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The IDH-TAU-EGFR triad defines the neovascular
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Gliomas that express the mutated isoforms of isocitrate dehydrogenase 1/2 (IDH1/2) have better prognosis than
wild-type (wt) IDH1/2 gliomas. However, how these mutant (mut) proteins affect the tumor microenvironment is
still a pending question. Here, we describe that the transcription of microtubule-associated protein TAU (MAPT),
a gene that has been classically associated with neurodegenerative diseases, is epigenetically controlled by the
balance between wt and mut IDH1/2 in mouse and human gliomas. In IDH1/2 mut tumors, we found high expression
of TAU that decreased with tumor progression. Furthermore, MAPT was almost absent from tumors with epidermal
growth factor receptor (EGFR) mutations, whereas its trancription negatively correlated with overall survival in
gliomas carrying wt or amplified (amp) EGFR. We demonstrated that the overexpression of TAU, through the
stabilization of microtubules, impaired the mesenchymal/pericyte-like transformation of glioma cells by blocking
EGFR, nuclear factor kappa-light-chain-enhancer of activated B (NF-kB) and the transcriptional coactivator with
PDZ-binding motif (TAZ). Our data also showed that mut EGFR induced a constitutive activation of this pathway,
which was no longer sensitive to TAU. By inhibiting the transdifferentiation capacity of EGFRamp/wt tumor cells,
TAU protein inhibited angiogenesis and favored vascular normalization, decreasing glioma aggressiveness and

increasing their sensitivity to chemotherapy.

INTRODUCTION

Diffuse gliomas are classified and graded according to histological
criteria. They include low- and intermediate-grade gliomas [herein
called lower-grade gliomas (LGGs)], which encompass World Health
Organization (WHO) grades 2 and 3, and the highly aggressive
WHO grade 4 glioblastomas (GBM:s), characterized by 5-year survival
rates of 5%. They are categorized on the basis of the increments in
cellular atypia and mitotic activity. Moreover, GBMs are characterized
by the specific presence of areas of necrosis and robust neoangio-
genesis and are considered one of the most vascularized cancers.
LGGs have a better prognosis, although many of these tumors progress
into secondary GBMs, albeit at highly variable intervals, with survival
rates that go from 1 to 15 years (1). Unfortunately, little is known
about the factors that drive this transition from LGG to GBM.
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A substantial effort has been made in the last two decades to
characterize the genetic modifications associated with gliomas. Some
of them have been incorporated into the novel WHO classification.
Particularly, the analysis of mutations in the isocitrate dehydrogenase
1/2 (IDH1/2) genes, which are associated with a more favorable
prognosis in gliomas (2), is now common in clinical practice. IDH1/2
mutated proteins induce the accumulation of the oncometabolite,
2-hydroxyglutarate (2-HG), which competes with the o-ketoglutarate
(0-KG) produced by the wild-type (wt) IDH enzymes and blocks
ten-eleven translocation (TET)-mediated DNA demethylation. This
process generates a CpG island methylator phenotype (G-CIMP),
which is associated with a general suppression of gene expression
(3). Moreover, 2-HG inhibits histone demethylases, which further
contribute to this phenotype (4). By contrast, wt IDH1 promotes
the metabolic adaptation of GBM cells to support aggressive growth
(5). Therefore, it has been proposed that the balance between wt and
mutant (mut) IDH1/2 function determines the clinical outcome of
gliomas, including their sensitivity to radiation and chemotherapy (6).

Within the new subclasses of high-grade gliomas [proneural
(PN), classic (CL), or mesenchymal (MES)], IDHI/2 mutations are
accumulated in the first group, which is enriched in secondary
GBMs and includes tumors with a better clinical prognosis (7).
By contrast, mutations in epidermal growth factor receptor (EGFR)
accumulate in the CL and MES subtypes. This gene is mutated and/
or amplified (amp) in a large percentage of diffuse gliomas, and it
has been associated with proliferation and survival, as well as with
the invasive properties of glioma cells (7, 8).

Several cytoskeletal proteins have been involved in tumor pro-
gression. TAU, encoded by the gene microtubule-associated protein
TAU (MAPT), is well known for its relevance in Alzheimer’s disease
(AD), although it is also expressed in healthy brains, where it controls
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neural development and synaptic transmission (9). In addition, TAU
and other microtubule-stabilizing agents like taxanes modulate protein
and organelle trafficking (10, 11), which could be relevant for cancer
cells. A possible comorbidity of dementias and GBMs had been suggested
(12), which led us to perform a bioinformatic analysis of brain gene
expression. We found that MAPT, among other genes related to
neurodegeneration, is expressed in gliomas, where it seems to correlate
negatively with tumor progression (13). On the basis of these data,
we decided to conduct a more comprehensive characterization of TAU
in this deadly pathology. Here, we found that the expression of this
protein depends on the genetic status of IDH1/2, being enriched in
LGG and PN gliomas, where it hinders tumor progression. Mecha-
nistically, TAU inhibited the EGFR-nuclear factor kB (NF-kB)-TAZ
(WWTR1, WW Domain Containing Transcription Regulator 1) sig-
naling pathway, provided that no EGFR mutations were present. By
blocking this cascade, TAU impeded the capacity of the tumor cells to
transdifferentiate into MES/pericyte-like cells, which participate in the
processes of angiogenesis and neovascularization. As a consequence,
TAU favored the normalization of the glioma’s vasculature and hampered
tumor progression.

RESULTS

High expression of MAPT correlates inversely

with glioma aggressiveness

To validate our previous results (13), we performed a thorough
analysis of the expression of MAPT in gliomas. The in silico study of
the glioma dataset from The Cancer Genome Atlas (TCGA) showed
that, as expected, the transcription of MAPT decreased as the tumor
grade increased, at least in astrocytomas (Fig. 1A and fig. S1A and
B). Moreover, a higher transcription of this gene was associated with
an increased overall survival of patients with glioma (Fig. 1, B and C,
and fig. S1, C to F). These results prompted us to perform an immuno-
histochemical (IHC) staining on glioma samples, which showed that
TAU protein was clearly expressed in the cytoplasm of tumor cells,
with a very different pattern to the one observed in normal tissue
(NT) (Fig. 1D and fig. S1G). Besides, we found a high amount of
TAU in a subset of the gliomas analyzed by Western blot (WB)
(Fig. 1E). The quantification of the IHC staining (Fig. 1F) and the
WB (Fig. 1G) confirmed that TAU was enriched in LGGs compared
with GBMs. Although this accumulation could explain by itself the
survival data, we found that the transcription of MAPT correlated
with an increased overall survival in independent GBM (Fig. 2A)
and LGG (Fig. 2B) cohorts. Similar results were obtained when we
measured MAPT by quantitative reverse transcription polymerase
chain reaction (QRT-PCR) analysis in our own GBM cohort (Fig. 2C).
Collectively, these results support the idea that this gene is associated
with a less aggressive behavior of gliomas, independently of the tumor
grade. Furthermore, we found a marked decrease in the expression
of MAPT in disease-free versus progressed tumors (Fig. 2D). To con-
firm these observations, we performed a longitudinal IHC quantifi-
cation of TAU in primary LGGs and their recurrent paired samples.
We found a consistent reduction in TAU in those tumors that had
progress into a more aggressive phenotype (Fig. 2E), which was
not observed when there was no change in the histological classi-
fication of the recidives (Fig. 2F). These results suggest that TAU
down-regulation might be important for the tumors to relapse after
surgical resection, which is a critical step in the mortality related to
this pathology.

