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Serine-dependent redox homeostasis regulates glioblastoma
cell survival
Anna L. Engel1,2,3,4, Nadja I. Lorenz1,2,3,4, Kevin Klann5, Christian Münch4,5,6, Cornelia Depner7, Joachim P. Steinbach1,2,3,4,
Michael W. Ronellenfitsch1,2,3,4 and Anna-Luisa Luger1,2,3,4

BACKGROUND: The amino acid serine is an important substrate for biosynthesis and redox homeostasis. We investigated whether
glioblastoma (GBM) cells are dependent on serine for survival under conditions of the tumour microenvironment.
METHODS: Serine availability in GBM cells was modulated pharmacologically, genetically and by adjusting serine and glycine
concentrations in the culture medium. Cells were investigated for regulation of serine metabolism, proliferation, sensitivity to
hypoxia-induced cell death and redox homeostasis.
RESULTS: Hypoxia-induced expression of phosphoglycerate dehydrogenase (PHGDH) and the mitochondrial serine
hydroxymethyltransferase (SHMT2) was observed in three of five tested glioma cell lines. Nuclear factor erythroid 2-related factor
(Nrf) 2 activation also induced PHGDH and SHMT2 expression in GBM cells. Low levels of endogenous PHGDH as well as PHGDH
gene suppression resulted in serine dependency for cell growth. Pharmacological inhibition of PHGDH with CBR-5884 reduced
proliferation and sensitised cells profoundly to hypoxia-induced cell death. This effect was accompanied by an increase in reactive
oxygen species and a decrease in the NADPH/NADP+ ratio. Similarly, hypoxia-induced cell death was enhanced by PHGDH gene
suppression and reduced by PHGDH overexpression.
CONCLUSIONS: Serine facilitates adaptation of GBM cells to conditions of the tumour microenvironment and its metabolism could
be a plausible therapeutic target.

British Journal of Cancer (2020) 122:1391–1398; https://doi.org/10.1038/s41416-020-0794-x

BACKGROUND
Glioblastoma (GBM) is the most common primary CNS malignancy
in adults with a dismal prognosis.1 Multimodal therapeutic
approaches including tumour resection, radiochemotherapy and
tumour treating fields yield overall survival times of only about
21 months2,3 and new treatment approaches are urgently needed.
Hypoxia is a common feature of the microenvironment of

GBMs4–7 caused by an imbalance of tumour growth and vascular
supply.8,9 Reactive oxygen species (ROS) are common by-products
of aerobic metabolism primarily originating from mitochondria
due to an incomplete reduction of oxygen in the electron
transport chain.10 ROS levels can be enhanced by elevated
metabolic activity, hypoxia or chemotherapy.11–13 Excessive ROS
production can lead to the depletion of reducing substrates,
ultimately resulting in oxidative damage and cytotoxicity.14

Reprogramming energy metabolism has more recently been
acknowledged as a hallmark of cancer.15 One well-known and
extensively studied phenomenon of an altered cancer metabolism
is aerobic glycolysis or the so-called Warburg effect. This describes
the preferentially glucose metabolism via glycolysis without
subsequent entry of substrates into the citric acid cycle despite
the availability of oxygen resulting in a potential waste of

energy.16 Another metabolic pathway that has recently attracted
attention in cancers is the serine synthesis pathway (SSP). In
certain cancer types, such as breast cancer, melanoma and non-
small cell lung cancer, the central enzymes of serine metabolism
are upregulated and high SSP activity defines a more aggressive
tumour subtype with worse prognosis.17,18

Besides its function as a synthesis substrate for proteins and
lipids,19,20 serine contributes to the one-carbon pool (1CM) to
promote nucleotide synthesis.19 Additionally, 1CM is a source for
NADPH production via methylenetetrahydrofolate dehydrogenase
(MTHFD), which catalyses the conversion of methylenetetrahy-
drofolate (MTHF) and NADP+ to formyl-tetrahydrofolate (formyl-
THF) and NADPH.21 NADPH increases the cellular antioxidative
capacity by regenerating the cellular pool of reduced glutathione
and thioredoxin.22

Apart from its import via amino acid transporters23,24 serine can
be synthesised de novo from the glycolytic intermediate 3-
phosphoglycerate (3-PG).25 This first and rate limiting step to divert
substrates from glycolysis to serine synthesis is catalysed by 3-PG
dehydrogenase (PHGDH).26 Focal amplifications of the PHGDH gene
have been described in breast cancer and melanoma.18,27 Recently,
it has been demonstrated for these two entities that expression of
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PHGDH is a relevant factor for tumour cell proliferation when serine
supply is limited.28 In gliomas, PHGDH expression increases with
WHO grade and silencing of PHGDH leads to reduced GBM cell
proliferation and invasion.29 Lately, a novel selective small-molecule
inhibitor of PHGDH, CBR-5884, has been identified.30 Serine
hydroxymethyltransferases (SHMTs) catalyse the conversion of
serine to glycine and vice versa.31 SHMT1, the cytoplasmatic isoform,
does not significantly contribute to the production of glycine,
whereas SHMT2, the mitochondrial isoform, is an important source
of glycine in proliferating cells.32,33 In GBM, pseudopallisading cells
surrounding necrotic regions express high levels of SHMT2 and
glycine decarboxylase (GLDC). In those cells, SHMT2 reduces oxygen
consumption to adapt to microenvironmental conditions.34

In this project we modulated serine availability and SSP
enzymatic activity under conditions mirroring the GBM micro-
environment. Serine- and glycine-free culture medium as well as
CBR-5884 were used to limit import as well as endogenous serine
production. We analysed a panel of glioma cell lines for basal
expression of key SSP enzymes, propensity to serine synthesis and
dependence on exogenous serine supplementation. Furthermore,
expression of SSP enzymes, as well as cell survival, oxidative stress
and NADPH production, were investigated under starvation
conditions. We report that inhibition of SSP activity sensitises
GBM cells to hypoxia-induced cell death by increasing reactive
oxygen species.

