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Abstract

Background Glioblastoma is the most common malignant brain tumor in adults. Cellular plasticity and the poorly
differentiated features result in a fast relapse of the tumors following treatment. Moreover, the immunosuppres-
sive microenvironment proved to be a major obstacle to immunotherapeutic approaches. Branched-chain amino
acid transaminase 1 (BCAT1) was shown to drive the growth of glioblastoma and other cancers;however, its onco-
genic mechanism remains poorly understood.

Methods Using human tumor data, cell line models and orthotopic immuno-competent and -deficient mouse
models, we investigated the phenotypic and mechanistic effects of BCAT1 on glioblastoma cell state and
immunomodulation.

Results Here, we show that BCAT1 is crucial for maintaining the poorly differentiated state of glioblastoma cells
and that its low expression correlates with a more differentiated glioblastoma phenotype. Furthermore, orthotopic
tumor injection into immunocompetent mice demonstrated that the brain microenvironment is sufficient to induce
differentiation of Bcat1-KO tumors in vivo. We link the transition to a differentiated cell state to the increased ac-
tivity of ten-eleven translocation demethylases and the hypomethylation and activation of neuronal differentiation
genes. In addition, the knockout of Bcat1 attenuated immunosuppression, allowing for an extensive infiltration
of CD8* cytotoxic T-cells and complete abrogation of tumor growth. Further analysis in immunodeficient mice
revealed that both tumor cell differentiation and immunomodulation following BCAT1-KO contribute to the long-
term suppression of tumor growth.

Conclusions Our study unveils BCAT1’s pivotal role in promoting glioblastoma growth by inhibiting tumor cell
differentiation and sustaining an immunosuppressive milieu. These findings offer a novel therapeutic avenue for
targeting glioblastoma through the inhibition of BCAT1.

Key Points

Cellular plasticity and poorly differentiated cell features are  a better understanding of the molecular mechanisms un-
key aspects of cancer cells, largely considered drivers of derlying phenotypic plasticity in cancer is needed to identify
intra-tumoral heterogeneity and treatment resistance.” Thus,  novel opportunities for overcoming therapy resistance.
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Importance of the Study

High expression of BCAT1 occurs in many tumor entities
and is related to aggressiveness, proliferation, and inva-
sion of tumor cells. In this study, we show that its expres-
sion is crucial for the continuous growth of glioblastoma
cells by preventing their differentiation. Furthermore,
we show that the expression of BCAT1 modulates the
tumor immune microenvironment, suppressing the CD8
T-cell response. BCAT1 knockout causes glioblastoma

Glioblastoma is the most common primary central
nervous system malignancy.? Despite an aggressive treat-
ment plan consisting of maximal surgical resection, radio-
therapy, and chemotherapy, the average survival time of 15
months has not significantly improved since the introduction
of temozolomide nearly 20 years ago.® Furthermore, novel
therapies applying small molecule inhibitors in targeted ap-
proaches or different immunomodulatory treatments did
not result in the prolonged survival of patients.*® These
treatment failures are attributable to a high level of glioblas-
toma cellular plasticity and tumor heterogeneity,” features
well reflected in their capability to appropriate differenti-
ated features and neuronal signaling during migration and
infiltration and revert to a highly proliferative mesenchymal
state once situated.® Moreover, the differentiation state of
glioblastoma cells and their molecular subtypes have been
proposed to shape the microenvironmental milieu and im-
munosuppression, another major obstacle in glioblastoma
treatment.%'° Attempts have been made to overcome cel-
lular plasticity and induce glioblastoma cell differentiation
through kinase inhibition,” treatment with differentiation
factors,'? or overexpression of differentiation-program regu-
lators such as NEUROD1 and ASCL1."3'* However, treatment
effects were reversible upon exogenous factor withdrawal,
rendering these options clinically irrelevant.'?

The branched-chain amino acid transaminase 1 (BCAT1)
is a metabolic enzyme expressed ubiquitously during em-
bryonic development and in a tissue-restricted manner in
adults, primarily the brain.®'® By converting branched-
chain amino acids into respective branched-chain
ketoacids, BCAT1 depletes cellular a-ketoglutarate (aKG),
and produces glutamate. Despite its limited expression
in adult tissues, BCAT1 is overexpressed widely across
tumor entities, including glioblastoma.'”2" Furthermore,
its overexpression has been described to promote tumor
cell proliferation and invasiveness, through regulating
the availability of branched-chain amino acids and con-
sequently the mTOR pathway and autophagy, or through
the glutamate-dependent promotion of GSH produc-
tion.'8-20.22.23 |n addition, we previously showed that BCAT1
maintains acute myeloid leukemia stem cell (SC)s by the
depletion of aKG and the consequent alteration of DNA
methylation through the reduced activity of ten-eleven
translocation (TET) methylcytosine dioxygenases.™

Here we highlight BCAT1 as a regulator of glioblastoma
cell state plasticity that maintains the poorly differenti-
ated characteristics of glioblastoma cells and contributes
to the immunosuppressive tumor microenvironment.

cell differentiation and a persistent CD8 T-cell response,
which is sufficient to abrogate tumor growth and pro-
long survival in in vivo immunocompetent and immuno-
deficient models, respectively. Our findings consolidate
BCAT1 as a major player in glioblastoma and highlight
its importance as a potential future target of research in
this and other tumor entities.

Using animal models, we show that both these mechan-
isms contribute significantly to adverse survival. These
findings help define mechanisms by which BCAT1 drives
tumor growth and suggest that targeting its function could
provide an opportunity of addressing phenotypic plasticity
and therapy resistance in glioblastoma.

Materials and Methods
Cell Lines

The U251-MG (U251) human glioblastoma cell line was
obtained from ATCC and cultured in low-glucose DMEM
(Sigma, D5921) with the addition of 10% fetal calf serum (FCS),
1x penicillin-streptomycin (P/S) and 0.5 mM L-glutamine at 37°
C and 10% CO,. The mouse mGB2 glioblastoma neurosphere
cell line was cultured as described previously?* (DMEM/F12
(Gibco, 11330-057), 1x P/S, 1x N2 (LifeTechnologies, 17502048),
20 ng/mL FGFb [PreproTech] and EGF [Life Technologies]). The
cells were cultured at 37° C with 5% CO,,.