Gargini et al., Sci. Transl. Med. 12, eaax1501 (2020) 22 January 2020

To further asses the presence of TAU in glioma cells and its par-
ticipation in tumor aggressiveness, we analyzed its expression in a panel
of patient-derived xenografts (PDXs), grown subcutaneously and devoided
of any trapped neurons. As we had previously observed in tumor samples
(Fig. 1E), the quantity of the TAU protein in the PDXs was highly
variable (Fig. 2G and fig. S2A). It is important to remark that in the
TAU-high tumors, a substantial percentage of glial fibrillary acidic
protein (GFAP) cells were positive for TAU staining (fig. S2, A and B),
further supporting the specific presence of this protein in glioma cells.

To investigate whether the amount of TAU could affect tumor
behavior, we injected some of the patient-derived tumor cells into
the brains of immunodeficient mice, and we observed that the TAU-
high cells grew much slower than the TAU-low cells (Fig. 2H). The
differences in MAPT expression in the tumors were validated by
qRT-PCR, using human-specific primers (Fig. 2I). Moreover, the
overexpression of this gene in a TAU-deficient glioma cell line
(12015) delayed tumor formation (Fig. 2] and fig. S2C), whereas its
down-regulation in TAU-enriched cells (12002) increased their
aggressive behavior (Fig. 2K and fig. S2D). Together, our results con-
firmed the presence of TAU in the tumor cells of several gliomas,
especially in the less aggressive ones. In addition, they suggest that
this protein could be playing an active role in tumor progression.

The expression of MAPT in gliomas is regulated

by IDH function

To investigate the regulation of MAPT expression in gliomas, we
analyzed the genetic background of these tumors in relation to the
quantity of its mRNA, and we found that IDHI mutations accumulate
in MAPT-high gliomas (Fig. 3A). This correlation was validated using
a volcano plot analysis (Fig. 3B). Furthermore, TAU protein was
detected in most of the tumor cells that express the most common
IDH1 mutation (R132H) (fig. S3, A and B), further confirming that
the protein is expressed in tumor cells. We then measured TAU THC
staining in wt and mut IDH gliomas, and we found a clear enrichment
of high- and medium-stained sections in the second group (Fig. 3C).
These results highlight the correlation between the presence of IDH
mutations and the expression of TAU, which seems to be indepen-
dent of the tumor grade as we found a higher amount of MAPT
transcription in IDH mut compared with IDH wt tumors in the
GBM (fig. S3C) and in the LGG (fig. S3D) TCGA cohorts. To confirm
this relationship, we analyzed a recently published glioma model, in
which IDH1 wt or IDH R132H has been expressed in an ATRX mut
background (14). As expected, there was a delay in the tumor growth
in the presence of mut IDH1 (Fig. 3D). Moreover, we measured an
increase in the quantity of TAU in the mut compared with the wt
dissected allografts (Fig. 3E), suggesting that the expression of TAU
in gliomas might be induced by mut IDH proteins.

The G-CIMP phenotype, which is associated with the presence
of IDH mutations, is supposed to block the transcription of many
genes (3). However, it also activates certain others, especially those
involved in the tumorigenesis of LGG [like the platelet-derived
growth factor receptor alpha (PDGFRA) oncogene] through the
disruption of the repressive structure of the CCCTC-binding factor
(CTCEF) insulator protein (15). We observed an increased expression
of MAPT in the G-CIMP GBM subtype (fig. S4A), as well as a strong
correlation between the transcription of MAPT and PDGFRA in the
TCGA samples (fig. S4B). To test whether MAPT expression could
be epigenetically controlled by IDH mutations, we first analyzed the
presence of CpG islands in its promoter region by using the Xena
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Fig. 1. TAU is expressed in gliomas and is enriched in LGG. (A) Analysis of MAPT expression by RNA sequencing (RNA-seq) in gliomas (TCGA cohort), grouped according
to the WHO classification (n = 692). (B and C) Kaplan-Meier overall survival curves of patients from the TCGA (LGG + GBM) (n = 664) and the Rembrandt (LGG + GBM) (n = 396)
cohorts. Patients in each cohort were stratified into two groups based on high and low MAPT expression values; log-rank (Mantel-Cox) test. (D) Representative pictures of
the TAU IHC staining in gliomas and normal tissue (NT). The TAU IHC score is represented in parentheses, and an amplified section of the last three images is shown on
the bottom. (E) WB analysis of TAU in tumor tissue extracts from patients diagnosed with LGG (red) and GBM (blue). NT was used as a control of TAU expression and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a loading control. (F) Percentage of tumors [GBM (n = 55) and LGG (n = 22)] with different TAU IHC score.
(G) Quantification of the relative amount of TAU in the WB in (E). Data are shown as means + SD; Student’s t test; ****P < 0.0001. n.s., not significant. Scale bars, 50 um.

genome browser. We identified three of them in the 5’ region of the
transcription initiation site (fig. S4C), which correlate with the sites
previously described (16). Using epigenetic data from the TCGA data-
set (LGG cohort), we compared the methylation of the whole promoter
region in mut versus wt IDH tumors. We observed an increased

Gargini et al., Sci. Transl. Med. 12, eaax1501 (2020) 22 January 2020

methylation in CpG:26 (Fig. 3F and fig. S4, D and E) and in some
parts of CpG:302 (fig. S4, D and E) in the mut tumors. However,
when we analyzed the chromatin immunoprecipitation-sequencing
(ChIP-seq) data of the CTCF binding to the different clusters, we
observed that only the binding to the CpG:26 site was lost in the IDH mut
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Fig. 2. TAU expression negatively correlates with glioma aggressiveness. (A to C) Kaplan-Meier overall survival curves of patients from the TCGA GBM cohort
(n = 264) (A), the TCGA LGG cohort (n = 155), and our own GBM cohort (n = 30) (C). Patients in each cohort were stratified into two groups based on high and low MAPT
expression values [RNA-seq in (A) and (B), and qRT-PCR in (C) (HPRT was used for normalization)]; log-rank (Mantel-Cox) test. (D) Analysis of MAPT expression by RNA-seq
in gliomas (TCGA cohort) grouped according to the clinical evolution of the tumors (n = 386). (E and F) Representative pictures of the TAU IHC staining of paired glioma
samples (primary and recurrent tumor). Average TAU IHC score of the paired samples is shown on the right. (G) WB analysis of TAU expression in tumor tissue extracts
from subcutaneous PDXs. The same extract from 12053F cells was loaded in both gels for comparison. GAPDH was used as a loading control. (H) Kaplan-Meier overall
survival curves of mice that were orthotopically injected with different primary GBM cell lines; log-rank (Mantel-Cox) test. (I) qRT-PCR analysis of MAPT expression in tumor
tissue extracts from (H). HPRT was used for normalization. (J) Kaplan-Meier overall survival curves of mice that were orthotopically injected with 12015 cells overexpressing
GFP or TAU (n = 6). (K) Kaplan-Meier overall survival curves of mice that were orthotopically injected with 12002 control or 12002-shTAU cells (n = 6); log-rank (Mantel-Cox)
test. Data are shown as means + SD; Student’s t test; **P < 0.01; ****P < 0.0001. Scale bars, 50 um.