METHODS
Reagents, cell lines and culture conditions
All reagents not specified were purchased from Sigma (St. Louis,
MO, USA). CBR-5884, a PHGDH inhibitor, and RA 839, a Nrf2
(nuclear factor erythroid 2-related factor) activator, were pur-
chased from Tocris (Bristol, UK). LNT-229, LN-308, LN-428 and G55
cells have been described.35 LNT-229 and LN-308 cells were a kind
gift from N. de Tribolet (Lausanne, Switzerland), G55 cells were a
kind gift from Manfred Westphal and Kathrin Lamszus (Hamburg),
LN-428 cells and LN-464 cells were a kind gift from Monika Hegi
(Lausanne). MDA-MB-231 and MDA-MB-464 cells were a kind gift
from Winfried Wels (Frankfurt, Germany).
Wildtype cell lines were maintained as described.35 For

experiments glycine- and serine-free DMEM (US Biological Life
Sciences, catalog no. D9800-03/D9802-01, Salem, MA, USA) was
supplemented with glucose or serine as indicated. FCS included
serine and its supplementation yielded serine concentrations of
20 µM (in comparison to 400 µM when serine was replenished).
pLKO.1- and pTetOne-transfected cells were maintained in
medium with 2 µg/ml puromycin. 0.1 µg/ml doxycycline was
added to induce gene expression of PHGDH from pTetOne-
transfected cells. To compare sub cell lines equal cell densities
were confirmed by crystal violet (CV) staining as described.36

Generation of PHGDH gene suppressed and PHGDH
overexpressing cells
The pLKO.1 plasmid (Sigma, Clone-ID: TRCN 00000 28532) was
used to mediate stable shRNA-mediated gene suppression of
PHGDH. Control cells were transfected with a pLKO.1 plasmid
with a non-targeting shRNA sequence (Addgene, catalog no.
1864, Watertown, MA, USA). Attractene (Qiagen, Hilden,
Germany) was used for transfection. LNT-229 pTetOne PHGDH
cells have been described.37 Expression of PHGDH in the cell
pool and single cell clones was quantified by qPCR after
incubation with or without doxycycline. For further analysis one
single cell clone with a 14-fold higher expression of PHGDH
compared to control was used.

Induction of hypoxia
Hypoxia was induced as previously described.36,38,39 Briefly, 0.1%
oxygen was induced by incubation in GasPak™ pouches for

anaerobic culture (Becton-Dickinson, Heidelberg, Germany).36,38

Oxygen deprivation of 1% as well as 5% oxygen was induced in a
Labotect incubator (Goettingen, Germany) as described.39

RNA extraction and quantitative reverse transcription-PCR (qRT-
PCR) analysis
The qPCR protocol employed has already been described.35

Primer pairs are listed in the supplement (Suppl. Table 1). 18S and
SDHA were both used as housekeeping genes for normalisation.

Immunoblot analysis
Immunoblot was performed as recently described.35 Membranes
were probed with antibodies to PHGDH (Santa Cruz Biotechnol-
ogy, Dallas, TX, USA), SHMT1, SHMT2 (Atlas Antibodies, Bromma,
Sweden) or actin (Santa Cruz Biotechnology, Dallas, TX, USA). The
secondary anti-mouse and anti-goat antibodies were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). The secondary
anti-rabbit antibody was purchased from Jackson ImmunoRe-
search (Cambridgeshire, UK).

Amino acid measurements by LC-MS/MS
Amino acid measurements by LC-MS/MS was performed as
recently described.40 A detailed protocol is included in the
supplement (Supplementary Methods).

Cell density and cell viability assays
Cell density measurement by crystal violet (CV) staining as well as
cell viability measurement by lactate dehydrogenase (LDH) release
assay with the Cytotoxicity Detection Kit (LDH) (Roche, Mannheim,
Germany) have already been described.35

Reactive oxygen species measurement
Reactive oxygen species analysis was also performed as described
previously.35

NADPH/NADP+ measurement
NADPH and NADP+ were measured with a luminescence-based
assay (NADP/NADPH-Glo assay kit, Promega, Madison, WI, USA)
according to the manufacturer’s protocol.

Statistical analysis
Quantitative data are expressed as indicated including standard
deviation (S.D.). P-values were derived from two-tailed student’s t-
tests. Values of P > 0.05 were considered not significant (n.s.).
Values of P < 0.05 and P < 0.01 were considered significant and
highly significant (Excel, Microsoft, Seattle, WA, USA).

RESULTS
Expression of key enzymes of serine metabolism varies between
different glioma cell lines
mRNA expression and protein levels of key enzymes of serine
metabolism were investigated in a panel of glioma cell lines.
Breast cancer cell lines with reportedly low (MDA-MB-231) and
high (MDA-MB-468) PHGDH expression18 were analysed for
comparison (Fig. 1a). GBM cell lines displayed a broad spectrum
of PHGDH expression: LN-308 and LN-428 showed low expres-
sion comparable to PHGDH expression in MDA-MB-231 cells
(Fig. 1a). In contrast G55 and LN-464 had almost similar PHGDH
expression levels as MDA-MB-468 (Fig. 1a). LNT-229 had
intermediate PHGDH levels (Fig. 1a). SHMT1 and 2 expression
levels varied only moderately between the tested glioma cell
lines (Fig. 1b).

