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Abstract
Glioblastomas (GBMs) are the most aggressive tumor type of the central nervous system, mainly due to their high invasiveness
and innate resistance to radiotherapy and chemotherapy, with temozolomide (TMZ) being the current standard therapy. Recently,
brachyury was described as a novel tumor suppressor gene in gliomas, and its loss was associated with increased gliomagenesis.
Here, we aimed to explore the role of brachyury as a suppressor of glioma invasion, stem cell features, and resistance to TMZ.
Using gene-edited glioma cells to overexpress brachyury, we found that brachyury-positive cells exhibit reduced invasive and
migratory capabilities and stem cell features. Importantly, these brachyury-expressing cells have increased expression of differ-
entiation markers, which corroborates the results from human glioma samples and in vivo tumors. Glioma cells treated with
retinoic acid increased the differentiation status with concomitant increased expression of brachyury. We then selected TMZ-
resistant (SNB-19) and TMZ-responsive (A172 and U373) cell lines to evaluate the role of brachyury in the response to TMZ
treatment. We observed that both exogenous and endogenous brachyury activation, through overexpression and retinoic acid
treatment, are associated with TMZ sensitization in glioma-resistant cell lines. In this study, we demonstrate that brachyury
expression can impair aggressive glioma features associated with treatment resistance. Finally, we provide the first evidence that
brachyury can be a potential therapeutic target in GBM patients who do not respond to conventional chemotherapeutic drugs.
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Introduction

Gliomas are the most common primary brain tumors and pres-
ent high morbidity and mortality [1]. Glioblastoma (WHO
grade IV; GBM) is the most aggressive and the most common
form of glioma [2]. Temozolomide (TMZ) is the only chemo-
therapeutic drug that has been confirmed to significantly pro-
long the overall survival of GBM patients, yet the median

survival after receiving standard treatment is only 12–
15 months [2–4]. Innate resistance to current treatments, in-
cluding TMZ, is a major cause of this dismal scenario, which
indicates that overcoming TMZ resistance is critical to im-
proving treatment outcomes. The existence of glioma stem
cells (GSCs) has been suggested as one of the causes of resis-
tance to chemo- and radiotherapy [5, 6]. Another mechanism
of therapy resistance may be epithelial-to-mesenchymal
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transition (EMT), a process by which cells acquire a
more invasive and infiltrative phenotype, which can ex-
hibit crosstalk with GSC features [7]. The high infiltra-
tive and invasive capacities of gliomas hamper complete
tumor resection, leading to tumor recurrence and, ulti-
mately, patient death [3].

The transcription factor brachyury (TBXT) has been
described to be upregulated in several epithelial solid
tumors [8–16]. Moreover, brachyury acts as a master
regulator of tumor cell migration, invasion, and metas-
tasis through EMT [8, 11, 12, 17]. It increases tumor
stem cell properties [18–20] and promotes resistance to
cytotoxicity-based therapy [19, 21, 22]. Consequently,
an anti-brachyury vaccine was developed [23–26] and
is being tested in a phase II clinical trial (www.
clinicaltrials.gov, 2015 – NCT02383498) in patients
with chordomas. However, we recently provided evi-
dence that in gliomas, brachyury acts as a tumor sup-
pressor, promoting cell death through autophagy [27].
Importantly, brachyury is an independent favorable
prognostic biomarker for glioma patients [27]. Due to
its suppressive behavior in gliomas and its role in inva-
sion and resistance to therapy in other tumor types, in
this work, we explored the potential role of brachyury
in features associated with resistance to conventional
TMZ treatment in gliomas.

Materials and Methods

Cell Lines and Brachyury Transfection

Three different GBM cell line models were used for functional
studies: SNB-19 (DSMZ—German Collect ion of
Microorganisms and Cell Cultures), A172 (ATCC-American
Type Culture Collection, MD), and U373 (JF Costello
Laboratory). Cell culture conditions were as described previ-
ously [27]. GBM cell lines were transfected with full-
length human brachyury cloned into the pcDNA4/T0
vector (Invitrogen S.A., Barcelona, Spain), designated
pcBrachy, or with pcDNA4/T0 empty vector (4/T0) as
previously described [27].