tumors (Fig. 3G). Moreover, when we treated primary GBM cells
with 2-HG, the oncometabolite induced in the presence of IDH
mutations, we observed a dose-dependent accumulation of MAPT
mRNA (Fig. 3H), an effect that was reversed in the presence of
azacytidine (AZA) (Fig. 3I). These results suggest that the increase
in the methylation of the CpG:26 region, induced by IDH mut pro-
teins, might change the chromosomal insulator topology and the
binding of CTCF to the MAPT promoter, activating its transcription.

Gargini et al., Sci. Transl. Med. 12, eaax1501 (2020) 22 January 2020

It is well known that IDH1/2 mutations define a distinct subset
of gliomas with a better outcome, whereas the presence of IDH wt
in LGGs and GBMs defines a subgroup with poor prognosis (fig. S4F).
The expression of wt IDH causes hypomethylation at specific loci,
so it has been proposed that the production of both 2-HG and a-KG
shapes the methylome (3). Regarding MAPT regulation, we found a
negative correlation between its transcription and the expression
of wt IDHI on the TCGA (Fig. 3]) and the Rembrandt (Fig. 3K)
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Fig. 3. IDH1/2 function regulates MAPT expression. (A) Analysis of nonsilent somatic mutations in genes commonly modified in diffuse glioma grouped on the basis
of high or low expression of MAPT. (B) Volcano plots showing mutated genes with differential distribution in glioma comparing tumors with high and low MAPT. The
arrow points to IDHT mutations. (C) Percentage of tumors with different TAU IHC score in wt (n = 35) and mut (n = 36) IDH1 gliomas. (D) Kaplan-Meier overall survival
curves of mice that were orthotopically injected with NPA IDH1 wt or NPA IDH1 R132H cells (n = 6); log-rank (Mantel-Cox) test. (E) WB analysis and quantification of TAU
expression in intracranial tumors from (D). Actin was used as loading control. (F) Quantification of the methylation of CpG26 using five different probes and comparing
IDH wt versus IDH mut gliomas. (G) CTCF-binding profiles for the MAPT CpG26 locus in IDH mut and IDH wt tumors, normalized by average signal. (H) Analysis of the
expression of MAPT transcription by qPCR in the presence of increasing amounts of 2-hydroxyglutarate (2-HG) in RG1, 12015, GB4, and GB18 cells. (I) Analysis of the
expression of MAPT transcription by qRT-PCR in RG1 cells cultured in the presence of T mM 2-HG, with or without azacytidine (AZA) (1 uM) (n = 3). (J and K) Correlation
between the expression of MAPT and wt IDH1 using the TCGA-merge (LGG + GBM) (n = 669) (J) and the Rembrandt (LGG + GBM) (n = 580) (K) cohorts, Pearson’s correlation

test. Data are shown as means + SD; Student’s t test; *P < 0.05; **P < 0.01.
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cohorts, suggesting that IDH wt function might inhibit the expres-
sion of the MAPT promoter.

TAU opposes EGFR signaling in gliomas

To gain insight into the reduction in tumor aggressiveness by
MAPT, we performed a DAVID gene ontology analysis (a functional
annotation clustering tool) to search for the pathways co-up-regulated
with this gene in gliomas. As expected, we found a positive association
between MAPT expression and microtubule- and neurogenic-related
processes. Other TAU-linked pathways were related to receptor
tyrosine kinase signaling (fig. S5A). In addition, our in silico analysis
indicated that IDH mutations, which accumulate in the MAPT-high
gliomas, are mutually exclusive with EGFR and PTEN (phosphatase
and tensin homolog) mutations (Figs. 3A and 4A and fig. S5B), which
was confirmed in a volcano plot analysis (Fig. 4B). To interrogate
whether TAU could be modulating this signaling pathway, we
expressed green fluorescent protein (GFP) (control), IDH wt, or IDH
R132H in an EGFR-amplified cell line (RG1). As we have previously
observed in the mouse glioma model (Fig. 3D), cells overexpressing
IDH mut were less aggressive than cells overexpressing IDH wt
when they were injected in the brains of immunodeficient mice
(Fig. 4C). This effect was paralleled by changes in the quantity of
TAU, which augmented in IDH mut and decreased in IDH wt
tumors, compared with gliomas generated by GFP-expressing cells
(Fig. 4, D and E). These results are in agreement with the in silico
data (Fig. 3, ] and K) and suggest that the induction of MAPT tran-
scription might depend on the balance between wt and mut IDH
functions. The phosphorylation of EGFR showed a negative correla-
tion with the quantity of TAU in mouse tumors (Fig. 4, D and F)
and in human samples (fig. S5, C and D). The expression of MAPT
correlated with overall survival in the group of EGFRamp/wt gliomas
(Fig. 4G), but it had no clinical relevance in the presence of additional
mutations in EGFR (Fig. 4H). Together, these results highlight that
there might be a negative effect of IDH/TAU on the pathway activated
by this receptor, but only in the group of EGFRamp/wt gliomas.

To evaluate the effect of TAU on EGFR signaling, we overexpressed
this protein in two mouse glioma models: SVZ-EGFRamp/wt and
SVZ-EGFRVII], and we analyzed their capacity to grow as intracranial
allografts. These models were generated by transforming subventricular
zone (SVZ) progenitors from p16/p19 knockout (ko) mice with retro-
virus expressing either the wt or the variant III (vIII) isoform of the
receptor. Both types of cells depend on EGFR signaling in vitro and
in vivo, and they generate gliomas with a high penetrance. Overexpres-
sion of TAU inhibited the growth of SVZ-EGFRamp/wt mouse gliomas
(Fig. 41), but it had no effect on SVZ-EGFRVIII tumors (Fig. 4]).
Similar results were obtained when we overexpressed this protein in
two human primary cell lines, RG1 (EGFRamp) and 120150 (EGFR
amplified and mutated, EGFRmut). TAU impaired the growth of the
first (Fig. 4K), but it had no effect on the second (Fig. 4L). However,
TAU did not inhibit the survival or the self-renewal capacity of the
mouse (fig. S5, E and F) or the human (fig. S5, G and H) glioma cells
in vitro, suggesting that the consequence of the overexpression of
this protein on the EGFR signaling pathway might be relevant only
in the context of the tumor microenvironment (TME).