PHGDH and SHMT2 but not SHMT1 are upregulated under hypoxic
conditions in LN-308, LNT-229 and G55 cells
An upregulation of SSP enzymes in hypoxia has previously been
found in breast cancer cells.41 In line with that, hypoxia led to an
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upregulation of SHMT2 and PHGDH expression in MDA-MB-231
und MDA-MB-468 cells while SHMT1 expression was not induced
or even reduced under hypoxia (Suppl. Fig. 1A). To investigate a
potential adaption of GBM cell SSP under deprivation conditions,
expression levels of PHGDH, SHMT1 and 2 were tested under
hypoxic conditions with 1% hypoxia as already tested for breast
cancer cell lines41 (Fig. 1c). An upregulation of PHGDH and SHMT2
was also observed in LN-308, LNT-229 and G55 cells. However,
PHGDH and SHMT2 levels were unchanged or reduced in LN-464
or LN-428 cells. SHMT1 levels were unchanged or reduced in all
tested cell lines.
As areas of GBMs can exhibit levels of profound hypoxia as

low as 0.1% oxygen42 and distinct areas of solid tumours display
oxygen concentrations between 5% oxygen43–47 and 0.1%
oxygen,48,49 we also investigated gene expression of SSP
enzymes under 0.1 and 5% oxygen (Suppl. Fig. 1B). An
upregulation of PHGDH was also observed in LN-308 and LNT-
229 cells under 0.1% oxygen. SHMT2 was upregulated in LN-308
and G55 cells under 0.1% oxygen. SHMT1 gene expression was
suppressed in all tested cell lines, except LN-308 under 0.1%
oxygen. Under 5% oxygen only a slight induction of SHMT2 was
observed in LN-308 and LNT-229 cells. PHGDH gene expression
was not induced under 5% oxygen in all tested cell lines. On the
contrary, LN-428 and LN-464 even showed a gene suppression
of PHGDH under 5% oxygen. In contrast to the published results
of breast cancer cells41 the hypoxia-induced upregulation of
SHMT2 was only affected by a double gene-suppression of HIF-
1α and HIF-2α in GBM cells whereas a single HIF-1α or HIF-2α
gene-suppression as well as a double gene-suppression of

HIF-1α and HIF-2α did not prevent induction of PHGDH under
hypoxia (Suppl. Fig. 2A). SHMT1 expression was unaffected by
hypoxia (Suppl. Fig. 2A). A regulation of PHGDH and SHMT2 by
the transcription factor Nrf2 has recently been reported in non-
small cell lung cancer cells.17 Similarly, we found an induction of
PHGDH and SHMT2 but not SHMT1 by the Nrf2 activator RA 839
in LNT-229 and G55 cells (Suppl. Fig. 2B). Expression levels of the
Nrf2-targets heme oxygenase 1 (HO-1) and thioredoxin 1 (TXN-1)
are shown as indicators for Nrf2 activation by RA 839 (Suppl.
Fig. 2B).

Serine availability is required for tumour cell growth
To investigate the effect of serine deprivation on tumour cell
proliferation we targeted three potential sources of serine: (i)
serine import, (ii) serine synthesis from glycine via SHMT1 and 2
and (iii) de novo synthesis via PHGDH by employing glycine- and
serine-free DMEM as well as the novel small-molecule PHGDH
inhibitor CBR-5884.30 The combination of glycine- and serine-free
DMEM with 60 µM CBR-5884 resulted in a significantly reduced
intracellular serine and glycine level in comparison to vehicle in
G55 cells (Fig. 2a). In contrast, asparagine and tyrosine (used as a
control) levels were not affected by CBR-5884. Under serum
containing culture conditions serine and glycine deprivation alone
led to a significant decrease of tumour cell proliferation in LN-308
cells with an intrinsically low PHGDH expression. Proliferation of
cell lines with intermediate (LNT-229) or high (G55) PHGDH
expression was not affected by serine and glycine restriction
under serum containing conditions (Fig. 2b, upper panel). Under
serum-free conditions cell proliferation was inhibited in LNT-229
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Fig. 1 Expression of key enzymes of SSP under normoxic and hypoxic conditions. a–b Gene expression (upper panel) and protein levels
(lower panel) of the SSP enzymes PHGDH (a), SHMT1 and 2 (b) in breast cancer (MDA-MB-231 and MDA-MB-468) and glioma (LN-308, LN-428,
LNT-229, G55 and LN-464) cell lines were investigated under standard conditions (DMEM containing 10% FCS and 25mM glucose under
normoxia) by qPCR and immunoblot. Values are normalised to 18 S as well as SDHA housekeeping gene expression (n= 3, mean ± SD). Cellular
lysates were analysed by immunoblot with antibodies for PHGDH, SHMT1, SHMT2 and actin. c Gene expression of the SSP enzymes PHGDH,
SHMT1 and 2 in glioma cell lines were investigated under starvation conditions (24 h in serum-free medium and 1% oxygen (O2)). Gene
expression was measured by qPCR. Values are normalised to 18 S as well as SDHA housekeeping gene expression (n= 3, mean ± SD).
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illustrated by red boxes and no significant change in gene expression is illustrated by yellow boxes.
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cells by serine and glycine deprivation but not in G55 cells. LN-308
cells showed almost no proliferation under serum-free conditions
(Fig. 2b, lower panel). PHGDH inhibition with CBR-5884 inhibited
tumour cell growth in all tested cell lines in a dose-dependent
manner. This effect was even stronger under serum-free culture
conditions (Fig. 2b, lower panel). In a parallel PI-FACS analysis
toxicity of CBR-5884 under serum-free, serine- and glycine-free
conditions was analysed and revealed only mild to moderate cell
death under increasing CBR-5884 concentrations (Fig. 2c).