Transcript Analysis by Semiquantitative PCR and qRT-
PCR

Total RNA was isolated from tumor samples and cell
lines using TRIzol Reagent (Invitrogen, Thermo Fisher
Scientific, Waltham, MA). One microgram of RNA was
reverse-transcribed using the Phusion RT-PCR Kit
(Finnzymes, Thermo Fisher Scientific, Waltham, MA)
as recommended by the manufacturer. For semiquantita-
tive PCR, cDNA was amplified as previously described

[8], and the products were separated on a 2% agarose
gel. The qRT-PCR steps were performed using Sso Fast
EvaGreen Supermix (Bio-Rad, Hercules, CA) and a
CFX96 detection system (Bio-Rad). Optimized cycling
conditions for qRT-PCR were as follows: enzyme acti-
vation for 30 s at 95 °C; 40 cycles of denaturation at
95 °C for 5 s and annealing/extension at 59 °C for 5 s.
A melting curve was generated at 65 °C–95 °C (in
0.5 °C steps, each for 5 s/step). The expression levels
were normalized to those of ACTB by ΔCT (relative
expression) or by the ΔΔCT method (fold change).
Further details about primer sequences are available in
Table S1.

Western Blot

Cells were lysed in buffer containing 50 mM Tris pH 7.6–8,
150 mM NaCl, 5 mM EDTA, 1 mM Na3VO4, 10 mM NaF,
10 mM Na4P2O7, 1% NP-40, and 1/7 protease cocktail in-
hibitors (Roche, Basel, Switzerland). Proteins were resolved
on standard 12% SDS-PAGE gels and transferred onto nitro-
cellulose membranes. Immunodetection was achieved using
antibodies against human β-actin (1:1000, sc-1616, Santa
Cruz Biotechnology, Heidelberg, Germany), MGMT (1:500,
357000, Zymed, ThermoFisher Scientific, Waltham, MA),
MLH1 (1:500, 554073, BD Pharmingen, BD Biosciences,
San Jose, CA), MLH3 (1:500, sc-25313, Santa Cruz
Biotechnology), MSH2 (1:500, NA27, Calbiochem, Merck
Millipore, Darmstadt, Germany), MSH6 (1:500, 610919,
BD Biosciences), PMS2 (1:500, BD Biosciences), PARP1/2
(1:1000, 9532S, Cell Signaling, Leiden, The Netherlands),
BCL2 (1:200, 2870S, Cell Signaling), caspase-3 (1:1000,
9662P, Cell Signaling), and cleaved caspase-3 (1:1000,
9664P, Cell Signaling). Blots were visualized with
peroxidase-conjugated secondary anti-rabbit (1:2000, sc-
2004, Santa Cruz Biotechnology), anti-goat (1:2000, sc-
2020, Santa Cruz Biotechnology), or anti-mouse (1:2000,
sc-2031, Santa Cruz Biotechnology) antibody and chemilumi-
nescence (SuperSignal West Femto Chemiluminescent
Substrate; ThermoFisher Scientific).

Immunofluorescence Microscopy

Cells were plated on glass coverslips placed into 12-
well plates and allowed to adhere overnight. Cells were
fixed with 4% paraformaldehyde (PFA) followed by
permeabilization with 0.1% Triton X-100 in 1× PBS.
Cells were blocked in 10% FBS and labeled for 1 h
at room temperature with different primary antibodies
as follows: anti-Nestin (1:1000, MAB5326, Merck
Millipore), MAP2 (1:100, M4403, Sigma-Aldrich, St.
Lousis, MO), SOX2 (1:200, AB5603, Millipore), β-
tubulin (1:500, sc-5274, Santa Cruz Biotechnology), or
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F-actin (1:100, Alexa Fluor® 568 Phalloidin, Life
Technologies-Molecular Probes, Waltham, MA). Then,
the cells were washed 3× for 5 min in 1× PBS and
incubated again at room temperature for 1 h with a
secondary antibody (anti-rabbit Alexa-488, anti-goat
Alexa-568, anti-mouse Alexa-488, or Alexa-594 anti-
body, all diluted at 1:1000) obtained from Life
Technologies-Molecular Probes. Coverslips were
mounted on microscope slides with Vectashield with
DAPI (Vector Laboratories, Burlingame, CA). Digital
images were recorded with an Olympus DP30BW
cooled CCD camera (Olympus BX61, Olympus
Corporation, Hamburg, Germany).

