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Abstract

Background. Codeletion of chromosome arms 1p and 19q (1p/19q codeletion) highly benefits diagnosis and prog-
nosis in gliomas. In this study, we investigated the effect of 1p/19q codeletion on cancer cell metabolism and evalu-
ated possible metabolic targets for tailored therapies.

Methods. We combined in vivo 'H (proton) magnetic resonance spectroscopy (MRS) measurements in human
gliomas with the analysis of a series of standard amino acids by liquid chromatography—-mass spectroscopy
(LC-MS) in human glioma biopsies. Sixty-five subjects with low-grade glioma were included in the study: 31 under-
went the MRI/MRS examination, 47 brain tumor tissue samples were analyzed with LC-MS, and 33 samples were
analyzed for gene expression with quantitative PCR. Additionally, we performed metabolic tracer experiments in
cell models with 1p deletion.

Results. We report the first in vivo detection of cystathionine by MRS in 1p/19q codeleted gliomas. Selective
accumulation of cystathionine was observed in codeleted gliomas in vivo, in brain tissue samples, as well as in
cells harboring heterozygous deletions for serine- and cystathionine-pathway genes located on 1p: phospho-
glycerate dehydrogenase (PHGDH) and cystathionine gamma-lyase (CTH). Quantitative PCR analyses showed
40-50% lower expression of both PHGDH and CTH in 1p/19q codeleted gliomas compared with their non-code-
leted counterparts.

Conclusions. Our results provide strong evidence of a selective vulnerability of codeleted gliomas to serine and
glutathione depletion and point to cystathionine as a possible noninvasive marker of treatment response.

Key Points

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved. For
permissions, please e-mail: journals.permissions@oup.com



766

Branzoli et al: In vivo cystathionine detection in gliomas

Importance of the Study

Gliomas form a heterogeneous group of malignant brain
tumors. The choice of appropriate tailored therapies is
crucial for patients” outcome but requires precise identi-
fication of glioma subtype. The diagnostic and prognostic
stratification of brain gliomas highly benefits from the
identification of molecular markers such as codeletion of

Diffuse lower-grade gliomas (LGGs), which include World
Health Organization (WHO) grades Il and lll astrocytomas
and oligodendrogliomas, form a biologically heterogeneous
group.’ Histology alone is often inadequate to provide a pre-
cise diagnosis needed for tailored therapy. Major improve-
ments in the diagnostic and prognostic stratification of brain
gliomas have been enabled by combining histopathological
evaluation with molecular markers. Mutations in isocitrate
dehydrogenase 1 and 2 (IDH1 and IDH2)?>® and complete
codeletion of chromosome arms 1p and 19g*® have been
recognized as favorable prognostic molecular markers. As
these markers have represented a major breakthrough in
the diagnosis of brain tumors, they have been integrated
into the 2016 WHO classification of gliomas.”

IDH mutations can be found in both astrocytomas and
oligodendrogliomas and are characterized by a specific cel-
lular metabolism, causing the accumulation of 2-hydroxy-
glutarate (2HG) in tumor cells.2® Conversely, 1p/19q
codeletion is linked specifically to the oligodendroglial
histologic subtype and, despite its first description in
1994,* the biological effects are still unclear. While metabo-
lomic analyses in gliomas have led to variable results to
date,®"? two reports have surprisingly found normal lev-
els for most metabolites involved in intermediary metab-
olism."’3'* Among the exceptional changes observed, one
report identified alterations of cystathionine, an immediate
precursor of cysteine and thus glutathione, with some ev-
idence of altered antioxidant response in IDH-mutated
tumors.™ In IDH-mutated 1p/19q codeleted gliomas, higher
expression of cystathionine-p-synthase (CBS), the first en-
zyme of the transsulfuration pathway, was associated with
better prognosis in this subset of gliomas,' highlighting
this pathway’s contribution to glutathione generation.'

In this study, we investigated the effect of 1p/19q
codeletion on cancer cell metabolism by combining

Table 1. Clinical and histomolecular features of the cohort
Histological Diagnosis IDH1
Oligodendroglioma grade Il 12 0 10
Anaplastic oligodendroglioma grade 17 0 1
1}

Diffuse astrocytoma grade Il 8 0 7
Anaplastic astrocytoma grade Il 14 0 14
Glioblastoma 13 1 1
Ganglioglioma 1 1 0

Total 65 12 43

chromosome arms 1p and 19q, recently recognized as a
favorable predictive factor. The in vivo detection of cys-
tathionine in 1p/19q codeleted gliomas by MRS opens up
the possibility to investigate cancer-specific metabolic
pathways noninvasively and to monitor cancer treat-
ments in patients harboring these tumors.