Microtubule stabilizers, like TAU and epothilone D, favor

the degradation of wt EGFR

To study how TAU could modulate EGFR signaling, we first per-
formed a WB analysis of the dissected tumors. We observed that the
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amount of phospho-EGFR was attenuated in SVZ-EGFRamp/wt
tumors (Fig. 5A) as well as in EGFRamp xenografts (Fig. 5B), whereas
there was no change in SVZ-EGFRVIII gliomas (Fig. 5C) or in EGFRmut
xenografts (Fig. 5D) after TAU overexpression. These data reinforce
the notion that TAU opposes wt but not mut EGFR signaling.

Previous results from our group have demonstrated that, as a result
of TAU function, stabilized microtubules become heavily acetylated
through the inhibition of histone deacetylase 6 (HDACS6). The increase
in tubulin acetylation can serve as a readout of TAU expression (17).
Moreover, it has been proposed that this acetylation promotes the
subsequent degradation of EGFR due to changes in the microtubule-
dependent endocytic machinery (18). In agreement with these pub-
lished data, we observed a higher quantity of acetylated tubulin in
TAU-overexpressing gliomas, which were paralleled by a strong
decrease in the amount of total EGFR protein (Fig. 5E). The down-
regulation of EGFR protein was also observed in vitro after TAU
lentiviral induction and was reverted in the presence of chloroquine
(lysosome inhibitor) (Fig. 5F). Therefore, the results suggest that
TAU might impair EGFR signaling through the stabilization of the
microtubules and the subsequent alteration of the receptor trafficking,
which would lead to its degradation. To validate this hypothesis, we
treated RG1 (EGFRamp)-injected mice with a taxol derivative,
epothilone D (EpoD). This molecule can also stabilize the micro-
tubules. EpoD has been proved to reach the brain and revert some
of the axonal defects of a TAU loss-of-function model (19). Systemic
treatment with EpoD substantially delayed RG1 tumor formation
(Fig. 5G) and reduced phospho-EGEFR in the tumors (Fig. 5, H and I)
without changing the quantity of TAU protein (Fig. 5, H and I).
This was accompanied by a strong down-regulation of EGFR and a
clear increase in the amount of acetylated tubulin (Fig. 5, H and I).
Together, our data support the notion that the microtubule-related
function of TAU is responsible for its effect on EGFR signaling
and tumor growth in gliomas. Moreover, they suggest that taxol
derivatives could reduce the aggressiveness of gliomas. We ob-
served that EpoD treatment not only increased the survival of
mice injected with SVZ-EGFRamp/wt cells but also made those
tumors more sensitive to chemotherapy (Fig. 5]), so there could be
a therapeutic opportunity for the use of these compounds in patients
with glioma.

TAU blocks the mesenchymalization of EGFRamp/wt

glioma cells

Bioinformatic analysis of LGGs and GBMs from the TCGA dataset
showed that the amount of MAPT mRNA correlated positively with
the PN signature, whereas it exhibited a strong negative correlation
with the MES profile of gliomas (Fig. 6A and fig. S6, A to F). In ad-
dition, we observed that MAPT transcription negatively correlated
with the expression of the NF-kB pathway and the inflammatory
signature, but not with other signatures, like those associated with
hypoxia or PDGFRa (Fig. 6, A and B). These in silico observations
were confirmed by the WB analysis of RG1 (EGFRamp) xenografts,
which showed that overexpression of TAU inhibited NF-kB sub-
unit phosphorylation and reduced the amount of TAZ protein, a
master regulator of the MES phenotype (Fig. 6, C and D) (20).
Similar results were obtained in the WB analysis of 12015 xenografts
(Fig. 6, E and F), a primary cell line that overexpresses the receptor
in the absence of gene amplification (21). TAU did not change the
transcription of other MES genes (Fig. 6G), and it had no effect on
TAZ or NF-xB activation in EGFRmut tumors (fig. S6G).
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Fig. 4. TAU opposes EGFR in gliomas. (A) Distribution of somatic nonsilent mutations in IDH1/2, EGFR, and PTEN in a glioma cohort (TCGA, n = 812). (B) Volcano plots
showing mutated genes with differential distribution in gliomas, comparing tumors with high and low MAPT. The arrows point to PTEN and EGFR mutations. (C) Kaplan-
Meier overall survival curves of mice that were orthotopically injected with RG1, RG1 IDH1 wt, or RG1 IDH1 R32H cells (n = 6); log-rank (Mantel-Cox) test. (D) WB analysis
of phosphorylated EGFR (pEGFR) and TAU in intracranial tumors from (C). Actin was used as a loading control. (E) Quantification of the amount of TAU in (D). (F) Correla-
tion between TAU and pEGFR in RG1 tumors, Pearson’s correlation test. (G and H) Kaplan-Meier overall survival curves of patients from the LGG + GBM TCGA cohort.
Patients were separated on the basis of the EGFR status: tumors without mutations (amplified or wt) (n = 114) (G) and amplified tumors with mutations (n = 54) (H). Then,
they were stratified into two groups based on MAPT expression values; log-rank (Mantel-Cox) test. (I to L) Kaplan-Meier overall survival curves of mice that were orthotopically
injected with SVZ-EGFRamp/wt (I), SVZ-EGFRuvIII (J), RG1 (EGFRamp) (K), or 120150 (EGFRmut) (L) cells, overexpressing either GFP or TAU (n = 6); log-rank (Mantel-Cox) test.
Data are shown as means + SD; Student’s t test; **P < 0.01.

TAU overexpression also induced the transcription of OLIG2  studies (fig. S6H), which showed that MAPT negatively correlated
(Fig. 6H), a gene that is frequently used as a bona fide PN marker  with TAZ and positively with OLIG2 expression. Together, our re-
(22). Moreover, the immunofluorescence (IF) analysis of RG1 gliomas  sults indicate that TAU induces a change in the glioma phenotype,
confirmed that TAU repressed nuclear TAZ while inducing nuclear  repressing MES regulators and inducing PN promoters in the tumor
OLIG2 in the tumor cells (Fig. 6I). These data were confirmed by  cells through the regulation of the EGFR/TAZ/NF-«B pathway. It is
RT-PCR analysis of human samples (Fig. 6, ] and K) and by in silico  important to remark that TAU did not change the tumor burden of
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Fig. 5. Microtubule-stabilizing molecules impair EGFRwt stability and signaling in gliomas. (A to D) WB analysis and quantification of pEGFR in SVZ-EGFRamp/wt
(A), RG1 (B), SVZ-EGFRUVIII (C), and 120150 (D) tumors after the overexpression of GFP or TAU. Actin was used as a loading control. (E) WB analysis and quantification of
total EGFR and acetylated tubulin (Acetyl-tub) in SVZ-EGFRamp/wt and RG1 tumors after the overexpression of GFP or TAU. Actin was used as a loading control. (F) WB
analysis of total EGFR in SVZ-EGFRamp/wt and SVZ-EGFRVIII cells after the overexpression of GFP or TAU, in the absence (Control, C) or in the presence of MG123 (MG, 10 uM)
and chloroquine (CLQ, 200 uM). Quantification of the WB of SVZ-EGFRamp/wt cells is shown on the right. (G) Kaplan-Meier overall survival curves of mice that were
orthotopically injected with RG1 cells and subsequently treated with intraperitoneal injections (twice per week) of EpoD (1 mg/kg) (n = 8); log-rank (Mantel-Cox) test. (Hand I) WB
analysis (H) and quantification (1) of pEGFR, total EGFR, Acetyl-tub, and TAU in the tumors (G). Actin was used as loading control. (J) Kaplan-Meier overall survival curves of mice that
were orthotopically injected with SVZ-EGFRamp/wt cells and subsequently treated with intraperitoneal injections (twice per week) of EpoD (1 mg/kg) and/or temozolomide

