of (C) - U118, (D) - T98G, (E) - HaCaT, and (F) -
HeLa cells. Values are the means ± SE of at least four experiments.
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625 – 10 000 µM (2.8 – 4 on logarithmic scale), increases the

viability of HaCaT cells (Figures 2A, 5A, C). Such an effect was

observed (but is much lower) in the case of HaCaT cells treated

already with TMZ (Figures 5A, D–F). It means that VPA in such

concentrations protects healthy cells (HaCaT) from cell death

being a result of TMZ (30 or 100 µM). In the case of T98G, in the

range of 20 µM - 10 mM VPA no additional toxicity of T98G

cells treated already with TMZ was observed (Figures 5B, D–F).

However, VPA above 625 µM (2.8 on logarithmic scale),

excelerates the cytotoxic effect of TMZ on T98G cells

(Figures 5B, D–F).
Analysis of m5C and 8-oxo-dG contents
in DNA of T98G cell lines treated with
VPA and TMZ

The total level of m5C and 8-oxo-dG in genomic DNA from

the T98G cell line after treatment with TMZ, VPA, and their

mixture was analyzed. One can see that treatments with TMZ

and VPA separately, show an increase of m5C contents and a

decrease of the 8-oxo-dG amount in DNA (Figure 6). On the

contrary combined TMZ and VPA action induced cellular stress
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and DNA cytosine hypomethylation, and small changes in 8-

oxo-dG. A decrease in the amount of 8-oxo-dG suggests the

induction of DNA repair mechanisms.
Discussion

In a search for an understanding of the mechanism of VPA

action, we analyzed changes in the total genomic contents of 5-

methylcytosine, the main epigenetic modification of DNA in cell

lines. The reason for focusing on that marker is that the DNA

methylation (m5C) profile changes dynamically under the influence

of environmental, nutritional, and pathogenic conditions, viruses,

and many other factors, as well as development and aging (33). The

presence or absence of DNA (m5C) methylation functions as a

“switch”, repressing or activating gene transcription, respectively,

and therefore providing an essential mechanism for tissue-specific,

developmentally regulated, and environmentally influenced genetic

processes (14). In parallel to the analysis of m5C, we also looked at

8-oxo-dG level in DNA, which is well known DNA oxidative

damage marker.

In the present study, we analyzed the influence of VPA on

genome wide methylation. It turned out that VPA alone
FIGURE 3

The effect of valproic acid (VPA) on DNA (m5C) methylation level (R) in different cell lines. The analysis was performed after 3, 12, 24, and 48 h of
incubation in a given VPA concentrations (0, 50, 100, 250, 500 mM). For control experiment cells were treated with H2O. The R values are
means from three experiments.
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increases total DNA methylation in a dose-dependent manner.

We adjusted VPA doses to those virtually achieved in the central

nervous system during treatment (11). While therapeutic serum

concentrations of VPA are 340–700 µM, its brain concentration
Frontiers in Oncology 08
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is approximately 7-30% of that in plasma. Therefore, to analyze

the real VPA impact on the central nervous system, one should

focus on the VPA concentration in the range between 23 and 490

µM. Therefore, in our experiments, we used a concentration of
FIGURE 4

The effect of action of VPA/TMZ on total DNA (m5C) methylation level in different cell lines. The analysis was performed after 3, 24 and 48 h of
incubation in a given VPA (0, 50, 200, 350 mM) and TMZ concentration (0, 1, 30, 100 mM). For control experiments cells were treated with DMSO
only. The R values are means from three experiments. The reference (100%) is the viability of cells not treated with TMZ and VPA. Values are
means from three experiments.
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30-500 µM. VPA concentration of 1 mM is already double our

maximum. Based on our previous observations with high doses

of TMZ, one can presume that in such high concentrations,

DNA demethylation can be an effect of oxidative stress and DNA

modification as well as induction of the DNA repair mechanism

(25). However, DNA demethylation in VPA-treated HeLa cell

lines has been observed (34) although that analysis has been

done with FT-IR microspectroscopy, at high VPA concentration

(1 and 20 mM) for 24 h. In another study, the glioma stem cell

colonies were treated with 2 mM VPA for 24 h and up to 30

days, and TMZ of 50-400 mM for 48 or 72 h. VPA in that
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conditions, does not increase TMZ efficacy (35). This is

understandable in the scope of our observations, showing that

the joining of VPA and TMZ action causes global DNA

demethylation (Figure 4). Interestingly it has been previously

shown that VPA downregulates MGMT expression in glioma

cells (36). In the case of 0.5–10 mMTMZ, DNA hypomethylation

in glioblastoma cell lines depends on the cell line. This effect is

particularly interesting because that range of concentration is

observed in the brain during TMZ treatment (26). At the

concentration of 10 mM of TMZ (3 mM in the case of U118),

dose-dependent DNA hypermethylation was observed. The
B

C D

E F

A

FIGURE 5

Cell viability assay of the glioblastoma cell line T98G – (A), and the keratinocyte cell line HaCaT – (B) 24 h after cell culture supplementation
with both TMZ (0, 1, 30, 100 µM) and different concentrations (20, 39, 78, 156, 313, 625, 1250, 2500, 5000, 10000, 20000 µM) of VPA. Cell
viability assay of the glioblastoma cell line T98G and the keratinocyte cell line HaCaT 24 h after cell culture supplementation with different
concentrations (20–20000 µM, log concentration 1.3 - 4.3 µM) of VPA – (C) and both VPA and 1 µM – (D), 30 µM – (E) and 100 µM - (F) of
TMZ. Values are means ± SE of at least four experiments.
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hypomethylating effect of VPA/TMZ treatment is most striking

after 3 h and is more balanced after a long time of incubation (24

and 48 h) (Figure 4). It has been frequently observed for different

environmental pollutants (37). Comparing the results for drug

combination (Figures 6C–F) with the single drug effects

(Figures 2D, E), one can say that VPA shows a positive effect

on longer cells’ viability under TMZ treatment. Several

mechanisms underlying the anti-tumor effect of VPA have

already been considered (38). One of them regards VPA as

histone deacetylase (HDAC) inhibitor, which increases lysine

acetylation on histones, as well as other nonhistone proteins, by

downregulating the HDAC activity. Removal of positive charge

from lysine residue induces loosening of the chromatin structure

and provides better accessibility to transcription factors to their
Frontiers in Oncology 10
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target DNA sequence (39). Therefore, HDAC inhibitors induce

numerous downstream effects such as cell cycle arrest, induction

of apoptosis, affection of angiogenesis, inhibition of cellular

stress response pathways, and changing ncRNA expression

(39). However, VPA is a relatively weak HDAC inhibitor at

millimolar concentrations, and is only an active inhibitor at

relatively high concentrations (40). It actually excludes that

mechanism from place in the brain because of the very small

penetration of the drug through BBB. One should remember

that HDAC inhibitors can reverse CpG methylation by the

down-regulation of DNMT1 expression or by the repression of

ERK1, and gene silencing (41). Those observations provide

support for our concept of the novel epigenetic mechanism of

VPA action which stimulates genome-wide DNAmethylation. A
B

C D

E F

A

FIGURE 6

Contents of m5C – (A, C, E) and 8-oxo-dG – (B, D, F) in DNA from T98G cell line after treatment with TMZ, VPA or their mixture. The analysis
was performed after 24 h of incubation in given TMZ (0, 1, 10, 50, 100 and 200 mM), and VPA (0, 30, 50, 100, 250, 500 mM) concentration and
mixtures of both of TMZ/VPA at ratio (0, 0.02, 0.1, 0.25, 0.29, 0.4). In control experiment cells were treated with DMSO only. The R values are
means from three experiments.
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possible reason for that can be drug-induced DNA

hypermethylation (42). 5-methylcytosine is a product of an

enzymatic reaction catalyzed by DNA methyltransferases

(DNMTs), where S-adenosyl methionine (SAM) is the only

methyl donor. VPA is not a substrate for DNMTs, therefore,

the only possible mechanism where a drug can increase m5C

contents is the allosteric activation of DNMTs (43). The

induction of DNA hypermethylation with drugs, hormones,

and other biological compounds has already been observed

(42). The other indirect evidence for such a mechanism is the

blockage of cancer-specific processes by SAM supplementation,

which results in DNA hypermethylat ion and gene

downregulation (44, 45). Taking this into account, it seems

reasonable that VPA, either in vitro studies or phase I/II

clinical trials, induced cell growth inhibition on both benign

cells, such as vascular pericytes, cancers, as well as acute myeloid

leukemia and solid malignancies (46).

The mechanism of action of VPA, which we propose, is

based on allosteric enzyme activation from one side, but also on

the oxidative demethylation (hypomethylation) through ROS.

That negative association between DNA methylation and

oxidative stress was recently confirmed (28). In this paper, we

showed that the level of 8-oxo-dG is a good marker of the

oxidative stress. As a product of ROS reaction with DNA, we can

assume the red-ox state of the cell. The formation of 8-oxo-dG

provides information on how deep is the DNA methylation

process due to the reaction of the methyl group of m5C

with ROS.

The most important aspect of our studies is clinical

relevance. The meta-analysis of 210 patients with GBM

treated with different AEDs (VPA, carbamazepine,

phenytoin) showed significantly longer survival than those

who were not, and patients treated with VPA had

significantly longer survival than those who had received

other AEDs (17). However, that work did not specify the

kind of chemotherapy that was used in the analyzed patients

(whether it was temozolomide or not).
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The observation that GBM patients may benefit from VPA

therapy, supports our results. We have recently shown that the

DNA methylation level in the cell depends on oxidative damage

and is reversely correlated with ROS reaction products (28). It is

also known that elevated ROS levels in the cell promote tumor

development and progression (47). However, the relationship

between DNA methylation level with cancer is less obvious.

DNA hypermethylation leads to gene down expression including

tumor suppressor gene promoters. The methylation of DNA

diminishes the affinity of transcriptional factors to the target

sequence. On the other hand, global DNA hypomethylation,

resulting in total gene expression deregulation, is observed in

many tumors (27). For many years, the research focus was

directed toward DNA hypomethylating events, and the

antineoplastic effect of various drugs was regarded as a

consequence of oxidative stress induction and ROS-mediated

cell damage (48). However, the efficacy of DNA demethylation

agents is limited, and indications are selected (49). The reason

for this is the occurrence of global oxidative damage of the cell

under such oncological treatment. Surviving cells are highly

resistant to any treatment and produce aggressive recurrences.

The factors affecting global DNA hypomethylation are recently

within the scope of many studies (50, 51), especially because it

was proven that the hypermethylated phenotype signifies better

survival in glioma (52).

The results of our study clearly identify the DNA

hypermethylating effect of VPA (Figure 7), which can be

regarded as the antineoplastic one. The hypomethylation with

TMZ in our experiments identifies possible obstacles to the

combined therapy of temozolomide, a standard for

chemotherapy of primary and recurrent GBM (53), with

valproic acid, which is recommended in symptomatic tumor-

related epilepsy as a first-line treatment, especially during

temozolomide therapy (1). Despite some cell lines studies

showing a promising additive effect of VPA on TMZ (54–56),

no significant positive impact on overall survival was observed in

clinical trials while incorporating the VPA together with TMZ
BA

FIGURE 7

The schematic of VPA and TMZ impact on DNA (m5C) methylation – (A) and DNA (8-oxo-dG) oxidation – (B), alone and in combination. The
concomitant application of the both drugs induces DNA hypomethylation.
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(18). VPA shows the ability to affect TMZ sensitivity in GBM cell

lines suggesting that it is the chemosensitizing drug (54). Our

experiments show that combined therapy with both drugs leads

to total DNA hypomethylation, which suggests the lack of a

clearly positive clinical effect of VPA in GBM.

Generally, it turned out that valproic acid acts on two

levels of epigenetic cell’s machinery. In addition to histone

acetylation, VPA induces reprogramming and increases the

total DNA methylation level in glioblastoma cell lines in a

dose-dependent manner. The DNA hypermethylation effect

of VPA alone can be beneficial for GBM treatment, but

not in a combination with TMZ, which induces DNA

demethylation (Figure 7). Therefore, further clinical

trials, are needed to evaluate the combining VPA/TMZ

treatment effects.
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Purpose: The aim of the present study is to evaluate the safety and efficacy of

iodine-125 brachytherapy for newly diagnosed brain metastasis in patients with

non-small cell lung cancer (NSCLC).

Materials and methods: The study included 158 NSCLC patients diagnosed

with brain metastasis from December 2003 to August 2017. Ninety-nine

patients underwent external beam radiotherapy (EBRT group), and 59

patients received iodine-125 brachytherapy (125I group). In addition, the 6-

and 12-month progression-free survival (PFS) rates and the 12- and 24-month

overall survival (OS) rates were compared between the EBRT group and the 125I

group. Median OS and PFS were analyzed using the Kaplan−Meier method with

a log-rank test.

Results: The 6-month PFS rate was significantly higher in the 125I group (p =

0.002) than in the EBRT group, while no differences were found in the 12-

month PFS rate (p = 0.184). Additionally, the 12- (p = 0.839) and 24-month (p =

0.284) OS rates were not significantly different between the two groups. No

significant differences in median OS (p = 0.525) or PFS (p = 0.425) were found

between the two groups.

Conclusions: Iodine-125 brachytherapy is an alternative therapy for patients

unable to undergo surgical resection.

KEYWORDS

iodine-125, brachytherapy, brain metastasis, non-small cell lung cancer, external
beam radiotherapy
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Introduction

Lung cancer is one of the leading causes of cancer-related

mortality. Approximately 57% of patients with non-small cell

lung cancer (NSCLC) present with metastasis. At the time of

diagnosis, 20% of patients have brain metastases (BMs) (1, 2).

Approximately 25% to 50% of patients will present with BMs

during the course of the disease (3).

For BMs, surgical resection is often the option to alleviate

symptoms. Various studies have confirmed the efficacy of

surgical resection combined with postoperative radiation

therapy (4). However, some of the patients presenting with

BMs could not undergo surgical resection because of location,

tumor volume, or poor medical conditions. Additionally, some

patients reject the surgery and fear the side effects. The efficacy of

radiotherapy without surgical resection has been approved.

However, the prescribed dose of external beam radiotherapy

(EBRT) should not be further increased in consideration of the

safety of the surrounding normal tissues.

In contrast to primary brain tumors, infiltration of

metastases seldom occurs in the brain. Based on these

characteristics, local treatment was superior in controlling

metastases (3). Numerous data confirmed the efficacy of 125I

brachytherapy for local control. The minimally invasive, precise

therapy allows a higher prescribed dose within the tumor and

continuously releases low-dose rate g-rays, which is different

from EBRT. Various studies have confirmed the safety and

efficacy of 125I brachytherapy for a variety of tumors (5). In

the present study, we aimed to evaluate the safety and efficacy of
125I brachytherapy for newly diagnosed BMs in patients

with NSCLC.
Materials and methods

Patient selection

The present study was approved by the institutional review

boards of the two centers. The requirement for informed consent

of the patients was waived. Patients’ data between December

2003 and 25 August 2017 were analyzed. The inclusion criteria

were as follows: a) NSCLC patients diagnosed with BMs, b)

patients who previously received systemic treatment, and c)

patients who received 125I brachytherapy or EBRT as their

initial treatment for BMs. The exclusion criteria were as

follows: a) the BMs involved the bilateral cerebral hemisphere,

b) the number of BMs was more than three, and c) patients with

intratumoral hemorrhage. All patients could continue systemic

treatment after EBRT or 125I implantation.
Frontiers in Oncology 02
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Implantation of 125I seeds

125I seeds were implanted as we previously reported (6, 7).

As shown in Figure 1, the implantation of 125I seeds was

performed with the guidance of a treatment planning system

(TPS, Beijing Astro Technology Ltd. Co., Beijing, China).

Patients were fixed on the CT bed with a vacuum pad. The

puncture point was confirmed with a homemade locator. Holes

were drilled after general anesthesia according to the

preoperative plan. Flat needles were used to implant the 125I

seeds (0.7 mCi, Model 7711, Beijing Atom and High Technique

Industries, Inc., Beijing, China). After the operation, vital signs

were monitored, and dehydration medications were given.
EBRT

As shown in Figure 2, EBRT plans were carried out with a

VMAT (RapidArc, Eclipse Treatment Planning System version

13, Varian, Palo Alto, USA) treatment planning system. EBRT

planning was carried out with the CT images with a 2-mm slice

thickness. According to the standard institutional protocols, the

clinical target volumes (CTVs) were delineated. The head was

immobilized with a thermoplastic mask. Photon beams which

were generated through a linear accelerator and synchrotron

were emitted and shaped with ridge filters, double-scattering

sheets, multicollimators, and custom-made boluses.
Study outcomes

Basic characteristics were compared between the two groups.

In addition, the 6- and 12-month PFS and the 12- and 24-month

OS rates were compared between the two groups. OS was

measured from the time of 125I implantation or EBRT to the

time of death or last follow-up. PFS was calculated from the time

of 125I implantation or EBRT to the time of tumor recurrence,

progression, or death.
Statistical analysis

The date of the last follow-up was 13 December 2018. SPSS

(Version 18.0, IBM, NY, USA) was used to analyze the data. c2 or
Fisher’s exact tests were used for categorical variable comparisons,

and two-tailed Student’s t-tests were used for continuous variable

comparisons. Survival curves were evaluated using the Kaplan

−Meier method with a log-rank test. For all analyses, a p-value

<0.05 was considered of significant difference.
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Results

Patient characteristics

Basic data were compared between the two groups

preoperatively. No differences were found in terms of sex, age,

Karnofsky performance score (KPS), neurological symptoms, or

chemotherapy. In the EBRT group, 5, 42, and 52 BMs were
Frontiers in Oncology 03
78
located in the right, left, and both hemispheres, respectively. In the
125I group, 32, 21, and 6 BMs were located in the right, left, and

both hemispheres (p < 0.001), respectively. The ratio of patients

with BM diameters greater than 3 cm in the 125I group was greater

than that in the EBRT group (p < 0.001). The median diameter of

the tumor was 2 cm (range, 0.6–4.8 cm) in the EBRT group and

3 cm in the 125I group (range, 1.5–5 cm). The median prescribed

dose (PD) was 41.3 Gy in the EBRT group and 93.5 Gy in the 125I
FIGURE 2

Example of the treatment planning of EBRT. (A) Traverse, (B) sagittal, and (C) coronal views of the treatment planning.
FIGURE 1

Implantation of 125I seeds with the guidance of TPS. (A, B) Enhanced CT images of BMs resulting from NSCLC. (C, D) Needle paths were
designed with TPS. (E) Preimplantation dose volume histogram (DVH) of GTV. (F, G) CT images of the brain after 125I seed implantation.
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group. The differences were significant (p < 0.001) (Table 1). Brain

stem was recognized as the organ at risk. The maximum tolerated

dose is 79.6 Gy. Thus, the BED and EQD2 were calculated

according to the following formulae (8): BED = D[1 + R0/(m +

l) (a/b)] = 83.3 Gy; EQD2 = BED/[1 + 2/(a/b)] = 50.0 Gy.
Postoperative complications

No fatal complications occurred after treatment. No radiation-

related necrosis was found in either of the groups. Three patients in

the 125I group suffered a minor cerebral hemorrhage during the

operation. Edema was exacerbated in 15 and 2 patients in the EBRT

and 125I groups, respectively. No severe neurological symptoms or

infections occurred during the therapies.
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Analysis of survival

As shown in Table 2, the 6-month PFS rates were 51.5% and

76.3% in the EBRT and 125I groups, respectively. The differences

were significant (p = 0.002). The 12-month PFS rates were 30.3%

and 40.0% in the EBRT and 125I groups, respectively. No

significant differences were found (p = 0.184). The 12-month

OS rates were 66.1% and 67.7% in the EBRT and 125I groups,

respectively (p = 0.839). The 24-month OS rates were 35.4% and

27.1% in the EBRT and 125I groups, respectively (p = 0.284). The

median PFS was 6 and 10 months in the EBRT and 125I groups,

respectively (p = 0.425) (Figure 3). The median OS was 18 and 16

months in the EBRT and 125I groups, respectively. The log-rank

test indicated that no differences were found between OS in the

two groups (p = 0.525) (Figure 3).
TABLE 1 Characteristics of NSCLC patients with BMs in the two groups.

Characteristic EBRT 125I p-value

Gender 0.284

Male 59 30

Female 40 29

Age 0.366

≥60 43 30

<60 56 29

KPS 0.117

≥90 39 16

<90 60 43

Neurological symptoms 0.034

Yes 69 50

No 30 9

Tumor location <0.001

Right 5 32

Left 42 21

Both 52 6

Diameter (cm)

≥3 24 35 <0.001

<3 75 24

Median (range) 2 (0.6–4.8) 3 (1.5–5)

Time between diagnosis and treatment (months)

Median (range) 2 (0.5–5.5) 2 (0.5–6.5)

Chemotherapy 0.126

Yes 95 53

No 4 6

Dose (Gy) <0.001

Mean (range) 41.3 (22.8–60) 93.5 (80–120)
fronti
EBRT, external beam radiotherapy; KPS, Karnofsky performance score.
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Discussion

The present study indicated that both external beam

radiotherapy and 125I brachytherapy resulted in excellent local

control of the disease. The retrospective study suggested that

both 125I brachytherapy and EBRT are effective therapeutic

choices for NSCLC patients with BMs. The 125I group had a

higher 6-month PFS control rate than the EBRT group.

The prognosis of lung cancer patients with BMs is poor (9).

As shown in a Swedish cohort study, the median survival time of

lung cancer patients with BMs was only 2.5 months, and the 24-

month OS rate was only 10.4% (10). Surgical resection is the best

option for patients with single-brain metastasis. Surgery

provides a debulking of the mass effect, an effective local

control, and tissue for diagnosis. Numerous studies have

reported the efficacy of surgical resection for brain metastasis.

Nakagawa et al. (11) reported that the overall mean survival was

11.6 months, and the 1-year survival rate was 24% in 89 NSCLC

patients with brain metastasis (12). However, surgery was not an

option for patients with a large tumor volume in a limited

location or in a poor medical condition. For those patients,

EBRT is the best option. A series of studies confirmed the

therapeutic safety and efficacy of EBRT (9). In recent years,
125I brachytherapy has been widely used for various tumors,

including prostate cancer, lung cancer, pancreatic cancer,
Frontiers in Oncology 05
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esophageal cancer, colorectal cancer, cervical cancer, head and

neck cancer, and liver cancer (13–19).

In the present study, we compared 125I brachytherapy with

EBRT for NSCLC patients with BMs in whom surgery was not

an option. According to the K-M analysis with a log-rank test,

there were no statistically significant differences between the two

groups in terms of the median OS and PFS. The results indicated

that 125I brachytherapy could be chosen as an alternative

treatment to EBRT for NSCLC patients with BMs.

Interestingly, when we compared the 6-month PFS rate

between the two groups, 125I brachytherapy showed better

results than EBRT. The 6-month PFS rates were 51.5% and

76.3% in the EBRT and 125I groups, respectively. These results

may support that 125I brachytherapy was better than EBRT at

achieving 6-month local control for NSCLC patients with BMs.

Because patients were mostly afraid of radiation damage to

normal tissue, the increase in PD was limited during EBRT.
125I seeds were implanted within the tumors, and the half-value

layers of the seeds in the soft tissue were 1.7 cm. Thus, for BM

treatment, the mean PD of the 125I seeds was elevated to an

average of 93.5 Gy in this study. No severe radiation damage was

found. The underlying reason could be that the 125I seeds were

implanted within the tumor, continuously releasing low-dose g-
rays, which is different from EBRT. The half-life period of 125I is

60.2 days (11), and the duration of the therapy is generally
A B

FIGURE 3

Kaplan–Meier analysis of OS and PFS. (A) The median OS was 18 and 16 months in the EBRT and 125I groups, respectively. The log-rank test
showed no statistical differences between the two groups (p = 0.525). (B) The median PFS in the 125I and EBRT groups was 10 and 6 months,
respectively. No significant difference was found between the groups with a log-rank test (p = 0.425).
TABLE 2 PFS and OS control rate at different time points.

Rate 125I (%) EBRT (%) p-valuea

6-month PFS 76.3 51.5 0.002

12-month PFS 40.7 30.3 0.184

12-month OS 67.7 66.1 0.839

24-month OS 27.1 35.4 0.284
fron
aData were compared with the c2 tests.
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considered to be 6 to 8 months, which may partly explain why

the 6-month PFS rate was higher in the 125I group than in the

EBRT group. No significant differences were found when

comparing the 12-month PFS rate with the 12- and 24-month

OS rates. These results indicated that repeated 125I implantation

might be needed to obtain a higher 6-month PFS rate.

However, 125I seed implantation is a minimally invasive

treatment compared with surgical resection. Edema, bleeding, and

infection sometimes occur. The complications are typically not

severe and can be controlled after conservative treatment. Safety has

been proven in several studies (5, 15, 16). No fetal complications

were found in either of the groups. Although previous studies

reported radiation-induced normal brain tissue necrosis around the

lesion during radiation therapy, the risk of radionecrosis is

approximately 10%, 15%, or 20% for patients with brain

metastases who received single-fraction stereotactic radiosurgery.

The volume of the tissues receiving 12 Gy was 5, 10, or >15 cm3,

respectively (20, 21), while no radiation-related necrosis was found

in the present study even with a higher PD in the 125I group. As we

previously reported, flat needles were used during 125I implantation

(6, 7). However, bleeding still occurred in 3 patients in the 125I

group during the operation. Edema was worsened in 2 patients and

15 patients in the EBRT group and the 125I group, respectively,

which was relieved after routine dehydration medication.

Patients received EBRT Monday–Friday each week for

approximately 4–6 weeks. For patients who received 125I

implantation, the therapy was mostly completed at one time,

and patients were discharged from the hospital approximately

3–5 days after the operation. The patients made a one-time

payment of approximately $3,000 to $5,000 for EBRT or 125I

therapy. Although 125I is an invasive therapy, it is more

convenient for patients than EBRT.

In the present study, we compared 125I brachytherapy with EBRT

for the treatment of BMs in patients with NSCLC. No significant

differences were found between the two groups, except for the 6-

month PFS rate. The safety of 125I brachytherapy was confirmed. The

results indicated that for NSCLC patients with BMs unsuitable for

surgery, 125I brachytherapy was a safe and effective therapy choice.
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Lipid droplets and ferroptosis
as new players in brain cancer
glioblastoma progression and
therapeutic resistance

Ayenachew Bezawork-Geleta1*, James Dimou2,3

and Matthew J. Watt1
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A primary brain tumor glioblastoma is themost lethal of all cancers and remains

an extremely challenging disease. Apparent oncogenic signaling in

glioblastoma is genetically complex and raised at any stage of the disease’s

progression. Many clinical trials have shown that anticancer drugs for any

specific oncogene aberrantly expressed in glioblastoma show very limited

activity. Recent discoveries have highlighted that alterations in tumor

metabolism also contribute to disease progression and resistance to current

therapeutics for glioblastoma, implicating an alternative avenue to improve

outcomes in glioblastoma patients. The roles of glucose, glutamine and

tryptophan metabolism in glioblastoma pathogenesis have previously been

described. This article provides an overview of the metabolic network and

regulatory changes associated with lipid droplets that suppress ferroptosis.

Ferroptosis is a newly discovered type of nonapoptotic programmed cell death

induced by excessive lipid peroxidation. Although few studies have focused on

potential correlations between tumor progression and lipid droplet abundance,

there has recently been increasing interest in identifying key players in lipid

droplet biology that suppress ferroptosis and whether these dependencies can

be effectively exploited in cancer treatment. This article discusses how lipid

droplet metabolism, including lipid synthesis, storage, and use modulates

ferroptosis sensitivity or tolerance in different cancer models, focusing

on glioblastoma.