Generation of CRISPR/Cas9 Knockout and shRNA
Knockdown Cells

The generation of the BCAT1-KO U251 cell line was described
previously.?> Knockout of Beat1 in the mouse mGB2 cell line
was performed using a doxycycline-inducible CRISPR/Cas9
constructTLCv2 (addgene, 87360) with the single guide RNAs
(sgRNA) 5'-CACCGGCTGACCACATGCTGACG-3’ for the con-
trol construct and 5- CACCGGTATTACTGATATTGGTGGG
-3’ for the Bcat1-KO construct. Cas9 expression was induced
with doxycycline for 48h, after which single-cell clones were
screened using Western blots. Cells were lysed in RIPA lysis
buffer and separated on a 4%-12% SDS-PAGE gel with
Sample Buffer (Life Technologies, NP0007) and the reducing
reagent (Life Technologies, NP0009). Proteins were trans-
ferred to a pre-activated PVDF membrane and blocked with
5% milk in TBS-T (tris-buffer saline, 0.1% Tween20). Primary
antibody incubation with anti-BCAT1, anti-aTubulin, and
anti-V5-Tag was performed in 5% milk inTBS-T at room tem-
perature for 4 hours. Secondary antibody incubation with
anti-rabbit-HRP and anti-mouse-HRP was done at room
temperature for 1h in 5% milk in TBS-T and the signal de-
veloped using an ECL mixture (LifeTechnologies, 32132). For
a detailed list of antibodies see Supplementary Table 2. The
Tet1 and Tet3 knockdown cell lines were produced using a
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constitutive pLKO.1 vector with blasticidine resistance ex-
pression (addgene, 26655) and 3 different shRNA sequences
(Supplementary Table 3) per Tet protein designed using the
Broad GPP web portal (https:/portals.broadinstitute.org/
gpp/public/). mGB2 Bcat1-KO cells were transduced with
either the shTet constructs or the control shRNA targeting
Luciferase (shLuc), and the Control cells only with the shLuc
construct. Cells underwent antibiotic selection 48 hours fol-
lowing transduction.

In Vitro Cell Differentiation

For the differentiation of the mGB2 cells, cells were seeded
in plates or on coverslips pre-coated with ECM (Sigma-
Aldrich, CC131) to promote attachment in either the
standard medium containing growth factors (SC condition)
or in the DMEM/F12 medium containing 5% FCS without
any additional growth factors (FCS condition). All differen-
tiation experiments were performed 8 days after the initia-
tion of differentiation, during which time the medium was
exchanged every other day with a reseeding at day 4. For
recovery experiments, the FCS medium was removed, and
the cells were washed after 8 days of differentiation and re-
placed with the SC medium for the indicated time.

RT-gPCR

Cellular RNA was isolated using the QIAGEN RNeasy Mini
kit with on-column DNA digestion. A total of 500-1000 ng of
total RNA were used for cDNA synthesis (NEB, E6560S). 12.5
ng of cDNA (according to RNA starting amount) per reac-
tion was used for the qPCR reaction with the PrimaQUANT
CYBR gPCR mix and 0.5uM forward and reverse primers
(primer sequences can be found in Supplementary Table
1). The gPCR was performed on the QuantStudio5 and the
Ct threshold for each gene was determined automatically
by the QuantStudio design and analysis software. The ddCt
values were calculated by normalizing to a housekeeper
gene (Tbp) and the condition specified in the experiment.
Fold change was calculated as 2-99Ct,

Click-iT EAU Proliferation Assay

The Click-iT EdU assay for flow cytometry was performed
according to manufacturer’s instructions (ThermoFisher
Scientific, C10643). Briefly, cells were incubated with 10
puM EdU for 1 hour. After the incubation, the cells were de-
tached, fixed in 4% PFA, and permeabilized in PBS-T (0.1%
TritonX-100 in PBS) for 1h at room temperature. After
washing with 1% BSA in PBS, cells were resuspended in
the Click-iT reaction cocktail according to the specifications
for the AF647-azide and incubated for 30 minutes at room
temperature. After washing, cells were processed on the
BD LSRFortessa flow cytometer.

Cell Immunofluorescent Stainings

For immunofluorescent stainings of cultured cells, the
cells were fixed on coverslips in 4% PFA for 15 minutes
at room temperature and blocked and permeabilized

using Blocking Buffer (5% BSA, 0.02% sodium azide, 0.5%
TritonX-100 in PBS). Primary antibodies were diluted in
0.2X Blocking Buffer and incubated with the cells over
night at 4° C in a humid chamber. Secondary fluorescently
labeled antibodies were diluted in 0.2x blocking buffer
and incubated with the cells for 1 hour at room tem-
perature. Coverslips were mounted on slides using
NucBlue-containing mounting medium (Life Technologies,
P36985). Imaging was performed using the Leica SP8
confocal microscope. For a detailed list of antibodies see
SupplementaryTable 2.

RNA-Sequencing and Analysis

RNA-sequencing of the U251 cells was performed using
the Illlumina HiSeq 2000 V4 and of the mGB2 cells with
the Illumina NovaSeq 6000 SP. Library preparation and
sequencing were performed by the DKFZ Genomics and
Proteomics Core Facility using the TruSeq RNA Library
prep kit. Reads were aligned by the DKFZ Omics IT and
Data Management Core Facility using the One Touch
Pipeline.?®

Pre-processing, filtering, and the normalization of the
data were done in R using limma®” and DESeq2%® packages.
Pre-ranked gene set enrichment analysis (GSEA) analysis
was performed using the fgsea package?® and the human
MSigDB collections.3? For the molecular glioblastoma sub-
type gene set, signatures were collected and combined
from several publications.®31-34

The TCGA-GBM data were quarried for samples
which included lllumina HiSeq sequencing results using
R with packages TCGAbiolinks, TCGAWorkflow, and
TCGAWorkflowData.3® Samples were pre-filtered ac-
cording to the IDH status and downstream processing was
performed as detailed above. Normalized patient-derived
glioblastoma SC data were acquired from the HGCC
database.%¢

DNA Methylation Array and Analysis

DNA methylation of the mGB2 cells was determined using
the Infinitum Mouse Methylation BeadChip in triplicates
by the Genomics and Proteomics Core Facility. Data proc-
essing and differential methylation analysis were done in
R using the minfiData, missMethyl, and DMRcate pack-
ages adapted for the appropriate mouse array.3’-3% Pre-
processing was done using the B-values and the statistical
analysis and differential expression using the M-values.
Gene enrichment analysis was done with the methyl/GSA
package.*®

DNA methylation of the U251 cells was assessed using
the Infinitum HumanMethylation450 Bead Chip with a
single sample per condition. Pre-processing was per-
formed as detailed above.