'H (proton) magnetic resonance spectroscopy (MRS)
measurements in human brain gliomas in vivo with
the analysis of a series of standard amino acids by
liquid chromatography-mass spectroscopy (LC-MS) in
human glioma biopsies. MRS offers a unique opportu-
nity to measure noninvasively a large number of brain
metabolites and potentially enables in vivo detection
and monitoring of molecules accumulating in certain
brain tumors.'®® The detection of cystathionine in vivo
by MRS, herein reported for the first time, opens up the
possibility of an accurate and noninvasive identification
of glioma subtypes with potential monitoring of specific
treatment responses.

Materials and Methods
Human Subjects

Sixty-five subjects (35 males; median age: 45 vy, range:
22-76 y) with a suspected or diagnosed LGG were recruited
at the Hospital Pitié-Salpétriere in Paris and Hospital Foch
in Suresnes over a 4-year period (2014-2017).The entire co-
hort includes subjects scanned with MRI and subjects from
whom brain tissues were obtained and used for tissue and
quantitative polymerase chain reaction (QPCR) analyses.
Integrated diagnoses according to the WHO 2016 classifica-
tion” are reported inTable 1.

Human Subjects for MRI/MRS

Thirty-one subjects (17 males; median age: 44 v,
range: 22-68 y) underwent the MRI/MRS examina-
tion. Additional inclusion criteria were: age >18 years,

IDH2 1p/19q Codel MRS Tissue Analysis PCR
2 12 6 7 7
6 17 9 12 10
1 0 4 8 7
0 0 9 9
1 0 2 12 0
0 0 1 1 0
10 29 31 47 33
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Karnofsky performance status score >60, and ability to
provide written informed consent prior to inclusion in the
study. The study was approved by the local ethical com-
mittee (CPP-Paris 6) in accordance with Declaration of
Helsinki principles.

Of these subjects, 12 were included prospectively for
suspected diagnosis of LGG estimated from T,-weighted
fluid attenuation inversion recovery (FLAIR) images, and
scheduled to receive subtotal tumor resection. These sub-
jects underwent the MRI/MRS at a median interval of 1 day
before the surgery. Genotyping assay for IDH identified
10 IDH mutants (5 with 1p/19q codeletion) and 2 IDH wild-
type (WT) cases. Tissue and qPCR analyses were also per-
formed for these subjects.

The remaining 19 subjects had a past tissue diagnosis
of an IDH71-mutated glioma (10 with 1p/19q codeletion)
and were scanned post surgery (no brain tumor tissue was
available for further analysis).

Human Subjects for Tissue and gPCR Analyses

Forty-seven brain tumor tissue samples from 47 individu-
als were analyzed (26 males; median age: 45 vy, range:
22-76 y). Of these, 33 snap-frozen samples were used also
for gene expression analysis by gPCR (15 males; median
age: 41y, range: 25-58 y).

Magnetic Resonance Acquisition

In vitro MRS

Cystathionine phantom ([cystathionine] = 1 mM, pH 7.2)
was prepared using phosphate buffer with 4,4,-dimethyl-
4-silapentane-1-sulfonic acid added for chemical shift ref-
erencing and measured at physiological temperature. MRS
acquisition was performed using a 3T whole-body Siemens
Prismafit system equipped with a 32-channel receive-only
Siemens head coil. MR spectra were measured, as in the in
vivo acquisitions, using a single-voxel Mescher-Garwood
point resolved spectroscopy (MEGA-PRESS)?° sequence:
repetition time (T;) = 2 s, echo time (T.) = 68 ms, number
of averages = 512, volume of interest (VOI) = 3 cm? (see In
vivo MRI/MRS section).