(TMZ) (5 mg/kg per day) (n = 6); log-rank (Mantel-Cox) test. Data are shown as means + SD; Student’s t test; *P < 0.05, **P < 0.01, ***P < 0.001. A.U., arbitrary units.

RG1 cells in the presence of TAZ overexpression (Fig. 6, L and M),
which highlights that TAU likely inhibits the growth of EGFRamp/wt
glioma growth by blocking the transdifferentiation capacity of tumor
cells and the appearance of MES features.

Previous results from our group and others have shown that, in
comparison with PN cancer stem cells (CSCs), MES CSCs are more
capable of glioma initiation, probably due to their increased angiogenic
capacity (23, 24). In agreement with this observation, the over-
expression of TAU in RGI cells impaired their capacity to form
subcutaneous xenografts (fig. S7, A and B). Furthermore, we found
that most of the genes up-regulated with TAZ in gliomas were asso-
ciated with angiogenesis and tumor vasculature (fig. S7, C to F).
Particularly, we noticed that markers of pericytes, which are consid-
ered as perivascular MES stem cells (25), were among the genes,
which correlated better with TAZ in gliomas (fig. S7, G and H). To
examine whether this transcription factor could modulate the function
and/or the number of mural cells, we expressed shTAZ in RG1 cells
and we performed an orthotopic in vivo experiment. The knockdown
of this gene clearly reduced the aggressiveness of the tumors (Fig. 6N)
and inhibited the expression of several pericyte markers (Fig. 60).
It is worth mentioning that TAZ seems to regulate pericytic differ-
entiation in a cell-autonomous way as we also observed a reduction
in these markers after the in vitro lentiviral induction of shTAZ in
RGI and 12015 cells (Fig. 6, P to R). These results are in agreement
with recent publications showing that most of the pericytic functions
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in GBM are performed by the highly plastic CSCs, which undergo a
transdifferentiation process, acquiring MES and mural cell features
(26-28).

TAU reduces the amount of tumor-derived pericytes
and normalizes the vasculature of EGFRamp gliomas
Our results indicate that TAU impairs the switch to MES phenotype
of glioma cells by blocking the expression of TAZ, which is induced
in response to EGFR activation. Moreover, we could hypothesize
that, as a result of this inhibition, the capacity of the tumor cells to
transdifferentiate into pericytes might be reduced. Therefore, we
analyzed the vascular component of RG1 (EGFRamp) tumors after
the overexpression of TAU. We observed a marked decrease in the
number of aSMA (0-smooth muscle actin)- and CD248-positive
cells (Fig. 7A), together with the blockade of the transcription of
human pericytic markers in TAU-expressing tumors (Fig. 7B). A
similar result was observed in 12015 (EGFRwt) (fig. S8A), but not in
120150 (EGFRmut) xenografts (fig. S8B). TAU did not impair the
transcription of mouse pericytic genes (Fig. 7C), reinforcing the
idea that this protein might inhibit the glioma-to-pericyte trans-
differentiation without altering the quantity and/or the differentia-
tion capacity of host pericytes.

The IF analysis of the tissues also revealed that there was a sub-
stantial inhibition of cellular proliferation (fig. S8, C and D) after
TAU overexpression, accompanied by a decrease in the number of

8of 15

020z ‘ez Arenuer uo AsupAs ABojouyoda] jo Ausianiun e /Bio Bewasuslos wis//:dny woly papeojumoq


http://stm.sciencemag.org/
ch1986999
高亮


SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

Fig. 6. TAU blocks the MES features

Ervimmno pii: BOEAATA KV BATLINAY

A TCGA LGGE + GEM {gens sxpression RNA sublype prafile) B e
of EGFRamp/wt cells through the in- N =T - FOR = 0005
l«lﬂ'ﬂll' PRGIRG e i
hibition of the EGFR/NF-kB/TAZ axis. | o v ati B - vescn o s . NES=-1.861 |

(A) Heatmap of PN, MES, neuronal dif-
ferentiation, PDGFRa pathway, NF-kB/
inflammation, and hypoxia-related can-
cer expression genes depending on MAPT
expression. (B) GSEA (gene set enrich-
ment analysis) enrichment plot analysis
using MAPT gene expression values as cC RGA
template and the NF-kB pathway gene _GFP__TAU
set from the Biocarta pathways data- w
base. (C to F) WB analysis (C and E) and PEGFR P .. e
quantification (D and F) of pEGFR, phos- pNF-kB -
phorylated pNF-xB (p65) and TAZ in RG1 TAZ
(C and D) and 12015 (E and F) xeno-
grafts expressing either GFP or TAU.
GADPH was used as a loading control
(n = 3). (G and H) qRT-PCR analysis of
MES (G)- and PN subtype (H)-related
genes in RG1 xenografts expressing
GFP or TAU. HPRT was used for normal-
ization. (I) Representative images of TAZ
(top) or OLIG2 (bottom) IF staining of
sections from GFP- or TAU-overexpressing
RG1 gliomas. Quantification is shown on 15
the right. (J and K) gRT-PCR analysis of
TAZ (J) and OLIG2 (K) in gliomas (n = 6).
Tumors were classified in two groups
based on the expression of MAPT (n=72).
HPRT expression was used for normal-
ization. (L) Kaplan-Meier overall survival
curves of mice that were orthotopically
injected with RG1 cells overexpressing Tau Tau
GFP,TAUOrGFP,and TAUplusTAZ (n=6); K low  high
log-rank (Mantel-Cox) test. (M) WB
analysis of TAZ in the tumors (L). Actin
was used as loading control. (N) Kaplan-
Meier overall survival curves of mice that
were orthotopically injected with RG1
shcontrol or RG1 shTAZ cells (n = 6);
log-rank (Mantel-Cox) test. (O) qRT-PCR
analysis of pericytic-related genes in
the tumors (N). (P to R) WB analysis (P)
and quantification (Q and R) of TAZ,
aSMA, NG2, and CD248 in RG1 (P and Q) o E
or 12015 (P and R) cells after TAZ down- P g % E
regulation. GADPH was used for normal- g % &
ization. Data are shown as means + SD;
Student’s t test; *P < 0.05; **P < 0.01;
***P < 0.001. Scale bars, 25 um.