Nuclear aKG Measurements

Nuclear aKG levels were determined using the aKG FRET
sensorTC3-R9IP previously developed in our lab.*'The SV40-
derived nuclear localization signal peptide (PKKKRKV) was
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inserted 3 times at the C-terminus of TC3-R9P. Control and
BCAT1-KO U251 cells were reverse-transfected with 1 pg/
mL of TC3-R9P-3nuclear localization signal pDNA using 1:2
of Trans-iT (Mirus). Forty-eight hours after transfection, cells
were imaged using a Leica SP8 laser scanning confocal mi-
croscope with an incubation chamber with controlled tem-
perature set at 37° C and 5% CO,. Cells were excited with
a UV diode (405 nm) and emission was detected sequen-
tially between frames at 450-490 nm (CFP) and 520-590 nm
(FRET). Image processing and calculation of the FRET ratio
were performed with Fiji (Imaged). The ratio was calculated
by dividing the mean intensity of the FRET signal by the
CFP signal (FRET/CFP).

5-hmC Immunofluorescence

Control and Bcat1-KO mGB2 cells were differentiated for 8
days and seeded on pre-coated coverslips. The cells were
fixed with 4% PFA and permeabilized in PBS with 0.1%
TritonX-100 (PBS-Tx). Antigen retrieval was performed with
2N HCI at 37° C for 30 minutes and the acid was neutralized
with 1M Tris-HCI (pH 8.3) for 10 minutes. Blocking was per-
formed in 5% goat serum PBS-Tx for 30 minutes at room
temperature followed by primary antibody staining in 5%
goat serum PBS-Tx overnight. Secondary antibody staining
was performed for 1 hour at room temperature in 5% goat
serum PBS-Tx, and the coverslips were mounted on micros-
copy slides using NucBlue-containing mounting media.

Mice

C57BL/6 and NOD SCID gamma (NSG) female mice were
acquired from Janvier labs. The mGB2 tumor transplant-
ations were performed as previously described.?* Briefly,
mice were anesthetized with isoflurane and orthotopic
transplantations were performed with 0.6*10¢ cells in 2
uL of PBS over 10 minutes using a microsyringe at the co-
ordinates (0, 2, 3) according to the bregma. In vivo biolu-
minescent measurements were performed using the VIS
system. Mice were injected intraperitoneally with 150 mg/
kg luciferin in PBS. Imaging was performed 10 minutes fol-
lowing the injection with 3 minutes exposure time.

All animal experiments and procedures were approved
by the local authorities (Regierungsprasidium Karlsruhe,
Germany) under the animal protocol G314-19.

Mouse Sample Preparation and
Immunofluorescent Staining

Upon reaching endpoint criteria according to the approved
protocol, and before succumbing to the disease, mice were
sacrificed with CO, and the brain was isolated and fixed in
4% methanol-free PFA for 24 hours at 4° C.The brains were
cryoprotected in 30% sucrose and frozen in OCT on dry ice.
Samples were kept at —80° C until further processing.Tissue
sections were performed at —20° C with section thickness of
6-8 um and placed on SuperFrost Plus microscopy slides.

Immunofluorescent stainings were performed as de-
scribed previously for cultured cells. For a detailed list of
antibodies see SupplementaryTable 2.

Image Processing

The majority of the image processing was performed using
Fiji (ImagedJ) software. Nuclear segmentation of images
was performed using NucBlue-stained nuclei with the wa-
tershed segmentation method. Mean fluorescent intensity
was measured in the appropriate channel per the defined
region of interest. The positivity threshold was determined
based on the negative control.

QuPath software (version 0.3.2) was used for processing
whole brain and tile scan immunofluorescent labeling.
For quantification purposes, the Cell Detection algorithm
was run using NucBlue, and cell positivity for Iba1l or CD8
was determined using the Nucleus: staining method with a
consistent threshold between images.

Statistical Analysis

Data presented are shown as means with error bars
indicating standard deviation or as Tukey plots with error
bars indicating 1.5 IQR (interquartile range) values, unless
specified otherwise in the figure legends. Multiple com-
parison testing was performed with one-way or two-way
ANOVA analysis and pair-based comparisons were made
with Tukey’s post hoc test. Comparisons between 2 condi-
tions were performed using a two-tailed unpaired student’s
t-test. Significance levels are denoted with * symbols ac-
cording to the figure legends.

Data Availability

Raw data files are being submitted to GEO and will be
added with the corresponding accession number to
this section once the upload is complete and prior to
publication.

Results

BCAT1 Expression Correlates With Glioblastoma
Cell State

To better characterize the role of BCAT1 in glioblastoma,
we analyzed its expression in a cohort of 141 sequenced tu-
mors of the Cancer Genome Atlas Glioblastoma Multiforme
(TCGA-GBM) dataset with available RNA-sequencing data.
First, we stratified the samples based on BCAT1 expression
and assigned the top and bottom 20 samples as BCAT1high
and BCAT1'o%, respectively (Figure 1A). Multidimensional
scaling (MDS) analysis showed distinct clustering of the 2
groups, indicating divergent expressional patterns of the
tumors based on BCAT1 expression status (Figure 1B).
Pre-ranked GSEA of differentially expressed genes of
the BCAT1high versus BCAT1'°% groups using published
glioblastoma molecular subtype signatures®'-3442 showed
significant enrichment of mesenchymal signatures in
BCAT1hgh" tumors (Figure 1C, Positive normalized enrich-
ment score). On the other hand, the BCAT1" tumors
showed strong enrichment in signatures associated with
a neuronal-like phenotype, such as the proneural,3'42
neural progenitor cell and developmental signatures3?-34
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Figure 1. BCAT1 expression levels correlate with glioblastoma cell states in human tumors. (A) TCGA-GBM sample stratification based on

BCAT1 expression into BCAT1"g", BCAT1intermediate and BCAT1'°W, (B) Multidimensional scaling (MDS) analysis of BCAT1"" and BCAT1°" samples
showing distinct clustering. (C) Pre-ranked gene set enrichment analysis (GSEA) showing an enrichment (Normalized enrichment score, NES)
for neuronal-like glioblastoma signatures in BCAT1'°" tumors (negative NES) and mesenchymal enrichment in BCAT1"¢" (positive NES) samples.
Only significant enrichments (P < .05) are shown. (D) Spearman’s correlation of BCAT1 expression (x-axis) and CIBERSORTXx cell scores (y-axis)
shows a positive correlation with the malignant cell score (R = 0.44, P = 8.1*1078, left) and negative correlations with the macrophage (R = -0.33,

P =6.7%10-5, middle) and CD8-T-cell scores (R = -0.3, P = .00029, right).