In vivo MRI/MRS

Acquisitions were performed at CENIR using a 3T whole-
body system (Magnetom Verio, Siemens) equipped with
a 32-channel receive-only head coil. Three-dimensional
FLAIR images (field of view = 255 x 255 x 144 mm?, res-
olution: 1.0 x 1.0 x 1.1 mm3, T, /T, = 5000/399 ms, scan
time = 5.02 min) were acquired to position the spectro-
scopic VOI in the glioma (hyper-intense region in the
images) (Figure 1A, B). The VOI size was adapted to the
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In vivo detection of cystathionine. The location and size of the VOIs are shown on FLAIR images in (A) an /[DH 7-mutated 1p/19q codeleted

glioma, (B) an /IDH1-mutated non-codeleted glioma, and (C) normal brain tissue. (D, E, F) In vivo spectra (blue) are shown together with LCModel
fits (red), the cystathionine contribution (green), and residuals (black). The cystathionine pattern is visible at 2.7 ppm (light orange shading) in the
IDH 1-mutated 1p/19q codeletion glioma (D), while it is not detectable in the /DH 7-mutated non-codeleted glioma (E), and normal tissue (F). Spectra
are scaled with respect to the water signal. No line broadening was applied. NAA: N-acetylaspartate; GABA+: GABA + macromolecules; GIx + GSH:

glutamate + glutamine + glutathione.
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tumor size with 6 cm® as a minimum size. MR spectra
were acquired with a single-voxel spectral editing MEGA-
PRESS?® sequence (T, = 2's, T, = 68 ms) enabling detection
of 2HG and cystathionine, using previously described pro-
cedures and parameters.' The editing pulse was applied
at 1.9 ppm for the edit-on condition and at 7.5 ppm for the
edit-off condition, in an interleaved fashion (128 pairs of
scans, scan time = 8.5 min).The final spectra were obtained
by subtracting the spectra acquired at the edit-on and edit-
off conditions. For 8 subjects, the MEGA-PRESS acquisition
was performed also in the contralateral region outside the
visible lesions (Figure 1C).

The acquired spectra were processed in Matlab
(MathWorks Inc., Natick, MA) and analyzed using LCModel
v6.3-0G?" (Stephen Provencher, Inc., Oakville, ON, Canada)
as previously described with cystathionine added to the
basis set and macromolecular spectrum removed. The
reported concentrations are semi-quantitative.

Tissue Analysis

Automated immunohistochemical analysis of IDH7 R132H
and mutational status of IDH7 and IDH2 were determined
as previously described.?? All cases in this series scoring
negative for IDH1 R132H immunostaining were analyzed
for IDH1 and IDH2.The presence of 1p/19q codeletion was
assessed by copy number variation analysis from next-
generation sequencing targeted gene capture.

Tissue samples were homogenized in bidistilled water,
and the soluble protein concentration was measured by
a bicinchoninic acid assay. Concentrations were meas-
ured with liquid chromatography coupled to tandem mass
spectrometry (UPLC-MSMS). For accurate quantification, a
stable isotope internal standard for the same structure for
each metabolite (Eurisotop) was added to sample superna-
tant after centrifugation of homogenized tissue. Samples
were first derivatized using AccQ Tag Ultra (Waters
Corporation) according to manufacturer’s recommen-
dations. Amino acid separation was performed with an
Acquity UPLC system using a CORTECS UPLC C18 column
coupled to microTQS tandem mass spectrometer (Waters
Corporation). Internal labeled standards were labeled on
all carbons and nitrogen(s) with the following exceptions:
cystathionine 3,3,4,4-D,, glutamine 2,3,3,4,4-D,, aspara-
gine 3C,, and tryptophan indole-Dy. Total glutathione was
measured by UPLC-MSMS on an Acquity UPLC system
using a C18 column coupled to a Xevo TQD mass spec-
trometer (Waters Corporation) after reduction with dithiot-
reitol. The internal standard for glutathione measurements
was labeled *C,,"*N on the glycine residue. We measured
2HG acid by gas chromatography coupled to tandem mass
spectrometry (GC-MSMS) on a GC-436 Scion-TQD device
(Bruker Daltonics). Samples were processed by organic
(ethylacetate) extraction and derivatized by a standard
silylation protocol (N,O-bis[trimethylsilyl]trifluoroacet-
amide + 1% trimethylchlorosilane [BSTFA-TMCS]). The
2HG acid internal standard was labeled D,.

