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SUMMARY

Drug resistance is a major barrier to cancer therapies and remains poorly understood. Recently, non-muta-
tional mechanisms of drug resistance have been proposedwhere amore plasticmetabolic response can play
a major role. Here, we show that upon drug resistance, glioblastoma (GBM) cells have increased oxidative
stress, mitochondria function, and protein aggregation. Gamma (g)-glutamylcyclotranserase (GGCT), an
enzyme in the g-glutamyl cycle for glutathione production, located on chromosome 7 which is commonly
amplified in GBM is also increased upon resistance. We further observe that the byproduct of GGCT—pyro-
glutamic acid—can bind aggregating proteins and that genetic and pharmacological inhibition of GGCT pre-
vents protein aggregation. Finally, we found increased protein aggregation, GGCT expression, and pyroglu-
tamic acid staining in recurrent GBM patient samples, adjacent non-tumor brain, and Alzheimer’s brains.
These findings suggest a new pathway for protein aggregation within drug resistant brain cancer that should
be further studied in other brain disorders.

INTRODUCTION

Protein aggregation is a hallmark of neurological diseases like

Alzheimer’s, Huntington’s, and amyotrophic lateral sclerosis1;

however, the role of protein aggregation in brain cancers has

been less thoroughly studied.2 Glioblastoma (GBM) is the most

malignant form of brain cancer, with a median overall survival

of �21 months.3 The current standard of care therapy is the

Stupp protocol which consists of surgery, radiation, and the

chemotherapeutic agent temozolomide (TMZ).4 While initially

successful in some patients, TMZ resistance is rapid and uni-

formly fatal, where a better mechanistic understanding of TMZ-

resistant (TMZ-R) disease may lead to better therapeutic

targets.5

Previous work has suggested a role for both oxidative stress

and glutathione (GSH) changes upon drug resistance in can-

cers.6,7 One of the major antioxidant pathways within the cell is

GSH production.8 GSH is a tripeptide synthesized from cysteine,

glutamate, and glycine where the thiol of cysteine acts as a

cofactor for antioxidant enzymes in their detoxification of reac-

tive oxygen species (ROS).9 This is in contrast to the role of the

mitochondria, where complexes I10 and III11 are major producers

of ROS, which have been shown to increase upon drug resis-

tance in many cancer types.12 This is further shown with drug

resistant cells which show a downregulation of the antioxidant

response, and an increase in ROS.7 The interplay of ROS pro-

duction via the mitochondria and detoxification via GSH is there-

fore an important system when studying drug resistant

disease.13

The brain is especially sensitive to oxidative damage as it con-

sumes about 20% of the total oxygen in the body due to the high

energy demand of maintaining neuronal signaling.14 In neurolog-

ical diseases, like familial amyotrophic lateral sclerosis (ALS),

�10–20% of cases have superoxide dismutase 1 (SOD1)15 mu-

tations that turn this antioxidant enzyme to a pro-oxidant enzyme

and increases protein aggregate deposition.16–18 However,
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other metabolic products have also been shown to seed protein

aggregates, such as tyrosine (Tyr),19 phenylalanine (Phe),20 qui-

nolinic acid,21 and more recently poly(ADP-ribose) (PAR).22 This

suggests a dual role of metabolism where oxidation and meta-

bolic byproducts can both play a role in protein aggregation,

as a hallmark of brain disorders.

Here,we report that GSHmetabolism is dysregulated in TMZ-R

GBM where the metabolic byproduct, pyroglutamic acid, is

increased and able to seed protein aggregates. While previous

work in Alzheimer’s focuses on glutaminyl cyclase (QC) as the

main producer of pyroglutamic acid,23 we found the GSH

enzyme, gamma (g)-glutamylcyclotranserase (GGCT), to be

responsible for producing pyroglutamic acid which can bind pro-

tein aggregates in TMZ-R GBM—with a role for both the function

and localization of mitochondria. Finally, we found that this

GGCT/pyroglutamic acid/protein aggregate axis in TMZ-R pa-

tient samples, adjacent non-tumor brain, and Alzheimer’s brains

where future work can determine new avenues for therapeutic

gain in these differentially oxidized tumors with pyroglutamic

acid bound aggregates as a potential biomarker for treatment.

RESULTS

Oxidative stress homeostasis is dysregulated in TMZ-
resistant GBM
Drug resistance is a major clinical barrier24 where we sought to

evaluate a non-mutational based vulnerability in TMZ-R GBM.

As others have shown drug resistant cells to have a dysregulated

antioxidant response,7 we used patient-derived isogenic TMZ-

sensitive (TMZ-S; 42WT) and TMZ-R (42R) GBM cell models25

to test intracellular pH changes and found a decreased pH in

TMZ-R models (Figure 1A; a higher pHrodo reading correlates

to a lower pH26). This intracellular pH change was also noted in

the cell media where TMZ-R cells had a decreased extracellular

pH (Figure 1B). Next, we performed untargeted metabolomics

and found pyrimidine and glutathione metabolism to be among

the most significantly altered pathways between TMZ-S and -R

cells (Figure 1C). As pyrimidine synthesis has been studied exten-

sively in gliomas,27–29 we focused on GSH metabolism where

GSH is a major antioxidant in the cell used to combat increased

ROS.30 We next quantified intracellular ROS and found increased

ROS in TMZ-R models as compared to TMZ-S lines (Figure 1D).