(Figure 1C, Negative normalized enrichment score).
Survival analysis of the complete TCGA-GBM cohort fur-
ther showed that high BCAT1 expression in patients is as-
sociated with adverse prognosis (Supplementary Figure
1A). We further validated the cellular state findings in the
patient glioblastoma SC line database HGCC,¢ where the
mesenchymal and classical subtypes showed a higher
BCAT1 expression than the proneural and neural-like
(Supplementary Figure 1B). Using the highest and lowest
BCAT1-expressing cell lines from this dataset based on
z-score values, a single sample GSEA (ssGSEA) analysis
showed clear clustering of the BCAT1-low cells according
to proneural and developmental glioblastoma expres-
sional programs whereas the ones with high BCAT1 ex-
pression showed mesenchymal or classical glioblastoma
expression patterns (Supplementary Figure 1C and 1D).
Aggressive features of glioblastoma are associated with
immunosuppression and an overall reduced CD8 T-cell in-
filtration.** As we observed that high BCAT1 expression
correlates with a mesenchymal glioblastoma subtype,
we used CIBERSORTx* and a glioblastoma gene expres-
sion matrix* to determine the cell-type composition of
the TCGA samples. We found a highly significant positive

correlation between BCAT1 expression and the malignant
cell score, and a negative correlation between BCAT1 and
the macrophage and CD8T-cell scores (Figure 1D).

These results indicate a strong association between
BCAT1 expression and the different molecular subtypes
of glioblastoma, highlighting a more differentiated,
neuronal-like expressional signature in BCAT1'°" tumors.
Furthermore, they imply a more prominent T-cell infiltra-
tion associated with low BCAT1 expression.

Bcat1 Knockout Induces Neuronal-Like
Expression Patterns in Mouse and Human
Glioblastoma Cells

To address a potential causal link between BCAT1 expres-
sion and glioblastoma cell state, we used the mGB2 mouse
glioblastoma neurosphere line derived from a Trp53/Pten
double knockout genetic mouse model?* and the com-
monly used human glioblastoma line U251. The mGB2 gli-
oblastoma SCs have been described to recapitulate human
glioblastoma faithfully.They are not burdened by the heavy
mutational load typical of chemically induced models,
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Figure 2. Bcatl knockout induces a neuronal-like transcriptional shift. (A) Pre-ranked GSEA of DEGs between Control and Bcat1-KO mGB2
cells showing a strong enrichment of mesenchymal glioblastoma signatures in Control cells (positive NES) and neuronal glioblastoma subtype
signatures in Bcat1-KO cells (negative NES). Only statistically significant enrichments (P < .05) are shown. (B) Enrichment plot of genes regu-
lated by NeuroD1 in the Bcat1-KO versus Control mGB2 cells (P =.002, NES = -1.9). (C) Venn-diagram of DEGs upon BCAT1 knockout and the
overlapping genes between mGB2 and U251. (D) Pre-ranked GSEA of the co-regulated genes in mGB2 and U251 cells upon knockout of BCAT1
showing a strong enrichment of mesenchymal signatures (positive NES) in Control and neuronal-like glioblastoma signatures (negative NES) in
BCAT1-KO cells. (E) Log fold change (logFC) of the top genes overexpressed in Bcat1-KO mGB2 and U251 cells involved in neuronal signaling and

specification.

and are syngeneic to the C57BL/6 mouse, allowing for an
in-depth in vivo characterization of emerging phenotypes.
Bcat1 was knocked out in mice (Supplementary Figure 2A)
and human glioblastoma cells, and a transcriptome anal-
ysis was performed.

In line with our observations in human samples, both
the mGB2 Bcat1-KO and the U251 BCAT1-KO cells showed
a strong enrichment of neuronal, whilst the respective
Control cells showed mesenchymal state glioblastoma sig-
natures (Figure 2A and Supplementary Figure 2B, respec-
tively). Furthermore, gene ontology terms associated with

neuronal processes were strongly enriched in both mGB2
and U251 BCAT1-KO cells (Supplementary Figure 2C and
2D, respectively). Notably, neurogenic differentiation 1
(NeuroD1), a master regulator of neurodevelopmental
programs,*® was among the top upregulated genes, and
a NeuroD1-target gene signature was highly enriched in
mGB2 Bcat1-KO cells (Figure 2B).

The similarity of transcriptional changes induced by
BCAT1 knockout in the mouse and human lines, prompted us
to identify genes commonly regulated by BCAT1. 729 genes
were significantly co-regulated by BCAT1-KO (Figure 2C,
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“co-regulated”). A pre-ranked GSEA showed that these
genes alone were sufficient to distinguish the Control and
BCAT1-KO cells along the mesenchymal-neuronal differenti-
ation axis (Figure 2D). Moreover, among the genes with the
highest average upregulation in mGB2 and U251 BCAT1-KO
cells, were mainly neuronal markers, or genes associated
with neurodevelopmental processes (Figure 2E).

In summary, these data suggest that high BCAT1 expres-
sion maintains a poorly differentiated, mesenchymal cell
state and that the lack of BCAT1 induces a transition to a
neuronal-like expression pattern in human and mouse gli-
oblastoma cells.