For each tissue sample, amino acid and total glutathione
concentrations were normalized to the median of amino
acid concentrations calculated from threonine, proline,

methionine, isoleucine, leucine, tyrosine, phenylalanine,
ornithine, lysine, arginine after exclusion of highly vari-
able metabolites (reflecting storage condition, variable gly-
colysis such as aspartate, glycine, glutamate, glutamine,
serine, alanine) and those metabolites sometimes not
reported in the literature (valine, cystine, asparagine, tryp-
tophan, citrate, cystathionine).?3

Quantitative PCR

Total RNA was extracted using the Maxwell RSC Simply
RNA Tissue Kit (Promega) following the manufacturer’s
instructions. The gene expression of phosphoglycer-
ate dehydrogenase (PHGDH, 1p12) and cystathionine
gamma-lyase (CTH, 1p31.1) in the tumor tissue was ana-
lyzed using real-time gPCR analysis experiments with
SYBR green detection. The reference gene was PPIA (pep-
tidylprolyl isomerase A). One IDHWT glioma sample was
used as the calibrator. Sequences of primers used for
PHGDH correspond to TCAGTTCGTGGACATGGTGA (for-
ward) and TCTTTCAGGAGGCCGACAAT (reverse), and
for CTH to GACATTGAAGGCTGTGCACA (forward) and
AGACACCAGGCCCATTACAA (reverse). The gPCR reac-
tions were performed using the Light Cycler 480 system as
previously described.?*

The 2delta-deltaCT method was used to determine the
relative expression levels. The calculation of the relative
amounts of the studied transcript compared with the ref-
erence transcript was performed using the Light Cycler 480
software. The final results are expressed as a ratio of the
expression levels of the studied gene and the reference as
previously described.?*

Public Datasets for Brain Tumor Expression

Public mRNA expression data from 2 cohorts of LGGs were
explored for expression of PHGDH and CTH. Data from
the POLA Network?®® were retrieved from ArrayExpress
(E-MTAB-3892), and LGG data fromThe Cancer Genome Atlas
(TCGA)? were downloaded from Broad GDAC Firehose (doi:
10.7908/C1K64H78; February 21, 2019). Status of 1p/19q code-
letion in TCGA samples was assigned using GISTIC2 results
by chromosome arm as found on the data portal of TCGA.

Cell Models

Human retinal pigmented epithelial 1 (RPE-1) cells tar-
geted by clustered regularly interspaced short palindromic
repeat-associated protein-9 nuclease (CRISPR-CAS9) were
produced by the TacGene gene targeting platform (Inserm
and the National Museum of Natural History, Paris, France),
led by Dr Jean-Paul Concordet. Targeted were exon 6 of
CTH, part of the catalytic domain, and exon 7 of PHGDH,
mutated in serine-deficient human patients. A plasmid
encoding the 2 guide RNAs and the CAS9 protein was
transfected into parental RPE-1 cells. One hundred clones
were genotyped by PCR. One clone harbored the 49-mega-
base deletion spanning the 2 guide RNA target sites be-
tween the 2 genes (referred to as “large heterozygous
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deletion” or “del*-"), thus including the 3’ half of CTH and
the 5" half of PHGDH coding regions plus the intervening
sequences. A second clone harbored a 2 bp insertion in
CTH and a 1 bp insertion in PHGDH (referred to as CTH*-,
PHGDH*~). And a third clone showed 3 separate mutations:
a monoallelic 1 bp insertion in CTH, a 1 bp insertion in one
PHGDH allele, and a 6 bp deletion in the other PHGDH al-
lele (referred to as “ PHGDH knock-out/KO” or “ PHGDH-").

Metabolic Analysis in Cell Models

About one million cells per condition and replicate were
grown at confluence in Dulbecco’s modified Eagle’s me-
dium/F12 and Glutamax dipeptide followed by incubation
in the same culture medium with added '3C, glucose (equi-
molar to natural glucose contained in the medium) for up
to 4 hours.To test for the effects of CBS activation, 100 uM
S-adenosylmethionine (SAM; Sigma) was supplemented
during the labeling experiments. Cells were trypsinized
and rinsed with NaCl 0.9% aqueous solution, and cell pel-
lets were stored at —80°C until processing. Samples were
mechanically disrupted in 50% methanol in water and the
supernatant was analyzed. We added internal standards
several mass units heavier than fully '3C-labeled metabo-
lites, including U-3C,, 2,3,3-D, U-"®N serine, U-'3C2, 2,2-D,,
U-N glycine, and D, alloisoleucine (Eurisotop). In addition
to the unlabeled U-'2C ions, selected reaction monitoring
transitions for the ions with maximum expected labeling
for glycine, serine, and cystathionine ("3C,, '3C,, and *C;
respectively) were measured by LC-MSMS and GC-MSMS.
Sample preparation and MS characteristics were as above,
except that samples for GC-MSMS were extracted with a
1:1 mixture of ethylacetate and isopropanol. Isotopic en-
richment was expressed as the isotopic ratio. The mean
values of the ratios calculated from experiments run in par-
allel with added unlabeled glucose, which was considered
the baseline, were subtracted.Total absolute concentrations
were calculated as the sum of the labeled and unlabeled
metabolites divided by valine levels (all other essential
amino acids tested gave the same profile, data not shown).