Serine restriction sensitises for hypoxia-induced cell death and
impairs redox homeostasis
We next investigated whether intracellular serine levels influence
tumour cell survival under conditions of the tumour microenvir-
onment. LN-308 (low PHGDH expression) and LNT-229 (moderate
PHGDH expression) showed increased cell death under serine and
glycine deprivation alone (Fig. 3a). G55 (high PHGDH expression)
cells were unaffected by serine and glycine deprivation. CBR-5884
increased hypoxia-induced cell death in all tested cell lines. Similar
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results were obtained by PI-FACS analysis (data not shown). In line
with these results ROS levels were increased under treatment with
CBR-5884 in all tested cell lines (Fig. 3b). Measurement of the
NADPH/NADP+ ratio showed that PHGDH inhibition led to a
significant decrease of the NADPH/NADP+ ratio in cells with
moderate (LNT-229) or high (G55) PHGDH expression (Fig. 3c).
However, in LN-308 cells (low PHGDH expression) only a trend
towards a lower NADPH/NADP+ ratio could be observed.

PHGDH gene suppression sensitises human GBM cells to hypoxia-
induced cell death
To further confirm the robustness of the observed phenotype and
rule out off-target effects of CBR-5584, cells with gene suppression
of PHGDH were generated. G55 cells were chosen due to their high
endogenous PHGDH level. QPCR and immunoblot confirmed stable
gene suppression of PHGDH (PHGDHsh) compared to control cells
(NTsh) (Fig. 4a). Cell proliferation was impaired by serine and glycine
withdrawal under serum-free and serum containing culture condi-
tions only in G55 PHGDHsh cells mimicking the phenotype of cells
with low PHGDH expression (Fig. 4b). Furthermore, G55 PHGDHsh

cells displayed enhanced sensitivity to hypoxia-induced cell death
coherent with results obtained with pharmacological PHGDH
inhibition (Fig. 4c). However, serine withdrawal did not affect
sensitivity to hypoxia-induced cell death in PHGDHsh cells (Fig. 4c).

PHGDH overexpression protects human GBM cells from hypoxia-
induced cell death
LNT-229 cells that inducibly overexpress PHGDH were generated
(LNT-229 pTetOne PHGDH). Gene induction by doxycycline was
confirmed by qPCR and immunoblot (Fig. 4d). In contrast to
PHGDHsh cells, LNT-229 pTetOne PHGDH cells displayed protec-
tion from hypoxia-induced cell death when PHGDH was induced
(Fig. 4e). In addition, PHGDH induction increased the NADPH/
NADP+ ratio (Fig. 4f).

DISCUSSION
Our results describe serine metabolism as an important regulator
of cellular redox homeostasis and tumour cell survival under
conditions of the glioma microenvironment.
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Fig. 3 Serine restriction sensitises for hypoxia-induced cell death and increases intracellular ROS levels. a–c LN-308, LNT-229 and G55 cells
were exposed to glucose restricted (2mM glucose) serum- and glycine-free DMEM under normoxic or hypoxic (0.1% oxygen (O2)) conditions
with or without CBR-5884 as indicated. Serine was replenished as indicated. a Cell death was quantified by LDH-release (n= 4, mean ± S.D., n.s.
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significant, *p < 0.05).
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The relevance of serine metabolism in GBM cells was first
shown by demonstrating an induction of enzymes of SSP under
hypoxic conditions that mirror the in vivo GBM situation. Our
results on hypoxic upregulation of PHGDH and mitochondrial
SHMT2 (Fig. 1c, Suppl. Fig. 1B) emphasise the robustness of the
phenomenon of a hypoxia dependent upregulation of SSP
enzymes in cancer.34,41 Furthermore, we could show that
overexpression of PHGDH protected GBM cells from hypoxia-
induced cell death (Fig. 4e) and sustained NADPH/NADP+ ratios
under starvation conditions (Fig. 4f). Our results affirm that high
PHGDH levels protect GBM cells under most adverse conditions
of the glioma microenvironment by maintaining redox home-
ostasis. Therefore, induction of SSP enzymes seems to serve as

an adaptive response to adverse conditions of the tumour
microenvironment. Vice versa, we could show for the first time
that PHGDH inhibition with the new small-molecule inhibitor
CBR-5884 sensitises GBM cells towards the conditions of the
microenvironment, including glucose deprivation and severe
hypoxia (Fig. 3a, Suppl. Fig. 3). This effect could be observed in
all tested cell lines regardless of the PHGDH expression levels.
Hypoxia-induced cell death under PHGDH inhibition was
accompanied by an increase in intracellular ROS (Fig. 3b, Suppl.
Fig. 3). Furthermore, for LNT-229 and G55 cells with moderate to
high PHGDH expression levels, a decrease in the NADPH/
NADP+-ratio could also be observed after treatment with CBR-
5884 (Fig. 3c, Suppl. Fig. 3).
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Fig. 4 PHGDH gene suppression sensitises while PHGDH overexpression protects human GBM cells from hypoxia-induced cell death.
a G55 PHGDHsh and control cells (non-targeting sequence, NTsh) were analysed by qPCR and immunoblot. PHGDH gene suppression was
confirmed. qPCR values are normalised to 18 S as well as SDHA housekeeping gene expression (n= 3, mean ± SD). b G55 PHGDHsh and control
cells were incubated in DMEM with or without 10% FCS as indicated. Medium was depleted for glycine and serine and serine was replenished
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significant, *p < 0.05, **p < 0.01). c G55 PHGDHsh and control cells were exposed to glucose restricted (2 mM glucose) serum-free DMEM under
normoxic or hypoxic (0.1% oxygen (O2)) conditions. Serine was replenished as indicated. Cell death was quantified by LDH release (n= 4,
mean ± S.D., n.s. not significant, **p < 0.01). d LNT-229 pTetOne PHGDH cells were cultured with vehicle or 0.1 µg/mL doxycycline for 24 h.
PHGDH gene induction was confirmed by qPCR and immunoblot. qPCR values are normalised to 18 S as well as SDHA housekeeping gene
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(0.1% oxygen (O2)) conditions. e Cell death was quantified by LDH release (n= 4, mean ± S.D., **p < 0.01). (n= 4, mean ± S.D.) f Analysis of
NADPH/NADP+ ratios were performed by a luminescence-based assay (n= 3, mean ± SD, *p < 0.05).
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Beyond that, PHGDH inhibition with CBR-5884 reduced cell
proliferation in a dose-dependent manner in all tested cell lines
regardless of the PHGDH expression levels (Fig. 2b). These results
are in contrast to the data of the inhibitor’s developers, who
observed only growth inhibitory effects of CBR-5884 in cancer cell
lines with high PHGDH expression levels and a high propensity for
serine synthesis.30 However, in this publication only concentra-
tions up to 30 µM CBR-5884 were applied for cell proliferation
assays, which is below the IC50 of 33 (±12) µM.30