Bcat1-KO mGB2 Cells are Prone to Differentiation
and Differentiation-Induced Cell Cycle Arrest

mGB2 cells are regularly cultured as neurospheres in
serum-free, stem-cell-supporting conditions. Therefore, we
used this model to study the effects of Bcat1-KO on induced
differentiation.To do this, we cultured the cells for 8 days ei-
ther in SC conditions or in the presence of 5% FCS as a non-
specific differentiation-inducing agent. Treatment with FCS
induced remarkable morphological differences between
Control and Bcat1-KO mGB2 cells. Notably, control cells
maintained a rounded shape with minimal cell extensions,
while Bcat1-KO cells exhibited a highly elongated shape
with pronounced cell extensions positive for tubulin beta 3
class Il (Tubb3) (Figure 3A and Supplementary Figure 3A).

We then evaluated the expression of neuronal and glial
differentiation markers by real-time quantitative PCR
(RT-gPCR). As expected, FCS induced the expression of
the glial and neuronal differentiation markers Gfap and
Tubb3, respectively (Supplementary Figure 3B). In SC
conditions, the expression of glial and neuronal markers
Aqgp4, S100b, and Map2 was already significantly higher in
the Bcat1-KO cells (Figure 3B). In FCS conditions, the ex-
pression of these genes increased in both genotypes, but
was strikingly higher in the differentiated Bcat1-KO than in
Control cells (Figure 3B), indicating a stronger differentia-
tion phenotype.

Next, we studied whether the pronounced differentia-
tion in Bcat1-KO cells impacted cell proliferation. We cul-
tured mGB2 Control and Bcat1-KO cells under SC or FCS
conditions and quantified actively cycling cells using
immunostaining against Ki67 (Figure 3C). Under SC condi-
tions, most Control and Bcat1-KO cells were Ki67 positive
(Ki67*). Upon the addition of FCS, the number of Ki67+ cells
was reduced in both lines, however, it was significantly
lower in Bcat1-KO cells compared to Control cells (on av-
erage 41% and 22%, respectively, Figure 3D).

Finally, we performed a Click-iT EdU proliferation assay
using flow cytometry. Consistent with the Ki67 data, the
number of EdU* cells upon differentiation was signif-
icantly reduced in the Bcat1-KO cells compared to the
Controls (from 57% to 40% and 56% to 8%, respectively)
(Figure 3E). Furthermore, upon restoring SC conditions
after differentiation, the Control cells completely re-
gained their proliferative capacity after 2 days, whilst the
Bcat1-KO cells showed only partial recovery (Figure 3E).
These changes were also evident on the morphological
level (Supplementary Figure 3C).

These data indicate that Bcat1-KO mGB2 cells are more
responsive to differentiation signals than Control cells,
suggesting that the loss of Bcat1 can overcome the Trp53/
Pten loss-induced differentiation resilience of our double
knockout model.?*4” Furthermore, the susceptibility of the
Bcat1-KO cells to differentiate resulted in a strikingly in-
creased differentiation-induced cell cycle arrest.

Bcat1 Maintains Methylation-Mediated
Suppression of Neuronal-Fate Genes

Cell differentiation and phenotypic plasticity are critically
regulated by epigenetic modifications such as DNA meth-
ylation at CpG dinucleotides.*® We previously provided evi-
dence that BCAT1 promotes DNA hypermethylation in acute
myeloid leukemia cells by limiting cellular aKG, an essen-
tial co-factor of the DNA demethylases TET methylcytosine
dioxygenases.' Thus, we hypothesized that changes in the
CpG-methylation landscape could control the neuronal-like
differentiation of Bcat1-KO mGB2 cells. To test this hypoth-
esis, we first used a nuclear aKG sensor*' to confirm that
BCAT1-KO increases aKG levels in the cell nucleus, where
TET-dependent CpG demethylation occurs (Supplementary
Figure 4A). Subsequent DNA-methylation analysis of
mGB2 cells grown under SC conditions revealed an overall
decrease in the proportion of hypermethylated sites in
Bcat1-KO cells compared to Controls (Figure 4A), consistent
with increased demethylase activity. Furthermore, differen-
tial CpG island methylation and gene expression inversely
correlated between the Control and Bcat1-KO mGB2 cells
(Figure 4B, R=-0.38, P<.01), indicating a methylation-
based regulation of gene expression. Similarly, decreased
methylation was observed in U251 BCAT1-KO compared to
Control cells (Supplementary Figure 4B).

To test whether CpG methylation can account for re-
pressing differentiation-related gene expression in the pres-
ence of Bcat1, we used differentially methylated CpG sites
in a robust rank aggregation analysis* against glioblastoma
molecular subtype signatures. We found high enrichments
for neuronal and developmental glioblastoma subtype
gene sets in mGB2 Control cells (Figure 4C), but no signif-
icant enrichment in Bcat1-KO cells. Furthermore, Control
cells showed a highly significant enrichment of non-cancer-
related neuronal differentiation signatures (Figure 4D) in
a methylGSA analysis, suggesting that Bcat1 mediates the
methylation-dependent suppression of neuronal fate genes.

To confirm that the altered methylation patterns
observed upon Bcat1l knockout were a result of in-
creased TET activity, we quantified the amount of
5-hydroxymethylcytosine (5-hmC), a direct product of
TET-dependent 5-methylcytosine (5-mC) oxidation, in
mGB2 Control and Bcat1-KO cells grown in FCS condi-
tions (Figure 4E). Quantitative immunofluorescence anal-
ysis revealed significantly elevated levels of 5-hmC in the
DNA of the Bcat1-KO cells, consistent with increased ac-
tivity of TET enzymes (Figure 4F). Furthermore, the knock-
down of either the Tet1 (shTet1) or Tet3 (shTet3) genes in
the Bcat1-KO mGB2 cells (Supplementary Figure 5A and
5B) resulted in reduced expression of neuronal differenti-
ation genes such as NeuroD1 (Supplementary Figure 5C).
A more detailed analysis by methylation array showed



http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad190#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad190#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad190#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad190#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad190#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad190#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad190#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad190#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad190#supplementary-data

Boskovic et al.: BCAT1 regulates glioblastoma cell plasticity and contributes to immunosuppression