Laminin Adhesion Assay

Culture 96-well plates were coated overnight at 4 °C
with human laminin (10 μg/ml, Life Technologies) dis-
solved in 1× PBS. The wells were then washed with
0.1% bovine serum albumin (BSA) dissolved in
DMEM and blocked for 1 h (37 °C) with 1% BSA in
DMEM. Cells were seeded into extracellular matrix
(ECM)-coated 96-well plates (2 × 105 cells/well). After
30, 60, and 90 min of incubation under standard culture
conditions, the nonadherent cells were removed by
washing with 1× PBS washing. Attached cells were
fixed (4% PFA) and stained with crystal violet (5 mg/ml
in 2% ethanol). The stained cells were washed, and
crystal violet was eluted with 2% SDS. The amount of
stain was analyzed by optical density in a microplate
reader at 550 nm. Cell attachment was calculated by
the difference in the percentage of adherent cells in
comparison to controls (ECM-coated well without cells).

Wound Healing Migration Assay

The cells were seeded in 12-well plates and cultured to at least
95% confluence. Monolayer cells were washed with 1× PBS,
scraped with a plastic 200 μl pipette tip, and then incubated
with fresh DMEM. The “wounded” areas were imaged
by phase-contrast microscopy at different time points.
The relative migration distance was calculated as previ-
ously described [8, 28–30].

Matrigel Invasion Assay

Matrigel invasion assays were performed using 8 μm pore
size BD BioCoat Matrigel Invasion Chambers (BD
Biosciences). Briefly, 2.5 × 104 cells were seeded in the upper
part of the chamber in DMEM that was serum and antibiotic-
free, whereas the lower compartment contained fresh
medium supplemented with 10% FBS and 10 ng/mL
EGF (PeproTech, London, UK). After 22 h of

incubation at 37 °C, the filter was washed with 1×
PBS and fixed with 4% PFA. Then, residual cells were
cleared with a cotton swab, the filter was washed with
1× PBS, and invasive cells attached to the lower filter
surface were mounted with Vectashield with DAPI.
Images were recorded on an Olympus BX61 microscope
(Olympus Corporation, Tokyo, Japan), and invasive
cells were counted using the ImageJ software (version
1.44), as previously described [8, 30].

Zymography Assay

To detect MMP enzymatic activity, transfected cells
with and without brachyury expression were cultured
for 24 h in serum-free DMEM that was subsequently
used as a conditioned medium. Ten micrograms of pro-
tein from the conditioned medium of these cultures was
loaded on 10% SDS-PAGE gels containing 1 mg/ml
gelatin as substrate for MMP2 and MMP9. Zymograms
were run in Tris/glycine SDS running buffer under
nondenaturing conditions. After electrophoresis, gels
were washed twice in 2% Triton X-100 to remove
SDS. Zymograms were subsequently incubated for
16 h at 37 °C in the appropriate MMP substrate buffer
(10 mM CaCl2 in 50 mM Tris-HCl, pH 7.5), as de-
scribed [29, 30]. Proteolytic activity was visualized as
the presence of clear bands against a blue background
of Coomassie Blue-stained gelatin substrate.

Neurosphere and Self-Renewal Assay

A limiting dilution assay was performed to evaluate the
capacity of glioma cells with and without brachyury
expression to form neurospheres. Cells were trypsinized
and plated in 12-well plates at different densities (100,
250, 500, and 1000 cells/well) in serum-free medium
consisting of neurobasal medium (Invitrogen S.A.) sup-
plemented with 1× B27 (Invitrogen S.A.), human re-
combinant bFGF, and EGF (20 ng/ml each; R&D
Systems). The formed neurospheres were counted at 7,
9, and 11 days.

Only the U373 cell line formed spheres and was used
for the following experiments. The best cell density for
neurosphere formation was used (500 cells/ml), and
cells were grown as described above. Neurospheres
were imaged over time (0, 7, and 14 days) using an
Olympus BX61 microscope (Olympus Corporation) and
manually counted. For the self-renewal assay, spheres
were collected and centrifuged at 900 rpm for 5 min.
The supernatant was removed, and spheres were me-
chanically dissociated in 1 ml of fresh medium to ob-
tain a single-cell suspension. Cells were counted and
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replated at a density of 1 × 103 cells/well to evaluate the
capacity of self-renewal.

Pharmacologic Exposure

GBM cells, with or without brachyury expression, were ex-
posed to 0.1 μM trans-retinoic acid (RA, Sigma) for 24 and
60 h to induce glioma differentiation.