Remarkably, GBM cells varied in their dependency on serine
import. Serine deprivation alone showed only a significant
reduction of cell growth and an increase in hypoxia-induced cell
death in cells with low or moderate PHGDH expression (LN-308
and LNT-229) suggesting their dependency on import of
extracellular serine (Figs. 2b, 3a). In contrast, G55 with higher
PHGDH expression levels were less susceptible to sole serine
starvation (Figs. 2b, 3a). Our results on growth propensity to serine
import are in line with recent findings demonstrating that either
increased PHGDH expression or increased serine supply provide a
proliferative advantage in breast cancer and melanoma.28

Corroborating these results, gene suppression of PHGDH rendered
G55 cells susceptible to serine starvation under normoxia (Fig. 4b).
In contrast, however, CBR-5884-mediated PHGDH inhibition did
not influence the growth propensity of G55 cells to serine import
(Fig. 2b). Furthermore, treatment with CBR-5884 as well as gene
suppression of PHGDH in G55 did not lead to a sensitisation to
serine withdrawal under hypoxic conditions (Figs. 3a, 4c). One
reason for this discrepancy could be a potential contribution of
other SSP enzymes or factors so that PHGDH inhibition alone is
not sufficient to sensitise to serine withdrawal. Also, PHGDH
inhibition could already induce a strong growth inhibition and
sensitisation to hypoxia-induced cell death in G55 cells narrowing
the potential of serine depletion for additional effects.
Taken together high intracellular serine levels seem to be

favourable for tumour cells under stressful conditions of the glioma
microenvironment. Both proliferation and survival were impaired by
serine pathway inhibition under nutrient and oxygen deprivation. As
serine and glycine are nonessential amino acids, one possible and
feasible therapeutic approach could be a serine/glycine-free diet. In
line with that, mice bearing colorectal xenograft tumours fed with a
diet lacking serine and glycine displayed a reduction in tumour
volume and a prolonged survival.50 Moreover, several in vivo mouse
experiments with PHGDH inhibitors alone or as a combined
approach have shown positive antitumour effects in different
tumour entities, such as breast cancer, renal cell carcinoma and
hepatocellular carcinoma.51–53 Our data indicate that a combination
of a serine/glycine-free diet with PHGDH inhibition could be an even
more effective approach. Besides inhibitors of PHGDH, recently
inhibitors of SHMT1/2 have been described.54 Serine depletion by
diet and/or PHGDH inhibition might cause severe neurological side
effects. In this respect PHGDH conditional knockout mice show mild
microcephaly and forebrain atrophy.55 However, effects of con-
genital gene depletion cannot be transferred to the setting of a
mature human brain. Furthermore, in our settings PHGDH
inhibition with CBR-5884 seemed to allow residual enzyme
activity (Fig. 2a) while still impacting cell survival (Fig. 3a).
Encouragingly, previous in vivo mouse experiments with PHGDH
inhibitors demonstrated a tolerable toxicity profile with neither
weight loss nor abnormal behaviour.51–53 Therefore, further in vivo
animal studies on neurological side effects as well as clinical trials on
the efficacy and safety of the combination of serine/glycine
deprivation with inhibition of the SSP, especially of PHGDH, are
exciting future options for a serine-targeted therapeutic approach in
cancer.

ACKNOWLEDGEMENTS
None.

AUTHOR CONTRIBUTIONS
A.L.L. and M.W.R. conceived the study; A.L.E., N.I.L., K.K., C.D. and A.L.L. carried out
the experiments; A.L.E., N.I.L., K.K., C.D., C.M., J.P.S., M.W.R. and A.L.L. analysed the
data; MWR, J.P.S. and A.L.L., coordinated the study, A.L.E. and A.L.L. wrote the
manuscript; all authors helped drafting the manuscript and read and approved
the final version.

ADDITIONAL INFORMATION
Ethics approval and consent to participate The human cell lines used in this study
are all commercially or academically available and were not generated in the course
of this study, and therefore no ethics approval was necessary for the cell line
experiments. LNT-229 and LN-308 cells were a kind gift from N. de Tribolet (Lausanne,
Switzerland), G55 cells were a kind gift from Manfred Westphal and Kathrin Lamszus
(Hamburg), LN-428 cells and LN-464 cells were a kind gift from Monika Hegi
(Lausanne). MDA-MB-231 and MDA-MB-464 cells were a kind gift from Winfried Wels
(Frankfurt, Germany). LN-229 cells stably expressing a shRNA targeting HIF-1α, HIF-2
α, HIF-1+ 2α and control (SIMA, homologue of HIF-1α in drosophila), were kindly
provided by C. Depner and T. Acker.

Consent to publish Not applicable.