Previous work has correlated increased oxidative stress to

increased protein aggregation,31 where we previously showed

TMZ-R models have an increase in the aggregation of EWSR1—

amember of the Fus, EWSR1, and Taf15 (FET) family.32 To deter-

mine the effect of decreased ROS on protein aggregation, we

treated TMZ-R cells with the general antioxidant N-acetyl cysteine

(NAC)33 and found a decrease in protein aggregates (Figure 1E).

Furthermore, we observed that antioxidant treatment decreased

TMZ-R cell growth but increased TMZ-S growth (Figure 1F).

These results suggest that maintained ROS levels are beneficial

for TMZ-R lines, with NAC affecting EWSR1 protein aggregation.

Perinuclear mitochondria are prevalent andmore active
in TMZ-R GBM
As mitochondria are the main producers of ROS,34 we next

measured mitochondrial function using a Seahorse stress test

and found an increased oxygen consumption rate (OCR) in

TMZ-R lines compared to TMZ-S (Figure 2A, Figure S1A, related

to Figure 2). This increase in mitochondrial OCR in TMZ-R cells

was accompanied by an increase in the extracellular acidifica-

tion rate (ECAR) (Figure 2B),35 which corroborated the decrease

in pH noted in Figure 1. To quantify the relative abundance of

mitochondria in each cell, we stained cells with MitoTracker36

to quantify total fluorescence but found no change in mitochon-

drial abundance (Figure 2C). However, upon staining cells with

MitoTracker, we observed an increase in perinuclear mitochon-

dria in TMZ-R lines as compared to TMZ-S (Figure 2D). This was

accompanied by an increase in nuclear 8-oxo-deoxyguanine (8-

oxoG), an oxidized base which is commonly used as a marker of

increased oxidative stress (Figure 2E).37 Previous work has

shown that perinuclear mitochondria can lead to an increase in

8-oxoG and affect protein binding to DNA, but that a short,

low-dose nocodazole (noc) treatment can redistribute mitochon-

dria and decrease 8-oxoG accumulation.38 We therefore tested

this possibility with 10 nMNoc treatment of GBM cells for 45 min

and found that mitochondria became more cytoplasmic/spread

(Figure 2F). Furthermore, nuclear 8-oxoG also decreased with

nocodazole treatment and increased with acute TMZ treatment

(Figures 2G and 2H). Lastly, we show a decrease in 8-oxoG

accumulation with NAC, suggesting a signaling role for 8-oxoG

rather than a mutational or DNA repair deficiency (Figure 2I).

GSH intermediate protein, GGCT, is increased in TMZ-R
GBM
We next investigated the role of the g-glutamyl cycle as GSH

production inadequate to decrease ROS levels in TMZ-R cells.

The g-glutamyl cycle consists of multiple enzymes that start

with a g-glutamyl-amino acid (AA) that is converted to pyrogluta-

mic acid, then glutamate, next a cysteine is added to create

g-glutamic acid (Glu)-cysteine (Cys), where finally a glycine

(Gly) is added to make the tripeptide GSH (Figure 3A).39,40 In

comparing TCGA,41 CGGA,42 and Rembrandt43 datasets, we

found the enzyme GGCT to have the highest clinical relevance

with an increased expression leading to lower overall survival

(OS) in both the primary, but more significantly in recurrent dis-

ease—as well as in higher grade gliomas (Figure 3B, Figures

S2A–S2D, S2H, and S2I, related to Figure 3). Furthermore,

when looking at the location of GGCT within the genome, it is

located on chromosome 7,44 which is frequently gained in IDH

wild type (WT) GBM45—but not in IDH mutant lower grade gli-

omas—and adjacent to genes involved with complex III function

within themitochondria—as well as EGFR (Figure 3C). Within our

models, we found an increase in GGCT expression at the protein

level (Figure 3D). Furthermore, looking at single cell datasets, we

found GGCT and the complex III proteins to be more expressed

in glioma cells (Figure S2J, related to Figure 3), and within glioma

cell states, GGCT was most expressed in the G1.S state (Fig-

ure S2K, related to Figure 3). Overexpression of GGCT increased

cell growth in both TMZ-S and -R models (Figure 3E), whereas

introduction of a catalytically deadmutant (E98A) 44 only affected

cell growth in TMZ-Rmodels (Figure 3E). GGCT has been shown

to have two roles in the g-glutamyl cycle. First, it catalyzes the

step from a g-glutamyl-amino acid to pyroglutamic acid. Howev-

er, it can also hydrolyze g-Glu-Cys back to pyroglutamic acid
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and Cys.46 Re-analyzing our metabolomics data we found an in-

crease of both pyroglutamic acid and g-Glu-Cys in TMZ-R cells

(Figure 3G). As the next step in GSH synthesis after g-Glu-Cys is

the addition of glycine,39 we reasoned that the g-Glu-Cys inter-

mediate may be more abundant because of a decrease in

glycine. Accordingly, glycine had a trend to decrease in TMZ-R

cells (Figure S2E, related to Figure 3), possibly being used for

de novo GTP synthesis, as has been previously shown in

TMZ-R GBM (Figure S2F, related to Figure 3).46 Additionally,

treatment with glycine, GTP and GSHee, a cell permeable

version of GSH,47 all decreased aggregate formation (Fig-

ure S2G, related to Figure 3). Furthermore, inhibiting GCase,

which synthesizes g-Glu-Cys, had no effect on TMZ-R growth.