The half-maximal inhibitory concentration (IC50) of
TMZ in combination with or without RA was deter-
mined as follows: 4 × 103 cells were plated into 96-
well plates in triplicate and allowed to adhere overnight.
Cells were exposed to different concentrations of TMZ
(10, 25, 50, 100, 200, 500, and 1000 μg/ml) for 72 h,
with or without pretreatment with 0.1 μM RA for 24 h.
The IC50 was measured by the MTS test (Promega,
Madison, WI), and IC50 values were calculated by a
nonlinear regression (curve fit) based on sigmoidal
dose–response (variable slope) using Prism GraphPad-
v5.0a (GraphPad Software, La Jolla, CA). The influence
of RA alone on glioma cell viability and morphology
was also evaluated.

To analyze the resistance mechanisms associated with
TMZ, 2 × 104 cells were plated in a 6-well plate and treated
with 600 μg/ml TMZ (the IC50 for pcBrachy cells) or vehicle
(1% DMSO) for 72 h. Cells were then collected for protein
extraction and analyzed by Western blot analysis.

In Silico Glioma Expression Analysis: Functional
Annotation and Correlation Profiles

The expression profiles of genes associated with TBXT in
GBM samples (n = 440) were extracted from The Cancer
Genome Atlas (TCGA) using the cBioPortal for Cancer
Genomics database (www.cbioportal.org/) [31, 32]. Genes
with Spearman > 0.25 and q value < 0.01 were considered
positively correlated with TBXT. Genes with Spearman < −
0.25 and q value < 0.001 were considered inversely correlated
with TBXT. Then, TBXT positively correlated or inversely
correlated gene profiles were subjected to KEGG pathway
analysis and Gene Ontology functional annotation analysis
using the DAVID 6.8 tool (https://david.ncifcrf.gov/home.
jsp) [33, 34] against the Homo sapiens background
reference. The pathways and biological pathways were
considered significant when there was > 2-fold enrichment
and p < 0.05. Correlation analysis between TBXT, epithelial
(CDH1), mesenchymal (CDH2, SNAI1, SNAI2, VIM, FN1,
JUP, NANOG), stemness (CD133, CD15, NES, MSI1), and
differentiation (GFAP, OLIG2, TUBB3, MAP2, RBFOX3/
NeuN) markers was performed using the Gene Expression
Profiling Interactive Analysis (GEPIA) database (http://
g ep i a . c ance r -pku . cn / ) . RNA sequenc ing da t a
(represented as log2 (transcripts per kilobase million +

1)) of 681 glioma samples were analyzed (TCGA:
GBM, n = 163; LGG, n = 518).

Statistical Analysis

For in vitro assays, simple comparisons between two
different conditions were analyzed using Student’s t test
and two-way ANOVA (Bonferroni posttest) for compar-
ison of two conditions over time using Prism GraphPad-
v5.0a. For the pharmacological analysis, we constructed
a dose–response curve using GraphPad v5.0a and calcu-
lated the IC50 using a nonlinear regression curve. The
level of significance in the statistical analyses is indicat-
ed as * for p < 0.05, as ** for p < 0.01, or as *** for
p < 0.001.

Results

TBXT Gene Profiling in GBM Patients

Recently, we reported that brachyury behaves as a sup-
pressor gene in gliomas through the induction of cell
death, indicating that brachyury can act in a tissue-
dependent manner [27]. As such, we first explored the
gene profile associated with the presence of TBXT
(coexpressed) and the gene profile inversely associated
with TBXT expression in GBM patients. Gene expres-
sion analysis was performed in 440 GBM patients from
TCGA using the cBioPortal database. The gene signa-
ture coexpressed with TBXT (Spearman R > 0.25 and p
value < 0.001) and the gene signature inversely
expressed with TBXT (Spearman R < − 0.25 and p value
< 0.001) were extracted and clustered based on the
KEGG pathway and functional annotation pathway
using the DAVID 6.8 tool (Fig. 1).

We found that the gene signature coexpressed with TBXT is
enriched in nontumoral and developmental processes, includ-
ing several functions related to nervous system development
(Fig. 1a, b, blue). In contrast, the gene signature associated
with low levels of TBXT, which reflects the majority of GBM
patients (low or no expression of TBXT), is specifically
enriched in cancer pathways such as migration, actin cytoskel-
eton regulation, and response to DNA damage stimuli (Fig.
1a, b, red). The TBXT-associated gene profiles indicate that
TBXT may be important in migration, invasion, and EMT-
related processes, as well as in differentiation/stemness and
response to TMZ (DNA damage stimuli) treatment.