Statistical Analysis

Differences of the in vivo data between groups were ana-
lyzed using a 2-tailed Student’s t-test and were considered
statistically significant for P< 0.05.

Metabolite concentrations from tissue analysis were
compared using a non-parametric Wilcoxon test. Linear
regressions between metabolites were derived with
the Im function in R software (http://www.R-project.
org/ ; February 21, 2019).

Gene expression analyses for PCR data were performed
using R and Prism software. Fold changes were compared
using the Mann-Whitney U-test.

The public tumor dataset analyses were performed
using R. The Tukey post hoc test was performed after a
1-way ANOVA to compare the mean mRNA expression
values between samples according to codeletion and IDH
mutation status. Differences were considered statistically
significant for aTukey adjusted P < 0.05.

Results
In Vivo Cystathionine Detection in Glioma

Thirty-one subjects with glioma underwent MRS exami-
nation (Table 1). High-quality spectra from VOI positioned
in the glioma minimizing the cystic and necrotic areas
(Figure 1A, B) or in healthy brain tissue (Figure 1C) were
obtained. Signals attributed to cystathionine were visible
at ~2.7 and ~3.9 ppm in the tumor of a subset of subjects
(Figure 1D, Supplementary Figure 1), but not in healthy
brain tissue (Figure 1F). Statistically significant higher
cystathionine levels (P = 0.014; Figure 2) were detected
in IDH-mutated 1p/19q codeleted gliomas (average
[cystathionine] = 2.6 mM; range: 0.2-4.1 mM; average
Cramér-Rao lower bound [CRLB] = 36%), compared with
IDH-mutated non-codeleted gliomas (average [cystathio-
nine] = 1.25 mM; range: 0-3.6 mM; average CRLB = 235%).
Of the 2 IDH WT gliomas, cystathionine was measured
in 1 case ([cystathionine] = 4.5 mM and CRLB = 14%).
Cystathionine was not detected in the healthy tissue. No
significant dependence of cystathionine levels on grade or
mutational status was observed (data not shown).

Identification of Cystathionine

Unexpected signals observed in the edited MR spectrum in
an IDH1-mutated 1p/19q codeleted glioma at ~2.7 ppm and
~3.9 ppm were identified as cystathionine based on the
chemical shifts of the resonances as well as the J-couplings
needed for those signals to appear in the editing scheme
used (SupplementaryTable 1). As shown in Supplementary
Figure 2, the resonance at ~2.2 ppm is within the band-
width of the editing pulse and J-coupled to resonances
at ~2.7 and ~3.9 ppm. In vivo, the cystathionine pattern is
clearly visible at ~2.7 ppm, while the multiplets at ~3.9 and
~2.2 ppm partially overlap with glutamate, glutamine, and
N-acetylaspartate signals (Supplementary Figures 1 and
2).The excellent agreement between the in vivo spectrum,
the phantom cystathionine spectrum, and the simulated
spectrum used in the basis set affirms the correct assign-
ment of the in vivo signal and the accuracy of the chemical
shifts and J-coupling constants used to generate the basis
spectra.

Cystathionine, Glutathione, and Proteinogenic
Amino Acids in Tissue

Concentrations of cystathionine, total glutathione, and
proteinogenic amino acids were determined in brain
tumor samples. The normalization of concentrations to the
median of the biochemically most stable amino acid con-
centrations allowed direct comparison of our results to
those from the literature?® (regression coefficient of 0.99
between the Lefauconnier et al 1976 dataset, normalized by
the same amino acids, and our dataset) and reduced the
standard deviations for all metabolites (data not shown).
To characterize the metabolic effects of the 1p/19q code-
letion, the metabolite levels normalized to the median of
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Fig.2 Cystathionine and metabolites involved in synthesis of glutathione. Concentrations of cystathionine from in vivo MR spectra and metabo-
lites involved in glutathione synthesis pathway, normalized to metabolite median, from tissue analysis. *P < 0.05. Cod-: /DH1+ or IDH2+ non-code-

leted; cod+: IDH1+ or IDH2 + 1p/19q codeleted.