However, the GGCT inhibitor, ProGA,48 decreased cell growth

in TMZ-R lines as compared to TMZ-S lines (Figure 3F) suggest-

ing a specific role for pyroglutamic acid/GGCT in TMZ-R GBM.

Pyroglutamic acid binds to EWSR1 protein aggregates
Pyroglutamic acid has previously been shown to co-stain with

aggregating proteins, such as amyloid beta in Alzheimer’s dis-

ease.49 We therefore wondered if it might play a similar role in

TMZ-R GBM as we have previously published the RNA binding
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Figure 1. Oxidative stress in TMZ-resistant GBM

(A) pHrodo absorbance reading in denoted cells for inverse pH, t test.

(B) pH reading of cell media in denoted cells post 48 h.

(C) Pathway analysis on Metaboanalyst for metabolomics of denoted cells.

(D) DCFDA absorbance in denoted cells for ROS abundance, one-way ANOVA.

(E) Immunofluorescence (IF) of 42R cells with EWSR1 and nuclear (DAPI) staining = /- DMSO or N-acetyl cysteine (NAC) at 1 mM for 12 h; Pie graphs on the right,

quantification of total cell aggregates (aggs) scale bar, 5 mm.

(F) Crystal violet assay of cell growth with 1 mM NAC for 24 h treatment, t test.

All error bars are SD; *p < 0.05, **p < 0.001, ***p < 0.0005, and ****p < 0.0001.
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protein—EWSR1—of the FET (Fus, EWSR1, and Taf15) family

specifically aggregates in TMZ-R GBM.32 Immunofluorescent

staining (IF) of pyroglutamic acid in GBM cells showed differen-

tial staining patterns between TMZ-S and -R lines with a diffuse

cytoplasmic droplet-like staining in TMZ-S and more organized

structures in TMZ-R lines (Figure 4A). A co-staining with

EWSR1 showed some colocalization with pyroglutamic acid

(Figure 4B), suggesting either aggregate binding or epitope

masking. To confirm binding, we performed an immunoprecipi-

tation (IP) for EWSR1 followed by immunoblotting (IB) for
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Figure 2. Mitochondria metabolism and location in TMZ-R GBM

(A) Seahorse mitochondria stress test in denoted cells treated with oligomycin, rotenone/antimycin A and FCCP at 40, 60, 80 min, respectively.

(B) Extracellular acidification rate (ECAR) determined from baseline reading from (A), t test.

(C) MitoTracker staining for 45 min (‘) in denoted cells.

(D) Left, representative live cell MitoTracker image where nucleus is outline in yellow. Right, quantification of mitochondria localization in denoted cells, peri-

nuclear (peri) in stacked bars. Scale bar, 5 mm.

(E) IF quantification of cell percentage with 8-oxoG positive (+) staining, t test.

(F) MitoTracker staining of cells with 10 nM nocodazole (noc) or DMSO for 45 min (‘) one-way ANOVA.

(G) Left, representative images of 8-oxoG and AIF (mitochondria marker) IF with 45 min (’) of DMSO or nocodazole (noc). Right, quantification of spread

(cytoplasmic) and perinuclear (peri) mitochondria and the presence of nuclear 8-oxoG positive (+) cells, one-way ANOVA. Scale bar, 5 mm.

(H) Quantification of spread and perinuclear (peri) mitochondria and the presence of nuclear 8-oxoG positive (+) cells with 100 mM TMZ for 48 h.

(I) Left, representative IF image of 8-oxoG and DAPI (nuclear marker) with 6 h of DMSO or N-acetyl cysteine (NAC). Right, quantification 8-oxoG intensity, t test.

Scale bar, 5 mm.

All error bars are SD; *p < 0.05, **p < 0.001, ***p < 0.0005, and ****p < 0.0001.
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pyroglutamic acid where we observed two detectable protein

species, one at �95 kDa, the proposed molecular weight of

EWSR1 protein, as well as a second protein species at

�180 kDa, representing a possible doublet of EWSR1 (Fig-

ure 4C). This binding along with the co-localization staining

strengthens our hypothesis that pyroglutamic acid can bind to

EWSR1 species.