A B
Tubb3 EGFPTubb3 Control [ Beati-koO
_ Map2 S100b
] *xk oxk
€ .
3 30 — 80 *hk
(@] o 70 0]
o} o 60 o
c 20 50 F
S e 400 | x|
(@] = — 30
X — . o o
! o r
= ol T ol 8 g
3 ojo 4 Q
m ﬁ 2
o- R 0 ‘
Stem Cell Differentiated Stem Cell Differentiated Stem Cell Differentiated
]
<
3
@
@
3
(@]
o) @
X
©
@
D
ns
r—
I 1004 o070 © o
g 9
o =
© % o
g g *x Control
o ey
o = 2 e P Bcatiko
X T B
- s 8
] Q
3 ~
m ©
X
. Stem Cell Differentiated
E
*kk
*kk
100 '
! *kk !
r
— 80 —r
o~ ke *kk *kk Kk ok
— —/ — — —
D60 o o ® a Control
8 °
+ 40 - o ’ ®Bcat-KO
3 S o
w 20 . °
[on)
0 T T T T T
> S » » »
<<\OQ’ ‘.\\'r&@) PR P& Q%Sb
S @ & L
xQ & 3\ @ @
) \e} ‘5‘@00 %\QPO @‘\Qoo
Q & <&

Figure 3. Bcat1-KO cells show a strong differentiation and are more prone to differentiation-induced cell cycle arrest in vitro. (A)
Immunofluorescence of differentiated Control and Bcat1-KO mGB2 cells against EGFP, and Tubb3. The arrow points to Tubb3-positive cellular
extension indicative of neuronal differentiation. Scale bar = 100pm. (B) RT-gPCR quantification of differentiation genes in Control and Bcat1-KO
cells under Stem Cell or Differentiated conditions, showing increased expression in Bcat1-KO cells. Statistical comparisons were done using a
one-way ANOVA with pairwise comparisons using Tukey’s multiple comparison test (n > 4). Error bars represent standard deviation. Only statisti-
cally significant comparisons are marked with stars. (C) Inmunofluorescence against EGFP and the Ki67 proliferation marker in mGB2 cells under
Stem Cell or Differentiation conditions, showing reduced Ki67 positivity in Bcat1-KO cells cultured under Differentiation conditions (D). Scale
bar = 100pm. Statistical comparisons were performed using an unpaired, two-tailed student’s t-test. Error bars represent standard deviation
(n = 3). (E) Click-iT EdU proliferation assay of Control and Bcat1-KO cells cultured in Stem cell, Differentiation, or recovery (Stem Cell Recovery
1-3) conditions, showing a strong reduction of proliferation in Bcat1-KO cells in Differentiation conditions that are not fully recovered. Statistical
analysis was performed using a two-way ANOVA test with Tukey's multiple testing. Only statistically significant comparisons are marked with
stars ns—non-significant, * — P< .05, ** - P< .01, *** - P<.001.
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Figure 4. Bcatl expression regulates DNA methylation. (A) Bcat1-KO mGB2 cells show an overall decrease in CpG methylation in comparison to
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showing enrichment (positive NES) of genes regulating neuronal glioblastoma subtypes (blue) and a single mesenchymal signature in Control cells.
Only statistically significant (P < .05) enrichments are shown. (D) methylGSA enrichment of hypermethylated CpGs in Control and Bcat1-KO cells
using neuronal differentiation GO-terms. Color scale represents the log,(p) of the enrichments and the size of each dot is proportional to the size of
the geneset. (E) Immunofluorescent staining of 5-hmC in differentiated Control and Bcat1-KO mGB2 cells. Scale bar = 100 um. (F) Mean fluorescent
intensity of the 5-hmC signal per nucleus of the differentiated Control and Bcat1-KO mGB2 cells (n > 500 nuclei per condition). Statistical analysis was
performed using an unpaired, two-tailed student’s t-test (P < 2.2 * 10-'). Experiment was repeated 3 times independently with the same outcome.

that shTet1 and shTet3 efficiently restored the enrichment
of hypermethylation of neuronal and glial differentiation-
associated genes in comparison to the control (shLuc)
Bcat1-KO cells (Supplementary Figure 5D).

In summary, these analyses reveal that Bcat1 knockout
increases TET activity, resulting in an overall decrease
in DNA methylation that strongly correlates with the ex-
pression of differentiation-related genes. These findings
suggest a mechanistic explanation for BCAT1's function
in glioblastoma cell plasticity, wherein BCAT1 restricts cel-
lular aKG resulting in a hypermethylation and repression
of neuronal fate genes.

Bcat1-KO Induces Glioblastoma Cell
Differentiation and Promotes an Antitumor
Immune Response In Vivo

To test whether Bcat1-KO cells are susceptible to differenti-
ation in vivo, we orthotopically transplanted Bcat1-KO and

Control mGB2 cells in immunocompetent C57BL/6 mice and
characterized the tumor phenotypes at early (4 weeks) and
advanced (upon reaching termination criteria) time points.
EGFP immunostaining detected signs of cell differenti-
ation in Bcat1-KO cells already at week 4 (Figure 5A). These
differentiation features became more pronounced at the ad-
vanced stage with all Bcat1-KO cells showing one or mul-
tiple prolonged cell extensions reminiscent of neuronal
protrusions (Figure 5B, Supplementary videos 1 and 2). In
contrast, Control mGB2 cells exhibited the typical glioblas-
toma morphology, appearing as tightly packed rounded
tumor cells at both early and late time points (Figure 5A
and 5B). Morphological observations of differentiation were
supported by a reduced expression of the glioblastoma SC
marker Sox2 in the Bcat1-KO mGB2 tumors (Supplementary
Figure 6A and 6B). Furthermore, a neuron differentiation mol-
ecule: brain-derived neurotrophic factor (Bdnf), a secreted
ligand of TrkB signaling which is directly regulated through
NeuroD1,%® showed increased expression in Becat1-KO tumors
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in comparison to the controls (Supplementary Figure 6C and
6D), further consolidating the differentiation phenotype.

In order to examine whether this differentiation pheno-
type is accompanied by an increase in 5-hmC, we used
quantitative immunofluorescence imaging of the early-
stage Control and Bcat1-KO tumors (Figure 5C). The anal-
ysis showed a significant (P <.01) increase in 5-hmC in
Bcat1-KO tumor cells (Figure 5D), indicating that the lack
of Bcat1 results in a higher TET activity in vivo, consistent
with our in vitro findings (Figure 4F).