pooled IDH1 and IDH2-mutated non-codeleted samples
were compared with their codeleted counterparts and WT
samples (Supplementary Table 2). Six metabolites were
significantly altered in a univariate analysis (Wilcoxon’s
test), and 4 of these metabolites are involved in the serine
and glutathione biosynthesis pathways (Figure 3). Higher
glycine and serine levels were observed in IDH-mutated
non-codeleted samples compared with [DH-mutated
codeleted samples (P = 0.023 and P = 0.005, respectively)
(Figure 2). Conversely, cystathionine and cystine were sig-
nificantly higher in IDH-mutated codeleted samples com-
pared with IDH-mutated non-codeleted samples (P = 0.048
and P = 0.007, respectively). However, cystine levels might
not be reliable due to tissue conservation artifacts (notably
storage time-dependent binding of cysteine to proteins),
and free cysteine was below quantification levels. Total
glutathione shared the same trend as serine and glycine
without reaching statistical significance (Figure 2).

To investigate the mechanism leading to higher levels
of cystathionine in 1p/19q codeleted samples, the correla-
tions between cystathionine and other amino acids were
investigated. Six positive correlations were observed
(Supplementary Table 3). Cystathionine was highly pos-
itively correlated with serine in IDH-mutated codeleted
samples (r? = 0.78; Supplementary Figure 3) and was mod-
erately correlated with the serine-related amino acid thre-
onine (r? = 0.36). In IDH-mutated non-codeleted samples,
cystathionine was correlated with methionine (2 = 0.39),
while in WT samples cystathionine was correlated

with Krebs cycle and glutamine-related metabolites
(SupplementaryTable 3).

PHGDH and CTH Expression

Quantitative PCR analyses showed approximately 40-50%
lower expression of both PHGDH and CTH in IDH-mutated
1p/19q codeleted gliomas compared with IDH-mutated
non-codeleted gliomas (P = 0.006 and P = 0.003, re-
spectively) (Supplementary Figure 4). These results are
consistent with cis-acting transcriptional regulation ac-
counting for most of the expression levels.

Publicly available mRNA expression datasets of LGGs
provided consistent results. Inthe POLA dataset,?> the mean
mRNA levels for PHGDH were significantly lower in IDH-
mutated codeleted gliomas compared with /DH-mutated
non-codeleted gliomas (P = 8.3 x 107% Supplementary
Figure 5). In the LGG dataset of TCGA,?® the mean RNA
levels for PHGDH were significantly lower in IDH-mutated
codeleted gliomas compared with IDH-mutated non-code-
leted gliomas (P= 3.1 x 10~7; Supplementary Figure 5).

Similarly, in the POLA dataset, lower CTH mean mRNA
levels in 1p/19q codeleted gliomas compared with non-
codeleted gliomas (P = 1.6 x 10°"") and IDH WT gliomas
(P = 8.5 x 10 Supplementary Figure 5) were observed.
In the LGG dataset of TCGA, significantly lower CTH
mean RNA levels were observed in IDH-mutated code-
leted gliomas compared with /DH-mutated non-codeleted
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gliomas (P < 107'%) and IDH WT gliomas (P = 3.9 x 1077;
Supplementary Figure 5).

Metabolic Flux Alterations Associated with
PHGDH and CTH Hemizygosity

To help interpret the data, we produced human RPE-1 cells
with heterozygous mutations in CTH and PHGDH, creating
either heterozygous intra-exonic micro-rearrangements
in both genes (referred to as CTH*-, PHGDH*-) or a large
heterozygous deletion on chromosome 1 that covered the
entire region between them, including half of both genes
(referred to as “large heterozygous deletion” or “del*~").
We also generated biallelic PHGDH knockout cells, and
used parental cells as a reference.