In Alzheimer’s disease, glutaminyl cyclase (QC) has been the

focus to prevent intra-protein conversion of glutamate to pyro-

glutamic acid and affect protein seeding.50 However, we tested

the effect of inhibiting either GGCT (pro-GA48) or QC (PQ91251)

and found that only GGCT inhibition decreased EWSR1 aggre-

gates (Figure 4D). Accordingly, using our enzymatic mutant,

we saw almost a complete loss of EWSR1 aggregation (Fig-

ure 4E). To link our observed phenotype back to the initial obser-

vation of increased oxidative stress, we hypothesized that only

guanine-rich bindingmotif RNA binding proteinsmay be affected

by the oxidative stress-induced 8-oxoG, and potentially affect

RNA binding protein (RBP) binding. To test this, we induced

oxidative stress with deferoxamine (DFO)52 and performed IF

on a cohort of RBPs and observed an increase in cytoplasmic

localization specifically with G-rich binding RBPs, as compared

to others (Figures 4F and 4G). Finally, as we had noted a band in

our pyroglutamic input outside of EWSR1, we performed an IP

assay for pyroglutamic acid followed by mass spectrometry

and found the bound proteins enriched in pathways including

protein refolding, substantia nigra development, and positive

regulation of tau-protein kinase activity, among others

(Table S1, list of proteomics hits from IP-mass spectrometry,

related to Figure 4). These results strengthen our hypothesis

that pyroglutamic acid can play a role in protein aggregation in

brain disorders; however, more research is needed to conclu-

sively determine the role of pyroglutamic acid in protein aggrega-

tion in other brain disorders.

Pyroglutamic acid binds EWSR1 in TMZ-R GBM patient
samples
Finally, we sought to determine if this pathway of increased

GGCT expression and pyroglutamic acid correlated with

increased EWSR1 cytoplasmic aggregation in TMZ-R patient

samples. Using nine matched pre- and post-treatment clinical

GBM, IDH WT tumor samples (Table S2, related to Figure 5),

we performed immunohistochemistry (IHC) staining for GGCT

and EWSR1. We observed an increase in overall GGCT staining
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in the recurrent GBM tumors (Figures 5A and 5B), where we also

detected an increase in EWSR1 cytoplasmic staining (Figures 5A

and 5B). Finally, we stained for pyroglutamic acid and found that

in an EWSR1 aggregate (�) sample, no pyroglutamic acid was

observed, but in an EWSR1 aggregate (+) sample, the staining

pattern of EWSR1 and pyroglutamic acid were similar within

the cytoplasm (Figures 5A and 5B). Interestingly, we also

observed an increase in EWSR1 aggregates in adjacent non-tu-

mor brain from primary to recurrent samples (Figure 5C). In this

way, these results suggest that in some recurrent GBMs this

GGCT/pyroglutamic acid/EWSR1 signaling axis exists which

may be used in the future to target these more oxidative meta-

bolic tumors. When looking at the Online Mendelian Inheritance

in Man (OMIM) database,53 we found genetic changes in GGCT

corresponded to diseases, such as ALS, bipolar disorder, Kuru,

Parkinson’s schizophrenia, and Creutzfeldt Jacob disease

(CJD), among others (Figure 5D). Finally, we obtained four Alz-

heimer’s disease (AD) samples and four cognitively normal

(CN) samples (Table S3, related to Figure 5) and again performed

IHC for EWSR1, GGCT, and pyroglutamic acid. Figure 5E shows

representative images from two patients, where we found an in-

crease in pyroglutamic acid staining in the AD brains—though

you can see some staining in the CN brain that correlates to

some EWSR1 cytoplasmic staining. However, there is a greater

extent of EWSR1 and pyroglutamic acid in the cytoplasm in the

AD brain compared to the CN elderly patient (Figure 5F). We also

see an increase in GGCT staining in the AD brain (Figure 5F).

Therefore, this pathway may also have the potential to lend

insight into a different manner of protein aggregation in other

neurological disorders in the future.

DISCUSSION

Aggregating proteins have been a hallmark of brain disorders

and neurodegenerative diseases since Alois Alzheimer observed

protein clumps in the brains of his patients afflicted with memory

loss.54 Today, this connection between aggregating proteins,

like amyloid-beta, Tau, and Fus have been determined as diag-

nostic criteria through different imaging methods.55 However,

while these protein aggregates have dominated our cellular un-

derstanding of other brain disorders, the effect of these protein

aggregates in brain cancers has been largely understudied.

Here, we show that upon TMZ resistance, GBM cells now main-

tain a more oxidative state. This increase in oxidative stress is

reminiscent of SOD1 or SOD2 mutations in Parkinson’s disease

or ALS disease where SOD1mutation changes it from an antiox-

idant to a pro-oxidant enzyme and increases the ability of protein

aggregates to be seeded.18,56We further show a role for both the

mitochondria and its localization in promoting oxidative stress

where TMZ-R GBM has increased mitochondrial function, but

not mass, and where the perinuclear localization may allow for

8-oxo-G to affect the binding of G-rich sequence RNA binding

proteins. Previous work has shown that 8-oxo-G bases allow

for stronger HIF1A binding in hypoxic conditions broadly

affecting gene expression, where movement of themitochondria

reduced 8-oxo-G abundance, HIF1A binding, and downstream

gene expression suggesting an adaptive signaling role of

8-oxo-G.38 However, the global effect of these oxidative stress

marks warrants further investigation.