KEYWORDS

brain cancer, metabolism, lipids, cell death, therapeutic vulnerabilities, glioma, lipid
droplet (LD)
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Introduction

Glioblastoma, designated as WHO grade 4, is the most

common and most aggressive intra-axial brain tumor and has

limited treatment options (1–3). The development of cancer

therapies has improved outcomes for most malignancies, with

the five-year survival of patients ranging from 25–95% (4–6). In

contrast, glioblastoma remains overwhelmingly lethal, with only

~5% of patients alive five years after diagnosis (7).

The gold standard treatment of glioblastoma includes

maximal safe surgical resection (8) combined with radiotherapy

and temozolomide chemotherapy, which is referred to in neuro-

oncology circles as the Stupp protocol (1, 2); however, relapse

remains inevitable. Temozolomide (chemical name 3-methyl-4-

oxoimidazo[5,1-d](1–3, 5)tetrazine-8-carboxamide (9)) has

several advantages, such as oral administration, a favorable side-

effect profile, evidence of blood–brain barrier penetration, acidic

environment stability, and limited drug interaction-related

toxicity. The original randomized controlled trial published by

Stupp et al. (1, 2) showed that adding postoperative adjuvant

temozolomide chemotherapy to surgery and radiotherapy

increased the median survival of glioblastoma patients from 12.1

months to 14.6 months. Bevacizumab, a monoclonal antibody

targeted to vascular endothelial growth factor A (VEGF-A), has

been shown to offer some progression-free survival benefits in

patients who develop recurrent glioblastoma (10). Another study

has shown that epigenetic silencing of the DNA repair gene O-6-

methylguanine-DNA methyltransferase (MGMT) offers a

superior response to chemoresistance tumors to temozolomide

(11). However, it has limited therapeutic efficacy due

to recurrence.

For three decades, other strategies have been pursued to

improve the survival outcomes of glioblastoma patients (12, 13).

Considerable efforts have been made to catalog genetic

aberrations and associated disrupted signaling pathways in

glioblastoma for the purpose of developing novel targeted

therapies. The first genome atlas study by The Cancer Genome

Atlas (TCGA) Research Network uncovered 453 validated

missense somatic mutations in glioblastoma (14). Subsequent

systematic analysis at the genomic and transcriptomic levels

showed that 71 mutated genes as significant pathogenic factors

(14, 15). Histological and molecular analysis further revealed a

landscape of tumor heterogeneity, which led to efforts to

differentiate glioblastoma into distinct molecular subtypes (16,

17). An early attempt at such molecular classification by

Verhaak et al. distinguished glioblastoma into four molecular

subtypes: proneural, mesenchymal, classical, and neural (18).

The classical subtype was characterized by amplification of

epidermal growth factor receptor (EGFR) and associated with

the upregulation of retinoblastoma (RB), sonic hedgehog (SHH),

and notch signaling-related pathway genes. The classical type

typically lacks of TP53 mutation. Conversely, mesenchymal

subtype glioblastomas were characterized by high expression
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of chitinase 3 like 1 (CHI3L1) and tyrosine-protein kinase Met

(MET), a high frequency of neurofibromin 1 (NF1) mutation/

deletion, and low NF1 gene expression. Key proneural subtype

markers are TP53 aberrations and metabolic enzyme isocitrate

dehydrogenase 1 (IDH1) mutation and platelet-derived growth

factor receptor alpha (PDGFRA). The neural subtype expressed

neurofilament light chain (NEFL), gamma-aminobutyric acid

type A receptor subunit alpha1 (GABRA1), synaptotagmin 1

(SYT1), and solute carrier family 12 member 5 (SLC12A5). It has

been proposed that these specific subtypes of glioblastoma

develop due to promutagenic aberrations in distinct cells of

origin (18). However, due to the inclusion of mRNA from

glioblastoma-associated stroma (nonmalignant cells) along

with tumor cells in the Verhaak et al. transcriptome study,

these four pathological subtypes subjected to further

interrogation. Accordingly, Wang et al. (19) used stringent

criteria to distinguish specific mRNA from peripheral

nonmalignant cells by comparing the transcriptome of core

versus peripheral glioblastoma surgery specimens and mRNA

profile from glioblastoma cell culture and revealed the presence

of only three pathological subtypes (i.e., classical, proneural, and

mesenschymal subtypes). Subsequent studies also classify

glioblastoma into different prognostic subtypes (20–22) using

different multi-omics signatures.

Recently, the integration of cross-platform analyses coupling

metabolomic profiling with genomics and proteomics has

provided an in-depth understanding of the metabolic

programming that occurs during tumor growth. It has

identified key metabolic nodes specific to glioblastoma and

their molecular context. Notable findings of mutations in the

metabolic enzyme IDH1, representing an early event in

gliomagenesis (22, 23), have led to an in-depth study of

metabolic status across all grades and subtypes of glioma.

However, it must be stressed that the presence of IDH1

mutation now precludes the formal pathological diagnosis of

glioblastoma, as it is now genetically defined as “IDH-wildtype”

in the most recent edition of the WHO Classification of CNS

Tumors (24).

Further, it has been found that glucose, glutamine, and

tryptophan metabolism play roles in glioblastoma progression

and recurrence following surgery and chemotherapy (25–28).

Glutamine metabolism changes in glioblastoma have been

incorporated into the clinical practice of noninvasive

metabolic imaging strategies for stratifying patients,

monitoring treatment response, and prognostication (29–32).

Advances in metabolic imaging modalities, including magnetic

resonance spectroscopy (MRS), positron emission tomography

(PET), single-photon emission computerized tomography

(SPECT), mass spectrometry imaging (MSI), and fluorescence

imaging have given researchers and clinicians unprecedented

opportunities for in vivo measurements of glutamine

metabolism and clinical management of gliomas (29–32). In

particular, PET using 11C-glutamine allows noninvasive
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visualization of glioma and various malignant tumors in

multiple organs and for subsequent monitoring of responses to

clinical treatments (29).

Unfortunately, our ever-improving understanding of the

molecular basis of glioblastoma initiation and progression has

not yet translated to therapeutic success (17). This requires the

interrogation of novel molecular signaling mechanisms and

metabolic processes in glioblastoma and their exploitation for

therapeutic progress. To this end, lipid metabolism and

ferroptosis have only recently been explored and identified as

key regulators in the initiation and maintenance of glioblastoma

(33–35) and other cancers (36–38). Notable related discoveries

and translations include the recently developed and

characterized selective, irreversible, and potent fatty acid

synthase (FASN) inhibitor IPI-9119 (39), as well as the

identification of druggable targets, including ATP-citrate lyase

(ACLY) (40) and the plasma membrane lipid importer CD36

(41). This review examines recent studies showing lipid droplets’

critical role in suppressing ferroptosis to promote tumorigenesis.
Features of ferroptosis

Ferroptosis is a recently discovered type of programmed cell

death that exhibits unique morphological, biochemical and

genetic features compared to previously characterized

processes of cell death, including apoptosis, necrosis, and

autophagy (42–44). Accordingly, ferroptosis does not depend

on the mechanisms by which cancer cells frequently evade

apoptosis, such as the activation of caspases. Apoptosis

inhibitors (e.g., Z-VAD-FMK, BOC-D-FMK, wortmannin, and

necrostatin-1) failed to protect cells from ferroptosis mediated

cell death (42–44). Instead, ferroptosis is mainly embodied by

accumulation iron, leading to lethal levels of lipid peroxidation.

The typical cells in ferroptosis show extensive lipid peroxidative

damage to biological membranes, shrunken mitochondria, and

an increase in mitochondrial membrane density (45), indicating

that execution of ferroptosis requires active mitochondrial

function. Interestingly, the nucleus remains intact during

ferroptosis, in contrast to other cell death mechanisms that

lead to fragmented nuclei (43, 46, 47). Ferroptosis is also

caused by a redox imbalance of cellular homeostasis, leading

to the formation of a myriad of secondary byproducts, including

breakdown products of lipid peroxides (e.g., malondialdehyde

(MDA), 4-hydroxynonenal (4HNE), 4-hydroxyhexenal (4HHE),

and 4-oxo-nonenal (4ONE)) and oxidized and modified

proteins). This chain reaction may eventually lead to the

breakdown of membrane integrity and the rupture of

organelles and/or cell membranes and, ultimately, result in cell

death (43–45, 48). In contrast, ferroptosis-mediated cell death

can be modulated by the expression and activity of proteins that

regulate the levels, transport, storage, and metabolism of iron,

cystine, cysteine, GSH, glutamine, and selenium (43–45, 48).
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Antioxidant defense enzymes that repair oxidative damage to

lipids, such as Glutathione peroxidase 4 (GPX4), are important

inhibitors of ferroptosis (43–45, 48). Recently, it has been

reported that Anti-TfR1 3B8 2A1 and anti-MDA 1F83 can be

used to detect ferroptosis in both cell culture and xenograft

tumor sections (49).

Although it was initially proposed to be the mechanism of

neuronal death in many neurodegenerative diseases (43, 50, 51),

emerging data indicate that ferroptosis plays an important role in

cancer development and drug resistance (45). Therefore, inducing

ferroptosis represents a potentially orthogonal approach to drug

discovery to kill cancer cells that have developed resistance to

apoptosis. Thus, a clearer understanding of ferroptosis in

glioblastoma and its role in drug resistance may positively

impact clinical practice (52, 53).
In and out of lipids: Lipid droplets as
intracellular sources of fatty acids

Lipid droplets accumulate in cancers

Lipid droplets are fundamental in the storage and release of

fatty acids. Lipid droplets are ubiquitously present organelles in

many cells with a hydrophobic core surrounded by a single layer

of phospholipids decorated with various sets of proteins. The

hydrophobic core contains neutral lipids, including

triacylglycerols, sterol esters, retinyl esters and 1-O-

acylceramides (54–57). Emerging evidence indicated lipid

droplet accumulation in several cancers (58, 59), especially in

hypoxic cancer cells, and several studies have linked lipid droplet

abundance with more aggressive tumor phenotype (34, 36, 58,

60). It has also shown lipid metabolism-dependent proliferation

and survival of glioblastoma following radiation (61, 62),

antiangiogenic (63) and ketone diet therapy (64). As such,

they have recently been proposed to play direct roles in many

cancers and considered a hallmark of fundamental tumor

processes (58, 60, 65). The following sections discuss the

possible roles of lipid droplet metabolism, including (1) fatty

acid storage as neutral lipids, (2) lipolysis of neutral lipids, and

(3) lipophagy in limiting or triggering ferroptosis.
De novo lipogenesis and ferroptosis

Lipogenesis (lipid acquisition) is an energy-expensive

process of fatty acid synthesis and subsequent esterification to

neutral lipids into lipid droplets. The primary process of

synthesizing fatty acids from acetyl‐CoA subunits that are

produced most commonly from carbohydrate catabolism is

called de novo lipogenesis (DNL) (66). Acetyl-coenzyme A

(acetyl-CoA) is a key metabolite precursor in DNL, and its

abundance is closely monitored by cellular adaptive
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mechanisms. While glucose is the most common supplier of

carbon units for DNL (Figure 1A), fructose is metabolized to

glycerol and subsequently converted to a lipogenic substrate

glycerol-3-phosphate (G3P) that can drive DNL.

Glutamine is another non-lipid metabolite that contributes

carbon to lipogenic acetyl-CoA (Figure 1A) through two distinct

pathways: Glutamine metabolism can produce citrate either

through the tricarboxylic acid (TCA) cycle in mitochondria or

by the reductive carboxylation of cytoplasmic a-ketoglutarate
(aKG) to citrate by IDH1 (Figure 2) (67, 68). Interestingly, many

cancer cells, including glioblastoma, generate 10–25% of their

lipogenic acetyl-CoA from glutamine through reductively

carboxylation (69), highlighting the general use of reductive

carboxylation as the primary route to convert non-lipid carbon

to lipids in cancer cells. In agreement with this, blood-borne

glucose contribute minimal fraction to the acetyl-CoA pool of

glioblastoma and brain metastases that originate from other

tissues (70). In addition to a direct contribution of supplying a

carbon unit, glucose and glutamine uptake promotes lipogenesis

through transcriptional regulation in a sterol regulatory
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element-binding protein (SREBP) dependent manner in

glioblastoma (71, 72).

Acetate, often dispensable for cells, has also been shown as a

source of acetyl-CoA for DNL in cancer cells, especially primary

glioblastomas and other cancer metastasis to brain (73, 74). In

this case, three important processes need to be considered: acetate

production, its intercellular import across the cell membrane, and

the carbon fluxes from acetate to lipids. Imported acetate is

converted to acetyl-CoA in a reaction catalyzed by acetyl-CoA

synthetase 2 (ACSS2) (Figure 1A) (75). Thus, hypoxia-associated

deficits in acetyl-CoA can be supplemented by increasing the use

of free extracellular acetate (including plasma, interstitial fluid,

and neighboring cells) and the intercellular pool of mainly acetate

released from the deacetylation of histones and other cellular

proteins (76). In line with acetate metabolism, apparent ACSS2

expression is associated with poor progenesis in glioblastoma

patients (73, 74). Despite the fundamental importance of acetate

and its vital roles to several intracellular and extracellular

metabolism, little is known about the mechanisms and

regulatory processes in acetate metabolism.
A B C

FIGURE 1

Lipid droplet metabolism is central to shaping the ferroptotic response. (A) Non-lipid carbon acquisition of carbon in cancer cells. Glucose- and
glutamine-derived citrate, which results from increased glycolysis and glutaminolysis, is first converted to acetyl-coenzyme A (acetyl-CoA) by
ATP-citrate lyase (ACLY). Acetyl-CoA can also be derived from acetate. (B) De novo lipogenesis (DNL) and esterification in ferroptosis. Acetyl-
CoA is converted to malonyl-CoA by acetyl-CoA carboxylase (ACC) and condensed by fatty acid synthase (FAS). Acyl-CoA synthetase long-
chain 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3) mediate the production of polyunsaturated fatty acids (PUFAs), which
are essential for the induction of ferroptosis. In contrast, acyl-CoA synthetase long-chain 3 (ACSL3) and stearoyl CoA desaturase (SCD)
contribute to the synthesis of monounsaturated fatty acids (MUFAs), leading to ferroptosis resistance. Arachidonate lipoxygenases (ALOXs)
catalyze the stereospecific insertion of oxygen into PUFAs, thereby promoting ferroptosis. Diacylglycerol acyltransferase (DGAT1/2)-mediated
triglyceride synthesis and lipid droplet formation act as a sink for free fatty acids, thus preventing their peroxidation.(C) Lipid degradation in
ferroptosis. The selective degradation of lipid droplets by member RAS oncogene family 7 (RAB7A)- and adipocyte triglyceride lipase (ATGL)-
related lipophagy increases the production of free fatty acids for subsequent ferroptosis. Lipolysis may provide PUFAs, thus stimulating lipid
peroxidation and sensitizing cells to ferroptosis. Lipases may also provide MUFAs that reduce the abundance of oxidizable PUFAs in membranes,
thereby restricting lipid peroxidation and ferroptosis. Lipid droplets act as buffers of lipid flux and release, thereby emerging as master regulators
of ferroptotic sensitivity.
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Cytoplasmic acetyl-CoA is then carboxylated by acetyl-CoA

carboxylase (ACC) to produce malonyl-CoA (Figure 1B), which

is further used to synthesizes medium-and long-chain fatty

acids. The key three proteins involved in the initial fatty acyl

chain biosynthesis, ACLY, ACC, and FASN, are commonly

upregulated and activated in many cancers (36, 60, 65), and

they are in the frontline of pre-clinical target evaluations, drug

discovery pipelines, and clinical trials. For instance, the

therapeutic targeting of FASN is currently being explored in a

phase 2 clinical trial in patients with glioblastoma using the

FASN inhibitor TVB-2640 in combination with bevacizumab

(NCT03032484) (28).

De novo synthesized fatty acids are then further esterified to

neutral lipids and stored in their nontoxic (inert, neutral) form in

lipid droplets (Figure 1B). Esterification starts with the acylation of

glycerol-3-phosphate with two fatty acids to produce phosphatidic

acid (PA), followed by dephosphorylation to yields diacylglycerol

(DAG). DAG then serves as a precursor for the synthesis of both

phospholipids and acylation to yield triacylglycerols (TAGs),

which is catalyzed by diacylglycerol acyltransferase 1 and 2

(DGAT1 and DGAT2) (77, 78). TAG is stored in lipid droplets

as energy reservoir, supplying the cell with energy when required.

Lipid droplets also store 1-O-acylceramides and cholesteryl

ester. Although some studies indicated a minimal abundance

of1-O-acylceramides in tissue (0.25-1.3 per mg of mice tissue),

the indication of its level during Western diet consumption (79)

warrants special attention, mainly its correlation with cancer

progression in obese glioblastoma patients. Cholesteryl ester is

another neutral lipid stored in lipid droplets. Acyl-CoA

acyltransferase, also known as acyl-Coenzyme A or cholesterol

acyltransferase (SOAT1 and SOAT2), catalyzes the formation of

cholesteryl esters, using cholesterol and long-chain fatty acyl-
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CoA as substrates. Both isoforms of acyl-CoA acyltransferase

(ACAT1 and ACAT2) are highly expressed and post-

translationally regulated in glioblastomas and other cancers,

and their expression and activation levels correlate with

patient survival (79–81). In vivo studies showed that both

genetic silencing of ACAT1 or blocking its activity using

inhibitors suppresses tumor growth (80, 82, 83). These suggest

that targeting ACAT1 and cholesteryl ester synthesis may be a

promising anticancer strategy.

The de novo synthesis of fatty acids can be extended to the

formation of either saturated or unsaturated fatty acids.

Unsaturated fatty acids can be further classified into

monounsaturated fatty acids [MUFAs, with only one double

bond, e.g., oleic acid (18:1)] and polyunsaturated fatty acids

[PUFAs, with at least two double bonds, e.g., linoleic acid (18:2

n-6) and a-linolenic (18:3 n-3)]. Unsaturated fatty acids can bind

membrane phospholipids in differential degrees that subject

tumor cells to oxidative stress. Studies have revealed that an

increase in the MUFA/PUFA ratio results in fewer peroxidation-

susceptible targets, ultimately reducing the susceptibility of

cancer cells to ferroptosis (84). On the other hand, an increase

in the synthesis of PUFAs can promote subsequent lipid

peroxidation in cancer cells under oxidative stress conditions,

suggesting that the formation of acetyl-CoA derivatives (de novo

synthesis) of these PUFA is necessary for producing ferroptosis

death signals (43, 45). Similarly, the esterification of fatty acids

into neutral lipids has been shown to deplete the substrates for

lipid peroxidation and increase the resistance of cancer cells to

ferroptosis-mediated cell death (34, 36, 60, 85).

Lipid peroxidation normally occurs at a slow rate because

PUFAs are required to react with the free radicals generated by

iron acyl-CoA synthase long-chain family member 4 (ACSL4).
FIGURE 2

Cytoplasmic citrate pool and fatty acid synthesis. Acetyl-CoA couples with oxaloacetate (OAA) to form citrate at the beginning of the citric acid
cycle. Citrate can then shuttle across the mitochondrial membrane to the cytoplasmic citrate pool. In the cytosol, citrate lyase splits citrate back
into acetyl-CoA and OAA. The latter can then return to the mitochondrion. Acetyl-CoA is activated in the cytoplasm for incorporation into fatty
acids by acetyl-CoA carboxylase to form malonyl-CoA and then to de novo fatty acid synthesis. Glutamine-derived a-ketoglutarate (a-KG) can
add to the cytoplasmic citrate pool via reductive carboxylation to provide an alternative source of lipid synthesis.
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Using genetic ablation and pharmaceutical inhibition, it has been

shown that ACSL4 is a rate-limiting enzyme to catalyze the

conversion of long-chain PUFAs, such as arachidonic acid and

eicosapentaenoic acid to PUFA-CoA, and ultimately this

increases lipid peroxidation and decreases resistance to

ferroptosis (86–88). Under oxidative or energetic stress, PUFAs,

particularly arachidonoyl (AA, 20:4 n-6) and adrenic acid (AdA),

are oxygenated by different classes of enzymes, including ACSL4,

lysophosphatidylcholine acyltransferase (LPCAT), and 15-

lipoxygenase (15-LOX/ALOX15), to generate PUFA-containing

phospholipids and various bioactive lipids that modulate

sensitivity to ferroptosis. In this regard, genetic or

pharmacological inhibition of ACSL4 suppresses ferroptosis in

glioblastoma (86). On the other hand, overexpression of ACSL4

was shown to increase the levels of ferroptosis markers, including

5-hydroxyeicosatetraenoic acid (HETE), 12-HETE, and 15-

HETE (86), indicating a key role of ACSL4 in regulating

ferroptosis and proliferation of glioma cells (89). Independent

experimental evidence showed that suppressing miR-670-3p,

which targets ACSL4, also modulates the sensitivity of

glioblastoma cells to ferroptosis-mediated cell death (87, 90).
Esterification and ferroptosis

Blocking the esterification of fatty acyl-CoA prevents not

only the formation of triglycerides but also modifies cell

resistance to ferroptosis. It has been shown that in 3D tumor

spheroids and in vivo, DGAT inhibition induces significant

cytotoxic effects, especially when combined with dietary long-

chain PUFAs (LC-PUFAs), implicating the combination of diet

(LC-PUFAs) and DGAT inhibitor (DFATi) administration as a

highly relevant therapeutic combination to induce ferroptosis

(85). Mechanistically, DGATi administration inhibits lipid

droplet formation resulting in the availability of more LC-

PUFAs for peroxidation and ferroptotic cell death (85). In

contrast, DGAT1 inhibition was recently reported to drive

fatty acid-dependent oxidation in mitochondria generating

high levels of reactive oxygen species, leading to apoptosis and

significant growth inhibitory effects in glioblastoma (91). These

contradictory reports are likely due to the difference in cell

lineage, or a potential secondary effect associated with DGAT1

inhibition. Therefore, it will be relevant in the future to dissect

the relative contributions of DGAT in different cancers,

including glioblastoma, and the potential overlapping effects of

DGAT inhibition on ferroptosis and apoptosis.
Lipolysis and lipophagy and their role in
cell sensitivity to ferroptosis

Similar to lipid fluxes into lipid droplets that act as buffers,

the release of fatty acids from storage controls the cancer cells’
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fate, including ferroptosis. Lipid droplet breakdown occurs via

two major mechanisms-lipolysis, and lipophagy (Figure 1C),

which provide a substrate for lipid peroxidation during

ferroptosis. Unlike lipogenesis, the lipolysis process enables a

highly regulated release of fatty acids from TAGs and is mediated

by three essential lipases: adipocyte triglyceride lipase (ATGL),

hormone-sensitive lipase (HSL), and monoacylglycerol lipase

(MGL) (92–94). These three enzymes work together to promote

the lipolysis of triglycerides and produce fatty acids and glycerol.

ATGL catalyzes the first rate-limiting reaction whereby

triglycerides are hydrolyzed to DAG. HSL then transforms

DAG to monoacylglycerol (MAG), and MGL finally converts

MAG to fatty acids and glycerol (93–96). However, the

molecular regulation of the lipolysis of lipid droplet-containing

triglycerides is complex. It involves a combination of subcellular

localization, posttranslational modification (particularly

phosphorylation), and protein-protein interactions (92, 97).

For instance, hypoxia-induced lipid droplet-associated protein

(HILPDA), also called hypoxia-induced gene-2 (HIG2), inhibits

ATGL activity (98). Experimental evidence showed the

correlation of the HIG2 expression with the glioma tumor

grade and glioblastoma patient prognosis (34, 99).

Catabolism of lipid droplets also occur via lipophagy, a form

of selective (macro)autophagy. Lipophagy is a process that tags

specific lipid droplets and traffic whole lipid droplets to

lysosomes for bulk degradation (Figure 1C). Lysosomal

localized hydrolytic enzymes, such as triglycerides and

cholesteryl ester hydrolase lysosomal acid lipase (LAL) (100),

liberate neutral lipids stored in lipid droplet and generate free

fatty acids and cholesterol in the cell. Although mechanistically

lipolysis (the step-wise release of stored neutral lipids from lipid

droplets) and lipophagy (a complete breakdown of lipid

droplets) are distinct metabolic processes, it is not yet clear

whether there is considerable crosstalk between the two

processes and this may serve a distinct purpose in the cell

(100, 101). It has been shown that perilipins (PLINs), lipid

droplet surface proteins, act as gatekeepers to the lipophagy

process and their degradation is a prerequisite for lipophagy.

During starvation, perilipin 2 (PLIN2) and perilipin 3 (PLIN3)

are proteolytically removed in parallel with the translocation of

cytosolic ATGL and macroautophagy proteins onto lipid

droplets (102). There is also evidence that PLIN2-mediated

lipophagy regulation emerges as a key nodal point in

modulating cellular sensitivity to ferroptosis. PLIN2 affects the

proliferation of gastric carcinoma cells by modulating

ferroptosis-related genes, including acyl-CoA synthetase long-

chain family member 3 (ACL3), arachidonate 15-lipoxygenase

(ALOXs), microtubule-associated protein 1 light chain 3 alpha

(LC3), and the transcription factors pr/set domain 11 and

importin 7 (IPO7) (103). Likewise, PLIN2 expression

contributed to a decreased arachidonate 15-lipoxygenase

(ALOX15) expression and arrested the occurrence of

ferroptosis in gastric cancer. Conversely, PLIN2 knockdown
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facilitated a higher ALOX15 expression and accelerated

ferroptosis (103). In contrast, increased lipid storage by tumor

protein D52 (TPD52), a PLIN2 interactor protein, diminished

lipid peroxidation to trigger ferroptosis (104). Recently, PLIN2

was also shown to play a key role in glioblastoma pathology,

although its role in ferroptosis has not been directly

investigated (105).

It has also been shown that the knockdown of RAB7A

(member RAS oncogene family 7A) and autophagy-associated

gene 5 (ATG5), a cargo receptor of lipid droplets, can prevent

induced lipid peroxidation and subsequent ferroptosis (104,

106). Mechanistically, RAB7A is an indispensable factor for

docking lysosomes to the lipid droplet surface during

lipophagy under nutrient deprivation (107). Moreover, RAB7A

has been demonstrated to act as a tumor suppressor in

glioblastoma and prostate cancer (108), unlike other cancers.

Although emerging evidence reinforces the idea that the

amount of lipid and the localization of lipids in lipid droplets

potentially affect the ability to induce ferroptosis in cancer cells,

studies on the effect of lipolysis and lipophagy on sensitizing

glioblastoma cells for ferroptosis are limited. There is limited

information on how microenvironment and disease progression

affect the biogenesis and breakdown of lipid droplets (101).

There is a need for a better understanding of specific trafficking

itinerary of lipophagy which may lead to new anticancer

approaches, particularly against “lipid addicted tumors” like

glioblastoma. Finally, the molecular regulators of 1-O-

acylceramide hydrolysis and whether this process impacts

tumorigenesis are unknown.
Summary

In the field of cancer metabolism reprogramming and

plasticity, we have learned some fascinating lessons. One of

the classical examples of metabolic reprogramming is the

Warburg effect (109) which was reported almost 100 years ago

and demonstrated a high glucose uptake and an increase in the

glycolysis rate in cancer cells in an aerobic environment. In
BOX 1 Unanswered questions.

Although monitoring the balance of PUFAs and MUFAs is known to predict the sens
balances PUFAs/MUFAs remain to be investigated.

There is imputes to define the relationship between lipid droplets, fatty acid me
processes remain to be discovered.

The most important factors for ferroptosis-dependent cell death are lipid p
accumulation of oxidatively damaged lipids. Our understanding of the downstream p
contribute to tumorigenesis remains at a nascent phase. The question remains whethe
the cell membrane. Are oxidatively damaged membranes prone to recycling? Can this
these factors cooperate their functions in cancer microenvironments?