Brachyury Inhibits Glioma Cell Migration and Invasion

Based on the in silico results, we further explored the
role of brachyury expression in glioma cell migration,
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adhesion, migration, and EMT processes in vitro using
three glioma cell models modulated to express
brachyury (Fig. S1A). We observed that brachyury
overexpression (pcBrachy) markedly decreased cell mi-
gration (Fig. 2a; Fig. S1B) and invasion (Fig. 2b; Fig.
S1C) in the extracellular matrix when compared with 4/
T0 control cells in all in vitro cell models. Accordingly,
brachyury negatively influenced the time required to ad-
here to the laminin substrate (Fig. 2c; Fig. S1D).
However, no effect was observed on MMP2 and
MMP9 activity by zymography in vitro (Fig. S1E), or

on MMP2, MMP9, MMP14, or MMP24 expression
in vitro (Fig. S1F), or in glioma samples (Spearman R
< 0.25) (Fig. S1G).

We also observed that cells with brachyury overexpres-
sion had a more differentiated cellular state, which was
characterized by loss of lamellipodium/filopodium projec-
tions on the cells (Fig. 2d). Indeed, brachyury promoted an
increase in the epithelial marker E-cadherin (CDH1) and a
decrease in several mesenchymal markers (N-cadherin or
CDH2, SNAI1, SNAI2, JUP, VIM, FN1, NANOG) (Fig.
2e), compatible with a mesenchymal-epithelial transition

Fig. 1 The brachyury (TBXT) gene expression profile is associated with
nontumorigenic pathways and nervous system development. (a) KEGG
pathway analysis of gene profiles coexpressed with TBXT (blue) or in-
versely expressed with TBXT (red). The positive TBXT gene profile (blue)
is associated with nontumorigenic pathways, whereas the inverse TBXT
gene profile (red) is associated with cancer pathways. (b) Classification of

TBXT gene-associated profiles into functional processes using the
DAVID classification system. The gene profile coexpressed with TBXT
(blue) is associated with brain development and function. The gene pro-
file inversely expressed with TBXT (red) is associated with tumorigenic
functions. All the KEGG and functional clusters shown are with at least 2-
fold enrichment and a p value < 0.05
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(MET) phenotype. The same trends were observed in the
TCGA glioma dataset (n = 681), in which TBXT was posi-
tively correlated with CDH1 (Spearman R = 0.5, p value <

0.001) and inversely correlated with the mesenchymal gene
signature (7 genes: CDH2, SNAI1, SNAI2, JUP, VIM, FN1,
NANOG) (Fig. 2f).
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Brachyury Expression Attenuates the Glioma Stem
Cell-like Phenotype

Due to the putative role of brachyury in brain differentiation
processes (Fig. 1), we next performed an expression analysis
for stem cell markers by qRT-PCR in our cell models with
(pcBrachy) or without (4/T0) brachyury expression.We found
that brachyury overexpression decreased the expression of the
glioma stem cell markers L1CAM, MSI1 (Musashi), NES
(Nestin), and SMEK2 (Fig. 3a). Similar results were observed
at the protein level both in vitro and in vivo for Nestin and
SOX2 staining (Fig. 3b). Importantly, in glioma samples (n =
681), TBXT was also inversely correlated with NES, MSI1,
CD133, and CD15 stem cell markers (Fig. 3c), indicating that
loss of brachyury is associated with more undifferentiated
tumors, as described previously [27].

Then, to better understand whether brachyury has a
functional role in stem cell-like properties, we per-
formed a limiting dilution assay in U373, A172, and
SNB-19 cells. However, A172 and SNB-19 cell lines
did not form neurospheres, so we performed the limiting
dilution assay only in U373 cells with (pcBrachy) or
without (4/T0) brachyury expression (Fig. S2A). U373
4/T0 cells (brachyury negative) were able to form
spheres with all cell densities tested in the timeframe
of the assay, whereas pcBrachy cells showed a signifi-
cant decrease in the number and size of spheres formed
(Fig. 3d; Fig. S2A). In agreement with these findings,
brachyury-positive cells (pcBrachy) exhibited a de-
creased self-renewal capacity compared with brachyury-
negative cells (4/T0) (Fig. 3e). Curiously, when we
assessed TBXT expression in the formed neurospheres,
we found that pcBrachy neurospheres had lower expres-
sion levels compared with those developed under adher-
ent conditions (Fig. S2B), suggesting a negative regula-
tory mechanism in stem cell-like glioma cells.