As we observed a dysregulated antioxidant response in these

cells, we next queried the major antioxidant pathway, GSH, as

this was also shown to be dysregulated in our metabolomics

data—a caveat being the use of only cell lines. Previous work

has shown that upon drug resistance, intertumoral pH can

decrease as well as broad down regulation of antioxidant

genes.57 However, we found an increase in the GSH pathway

enzyme GGCT. GGCT can play two distinct roles within the

g-glutamyl cycle to produce GSH. It can produce pyroglutamic

acid (also known as 5-oxo-proline) as the first step in the

pathway but can also hydrolyze the g-glutamylcysteine interme-

diate to pyroglutamic acid and cysteine.44 We hypothesized that

this increase of pyroglutamic acid was occurring for a few rea-

sons. First, GGCT is located on chromosome 7 which is

commonly amplified in GBM,45 allowing for more DNA copies

and subsequent protein production of GGCT. There is also an in-

crease in oxidative stress associated with drug treatments that in

turn increase GSH production.58 However, as has been previ-

ously shown in TMZ-R GBM there is a shift to de novo GTP pro-

duction which requires glycine.46 Therefore, if glycine is in lower

supply to be used for GTP production, then the g-glutamylcys-

teine intermediate which precedes glycine addition may have a

longer half-life within the cell allowing GGCT hydrolysis. Other

studies in prostate cancer have also shown increasing levels of

GGCT expression correlate with lower overall survival, like we

observe in both primary and recurrent gliomas.59

Lastly, asmanymetabolic products have been shown to affect

protein aggregation, we propose GGCT-produced pyroglutamic

acid is able to affect protein aggregation in TMZ-R GBM. In Alz-

heimer’s disease, pyroglutamic acid with amyloid-beta has pre-

viously been shown to play a potential detrimental role.60 This

may be because the presence of pyroglutamic acid is indicative

of a more oxidative environment which can have detrimental ef-

fects within the brain. We also show increased pyroglutamic acid

IHC with EWSR1 aggregation in TMZ-R GBM patient samples,

Figure 4. Role of pyroglutamic acid and GGCT activity with cytoplasmic EWSR1

(A) IF of pyroglutamic acid in denoted cells. Scale bar, 5 mm.

(B) Co-stain of pyroglutamic acid and EWSR1 in 42R cells. Scale bar, 5 mm.

(C) Immunoprecipitation (IP) of EWSR1 followed by IB for pyroglutamic acid.

(D) Percentage (%) of cells with EWSR1 aggregates (agg) post 24 h treatment with proGA (iGGCT) or PQ912 (iGC), one-way ANOVA.

(E) Quantification of cells with EWSR1 aggregates (agg) transfected with control empty vector (EV) or GGCT catalytic mutant (E98A) one-way ANOVA.

(F) DCFDA quantification of ROS post 18 h treatment of deferoxamine (DFO), t test.

(G) IF of denoted RNA binding proteins with 18-h treatment of DFO.

(H) IP of pyroglutamic acid followed by mass spec analysis and gene ontology pathway analysis.

All error bars are SD; *p < 0.05, **p < 0.001, ***p < 0.0005, and ****p < 0.0001.
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Figure 5. EWSR1 and pyroglutamic acid cytoplasmic localization in patient samples

(A and B) Immunohistochemistry (IHC) of representative matched primary and recurrent GBM patient samples (All IDH WT) of EWSR1, GGCT, and pyroglutamic

acid with (A) EWSR1 aggregate (agg) negative (�) and (B) agg positive (+) (60X). Scale bar, 50 mm.

(C) EWSR1 IHC positive (+) normal brain in five matched patient samples with adjacent non-tumor brain, t test.

(legend continued on next page)
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adjacent non-tumor brain, as well as AD brains as compared to

CN brains. Others have also observed an increase of pyrogluta-

mic acid in metabolomics data of TMZ-R versus -S samples,61

and GGCT was shown to be one of the highest differentially ex-

pressed genes in an Alzheimer’s patient cohort.62 These data

suggest further study of this pathway in other brain disorders.

In conclusion, we show that in our model of TMZ-R GBM we

observe a dysregulated antioxidant response, changes in the

mitochondria function, and localization that we suggest lead to

increased GGCT-produced pyroglutamic acid that can lead to

G-rich protein aggregation in the cytoplasm. We hypothesize

that an increase of GGCT expression better allows for the degra-

dation of g-glutamylcysteine to pyroglutamic acid and cysteine.

With the accumulation of pyroglutamic acid, this can then seed

aggregation-prone proteins, like EWSR1. However, this seems

to be restricted to TMZ-R models as they have increased oxida-

tive stress, which would increase the production of g-glutamyl-

cysteine to create GSH. This oxidative stress pathway could

lead to new therapeutic avenues for this deadly disease with pro-

tein aggregation or oxidative stress as a potential biomarker. Ul-

timately, further research into protein aggregation pathways in

GBM could also lead to increasing our knowledge of protein ag-

gregation in other brain disorders like neurodegenerative dis-

eases and opening up new therapeutic avenues for disorders

like Alzheimer’s disease.