Data availability The datasets used and/or analysed during the current study are
available from the corresponding author on reasonable request. Supplementary
information is available at the British Journal of Cancer’s website.

Competing interests J.P.S. reports honoraria for lectures or advisory board
participation or consulting or travel grants from Abbvie, Roche, Boehringer, Bristol-
Myers Squibb, Medac, Mundipharma and UCB. All other authors declare no conflicts
of interest. M.W.R. reports a research grant from UCB.

Funding information The Dr Senckenberg Institute of Neurooncology is supported by
the Dr Senckenberg Foundation. A.L.E. has received a scholarship by the Adolf
Gutknecht trust. C.M. acknowledges funding from the German Research Foundation
(DFG) Emmy Noether Program (MU 4216/1-1) and the Frankfurt Cancer Institute. JPS has
received funding by the German Research Foundation (DFG; DFG 2175/1-1). J.P.S. and
M.W.R. have received funding by the State of Hessen within the LOEWE program. M.W.R.
has received a fellowship by the University Cancer Centre Frankfurt (UCT) as well as
funding by the Frankfurt Research Funding (FFF) ‘Clinician Scientists Program’. A.L.L. has
received funding by the FFF program “Patenschaftsmodell” and a fellowship in the
program “Clinical Scientist” by the Else Kröner research college (EKF). Open Access
funding enabled and organized by Projekt DEAL.

Supplementary information is available for this paper at https://doi.org/10.1038/
s41416-020-0794-x.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

REFERENCES
1. Ostrom, Q. T., Gittleman, H., Truitt, G., Boscia, A., Kruchko, C. & Barnholtz-Sloan, J.

S. CBTRUS Statistical Report: Primary Brain and Other Central Nervous System
Tumors Diagnosed in the United States in 2011-2015. Neuro-Oncol. 20(suppl_4),
iv1–iv86 (2018).

2. Stupp, R., Mason, W. P., van den Bent, M. J., Weller, M., Fisher, B., Taphoorn, M. J. B.
et al. Radiotherapy plus concomitant and adjuvant temozolomide for glio-
blastoma. N. Engl. J. Med. 352, 987–996 (2005).

3. Stupp, R., Taillibert, S., Kanner, A., Read, W., Steinberg, D., Lhermitte, B. et al. Effect
of tumor-treating fields plus maintenance temozolomide vs maintenance
temozolomide alone on survival in patients with glioblastoma: a randomized
clinical trial. JAMA 318, 2306–2316 (2017).

4. Colwell, N., Larion, M., Giles, A. J., Seldomridge, A. N., Sizdahkhani, S., Gilbert, M. R.
et al. Hypoxia in the glioblastoma microenvironment: shaping the phenotype of
cancer stem-like cells. Neuro-Oncol. 19, 887–896 (2017).

5. Evans, S. M., Jenkins, K. W., Jenkins, W. T., Dilling, T., Judy, K. D., Schrlau, A. et al.
Imaging and analytical methods as applied to the evaluation of vasculature and
hypoxia in human brain tumors. Radiat. Res. 170, 677–690 (2008).

6. Evans, S. M., Judy, K. D., Dunphy, I., Jenkins, W. T., Hwang, W.-T., Nelson, P. T. et al.
Hypoxia is important in the biology and aggression of human glial brain tumors.
Clin. Cancer Res. 10, 8177–8184 (2004).

Serine-dependent redox homeostasis regulates glioblastoma cell survival
AL Engel et al.

1397

https://doi.org/10.1038/s41416-020-0794-x
https://doi.org/10.1038/s41416-020-0794-x


7. Musah-Eroje, A., Watson, S. Adaptive changes of glioblastoma cells following
exposure to hypoxic (1% oxygen) tumour microenvironment. Int. J. Mol. Sci. 20,
2091 (2019).

8. Bar, E. E., Lin, A., Mahairaki, V., Matsui, W. & Eberhart, C. G. Hypoxia increases the
expression of stem-cell markers and promotes clonogenicity in glioblastoma
neurospheres. Am. J. Pathol. 177, 1491–1502 (2010).

9. Monteiro, A. R., Hill, R., Pilkington, G. J. & Madureira, P. A. The role of hypoxia in
glioblastoma invasion. Cells 6, 45 (2017).

10. Rabinovitch, R. C., Samborska, B., Faubert, B., Ma, E. H., Gravel, S.-P., Andrzejewski,
S. et al. AMPK maintains cellular metabolic homeostasis through regulation of
mitochondrial reactive oxygen species. Cell Rep. 21, 1–9 (2017).

11. Bell, E. L., Klimova, T. A., Eisenbart, J., Moraes, C. T., Murphy, M. P., Budinger, G. R. S.
et al. The Qo site of the mitochondrial complex III is required for the transduction
of hypoxic signaling via reactive oxygen species production. J. Cell Biol. 177,
1029–1036 (2007).

12. Wellen, K. E. & Thompson, C. B. Cellular metabolic stress: considering how cells
respond to nutrient excess. Mol. Cell 40, 323–332 (2010).

13. Yang, H., Villani, R. M., Wang, H., Simpson, M. J., Roberts, M. S., Tang, M. et al. The
role of cellular reactive oxygen species in cancer chemotherapy. J. Exp. Clin.
Cancer Res. 37, 266 (2018).

14. Rubattu, S., Pagliaro, B., Pierelli, G., Santolamazza, C., Di Castro, S., Mennuni, S.
et al. Pathogenesis of target organ damage in hypertension: role of mitochondrial
oxidative stress. Int. J. Mol. Sci. 16, 823–839 (2014).

15. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144,
646–674 (2011).

16. Vander Heiden, M. G., Cantley, L. C. & Thompson, C. B. Understanding the War-
burg effect: the metabolic requirements of cell proliferation. Science 324,
1029–1033 (2009).