Many cancers, including glioblastoma, consist of both stem and nonstem cells; ho
unknown.
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addition to high glucose consumption, glioblastoma has

increased glutamine uptake rate to fuel proliferation compared

with healthy cells. Emerging data have also shown that lipid

metabolism provides an important energy substrate and carbon

source for glioblastoma cells, affecting cancer cell plasticity and

persistence during therapy (110, 111). Multiple lines of evidence

also suggest that lipid droplets act as a central hub for lipid

trafficking in glioblastoma, allowing lipids to move in and out of

lipid droplets.

However, developing cancer treatments by targeting altered

lipid metabolism is in its infancy. It remains challenging,

primarily due to an incomplete understanding of the

mechanisms that regulate lipid synthesis, esterification,

lipolysis and lipophagy in cancer cells (34, 36, 58, 112, 113). In

addition, our understanding of the pathways downstream of

peroxidized phospholipids that execute ferroptosis remains

extremely limited (Box 1). For instance, it is unclear whether

peroxidized phospholipids are cytotoxic by themselves or when

metabolized into products (e.g., electrophilic intermediates) that

function as the primary drivers of ferroptosis or other adaptive

metabolic reprogramming. The extent to which a physiological

niche (cell/tissue function) alters lipid droplets contributions to

ferroptosis and the unique context-dependent vulnerabilities

that can be targeted in combinatorial approaches have also not

been well explored. Moreover, metabolic byproducts accumulate

in the tumor and its microenvironment, increasing the need for

cancer cells to engage waste management and recycling

pathways, as shown in the case of other metabolic byproducts

such as acetate, ammonia, and free fatty acids (73–76, 114–116).

However, the existence of waste management and the recycling

of peroxidized phospholipids are not yet clear and require

further study.

What is beyond question is the continued lack of life-

prolonging treatment for glioblastoma patients despite

significant advances in genetic and molecular characterization

and almost twenty years since the introduction of temozolomide

as the standard of care. This necessitates the discovery of

nuanced avenues to understand glioblastoma formation to

overcome therapeutic resistance. Ferroptosis and lipid
itivity of cells to ferroptosis, cellular sensing and the feedback mechanism that

tabolism, and ferroptosis. However, key protein mediators of these biological

eroxides that self-propagate along the plasma membrane and result in the
athways of peroxidized phospholipids that execute ferroptosis and potentially
r there is a repair or antagonism mechanism of peroxide lipids at damage loci in
metabolic plasticity contribute to glioblastoma therapeutic resistance? How do

wever, the degree to which these cells are resistant to ferroptosis remains mostly
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metabolism offer some very early promise in this direction and

are worthy of further exploration in this lethal cancer.
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Glioblastoma (GBM) remains a cancer of high unmet clinical need. Current

standard of care for GBM, consisting of maximal surgical resection, followed by

ionisation radiation (IR) plus concomitant and adjuvant temozolomide (TMZ),

provides less than 15-month survival benefit. Efforts by conventional drug

discovery to improve overall survival have failed to overcome challenges

presented by inherent tumor heterogeneity, therapeutic resistance attributed to

GBM stem cells, and tumor niches supporting self-renewal. In this review we

describe the steps academic researchers are taking to address these limitations in

high throughput screening programs to identify novel GBM combinatorial targets.

We detail how they are implementing more physiologically relevant phenotypic

assays which better recapitulate key areas of disease biology coupled with more

focussed libraries of small compounds, such as drug repurposing, target discovery,

pharmacologically active and novel, more comprehensive anti-cancer target-

annotated compound libraries. Herein, we discuss the rationale for current GBM

combination trials and the need for more systematic and transparent strategies for

identification, validation and prioritisation of combinations that lead to clinical

trials. Finally, we make specific recommendations to the preclinical, small

compound screening paradigm that could increase the likelihood of identifying

tractable, combinatorial, small molecule inhibitors and better drug targets specific

to GBM.

KEYWORDS

glioblastoma, glioblastoma stem cell, drug target combination, temozolamide,
radiotherapy, hypoxia, high throughput screening (HTS)
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Introduction

Glioblastoma remains a cancer of high unmet clinical need. Since

2005, the standard of care (SOC) treatment for younger, more

physically fit patients has been surgery followed by radiotherapy

and chemotherapy with TMZ. Unfortunately, surgical intervention is

unable to prevent GBM progress due to the difficulty in obtaining the

maximal resection of all tumour material whilst minimising surgical

morbidity of essential brain regions. There is some evidence that the

higher the level of tumor resection, aided by the development of

image-guided surgical applications such as 5-aminolevulinic acid (5-

ALA) or BLZ-100 to more readily define the tumour/brain tissue

border, thus improving the amount of tumour surgically removed (1,

2), the better the resulting patient outcome (3). Coupled with surgical

treatment is chemoradiation that combines six weeks of IR, delivering
Frontiers in Oncology 0294
60 Gy in 30 fractions to residual disease with daily TMZ (4), followed

by six months of adjuvant TMZ using a 5-day over 28-day schedule

(5). This standard therapeutic combination has not changed for

almost 20 years but inevitably tumour recurrence occurs with a

median survival for paitents treated with this schedule of under two

years (6, 7).

Since the adoption of TMZ, there have been considerable efforts

to broaden the number and range of therapeutics available to treat

GBM (Table 1). However, the vast majority of systemic treatments,

including all trials involving small molecules and biologics, have failed

to improve patient outcomes. There are several factors prevalent in

GBM driving this poor record of drug development and,

consequently, the absence of improvement in patient outcomes;

these include the striking range of molecular and cellular

heterogeneity found in GBM tumours, the presence of both
TABLE 1 Summary of Phase II-III Randomized Clinical Trials for Drug Combinations in GBM and their outcome.

Reference Clinical
Stage

# of
patients

Clinical
Benefit

Therapy Disease state Clinical trial iden-
tifier

Omuro et al.,
2022 (8)

Phase III 560 Not met Nivolumab + TMZ + RT vs TMZ + RT Newly diagnosed GBM,
unmethylated MGMT

NCT02617589

Lim et al., 2022
(9)

Phase III 716 Not met Nivolumab + TMZ + RT vs TMZ + RT Newly diagnosed GBM,
methylated MGMT

NCT02667587

Sim et al., 2021
(10)

Phase II 125 Not met RT+ Velaparib + TMZ vs RT + TMZ Newly diagnosed GBM,
unmethylated MGMT

ACTRN12615000407594

Nayak et al.,
2021 (11)

Phase II 80 Not met Pembrolizumab + Bevacizumab vs Pembrolizumab
Alone

rGBM NCT02337491

Peereboom
et al., 2021 (12)

Phase II 47 Not met RO4929097 (gamma secretase inhibitor) rGBM NCT01122901

Wen et al.,
2021 (13)

Phase II 33 Positive Dabrafenib + Trametinib rGBM NCT02034110

Cloughesy
et al., 2020 (14)

Phase II/
III

403 Not met Vocimagene amiretrorepvec + flucytosine (retroviral
replicating fector + prodrug) vs standard of care

Surgically resectable rGBM NCT02414165

Natsume et al.,
2020 (15)

Phase II 122 Not met Interferonb + TMZ vs TMZ alone Newly diagnosed GBM JCOG0911

Reardon et al.,
2020 (16)

Phase II 73 Positive BEV with either rindopepimut or a control injection
of keyhole limpet hemocyanin

Relapsed EGFRvIII-
expressing GBM

NCT01498328

Puduvalli et al.,
2020 (17)

Phase II 90 Not met BEV alone or with vorinostat rGBM after RT with no
prior BEV or HDAC
inhibitors

NCT01266031

Lee et al., 2020
(18)

Phase II 115 Not met BEV with and without trebananib rGBM or gliosarcoma NCT01609790

Cloughesy
et al., 2020 (19)

Phase III 256 Not met Ofranergene obadenovec (VB-111 viral therapy) +
BEV vs BEV monotherapy

rGBM NCT02511405

Rosenthal et al.,
2020 (20)

Phase Ib/
II

35 Not met Buparlisib (pan PI3K inhibitor) + carboplatin or
lomustine (compared with historical single agent
data)

rGBM NCT01934361

Galanis et al.,
2019 (21)

Phase I/II 121 Not met BEV + dasatinib or BEV + placebo rGBM NCT00892177

Cloughesy
et al., 2019 (22)

35 Positive Neo-adjuvant PD-1 blockade + surgery + adjuvant
PD-1 blockade vs surgery + adjuvant PD-1 blockade

Surgically resectable rGBM

Van den Bent
et al., 2020 (23)

Phase II 260 Positive Depatux-M (antibody-drug-conjugate) vs TMZ +
Depatux-M

EGFR amplified rGBM NCT02343406

(Continued)
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TABLE 1 Continued

Reference Clinical
Stage

# of
patients

Clinical
Benefit

Therapy Disease state Clinical trial iden-
tifier

Herrlinger
et al., 2019 (24)

Phase III 141 Positive TMZ vs CCNU-TMZ Newly diagnosed GBM
with methylated MGMT
promoter

NCT01149109

Wakabayashi
et al., 2018 (25)

Phase II 122 Not met TMZ + interferonb + RT vs TMZ + RT Newly diagnosed GBM JCOG0911

Wakabayashi
et al., 2018 (26)

Phase II 170 Positive BEV/IRI + RT vs TMZ + RT Newly diagnosed, MGMT-
nonmethylated GBM

NCT00967330

Chinnaiyan
et al., 2018 (27)

Phase II 176 Not met RT + TMZ + everolimus vs RT + TMZ Newly diagnosed GBM NCT01062399

Duerinck et al.,
2018 (28)

Phase II 101 Not met Axitinib monotherapy vs axitinib + CCNU rGBM NCT01562197

Wick et al.,
2017 (29)

Phase III 437 Not met CCNU + BEV vs CCNU alone Progressive GBM NCT01290939

Capper et al.,
2017 (30)

Phase II 158 Not met Galunisertib vs CCNU vs galunisertib + CCNU rGBM NCT01582269

Capper et al.,
2017 (31)

Phase III 180 Not met CIK cell immunotherapy + standard TMZ vs
standard TMZ alone

Newly diagnosed GBM NCT 00807027

Weller et al.,
2017 (32)

Phase III 745 Not met Rindopepimut + TMZ vs control injection of keyhole
limpet hemocyanin

Newly diagnosed
EGFRvIII expressing GBM

NCT01480479

Cloughesy
et al., 2017 (33)

Phase II 129 Not met Onartuzumab + BEV vs placebo + BEV rGBM NCT01632228

Gilbert et al.,
2017 (34)

Phase II 117 Positive BEV + IRI vs BEV + TMZ rGBM

Weathers et al.,
2016 (35)

Phase II 71 Not met Low dose BEV + CCNU vs standard dose BEV rGBM

Brandes et al.,
2016a (36)

Phase II 91 Not met RT/TMZ therapy and BEV or fotemustine rGBM NCT01474239

Brandes et al.,
2016b (37)

Phase II 158 Not met Galunisertib + CCNU or galunisertib monotherapy
compared with CCNU + placebo

Relapsed or
progressed GBM

NCT01582269

Brown et al.,
2016 (38)

Phase II 38 Not met Cediranib + gefitinib vs cediranib + placebo First relapse/first
progression of GBM
following surgery
+chemoradiotherapy

NCT01310855

Herrlinger
et al., 2016 (39)

Phase II 182 Not met BEV during RT followed by maintenance BEV + IRI
or TMZ during RT followed by TMZ

Newly diagnosed GBM
harbouring an
unmethylated MGMT
promoter

NCT00967330

Balana et al.,
2016 (40)

Phase II 93 Not met BEV + TMZ vs TMZ alone (neoadjuvant) Unresected GBM NCT01102595

Erdem-Eraslan
et al., 2016 (41)

Phase II 114 Subtype
benefits

CCNU, BEV or a combination of CCNU + BEV First recurrence of GBM
after TMZ +
RT treatment

NCT01290939

Robins et al.,
2016 (42)

Phase I/II 225 Not met ABT-888 (velparib) in combination with TMZ Recurrent TMZ resistant
GBM

NCT01026493

Robins et al.,
2016 (43)

Phase II 122 Not met Carboplatin + BEV vs BEV monotherapy rGBM ACTRN12610000915055

Lee et al., 2016
(44)

Phase II 106 Not met RT + TMZ with or without vandetanib Newly diagnosed GBM or
gliosarcoma

NCT00441142

(Blumenthal
et al., 2015 (45)

Phase III 183 Not met RT and O6-benzylguanine + BCNU vs RT and
BCNU alone

Newly diagnosed GBM or
gliosarcoma

NCT00017147

(Continued)
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TABLE 1 Continued

Reference Clinical
Stage

# of
patients

Clinical
Benefit

Therapy Disease state Clinical trial iden-
tifier

(Blumenthal
et al., 2015 (46)

Phase II 138 Positive
(HRQoL)

CCNU or BEV vs CCNU + BEV rGBM NCT01290939

(Blumenthal
et al., 2015 (47)

Phase II 265 Failed Standard and intensive cilengitide dose regimens in
combination with TMZ/RT

Newly diagnosed GBM +
unmethylated MGMT
promoter

NCT00813943

Westphal et al.,
2015 (47)

Phase III 149 Not met Nimotuzumab + standard radiochemotherapy vs
standard radiochemotherapy alone

Newly diagnosed GBM NCT00753246

Schiff et al.,
2015 (48)

Phase II 63 Not met CT-322 with or without IRI rGBM NCT00562419

Penas-Prado
et al., 2015 (49)

Phase II 155 Not met Dose-dense TMZ in combination with isotretinoin,
celecoxib, and/or thalidomide

Newly diagnosed GBM NCT00112502

Penas-Prado
et al., 2015 (50)

Phase II 25 Not met Paclitaxel poliglumex (dose escalation) + TMZ + RT Newly diagnosed GBM NCT01402063

Stupp et al.,
2014 (51)

Phase III 545 Not met Cilengitide + TMZ/RT vs TMZ/RT alone Newly diagnosed GBM +
methylated MGMT
promoter

NCT00689221

Taal et al., 2014
(52)

Phase II 140 Not met/
uncertain

BEV alone vs CCNU alone vs BEV + CCNU rGBM NTR1929

Gilbert et al.,
2014 (53)

Phase III 637 Not met BEV + RT + TMZ vs placebo + RT + TMZ (BEV
during RT, crossover allowed at progression)

Newly diagnosed GBM NCT00884741

Hofland et al.,
2014 (54)

Phase II 63 Not met Neoadjuvant BEV + irinotecan vs BEV + TMZ
(before, during and after RT)

Newly diagnosed GBM NCT-00817284

Chauffert et al.,
2014 (55)

Phase II 120 Not met IRI + BEV as neo-adjuvant and adjuvant to TMZ-
based chemoradiation vs TMZ-chemoradiation

Unresected GBM NCT01022918

Batchelor et al.,
2013 (56)

Phase III 325 Not met Cediranib monotherapy vs cediranib + CCNU vs
CCNU + placebo

rGBM NCT00777153

Stragliotto
et al., 2013 (57)

Phase I/II 42 Not met Valganciclovir vs placebo (in addition to standard
therapy)

rGBM NCT00400322

Stragliotto
et al., 2013 (58)

Phase III 250 Not met Intraoperative perilesional injection of sitimagene
ceradenovec followed by ganciclovir in addition to
standard care or resection and standard care alone

Newly diagnosed GBM
amenable to complete
resection

2004-000464-28

Shibui et al.,
2013 (59)

Phase II/
III

111 Not met Nimustine hydrochloride + procarbazine + RT vs
procarbazine alone + RT

Newly diagnosed
anaplastic astrocytoma
(n=30) and GBM (n=81)

UMIN-CTR
C000000108

Nabors et al.,
2012 (60)

Phase II 112 Positive Cilengitide (either 500 mg or 2000 mg) + standard
RT/TMZ

Newly diagnosed GBM EORTC 26981

Nabors et al.,
2012 (61)

Phase II 68 Positive BEV and everolimus + standard RT/TMZ Newly diagnosed GBM

Kim et al., 2011
(62)

Phase III 168 Not met RT followed by adjuvant TMZ with or without
neoadjuvant nimustine-cisplatin chemotherapy

Newly diagnosed GBM

Dresemann
et al., 2010 (63)

Phase III 240 Not met Imatinib and hydroxyurea vs hydroxyurea
monotherapy

rGBM after resection, RT
and first-line
chemotherapy (preferably
TMZ)

NCT00154375

Friedman et al.,
2009 (64)

Phase II 167 Positive BEV alone and in combination with IRI with or
without concomitant enzyme-inducing antiepileptic
drugs

rGBM NCT00345163

Buckner et al.,
2006 (65)

Phase III 401 Not met Carmustine + cisplatin compared with carmustine
alone + standard RT or accelerated RT

Newly diagnosed GBM

(Continued)
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chemotherapeutic and radioresistant sub-populations of glioblastoma

stem cells (GSC) in the tumour, the development and existence of

protectant tumour microenvironments (TME) and of course, the

existence of the blood-brain barrier which impedes the movement of

small molecule and biologic therapeutics into brain tissue.

In this article, we summarize the current state of clinical trials in

GBM and highlight the fact that poor clinical translation of potential

GBM therapeutics could, in part, be attributed to the failure of drug

development campaigns to incorporate many of the key

pathophysiological features and sources of heterogeneity of human

GBM into the earliest stages of the drug development pipeline. We

review the steps academic research scientists are taking to address

these failures and argue that high throughput screening to identify

novel GBM combinatorial targets for drug development must

incorporate the use of a diverse set of patient-derived GSC lines

from as wide a cross-section of the GBM disease spectrum as possible,

should include chemotherapeutic and radio-resistant cells, and be

screened in physiologically relevant conditions including hypoxia in

combination with radiotherapy +/- TMZ. Next, we discuss the
Frontiers in Oncology 0597
rationale for current GBM combination trials is not always clear

and we wish to emphasise the need for more systematic and

transparent strategies for identification, validation and prioritization

of combinations that lead to clinical trials. Finally, we make some

specific recommendations to the preclinical, small compound

screening paradigm that we feel could increase the likelihood of

identifying tractable, combinatorial, small molecule inhibitors and

better drug targets specific to GBM.
GBM intra/inter heterogeneity as a
driver of resistance

The degree of intra-/inter-heterogeneity of GBM tumor profiles is

particularly extensive (Figure 1) and has proven to be an important

factor in determining long term cancer survival (67). Whole-genome

sequencing of tumours has revealed extensive molecular

heterogeneity within (68) and between (69, 70) patients, presenting

substantial challenges to the identification and prediction of targeted
TABLE 1 Continued

Reference Clinical
Stage

# of
patients

Clinical
Benefit

Therapy Disease state Clinical trial iden-
tifier

Sotelo, Briceño
& López-
González, 2006
(66)

Phase III 30 Small
sample
size

Adding chloroquine to conventional therapy Histologically confirmed
GBM in first or second
recurrence or relapse

NCT00224978

Stupp et al.,
2005 (7)

Phase III 573 Positive RT + TMZ Newly diagnosed GBM NCT

BEV, bevacizumab; RT, radiotherapy, TMZ, temozolomide; IRI, irinotecan; BCNU, 1,3-bis(2-chloroethyl)-1-nitrosourea; PCV, procarbazine, lomustine, and vincristine; CCNU, lomustine;
ACNU, 1-(4-amino-2-methyl-5-pyrimidinyl)methyl-3- (2-chloroethyl)-3-nitrosourea hydrochloride; 5-FU, 5-fluorouracil; VM-26, teniposide; PCNU, nitrosourea analogue; CT-322, VEGFR2
antagonist; DTIC, dacarbazine; rGBM, recurrent glioblastoma.
FIGURE 1

(A) Invasive Zone includes a mixture of cell types, including fibroblasts, oligodendrocytes, macrophages, microglia, astrocytes and GBM tumour cells.
(B) Epigenetic and genetic variability (C) Necrotic core (D) Decreasing O2 concentration into the tumour core (E) GSC from each of the 4-subtypes:
Classical, pro-Neura, Neural and Mesenchimal within microenvironmental niches (F) Tumour-associated fibroblast and macrophages.
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(precision) therapeutic strategies. Tumours exhibit many somatic

mutations in both coding (69) and non-coding regions (71)

affecting both gene copy number and coding mutations, as well as

regulatory elements for specific genes. However, clearly not all are

driver mutations. Instead, the majority are ‘passenger’ mutations that

may confer additional survival advantages under the selective

pressures of drug or radiation treatment and promote clonal

evolution during therapy, providing opportunities for drug

resistance to occur (67).

Tumour heterogeneity and the implications of mutations on GBM

pathology are seen at the genomic level when the WHO re-

classification of GBM based on the mutational status of isocitrate

dehydrogenase (IDH) (72) and recently completed a further re-

classification to include one additional feature such as of loss chr 10

or gain chr 7, EGFR ampli, or TERT (73). IDH mutant status in GBM

has a significant impact on prognosis. Although IDH-mutated glioma

generally exhibit a better disease outcome (74), the incidence of IDH

mutations in secondary tumour suggests that lower-grade glioma with

IDH mutation often recur after having undergone malignant

transformation to a higher grade. In addition, IDH-mutated glioma

is more likely to develop a hypermutation phenotype (75). Ongoing

research has generated a growing list of molecular and protein

differences found in GBM tumours (Figure 1) relating to treatment

response and patient outcome (76). These mutations have been well

catalogued with strong correlation across testing platforms (69, 77, 78).

An example of tumour heterogeneity at the epigenetic level occurs

with the methylation status of O6-methylguanine-DNA

methyltransferase (MGMT). When MGMT is silenced through

methylation, it is unable to repair the DNA damage induced by

TMZ (79) which has been associated with improved survival. Protein

arginine methyltransferase 5 (PRMT5) gene expression in GBM is

inversely correlated with survival (80). Recent studies show that

pharmacological inhibition of PRMT5 suppresses the growth of

GSC cultures and significantly prolongs the survival of mice with

orthotopic patient-derived GBM xenografts (81). These emerging

studies, together with observations that mutations in genes linked

to chromatin organisation, are a common feature of GBM (69),

implying that epigenetic processes may be a common driver of

GBM across heterogeneous subtypes.

Another confounding factor in the resistance of GBM to

chemotherapeutics is the developmental state of GBM cells within

the tumour. GBM hijacks mechanisms of neural development to

produce subcompartments of GSCs that exhibit resistance to

radiotherapy and chemotherapies contributing to tumour-

propagating potential and recurrence following treatment (82–85).

In a recent study, an integrative approach incorporating single-cell

RNA-sequencing, bulk genetic and expression analysis of multiple

patient tumours, functional assays and single-cell lineage tracing was

employed to derive a unified model of cellular states and genetic

diversity in GBM (86). The authors postulate that malignant cells in

GBM exist in four main cellular states that recapitulate distinct neural

cell type features; Astrocyte like, Oligodendrocyte precursor cells,

Neural progenitor cells, and Mesenchymal like.

Along with genetic/epigenetic inputs and GSC, the TME drives

cellular heterogeneity and subsequently treatment outcomes in GBM. A

major structural component of the TME is established by a complex

mixture of >15 glycosylated extracellular matrix (ECM) proteins, which
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establishes a physical and biochemical niche which impacts the

interactions between tumour cells and the ECM, including regulation

of cell fate, differentiation and migration (87) and are critical to the

invasiveness and malignancy of GBM. Importantly, the TME in GBM

helps to create avascular regions within the tumour, which leads to

decreased tumour O2 tension and the development of a necrotic core in

the tumour, a hallmark of GBM. These hypoxic conditions play a crucial

role in protection against chemotherapy and radiation, likely through

low O2 content in the tumour as radiation treatment relies on O2 and

upregulation of numerous proliferative and metastatic pathways

attributed to the hypoxia-inducible factors (HIF1a and HIF2a) (88).
HIF has been implicated in the dedifferentiation of GBM cells driving

the proneural-to-mesenchymal transition, believed to be a hallmark of

resistance in recurrent tumours. Another important characteristic of the

GBM microenvironment is the significant infiltration of resident

microglia and peripheral macrophages. Recent research has implicated

these tumour-associated microglia and macrophages in central aspects

of tumour development in GBM, including proliferation, angiogenesis

and immunosuppression (89), which contributes to the chemoradiation

resistance and rapid progression of the disease.
Glioblastomas stem cells and the
rationale for combinations

The need for a combination strategy can be rationalized by the

well-established cellular heterogeneity of brain tumours. There is

evidence to suggest that brain tumours may arise from a stem cell

origin (90). The proportion of stem cells in tumours, and the proteins

they express (such as CD133 and Ki67), often determine the

aggressiveness of recurrent GBM and can inversely correlate with

patient outcomes (91, 92). Additionally, from a collection of

experimental approaches (68, 86, 93), this stem cell origin gives rise

to a proliferative hierarchy in primary GBM, leading to the presence

of a range of cell states, from stem cell to differentiated cells within a

tumour. Developmental and lineage subtypes invariably generate

therapy-resistant populations due to higher cellular entropy (94),

providing various genetic and epigenetic mechanisms stem cells use

to evade death from radiation and chemotherapy treatment (95, 96).

Stem cells are increasingly becoming the target cell for further

research into understanding GBM and treatment responses. The

variable responses of tumour cell populations to standard GBM

treatment implies that it is sensible to consider the combination of

more than one drug; one of these may target stem cells and the other

target non-stem cells in the bulk tumour. Data increasingly show the

importance of targeting both subpopulations. For example, using

patient-derived cells from biopsies, it has been reported that for

greatest patient benefit, both stem cells and ‘tumour bulk’ cells need to

be killed by >40% and >55%, respectively (97). Additional evidence

that stem cells and bulk cell populations respond differently to drugs

has been gathered from the development of a chemotherapeutics

assay termed ChemoID (97). The assay involves culturing GBM stem

cells and tumour bulk cells from patient biopsy material and assessing

the in vitro killing ability of a panel of chemotherapeutic drugs.

Significant differences in sensitivity to TMZ between stem cells and

bulk cells within the same patient tumour sample (Figure 2) have

been observed.
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In the majority of samples tested, bulk cells were more sensitive to

TMZ than stem cells; thus, TMZ-treatment will not likely have

significantly killed the stem cell population. Although not the ideal

chemotherapeutic drug, due to insensitivity in a large proportion of

patients, TMZ may be of greater value for use against bulk tumour

cells, opening up the possibility of using TMZ combined with

additional drugs to attack the heterogeneous tumour cell

complement within the tumour mass.
Hypothesis-driven drug additions to
the standard-of-care regimen of TMZ
and IR

The treatment regimen of surgery followed by TMZ and IR can

slow the progression of GBM tumours, but it is not generally curative.

The simplest solution to increasing the effectiveness of treatment

would be to incorporate an additional therapeutic agent into the SOC

treatment regimen to target one or more specific GBM tumour cell

survival pathways to yield a combinatorial or synergistic effect. An

example of a hypothesis-driven combinatorial approach has been to

target tumour angiogenesis, increased tumour vascularisation

suppor t s GBM grow th and su r v i v a l i n th e f a c e o f

radiochemotherapy. Vascular Endothelial Growth Factor (VEGF) is

over-expressed in a variety of metastatic tumours and bevacizumab

(Avastin), an anti-VEGF antibody, was first approved for treatment in

metastatic colorectal cancer in 2004 (98) and later for GBM treatment

in 2009 (6). Trials in in newly diagnosed GBM, such as the Avaglio

trial or RTOG 0825 trial (53, 99) showed no increase in overall

survival although progression-free survival times were extended by 3-

4 months with bevacizumab (53, 100). To date, it remains the only

approved (not in EU) antibody treatment for recurrent GBM (101).