Limitations of the study
While we show that our endogenous cell models of protein ag-

gregation are affected by oxidative stress and antioxidants, the

study would be strengthened with more models and in vivo vali-

dation. As tracing pH in vivo can be technically challenging, we

instead used patient samples fromgliomas, Alzheimer’s disease,

and normal brains to show how changes in the GSH pathway

correlate with protein aggregation. A larger patient cohort would

also help in determining how prevalent this signaling axis is

across other glioma patients.
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STAR+METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and cell culture
Patient-derived isogenic TMZ-sensitive 42MGBA-WT, 8MGBA-WT, and TMZ-R 42MGBA-R, 8MGBA-R25 and GBM U87, U251,

T98G, U118-MG cells were cultured in DMEM (Thermo Fisher Scientific, 11995-065) supplemented with 10% FBS (Thermo Fisher

Scientific, 10437028.) All the GBM cell lines were authenticated by short tandem repeat analysis at IDEXX BioAnalytics, Texas

Tech University Health Sciences Center (Lubbock, TX), or Northwestern University NUSeq core facility. All cell lines were tested

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

EWSR1 rabbit Abcam ab133288

EWSR1 mouse SCBT sc-48404

Alexa Flour 488 mouse Life Technologies A11029

Alexa Flour 594 rabbit Life Technologies A11037

GGCT rabbit Proteintech 16257-1-AP

Pyroglutamic acid LSBio LS-C664190

Biological samples

Glioblastoma patient samples Nervous System Tumor Bank - Northwestern

Alzheimer’s patient samples Alzheimer’s Disease Research Center - Northwestern

Chemicals, peptides, and recombinant proteins

Fluoro-Gel Electron Microscopy Sciences 17985-30

Horseradish peroxidase Promega W4028,W2018

Chemiluminescence Cytiva RPN2106V1

Critical commercial assays

VenorGeM Mycoplasma Detection Kit Sigma-Aldrich, MP0025

pHrodo Red AM Intracellular pH Life Technologies, P35372

CellTiter-Glo Luminescent Cell Vilability Kit Promega

Seahorse XF Mito Stress Test Kit Agilent; 103015-100

MitoTracker Green FM Thermo M7514

Experimental models: Cell lines

42MGBA Georgetown University

42MGBA-TMZR Georgetown University

8MGBA Georgetown University

8MBGA-TMZR Georgetown University

U87-MG Northwestern University

T98G Northwestern University

U118-MG Northwestern University

Recombinant DNA

GGCT-WT Plasmid Kind gift from Phillip Board

GGCT-E98A Plasmid Kind gift from Phillip Board

GGCT-E98Q Plasmid Kind gift from Phillip Board

Software and algorithms

Prism 10 Northwestern University

Xcalibur 4.1 Thermo Fisher

Tracefinder 4.1 Thermo Fisher

Fisher Scientific Accumet AE150 Fisher Scientific
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negative for Mycoplasma using VenorGeM Mycoplasma Detection Kit (Sigma-Aldrich, MP0025). The latest authentication and My-

coplasma testing were in December 2022. All cell lines were cultured less than 15 passages prior to use.

Study approval
All Human Subjects research protocols were approved by the Northwestern Institutional Review Board and deidentified patient sam-

ples were shared for research purposes. All studies were done in accordance with the guidelines from the Declaration of Helsinki,

NIH, and Northwestern’s Ethics Committee. Glioma specimens and the Alzheimer’s Disease patient brain genetics, age, sex, diag-

nosis, and other relevant information are in Tables S2 and S3, respectively. In total, 9 GBM patient samples were used – primary and

recurrent – with 18 samples for this analysis. For the AD cases, 4 AD brains and 4 cognitive normal brains were used for analysis.

Sex as a biological variable
Our study examined patient data of both male and females and similar findings were found for both sexes.

METHOD DETAILS

pH measurements intracellular and extracellular
Cells were seeded in 96-well plates (Falcon; 353072) at 5,000 cells/well and allowed to attach overnight. The next day cells were

stained with pHrodo Red AM Intracellular pH indicator (Life Technologies; P35372) per manufacturer’s instructions at room temper-

ature for 30 min. Fluorescent intensity was read at 560/585 on a Spectra Max3 immediately following the staining. For extracellular

media pH reading, cells were seeded in 10 cm plates at 1e6 cells/plate. Conditioned media was collected 48 h later, and pH was

determined via Fisher Scientific accumet AE150.

Metabolomics analysis
Designated cells were grown where 3 replicates of 1e6 cells were pelleted and frozen at �80�C. Extraction solution was dried using

SpeedVac. 60% acetonitrile was added to the tube for reconstitution following by overtaxing for 30 s. Sample solution was then

centrifuged for 30 min @ 20,000g, at 4�C. Supernatant was collected for LCMS analysis.