Samgins (N = ¥03)

.;1
GAPDH | e o o e o

&

Paoiain up«mﬁan-lhl.l.l

= RG1GFP H
aye RG1TAU

Geno exprassion @
{fold change)
)
»
Geng expression

-

-
-

5 | .
i, -

1
L

Owvearall survival

-]
%
:

OLIG2 expression

shTAZ

dilated blood vessels (Fig. 7, D and E), typical of malignant gliomas
(29). The angiogenic signals that are reduced upon TAU induction
are likely to derive, at least in part, from the tumor cells, as the super-
natant of RGI cells overexpressing TAU showed a reduced capacity
to induce HMBEC (human brain microvascular endothelial cells)
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sprouting (Fig. 7F) and contained less VEGF (vascular endothelial
growth factor) (Fig. 7G).

To further characterize the phenotype induced by TAU, we ana-
lyzed several vascular-related parameters in the tumor tissues. We
observed a reduction in the extravasation of immunoglobulin G (IgG)
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after TAU overexpression (Fig. 7H), which indicates that these
tumors present a less aberrant tumor vasculature, with an increase
in the integrity of the blood-brain barrier (BBB), compared with the
controls. In agreement with this hypothesis, TAU induced a clear
reduction in the quantity of Ang2 (angiopoietin 2) (Fig. 71), a key
regulator of angiogenesis that has been associated with vascular ab-

normalities in glioma, acting as an antagonist of Angl (30). We ob-
served a strong decrease in the Ang2/Angl ratio after TAU over-
expression in the EGFRamp model (Fig. 7]), but not in the EGFRmut
xenografts (fig. S8E). These results suggest that the transdifferentia-
tion of glioma cells into MES/pericyte-like cells, induced by EGFR
signaling, favors the secretion of angiogenic signals and the formation
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Fig. 7. TAU overexpression blocks the appearance of tumor-derived pericytes in EGFRwt/amp gliomas, inhibit-
ing angiogenesis and normalizing the tumor vasculature. (A) Representative images of IF costaining of endomucin
and aSMA (top) or endomucin and CD248 (bottom), on sections from RG1 xenografts expressing GFP or TAU. (B) qRT-
PCR analysis of pericytic-related genes (using human-specific primers) in RG1 GFP and TAU xenografts. HPRT was
used for normalization. (C) gRT-PCR analysis of pericytic-related genes (using mouse-specific primers) in RG1 GFP and
TAU xenografts. Actin was used for normalization (n = 3 to 5). (D) Representative images of endomucin IF staining of
sections from RG1 xenografts expressing GFP or TAU. (E) Quantification of dilated blood vessels (BV) (indicated by
arrows) in (D) (n = 10). (F) Representative phase-contrast images of HVMIBEC cells cultured in the presence of condi-
tioned media from RG1 GFP or RG1 TAU cells. The number of sprouts is shown on the right. (G) WB and quantification
of VEGF in the supernatant of RG1 cells after overexpression of GFP or TAU. LAMP2 and tubulin were used as loading
controls. (H) Representative images of IF costaining of endomucin and IgG on sections from RG1 xenografts express-
ing GFP or TAU. Quantification is shown on the right. (I) Representative images of IF costaining of endomucin and
Ang2 sections from RG1 xenografts expressing GFP or TAU. Quantification is shown on the right. (J) Ratio of Ang2/
Ang1 expression measured by qRT-PCR in RG1 gliomas after TAU overexpression (n = 3). Actin was used for normal-
ization. (K) Kaplan-Meier overall survival curves of mice that were orthotopically injected with RG1 cells expressing
shcontrol, shCD248 55, or shCD248 21 (n = 6); log-rank (Mantel-Cox) test. (L) gRT-PCR analysis of pericytic-related
genes in RG1 tumors expressing shcontrol or shCD248 21 (n = 3 to 4). (M) Representative images of IF costaining of
endomucin and IgG from tumors in (K). Quantification is shown on the right. (N) Ratio of Ang2/Ang1 expression mea-
sured by qRT-PCR in RG1 gliomas after CD248 down-regulation (n = 3). Actin was used for normalization. Data are
shown as means + SD; Student’s t test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bars, 25 um.
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of an aberrant vasculature. This process
can be impaired by TAU in EGFRwt/amp,
but not in EGFRmut gliomas.

To confirm the relevance of the tumor-
derived pericytes in the growth of EGFRamp
gliomas, we down-regulated CD248 ex-
pression in RGI cells. CD248 (endosialin)
aids in supporting tumor microvascula-
ture, and it is expressed in pericytes,
especially in malignant solid tumors, in-
cluding high-grade gliomas (27, 31). We
confirmed the down-regulation of CD248
mRNAs with two of these short hairpin
RNA (shRNA) sequences (fig. S8F), and
we injected those interfered cells into the
brains of immunodeficient mice in the
presence of normal host pericytes. We
observed a substantial delay in tumor
growth after CD248 down-regulation
(Fig. 7K). Moreover, the inhibition of
CD248 in the tumor cells reduced the
expression of other pericytic markers
in vitro (fig. S8G) and in vivo (Fig. 7L),
reinforcing the role of this molecule in
the transdifferentiation of tumor cells
into pericytes. Furthermore, tumors formed
after CD248 down-regulation showed a
reduction in the extravasation of IgG
(Fig. 7M), as well as a decreased Ang2/
Angl ratio (Fig. 7N), which further support
the hypothesis that the depletion of tumor-
derived pericytes (at least in EGFRwt/
amp tumors) normalizes the glioma vas-
culature and reduces the aggressiveness
of these gliomas.

TAU expression is a surrogate
marker of the less aggressive
vascular behavior of gliomas

The data presented so far place TAU at
the boundary between the most common
genetic alterations of gliomas (those that
affect IDH1/2 and EGFR) and the regu-
lation of the TME, in particular the vas-
cular phenotype. To translate the results
into the clinical settings, we used our own
cohort of patient samples (QRT-PCR anal-
ysis) and the data from the TCGA (in
silico analysis). We divided the tumors
into an IDH1 mut (those with higher
transcription of MAPT) and an IDH1
wt group, and we subclassified the sec-
ond one into high- or low-TAU gliomas
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(Fig. 8, A and B). We confirmed the negative correlation between mors. The representative images in Fig. 8F evidence the gradual
MAPT expression and phospho-EGFR (Fig. 8C and fig. S9A) and  normalization of the vasculature in parallel with the increase in TAU
between the transcription of CD248 and MAPT (Fig. 8, D and E, staining (Fig. 8F). Furthermore, the quantification of the CD248
and fig. S9B), which was confirmed by the IHC analysis of the tu-  score (Fig. 8G), the transcription of CD34 (Fig. 8H), and the amount
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Fig. 8. Analysis of TAU and vascular molecules in human samples. (A to E) MAPT (A and B), pEGFR (C), and CD248
(D and E) expression was determined by qRT-PCR analysis (glioma cohort) (n =87) (A and D), RNA-seq analysis (TCGA-
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pictures of the IHC staining of TAU, CD34, and CD48 in three tumors, one for each of the groups. (G) Percentage of
tumors with different CD248 IHC score in (F) (n = 68). (H) CD34 transcription was determined by qRT-PCR analysis
(GBM cohort) (n = 87). (I) Quantification of the dilated blood vessels in (F) (n = 68). Data are shown as means + SD;
Student’s t test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bars, 100 pm.
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of dilated vessels (Fig. 8I) confirmed the
visual differences and reinforced our
model, in which TAU expression might
be used as a surrogate marker of the less
aggressive vascular behavior in gliomas.