As the tumor immune microenvironment plays a crucial
role in regulating tumor growth, and our analysis of patient
tumors revealed that higher BCAT1 expression correlates with
lower effector T-cell infiltration (CD8 T-cells), we proceeded to
analyze the immune composition of the mouse tumors.

Early in tumor development, we observed the expected
myeloid morphology of glioblastoma-associated myeloid
cells in Control tumors (Figure 5E, Control). Remarkably,
in the Bcat1-KO tumors, we observed a significant increase
in the myeloid population accompanied by altered mor-
phological features (Figure 5E, Bcat1-KO), which was even
more pronounced at advanced time points (Supplementary
Figure 6E). Quantification of Ibal-positive cells identified
more than double the average number of myeloid cells in
the Bcat1-KO tumors (Figure 5F). Next, we visualized the
CD8-positive cell population in the tumor sections by im-
munofluorescent staining. At an early time point, tumors
of both genotypes showed signs of T-cell infiltration with
a tendency towards increased infiltration in the Bcat1-KO
mice (Supplementary Figure 6F). However, at the ad-
vanced stage of tumor development, very few CD8 T-cells
were detected in the Control tumors, whereas the infiltra-
tion remained high in Bcat1-KO tumor residuals (Figure 5G
and 5H, Supplementary Figure 6G).

These data show that Bcat1 knockout-induced glioblastoma
differentiation occurs early during tumor development in vivo.
Furthermore, Bcat1-KO appears to promote the remodeling of
the tumor immune microenvironment resulting in a persistent
infiltration of CD8 T-cells, consistent with our observations in
the BCAT1'°% human glioblastoma samples.

Bcat1-KO Significantly Prolongs Survival Time but
Does not Completely Abrogate Tumor Growth in
Immunodeficient Mice

To dissect the impact of the two Bcat1-dependent pheno-
types, immunosuppression, and tumor cell differentiation,
on mouse survival, we transplanted Control and Bcat1-KO

mGB2 cells into immunodeficient NSG mice, lacking both
the myeloid and lymphocytic immune compartments.
Unlike in immunocompetent mice,?® Bcat1-KO cells grew
detectable tumors in NSG mice (Figure 6A). However, an-
imal survival was still significantly longer than for mice
transplanted with Control cells (Figure 6B, P=.0007).
Compared to a complete lack of tumor growth of Bcat1-KO
cells in immunocompetent mice (Figure 6B, dashed lines),
these results highlight the importance of both so-far-
described phenotypes: the immune system is necessary
to completely abrogate tumor growth of the Bcat1-KO cells
and the immune-independent differentiation effects signif-
icantly contribute to slower tumor growth and prolonged
survival.To distinguish whether the myeloid or lymphocytic
compartments were crucial for Bcat1-KO tumor suppres-
sion, we injected tumor cells into T-cell-deficient Rag2-KO
mice which lack functional T-cells but maintain myeloid cells
such as microglia and macrophages. Here we observed the
same tumor growth pattern as in the NSG mice, strongly
suggesting thatT cells are necessary for the suppression of
Bcat1-KO tumor growth (Supplementary Figure 6H).

Using anti-EGFP fluorescent labeling in sections from
mGB2 tumors grown in NSG mice, we observed the typ-
ical poorly differentiated phenotype of the Control cells
(Figure 6C). In contrast, the highly differentiated morpho-
logical features of the Bcat1-KO cells (Figure 6D, purple
insets) matched those found in the immunocompetent
model (Figure 5C). Interestingly, after examining the whole
coronal sections of the Bcat1-KO tumors in immunodefi-
cient mice, we also observed small undifferentiated re-
gions (Figure 6D, blue inserts), which were not apparent in
C57BL/6 mice (Figure 5D).

To test whether the morphologically distinct population
of Bcat1-KO tumor cells also showed different proliferative
capacities, we quantified the portion of Ki67* cells in differ-
entiated and undifferentiated regions of the Bcat1-KO and
in Control tumors shown in Figure 6C-D (Figure 6E). We ob-
served a significant reduction of the number of Ki67* cells
in the differentiated regions of the Bcat1-KO tumors com-
pared to both Control and Bcat1-KO undifferentiated regions
(Figure 6F), suggesting that the remaining small undifferen-
tiated regions primarily drive Bcat1-KO tumor growth.

In summary, these data indicate that the immune system
plays a role in abolishing Bcat1-KO tumor growth, evidenced
by the growth of Bcat1-KO tumors in immunodeficient NSG
and Rag2-KO mice. However, Bcat1-knockout-induced dif-
ferentiation and cell cycle arrest occur independent of the
host's immune system and result in the doubling of the

bar = (A) 500 pm (left) and 20 pm (right) and (B) 100 pm and 20 pm. (C) Immunofluorescent labeling of 5-hmC in Control and Bcat1-KO tumors 4 weeks
post-injection labeled against EGFP (tumor cells). DNA was labeled using DAPI. Scale bar = 100 um. (D) Mean fluorescent intensity of the 5-hmC
signal per nucleus in Control (n = 3) and Bcat1-KO (blue, n = 3) tumors (more than 200 nuclei were quantified per mouse). Statistical analysis was
performed using an unpaired, two-tailed student’s t-test (P < 2.2 * 10-'6). (E) Inmunofluorescent staining against EGFP and Iba1 (myeloid marker) of
Control and Bcat1-KO tumors 4 weeks post-injection with cutouts highlighting signs of differentiation and increased myeloid density in Bcat1-KO
tumors. Scale bar =200 pm and 50 pm (Control), and 50 ym (Bcat1-KO). (F) Quantification of Ibal1* cells in the tumor region of Control (left, n =3)
and Bcat1-KO (right, n=3) tumors. Error bars represent standard deviation. Statistical comparison was performed using a two-tailed unpaired
student’s t-test. (G) Representative immunofluorescent staining against EGFP and CD8a in advanced Control and Bcat1-KO tumors with representa-
tive cutouts. Scale bar = 100 pm and 50 pm. NucBlue or DAPI were used to stain DNA in allimages. (H) Quantification of the number of CD8-positive
T cells in the tumor regions of Control (n = 3) and Bcat1-KO (n = 3) mice. The quantification was performed manually using the whole surface of the
Bcat1-KO tumors and a Imm?tile scan (12-16 images) of the Control tumors. ns—non-significant, * — P< .05, ** — P< .01, *** — P<.001.
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Figure 6. Bcat1-KO cells form tumors with highly differentiated regions and obvious cell cycle arrest in immunocompromised mice. (A) IVIS of
Luciferase-expressing Control and Bcat1-KO tumors 4 weeks and 9 weeks post-injection. (B) Kaplan—Meier survival analysis of NSG mice injected
with Control (full red line, n = 6) and Bcat1-KO (full blue line, n = 6) mGB2 cells. Previously published? survival times of C57BL/6 mice transplanted
with Control (dashed red line, n = 8) and Bcat1-KO (dashed blue line, n = 8) cells are shown for comparison. (C) Whole section immunofluorescent
imaging of Control and (D) Bcat1-KO tumors in the NSG mice labeled with EGFP. Control tumors show poorly differentiated morphology (red box),
while Bcat1-KO tumors present highly differentiated (purple box) and poorly differentiated (blue box) regions. Scale bar = 1000 pm and 100 pm. (E)
Confocal immunofluorescence images of Control tumors and differentiated and undifferentiated regions of Bcat1-KO tumors labeled with anti-
EGFP and anti-Ki67. Scale bar = 50um. (F) Quantification of Ki67 + cells in the Control tumors (n = 3) and undifferentiated (n = 3) or differentiated re-
gions of Bcat1-KO tumors. More than 100 cells were quantified per condition per mouse. Statistical comparisons were performed using a one-way
ANOVA analysis with Tukey's multiple testing. Error bars represent standard deviation. ns—non-significant, * — P< .05, ** — P< .01, *** - P<.001.
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survival time. These results highlight the importance of
Bcat1 in preventing tumor cell differentiation and pro-
moting glioblastoma aggressiveness through maintaining
immunosuppression.