17. DeNicola, G. M., Chen, P.-H., Mullarky, E., Sudderth, J. A., Hu, Z., Wu, D. et al. NRF2
regulates serine biosynthesis in non-small cell lung cancer. Nat. Genet. 47,
1475–1481 (2015).

18. Possemato, R., Marks, K. M., Shaul, Y. D., Pacold, M. E., Kim, D., Birsoy, K. et al.
Functional genomics reveal that the serine synthesis pathway is essential in
breast cancer. Nature 476, 346–350 (2011).

19. Amelio, I., Cutruzzolá, F., Antonov, A., Agostini, M. & Melino, G. Serine and glycine
metabolism in cancer. Trends Biochem Sci. 39, 191–198 (2014).

20. Inuzuka, M., Hayakawa, M. & Ingi, T. Serinc, an activity-regulated protein family,
incorporates serine into membrane lipid synthesis. J. Biol. Chem. 280,
35776–35783 (2005).

21. Samanta, D. & Semenza, G. L. Serine synthesis helps hypoxic cancer stem cells
regulate redox. Cancer Res. 76, 6458–6462 (2016).

22. Martínez-Reyes, I. & Chandel, N. S. Mitochondrial one-carbon metabolism main-
tains redox balance during hypoxia. Cancer Disco. 4, 1371–1373 (2014).

23. Barker, G. A. & Ellory, J. C. The identification of neutral amino acid transport
systems. Exp. Physiol. 75, 3–26 (1990).

24. Palacín, M., Estévez, R., Bertran, J. & Zorzano, A. Molecular biology of
mammalian plasma membrane amino acid transporters. Physiol. Rev. 78,
969–1054 (1998).

25. Snell, K. & Weber, G. Enzymic imbalance in serine metabolism in rat hepatomas.
Biochem. J. 233, 617–620 (1986).

26. Hamanaka, R. B. & Chandel, N. S. Targeting glucose metabolism for cancer
therapy. J. Exp. Med. 209, 211–215 (2012).

27. Locasale, J. W., Grassian, A. R., Melman, T., Lyssiotis, C. A., Mattaini, K. R., Bass, A. J.
et al. Phosphoglycerate dehydrogenase diverts glycolytic flux and contributes to
oncogenesis. Nat. Genet. 43, 869–874 (2011).

28. Sullivan, M. R., Mattaini, K. R., Dennstedt, E. A., Nguyen, A. A., Sivanand, S.,
Reilly, M. F. et al. Increased serine synthesis provides an advantage for tumors
arising in tissues where serine levels are limiting. Cell Metab. 29, 1410–1421.e4
(2019).

29. Liu, J., Guo, S., Li, Q., Yang, L., Xia, Z., Zhang, L. et al. Phosphoglycerate dehy-
drogenase induces glioma cells proliferation and invasion by stabilizing forkhead
box M1. J. Neurooncol. 111, 245–255 (2013).

30. Mullarky, E., Lucki, N. C., Beheshti Zavareh, R., Anglin, J. L., Gomes, A. P., Nicolay, B.
N. et al. Identification of a small molecule inhibitor of 3-phosphoglycerate
dehydrogenase to target serine biosynthesis in cancers. Proc. Natl Acad. Sci. USA
113, 1778–1783 (2016).

31. Hebbring, S. J., Chai, Y., Ji, Y., Abo, R. P., Jenkins, G. D., Fridley, B. et al. Serine
hydroxymethyltransferase 1 and 2: gene sequence variation and functional
genomic characterization. J. Neurochem. 120, 881–890 (2012).

32. Jain, M., Nilsson, R., Sharma, S., Madhusudhan, N., Kitami, T., Souza, A. L. et al.
Metabolite profiling identifies a key role for glycine in rapid cancer cell pro-
liferation. Science 336, 1040–1044 (2012).

33. Narkewicz, M. R., Sauls, S. D., Tjoa, S. S., Teng, C. & Fennessey, P. V. Evidence for
intracellular partitioning of serine and glycine metabolism in Chinese hamster
ovary cells. Biochem. J. 313(Pt 3), 991–996 (1996).

34. Kim, D., Fiske, B. P., Birsoy, K., Freinkman, E., Kami, K., Possemato, R. L. et al. SHMT2
drives glioma cell survival in ischaemia but imposes a dependence on glycine
clearance. Nature 520, 363–367 (2015).

35. Thiepold, A.-L., Lorenz, N. I., Foltyn, M., Engel, A. L., Divé, I., Urban, H. et al.
Mammalian target of rapamycin complex 1 activation sensitizes human glioma
cells to hypoxia-induced cell death. Brain 140, 2623–2638 (2017).

36. Ronellenfitsch, M. W., Brucker, D. P., Burger, M. C., Wolking, S., Tritschler, F., Rieger,
J. et al. Antagonism of the mammalian target of rapamycin selectively mediates
metabolic effects of epidermal growth factor receptor inhibition and protects
human malignant glioma cells from hypoxia-induced cell death. Brain 132(Pt 6),
1509–1522 (2009).

37. Luger, A.-L., Sauer, B., Lorenz, N. I., Engel, A. L., Braun, Y., Voss, M. et al. Doxycy-
cline impairs mitochondrial function and protects human glioma cells from
hypoxia-induced cell death: implications of using tet-inducible systems. Int. J.
Mol. Sci. 19, (2018).

38. Steinbach, J. P., Wolburg, H., Klumpp, A., Probst, H. & Weller, M. Hypoxia-induced
cell death in human malignant glioma cells: energy deprivation promotes
decoupling of mitochondrial cytochrome c release from caspase processing and
necrotic cell death. Cell Death Differ. 10, 823–832 (2003).