Samples were analyzed at NU Feinberg Proteomics Core by High-Performance Liquid Chromatography and High-Resolution

Mass Spectrometry and Tandem Mass Spectrometry (HPLC-MS/MS). Specifically, the system consisted of a Thermo Q-Exactive

in line with an electrospray source and an Ultimate3000 (Thermo) series HPLC consisting of a binary pump, degasser, and auto-

sampler outfitted with a Xbridge Amide column (Waters; dimensions of 3.0 mm 3 100 mm and a 3.5 mm particle size). The mobile

phase A contained 95% (vol/vol) water, 5% (vol/vol) acetonitrile, 10 mM ammonium hydroxide, 10 mM ammonium acetate,

pH = 9.0; B was 100% Acetonitrile. The gradient was as following: 0 min, 15% A; 2.5 min, 30% A; 7 min, 43% A; 16 min, 62% A;

16.1–18 min, 75% A; 18–25 min, 15% A with a flow rate of 150 mL/min. The capillary of the ESI source was set to 275�C, with sheath

gas at 35 arbitrary units, auxiliary gas at 5 arbitrary units and the spray voltage at 4.0 kV. In positive/negative polarity switchingmode,

anm/z scan range from 60 to 900was chosen andMS1 datawas collected at a resolution of 70,000. The automatic gain control (AGC)

target was set at 13 106 and the maximum injection time was 200 m. The top 5 precursor ions were subsequently fragmented, in a

data-dependent manner, using the higher energy collisional dissociation (HCD) cell set to 30% normalized collision energy in MS2 at

a resolution power of 17,500. Besides matching m/z, metabolites are identified bymatching either retention time with analytical stan-

dards and/or MS2 fragmentation pattern. Data acquisition and analysis were carried out by Xcalibur 4.1 software and Tracefinder 4.1

software, respectively (both from Thermo Fisher Scientific).

In vitro cell growth assays
Designated cells lines were seeded in 96-well plates at density of 1,000 (TMZ-R) or 2,000 (TMZ-S) cells per well, with 4 replicates per

treatment group. Cell viability was measured using CellTiter-Glo Luminescent Cell Viability Assay Kit (Promega) at designated time-

points according to the manufacturer’s instructions. Luminescence was measured using SpectraMax M3 Multi-Mode Microplate

Reader (Molecular Devices) and normalized to the luminescent readings at day zero or DMSO control.

Oxygen consumption rate and extracellular acidification rate
Oxygen consumption rate (OCR) was measured in an XF96 extracellular flux analyzer (Agilent Bioscience). Designated cells were

plated at 10k cells per well of an XF96 plate and allowed to adhere for 48 h. At 1 hr before OCR measurement, the medium was

exchanged for Seahorse base DMEMpH 7.4 (Agilent catalog no. 103575-100, supplemented with pyruvate, glucose, and glutamine).

Electron transport chain inhibitors (1.5 mMOligomycin, 0.5 mM FCCP, 0.5 mM Rotenone/Antimycin A) were injected according to the

Seahorse XF Cell Mito Stress Test template (Agilent catalog no. 103015-100). After assay completion, XF Seahorse Mito Stress Test

data was exported and analyzed in excel and Prism with the provided macros.

MitoTracker mitochondrial mass and imaging assay
Cells were seeded at 2,500 cells/well in a white-walled optical density 96-well plate. After overnight attachment, cells were stained

with MitoTracker Green FM (Thermo M7514) per manufacturer’s instructions. Fluorescence was read using the SpectraMax M3
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Multi-Mode Microplate Reader (Molecular Devices). For localization assays, 35,000 cells were seeded in a 12-well plate and allowed

to attach overnight. The next day cells were stained withMitoTracker Green FM (ThermoM7514) per manufacturer’s instructions and

treated with either DMSO or nocodazole (10 nM) for 45 min and imaged on a Nikon Eclipse Ti-U.

Immunofluorescence assays
Cells were seeded at a density of 25,000 to 30,000 cells onto 18-mm-diameter #1.5 round coverslips (VWR, #101413-518) in

12-well dishes (day 1). They were allowed to attach to the coverslips for a full day (day 2). In the case of treatments, N-acetyl-

cysteine, GTP, GSHee, Glycine, are performed on Day 2 for 18 h to still be imaged on day 3. On the following day (day 3), the

media was removed, and cells were washed three times with phosphate-buffered saline (PBS) and then fixed and permeabilized

in 3.2% paraformaldehyde (PFA) with 0.2% Triton X-100 in PBS for 5 min at room temperature. Three washes were performed with

PBS in the 12-well plate, and then coverslips were inverted onto 120 mL of primary antibody in the antibody block (0.1% gelatin

with 10% normal donkey serum in distilled H2O) on strips of parafilm and incubated for 2 h. Coverslips were first incubated with

EWSR1 (rabbit monoclonal antibody; 1:600; Abcam, ab133288; mouse monoclonal antibody; 1:200; SCBT, sc-48404), for 4 h. The

donkey serum, nonconfluent cells, 4-h incubation for primary antibodies, and day 3 staining are vital for visualizing consistent