Brachyury-Positive Cells Present Increased
Differentiation Markers

The association of brachyury with more differentiated tumors
was observed in our in vitro models, in which brachyury-
positive glioma cells showed an increased expression of the
differentiation markersNeuN (Fig. 4a) andMAP2 (Fig. 4a, b).
Using an in silico approach, we found that in glioma samples,
TBXT was positively correlated with the differentiation
markers GFAP, OLIG2, TUBB3, MAP2 (Fig. 4c), and NeuN
(RBFOX3 gene) (Fig. S2C). The positive correlation between
TBXT and all types of neuronal cells, including astrocytes,
oligodendrocytes, and neurons, seems to reflect the heteroge-
neity of the TCGA dataset, which includes not only cancer
cells but also other cells in the microenvironment. These data
corroborate our previous findings that TBXT is associated
with more differentiated or normal brain tissues [27].
Altogether, these results suggest that TBXT has a role in neu-
ronal differentiation.

To further assess whether brachyury could be modulated
upon cell differentiation, glioma cells were treated with
0.1 μM retinoic acid (RA). We observed that RA treatment
was able to induce endogenous TBXT expression after 24 h
(Fig. 4b, d) until the end of the experiment (60 h; Fig. S2D),
especially in negative cell lines (4/T0). Moreover, pcBrachy
cells treated with RA had more evident morphological
changes compared with 4/T0 cells, indicating that
brachyury-expressing cells undergo faster differentiation,
with a concomitant increase in cells in the medium (in-
dicative of cell death) (Fig. 4e). Images of control cells
at time 0 h are shown in Fig. 2e.

Brachyury Sensitizes the TMZ-Resistant SNB-19
Glioma Cell Line

We further asked whether brachyury could influence the gli-
oma response to TMZ-based chemotherapy. For that, we first
exposed the wild-type cell models (U373, SNB-19, A172) to
different concentrations of TMZ for 72 h, after which their
viability was measured, and the IC50 was determined (Fig.
S3A, B). We observed that the SNB-19 cell line was highly
resistant to TMZ, whereas U373 and A172 were considered
less resistant or responsive to TMZ, as previously described
[35]. The same approach was used in glioma cells without
(4/T0) and with brachyury (pcBrachy) expression. In less re-
sistant glioma cells (U373 and A172), brachyury did not affect
the TMZ response (Fig. 5a, e; Fig. S3C). However, in highly
resistant cells (SNB-19), brachyury overexpression signifi-
cantly increased TMZ-mediated cytotoxicity, resulting in a
lower IC50 compared with that in brachyury-negative cells
(4/T0) (Fig. 5b, f).

We observed that RA exposure could induce endogenous
TBXT expression (Fig. 4d), so we pretreated glioma cells with

�Fig. 2 The presence of brachyury decreases glioma cell migration and
invasiveness through a mesenchymal-epithelial transition phenotype.
Brachyury (pcBrachy) inhibited glioma cell migration (a) and invasion
(b) compared with that of the negative cell line control (4/T0). (c)
Brachyury decreases the adhesion capacity of glioma cells to laminin.
(d) Fluorescence microscopic staining of tubulin (green) and F-actin
(red) and counterstaining with DAPI to visualize the nuclei (blue). Cells
without brachyury (4/T0) present a more undifferentiated phenotype and
redistribution of F-actin filaments to lamellipodium- and filopodia-like
structures. Overexpression of brachyury (pcBrachy) changes the pheno-
type of glioma cells to a more cohesive-like phenotype. (e) Expression
levels of epithelial markers (E-cadherin or CDH1) as well as mesenchy-
mal markers (N-cadherin or CDH2, SNAIL, SLUG, VIM, FN1, NANOG,
and JUP) were examined by qRT-PCR. The same genes were also ana-
lyzed in (f) human glioma samples by in silico analysis (TCGA, n = 681
gliomas) using the Gene Expression Profiling Interactive Analysis
(GEPIA) program. In vitro data are presented as the means ± S.E.M. of
at least three independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001
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0.1 μMRA for 24 h to first re-express endogenous brachyury
in all cell line models before TMZ treatment. This allowed us
to better understand whether endogenous brachyury is enough

to sensitize resistant glioma cells to TMZ, as observed in the
SNB-19 pcBrachy overexpressing cells. The concentration of
RA used (0.1 μM) did not significantly affect glioma viability