In 4 hour "3C-glucose loading experiments, label en-
richment of serine and glycine was markedly reduced in
PHGDH knockout cells, consistent with the expected highly
reduced flux through the serine pathway (Figure 4A, B).
CTH*-, PHGDH*~, and particularly del*- cells showed a
significant though lesser reduction of 'C enrichment, thus
indicating partial deficiency in endogenous serine produc-
tion (Figure 4A, B).The total intracellular pool of serine and
glycine showed a less marked trend toward reduced levels,
presumably reflecting compensatory mechanisms such as
amino acid uptake from the supplemented culture medium
(Figure 4C, D).

Cystathionine was not labeled in the 4 hour *C-glucose
loading experiments under standard culture conditions
(data not shown).Total cystathionine levels were only mod-
erately altered under standard culture conditions (Figure
4E), yet markedly increased upon supplementation with
SAM, a CBS activator, and the effect was greater (~+100%)
in both types of double heterozygous mutant cells relative

to controls (~+50%; Figure 4F). Thus, cystathionine accu-
mulation was enhanced by the combined action of 1p dele-
tion and gain of CBS function.

SAM supplementation induced some increased cystathi-
onine labeling with high variance (data not shown), further
indicating that in our in vitro model, serine supplementa-
tion in the culture medium was largely sufficient to fuel
cystathionine production. Serine biosynthesis dysfunction
was more severe in cells with the large 1p deletion com-
pared with double heterozygosity for intragenic mutations.
Possibly trans-acting regulatory sequences operating be-
tween alleles?” might be involved.

Discussion

Cystathionine as a Marker of Oxidative Stress in
Codeleted Gliomas

This study reports the first measurement of cystathionine
in vivo. Elevated levels of cystathionine were observed in
vivo in IDH-mutated, 1p/19q codeleted gliomas compared
with their non-codeleted counterparts and to normal brain
tissue. This finding was confirmed by metabolomic anal-
ysis performed in glioma tissue samples and was linked to
a specific cancer cell metabolic flux profile associated with
the hemizygous loss of the 1p chromosomal arm. In a few
subjects, high cystathionine levels were observed without
codeletion, yet they may have undetected intragenic muta-
tions (or epigenetic modifications).

In vivo edited MRS has been extensively used to
measure J-coupled metabolites such as y-aminobutyric
acid in the brain?28-30 or 2HG in gliomas."”"® The detec-
tion accuracy of 2HG for a subset of patients from this
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Fig. 4 Metabolic analysis of human RPE-1 cells. Cells were generated with heterozygous inactivation of CTH and PHGDH or biallelic inactiva-
tion of PHGDH and compared with the parental cell line (see legend below). From left to right, isotopic ratios (ie, relative isotopic enrichment after
4-h incubation with '*C-labeled glucose) for (A) serine and (B) glycine, and total levels of (C) serine, (D) glycine and (E) cystathionine normalized to
valine in cells cultured in standard medium. (F) Cystathionine levels increased upon addition of 100 uM SAM. Error bars: replicate standard devia-
tion. Results are expressed relative to the mean WT levels in standard culture conditions set to 100%. PHGDH KO: monoallelic inactivation of CTH
and biallelic inactivation of PHGDH; del*/—: monoallelic inactivation of PHGDH and CTH by a large deletion on 1p; CTH- PHGDH"-: monoallelic
inactivation of CTH and PHGDH by intra-exonic mutations; control: parental cell line.

study was reported previously." However, no studies re-
ported the detection of cystathionine in vivo with MRS
in either diseased or normal human brain. The identifi-
cation of cystathionine was confirmed by comparing in
vivo spectra acquired in 1p/19q codeleted gliomas with
the cystathionine spectrum measured in a phantom. Our
observation of higher, detectable cystathionine levels in
IDH-mutated, 1p/19g codeleted subjects in vivo agreed
with tissue analysis, which additionally suggested a
mechanism of pathology with possible therapeutic impli-
cations as follows.

The discovery of selective 2HG production by mutant
enzymes involved in central metabolism opened new
avenues to a better understanding of the mechanisms
of oncogenesis and provided a biochemical marker of
great clinical interest for several cancers, including glio-
mas.8141631 Similar to the accumulation of 2HG occur-
ring selectively in IDH-mutated gliomas, cystathionine
accumulation and other abnormal levels of amino acids
in 1p/19q codeleted gliomas (Figure 2 and Supplementary
Table 2) may result from partial genetic loss of 2 enzymes
located on chromosome 1p: PHGDH, the rate-limiting
enzyme of the pathway diverting glycolytic intermedi-
ates into the biosynthesis of serine, and CTH, one of the
2 enzymes diverting sulfur from the methionine-homo-
cysteine cycle to cysteine (Figure 3). Of note, serine is a
methyl donor to folates, which among other functions is
a significant source of nicotinamide adenine dinucleotide
phosphate (NADPH). On the other hand, cysteine is the

sulfur-containing precursor of glutathione, the reduced
form of which is regenerated by NADPH. The latter is
largely provided by the pentose phosphate pathway
(Figure 3), but also by oxidation of the serine-derived
methyl pool and from other sources.