Discussion

Glioblastoma is characterized by its extensive intra-tumoral
heterogeneity, coupled with pronounced immunosuppres-
sion and phenotypic plasticity, allowing individual tumor
cells to transition between at least four major cell states
to evade therapeutic pressure.’'3334 Glioblastoma cells
have been shown to differentiate to various extents both
in vitro and in vivo.81250 A striking example was recently
provided by studies showing that partial neuronal-like dif-
ferentiation is co-opted by glioblastoma cells to promote
migration through the brain utilizing neuronal signaling
pathways. This process is used by glioblastoma cells in
order to revert back to their proliferative and poorly differ-
entiated state once the differentiation cues subside.’'?
BCAT1 was previously shown to be crucial for glioblas-
toma growth in knockdown and xenograft models,'”?® how-
ever, the mechanisms governing BCAT1-dependent growth
remained mostly elusive. Recently, we showed that BCAT1 is
involved in maintaining mitotic fidelity through a previously
undescribed redox mechanism.?® Even though this mech-
anism is yet to be explored entirely and its full implications
on cellular biology remain to be seen, it cannot fully explain
the phenotype of complete growth arrest upon differentia-
tion shown here. Here, we provided evidence indicating that
BCAT1 acts as a regulator of glioblastoma cell differentiation
and phenotypic plasticity, features crucial for tumor growth.
Using human patient data and a glioblastoma SC database,
we show that low BCAT1 expression correlates with a more
pronounced neuronal and differentiated features of tumors.
Furthermore, knocking out Bcat1 in a primary mouse glio-
blastoma SC model that faithfully recapitulates human gli-
oblastoma,?* or in a human glioblastoma cell line, induced
an even more striking shift towards a differentiated state.
In vivo, using a syngeneic mouse model, we show that
Bcat1-KO cells not only show features of differentiation, but
also fail to develop into tumors. Finally, using immunodefi-
cient mice, we demonstrate that even though Bcat1-KO-
induced differentiation remains a major contributing factor
to prolonged survival, the presence of a functional immune
system, and in particular the lymphoid compartment, is nec-
essary to completely abrogate the growth of these cells.
Inducing the differentiation of glioblastoma cells into
either neuronal or glial lineages has been a target of in-
vestigation for the potential treatment of glioblastoma and
other brain tumor entities.’"%? In our study, we show that
human and mouse Bcat1-KO cells overexpress major neu-
ronal fate regulators such as NeuroD7 and Ascl1, both of
which have been shown to cause terminal differentiation
and neuronal fate specification in glioblastoma cell lines
and mouse models.53%* Furthermore, our observation of
increased Bdnf production upon Bcat1 knockout suggests
a possible role for BCAT1 in regulating reciprocal signaling
between glioblastoma SCs and more differentiated tumor
cells,’® and in neuron-glial interaction.®® These findings

indicate that similar differentiation effects can be achieved
without the need for ectopic overexpression, through DNA
hypomethylation of neuronal differentiation genes associ-
ated with the downregulation of BCAT1.

Relative depletion of aKG has been shown to play a
central role in maintaining the undifferentiated state of
pluripotent SCs.5” Furthermore, suppression of aKG-
dependent processes through competitive binding of
the oncometabolite 2-hydroxyglutarate has been impli-
cated in the pathomechanism of IDH-mutant gliomas.58:5°
Related mechanisms have been proposed to explain the
oncogenic nature of mutations in the Krebs cycle enzymes
succinate dehydrogenase and fumarate hydratase.50.6"
In this study, we propose aKG depletion by BCAT1 and
consequential hypermethylation and transcriptional re-
pression due to reduced TET-demethylase activity as a
mechanism of maintaining a mesenchymal-like cell state
in glioblastoma. We previously demonstrated the prog-
nostically relevant association of BCAT1 expression and
DNA methylation in AML'® and thus propose that the out-
lined BCAT1-dependent mechanisms might also regulate
cell state transitions in other cancers in which BCAT1 has
been identified as a driver of tumor cell proliferation.'”'8

In summary, we propose a novel mode of action of BCAT1
in promoting glioblastoma tumorigenesis through aKG de-
pletion and subsequent reduced activity of TET enzymes re-
sulting in the suppression of differentiation-related genes.
Without its expression, glioblastoma cells are more prone
to differentiation and growth arrest. Furthermore, we show
that BCAT1 expression contributes to the immunosuppres-
sive nature of the tumor microenvironment.These findings
implicate BCAT1 activity as a potential novel target for dif-
ferentiation and immunomodulatory therapies in glioblas-
toma and other BCAT1-overexpressing tumor entities.
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