EWSR1 cytoplasmic staining. After incubation with primary antibodies, coverslips were washed three times with PBS. Then, cov-

erslips were inverted onto 100 mL of antibody block with secondary antibodies (Alexa Fluor 488 anti-mouse; 1:200; Life Technol-

ogies, #A11029; Alexa Fluor 594 anti-rabbit; 1:200; Life Technologies, #A11037) and 40,6-diamidino-2-phenylindole (DAPI) (DNA,

1:500 dilution) for 20 min in the dark. Coverslips were again washed three times with PBS, then gently dipped four times into mo-

lecular biology-grade water before inversion onto one drop of Fluoro-Gel (with N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic

acid buffer, Electron Microscopy Sciences, #17985-30), and then allowed to air dry in the dark for at least 10 min. Slides were

stored at 4�C until image collection on an Olympus BX-53.

Immunoblot and immunoprecipitation analysis
Cells were lysed in radioimmunoprecipitation assay buffer supplemented with protease and phosphatase inhibitors (Roche,

#4906837001) for protein extractions and separated by polyacrylamide gel electrophoresis using 4 to 12% gradient gels (Novex

by Life Tech, #NP0321BOX) as described previously. Proteins were then transferred onto Nitrocellulose membranes (Invitrogen,

#IB23001) with the iBlot2 (Invitrogen, #IB21001) and probed with the following antibodies: EWSR1 (1:1000; Abcam, ab133288), py-

roglutamic acid (LSBio LS-C664190) and GGCT (Proteintech 16257-1-AP). Proteins were detected with horseradish peroxidase

(HRP)–conjugated secondary antibodies (Promega Anti-Mouse HRP conjugate, W4028; Anti-Rabbit HRP conjugate, W4018). Blots

were developed with enhanced chemiluminescence (Cytiva RPN2106V1, RPN2106V2) reaction according to the manufacturer’s in-

structions and imaged on an Invitrogen iBright 1500 (ThermoFisher).

ROS detection
Cells were seeded in a clear bottomedwhite-walled 96-well microplate (Costar, 3610) at 5,000 cells/well and allowed to adhere for 48

h. Media was removed and replaced with 100 mL 1X buffer. This was replaced with the DCFDA diluted solution as per manufacture’s

protocol and incubated for 45 min at 37�C in the dark. DCFDA solution was then removed and washed with PBS and read on a

SpectraMax M3 Multi-Mode Microplate Reader (Molecular Devices) at 485/535 Ex/Em.

Gene expression analysis in glioma single cell (sc)RNA-seq dataset
A published scRNA-seq data63 in seven IDH-WT and seven IDH-mut gliomas was used to analyze GGCT and complex III expression

in different glioma cell states and types. The gene expression matrix was downloaded fromNCBI’s Gene Expression Omnibus (GEO)

database with dataset ID GSE151506. The clinical information of each sample as well as the cellular state assignment were obtained

from the supplementary data of previous publication.63

Immunohistochemistry (IHC) analysis
Matched pairs of new and recurrent glioblastoma patient tissue samples, as well as Alzheimer’s brains and cognitively normal

brains were stained using standard IHC analysis using the following antibodies: EWSR1 (Abcam ab133288) diluted at 1:1000, py-

roglutamic acid (LSBio LS-C664190) diluted at 1:200 and GGCT (Proteintech 16257-1-AP) diluted at 1:500. Four-micrometer thick

sections of formalin-fixed paraffin-embedded (FFPE) tissue on charged slides were baked in the oven before being deparaffinized

and re-hydrated. Antigen retrieval was performed using a pH6 retrieval buffer (Biocare Reveal) at 110�C for 10 min in a decloaking

chamber. Slides were then cooled to room temperature and washed in TBS before neutralizing endogenous peroxidase (Biocare

Peroxidase 1). Slides were then treated with a serum-free casein background block (Biocare Background Sniper) before pre-

incubation in a 10% goat serum block for 60 min. Primary antibody was then added to the slides for overnight incubation at

4�C. After incubation, slides were washed well with TBS-T before incubating in HRP polymer (Biocare MACH 4 Universal HRP

Polymer). Finally, reaction products were visualized with DAB (Biocare Betazoid DAB Chromogen Kit). Slides were then counter-

stained with hematoxylin, dehydrated and mounted with xylene-based mounting media. Slides were stored at 4�C until image

collection at 60X on an Olympus BX-53.
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Statistical analysis
Statistical analyses were carried out using GraphPad Prism version 10. All grouped data are from distinct biological replicates. For

comparing two groups, the two-tailed Student’s t-tests were used unless otherwise stated. Graphs include means and error bars,

with the latter representing SD as indicated. Statistical significance was calculated by one-way analysis of variance (ANOVA) with

Tukey’s multiple comparisons test or unpaired t test. All error bars are SD; *p < 0.05, **p < 0.001, ***p < 0.0005, and

****p < 0.0001. All analyses were done with at least 3 independent replicates.

Data availability
All data produced is included in a supplementary table or a citation from which the scRNAseq data was acquired (See scRNAseq

methods).
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