The difficulty in obtaining significant clinical benefits for anti-

angiogenic therapies in newly diagnosed GBM has been

summarized in retrospective meta-analyses reviews (102, 103).
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Another promising approach that has had significant success in

many advanced malignancies is the use of immune checkpoint

inhibitors (ICI) targeting key checkpoint pathways including the

cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4)/B7 and

programmed death 1 (PD-1)/programmed cell death ligand 1 (PD-

L1), reviewed by Zhang et al., 2021 (104). Despite their successes, ICIs

are yet to improve survival in GBM. By addressing the restrictive

nature of the TME, the timing of checkpoint inhibition and

employing novel combinatorial strategies of ICIs this strategy could

still provide effective therapeutic options in the future for GBM (105).

Additional small molecules have been tested as potential

treatments based on GBM driver pathways. A recent review listed

90 clinical trials with 85 different compounds either as monotherapy

or in combination with standard treatment, the majority are tyrosine

kinase inhibitors (6), and alternative alkylating agents

(Clinicaltrials.gov). Unfortunately, so far, none of these has

delivered a beneficial treatment (Table 1).

Data and clinical trials from hypothesis-driven multiple drug

combination therapies are less well documented than those seen for

single or double additions to SOC treatment. Here, the strategy is to

target multiple molecules or pathways implicated in tumour

development and survival. One such hypothesis is the Co-ordinated

Undermining of Survival Pathways (CUSP9) in GBM, which utilizes

nine clinically approved growth-factor inhibiting drugs alongside

TMZ treatment for recurrent GBM. (now called CUSP9 with

slightly altered panel composition - Table 2) (131).

A recent study in patient-derived GSC based on the CUSP9 drug

panel, highlights individually these drugs have little effect, but in

combination the tumour killing effect can become significant

(Figures 3A, B) (132).

Figure 3: CUSP9 with TMZ. A, B Individually, the drugs in the

CUSP9 or TMZ did not reduce cell survival, evaluated by the cell

viability or cytotoxicity assay; a significant effect was observed when

applied as a drug combination in CPCs (both p < 0.0001, one-way

ANOVA). C Percentage of growth inhibition of human GAMG cells

following the addition of temozolomide (TMZ), ritonavir (RITON)

and aprepitant (APREP) in monotherapy; temozolomide + ritonavir,

temozolomide + aprepitant and aprepitant + ritonavir in combination

therapy. Adapted from Kast RE,. et al., 2015 (131) and Skaga E., et al.,

2019 (132)

A further study highlights two of the CUSP9 drugs, aprepitant

and ritonavir (133), tumour cell killing is either poor (aprepitant 6%)

or equivalent to TMZ alone (ritonavir 14%). However, when used in

combination, aprepitant and ritonavir show significantly increased

synergistic inhibition which was increased when TMZ was also added

for a triple combination (Figure 3). The CUSP idea and initial

promising results using tumour cell lines imply that successful

combination therapies for GBM may well require more than two or

even three drugs.
Non-hypothesis driven drug additions
to the SOC regiment of TMZ and IR

With the failure of clinical trials resulting from hypothesis-driven

drug combination studies, non-hypothesis driven, high throughput
FIGURE 2

Percent cell death for the most cytotoxic drug and TMZ for each
patient comparing Cancer Stem cell (CSC) vs bulk of tumour cell
sensitivity to TMZ. Optimal therapies with highest cell death shown in
light colours and cell detah by TMZ in dark. CSC results outlined in red
show patients whose optimal therapy differs from the optimal therapy
identified by the bulk of tumour cells test * p <0.05, ** p < 0.01.
Adapted from Howard C.M., et al., 2017 (97).
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TABLE 2 List of CUSP9 drugs and their expected benefit in treating GBM. Adapted from Kast R.E., 2013 (106).

DRUG EXPECTED BENEFIT REF.

aprepitant Nausea reduction, inhibit growth by blocking NK-IR.
(107,
108)

artesunate Increases ROS, empirical anti-glioma effects, survivin inhibition
(109,
110)

sertraline Empirical longer OS, improved mood, documented anti-proliferation effects in glioma cells.
(111–
113)

captopril Empirical longer OS, MMP-2 & MMP-9 inhibition, prevents AT-2 stimulation, lowers IL-18, stimulated VEGF, TNF & IL-8.
(114–
117)

auranofin Thioredoxin reductase inhibition, cathepsin B inhibition i.e. ROS, empirical [& potentially dangerous] synergy with artesunate.
(118,
119)

nelfinavir
HSP90 inhibition, MMP-2 & MMP-9 inhibition, decreased signaling at multiple receptors, i.e. TGF-b, increased ROS, decreased AKT activation,
lower VEGF, IL-8, ICE inhibition.

(120–
122)

temozolomide A common and accepted treatment for recurrent GBM (79)

disulfiram
ALDH inhibition, glutathione inhibition, increases ROS, lowers IL-18, stimulated VEGF, TNF, & IL-8, MMP-2 & MMP-9 inhibition, proteasome
inhibition, SOD inhibition, P-glycoprotein inactivation, MGMT inhibition.

(123–
128)

Cu gluconate Adequate Cu may be a requirement for disulfiram activity. (129)

ketoconazole
Drug efflux inhibitor at BBB, permits higher brain ritonavir (or nelfinavir) concentrations, 5-lipoxygenase inhibitor, thromboxane synthase
inhibitor, empirical anti-glioma effect.

(121,
130)
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FIGURE 3

CUSP9 with TMZ. (A, B) Individually, the drugs in the CUSP9 or TMZ did not reduce cell survival, evaluated by the cell viability or cytotoxicity assay; a
significant effect was observed when applied as a drug combination in CPCs (**** p < 0.0001, one-way ANOVA). (C) Percentage of growth inhibition of
human GAMG cells following the addition of temozolomide (TMZ), ritonavir (Riton) and aprepitant (Aprep) in monotherapy; temozolomide + ritonavir,
temozolomide + aprepitant and aprepitant + ritonavir in combination therapy (* p <0.05, ** p < 0.01). Adapted from Skaga E., et al., 2019 (132) and Kast
R.E., et al., 2016 (105).
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screening (HTS) strategies are now coming to the forefront of

academic and pharmaceutical industry research (Table 3).

Traditionally in HTS, very large collections of small compound

libraries with diverse chemical structures have been employed by the

pharmaceutical industry to identify starting compounds for drug

development programs. However, this process is generally less

successful at the academic level due to the prohibitive

infrastructural costs required to develop and produce larger screens,

as well as the cost to develop a small compound hit into a clinical drug

candidate. As a result, many academic screening facilities have instead

focussed on developing more physiologically relevant phenotypic

assays which better recapitulate key areas of disease biology (145)

and then screen smaller, focussed libraries such as “drug repurposing”

(146–148) , probes for targe t d i scovery (149–151) or

pharmacologically active small compound sets (152). This focussed

approach has the advantage of providing a better understanding of
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the molecular basis of the disease while simultaneously providing the

opportunity to exploit existing therapeutics and compounds with

known safety profiles, small compounds that possess drug-like

properties and compounds with known protein targets, and can

provide a more direct path to clinical translation (153).

Academic drug screens have proven to be successful at identifying

novel repurposing opportunities in a variety of other cancers (154), so

are good candidates as potential additions for GBM therapy (137, 155,

156). While a number of HTS and drug repurposing screens have

been performed recently in GBM, with several hits being tested in

early-phase clinical trials (Table 3), such screening hits have yet to

translate into robust randomized phase II/III testing (Table 1).

Screens using smaller but diverse small molecule libraries are also

becoming more commonplace, including uncharacterized molecules

that could lead to a novel therapeutic discovery program rather than

just a repurposing opportunity. One example study using
TABLE 3 Non-hypothesis driven HTS campaigns to identify novel targets, drug-combinations or small compounds for the treatment of GBM.

Reference Cell type Assay format Assay endpoint Screen size No. of hits

Skaga et al.,
2019 (134)

GBM
biopsies from
12 patients
were used to
establish cell
cultures.

Cells were plated at 5000
cells/well in a 96-well plate
under sphere conditions,
cultured for 24 h before the
addition of drugs and
further incubated for 72 h.

Viability was assessed using Cell
Proliferation Kit II XTT (Roche)
solution incubated for 24 h before
analysis.

The oncology drug
collection consisted
of 461 FDA/EMA-
approved anti-
cancer drugs and
investigational
compounds with a
broad range of
molecular targets.

All drugs have (i) been tested in clinical
trials of GBM (nintedanib, paclitaxel,
topotecan), (ii) are currently in clinical trials
of GBM (belinostat (NCT02137759),
sapanisertib and selinexor (clinicaltrials.gov)
or (iii) represent drugs within a class that
are being investigated in GBM (carfilzomib;
proteasome inhibitors, idasanutlin; mdm2
inhibitors, clinicaltrials.gov).

Lucki et al.,
2019 (135)

Patient-
derived GBM
CSC cultures

uHTS Luciferase-based
survival assay (~106

molecules) followed by high
content imaging-based
selective toxicity assay
(~8000 molecules) then a
caspase 3/7 activation assay
(~200 molecules)

Induction of apoptosis ∼106 small
molecules

Identified a small molecule, RIPGBM, that
selectively
induces apoptosis in GBM CSCs in vitro and
significantly decreases tumour size in vivo in
a physiologically relevant, patient-derived
intracranial xenograft mouse model.

Wilson et al.,
2019 (136)

Two spheroid
cell lines,
JHH-136 and
JHH-520,

High-throughput drug
screen using an 11-point
dose response. Drug
combination screening of 30
compounds (435
combinations) using 5
concentrations of one and 5
concentrations of a second
compound. Follow up drug
screen of 46 drug
combinations.

Cell viability or apoptosis The Mechanism
Interrogation PlatE
(MIPE) 4.0 is a
collection of 1912
small molecules
that target
signalling pathway
components that
are altered in many
different cancers.

Drug mechanisms that were cytotoxic in
both cell lines were Hsp90 and proteasome
inhibitors. JHH-136 was uniquely sensitive
to topoisomerase 1 inhibitors, while JHH-
520 was uniquely sensitive to Mek
inhibitors. Drug combination screening
revealed that PI3 kinase
inhibitors (GDC-0941) combined with Mek
(PD0325901) or proteasome inhibitors
(marizomib) were synergistic. In vivo
revealed that Mek inhibition alone was
superior to the combination treatments.

Quereda
et al., 2018
(137)

Patient-
Derived
Glioma Stem
Cells

1536-well spheroid-based
proliferation assay using
3300 approved drugs.

3-D Cell proliferation was assessed
after another 72-hour incubation
using CellTiter Glo reagent

A collection of
3,291 clinically
approved drugs
assembled at the
Scripps Research
Institute Molecular
Screening Center
(SRIMSC).

Bortezomib was observed to be more potent
against GBM6 GSCs (GBM6 spheroids or in
laminin) than against the differentiated
GBM6 (bulk tumour) or the U87 cell line,
suggesting Bortezomib may specifically affect
the master regulators of the GSCs.

Yu et al.,
2018 (138)

7 patient
derived
cancer stem
cell lines: 5
GBM: 1
Gliosarcoma:

High content screening
assay, two 384-well plate
formats performed in
tandem in serum-free
conditions:
1. Adherent monolayer on

HCI DRAQ7 and Hoechst 33342 to
identify compounds for cell death
and proliferation.
Triage in 3D neurospheres.
In vivo validation of hits in
orthotopic model following

83 chemotherapy
drugs with and
without irradiation

Drug hits demonstrating significant
reduction of tumour growth in vivo include:
Mitoantrone; Bortezomib, Actinomycin D
and Paclitaxel. Only paclitaxel (in a form
that was linked to a biodegradable, water-
soluble polyglutamate polymer) was

(Continued)
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approximately 31,000 small molecules identified 8 compounds

showing greater inhibitory effect in GSC cultures compared with

non-stem cell-enriched GBM cultures (144). In addition, another two

compounds inhibited four GBM hub genes ASPM, MELK, FOXM1b

and TOP2a. From these xenotransplants of GSC enriched tumour

cells pre-treated with four candidate compounds (Emetine, #5560509,
Frontiers in Oncology 10102
#5256360 or OLDA) displayed significantly reduced tumour mass

volume suggesting a targeted effect on the tumour initiating stem

cells . However, no further studies have been done on

these compounds.

For larger cancer focussed HTS employing pharmacologically

active compound libraries (157) or collections of probe libraries
TABLE 3 Continued

Reference Cell type Assay format Assay endpoint Screen size No. of hits

1 Gliomatosis
cerebri

laminin-coated plates.
2. 3D neurospheres
Each compound screened as
a 5-point dose-response

stereotactic injection of cells into
the right striatum of NOD-SCID
Gamma Null (NSG) mice.

evaluated in a phase II trial Paclitaxel
poliglumex (dose escalation) + TMZ + RT
Newly diagnosed GBM (NCT01402063).

Lee et al.,
2017 (139)

NHA-
astrocyte
AGM and
four patient-
derived GBM
cells from
four GBM
patients

3D cell-based high-
throughput screening
method reflecting the
microenvironments using a
micropillar and microwell
chip platform

Cell viability or a high-dose heat
map of the cytotoxicity and efficacy
of 70 compounds

70 compounds Among the 70 compounds tested, cediranib
(a potent inhibitor of vascular endothelial
growth factor (VEGF) receptor tyrosine
kinases) exhibited the lowest cytotoxicity to
astrocytes and high efficacy to GBM cells in
a high-dose heat map model.

Lun et al.,
2016 (140)

13
independent
genetically
distinct
patient-
derived brain
tumour-
initiating cell
lines

HTS was performed using
96-well microplates and two
drug concentrations.
Secondary validation was
performed on
a subset of BTICs using 8-
point, 3-fold serial dilutions
of compounds.

72h Alamar blue – proliferation
assay

NIH clinical drug
library that
contains 446
compounds that
have been used in
human clinical
trials, and a
ToolKit library
(OICR, Canada)
containing 160
compounds

Montelukast, clioquinol & disulfiram.
Disulfiram, an off-patent drug previously
used to treat alcoholism, in the presence of a
copper supplement, showed low nanomolar
efficacy (including those resistant to TMZ
and the highly infiltrative quiescent stem-
like population). Validated in vivo,
prolonged survival in patient-derived BTIC
models established from both newly
diagnosed and recurrent tumours.

Denicolaï
et al., 2014
(141)

GBM6 and
GBM9 stem-
like cell lines
and on U87-
MG and
U251-MG
cell lines

Scratch assay and flash-
cytometer acquisitions (drug
treatment for 3 days)

Inhibitory efficacy on cell migration
and proliferation

Prestwick chemical
library® of 1120
molecules (all
approved drugs)

Proscillaridin A, a cardiac glycoside inhibitor
of the Na+/K+ ATPase pump. Also selected:
emetine dihydrochloride and strophantidin.

Hothi et al.,
2012 (142)

Glioma stem
cell cultures
were
established
from freshly
resected
tumour
tissues

HTS was performed on five
patient-derived cultures
(384-well plates,
8-point dose-response
curves). Further ToxCount
cell viability assays,
proteasomal chymotrypsin-
like activity assays, aldefluor
analysis and flow cytometry.

CellTiter-Glo was added to
individual wells and, following 20
minutes incubation on an orbital
shaker, luminescence was
measured, and percentage cell
viability was calculated.

Chemical library of
2,000 compounds.

Identified disulfiram (tetraethylthiuram
disulfide, Antabuse®, DSF), a clinically
approved drug for the treatment of
alcoholism, as a potent inhibitor of multiple
patient-derived GSCs.

Wang et al.,
2012 (143)

Human GBM
cell lines
U87MG and
U251MG

An HTS assay for cell
growth and invasion
followed by traditional cell
growth and invasion assays.

Cell growth and invasion. LOPAC1280
pharmacologically
active compounds
that influence most
cellular processes
and cover all major
drug target classes.

Ten validated active compounds were
obtained, of which six have been previously
reported and four newly identified
compounds 6-nitroso- 1,2-benzopyrone, S-
(p-azidophenacyl) glutathione,
phenoxybenzamine hydrochloride and SCH-
28080

Visnyei
et al., 2011
(144)

Patient-
derived GBM
stem cells

Multiple screening strategies.
The HTS was done in a 384-
well plate format at
concentrations
recommended by the
manufacturers

(1) Cell viability GSC derived from
one tumour. (2) differential effect
between any of the two samples (3)
repeat (2) on a panel of serum- and
sphere-derived GBM samples (4)
evaluate for their GSC selectivity
and gene-target specific qRT-PCR–
based screens to determine their
inhibitory effect on key GBM
regulator genes.

31,624 small
molecules from 7
chemical libraries.

Highest priority compounds validated in
vivo. Compounds #5560509, #5256360,
OLDA, and emetine inhibited tumour
formation in immunosuppressed animals.
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targeting, for example, kinases (158) or epigenetic modifiers (159), the

size of some of the available drug libraries is in the hundreds/

thousands, resulting in an exponentially increasing the number of

possible drug combinations. Therefore, screening all possible pairwise

or higher-order combinations would be a huge task. For time and

financial reasons, combinatorial drug screening will, therefore,

realistically need to be constrained. If it is likely that one or more

drugs would be required in addition to TMZ, what are the criteria that

would identify a sole molecule as advantageous to use in

combination? This may be an important consideration in the light

of, for example, the CUSP9 data showing little activity as sole agents

but significant effect in combination. The simplest and quickest

screening format would be to identify candidates that already show

a significant amount of tumour killing ability by themselves, and the

studies described above show that potential drugs can be selected. In

contrast, however, that format would not have selected any of the

CUSP9 drugs which look potentially promising.
Non-hypothesis (screening)
combinatorial studies from
CRISPR screens

The development of clustered, regularly interspaced short

palindromic repeats (CRISPR)/Cas gene-editing technologies can be

deployed in the earliest stages of drug development to enable unbiased

identification of new molecular targets through genome-wide

CRISPR screens in cells or small model organism-based models of

disease (160–162). A study using genome-wide pooled CRISPR

screening across a panel of patient-derived GCS cultures was

recently reported to define the molecular determinants governing

GSC growth and survival (163). The screen was performed in the

presence of a lethal dose of TMZ to identify genes modulating TMZ

sensitivity revealing mechanisms of therapeutic resistance and new

strategies for combinatorial therapy, including GSC self-renewal, GSC

stemness and proliferation, as well as regulators of Cell Stress

Response Pathways which all appear essential for GSC viability and

fitness. Positive selection screens performed in two patient-derived

GBM cell cultures treated with a lethal dose of TMZ revealed core

members of the mismatch repair (MMR) pathway. To identify

mechanisms of intrinsic resistance of the GSC population to TMZ,

the authors performed negative selection screens in the presence of a

sublethal dose of TMZ. These studies identified the Fanconi anemia

pathway’ (163)

Other CRISPR-Cas9 screenings have identified further potential

targets that sensitize GBM cells to TMZ, including suppressing the

NF-kB/E2F6 signalling axis (164). In another study, the authors

applied a pooled CRISPR-Cas9 screening approach to the U138

human glioma line in a transwell invasion assay (165). Isolation

and sequencing of cells that display accelerated invasion through the

transwell filter identified inhibition of mitogen-activated protein

kinase 4 (MAP4K4) as a potential therapeutic target for GBM

invasion (165). A further study used CRISPR interference

(CRISPRi) to screen 5689 Long non-coding RNAs (lncRNAs) loci

in human GBM cells, identified 467 hits that modify cell growth in the

presence of clinically relevant doses of fractionated radiation and 33 of
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these lncRNA hits sensitize GBM cells to radiation (166). Follow up

studies demonstrated that antisense oligonucleotides targeting

lncGRS-1 selectively decrease tumour growth and sensitize glioma

cells to radiation therapy (166). The evolution of CRISPR/Cas 9

screening, including arrayed screening strategies across more

definitive GBM phenotypic assay endpoints and pooled screens to

identify sensitizers of additional drug classes are well placed to

identify further therapeutic targets and drug combination

hypotheses in GBM.
The role of hypoxia, tumor-
microenvironment, and non-neoplastic
cells for IR and drug resistance in GSC

Tumour heterogeneity and the presence of GSC alone does not

explain the lack of successful clinical translation of promising

preclinical discoveries in GBM (Table 1) and may in fact be due to

experimental reasons; chief among them is the growing realisation

that currently, the in vitro and in vivo models of GBM used in

preclinical drug discovery do not completely recapitulate tumour

biology within patients. GBM cells and their progenitor GSC

dynamically respond to their local microenvironment through a

multitude of bidirectional communications resulting in the

permissive conditions for tumour growth and invasion. In vitro

models employed to date have sought to encompass, to varying

degrees, some of this environmental complexity in the high

throughput setting.

In initial experiments isolating and characterising GSCs, a

neurosphere culture paradigm was used successfully with GSCs

(167, 168). Further advances have seen the field introduce adherent

culture grown on different base layer coatings of ECM components,

including collagen and laminin. These methods, previously

established for fetal and human neural stem cells, overcame

limitations of neurospheres, whilst generating pure and expandable

populations of GSCs, are (169) readily amenable to an HTS format

and have been extensively used in drug discovery for GBM since their

establishment (144, 170).

A major hallmark of GBM and a vital component of the TME that

has not featured in drug discovery efforts to date is the hypoxic core of

tumours. These regions result from increased cell proliferation

overcoming oxygen supply (171), in turn generating an

environment that supports tumour progression through GSC

maintenance, proliferation, and drug resistance (172–174). In

current GBM research the majority of in vitro cell models do not

account for the effects of the hypoxic TME with cells cultured in

atmospheric oxygen with a partial oxygen pressure of 159 mmHg.

Studies quantitating pO2 in gliomas recorded a highly significant

number of pO2 readings in patients with GBM less than 2.5 mmHg

(175, 176), levels known to reduce the efficacy of radiotherapy where

cellular sensitivity is halved when pO2 is below 3 mmHg (177). Recent

research generated a novel 3D in vitromodel with common GBM cell

lines, U87, U251, and SNB19, to study hypoxic effects in the context

of TMZ resistance (178), highlighting the significant role of hypoxia

on drug resistance.
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The role of non-neoplastic cells in GBM is another vital

consideration when attempting to model TME conditions in vitro.

These consist of immune cells, including invading macrophages and

resident microglia, stromal cells including astrocytes, vascular

endothelial cells and pericytes (88). Microglia and astrocytes, both

of which are found in abundance in the brain, accounting for

approximately 30-50% and 50% of the volumes in the tumour and

brain tissue, respectively (89, 179) have been implicated in glioma

invasion and survival (88) highlighting the importance of their

inclusion in comprehensive studies of the effects of TME on GBM.

For a more indepth review refer to Decordova et al., 2020 (180).

Throughput is a significant limitation on the extent to which the

effects of microglia and astrocytes can be utilized; however, several

academic laboratories have generated 3D co-culture models to

elucidate the roles of these cell types that offer potential for

adaption to a higher throughput format. One such study has

generated luciferase reporter GBM cell lines with a cell viability

readout on 3D floating co-culture spheroids of bioluminescent

GBM tumour cells and non-luminescent rat astrocytic cells. The

research demonstrated an astrocyte-mediated increase in TMZ

resistance in four of a panel of six GBM tumour cell lines (181).

This in vitro model was also successfully employed along with stem

cells and in vivo models to demonstrate growth-supportive effects of

astrocytes (182). The protective effects of astrocytes in co-culture

against the main chemotherapeutics, TMZ and vincristine, have also

been observed in subsequent research in 2D and 3D co-culture and

demonstrated to be contact-dependent (183, 184) where drug

resistance might be due to the transfer of mitochondria through

tunnelling nanotubes connecting with and rescuing the tumour cells

(183). Colleagues from this laboratory utilized the same 3D HA-based

model with co-cultured microglia to demonstrate chemoresistance

that was not present in monocultures of GBM cell lines (185).

When designing an optimized platform for high throughput

combinatorial screening, balancing the need for larger screening

libraries to generate novel drug candidates and physiologically

relevant models to better predict drug response is crucial. In order

to better model tissue-like features and cellular interactions of the

TME, recent HTS efforts have utilized 3D in vitro models of GBM.

High content screening against a panel of 83 chemotherapeutics in

both 2D and 3D cultures in the U87 cell line highlighted

shortcomings in the former’s ability to detect drug sensitivities with

only those resulting from 3D cultures aligning with in vivo results

(138). These findings are also supported by an independent study

demonstrating TMZ sensitivity is decreased in 3D cultures of the

common GBM cell lines, U87, U251, and SNB19, when compared

with its 2D counterpart (178) Others have employed a 3D in vitro

model with cell lines cultured in a HA-gelatin based hydrogel to

model the ECM in 3D cultures, with chondroitin sulphate, chitosan

and collagen/gelatine have also been utilized (186). Increased drug

resistance was attributed to the co-cultured microglia and astrocytes.

Finding the appropriate balance in a GBM model between the

complexity of the TME and the practical considerations of HTS is a

challenge that has to be addressed for more successful translation of

hits in drug discovery. In recent research, this balance may well have

been achieved (187) in a study of 461 mostly FDA-approved drugs in

12 patient-derived GSCs, that incorporated both a 2D culture model

in the primary HTS followed by a secondary 3D model for hit
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validations experiments. Results from this study demonstrate

significant differences in sensitivity to hits representing multiple

drug classes across patient-derived GSC models.
The implications of rational
combinatorial small compound
drug screening in GSC

In complex heterogeneous tumours, no single molecular event

drives continued proliferation and tumour progression, and

redundancy in signalling pathways limits the efficacy of therapies

targeting single pathways (188). Network and pathway switching

permit rapid tumour evolution and therapeutic evasion; this requires

a holistic approach to understand cancer cell signalling networks,

‘driver’ pathways, and how best to collapse the robustness of such

networks to address therapeutic resistance. Thus the complexity of

GBM has been likened to the “three lock problem”, describing that a

door with three locks will not open any better even if keys are found to

one or two locks (106). With so many different signalling pathways

and cellular heterogeneity involved in tumour growth, combinations

of targeted agents may well be most effective in treating rapidly

evolving heterogeneous tumours, provided we can identify the

network changes that permit cancer cells to subvert single agents.

In addition to the importance of the disease model and optimal

drug combination delivery, equally relevant questions are; what is the

rationale behind choosing specific drugs for potential combination

therapies? How many drugs will be most beneficial to patients? What

is the quickest and most successful way to identify these

combinations? The rationale behind many drug combinations

strategies tested in clinical trials studies is often unclear, and to

date, unsuccessful. Even with the automated HTS instruments,

exhaustive screening of drug combinations becomes quickly

impractical, both in terms of time and cells required, as the number

of potential drug and dose combinations increases exponentially with

the number of tested drug components and dose levels. This

combinatorial explosion requires intelligent computational-

experimental strategies to guide the discovery of the most potent

and less toxic combinations to be prioritized for further preclinical

development before entering into lengthy and costly animal or clinical

studies (189).

For rational combinatorial screening, there is a need for

computationally efficient and experimentally feasible approaches

that can (i) reduce combinatorial search space of potential

combinations, (ii) and to identify both synergistic and safe

combinatorial therapies for each individual patient and cell-context.

For cancer-selectivity, it is important to guarantee that the

combinations target stem cells and bulk tumour cells in GBM,

while avoiding co-inhibition of non-malignant cells, to avoid

treatment resistance and severe toxic effects. Ianevski et al.

demonstrated recently the feasibility of using XGBoost machine

learning (ML) algorithm together with ex vivo single-agent

responses and single-cell transcriptomic profiling to identify

patient-specific and cancer-selective pairwise combinations for

treatment-refractory AML patients, each with different molecular

backgrounds and synergy mechanisms (190). Using flow cytometry
frontiersin.org

https://doi.org/10.3389/fonc.2022.1075559
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Johanssen et al. 10.3389/fonc.2022.1075559
drug assay, they demonstrated that the predicted combinations

resulted not only in synergistic cancer cell co-inhibition, but were

also capable of targeting specific AML cell subpopulations that

emerge in differing stages of disease pathogenesis or treatment

regimens. Such patient- and cell subpopulation-specific

combinatorial approaches may avoid overlapping toxic effects

through co-inhibiting mainly malignant cell types, therefore

increasing their likelihood for clinical success.