39. Wanka, C., Brucker, D. P., Bähr, O., Ronellenfitsch, M., Weller, M., Steinbach, J. P. et al.
Synthesis of cytochrome C oxidase 2: a p53-dependent metabolic regulator that
promotes respiratory function and protects glioma and colon cancer cells from
hypoxia-induced cell death. Oncogene 31, 3764–3776 (2012).

40. Murphy, J. P., Everley, R. A., Coloff, J. L. & Gygi, S. P. Combining amine metabo-
lomics and quantitative proteomics of cancer cells using derivatization with
isobaric tags. Anal. Chem. 86, 3585–3593 (2014).

41. Samanta, D., Park, Y., Andrabi, S. A., Shelton, L. M., Gilkes, D. M. & Semenza, G. L.
PHGDH expression is required for mitochondrial redox homeostasis, breast
cancer stem cell maintenance, and lung metastasis. Cancer Res. 76, 4430–4442
(2016).

42. Evans, S. M., Judy, K. D., Dunphy, I., Jenkins, W. T., Nelson, P. T., Collins, R. et al.
Comparative measurements of hypoxia in human brain tumors using needle
electrodes and EF5 binding. Cancer Res. 64, 1886–1892 (2004).

43. Caldwell, C. C., Kojima, H., Lukashev, D., Armstrong, J., Farber, M., Apasov, S. G.
et al. Differential effects of physiologically relevant hypoxic conditions on T
lymphocyte development and effector functions. J. Immunol. 167, 6140–6149
(2001).

44. Campbell, J. A. The influence of O(2)-tension in the inspired air upon the O(2)-
tension in the tissues. J. Physiol. (Lond.) 60, 20–29 (1925).

45. Jamieson, D. & Vandenbrenk, H. A. Effect of electrode dimensions on tissue PO-2
measurement in vivo. Nature 201, 1227–1228 (1964).

46. Laser, H. Tissue metabolism under the influence of low oxygen tension. Biochem.
J. 31, 1671–1676 (1937).

47. Sridhar, K. S., Plasse, T. F., Holland, J. F., Shapiro, M. & Ohnuma, T. Effects of
physiological oxygen concentration on human tumor colony growth in soft agar.
Cancer Res. 43, 4629–4631 (1983).

48. Höckel, M. & Vaupel, P. Tumor hypoxia: definitions and current clinical, biologic,
and molecular aspects. J. Natl Cancer Inst. 93, 266–276 (2001).

49. Vaupel, P. & Harrison, L. Tumor hypoxia: causative factors, compensatory
mechanisms, and cellular response. Oncologist 9(Suppl 5), 4–9 (2004).

50. Maddocks, O. D. K., Berkers, C. R., Mason, S. M., Zheng, L., Blyth, K., Gottlieb, E.
et al. Serine starvation induces stress and p53-dependent metabolic remodelling
in cancer cells. Nature 493, 542–546 (2013).

51. Pacold, M. E., Brimacombe, K. R., Chan, S. H., Rohde, J. M., Lewis, C. A., Swier, L. J. Y.
M. et al. A PHGDH inhibitor reveals coordination of serine synthesis and one-
carbon unit fate. Nat. Chem. Biol. 12, 452–458 (2016).

52. Wei, L., Lee, D., Law, C.-T., Zhang, M. S., Shen, J., Chin, D. W.-C. et al. Genome-wide
CRISPR/Cas9 library screening identified PHGDH as a critical driver for Sorafenib
resistance in HCC. Nat. Commun. 10, 4681 (2019).

53. Yoshino, H., Nohata, N., Miyamoto, K., Yonemori, M., Sakaguchi, T., Sugita, S. et al.
PHGDH as a key enzyme for serine biosynthesis in HIF2α-targeting therapy for
renal cell carcinoma. Cancer Res. 77, 6321–6329 (2017).

54. Bartosik, A., Guzik, P., Sowinska, M., Gluza, K., Krol, M., Wrobel, A. et al. Discovery
of novel SHMT small molecule inhibitors for cancer treatment [abstract]. In: Proc
AACR Annual Meeting 2018; Chicago: AACR; 2018. Abstract 3516.

55. Yang, J. H., Wada, A., Yoshida, K., Miyoshi, Y., Sayano, T., Esaki, K. et al. Brain-
specific Phgdh deletion reveals a pivotal role for L-serine biosynthesis in con-
trolling the level of D-serine, an N-methyl-D-aspartate receptor co-agonist, in
adult brain. J. Biol. Chem. 285, 41380–41390 (2010).

Serine-dependent redox homeostasis regulates glioblastoma cell survival
AL Engel et al.

1398



Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020, corrected publication 2021

Serine-dependent redox homeostasis regulates glioblastoma cell survival
AL Engel et al.

1399

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Serine-dependent redox homeostasis regulates glioblastoma cell survival
	Background
	Methods
	Reagents, cell lines and culture conditions
	Generation of PHGDH gene suppressed and PHGDH overexpressing cells
	Induction of hypoxia
	RNA extraction and quantitative reverse transcription-PCR (qRT-PCR) analysis
	Immunoblot analysis
	Amino acid measurements by LC-MS/MS
	Cell density and cell viability assays
	Reactive oxygen species measurement
	NADPH/NADP+ measurement
	Statistical analysis

	Results
	Expression of key enzymes of serine metabolism varies between different glioma cell lines
	PHGDH and SHMT2 but not SHMT1 are upregulated under hypoxic conditions in LN-308, LNT-229 and G55 cells
	Serine availability is required for tumour cell growth
	Serine restriction sensitises for hypoxia-induced cell death and impairs redox homeostasis
	PHGDH gene suppression sensitises human GBM cells to hypoxia-induced cell death
	PHGDH overexpression protects human GBM cells from hypoxia-induced cell death

	Discussion
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




