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Phosphoglycerate mutase 1 (PGAM1) overexpression promotes radio- and
chemoresistance in gliomas by activating the DNA damage response
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ABSTRACT

The glycolytic enzyme PGAM1 is overexpressed in gliomas where it efficiently facilitates the repair of DNA
damage. Mechanistically, PGAM1 prevents inactivation of the ataxia-telangiectasia mutated (ATM) signal-
ing pathway by sequestering the wild-type p53-induced phosphatase 1 (WIP1) in the cytoplasm. Genetic
inhibition of PGAM1 expression subsequently sensitizes glioma cells against irradiation and chemother-

apy-induced DNA damage.

Gliomas are the most common of all malignant primary brain
tumor in adults.' Among these, glioblastoma (GBM; WHO
astrocytoma grade IV) is the most aggressive and carries the
worst prognosis. Despite multimodal therapy including sur-
gery, irradiation (IR), and chemotherapy with the alkylating
agent temozolomide (TMZ), the outcome for GBM patients
remains poor with median survival and 5-year survival rate of
around 14 months and 7%, respectively.” New therapeutic
strategies are urgently warranted as the development of resis-
tance toward the current standard of care inevitably occurs.
Identifying the underlying molecular basis of treatment resis-
tance in GBMs may yield important clues at which such novel
approaches should be directed. Several independent DNA
repair mechanisms contributing to drug resistance have
already been identified in GBMs,” but none have so far success-
fully been translated into novel clinical treatment strategies.

In normal cells, phosphoglycerate mutase 1 (PGAM1) con-
verts 3-phosphoglycerate (3-PG) into 2-phosphoglycerate
(2-PG) as part of glycolysis to eventually obtain pyruvate
from glucose. Several glycolytic enzymes, including PGAM1,
are overexpressed in a variety of cancer forms.*™® In a recently
published study,” we found that PGAMI is consistently over-
expressed up to five-fold in human glioma tissue of all histo-
logic malignancy grades when compared to normal human
brain tissue. This increased PGAMI expression corresponded
well with increased PGAM1 enzymatic activity in these tumor
samples.

Importantly, it is being increasingly recognized that
PGAMI1 is a moonlighting enzyme that possesses additional
functions independently of its metabolic enzymatic activity®
and can modulate DNA damage repair through homologous
recombination (HR)’? and promote cancer invasion and
metastasis.'” In our recently published study, we aimed to
elucidate the role of overexpressed PGAMI1 in gliomas by
genetically inhibiting PGAMI1 expression in several established
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and primary glioma stem cell (GSC) line using two different
PGAMI shRNA lentiviral constructs. Loss of PGAM1 in itself
did not impact cell proliferation or colony formation in soft
agar, but PGAMI1 deficient cells were significantly more sus-
ceptible to IR and TMZ as they underwent apoptosis to
a higher extent compared to their PGAM1 proficient corre-
sponding controls. In contrast, blockade of PGAMI1 enzyme
activity by pharmacological inhibitors did not lead to improved
IR and TMZ sensitivity, which would, in fact, suggest that the
non-enzymatic part of PGAM1 was crucial in maintaining
increased DNA repair efficiency and that loss of the entire
protein therefore would be required.

As genetic inhibition of PGAMI sensitizes glioma cells
toward IR and TMZ, we subsequently investigated whether
DNA repair activity was compromised in PGAM1 deficient
cells. Notably, DNA damage following IR and TMZ was left
unrepaired in PGAM1 deficient cells, and this was shown to
occur independently of any changes in established DNA repair
pathways such as homologous recombination (HR) or non-
homologous end joining (NHE]). Our implication of PGAM1
as a regulator of the DNA damage response was further corro-
borated by findings showing that PGAMI expression was
required for activation of ATM signaling in response to IR
and TMZ. Specifically, this activation was enabled by PGAM1
structurally binding to WIP1, a phosphatase known to regulate
phosphorylation of DNA damage response proteins, thereby
inhibiting translocation of WIP1 from the cytoplasm to the
nucleus. As a result, PGAM1 loss resulted in WIP1-mediated
dephosphorylation of key components of the ATM signaling
pathway, thus reducing DNA repair activity and increasing IR
and TMZ sensitivity in GBM cells (Figure 1). To further sub-
stantiate the functional association between PGAMI and
WIP1, we showed that silencing of WIP1 in PGAM1 deficient
cells significantly reversed the inactivation of the DNA damage
response and restored cellular survivability in response to IR
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Figure 1. Potential mechanism on phosphoglycerate mutase 1 (PGAM1)-
mediated DNA damage repair regulation. Schematic overview of the proposed
mechanism on PGAM1-mediated DNA damage repair pathway regulation
through wild-type p53-induced phosphatase 1 (WIP1) binding in the cytoplasm.
Overexpressed PGAMT1 in gliomas binds to the cytoplasmic phosphatase WIP1 and
counteracts the latter's translocation to the cell nucleus where it would normally
dephosphorylate the ataxia-telangiectasia mutated (ATM) signaling pathway.
When PGAM1 expression is genetically inhibited, WIP1 is allowed to enter the
nucleus and deactivate the ATM signaling pathway which in turn increases
cellular sensitivity to irradiation (IR) and temozolomide (TMZ) chemotherapy.

and TMZ. Importantly, PGAM1 deficient intracranial GBM
xenografts were considerably more responsive to IR and
TMZ, which was demonstrated by significantly decreased

tumor growth and increased apoptosis as well as extended
survival in tumor-bearing mice.

In agreement with our initial observation that pharmacolo-
gical inhibition of PGAM1 enzyme activity was not sufficient to
increase IR and TMZ sensitivity in a similar manner as genetic
PGAM1 loss, we found that PGAM1 enzymatic activity was not
required for WIP1 binding and subsequent regulation of the
DNA damage response. In fact, introduction of kinase-dead
mutant forms of PGAMI1 (H186R and Y92F) in PGAM1 defi-
cient GBM cells effectively restored WIP1 sequestering in the
cytoplasm and rendered GBM xenografts equally resistant to
IR and TMZ as parental PGAMI tumors.

Overall, our study in GBM cells shows how PGAM1 sig-
nificantly blocks the deactivation of the DNA damage response
pathway independently of its metabolic activity by physically
interacting with the WIP1 phosphatase. As a result, the acti-
vated DNA damage response pathway significantly contributes
to resistance against clinically established treatment modalities
such as IR and TMZ chemotherapy. These results, therefore,
define PGAMLI as a therapeutically important target that can be
exploited to increase glioma treatment sensitivity.
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