There are many experimental and computational challenges that

need to be solved to implement similar translational approaches for

GBM combinatorial screening. Machine learning algorithms could

help in predicting full dose-response matrices using a minimal

number of combinatorial experiments, thereby enabling more cost-

e ffec t ive , ye t sys temat ic combinator ia l screens (191) .

Computationally, one needs to consider also higher-order

combinations of more than two drugs to facilitate the current

paradigm shift from the traditional ‘two drugs in combination’ to

more complex ‘multi-drug cocktails’ (192). While there are a number

of machine learning models for prediction of pairwise drug-dose

combinations (193), accurate prediction of higher-order combination

effects with more than two drugs remains an unsolved problem. A

tensor learning model that enables the accurate prediction of pairwise

dose-response combinations for each cancer cell line (194) has been

recently developed. Higher-order tensor learning may enable

generalising and learning from the currently still rather limited

combination data to explore and score in an iterative manner so-far

untested massive drug spaces of higher-order combinations (195),

hence enabling adaptive learning of best combinations for each cell

context or patient individually.
Outlook and conclusions

At the time of writing, a search for the terms ‘glioblastoma’ and

‘combination’ on the clinicaltrials.gov website returns 604 separate

clinical trials; 29 not yet recruiting, 123 recruiting, 65 active but not

recruiting, 102 suspended, terminated or withdrawn, 40 with status

unknown and 242 completed. Despite the many successes of modern

drug discovery strategies across several cancers, such approaches have

yet to provide significant benefit for the majority of GBM patients

(196). As detailed in this review, this failure can be attributed to

several factors, including remarkable heterogeneity of GBM between

and within individual patients, multiple redundant and adaptive

pathway signalling mechanisms allowing GBM to escape from any

substantial consequence of individual target perturbation, poor

preclinical models, which fail to recapitulate the complex

microenvironment and pathophysiology of clinical GBM. Below we

outline some of the key technological advancements which are well

placed to address past failures and maximize future opportunities of

targeted therapies and their combinations in GBM.
Improving GBM high throughput screening

To date, hypothesis-driven or targeted drug discovery such as

efforts to inhibit the receptor tyrosine kinase (RTK) signalling

pathways have been largely disappointing. Overexpression or
Frontiers in Oncology 13105
mutations of EGFR occur in ~50% of GBM, yet clinical trials

targeting this RTK in combination with standard care or other

therapies have proven ineffective for GBM treatment (197). If this is

to be overcome, future drug discovery programs must include

combined targeted phenotypic approaches with comprehensive

screening strategies incorporating phenotypic readouts as the

primary HTS and target-based secondary and tertiary assays.

GBM cell lines have been integral to many HTS efforts in the past

but are subject to significant genetic drift. Analysis of one widely used

line, U87MG, has demonstrated that following 50 years of culture, it

no longer reflects the phenotype of its tumour of origin (198). By

employing GSC isolated from primary human tissue samples and

maintained at low passage numbers, phenotypic screening can

provide a more accurate representation of the tumour cell

physiology than observed in cell lines (199). In addition, high

throughput screens can incorporate the genetic diversity of GBM

tumours by utilising GSCs from the main tumour-intrinsic

transcriptional subtypes: Classical, Mesenchymal and Proneural as

defined by aberrations and gene expression of EGFR, NF1, and

PDGFRA/IDH1 (70).

GSC are highly resistant to chemotherapy and radiation (200).

The acquisition of resistance to the SOC treatment in GBM is one of,

if not the most significant hindrance to any new therapeutic and must

be addressed in any cell models of GBM to be used for drug discovery.

In primary high throughput screens, the rapid reformation of highly

resistant tumours following surgical resection can be modelled by

generating both chemotherapeutic and radioresistant GSC lines. As

we have suggested, the most likely advances in GBM treatment will

originate from the combination of additional therapeutic drugs with

the existing SOC, so investigating new combinations of treatments/

drugs in screening paradigms including irradiation and TMZ is

absolutely critical to success.

Additionally, the hypoxic microenvironment plays a central role

in the malignancy of GBM, acting on gene expression (201),

promoting angiogenesis (202) and is implicated in tumour

metastasis (203). The hypoxic environment presents further

obstacles to the success of HTS by the generation of

chemoresistance through various means, including activation of

HIF1a and inducing radioresistance by preventing the formation of

reactive oxygen species, the primary mechanisms of ionising radiation

(204). The majority of drug discovery efforts in GBM have not

factored in the significant contributions this environment plays on

therapy resistance. Research in a 3D in vitro model has demonstrated

the potentiation of TMZ resistance due to hypoxic conditions in GBM

cell lines (178). However, unlike their 3D counterparts, 2D in vitro cell

models are unable to foster an oxygen-deprived TME. This limitation

can be overcome in future HTS programs by employing GSC cultures

that are maintained, concurrently, in normoxia and hypoxia, through

the use of standard incubators and physiological cell culture

workstations, respectively.

Finally, the significant financial implications of running large

HTS programs as is the norm in the pharmaceutical industry make

these strategies not feasible for non-profit organisations in academic

research. Rather, to achieve the same outcomes, anti-cancer targeted

small molecule libraries and repurposed drugs can be utilized. This

focused approach has the combined advantages of providing a more

direct path to clinical translation by using existing compounds with
frontiersin.org

https://doi.org/10.3389/fonc.2022.1075559
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Johanssen et al. 10.3389/fonc.2022.1075559
known safety profiles and by providing molecular detail on the

aetiology of the disease.
Application of more predictive preclinical
models in the GBM screening cascade

In vivo models of GBM are used in the advanced stages of drug

discovery; they are expensive and not feasible for high-throughput

testing of candidate drugs and drug combinations. Genetically

engineered mouse models have a low incidence rate and long

latency, while implanted tumours grow expansively due to high

proliferative rates, with minimal diffuse local invasion when

compared to clinical GBM. For this reason, there is a need for more

relevant preclinical models which recapitulate the TME and can be

incorporated downstream of high throughput screens to validate hit

compounds. Due to the complexity of GBM, cell response and

behaviour are vast ly di fferent when compar ing a 3D

microenvironment with traditional 2D monolayer cell culture

models. This is particularly important when considering

mechanisms of tumour cell invasion, which is a major cause of

treatment failure in GBM, contributing to poor prognosis.

Therefore, we suggest that a combination of complementary 3D

assays be used to collectively assess the cell-ECM interaction and

invasion types (into astrocyte rich stroma and along blood vessels/

white matter tracts), which are observed in vivo.

3D tumour spheroid-based functional assays which aim to mimic

the in vivo like invasion patterns, preferentially migrating along

basement membranes (blood vessels and white matter tracks).

While it is not possible to replicate all aspects, 3D assays may be

used to recapitulate the defining aspects of GBM invasion/migration

(205, 206). To mimic 3D invasion, spheroids submerged in a

reconstituted basement membrane matrix, such as growth factor

reduced Matrigel, can be used to determine the invasive potential of

a cell line and support screening for compounds and/or drug

combinations that may inhibit invasion (207). While Matrigel is a

viable matrix, it is important to note the high percentage of collagen

and reproducibility issues with batch-to-batch variability. Radial

migration of spheroids placed onto a basement membrane such as

laminin or Matrigel with media substituted with hyaluronan may be

used to recapitulate perivascular glioma cell migration. Typically,

GBM invasion/migration occurs along a basement membrane rather

than through one, such as with the Boyden chamber membrane assay.

Recapitulating all aspects of the brain microenvironment is

difficult in vitro. Therefore, ex vivo brain slice assays are used to

maintain the complexities of the extracellular matrix and brain

architecture and preserve in vivo morphology on which to grow

tumour cells or spheroids and monitor cell behaviour in response to

treatment (208–210). It has been shown that GBM stem cell motility

decreases compared to 2D culture when maintained in this way,

presumably due to additional barriers such as the extracellular matrix

and the need for extracellular matrix remodelling (211). GBM cells

also proliferate and differentiate differently depending on which

region of the coronal brain slice the cells are injected (212).

Surgically resected human tumour slices may also be used for ex

vivo drug screening to personalize cancer therapy (213). The analysis

of tissue slices is often by histochemistry, but recently, whole
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transcriptome sequencing of resected human GBM tumour slices

has been performed to determine gene expression differences after

drug treatment (214). Further advances in automated high-content

confocal imaging enable systematic testing of candidate drugs and

drug combinations on phenotypic markers in advanced 3D in vitro

and ex-vivo model systems. Organotypic brain/tumour slice assays

may play a useful role in bridging the gap between existing in vitro

and in vivo assays, especially when investigating tumour cell

m i g r a t i o n , i n v a s i on and g row th t o e v a l u a t e nov e l

therapeutic strategies.
Cost-effective and transparent AI-guided
prediction of drug combinations

Large-scale multi-dose combinatorial screening requires extensive

resources and instrumentation beyond the capability of most

academic laboratories. Testing of thousands of drug-dose

combinations is also impossible in limited numbers of primary cells

from patients. The development of transparent and robust

experimental and computational strategies is expected to lead to

effective prioritisation and validation of optimal drug combination

and dose ratios toward next-generation preclinical and clinical testing

platforms. The predictive models, based on both physiologically

relevant GBM conditions and practically feasible ML models, are

therefore expected to lead to both cost- and time-efficacy in academic

cancer research. Using such strategies, the drug screening efforts can

be targeted to verifying the most promising drug combinations, with

maximal cancer-selectivity, thereby significantly accelerating the

future design and testing of combination therapies, as well as

increasing the likelihood of their success in preclinical and clinical

studies with the aim to improve both combination efficacy and

tolerability (215).

Many of the most accurate ML or artificial intelligence (AI)

models are not transparent for humans, e.g., those based on deep

learning or tensor learning algorithms, and they may rely on an overly

large set of input features for cost-efficient implementation. For

widespread adoption among experimental researchers, the learning

algorithms need to be transparent and explainable to experimental

researchers, including a clear description of the optimisation

objectives (synergy, efficacy and/or toxicity) and quantitative

performance and confidence evaluation (e.g. using conformal

prediction), which help the experimentalists to decide when and

how to use the algorithms to obtain valid results (216). For

experimental feasibility, there is also a need to implement effective

computational approaches that make use of partial measurements of

the full drug-dose spaces to predict the most potent higher-order

combinations and to provide high-resolution information of response

landscapes across various dose combinations, critical for clinical

translation (e.g. low dose and less toxic synergies).

The increased understanding of disease heterogeneity and new

emerging methodologies described in this review article enable

modern non-reductionist and more evidence-led discovery

strategies which embrace the complexity of GBM. We believe such

approaches will facilitate a more systematic and transparent approach

to the identification and prioritisation of new drug combinations

which can contribute to improved treatments for GBM patients.
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The efficacy of preoperative MRI
features in the diagnosis of
meningioma WHO grade and
brain invasion

Jun Jiang1†, Juan Yu1†, Xiajing Liu1, Kan Deng2,
Kaichao Zhuang1, Fan Lin1 and Liangping Luo3*

1Department of Radiology, Health Science Center, Shenzhen Second People’s Hospital, The First
Affiliated Hospital of Shenzhen University, Shenzhen, China, 2Philips Healthcare, China International
Center, Guangzhou, China, 3Medical Imaging Center, The First Affiliated Hospital of Jinan
University, Guangzhou, China
Objective: The preoperative MRI scans of meningiomas were analyzed based

on the 2021 World Health Organization (WHO) Central Nervous System (CNS)

Guidelines, and the efficacy of MRI features in diagnosing WHO grades and

brain invasion was analyzed.

Materials and methods: The data of 675 patients with meningioma who

underwent MRI in our hospital from 2006 to 2022, including 108 with brain

invasion, were retrospectively analyzed. Referring to the WHO Guidelines for

the Classification of Central Nervous System Tumors (Fifth Edition 2021), 17

features were analyzed, with age, sex and meningioma MRI features as risk

factors for evaluating WHO grade and brain invasion. The risk factors were

identified through multivariable logistic regression analysis, and their receiver

operating characteristic (ROC) curves for predicting WHO grades and brain

invasion were generated, and the area under the curve (AUC), sensitivity and

specificity were calculated.

Results: Univariate analysis showed that sex, tumor size, lobulated sign,

peritumoral edema, vascular flow void, bone invasion, tumor-brain interface,

finger-like protrusion and mushroom sign were significant for diagnosing

meningioma WHO grades, while these features and ADC value were

significant for predicting brain invasion (P < 0.05). Multivariable logistic

regression analysis showed that the lobulated sign, tumor-brain interface,

finger-like protrusion, mushroom sign and bone invasion were independent

risk factors for diagnosing meningioma WHO grades, while the above features,

tumor size and ADC value were independent risk factors for diagnosing brain

invasion (P < 0.05). The tumor-brain interface had the highest efficacy in

evaluating WHO grade and brain invasion, with AUCs of 0.779 and 0.860,

respectively. Combined, the variables had AUCs of 0.834 and 0.935 for

determining WHO grade and brain invasion, respectively.
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Conclusion: Preoperative MRI has excellent performance in diagnosing

meningioma WHO grade and brain invasion, while the tumor-brain interface

serves as a key factor. The preoperative MRI characteristics of meningioma can

help predict WHO grade and brain invasion, thus facilitating complete lesion

resection and improving patient prognosis.
KEYWORDS

brain invasion, WHO grade, meningioma, MRI, diagnosis
Introduction

Meningioma is one of the most common brain tumors,

representing 37.6% of primary intracranial tumors (1).

Although the 2021 WHO Guidelines for the Classification of

Tumors (5th Edition) propose a greater reliance on genetic

testing for grading, morphological classification remains divided

into 15 pathological subtypes and grades 1, 2 and 3 (2). The

tumors are diverse in biological characteristics in terms of

different pathological subtypes and grades, and the tumor

recurrence rate is closely related to the WHO grade and

completeness of surgical resect ion. WHO grade 1

meningiomas have a very low recurrence rate after total

resection, but there is a higher tendency for recurrence as the

WHO meningioma grade increases. The five-year recurrence

rates after total resection for meningiomas have been reported to

be 7%~23% for WHO grade 1, 50%~55% for WHO grade 2, and

72%~78% for WHO grade 3; subtotally resected tumors usually

have poor prognosis (3). The 2016 4th edition of the WHO CNS

guidelines included brain invasion as a diagnostic criterion for

WHO grade 2 meningiomas and modified WHO grade 1

meningiomas with brain invasion to atypical meningiomas,

increasing the incidence rate of WHO grade 2 meningiomas

by 1% to 10% (4). With regard to the analysis of data collected

from 2016 and 2022, WHO grade 2 meningiomas accounted for

1/5 to 1/3 of all meningiomas (5). Notably, in comparison with

meningiomas without brain invasion, meningiomas with brain

invasion exhibit aggressive behaviors, an increased recurrence

rate (6), three times more bleeding intraoperatively, and an

increased risk of postoperative seizures as well as postoperative

bleeding (7).

However, there is a gross underestimation of meningioma

brain invasion (7). Due to incomplete surgical resection and

incomplete sampling, the incidence of brain invasion is

underestimated, and the postoperative recurrence rate is high

(8). Because of a lack of attention and emphasis on preoperative

imaging assessments, the specific imaging signs of brain invasion

are still unclear (9), with very few previous imaging studies

including brain invasion as an independent factor (10–15).
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Therefore, based on the 2021 edition of the Central Nervous

System (CNS) WHO guidelines, this paper discusses the

diagnostic value of clinical and MRI-specific features for

WHO grade and brain invasion in meningioma to provide

adequate information for preoperative preparations, improve

the resection efficacy for the tumor and invaded brain tissue, and

reduce recurrence and mortality rates while improving

patient prognosis.
Materials and methods

Subjects

The research proposal has been reviewed and approved by

the ethics committee of our hospital, with the approval number

20190910. All data from meningiomas resected in our hospital

from 2006 to 2022 were analyzed retrospectively. The inclusion

criteria were as follows: (1) preoperative MRI examination

performed; and (2) meningioma confirmed through routine

pathology and immunohistochemistry of surgically resected

lesion tissue. The exclusion criteria were as follows: (1)

pathological findings that diagnosed brain invasion in

meningioma but did not describe the specimen as containing

brain tissue; (2) preoperative treatment; and (3) previous

surgical resection for the same tumor. A total of 675

meningioma cases were included in the study.
Magnetic resonance imaging

A 3.0T (Siemens MAGNETOM Prisma) or 1.5T (Siemens

MAGNETOM Avanto) MRI scanner was used, with 20- or 8-

channel head coils. The sequences and scanning parameters

were as follows: T1-weighted imaging (T1WI) (3T: repetition

time (TR) 500 ms, echo time (TE) 7.4 ms, field of view (FOV)

320 mm×240 mm, slice thickness (ST) 6 mm; 1.5 T: TR 388 ms,

TE 13 ms, FOV 199 mm×220 mm, ST 6 mm); T2-weighted

imaging (T2WI) (3T: TR 5000 ms, TE 117 ms, FOV 220
frontiersin.org

https://doi.org/10.3389/fonc.2022.1100350
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Jiang et al. 10.3389/fonc.2022.1100350
mm×220 mm, ST 6 mm; 1.5 T: TR 4000 ms, TE 95 ms, FOV 220

mm×220 mm, ST 6 mm); fluid-attenuated inversion recovery

(FLAIR) (3T: TR 9000 ms, TE 81 ms, FOV 220 mm×220 mm, ST

6 mm; 1.5 T: TR 8650 ms, TE 96 ms, FOV 220 mm×220 mm, ST

6 mm); diffusion-weighted imaging (DWI) (3T: TR 2900 ms, TE

98 ms, FOV 230 mm×230 mm, ST 6 mm; 1.5 T: TR 2900 ms, TE

97 ms, FOV 220 mm×220 mm, ST 6 mm); and T1-weighted

postcontrast (T1C) (contrast agent: gadolinium borate; 3T: TR

600 ms, TE 7.6 ms, FOV 320 mm×240 mm, ST 1.5 mm; 1.5 T:

TR 350 ms, TE 9.6 ms, FOV 199 mm×220 mm, ST 1.5 mm).
Radiological data

An associate senior neuroimaging specialist (11 years of

experience) and a senior specialist (16 years of experience)

evaluated the images on the PACS workstation without knowing

the pathological results, and any differences were resolved through

discussion. The MRI scans were evaluated for meningioma features

(T1WI signal intensity (SI), T2WI SI, degree and homogeneity of

T1C, tumor size, lobulated sign, peritumoral edema, ADC value,

vascular flow-void sign, dural tail sign, venous sinus invasion, bone
Frontiers in Oncology 03
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invasion, tumor-brain interface, finger-like protrusions, and

mushroom sign) (Figure 1).

The MRI signal was scored according to the Elster criteria (16):

T1WI SI: 1 point: the signal is significantly lower than that of the

cerebral gray matter and is close to that of the cerebrospinal fluid; 2

points: the signal is slightly below the cerebral gray matter signal; 3

points: the signal is close to the gray matter signal; 4 points: the

signal is lightly higher than the gray matter signal; and 5 points: the

signal is significantly higher than the gray matter signal and close to

the fat signal. T2WI SI: 1 point: the signal is significantly lower than

that of the gray matter and close to that of the bone cortex; 2 points:

the signal is slightly lower than the gray matter signal; 3 points: the

signal is close to the gray matter signal; 4 points: the signal is slightly

higher than the gray matter signal; and 5 points: the signal is

significantly higher than the gray matter signal and close to the

cerebrospinal fluid signal. T1C enhancement degree: 1 point:

significantly enhanced, enhanced SI close to that of fat; 2 points:

moderately enhanced, enhanced SI slightly lower than that of fat; 3

points: mildly enhanced, enhanced SI lower than that of fat but

higher than the gray matter signal.

The tumor size(volume) was measured by the software on

PACS. The lobulated sign refers to an uneven, curved depression
FIGURE 1

Illustrative example of the description of the analyzed imaging features. (A) Red star: bone invasion; green triangle: peritumoral edema; thin
yellow arrow: dural tail sign; thick yellow arrow: finger-like protrusion. (B) Blue star: venous sinus invasion; thin green arrow: lobulated sign;
thick yellow arrow: finger-like protrusion. (C) Blue star: venous sinus invasion. (D) The thick red arrow points to the enhanced signal as the
mushroom sign. (E) Green triangle: peritumoral edema; blue triangle: vascular flow void. (F) Thin blue arrow: unclear tumor-brain surface.
frontiersin.org

https://doi.org/10.3389/fonc.2022.1100350
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Jiang et al. 10.3389/fonc.2022.1100350
or convex change in the tumor surface margin. The vascular flow

void sign referred to tumor vessels in which MRI could not

collect blood flow signal, showing a low signal in the shape of a

cord on T1WI and T2WI sequences. The dural tail sign

manifested as tumor-adjacent meningeal enhancement,

thickening, and distal thinning. Venous sinus invasion was

evaluated on T2WI and T1C and observed as tumor adhesion

to the venous sinus, invasion of the venous sinus, or complete

occlusion of the venous sinus. Bone invasion could be clearly

seen on T1C as an enhanced signal at the site of invasion. The

tumor-brain interface refers to the tumor boundary. When

tumor progression did not reach a certain degree, the tumor

was separated from the brain tissue by the cerebrospinal fluid-

vascular gap and arachnoid interface, and a low signal ring was

present on T1C. When the low signal ring disappeared, the

tumor-brain interface was considered unclear. Finger-like

protrusions could be clearly shown on T1C, and the tumor

border could be clearly observed with tumor tissue protruding in

a finger-like pattern into the adjacent brain parenchyma. The

mushroom sign was observed on T1C as an enhancing band of

spherical tumor invading peripherally along the dural
Frontiers in Oncology 04
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attachment; this sign is more distant, thicker and longer than

the commonly seen dural tail sign, and the proximal cerebral

surface is often more irregular and uneven.
Histopathological data

All pathological findings were reinterpreted by two

neuropathologists referring to the 2021 CNS WHO guidelines,

and the morphological diagnosis was made using the “933”

grading model (2, 4, 5), i.e., 9 WHO grade 1, 3 WHO grade 2 and

3 WHO grade 3, to determine the pathological grade of

meningiomas and to diagnose cases of brain invasion

(Table 1). Based on the latest 2021 5th guidelines, brain

invasion otherwise benign meningiomas (BIOB) were classified

as WHO grade 2 in this study. The diagnostic criteria for brain

invasion were as follows (15) (1): HE-stained slides of the tumor-

brain interface revealed irregular, tongue-like invasion into the

brain parenchyma without soft meningeal involvement; (2) glial

cell proliferation and neuronal degradation in the invaded brain

tissue; and (3) positive immunohistochemical staining for GFAP
TABLE 1 Histopathological classification of meningioma [N(%)].

Histopathological classification N(%) Brain invasion

yes no

WHO grade 1/BIOB 610(90.4) 67(11.0) 543(89.0)

Meningothelial meningioma 147(24.1) 23(34.3) 124(22.8)

Fibrous meningioma 127(20.8) 9(13.4) 118(21.7)

Transitional meningioma 249(41.8) 26(38.8) 223(41.0)

Psammomatous meningioma 41(6.7) 4(5.9) 37(6.8)

Angiomatous meningioma 29(4.8) 2(2.9) 27(4.9)

Microcystic meningioma 11(1.8) 2(1.4) 9(1.6)

Secretory meningioma 4(0.6) 1(1.4) 3(0.5)

Metaplastic meningioma 1(0.1) 0(0.0) 1(0.1)

Lymphoplasmacyte-rich meningioma 1(0.1) 0(0.0) 1(0.1)

WHO grade 2 56(8.3) 32(57.2) 24(42.8)

Atypical meningioma 49(87.5) 30(93.1) 19(79.1)

Chordoid meningioma 4(7.1) 1(3.1) 3(12.5)

Clear cell meningioma 3(5.3) 1(3.1) 2(8.3)

WHO grade 3 9(1.3) 9(100.0) 0(0.0)

Anaplastic meningioma 7(77.8) 7(77.8) 0(0.0)

Rhabdoid meningioma 1(11.1) 1(11.1) 0(0.0)

Papillary meningioma 1(11.1) 1(11.1) 0(0.0)

Total 675 108(16.0) 567(84.0)

WHO, World health organization; BIOB, Brain invasion otherwise benign meningiomas.
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in paraffin sections; brain invasion from the tumor was

considered if any of the above criteria were met. In this study,

the pathology report description of each case was required to

include brain tissue; otherwise, the case was excluded from

the study.
Statistical analysis

SPSS software (v.26.0, IBM, USA) was used for statistical

analysis, and Medcalc software (v.20.0.22, Solvusoft, USA) was

used to generate the receiver operating characteristic (ROC)

curves. Descriptive statistics were applied for age, sex, and

meningioma MRI features using the results of the evaluation

performed by the senior specialist, with continuous variables

expressed as the mean ± standard deviation and categorical

variables expressed as frequency distributions. All the

characteristic parameters were analyzed in univariate logistic

regression as factors for meningioma WHO grade and brain

invasion, and the meaningful parameters were selected for

multivariate logistic regression analysis. ROC curves of the

selected parameters for the diagnosis of WHO grade and brain

invasion were generated, and AUC, sensitivity and specificity were

calculated. P value < 0.05 was considered statistically significant.
Results

Among the 675 meningiomas cases, 543 (80.4%) were WHO

grade 1, 123 (18.2%) were WHO grade 2, and 9 (1.3%) were

WHO grade 3; 567 (84.0%) cases were meningiomas without

brain invasion, and 108 (16.0%) were meningiomas with brain

invasion. A consistency test was carried out on the data

evaluated by the two neuroradiology experts, and the

correlation coefficient ranged from 0.848 to 0.997, indicating

good consistency between the two experts.
Association of WHO grades with findings
on radiological imaging

The clinical data and MRI features were compared between

WHO grade 1 and WHO grade 2/3 lesions. Univariate logistic

regression showed that age (P=0.258), T1WI (P=0.615), T2WI

(P=0.617), degree of T1C (P=0.754), T1C enhancement

homogeneity (P=0.869), ADC value (P=0.780), dural tail sign

(P=0.384), and venous sinus invasion (P=0.062) were not

associated with WHO grade. However, the male/female ratio

was 56/76 for WHO grade 2/3 and 154/409 for WHO grade 1

(P=0.002). The mean size of WHO grade 2/3 tumors was larger

than that of WHO grade 1 tumors (P=0.000). In addition, the

lobulated sign, peritumoral edema, vascular flow void, bone
Frontiers in Oncology 05
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invasion, unclear tumor-brain interface, finger-like protrusion,

and mushroom sign were more common in WHO grade 2/3

tumors than in WHO grade 1 tumors (P<0.05; Table 2).

Multivariate logistic regression analysis revealed that the

lobulated sign (OR 0.528; 95% CI 0.307~0.909; P=0.021), tumor-

brain interface (OR 7.946; 95% CI 4.427~14.262; P=0.000),

finger-like protrusion (OR 4.845; 95% CI 2.076~11.310;

P=0.000), mushroom sign (OR 9.346; 95% CI 2.014~43.376;

P=0.004), and bone invasion (OR 2.311; 95% CI 1.315~4.061;

P=0.004) were independent risk factors for the diagnosis of

meningioma WHO grade.

ROC curves were generated for the five independent risk

factors for WHO grade: lobulated sign, tumor-brain interface,

finger-like protrusion, mushroom sign, and bone invasion

(Figure 2). The results showed that the tumor-brain interface

had the highest diagnostic accuracy for WHO grade (AUC

0.779; 95% CI 0.746~0.810; sensitivity 0.742; specificity 0.816).