Fig. 3 Brachyury is inversely correlated with glioma stem cell-like prop-
erties. Glioma cells with brachyury overexpression (pcBrachy) show low-
er expression of stem cell markers at both the mRNA (a) and protein
levels (b). The same phenotype is observed in mouse tumors (b,
in vivo) formed by glioma cells negative and positive for brachyury
[27]. (c) Correlation analysis of stem cell markers (CD133, CD15,
Nestin-NES, and Musashi-MSI1) in human glioma samples (TCGA,

n = 681 gliomas) using the Gene Expression Profiling Interactive
Analysis (GEPIA) program. (d) Representative images of the
neurospheres formed by the U373 glioma cell line without (4/T0) or with
brachyury (pcBrachy) expression. Magnification at × 20. (e)
Quantification of the neurospheres formed by the self-renewal assay.
In vitro data are presented as the means ± S.E.M. of at least three inde-
pendent experiments. *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 4 Brachyury is associated with an increased differentiation
expression profile and is reactivated by retinoic acid treatment. (a)
Brachyury overexpression (pcBrachy) in glioma cells is able to increase
neural differentiation markers at the mRNA level, as assessed by qPCR.
(b) Representative image of MAP2 staining in the SNB-19 cell lines with
brachyury expression. (c) Correlation analysis of the brain differentiation
markers (GFAP for astrocytes, OLIG2 for oligodendrocytes, TUBB3 and
MAP2 for neurons) in human glioma samples (TCGA, n = 681 gliomas)
using the Gene Expression Profiling Interactive Analysis (GEPIA)

program. (d) Treatment with 0.1 μM retinoic acid (RA) induced endog-
enous TBXT expression in both control (4/T0) cell lines (after 24 h of RA
exposure). (e) Representative images of glioma cells without (4/T0) or
with brachyury (pcBrachy) expression treated with 0.1 μMRA after 60 h.
pcBrachy cells present major morphological alterations (more differenti-
ated cells) and more cells in suspension (indicative of cell death) com-
pared with control cells (4/T0). In vitro data are presented as the means ±
S.E.M. of at least three independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001
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Fig. 5 Brachyury sensitizes resistant glioma cells to temozolomide
treatment. (a, b) Effect of temozolomide (TMZ) on cell viability in re-
sponsive (A—U373) and resistant (b)—SNB-19) glioma cells with
brachyury expression. Brachyury overexpression promotes a higher sen-
sitization to TMZ only in the resistant cells (SNB-19 pcBrachy). (c, d)
Effect of TMZ on cell viability after 24 h of pretreatment with 0.1 μM
retinoic acid (RA). An increased response to TMZ was observed in all
cells treated with RA. (e, f) Brachyury has no effect on the sensitive cell

line (e), and it decreases the IC50 in SNB-19-resistant TMZ cells (f). RA
treatment decreases the IC50 in brachyury-negative SNB-19 (4/T0)-resis-
tant TMZ cells. (g) Bright-light microscopy images of cells with
(pcBrachy) or without (4/T0) brachyury expression treated (72 h) with
the IC50 TMZ concentration for both pcBrachy cells (600 μg/mL). The
control used was DMSO. (h)Western blot analysis of molecules involved
in TMZ resistance. In vitro data are presented as the mean ± S.E.M. of
three independent experiments in triplicate. **p < 0.01

2024 Pinto et al.



(Fig. S3D). The combination of RA and TMZ did not signif-
icantly affect the therapeutic response of responsive cell lines
(Fig. 5c, e). However, this therapeutic combination resulted in
a higher response to TMZ in the brachyury-negative resistant
TMZ cell line (SNB-19 4/T0), with a similar IC50 found for
the SNB-19 pcBrachy cells (Fig. 5d, f).

Aiming to understand the mechanisms by which brachyury
may affect TMZ sensitization, we investigated some well-
established mechanisms of TMZ resistance, including
MGMT, base-excision repair (BER), and mismatch repair
(MMR) proteins. To that end, cells were treated with
600 μg/ml TMZ (the IC50 determined for all pcBrachy cell
models) for 72 h, and protein was extracted. We observed that
both U373 4/T0 and pcBrachy cells showed reduced cell via-
bility, as expected, whereas in the resistant SNB-19 cell line,
only the cells with pcBrachy exhibited cell death at that con-
centration (Fig. 5g).We showed that brachyury expression did
not influence MGMT either at the promoter methylation or
protein level (Fig. S3E, F; Fig. 5h). In addition to the alter-
ations expected by TMZ treatment, someMMRproteins (such
as MSH6, PMS2) were decreased, and cell death proteins
(cleaved PARP, caspase-3) were increased in the responsive
cells (U373, A172) (Fig. 5h; Fig. S3F), and no other signifi-
cant alterations were found. Regarding the role of brachyury
in the resistant SNB-19 cell line, the significant change found
in our analysis was the increased cleaved PARP and caspase-3
levels in SNB-19 pcBrachy cells, which was absent in the
resistant SNB-19 4/T0 cells (Fig. 5h). This result indicates that
brachyury can prime cells to respond to cell death stimuli.