DISCUSSION

IDH1/2 mutations identify a genetically
and clinically distinct glioma entity. Patients
with such tumors have a much better prog-
nosis (independently of histology), and
they show improved responses to chemo-
therapy and/or irradiation (32, 33). The
reexpression of IDH1 R132H in GBM
cells can reduce tumor growth (14, 34).
However, the molecular basis for the tu-
mor suppressor functions of IDH muta-
tions is unclear. Here, we have identified
TAU, a known microtubule stabilizer, as
a new epigenetic target of IDH mut in
gliomas. On the basis of our findings,
we suggest that these mut enzymes, act-
ing through the increase in MAPT tran-
scription, favor the normalization of the
vasculature and impede the progression of
the disease (fig. S10). TAU down-regulation
induced a marked increase in tumor bur-
den in the orthotopic xenograft mouse
models. Moreover, the longitudinal anal-
ysis of a set of paired samples showed that
the quantity of TAU decreases as LGGs
evolve into higher-grade lesions. IDH1/2
status seems to be consistent during gli-
oma progression (35, 36), suggesting the
existence of specific mechanisms that
might be inhibiting MAPT transcription
in the recurrent tumors. One possible
explanation would be that an increase in
wt IDH protein in the recidives could
impair TAU expression, as it happens in
the mouse xenografts. It has been recent-
ly shown that the nonmutated IDH1 is
up-regulated in primary GBM in com-
parison with secondary GBM or LGG,
where it promotes aggressive growth and
therapy resistance (5).

IDH1/2 mutations represent early
events in the process of tumorigenesis
(37). Many studies have shown that the
presence of these mutated proteins induce
important metabolic and epigenomic
changes, which could explain their on-
cogenic properties (4, 14, 15, 38, 39).
Several inhibitors have been developed
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to block IDH mut function in different cancers. Some of them have
shown antitumor activity in mouse glioma models (40), and they
have been approved to be tested in IDH mut patients (41). However,
the tumor suppressor functions of these proteins in gliomas, includ-
ing the vascular normalization that we have described here, could
represent a severe pitfall for these approaches. The treatment with
IDH mut inhibitors has been associated with a radioprotective ef-
fect (42) and a decreased sensitivity to cisplatin (43). Regarding IDH
wt gliomas, our results suggest that microtubule stabilizers could
imitate TAU function and reduce the aggressiveness of the tumors,
which could render them sensitive to conventional chemotherapy
(Fig. 5I). The same compounds could be tested in combination with
IDH mut inhibitors in LGG in an attempt to impair tumor growth
and, at the same time, block the transformation into more aggres-
sive tumors.

Our results indicate that TAU is a key inhibitor of wt EGFR signal-
ing in gliomas. Accordingly, drugs that interfere with microtubule
function have been associated with EGFR inactivation in other can-
cers (44), as they seem to alter endocytic trafficking (11). Moreover,
it has been shown that microtubule acetylation, which is promoted
by TAU function (17), promotes the degradation of EGFR through
changes in the microtubule-dependent endocytic trafficking (18).
We propose that a similar mechanism could be operating in gliomas,
but only in the absence of EGFR mutations. In that sense, EGFR
mut proteins, especially the vIII isoform, have been associated with
the maintenance of the signal in the absence of ligands (45), possibly
due to changes in the turnover of the mut receptor (46). Moreover,
it has been proposed that some of the EGFR downstream targets,
like NF-kB, become constitutively activated in GBM after vIII ex-
pression (47). The data presented here further support that EGFR
mutations induce a constitutive activation of NF-«B, which would
be insensitive to microtubule modulators.

Downstream of EGFR/NF-xB signaling, we have found that TAU
overexpression severely reduced the amount of TAZ in GBM. TAZ
is a transcriptional coactivator that plays a prominent role in gliomas
(48), controlling the MES signature (20). Moreover, TAZ is induced
by NF-«B activation in gliomas and promotes radioresistance (20).
It has been recently proposed that TAZ promoter is a direct target
of NF-kB (49), so TAU could be inhibiting indirectly the transcrip-
tion of the TAZ gene. However, we cannot discard a possible regu-
lation of the protein stability downstream of EGFR/NF-kB signaling.

Extravasation of the contrast agent gadolinium, measured with
T1-weighted magnetic resonance imaging sequences, is used to diag-
nose high-grade gliomas because it identifies tumors with a compro-
mised BBB. It is well known that IDH mut gliomas are characterized
by a lesser extent of contrast enhancement than wt tumors, even if
we only consider the group of GBM (50). However, the molecular
explanation for this behavior was still missing. Our results show that
TAU, acting downstream of IDH mut, could normalize the blood
vessels and reduce the BBB leakage. These changes could cooperate
or even precede other alterations observed in the TME of IDH mut
gliomas, like the absence of microthrombi (51), as well as the decrease
in necrosis areas (50) and hypoxia-induced angiogenesis (52). More-
over, the immune component and its pro- or antitumoral proper-
ties could also be affected by the vascular phenotype of IDH mut
gliomas (53), explaining the decrease in the immune infiltrate ob-
served in mouse models and human samples (34). Future experi-
ments are warranted to decipher the participation of TAU in these
other phenotypes.

Gargini et al., Sci. Transl. Med. 12, eaax1501 (2020) 22 January 2020

Although cancer and neurodegenerative diseases are considered as
opposite phenomena, there could be a positive association between AD
prevalence and GBM incidence (12). In AD and other TAUopathies,
there is an accumulation of TAU aggregates (gain of toxic function).
However, this aggregation of TAU compromises its microtubule-
stabilizing functions (loss of physiological function), favoring the
evolution of the pathology. In agreement with the loss-of-function
model, we have reported behavioral changes and neurogenesis in
aged TAU ko mice (54). EMT genes are enriched in the affected
areas of AD brains (55). Moreover, there is an important neuro-
vascular dysfunction at early stages of AD, associated with BBB
breakdown and inflammation (56), which could be linked to peri-
cyte loss (57). Although there is still missing evidence of the rele-
vance of TAU (especially the astrocytic TAU) in these phenotypes,
it is tempting to speculate that the loss of function of this protein
could represent a link between the progression of the two types of
brain diseases. If this hypothesis is correct, targeting pericytes or the
MES transdifferentiation of the astrocytes could be an interesting
therapeutic approach to be tested in several neurological disorders.
Moreover, it would be worth studying whether AD-related drugs
could be repurposed to treat brain tumors. In that sense, we have
demonstrated that EpoD, a microtubule-stabilizing agent that re-
duces AD pathology in mouse models (19), slows down in vivo glioma
growth without any apparent secondary effect. Another second-
generation taxane, cabazitaxel, has demonstrated a good antiglioma
activity in preclinical tests (58) and is being evaluated as a cytotoxic
therapy (NCT01740570 and NCT01866449). However, we propose
that lower doses of these compounds could imitate the effect of
TAU overexpression, reducing the aggressiveness of gliomas with
less secondary effects for the patients. By contrast, as they compete
for the same microtubule binding site of TAU, the presence of this
protein could identify gliomas that would be resistant to taxol de-
rivatives, as it has been shown for other cancers (59).