Finally, a ROC curve was created for the fitted variable for WHO

grade obtained by multivariate logistic regression (AUC 0.834;

95% CI 0.832-0.885; sensitivity 0.727; specificity 0.858),

reflecting a strong diagnostic efficacy.
Association of brain invasion with
findings on radiological imaging

Table 3 summarizes the associations among of age, sex, 15

imaging features and brain invasion. Univariate logistic

regression analysis showed that age (P=0.331), T1WI

(P=0.656), T2WI (P=0.933), degree of T1C (P=0.687),

enhancement homogeneity (P=0.682), dural tail sign

(P=0.773), and venous sinus invasion (P=0.077) were not

associated with brain invasion. However, the male/female ratio

was higher among meningiomas with brain invasion (48/60)

than among meningiomas without brain invasion (162/405)

(P=0.001). The meningiomas with brain invasion had a

significantly larger mean size than the noninvasive

meningiomas (P=0.000). The mean ADC values were lower for

meningiomas with brain invasion than for meningiomas without

brain invasion (P=0.008). In addition, the lobulated sign,

peritumoral edema, vascular flow void, bone invasion, unclear

tumor-brain interface, finger-like protrusion, and mushroom

sign were more common in meningiomas with brain invasion

than in meningiomas without brain invasion (P < 0.05; Table 3).

Multivariate logistic regression analysis revealed that tumor

size (OR 1.270; 95% CI 1.020~1.582; P=0.033), ADC value (OR

0.998; 95% CI 0.996~1.000; P=0.043), lobulated sign (OR 0.309;

95% CI 0.150~0.633; P=0.001), tumor-brain interface (OR

36.307; 95% CI 15.438~85.390; P=0.000), finger-like protrusion

(OR 6.011; 95% CI 2.448~14.760; P=0.000), mushroom sign (OR

12.392; 95% CI 2.451~62.644; P=0.002), and bone invasion (OR

3.272; 95% CI 1.664~6.436; P=0.001) were independent risk

factors for brain invasion in meningioma.
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TABLE 2 Univariate analysis of features associated with WHO grades [N(%)].

Features WHO 1 WHO 2/3 Exp(B) P-value

N 543 132

Age (years) 51.1 ± 12.7 49.6 ± 15.0 0.992 0.258

Sex Male 154 (28.3) 56 (42.4) 0.537 0.002

Female 389 (71.6) 76 (57.6)

T1WI 1 11 (2.0) 4 (3.0) 0.911 0.615

2 110 (20.2) 30 (22.7)

3 413 (76.0) 93 (70.4)

4 8 (1.4) 5 (3.7)

5 1 (0.1) 0 (0.0)

T2WI 1 11 (2.0) 3 (2.2) 1.139 0.617

2 40 (7.3) 10 (7.5)

3 302 (55.6) 68 (51.5)

4 169 (31.1) 45 (34.0)

5 21 (3.8) 6 (4.5)

T1C 1 397 (73.1) 96 (72.7) 1.058 0.754

2 128 (23.5) 30 (22.7)

3 18 (3.4) 6 (4.5)

Enhancement homogeneity heterog-eneous 362 (66.7) 87 (66.0) 0.967 0.869

homog-eneous 181 (33.3) 45 (34.0)

Tumor size (cm3) 26.0 ± 2.1 47.1 ± 2.6 1.822 0.000

Lobulated sign yes 230 (42.4) 71 (53.8) 1.584 0.018

no 313 (57.6) 61 (46.2)

Peritumoral edema yes 196 (36.1) 84 (63.7) 3.098 0.000

no 347 (63.9) 48 (36.3)

ADC value
(/×10-5 mm2·s-1)

908.4 ± 165.8 877.7 ± 208.7 1.000 0.780

Vascular flow void yes 95 (17.5) 39 (29.6) 1.978 0.002

no 448 (82.5) 93 (70.4)

Dural tail sign yes 470 (86.5) 118 (89.3) 1.309 0.384

no 73 (13.5) 14 (10.7)

Venous sinus invasion yes 191 (35.2) 58 (43.9) 1.444 0.062

no 352 (64.8) 74 (56.1)

Bone invasion yes 63 (11.6) 50 (37.8) 4.646 0.000

no 480 (88.4) 82 (62.2)

Tumor-brain surface clear 443 (81.5) 34 (25.8) 12.769 0.000

unclear 100 (18.5) 98 (74.2)

Finger-like protrusion yes 10 (1.9) 38 (28.7) 21.547 0.000

(Continued)
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TABLE 2 Continued

Features WHO 1 WHO 2/3 Exp(B) P-value

no 533 (98.1) 94 (71.3)

Mushroom sign yes 2 (0.4) 25 (18.9) 63.201 0.000

no 541 (99.6) 107 (81.1)

WHO, World Health Organization; T1WI, T1-weighted imaging; T2WI, T2-weighted imaging; T1C, T1-weighted postcontrast.
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FIGURE 2

ROC curves of independent risk factors for WHO grade.
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TABLE 3 Univariate analysis of features associated with brain invasion [N(%)].

Features Brain invasion Non-brain-invasion Exp(B) P-value

N 108 (16.0) 567 (84.0)

Age (years) 49.9 ± 14.4 51.2 ± 13.0 0.992 0.331

Sex male 48 (44.4) 162 (28.6) 0.500 0.001

female 60 (55.6) 405 (71.4)

T1WI 1 4 (3.7) 11 (1.9) 0.915 0.656

2 22 (20.4) 118 (20.8)

3 79 (73.2) 427 (75.3)

4 4 (2.7) 10 (1.7)

5 0 (0.0) 1 (0.1)

T2WI 1 3 (2.7) 11 (1.9) 1.012 0.933

2 7 (6.4) 43 (7.5)

3 59 (54.6) 311 (54.8)

4 34 (31.4) 180 (31.7)

5 5 (4.6) 22 (3.8)

T1C 1 78 (72.2) 415 (73.1) 1.081 0.687

2 25 (23.1) 133 (23.4)

3 5 (4.6) 19 (3.3)

Enhancement homogeneity heterog-eneous 70 (64.8) 379 (66.9) 0.914 0.682

homog-eneous 38 (35.1) 188 (33.1)

Tumor size (cm3) 54.3 ± 2.5 25.6 ± 2.1 1.980 0.000

Lobulated sign yes 62 (57.4) 239 (42.1) 1.850 0.004

no 46 (42.6) 328 (57.8)

Peritumoral edema yes 73 (67.5) 207 (36.6) 3.627 0.000

no 35 (32.4) 360 (63.4)

ADC value
(/×10-5 mm2 -s-1)

862.9 ± 165.8 910.2 ± 176.3 0.998 0.001

Vascular flow void yes 35 (32.5) 99 (17.4) 2.267 0.000

no 73 (67.5) 468 (82.6)

Dural tail sign yes 95 (87.9) 493 (86.9) 1.097 0.773

no 13 (12.1) 74 (13.1)

Venous sinus invasion yes 48 (44.4) 201 (35.4) 1.457 0.077

no 60 (55.6) 366 (64.6)

Bone invasion yes 49 (45.3) 64 (11.2) 6.527 0.000

no 59 (54.6) 503 (88.8)

Tumor-brain surface clear 11 (10.1) 466 (82.2) 40.686 0.000

unclear 97 (89.9) 101 (17.8)

Finger-like protrusion yes 38 (35.1) 10 (1.7) 30.237 0.000

(Continued)
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ROC curves of the seven independent risk factors for

diagnosing brain invasion, including tumor size, ADC value,

lobulated sign, tumor-brain interface, finger-like protrusion,

mushroom sign and bone invasion, were generated (Figure 3).

The results showed that the tumor-brain interface had the

highest diagnostic accuracy for brain invasion in meningioma

(AUC 0.860; 95% CI 0.832~0.885; sensitivity 0.898; specificity

0.822). Finally, the ROC curve of the fitted variable obtained by

multivariate logistic regression for diagnosing brain invasion in

meningioma was created (AUC 0.935; 95% CI 0.910~0.959;

sensitivity 0.935; specificity 0.817), indicating good diagnostic

efficiency (Figure 3).
Discussion

MRI is one of the most reliable imaging methods

recommended by the WHO Guidelines for the Classification

of CNS Tumors (Fifth Edition 2021) for meningioma diagnosis,
Frontiers in Oncology 09
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follow-up, and recurrence detection. MRI has high soft tissue

resolution, and the sensitivity and specificity of MRI can reach

75.0% and 93.5%, respectively, for evaluating tissue conditions in

and around the tumor (5). Previous literature reports have

mostly focused on MRI-based predictions of meningioma

WHO classification, and there have been very few independent

studies regarding brain invasion in meningioma (10–15). This

lack of attention to the potential assessment value of

preoperative imaging for brain invasion in meningiomas tends

to result in incomplete clinical surgical resection and specimen

retrieval, leading to increased recurrence and mortality rates in

patients after surgery, and the pathological diagnosis of brain

invasion is severely underestimated as a result (9). Therefore, it is

necessary to set up imaging criteria for brain invasion based on

known pathological findings to distinguish whether the

meningioma has invaded into the adjacent brain parenchyma.

Previous brain invasion studies have included very limited MRI

features and have not analyzed the diagnostic efficacy of each

feature. In this study, the MRI features of meningiomas were
TABLE 3 Continued

Features Brain invasion Non-brain-invasion Exp(B) P-value

no 70 (64.9) 557 (98.3)

Mushroom sign yes 25 (23.1) 2 (0.3) 80.090 0.000

no 83 (76.9) 565 (99.7)

T1WI, T1-weighted imaging; T2WI, T2-weighted imaging; T1C, T1-weighted postcontrast.
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FIGURE 3

ROC curves of independent risk factors for brain invasion.
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comprehensively analyzed, and WHO grade and brain invasion

were analyzed as outcomes, aiming to identify features that

could predict WHO grade and brain invasion.

In our study, the male/female ratio was higher in malignant

meningiomas and brain invasion than in benign meningiomas

and meningiomas without brain invasion, but the incidence in

males was still lower than the incidence in females, which is

different from a previous report that the incidence of brain

invasion in meningiomas is higher in males than in females (17).

Age and T1WI and T2WI SI were not directly correlated with

WHO grade and brain invasion in meningiomas, consistent with

previous reports (17, 18). Adeli et al. (14)concluded that the

proportion of meningiomas with brain invasion showing

heterogeneous enhancement was higher than that of tumors

without brain invasion, without considering their WHO grades.

However, this study showed that the degree and homogeneity of

enhancement cannot be used to distinguish features between

benign and malignant tumors or to predict brain invasion in

meningioma; we suggest that the degree and homogeneity of

enhancement is related to the blood supply of the of

meningioma and its composition (19). This study found that

the dural tail sign and venous sinus invasion were not related to

WHO grade and brain invasion, but according to Maiuri et al.

(20), venous sinus invasion may be related to the location of

tumor growth.

According to a previous literature report, WHO grade 3

meningiomas are larger than grade 1 and grade 2 meningiomas,

with a cutoff value of 5 cm (21). Univariate regression analysis in

this study also showed that the higher the WHO grade was, the

larger the tumor; meningiomas with brain invasion were larger

than those without brain invasion. Multivariate regression

analysis showed that tumor size was also an independent risk

factor for brain invasion, but the diagnostic efficacy was not high

(AUC: 0.677). In this study, vascular flow void and peritumoral

edema were found to be associated with WHO grade and brain

invasion, and both were more common in meningiomas with

brain invasion than in meningiomas without brain invasion, but

multivariate regression analysis showed that neither of these

features were independent risk factors for WHO grade and brain

invasion. In previous studies, some scholars believed that

perineural edema was predictive of brain invasion (10, 14).

They suggested that perineural edema is due to the erosion of

brain parenchyma by tumor tissue following destruction of the

tumor-brain interface and is therefore more pronounced in

those with brain invasion than in those without. It is possible

that edema was an effective factor but not an independent

predictor in our study because we did not calculate edema

volume, and the presence or absence of edema alone may not

have predicted the meningioma WHO grade and brain invasion.

Reviewing previous literature, the lobulated sign is more

common in meningiomas with higher WHO grades, with the

proportion of lobulated signs in anaplastic meningiomas

reaching up to 100% (21). The present study showed that the
Frontiers in Oncology 10
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lobulated sign was an influential factor for WHO grade and

brain invasion in meningioma and an independent risk factor

for brain invasion, a finding consistent with Adeli’s study (14).

However, the efficacy of the lobulated sign in diagnosing both

WHO grade and brain invasion was low (AUC: 0.557 and 0.576,

respectively). Finger-like protrusion and the mushroom sign

have also been reported by many scholars as characteristics of

malignant meningioma, and the pathological basis of the

mushroom sign is caused by tumor invasion of the adjacent

dura mater, arachnoid membrane, subarachnoid space, pia

mater and brain (22). We found that finger-like protrusion,

the mushroom sign and bone invasion were all independent risk

factors for predicting WHO grade and brain invasion in

meningiomas. Although single factors had a low diagnostic

efficacy, the specificity was good, so these factors could

basically be considered characteristic imaging findings of brain

invasion in malignant tumors.

In the histopathological diagnosis of brain invasion in

meningioma, the hematoxylin and eosin (HE) staining

specimens need to contain the tumor-brain interface, and the

diagnosis can only be confirmed when the tumor cells are found

to be irregular and tongue-like, invading into the brain

parenchyma without pia matter involvement. Therefore, it is

very important to obtain specimens during the operation. In

recent years, researchers have paid attention to the visualization

of the tumor-brain interface in imaging studies. Adeli et al.

believed that the tumor-brain interface was not correlated with

brain invasion (14), while Joo et al. believed that the tumor-brain

interface was important for the diagnosis of brain invasion (10,

12, 13). This study concluded that the tumor-brain interface was

the most meaningful MRI feature, an independent risk factor for

WHO grade and brain invasion, with the best diagnostic efficacy

among all single variables (Figure 4). The tumor-brain interface

had an AUC of 0.779 (0.746-0.810), a sensitivity of 0.742 and a

specificity of 0.816 for predicting WHO grade and an AUC of

0.860 (0.832-0.885), a sensitivity of 0.898 and a specificity of

0.822 for predicting brain invasion. MRI showed excellent

diagnostic efficacy overall for WHO grade and brain invasion

in meningioma (AUC: 0.834/0.935). In recent years, Kandemirli

et al. (11) showed an AUC of 0.74 for the diagnosis of brain

invasion, and Li et al. (13) concluded that the efficacy of MRI

based on clinical semantics and radiomics models had an AUC

of 0.895 for predicting brain invasion. The diagnostic efficiency

of MRI in the above studies is lower than that in this study,

which may be because most of their studies adopted artificial

intelligence computer-aided diagnosis and did not include all

MRI features in the study; additionally, the number of cases was

small. Moreover, some studies only included WHO grade 2

tumors, resulting in a limited reference value.

Brain invasion of meningioma is closely related to

recurrence and prognosis. Perry found that the recurrence and

mortality rates of benign meningiomas with brain invasion are

very similar to those of atypical meningiomas, and brain
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FIGURE 4

Illustrative example of the analyzed MRI variables. (A) Axial T1-weighted image. (B) Axial T2-weighted image. (C) Axial T1-weighted postcontrast
image. (D) Pathological section. (B, C) Arrows show an unclear tumor-brain interface. (D). Pathological examination confirmed brain invasion.
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invasion affects the prognosis of benign meningiomas (23). The

recurrence rate of brain invasion meningioma is closely related

to the degree of tumor resection. The recurrence rate of total

resection is lower than that of subtotal resection and incomplete

surgical resection is a direct factor of the high recurrence rate

(24, 25). However, surgery requires both complete resection of

the lesion and the preservation of as much normal brain tissue

surrounding the tumor as possible. Therefore, preoperative

imaging assessment of brain invasion is particularly important.

The results of this study show that the presence or absence of

brain invasion of meningiomas can be predicted preoperatively

by the “tumor-brain interface”, thus allowing a fuller assessment

of meningiomas with brain invasion, especially BIOB, for which

complete resection is attempted during surgery, and helping to

reduce their recurrence rate. In our medical center, we

conducted multidisciplinary discussions on the preoperative

cases suspected to be BIOB by MRI, made precise surgical

plans, and removed the tumor tissue and the brain

parenchyma as far as possible. After surgery, we determined

whether the patients needed radiotherapy or not according to

the resu l t s o f intraoperat ive findings , patho logy ,

immunohistochemistry and genetic testing.

In conclusion, several features of preoperative MRI are

reliable in diagnosing meningioma WHO grade and predicting

brain invasion, as an unclear tumor-brain interface on

preoperative MRI indicates a higher WHO grade of

meningiomas and a higher likelihood of brain invasion. In

clinical practice, a preliminary estimate of WHO grade can be

made based on the MRI features of meningiomas to predict the

presence of brain invasion in advance, which helps facilitate the

complete removal of lesions, guide specimen sampling, improve

the accuracy of the pathological diagnosis of brain invasion, and

improve patient prognosis.
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Glioblastoma (GBM) is the most common and lethal primary brain malignancy

and is characterized by a high degree of intra and intertumor cellular

heterogeneity, a starkly immunosuppressive tumor microenvironment, and

nearly universal recurrence. The application of various genomic approaches

has allowed us to understand the core molecular signatures, transcriptional

states, and DNA methylation patterns that define GBM. Histone posttranslational

modifications (PTMs) have been shown to influence oncogenesis in a variety of

malignancies, including other forms of glioma, yet comparatively less effort has

been placed on understanding the transcriptional impact and regulation of

histone PTMs in the context of GBM. In this review we discuss work that

investigates the role of histone acetylating and methylating enzymes in GBM

pathogenesis, as well as the effects of targeted inhibition of these enzymes. We

then synthesize broader genomic and epigenomic approaches to understand the

influence of histone PTMs on chromatin architecture and transcription within

GBM and finally, explore the limitations of current research in this field before

proposing future directions for this area of research.

KEYWORDS

glioblastoma, histone postranslational modifications, histone post translational
modifications, histone acetylation, histone methylation, glioblastoma epigenomics
1 Introduction

Glioblastoma (GBM) is the most common primary malignant brain tumor of the central

nervous system with discouraging patient survival despite extensive research and clinical

efforts to better understand and treat this malignancy. The median survival of 17-20 months

in newly diagnosed GBM patients treated with standard of care has changed only modestly

since the advent of the Stupp protocol published nearly two decades ago (1, 2). Although
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numerous clinical trials have been undertaken to improve outcomes

in this disease, the standard of care for newly diagnosed disease—a

combination of maximally safe resection, radiation therapy, and

chemotherapy—has remained relatively unchanged for many years

(2–4). Challenges to clinical progress include an incomplete

understanding of cancer biology, a heterogeneous genetic and

ce l lu lar environment , an immunosuppress ive tumor

microenvironment, and a delicate and difficult to access host organ

system (5, 6). Extensive efforts have led to better characterization of

the genetic and transcriptomic alterations in this cancer, but our

understanding of the epigenetic regulation of this disease remains

incomplete. Posttranslational modifications of histones play an

important role in influencing transcription. Histone post-

translational modifications (PTMs) have proven important in other

forms of glioma, such as diffuse midline glioma, which commonly

contain mutations in H3-K27M leading to global reduction in H3K27

methylation and increased PRC2-mediated repression of

neurodevelopmental genes, potentially leading to lineage restriction

and a preponderance of oligodendrocytic precursor like cells (7, 8).

Similarly, the presence of IDH mutations in lower grade astrocytoma

impacts the function of DNA methyltransferases and histone

methyltransferases, leading to alterations in levels of activating and

repressive histone post-translational modifications, as reviewed

elsewhere (9). Methylation of the O6-Methylguanine-DNA

methyltransferase (MGMT) promoter, which is associated with

improved chemotherapy response, is a widely recognized epigenetic

determinant in GBM, yet beyond DNA methylation, there is now a

greater appreciation for the complex role that histone post-

translational modifying enzymes play in regulating GBM

pathophysiology (10, 11). This diverse group of enzymes carry out

their effects via the modification of histone and non-histone

substrates to control the ability of GBM cells to proliferate, invade

surrounding tissue, andmodulate the host immune response (12–14).

Epigenetics refers to heritable phenotypic changes that are

independent of changes to underlying DNA sequences. These

changes typically involve alterations in chromatin, a complex of the

double-stranded DNA and an octamer containing two copies of the

histone proteins H2A, H2B, H3, and H4. There are numerous PTMs

that can be applied to the N-terminal tails and the core globular

domains of these histone proteins, including, among other

modifications, acetylation, methylation, and phosphorylation.

Histone tail PTMs have varying impacts on the histone protein–

DNA interaction, creating regions of transcriptionally-accessible

chromatin (euchromatin) and transcriptionally-inaccessible

chromatin (heterochromatin), which ultimately regulate functions

such as transcription, DNA repair, and recombination. Importantly,

recent efforts have suggested the ability of heterochromatin domains

to persist through cellular division, thus representing a heritable

aspect of information independent of DNA sequence identity (15,

16). Individual histone PTMs are associated with different states of

transcriptional activation and repression and play a significant role in

the broader landscape of the transcriptional machinery of a cell.

Given the importance of transcriptional regulation, there are a variety

of enzymes involved in regulating the modification of histone tails,

including histone acetyltransferases (HATs/KATs), deacetylases

(HDACs), methyltransferases (HMTs/KMTs), demethylases
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(HDMs/KDMs), ubiquitinases (ubiquitin ligases)/deubiquitinases,

and protein kinases/phosphatases, which dynamically regulate the

histone PTM landscape. In addition to their role in histone

modification, many of these enzymes can modify non-histone

substrates, including p53 demethylation via KDM1A, PRMT5-

mediated arginine methylation of components of the

ribonucleoprotein-assembling Survival of Motor Neurons (SMN)

complex, and EZH2-mediated methylation and activation of

STAT3 (17–19). Due to the diversity and complexity of these

enzyme families, it has become increasingly important to

understand their respective functions in the context of normal

physiology and the impact of their dysregulation in human disease.

Histone PTMs at the global and local levels are frequently

dysregulated in cancer, and the enzymes involved in histone

modification have therefore become viable therapeutic targets.

Large-scale genomic sequencing efforts have illuminated recurrent

mutations of histone modifying genes in many distinct forms of

cancer (20). These include MLL, EP300, and CREBBP in small cell

lung cancer, EHMT1 and KDM6A in medulloblastoma, and EZH2 in

diffuse large B cell lymphoma and follicular lymphoma (21–23). In

addition to somatic mutations, histone modifying genes are often

found to be over- or underexpressed in the context of cancer, such as

EZH2 overexpression in prostate, bladder, ovarian, and breast cancer,

MLL1 overexpression in colon cancer, and SIRT1 overexpression in

prostate and colon cancer and downregulation in breast cancer and

hepatic cell carcinoma (24–29). Although much of the research in

GBM epigenetics and epigenomics has focused on DNAmethylation,

parallel research has shown alterations in the expression of histone

modifying enzymes and the landscape of histone PTMs in primary

GBM tumors (5, 30). Moreover, the well-established presence of

GBM stem cells (GSCs) within primary tumors, along with the

substantial transcriptional heterogeneity and plasticity found within

GBM, raises a number of questions regarding whether histone PTMs

and chromatin architecture play a role in regulating transcription and

degree of differentiation, as exemplified by the role of specific histone

demethylases in treatment escape in GSCs exposed to prolonged

receptor tyrosine kinase inhibition (6, 31–36). In this review, we will

discuss the current landscape of research into the role of histone

modifying enzymes in GBM pathophysiology, highlighting research

into histone tail acetylation and methylation enzymes, broader

genomic characterizations of the histone landscape, and identifying

the challenges and opportunities within this field of research.
2 Histone acetylation

The addition of acetyl groups to histone N-terminal domain

lysine residues is catalyzed by the action of lysine acetyltransferases/

histone acetyltransferases (KATs/HATs) whereas the removal of

acetyl groups is catalyzed by histone deacetylases (HDACs). The

HAT family of enzymes can be divided into subgroups based on

structural and sequence homology — the Gcn5-related N-acetyl

transferase (GNAT) family, the MOZ, Ybf2-Sas3, Sas2, and Tip60

(MYST) family, and the CBP/p300 family (37). These subgroups

vary in specificity and roles outside of histone acetylation, such as

the catalysis of p53 acetylation mediated by CBP/p300 and GCN5/
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PCAF or introduction of histone acetylation to regulate the binding

of 53BP1 and influence DNA damage repair pathway selection (38,

39). HDACs are divided into four classes (Classes I–IV) based on

similarity to yeast orthologs: Class I, comprised of HDAC1,

HDAC2, HDAC3, and HDAC8; Class IIA, comprised of HDAC4,

HDAC5, HDAC7, and HDAC9; Class IIB, comprised of HDAC6

and HDAC10; Class III, comprised of the Sirtuins 1-7; and Class IV,

comprised solely of HDAC11 (40, 41). Of these, Classes I, II, and IV

are Zn2+-dependent, whereas Class III/Sirtuins are NAD+-

dependent. Like HATs, the enzymatic role of HDACs is not

confined to histone deacetylation, with high levels of substrate

promiscuity in the Sirtuin class of enzymes (40). Histone tail

acetylation weakens the DNA-histone interaction by neutralizing

the basic charge of the lysine residue, leading to decreased

nucleosome occupancy and increased accessibility for RNA

polymerase II binding and is often enriched at enhancers and

promoters and correlated with transcriptional activity (42, 43).

While this supports the view of HATs being associated with

active genes and HDACs associated with inactive genes, genome-

wide characterizations of HAT and HDAC activity reveal a more

dynamic and nuanced picture, with HDACs serving roles in

regulating active transcription as well as potentiating genes for

future transcription (44). Given their functional role in both

transcriptional regulation and modifications of non-histone

substrates, HATs and HDACs have been implicated in many

different disease states, including inflammatory diseases due to

HAT-mediated post-translational modification of NF-kB, HAT-

mediated acetylation of tau and concomitant increased expression

of phosphorylated tau in Alzheimer’s disease, as well as

overexpression, underexpression, and/or mutation of both HATs

and HDACs in many different forms of cancer, as reviewed

elsewhere (20, 40, 45–49). As diametrically opposed regulators of

histone acetylation, the diverse families of HATs and HDACs play

an important role in influencing the interaction between DNA and

histones and consequently are significant actors in disease

pathophysiology when this process becomes dysregulated.
2.1 Histone deacetylases and histone
acetyltransferases in GBM

Like many other forms of cancer, the expression of HATs and

HDACs is altered in GBM. Though comparatively less work has

been done on the role of lysine acetyltransferases in GBM,

expression of the lysine acetyltransferase KAT6A is upregulated

in GBM, and its acetyltransferase activity promotes tumorigenesis

through the regulation of PIK3CA expression and PI3K/AKT

pathway activation (50). Early gene profiling experiments into the

expression of HDACs and Sirtuins in GBM found significant

decreases in HDAC5 and HDAC11 expression and significant

increases in HDAC6, HDAC7, and HDAC10 expression when

compared to normal brain tissue (51). Further investigation of

individual HDACs has begun to shed light on the role and function

they play in the pathophysiology of GBM, and a catalog of this

information can be found in Table 1. HDAC1 expression is elevated

in GBM tumor tissue as compared to normal surrounding brain
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tissue, and early gene expression profiling experiments in GBM

revealed TCGA subtype exclusivity in the activity of histone

acetyltransferase and deacetylase pathways, with proneural

tumors having increased activation of HDAC1 and mesenchymal

tumors having increased activation of HDAC4 and SIRT1 pathways

(51–53, 55). Further research into the functional consequences of

HDAC1 knockdown in GBM cell lines revealed increased apoptosis

and decreased cellular migration upon HDAC1 knockdown in vitro,

alongside concomitant decreased levels of active AKT and ERK,

highlighting a potential relationship between HDAC1 and the

PI3K/AKT and Ras/ERK signaling pathways in GBM (53, 54).