IDH-mutated tumors may selectively benefit from an
increased production of total glutathione to compen-
sate for diminished NADPH. In fact, NADPH is used by
IDH for 2HG production and is thus less available for oxi-
dized glutathione recycling.3%3% Despite NADPH depletion,
reduced glutathione levels are maintained in IDH-mutated
tumors, suggesting alternative antioxidant pathways.434:3%
Conversely, in codeleted tumors, both total glutathione
production and NADPH regeneration could be limited by
serine levels possibly because of reduced PHGDH activity
due to 1p/19q codeletion. Reduced serine biosynthesis
may lead to increased reliance on the CBS/CTH pathway
as a critical response to increased oxidative stress, con-
sistent with previous suggestions.’®343 |n particular, high
CBS expression was shown to confer better prognosis in
IDH-mutated 1p/19q codeleted gliomas,* in line with a pre-
vious study showing that decreased expression of CBS
promotes glioma tumorigenesis in tumor xenografts.3*
Correlation between higher CBS expression and survival
in IDH-mutated 1p/19q codeleted gliomas was confirmed
also from the POLA public dataset (data not shown).
Fack et al' reported decreased cystathionine in IDH mu-
tant tumor xenografts compared with WT, yet in the small
sample shown, cystathionine levels were roughly inversely
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correlated with codeletion status, which is consistent with
our findings.

Cystathionine accumulation in codeleted tumors may re-
sult from partial CTH deficiency that confers increased sus-
ceptibility to metabolic overflow, as suggested by clinical
findings of families segregating heterozygous CTH muta-
tions that are associated with moderately increased plasma
cystathionine.3® In this context, CBS overexpression is ex-
pected to enhance CTH overflow while also further con-
tributing to serine depletion, and possibly accounting for
the observed striking positive correlation between reduced
serine and increased cystathionine in codeleted tumors
(Supplementary Figures 3 and 6).

To test these hypotheses, we generated double hetero-
zygous PHGDH and CTH deficient cells that indeed showed
partial serine deficiency and accumulated cystathionine
upon supplementation with a CBS activator (Figure 4). CBS
overexpression is thus a promising candidate mechanism for
a homeostatic response to serine deficiency induced by het-
erozygous loss of PHGDH and CTH. Additional experiments
are required to validate the proposed mechanism in gliomas,
notably in terms of endogenous serine/glycine dependence.

Therapeutic Implications

Recently, it has been shown that cystathionine accumu-
lates selectively in human breast cancer tissues due to a
breast cancer-specific metabolic adaptation that is absent
in normal breast. It was speculated that this adaptation
provides additional homeostatic stability to the endo-
plasmic reticulum and the mitochondria toward maintain-
ing a higher apoptotic threshold that is also responsible
for drug resistance.?” Nevertheless, the observed block of
the CTH reaction led to an increased dependency on ex-
ogenous cysteine in order to produce glutathione, which
presumably makes breast and other cancers sensitive to
systemic cyst(e)inase therapy in mice.®® Our findings sug-
gest that heterozygous loss of CTH in combination with
heterozygous loss of PHGDH has similar functional effects,
thus suggesting that cysteine depletion might be more ef-
fective in targeting 1p deleted gliomas. Moreover, a serine/
glycine-depleted diet or PHGDH inhibition considerably
reduced tumor growth in well-defined cancer models in
mice, thus demonstrating a critical selective role for endog-
enous serine biosynthesis in sustaining tumorigenesis.®

Cystathionine and other related amino acids identified in
this study, such as glycine and glutathione, can be detected
noninvasively with MRS. This opens up the possibility of
investigating in vivo cancer-specific metabolic pathways.
Our results point to a possible selective vulnerability to
serine and glutathione depletion in 1p/19q codeleted gli-
omas and suggest in vivo cystathionine as a candidate
marker to monitor cancer treatments in patients harboring
these tumors.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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