There are several limitations related to our study. The high intra-
tumoral heterogeneity, with different tumor subtypes coexisting in
different glioma regions (60), might complicate the outcome of a
potential microtubule-stabilizer approach. Regarding the mechanism,
we have shown that the increase in the methylation of the MAPT
promoter is responsible for the induction of its expression. However,
we cannot discard that hypermethylation of histones, which are re-
sponsible for some of the IDH mut phenotypes (14), could be mod-
ulating MAPT transcription as well. Moreover, we have described
in detail the tumor suppressor functions of TAU in gliomas. None-
theless, we could speculate that this protein might be participating
in early steps of gliomagenesis or regulating other pro-oncogenic
functions like cellular invasion or vascular co-option. Both of them
have been associated with the expression of OLIG2 in gliomas
(61, 62). In any case, our results provide a possible explanation for
the better outcome of IDH mut gliomas, which could have impor-
tant implications for several aspects of glioma research and clinical
practice. Moreover, understanding how TAU governs the vascular
component of the TME in gliomas could provide insight for the
neurovascular dysfunction observed in AD and other dementias.

MATERIALS AND METHODS

Study design

Our overall objective was to characterize the expression and function
of TAU in gliomas. For that, we used publically available cohorts of
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human gliomas and samples obtained in the participating hospitals.
We performed most of the analysis of TAU overexpression or down-
regulation in different orthotopic mouse models, including xeno-
grafts of human primary cells and mouse glioma allografts. We also
used subcutaneous xenografts to analyze the function of TAU in a
limited dilution assay. Sample size for those animal experiments
was determined before the study as per Institutional Research Ethics
and Animal Welfare Committee (CEIyBA) guidelines. Experiments
were designed to detect 20% differences between treatment groups
or genotype-dependent effects at 80% power (a = 0.05). The sub-
jects were not randomly assigned to experimental groups because of
animal housing considerations. Treatments were not administered
blinded; however, mice were monitored for signs of distress and hu-
mane endpoints in a blinded manner. Regarding in vitro experiments,
all the assays were performed with at least triplicate samples. No
outliers were excluded. Where possible, studies have been repeated
by independent personnel.

Human samples

Glioma tissues (fresh frozen or embedded in paraffin) were obtained
after patient’s written consent and with the approval of the Ethical
Committees of “Hospital 12 de Octubre” (CEI 14/023) and “Hospitales
de Madrid” (14.10.632-GHM, 18.12.1337-GHM) (tables S1 and S2).

Human and mouse glioma cells

RGI cells were donated by R. Galli (San Raffaele Scientific Insti-
tute). The rest of the human cells (table S3) were obtained by disso-
ciation of surgical specimens from patients treated at the Hospital
12 de Octubre (Madrid, Spain), after patient’s written consent and
with the approval of the Ethical Committee (CEI 14/023). They belong
to the Biobank of that Hospital. Cells were grown in complete media
(CM): Neurobasal supplemented with B27 (1:50) and GlutaMAX
(1:100) (Thermo Fisher Scientific); penicillin-streptomycin (1:100)
(Lonza); 0.4% heparin (Sigma-Aldrich); and EGF (40 ng/ml) and
bFGF2 (20 ng/ml) (PeproTech). Mouse SVZ models were obtained
by retroviral expression of EGFRwt or EGFRVIII in primary pro-
genitors from p16/p19 ko mice. These cells were obtained as previ-
ously described (63), and they were grown in CM. After infection,
the cells were injected into nude mice, and the tumors that grew
were dissociated and established as SVZ-EGFRamp/wt or SVZ-
EGFRVIII models. Both models express GFP and luciferase as re-
porters. These cell lines give rise to gliomas when they are implanted
(300,000 cells) in the brains of nude mice with a 100% penetrance.
The average survival is around 62 days for the SVZ-EGFRwt/amp
and around 32 days for the SVZ-EGFRVIII cells, showing a prolifer-
ation rate of more than 10 and 30% in SVZ-EGFRwt/amp and
SVZ-EGFRVIII tumors, respectively. Both mouse glioma models
showed a complete dependence on EGFR activity because their
growth can be impaired by a tyrosin kinase inhibitor (dacomitinib)
(44). NPA (NRAS, shP53, and shATRX) IDH1 wt and NPA (NRAS,
shP53, and shATRX) IDH1 R132H were provided by M. G. Castro
(University of Michigan) (14) and cultured in CM.

Statistical analysis

For bar graphs, the significance was determined by a two-tailed un-
paired Student’s ¢ test. The difference between experimental groups
was assessed by paired f test and one-way analysis of variance
(ANOVA). For Kaplan-Meier survival curves, the significance was
determined by the two-tailed log-rank test. For correlation analysis

Gargini et al., Sci. Transl. Med. 12, eaax1501 (2020) 22 January 2020

between each gene, expression data were tested by Pearson’s correla-
tion coefficient and Spearman’s correlation coefficient. All analyses
were performed with the GraphPad Prism 5 software. P values
<0.05 were considered significant (*P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001; n.s., not significant). All quantitative data
presented are the means + SEM from at least three samples or ex-
periments per data point. Precise experimental details (number of
animals or cells and experimental replicates) are provided in the
figure legends.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/527/eaax1501/DC1

Materials and Methods
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Fig. S4. The expression of MAPT is associated with the IDH mut DNA methylation phenotype.
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The positive side of TAU

Gliomas, brain tumors originating in glial cells, are classified according to histologic as well as genetic
features. Mutations in the IDH1/2 genes are associated with more favorable prognosis, whereas mutations in
EGFR are characteristic of aggressive tumors. How these genes affect the microenvironment is not completely
clear. Now, Gargini et al. show that TAU protein, classically associated with neurodegenerative disorders, is
increased in less aggressive tumors. TAU inhibited the transition toward an aggressive phenotype by blocking
EGFR activation. Mutated EGFR was no longer sensitive to TAU inhibition, possibly explaining the aggressive
phenotype associated with EGFR mutations. The results suggest that TAU might play a main role in determining
glioma aggressiveness.
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