Additionally, selective inhibition of HDAC1 and HDAC3,

enzymes whose expression in tumors is associated with significant

decreases in overall survival of human GBM patients, leads to

increased temozolomide (TMZ)-induced cell death in vitro

through the hyperacetylation of the NF-kB subunit p65 and

inhibition of its interaction with NF-kB coactivators KAT2B and

KAT3B and increased interaction with ING4, a tumor suppressor

(51, 56). In addition to its correlated pathway activation in

mesenchymal tumors, HDAC4 overexpression led to increased

cell proliferation, decreased reactive oxygen species (ROS)

production, and increased invasiveness of U251 cells in vitro, and

HDAC4 knockdown in U87 cells in vitro induced the expression of

p21WAF1/Cip1, a cyclin-dependent kinase inhibitor and tumor

suppressor involved in cell cycle regulation (55, 57, 58).

Moreover, HDAC4 knockdown in U87 and U251 GBM cell lines

led to radiation-induced senescence mediated by p21WAF1/CIP1 in

addition to reducing neurosphere formation and the frequency of

CD133+ and Nestin+ (stem) cells (59). A multivariate retrospective

immunohistochemical analysis of GBM tumor tissue for HDAC4

and HDAC6 expression found that at the mean of the covariates,

high expression of either or both HDACs is associated with

decreased overall survival, conflicting with the findings of the

cohort in a study by Dali-Youcef et al. (51, 59) Alongside these

findings, HDAC6 knockdown was found to increase apoptotic cell

death and autophagy in U251 GBM cells in vitro, with another

investigation showing impaired EGFR pathway activation in

HDAC6 knockdown U87 cells (60). A similar pathway

dependency was found following knockdown of HDAC9, which

led to reduced proliferation of U87 cells in vitro, potentially through

downregulation of the EGFR/AKT/ERK pathway (61). Within the

Sirtuin family of deacetylases, SIRT1 has been found to be

associated with tumorigenesis and stemness in NSCs and GSCs,

respectively, with selective inhibition of SIRT1 leading to increased

p53-dependent transcriptional activity, acetylation, and apoptosis

in NSCs but not in U87 cells (62). Additionally, SIRT1 expression

decreases during differentiation of GSCs, along with their

susceptibility to apoptosis via SIRT1 inhibition (62). There is

conflicting evidence regarding the role and expression of SIRT2

in GBM. Early proteomic-based analysis found decreased SIRT2

expression in GBM tissue samples, and overexpression in GBM cell

lines suppressed cell growth and induced changes in microtubule

localization in one of the cell lines studied (63). Treatment with the

polyphenol resveratrol led to SIRT2-mediated decreases in GSC

proliferation. However, SIRT2 was also found to be expressed in

GSCs but not NSCs (64). SIRT3, which is localized in mitochondria,
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is overexpressed in GSCs and plays an important role in GSC

stemness and survival through its direct interaction with TRAP1,

which together contribute to regulation of ROS primarily through

the deacetylation of SOD2 (65). SIRT6 overexpression in T98G cells

led to apoptosis and downregulation of the JAK2/STAT3 signaling

pathway in vitro, though its influence on oncogenesis is cell-context

dependent, and evidence regarding the relative expression of

SIRT6 in GBM is inconsistent (51, 66–68). While the role and

dysregulation of HATs in GBM still requires targeted investigation,

the altered expression of histone deacetylases in GBM has been

found to have important functional consequences on stemness,

tumorgenicity, and cell signaling, and thus these enzymes represent

potential targets for treatment.
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2.2 Histone deacetylase inhibition in GBM

In addition to targeted approaches assessing the role of histone

acetylation-modifying enzymes in GBM, there has been increasing

interest in the use of existing histone deacetylase inhibitors to treat

GBM. A catalog of the inhibitors presented here can be found in

Table 2. In addition to its anticonvulsant properties, valproic acid

inhibits the activity of class I and II HDACs and has been

demonstrated to augment radiation therapy in anti-cancer

treatment (69, 80, 81). GBM-specific investigations have shown

valproic acid treatment in vitro causes increased p21 WAF1/Cip1

expression in multiple cell lines and sensitization to TMZ treatment

in GBM cell lines but not in primary GSC cultures derived from
TABLE 1 The function of histone acetyltransferases & histone deacetylases in GBM.

Enzyme Associated role in GBM Cell lines/model
system used References

KAT6A Promotion of H3K23 acetylation through interaction with TRIM24, leading to PI3K/AKT pathway upregulation U87, LN229 (50)

HDAC1
Elevated expression in GBM; increased apoptosis, decreased cellular migration, and decreased MAPK signaling

upon knockdown in vitro

Patient-derived cell
cultures (52); U251,
T98G (53); U87 (54)

(51–55)

HDAC3 Overexpression associated with decreased overall survival; inhibition leads to increased TMZ-induced cell death (51, 56)

HDAC4
Overexpression associated with increased cell proliferation/invasiveness and decreased ROS production,

knockdown associated with p21WAF/Cip1-mediated radiation-induced senescence and decreased stem marker
expression

U87, U251 (55, 57–59)

HDAC6
Conflicting associations between expression in tumors and overall survival, knockdown impairs EGFR pathway

and increases apoptosis and autophagy in vitro
U87, U251 (51, 59, 60)

HDAC9 Knockdown leads to reduced proliferation and downregulation of EGFR signaling pathway U87 (61)

SIRT1
Selective inhibition leads to apoptosis in engineered NSCs and GSCs but not U87 cells, and reduced expression

of stem markers in GSCs
U87, engineered
NSCs, GSCs

(62)

SIRT1
Conflicting evidence – research on primary tumor tissue showed decreased protein expression and that

overexpression in GBM cell lines suppressed cell growth, while contrasting research showed SIRT2 essentiality
in mediating decreased cellular proliferation in GSCs upon treatment with resveratrol

Glioma cell lines
(unspecified), GSCs,

NSCs

(63, 64)

SIRT3
Overexpressed in GSCs, interacts with TRAP1 to activate SOD2 and prevent ROS overproduction. Knockdown

leads to increased ROS production and loss of stemness
GSCs (65)

SIRT6
Overexpression leads to apoptosis and JAK-STAT pathway downregulation in vitro, conflicting evidence about

expression in GBM
T98G (51, 66–68)
A summary of the functions of individual histone deacetylase and acetyltransferase enzymes in GBM pathophysiology, and the corresponding model system(s) used and reference to the original
publication(s).
TABLE 2 The effect of select HDAC inhibitors in GBM pathophysiology.

Treatment/Drug Effect Cell model(s) used References

Valproic acid In vitro radiosensitization of GBM cells, increased p21 expression in GBM model cells
but not patient-derived cell lines

U87, T98G, TP365MG, U118MG,
U251MG, U373MG, patient

derived GSC lines

(69–71)

Suberanilohydroxamic
acid (SAHA,
vorinostat)

In vitro radiosensitization (compounded with concomitant Bcl-2 inhibition), leads to
cell cycle arrest in G0/G1, shifts transcriptional phenotype away from proneural and

classical transcriptional signatures

U87, GSCs (72–75)

Trichostatin A In vitro radiosensitization, shifts transcriptional phenotype away from proneural and
classical transcriptional signatures, upregulates DIRAS-1 expression

U87, U373, U251, Hs683 (75–77)

Panobinostat In vitro radiosensitization, apoptosis and necroptosis in neurospheres with
concomitant KLF9 overexpression, metabolic shift to oxidative phosphorylation

GSCs/neurospheres, NCH644,
NCH421k, U87

(69, 78, 79)
A summary of the impact of select HDAC inhibitors on GBM pathophysiology, and the corresponding model system(s) used and reference to the original publication(s).
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human tumors (70, 71). Vorinostat (suberoylanilide hydroxamic

acid, SAHA), a selective inhibitor of HDACs 1, 2, 3, and 6, has been

used to treat certain types of cutaneous T cell lymphoma and has

demonstrated similar ability to radiosensitize patient-derived GBM

cell cultures in vitro, with this effect acting synergistically with a Bcl-

2 pathway inhibitor, obatoclax (72–75). U87 cells treated with

vorinostat exhibited cell cycle arrest in G0/G1 and reduced cell

motility, whereas other studies have reported conflicting results for

these phenotypes in patient-derived GBM cell lines (75, 76). In

addition to these phenotypic changes, treatment with vorinostat

was found to significantly alter the transcriptomic landscape of

patient-derived GBM cell lines, with gene expression profiling

revealing a shift away from TCGA proneural and classical

molecular signatures towards a neural signature, though the

existence of this particular molecular subtype has been questioned

in more recent work (76, 82, 83). Trichostatin A, a class I and II

HDAC inhibitor, has shown a similar ability to radiosensitize U87

and U373 cells in vitro and triggers similar transcriptional shifts

away from TCGA proneural and classical expressional signatures in

patient-derived cell lines in vitro (76, 77). Trichostatin A treatment

of U251 and Hs683 cell lines in vitro has also been shown to

upregulate mRNA expression of DIRAS-1, a small Ras GTPase and

potential tumor suppressor in various solid tumors (84).

Panobinostat, a nonselective HDAC inhibitor that has been

explored as a potential therapeutic agent in a variety of cancers,

has been shown to impact GBM cells in a manner similar to other

HDAC inhibitors. Panobinostat radiosensitizes patient-derived

GBM cell lines in vitro, with a greater effect on cell lines with

MGMT promoter methylation (73). Panobinostat treatment in

KLF9-overexpressing primary GBM neurospheres led to

induction of apoptosis and necroptosis pathways in vitro (78).

While the mechanism behind reduced cellular viability with

treatment is undoubtedly multifactorial, in vitro and in vivo work

by Nguyen et al. established a partial role for panobinostat-

mediated disruption of c-Myc and subsequent metabolic shift to

oxidative phosphorylation (79). Although HDACs represent a wide

variety of enzymes with diverse downstream effectors, selective and

broad inhibition of their function results in varying anti-tumor

effects in GBM, including radiosensitization, sensitization to TMZ,

and induction of cell death pathways. While the current preclinical

evidence regarding HDAC inhibition in GBM is encouraging,

clinical trials with the current generation of HDAC inhibitors

have shown a mixture of outcomes with modest benefit in some

trials and disappointing results in others due to unanticipated

toxicity or failure to fill study arms (85). With newer therapeutic

agents continually being generated, HDAC inhibition will

undoubtedly continue to serve as a salient target for clinical trials

for GBM (86–89).
3 Histone methylation

Histone tails are methylated through the action of histone

methyltransferases, which catalyze the donation of methyl groups

from S-adenosylmethionine to basic residues of the histone tail,

whereas the removal of this modification is catalyzed by histone
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demethylases. Histone methylation most commonly occurs on

lysine and arginine residues; lysine can be mono-, di-, or

trimethylated, and arginine can be mono- or dimethylated, with

dimethylation occurring either symmetrically or asymmetrically

(90). Histone methyltransferases can be divided into three groups:

SET-domain proteins and DOT1-like proteins (KMTs) which

methylate lysine, and arginine N-methyltransferase proteins

(PRMTs) which methylate arginine. Histone lysine demethylation

is catalyzed by amine oxidase domain-containing proteins and

Jumonji C (JmjC)-domain containing proteins, whereas the

identification of selective arginine demethylases has proved

elusive, with recent evidence suggesting dual lysine/arginine

demethylase activity of certain lysine demethylase enzymes in

vitro (91–93). Despite a few exceptions, these enzymes typically

have higher substrate specificity compared to acetyltransferases,

with specificity for unique methylation locations and degree of

methylation (93–95). Unlike histone acetylation, the addition of

methyl groups to histone tails does not result in charge

neutralization of the target residue, instead altering the

hydrophobicity and hydrogen bonding radius in the case of

methyl-lysine, and thus the binding properties of these sites (96).

Histone lysine methylation has a variety of correlations with

transcriptional regulation and chromatin structure, depending on

the location and degree of methylation. This includes associations of

H3K4me1 with enhancer regions, H3K4me2 and H3K4me3 with

promoter regions and transcription start sites, H3K27me3 with

repressed transcriptional regions, and H3K36me3 in gene bodies of

actively transcribed genes (44, 97, 98). Histone arginine methylation

has been demonstrated to play a similarly important role in

regulating transcription and chromatin architecture. Examples of

this include the association of H3R2 symmetric dimethylation

(H3R2me2s) with euchromatic promoters and H3K4me3

modifications, asymmetric H3R2 dimethylation (H3R2me2a) with

promoter heterochromatinization, H4R3me2s with transcriptional

repression and recruitment of DNMT3A, and CARM1 mediated

methylation of H3R17 and H3R26 with transcriptional activation

(99–103). However, histone methylation is context-dependent, as in

the case of H3K4 methylation, where the plant homeodomain

(PHD)-containing proteins recruited by this modification have

varying functions in transcriptional activation and repression

(96). Moreover, the colocalization of different methylation marks

can lead to unique functions, as in the case of “bivalent” chromatin

domains, such as embryonic stem cell transcription start sites

marked by both H3K4me3 and H3K27me3, with loss of the

repressive or activating mark during differentiation dependent on

expression of the corresponding gene (104).
3.1 Histone demethylases in GBM

Research into the KDM (lysine-specific demethylase) family in

GBM has provided insights into how these enzymes affect

tumorigenicity through their dual role in demethylation of histone

and non-histone substrates, a comprehensive summary of which can

be found in Table 3. KDM1A (LSD1) is a H3K4/H3K9 demethylase

that is overexpressed in GBM, which is consistent with similar
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overexpression in bladder, lung, and colorectal cancer (122). In GBM,

expression in isolated GSCs is inversely correlated with degree of

differentiation (105). Initial research on the function of KDM1A in

GBM focused on the similarities in the catalytic domain between

KDM1A and monoamine oxidases (MAOs), finding that inhibition of

KDM1A with the MAO inhibitor tranylcypromine rendered GBM cell

lines more sensitive to treatment with HDAC inhibitors, but this

synergistic effect was not observed in immortalized human astrocytes

(106). In addition, selective inhibition of KDM1A through small

molecule inhibitors or shRNA has been shown to decrease cellular

proliferation, colony formation, and in vivo tumor progression. In

tandem with these changes, expression of stem cell-associated genes

decreased, and expression of genes involved in the unfolded protein

response pathway increased, partially mediated by increases in

H3K4me2 at associated loci (105, 107). However, the work of

Kozono et al. complicated the conclusion that KDM1A promotes

tumorigenicity. Instead, their findings suggested a dose-dependent

influence of KDM1A on tumorigenicity as partial inhibition was

associated with increased H3K4me3 at the MYC locus, increased

MYC expression, and increased downstream expression of stem cell-

associated genes, whereas complete inhibition led to decreased MYC

expression and consequent cell death (108). Subsequent work described

a mechanism by which GSK3b increases KDM1A stability via

phosphorylation, allowing for downstream increases in USP22-

mediated deubiquitylation and H3K4 demethylation activity of

KDM1A. In turn, increased KDM1A binding to BMP2, CDKN1A,

and GATA6 promoters repressed transcription of these genes, while

increasing the expression of stem cell-related genes (109). Loss of either
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of the H3K36 demethylases KDM2A or KDM2B resulted in

dysregulation of several GBM cellular phenotypes. Knockdown of

KDM2A, a target of the microRNA miR-366 which is

downregulated in GBM, resulted in reduced cellular proliferation,

migration, and invasiveness (110). Alongside similar reductions in

cellular viability, KDM2B knockdown reduced GSC self-renewal and

increased sensitization to chemotherapy treatment with the alkylating

agent lomustine, alongside increased susceptibility to TRAIL-induced

apoptosis (111, 112). In addition to upregulation of mean expression in

primary GBM tumor samples, the H3K9/H3K36 demethylase KDM4A

has been shown to be upregulated in TMZ-resistant GSCs (113).

KDM4A knockdown in GBM cell lines in vitro led to increased

apoptosis and reductions in cellular viability and invasiveness, and

these effects were ameliorated by the suppression of autophagy (114). A

separate investigation suggested a connection between KDM4A and

the mTOR pathway, a negative regulator of autophagy, with KDM4A

overexpression and knockdown leading to increased and decreased

activation of themTOR pathway, respectively (115). Knockdown of the

H3K9/H3K36 demethylase KDM4C led to a reduction in CD133+

GSCs and reduced cellular viability, potentially mediated by a link

between KDM4C and c-Myc/p53, in which KDM4C demethylates p53

and inhibits its roles in transcriptional activation and initiation of

apoptotic pathways (116, 117). KDM5A, a H3K4 demethylase, has

been shown to be markedly elevated in TMZ-resistant GSCs, a finding

that is consistent with similar overexpression seen in drug-resistant

non-small cell lung cancer (123). Exogenous KDM5A overexpression

inhibited TMZ-induced apoptosis in GBM cell lines (113). This finding

was further supported by work showing significant decreases in cellular
TABLE 3 The function of histone demethylases in GBM.

Enzyme Associated role in GBM Cell lines/
model
system
used

References

KDM1A Overexpressed in GBM, particularly in stem-like cells. Constant inhibition decreases proliferation, colony formation,
and tumorgenicity, and sensitizes cells to HDAC inhibitors, while transient inhibition increases stem gene expression.
Stabilized by GSK3b-mediated phosphorylation,

GSCs, U251,
U87, SNB-19,

LN-18

(105–109)

KDM2A Knockdown associated with reduced proliferation, migration, and invasiveness A172, U251,
T98G

(110)

KDM2B Knockdown associated with reductions in cellular viability and self-renewal, increased sensitization to CCNU, and
increased susceptibility to TRAIL-induced apoptosis

Patient-derived
cultures, U87,

T98G

(111, 112)

KDM4A Upregulated in TMZ-resistant GSCs, knockdown results in reduced mTOR pathway activation, reduced invasiveness,
and autophagy-dependent apoptosis

A172, U87MG,
T98G, U251

(113–115)

KDM4C Knockdown leads to reduced cellular viability, KDM4C acts as a p53 demethylase to inhibit initiation of apoptotic
pathways

GSCs, U87,
U251

(116, 117)

KDM5A Upregulated in TMZ-resistant GSCs, overexpression inhibits TMZ-induced apoptosis in GBM cell lines, inhibition in
TMZ-resistant subclones leads to decreased cellular viability

A172, U251,
CAS1, DBTRG,
U87, GSCs

(113, 118)

KDM5B Higher expression in tumor tissue than surrounding brain, expression inversely correlated with overall survival post-
resection

SW1783, U-87,
LN-18, Hs683,
and T98G

(119)

KDM6B Conflicting evidence: Upregulated in TMZ-resistant GSCs, inhibition has been shown to induce apoptosis in both
TMZ-naïve and TMZ-resistant cells. Overexpression has been shown to inhibit neurosphere formation in vitro and in
vivo, and STAT3-mediated repression causes normal neurosphere formation

A172, U251,
DBTRG, GSCs,

NSCs.

(113, 120,
121)
A summary of the functions of individual histone demethylase enzymes in GBM pathophysiology, and the corresponding model system(s) used and reference to the original publication(s).
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viability in TMZ-resistant subclones treated with the selective KDM5A

inhibitor CPI 455 (118). Fellow H3K4 demethylase KDM5B has been

found to have higher expression in GBM tumor tissue than normal

surrounding brain tissue and has an inverse correlation with overall

survival post-resection (119). Expression of H3K27 demethylase

KDM6B is upregulated in TMZ-resistant GSCs, and selective

inhibition of this enzyme via the drug GSK J4 led to reduction of

cell cycle transition to G2 and induction of apoptosis, though these

phenotypes did not differ between TMZ-naïve and TMZ-resistant

populations (113, 120). However, the expression of KDM6B in

human GBM tumors is variable and heterogeneous, and contrasting

research has suggested that overexpression of this enzyme inhibits

neurosphere formation in vitro and tumor formation in vivo and

further that STAT3-mediated repression of KDM6B expression is

essential for neurosphere formation and cellular proliferation (121).

With some exceptions, the function of histone demethylases primarily

acts to promote tumorigenicity, thus serving as a potential therapeutic

target to abrogate proliferative and anti-apoptotic functions in GBM.
3.2 Histone methyltransferases in GBM

Trimethylation of H3K27 is a ubiquitous repressive mark found in

large stretches of heterochromatic DNA and is associated with

transcriptional repression. The introduction of this modification is

catalyzed by Polycomb Repressive Complex 2 (PRC2), a multiprotein

complex that carries out methyltransferase enzymatic function via the

enhancer of zeste homolog 2 (EZH2) subunit (124). Adding complexity

to its regulatory role, EZH2 can methylate non-histone substrates

within the nucleus or the cytosol (125). Aberrant EZH2 expression is a

hallmark of many cancers and elevated expression in the context of

malignancy can be a marker of poor prognosis and advanced disease

(126). EZH2 expression has been shown to be elevated in GBM, and its

expression is similarly correlated with a poorer prognosis (12, 127–

129). Due to the importance of H3K27me3 in transcriptional

regulation and chromatin architecture, extensive efforts have been

made to understand the role of EZH2 in promoting GBM

tumorigenicity. EZH2 has been shown to exert diverse regulatory

roles in GBM, modulating pathways in tumor initiation/self-renewal,

differentiation, cell cycle progression, metabolism, immunogenicity,

and invasiveness. Early work by Suvà et al. showed that EZH2 is

necessary for tumor formation and self-renewal in patient-derived

GSCs, with further research highlighting the importance of an AKT-

mediated interaction between EZH2 and STAT3 in GSC self-renewal

(19, 32, 130–133). There is evidence that EZH2mediates both pro- and

inhibitory differentiation signals. One mode of inhibition of GSC

differentiation occurs through hypermethylation of the BMPR1B

promoter, thought to be mediated by EZH2 recruitment of DNMT1,

allowing for clonal expansion via inhibition of differentiation (134). In

contrast, differentiation is induced via H3K27me3-mediated

suppression of Nanog (131). Investigations using a transgenic high-

grade glioma mouse model demonstrated that FZD8, a G protein-

coupled receptor involved in Wnt signaling, undergoes H3K27me3-

mediated suppression during tumorigenesis and that this could be an

early disruptor of normal differentiation pathways during

gliomagenesis (135). Fitting with this theme, Mortimer et al.
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provided compelling evidence for redistribution of EZH2 binding

sites across the genome following malignant transformation, most

significantly at HOX genes (136). EZH2 inhibition has been shown to

impact cell cycle progression, with inhibition leading to apoptosis and

block of cell cycle progression in a p16, p21, and p27-mediated manner

(12, 137–139). Alterations in metabolic pathways is a hallmark of

cancer, and EZH2 has been shown to upregulate glycolysis via

increased HIF1a expression, a known transcription factor important

for activism of metabolism-related genes. EZH2 promotes the

glycolysis pathway via binding to the promoter of a known HIF1a
repressor EAF2, resulting in H3K27me3-mediated repression (128). A

role for EZH2 in the regulation of fatty acid metabolism has been

suggested by in vitro and in vivo knockdown of EZH2, which correlated

with decreased lipid metabolism and decreased expression of PGC-1a,

FASN, and SREBP-1. Interestingly, TERT appears to be a co-regulator

of EZH2 in this pathway, demonstrating an ability to restrict the repair

of DNA damage via downregulation of phospho-ATM, providing

fitness/adaptation benefits through increased genomic instability (140).

Further adding intrigue to EZH2 modulation of DNA damage repair,

De Vries et al. showed that prolonged EZH2 inhibition in a syngeneic

mouse model leads to enhanced tumor growth after an initial 3 week

period of inhibited growth. This reversion to the pre-inhibited tumor

growth state appears to be due to enhanced DNA damage repair within

tumor cells (141). EZH2 also contributes to the immunosuppressive

microenvironment of GBM by triggering specific cytokine expression,

maintaining expression of interferon-stimulated genes that promote a

M2microglial phenotype in an iNOS and TGF-b2-dependent manner.

Evasion of NK cell immune surveillance occurs via a circular EZH2

encoded protein (EZH2-92aa) that directly binds the promoters of

genes (MICA/B, ULBP) necessary for the expression of NK group 2D

ligands in GSCs, leading to decreased transcription and ultimately

decreased NK cell-mediated tumor cell death (14, 139, 142, 143). The

role of EZH2 in promoting GBM invasiveness via regulation of AXL in

a histone modification-independent manner has been demonstrated in

vitrowith EZH2 knockdown (127). Expanding upon this work, another

group showed that EZH2 inhibitors decrease invasiveness by

downregulating VEGF, matrix metalloproteinases, and cell surface

adhesion markers (E-cadherin and N-cadherin) (139). Several non-

coding RNAs have been shown to be important in EZH2-mediated

invasiveness. The lncRNA NEAT1, which is upregulated by EGFR,

forms a scaffold with EZH2, which together augment invasion by

increasing nuclear b-catenin. (144) This activation of b-catenin also

appears to feedback on EZH2 activity by increasing expression of

USP1, a deubiquitinase that stabilizes EZH2 (145). The microRNA,

miR-490-3p, undergoes EZH2-mediated H3K27me3 silencing,

resulting in increased colony formation and transwell migration in

vitro (13). It is evident that EZH2 plays a broad and diverse role in the

regulation of tumorigenicity in GBM tumor cells, highlighting its

significant clinical potential as a therapeutic target.

The family of H3K9 methyltransferases has been shown to be

similarly important in GBM tumorgenicity. Euchromatic histone

lysine methyltransferase 2 (EHMT2), also known as G9a, mediates

repressive mono- and dimethylation of H3K9 and its expression is

associated with improved survival in grade II oligodendrogliomas.

Contrasted with a protective role in oligodendrogliomas, early work

on the role of EHMT2 in GBM tumorigenicity was mixed, but with
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more recent evidence supporting a pro-tumorigenic role (146, 147).

In vitro studies have shown that inhibition of EHMT2 in established

GBM cell lines promoted GBM cell growth and increased

expression of stem cell markers, and direct methylation of HIF-

1a by EHMT2 inhibits hypoxia adaptation and cellular invasion

(148, 149). Conflicting evidence demonstrates that EHMT2

contributes to tumorigenicity in GBM. In vitro assays in

established GBM lines show that EHMT2 is required for

proliferation, migration, and invasion in a c-Myc dependent

manner and that inhibition of EHMT2 leads to reduced global

H3K9me2 and to increased apoptosis, autophagy markers, and

differentiation in human primary GSCs (150, 151). Further work

revealed EHMT2-mediated evasion of IFNg-directed apoptosis and

increased survival with EHMT2 knockdown in GSCs in an

orthotopic nude mouse model (150, 152). Similar to EHMT2,

Suv39H1 and SETDB1 decrease gene expression through their

H3K9 methyltransferase activity (153, 154). Studies evaluating

their role in the setting of GBM have found increased expression

of both genes compared to normal brain, and decreased cell

proliferation, increased apoptosis, reduced migration, and reduced

colony formation upon shRNA knockdown of SETDB1 or

inhibition of Suv39H1 with chaetocin in established GBM cell

lines (155, 156). Interestingly, there appears to be a relationship

between poor survival and increased cytoplasmic Suv39H1 that

does not exist for nuclear Suv39H1, suggesting a histone

independent mechanism of pathogenesis. Thus, there is a

compelling role for EHMT2 in the promotion of GBM

proliferative and invasion, which is consistent with its pro-

malignancy role in numerous other cancers, yet further work in

needed to fully understand its role in GBM (157). Similarly, further

work is needed to characterize the mechanisms by which SETDB1

and Suv39H1 mediate the observed phenotypic changes as well as

their impact on chromatin architecture and organization in GBM.

Due to the role of arginine methyltransferases enzymes in AML,

melanoma, and lung cancer recent efforts have been made to

characterize their role in GBM pathogenesis (133, 158–160). The

arginine methyltransferase PRMT3, PRMT5, and PRMT6 have

elevated expression in GBM tissue, and their expression is

associated with decreased survival (161–163). In contrast to the

pro-tumorigenic effect of these enzymes, PRMT1 plays an

antiproliferative role by counteracting the effect of EHMT2 in the

presence of IFNg (152). PRMT3 appears to regulate multiple

metabolic pathways in GBM with a specific role in preventing

ubiquitination of HIF1a, thereby promoting glycolysis (163).

PRMT3 knockdown in GSCs induced cell cycle arrest and

apoptosis, and its inhibition led to decreased tumor growth in a

nude mouse flank model (163). In vitro knockdown of PRMT5

reduced colony formation, migratory activity, and led to increased

cell cycle arrest and apoptosis (161, 164, 165). Further work showed

that PRMT5 downregulates PTEN via promoter binding and

ultimately leads to increased active ERK and AKT (164). PRMT5 is

also used by GBM cells to evade mTOR inhibition, and PRMT5

inhibition causes widespread disruption of mRNA splicing, especially

in cell cycle related genes (166, 167). Adding validity to this in vitro

work, inhibition of PRMT5 in vivo increased animal survival (164,

166, 167). Inhibition of PRMT6 limits RCC1 driven mitotic activity,
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leading to decreased tumor growth and increased radiation sensitivity

in vivo (162). Overall, these studies provide an initial characterization

of the function of arginine methyltransferases in GBM, but more

work is needed to clarify their influence on genomic architecture and

transcriptional regulation.

Much less is known about the various other human histone

methyltransferases in the context of GBM. H3K4 methyltransferase

KMT2A (MLL1) expression increases in GBM in the setting of

hypoxia in a HIF-dependent manner, with knockdown leading to

decreased self-renewal in vitro and decreased tumor formation in vivo

(168). Although KMT2E (MLL5) has no catalytically active histone

methylation domain, its expression is anticorrelated with H3K4me3

levels in primary GBM cultures, and knockout reduced self-renewal

capacity (94, 169). DPY30 is the catalytic subdomain of the MLL/

SET1 family of proteins, and recent work explored its role in GBM

based on an RNAi screen demonstrating that DPY30 knockdown

decreases cell viability in vivo. Interestingly, in vitro inhibition had no

effect, which is consistent with the demonstrated pro-tumorigenic

mechanism of DPY30 in GBM cells where it improves hypoxia

adaptation and activates angiogenesis pathways (170). A subset of

low-grade glioma and GBM patients harbor an inhibitory mutation

in SETD2, and decreased SETD2 expression is associated with poor

prognosis in GBM. Higher secretion of TGF-b1 in GBM cells derived

from patients carrying the SETD2 mutation led to an increase in

activated tumor-associated microglia which fueled tumor progression

(171). Additional work has shown that EGFR-mediated suppression

of SETD2 results in decreased DNA damage repair, resulting in an

accumulation of DNA damage in established GBM cells lines, leading

to increased mutagenesis and subsequent selective adaptation (172).

Stabilization of SETD2 with Palmostatin-B, a drug the prevents de-

palmitoylation, led to decreased proliferation of established GBM cell

lines and decreased tumor growth in a nude mouse model, consistent

with an antiproliferative role for SETD2 in GBM (172). Comparison

of periventricular human GBM to normal subventricular zone NSCs

obtained from non-human primates suggested a potential role for the

H4K20 methyltransferases KMT5B and KMT5C (Suv420H1/2) in

GBM tumorigenesis, showing that 21-31% of genes repressed by the

H4K20me3 mark in NSCs are upregulated in GBM cells (173).

Finally, one study has shown that SMYD3, a member of the SMYD

lysine methylase family, promotes proliferation and tumorigenicity in

established GBM cell lines in vitro and in vivo (94, 119, 174). Despite

the important role that the MLL/SET1 family of enzymes play in

other cancers, less is known about these enzymes in the context of

GBM and more work is needed to better elucidate their role in

regulating and promoting tumorigenesis through their modifications

of histone and non-histone substrates (175). A comprehensive

summary of the functions of the methyltransferase enzymes

described herein can be found in Table 4.
3.3 Inhibition of histone demethylases and
methyltransferases in GBM

Numerous inhibitors have been used in the laboratory to better

understand the role of histone methyltransferases and demethylases in

GBM pathophysiology, with many shown to have anti-proliferative
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effects. A summary of these inhibitors can be found in Table 5.

Inhibitors that target KDMs range from broad class inhibition to

individual enzyme specificity. Examples of KDM inhibitors with broad

enzymatic targets include dimethyloxaloglycine (DMOG), GSK-14,

and JIB-04. DMOG has been shown to induce DNA damage and

apoptosis in GSCs through targeting of the Jumonji (JMJ) family of

demethylases (KDM2-KDM7) (116). Although GSK-14 is a broad

KDM class inhibitor, its antiproliferative effects in GCSs appear to

operate through inhibition of KDM2B (111). JIB-04 is another broad

inhibitor of KDMs with some specificity for KDM5A and has been

shown to activate autophagy and apoptosis in established GBM cells

lines in vitro (118). Additional work demonstrated a synergistic effect

when JIB-04 is combined with GSKJ4, a KDM6B inhibitor, in TMZ

resistant cells in vitro (120). Several targeted inhibitors of KDM1A,

KDM4C, and KDM6B have been investigated in GBM. The tricyclic

antidepressant tranylcypromine, which also functions as a KDM1A

inhibitor, caused apoptosis in established GBM cells lines when

combined with vorinostat (106). NCL-1 and NCD-38 are small

molecule inhibitors that target KDM1A and preferentially affect

GSCs, leading to apoptosis in vitro and increased survival in vivo,

without notable effects on differentiated cells (105). Similarly, selective

inhibition of KMD4C by SD70 decreased cell viability in vitro in
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established GBM cell lines (117). In GSCs, inhibition of KDM6B via

GSKJ4 inhibited cell growth through activation of apoptosis pathways

(36, 120).

The majority of the work on HMT inhibitors has focused on

EZH2 and to a lesser extent EHMT2, with more recent work

focusing on arginine methyltransferases. The most studied

inhibitor of EZH2 is 3-deazanoplanocin A (DZNep), with

numerous studies demonstrating its ability to decrease GBM cell

self-renewal and viability in vitro and decrease tumor growth in vivo

(14, 19, 131, 132, 190, 192). In vitro and in vivo work in a murine

flank tumor model demonstrated that AC1Q3QWB, a small

molecule inhibitor of EZH2’s interaction with the lncRNA

HOTAIR, increases cell death and decreases tumor growth (184).

Similarly, the small molecule inhibitor EPZ6438 has been used to

inhibit EZH2 in GSCs and murine GBM models, leading to

increased apoptosis in vitro and increased survival in vivo (135,

181). EPZ6438 has also been shown to accumulate intracranially in

murine tumors (181). In contrast, although targeting EZH2 with

UNC1999 decreased GSC viability and self-renewal in vitro, in vivo

studies did not show benefit in orthotopic xenografts despite

decreased growth in flank models, suggesting low brain

penetration. Further in vitro studies demonstrated reduced cell
TABLE 4 The function of histone methyltransferases in GBM.

Enzyme Associated role in GBM Cell lines/model system used References

EZH2 Overexpressed in GBM. Increases cell cycle progression,
invasiveness, tumorigenicity, and tumor growth. Modulates

metabolism, differentiation, and immune signaling.

A172, BCRC 60380, BCRC 60163, GL261, H4, LN18, LN229, N33,
T98G, U87MG, U251, patient-derived GSCs, patient-derived
neurospheres, nude mouse model, syngeneic mouse model

(12–14, 19, 32, 127,
128, 130, 132, 134–

145, 176–186)

EHMT2 Promotes proliferation, migration, and invasion. Reduces
differentiation, apoptosis, and autophagy.

A172, LN18, LN229, U87MG, U251MG, patient derived GBM cell
cultures, patient derived GSCs, nude mouse model

(148–152, 187)

Suv39H1 Overexpressed in GBM. Promotes proliferation, migration,
and colony formation.

T98G, U87MG (155, 156)

SETDB1 Overexpressed in GBM. Promotes proliferation, migration,
and colony formation.

T98G, U87MG (155, 156)

PRMT1 Decreases GBM cell viability in a counter-regulatory fashion
to EHMT2

A172, U87MG (152)

PRMT3 Overexpressed in GBM. Regulates glycolysis and inhibition
increases apoptosis, inhibitors cell cycle progression,

decreases tumor growth

U87, U251, patient derived GSCs, nude mouse flank model (163)

PRMT5 Overexpressed in GBM. Promotes colony formation,
migration, and cell cycle progression.

LN229, U87EGFRvIII, patient derived GBM cell cultures, patient
derived neurospheres, patient derived GSCs, zebrafish GBM model,
nude mouse model

(161, 164, 166,
167)

PRMT6 Overexpressed in GBM. Promotes cell proliferation. T98G, U87, patient derived GBM cells, nude mouse model (162)

MLL1 Promotes self-renewal and tumor formation. Patient derived GSCs, nude mouse model (168)

MLL5 Promotes self-renewal Patient derived GBM cell lines, nude mouse model (169)

SMYD3 Promotes cell proliferation and tumorigenicity HEB, LN18, T98G, U87, U373, nude mouse flank model (188)

DPY30 Promotes cell viability through regulation of hypoxia and
angiogenesis

Patient derived GBM cell lines, patient derived GSCs, nude mouse
model

(170, 189)

SETD2 Antiproliferative effects are neutralized in GBM through
mutation or EGFR suppression

Patient derived GBM cell lines, patient derived GSCs, nude mouse
model

(171, 172)

KMT5B/
5C

Dysregulation implicated in gliomagenesis Baboon and mouse-derived NSCs (173)
A summary of the functions of individual histone methytransferase enzymes in GBM pathophysiology, the associated histone post-translational modification, and the corresponding model
system(s) used and reference to the original publication(s).
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viability and increased apoptosis via inhibition of EZH2 with the

small molecule inhibitors PCI-2478, MC4040, and MC4041 (137,

139, 179). Multiple studies have evaluated the role of BIX01294 as

an EHMT2 inhibitor in GBM. In vitro experiments demonstrated

decreased GBM cell viability via apoptosis and autophagy and

increased GSC differentiation, in line with in vivo experiments

which showed reduced tumorigenicity (62, 148, 150, 151, 187,

190). Finally, one study utilized chaetocin to inhibit SUV39H1,

which reduced GBM cell clonogenic potential and migratory

ability (156).

Multiple inhibitors of arginine methyltransferase enzymes

PRMT3, PRMT5, and PRMT6 have shown promising results in
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recent years. Work in patient-derived GSCs and a nude mouse flank

model demonstrated decreased glycolysis, cell growth, and tumor

growth with SGC707, a small molecule PRMT3 inhibitor (163). A

zebrafish GBM model was used to identify numerous inhibitors of

PRMT5 with anti-proliferative effects. Three compounds (HLCL65,

CMP12, CMP5) were identified, all of which provided in vitro

cytotoxicity and increased survival in vivo, although CMP5

appeared most promising as treatment led to a significant

number of long-term survivors (165). Further work targeting

PRMT5 in GSCs showed that the compounds GSK591 and LLY-

283 decreased in vitro proliferation and sphere-forming capacity

with evidence of blood-brain barrier (BBB) drug penetration by
TABLE 5 The effect of select histone methyltransferase and histone demethylase inhibitors in GBM pathophysiology.

Treatment/
Drug

Target Effect Cell model(s) used References

Tranylcypromine KDM1A Increased cell death in combination with vorinostat LN-18, U87 (106)

NCL-1 & NCD-
38

KDM1A Reduced viability and increased survival GSCs, U251, murine mouse model (105)

GSK-14 KDM class/
KDM2B

Decreased cell viability GSCs (111)

SD70 KDM4C Decreased cell viability U251, U87 (117)

JIB-04 KDM class/
KDM5A

Activated autophagy and apoptosis A172, U251, GSCs (118, 120)

GSKJ4 KDM6B Decreased cell growth and increased apoptosis U251, GSCs (36, 120)

DMOG KDMs 2-7 Induced DNA damage and apoptosis GSCs (116)

AC1Q3QWB EZH2 Increased cell death and decreases tumor growth when combined
with DZNep

N5, N33, murine flank model (184)

DZNep EZH2 Decreased self-renewal and tumor growth U87, U251, LN229, D54, GSCs, murine
mouse models

(12, 19, 131, 132,
181, 190)

GSK126 EZH2 Decreased pSTAT3 GSCs (19)

PCI-24781 EZH2 Reduced proliferation and induced cell cycle arrest and apoptosis LN18, LN229, U87 (137)

UNC1999 EZH2 Decrease cell viability, induced autophagy, reduce flank tumor
growth

GSCs, murine mouse model (179)

EPZ6438 EZH2 Increased apoptosis and survival GSCs, murine mouse model (135, 181)

MC4040 &
MC4041

EZH2 Cell cycle arrest, decreased invasiveness U87, patient derived cell cultures (139)

BIX01294 EHMT2 Decreased self-renewal and cell viability, activation of autophagy,
reduced tumor growth

U87, U251, LN18, LN229, D54, GSCs,
murine mouse model

(148, 150, 151,
187, 190, 191)

Chaetocin SUV39H1 Reduced proliferation and clongenic ability T98G (156)

SGC707 PRMT3 Inhibited cell growth and glycolysis, Inhibited tumor growth U87, U251, patient derived GSCs, nude
mouse flank model

(163)

HLCL65, CMP12 PRMT5 Increased cell death, improved survival Patient derived cell cultures, zebrafish
GBM model

(165)

CMP5 PRMT5 Inhibits self-renewal and cell cycle progression, increased
apoptosis and survival, long term survivors

Patient derived cell cultures, zebrafish
GBM model

(165)

GSK591 & LLY-
283

PRMT5 Inhibits proliferation and sphere formation, increases apoptosis
and survival, crosses BBB

GSCs, murine mouse model (167)

EPZ020411 PRMT6 Induces cell cycle arrest, decreases sphere formation, increased
survival

GSCs, murine mouse model (162)
A summary of the impact of select histone methyltransferase and histone demethylase inhibitors on GBM pathophysiology, and the corresponding model system(s) used and reference to the
original publication(s).
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LLY-283, leading to increased survival in vivo (167). The PRMT5

inhibitor, EPZ01566, in concert with mTOR inhibitors provided

anti-proliferative effects in vitro and increased survival in vivo (166).

A sole PRMT6 inhibitor (EPZ020411) has been shown in GSCs to

induce differentiation and cell cycle arrest, and increased in vivo

survival was most pronounced when combined with ionizing

radiation (162). Overall, these numerous studies demonstrate the

utility of using small molecule inhibitors to target histone modifying

enzymes in GBM, but work investigating the brain penetration of

these drugs or opportunities to combine these drugs with BBB

modulating technologies, as well as studies characterizing their

impact on non-GBM cells in the tumor micro-environment

(TME) are needed.
4 Genomic landscape of GBM

The potential functional impact of the diverse enzymes with roles

in histone PTMs can be seen through the presence and location of these

various alterations across the genome. A summary of selected

modifications can be seen above in Figure 1. Early work in this area

explored the conversion of GSCs to more terminally-differentiated

brain tumor cells, a process dependent on PRC2-mediated H3K27me3

at the BMP5 locus and a concordant loss of this modification at the

Wnt1 promoter (131). The essentiality of Wnt signaling in GSC

maintenance was further underscored by the dual observation of

increased expression of Wnt-pathway activator ASCL1 in GSCs and

ASCL1 binding to a H3K4me1-marked poised enhancer of Wnt

signaling inhibitor DKK1, preventing its expression (193). However,

further research into the role of ASCL1 in promoting stemness or

differentiation suggested that its role may be context-dependent, as

separate work suggested that ASCL1 can independently direct GSCs to
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a neuronal fate, downregulate cell cycle genes in vivo, and act as a

potential pioneer factor for neuronal target genes (194, 195). Loss of

stem-like properties in GSC populations is also associated with global

chromatin changes in H3K4me3/H3K27me3 (“bivalent”) histone

modifications. Genome-wide profiling of H3K4me3 and H3K27me3

in eight GSC lines in comparison to human astrocytes revealed unique

bivalent modifications at loci for a variety of gene families, including

HOX family genes, Wnt pathway genes, Hedgehog signaling, and

solute carrier family genes (196, 197). In comparison to fetal neural

stem cells (fNSCs), roughly 37% of H3K4me3/H3K27me3 marks at

promoter regions were found to be unique to GSCs, with 137 promoter

regions containing this bivalent modification in fNSCs but only the

H3K4me3modification in GSCs, and 191 promoter regions containing

both modifications in fNSCs but only the H3K27me3 modification in

GSCs (198). A similar comparison of chromatin states between fNSCs

and GSCs revealed that GSCs had lost brain-specific H3K4me1-

marked active enhancers, as well as transitioning to poised or active

enhancer marks in other tissue-specific enhancers. Additionally, GSC

specific regions with colocalized H3K4me1 and H3K27ac marks were

enriched for gene ontology terms related to angiogenesis and DNA

damage response pathways (199). Upon repression of stem cell-like

properties in GSCs, genes with histone mark changes from H3K4me3

to H3K27me3 included Wnt-signaling pathway mediator LEF1, and

ARNT2, a mediator of the hypoxia response pathway involved in

promoting the expression of stem cell markers OLIG2, POU3F2, and

SOX9 (200). Expanding upon the observation that primary GBM

tumors contain only a small fraction of cycling cells, Liau et al. used

receptor tyrosine kinase inhibitors to induce a similar, slowly cycling

quiescent state within a GSC population. This change from

proliferation to quiescence was accompanied by changes in H3K27ac

and H3K27me3 marks, with H3K27ac-associated motifs specific to the

quiescent population being marked with H3K27me3 in the untreated/
FIGURE 1

Cartoon depiction of common histone H3 modification locations and their associated modifications, transcriptional state associations, and/or
regulation in GBM.
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RTK-naïve population, and motifs related to neural stem cell

development becoming enriched in H3K27ac marks in the quiescent

population (36). Separate research integrated this mark of active

enhancer regions with gene expression and DNA methylation data

to define the enhancer landscape within GBM, finding many of the

concordant loci located at genes with important functions in stem cell

maintenance, such as SOX2, EGFR, POU3F2, and SALL3. Further

profiling of the H3K27ac landscape in primary tumor tissue samples

revealed SOX2 to be a shared TF among all GBM subtypes and normal

brain tissue, while POU3F2 was preferentially found in proneural

tumor samples (201). Mapping of enhancer regions from H3K27ac

ChIP-seq data to high resolution fetal brain Hi-C data identified 116

enhancer-promoter pairs with significant contact frequency,

corresponding to 96 total genes of which 17 were differentially

expressed in GBM as compared to lower grade glioma and pilocytic

astrocytoma. This list included ANXA2R, which encodes the receptor

for annexin 2, a gene overexpressed in GBM and other malignancies,

which is thought to contribute to cellular migration and growth (202,

203). Similar research investigating broader changes in histone lysine

PTMs upon GSC differentiation observed alterations in the active

enhancer regions, finding regions with both H3K27ac and H3K4me1

modifications in GSCs losing the H3K27ac modification upon

differentiation, as well as increases in larger (3-50 kb) domains

containing repressive H3K9me3 and H3K27me3 modifications (116).

Unsurprisingly, in addition to correlations with varying degrees of GSC

differentiation, there are correlations between transcriptional state and

promoter histone PTMs. By superimposing paired multiplexed single

cell reduced representation bisulfite sequencing and scRNA-seq onto

existing ChIP-seq data, Chaligne et al. found connections between

these three modalities, specifically that hypomethylated promoters in

astrocyte-like and mesenchymal-like cells primarily contained

H3K4me3, H3K27ac, and H3K36me3 modifications, which are

associated with active transcription (204). Similarly, hypomethylated

promoters in neural progenitor-like and oligodendrocyte progenitor-

like cells primarily had H3K4me3 and H3K27me3 (bivalent)

modifications, recapitulating the observed change from bivalent to

single histone modifications during differentiation given that

progenitor-like cells are less terminally-differentiated than MES- and

AC-like cells (35, 204). As methods to simultaneously profile histone

PTMs and gene expression at single-cell resolution become more

accessible, our understanding of the correlations between the

epigenetic and transcriptional landscape of GBM will increase,

allowing us to better grasp the interplay between individual histone

modifications, and histone modifications and downstream

gene expression.
5 Challenges and knowledge gaps

Work on the role of EZH2 in GBM pathophysiology has revealed

the more general concept that the effects of canonical histone

modifying enzymes may in fact be mediated by both histone and

non-histone substrates. For instance, enrichment of H3K27me3 at

the PTEN promoter decreased gene expression, allowing for

increased AKT/mTOR signaling (185). But in contrast to a histone

remodeling mechanism, EZH2 also exerts a direct activating effect on
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STAT3 via methylation of lysine residue 180 (K180) (19). As

highlighted by these EZH2-dependent mechanisms, there is a

comparative lack of clarity surrounding the mechanism of action of

many histone modifying enzymes in GBM pathophysiology.

Furthermore, many of the studies that modulate the expression of

individual histone modifying enzymes in GBM have used phenotypic

changes as an endpoint. This results in ambiguity as to the effector(s)

of these phenotypes, as they could be the result of either genomic and

transcriptional dysregulation, or alterations in the function of non-

histone substrates. Incorporating epigenomic profiling methods such

as ChIPseq, CUT&RUN, CUT&Tag, Hi-C, and their single-cell

variants would allow observation of the genomic consequences of

these alterations, whereas coimmunoprecipitation, affinity

purification with mass spectrometry, and similar protein-based

assays could point to similar implications of altering histone PTM

enzymes on non-histone substrates. Additionally, the degree to which

established immortalized GBM cell lines replicate the transcriptional

landscape of primary tumors has been brought into question, and

recapitulating the effects of single or multi-target inhibition in

multiple model systems as well as both in vitro and in vivo has

become increasingly important, as previous screening between these

environments has showcased a vast difference in environment-

specific gene dependencies (189, 205, 206). While there have been

several studies investigating the impact of single-target perturbations

in GBM, many of these have relied on immortalized cell line cultures

in vitro. This presents both a limitation of the existing work as well as

an opportunity for future research in model systems and

environments which better mimic that of GBM. In recent years,

organoid-based model systems and embryonic stem cell-derived

model systems have been validated in their ability to reflect

characteristics of GBM biology (207, 208). Application of

epigenetic and biochemical profiling techniques to these model

systems, as well as model systems mimicking the current standard

of care or in vivo systems could help illuminate the functional

dependency of tumor cells on specific epigenetic states or

enzymatic actions.

Perturbations at the DNA or RNA levels and small molecule

inhibitors are powerful tools for unraveling the biological function

of a gene product and have been used extensively to elucidate the

role of histone modifying enzymes in GBM. Inhibition of these

enzymes also holds promise in clinical therapies when found to

preferentially target cancer-dependent pathways. Most human

clinical trials have focused on the use of HDAC inhibitors in

GBM and a recent systematic review was published supporting

the use of valproic acid to increase overall survival in GBM,

although prospective randomized control trials are needed to

confirm these findings (209). In contrast to valproic acid,

vorinostat and panobinostat have demonstrated less promising

data with vorinostat leading to toxicities or failing to show

benefit, and similar lack of benefit in panobinostat (85). Another

challenge for HDACi trials has been difficulty with recruiting

patients. It is likely that the anti-epileptic role of valproic acid has

increased its use and subsequent study in glioblastoma patients.

Outside of histone acetylation, there has been little clinical

investigation of methylation inhibitors with a currently recruiting

phase II clinical trial for the EZH2 inhibitor EPZ6438, but in
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pediatric gliomas. An active, but no longer recruiting phase I clinical

trial is investigation PRT811, a PRMT5 inhibitor, but again without

a glioblastoma focus as the trial is treating all high grade gliomas

(clinicaltrials.gov). A challenge in using some of the drugs listed in

this review is an inability to penetrate the BBB. This challenge can

be better managed moving forward with the emergence of BBB

modulating therapies such as laser interstitial thermal therapy and

focused ultrasound (210, 211).

As inhibitors of histone modifying enzymes are being translated

to the clinical setting, it is imperative to understand the role that these

inhibitors play not just on the cancer cells but also on the tumor

microenvironment, including blood and lymph vessels and tumor

infiltrating immune cells. Thus, although the use of immunodeficient

mice to mimic an in vivo environment has improved our

understanding of human cancer biology, these environments lack

the adaptive immune component of the human tumor

microenvironment. As the number of successful immunotherapies

across human malignancies grows and with increasing appreciation

for the role of adaptive and innate immunity in GBM treatment

resistance, the need for more complex models is needed. Multiple

syngeneic mouse tumor lines have been developed to model GBM in

the setting of an intact immune system. Due to the differences

between human and mouse tumor biology and it is imperative that

newly developed mouse tumor cell lines recapitulate the starkly

immunosuppressive microenvironment of glioblastoma to ensure

clinical utility. GL261 is an examples of a syngeneic mouse tumor

line that possesses significant mutation burden and expresses elevated

MHC1 levels, leading to a favorable immune response that arguably

does not capture the full complexity of human disease (212). In

contrast, the SB28 model demonstrates a greater resistance to

immune checkpoint blockade, more faithfully recapitulating human

glioblastoma immune characteristics (213). A recent review

highlighting the importance of diverse cellular and extracellular

components that contribute to the TME found in human

glioblastoma adds salience to the need for more robust pre-clinical

models (214, 215). Additional examples supporting the need for

immunocompetent mouse models include, as mentioned earlier,

prolonged inhibition of EZH2 leading to a reversion back to a pro-

growth state (141). Further work in immunocompetent models has

shown the role of macrophages in supporting an immunosuppressive

TME partially through immune-induced changes in DNA

methylation in GSCs (216). Orthogonal work in immune cells and

blood cancers has shown that HDAC inhibitors affect the immune

microenvironment in multiple ways. Although HDAC inhibitors

appear to downregulate the primary immune response and increase

the expression of PD-L1 in cancer cells, these inhibitors can also

increase the adaptive immune response (217–221). Further work is

clearly needed to understand the global impact of histone modifying

enzyme inhibition in the GBM tumor ecosystem.
6 Conclusion

Encouraging efforts across the GBM research community are

increasing our understanding of the roles that histone modifying
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enzymes play in GBM pathophysiology. Our work here summarizes

these efforts and provides a framework for improvements in the field

moving forward. Given the dysregulated expression of enzymes

involved in histone acetylation and methylation within GBM, it is

important to understand how this aspect of epigenetics potentially

influences tumorigenicity and transcriptional plasticity. Furthermore,

the subtype-specific correlation of histone PTMs with gene

expression and methylation, as well as the reversibility of histone

PTMs in response to selective inhibition, highlight the link between

these epigenetic modifications and our current understanding of

transcriptional heterogeneity and plasticity in GBM. Inhibition of

these numerous enzymes thus holds promise as a clinical target to

improve GBM patient outcomes. Although numerous clinical trials

using HDAC and HMT inhibitors are underway, there remains the

need for greater efforts in understanding how altering enzymatic

activity of histone PTM modifying enzymes impacts genomic

architecture, non-histone substrates and their respective pathways,

and the complex tumor microenvironment. Our understanding of

the core molecular pathways, genetic aberrations, and transcriptional

states that define GBM have progressed immensely since the clinical

trials that define the current standard of care, yet these advancements

have unfortunately not yet led to similar transformations in the clinic.

By incorporating this existing knowledge with further studies into the

targetability and pathophysiology of histone PTMs with orthogonal

research on the immune microenvironment, metabolome, and

neuronal and glial interactions, we can provide the best scientific

foundation for the success of future clinical trials and improved care

for patients with GBM.
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