Discussion

A novel role of brachyury as a tumor suppressor gene was
recently reported in gliomas [27]. Importantly, brachyury
was shown to be an independent favorable prognostic factor
for glioma patients [27]. These results, together with the well-
established oncogenic role described in other solid tumors
[8–17, 19, 20, 36], indicate that brachyury may have a
tissue-specific function.

In the present study, we explored the role of brachyury in
glioma cell invasion, stemness, differentiation, and resistance
to temozolomide (TMZ) therapy. As such, we investigated the
glioma gene signatures associated with the presence or ab-
sence of brachyury (TBXT) expression in more than 440
GBM patients from a TCGA dataset. We found that the gene
signature associated with TBXT expression was enriched in
nontumoral pathways, including brain development functions.
On the other hand, the gene signature inversely associated
with TBXT was highly enriched for cancer-associated path-
ways such as migration, adhesion, actin cytoskeleton modu-
lation, and response to DNA damage stimuli.

Previous studies in epithelial cancers have provided evi-
dence that brachyury promotes cancer progression by induc-
ing EMT and by increasing stem cell-like properties [8, 17, 19,
20] that ultimately result in increased resistance to convention-
al chemotherapy [19, 21, 22]. However, brachyury gene sig-
natures in gliomas suggest that low levels or absence of
brachyury is associated with more invasive tumors and poten-
tially with resistance to the DNA damage chemotherapeutic
agent TMZ. In contrast, high levels of brachyury are associ-
ated with more differentiated tumors. Indeed, we observed
that brachyury-negative glioma cells present increased motil-
ity, adhesion, and invasion capabilities than brachyury-
overexpressing cells. Our results show that brachyury in glio-
mas can induce MET with an increased expression of CDH1
and a decrease in several mesenchymal markers both in cell
lines and clinical samples. Importantly, brachyury overexpres-
sion was significantly associated with decreased stem cell-like
features and increased cell differentiation (both in vitro,
in vivo, and in human samples). Interestingly, we found that
when we forced glioma differentiation with retinoic acid (pre-
viously described to induce neuronal differentiation [37]),
brachyury was re-expressed in brachyury-negative glioma cell
lines, indicating a potential role in central nervous system
development. These results are concordant with its expression
in healthy brain tissues [18, 27].

Taking into consideration our results and in silico analysis,
in which brachyury seems to be associated with DNA damage
response stimuli, we hypothesized that brachyury could influ-
ence the response to TMZ therapy. We found that brachyury
overexpression was able to sensitize a highly TMZ-resistant
glioma cell line (SNB-19) but did not affect the less resistant
or more responsive glioma cell lines (U373 and A172).
Brachyury expression activates cell death (PARP and
caspase-3 cleavage) after TMZ treatment in the highly TMZ-
resistant cell line. Additionally, endogenous brachyury was
induced by RA treatment in the brachyury-negative resistant
cell line (4/T0). Indeed, a recent report showed that trans-
retinoic acid is able to enhance TMZ-induced autophagy in
the human U251 glioma cell line [38]. Clinically, the use of
RA as an effective chemosensitizing agent has been contro-
versial. Some clinical studies have indicated that RA in com-
bination with TMZ did not significantly increase overall pa-
tient survival [39], whereas others have shown a therapeutic
effect in individual patients with malignant gliomas [40, 41]. It
is still unknown whether clinically administered RA is able to
target all cancer cells or if it is sufficient to reactivate and
maintain brachyury expression in an in vivo context and there-
fore has a clinical impact. Although the exact mechanism is
still unknown, we hypothesize that brachyury is not a signif-
icant driver for therapy response but may only confer “com-
petence” to resistant glioma cells to respond to the DNA dam-
age promoted by the action of TMZ. Indeed, we have shown
that brachyury in glioma cells increases the expression of
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several proapoptotic proteins (pRAD, p-P53, BAX, FADD)
and decreases antiapoptotic proteins (cIAP, XIAP, HSP70),
without observed cleavage of caspase-3 at basal conditions
[27], as also observed here.

In conclusion, our study demonstrated that brachyury ex-
pression in gliomas could decrease cell motility, invasion, and
stem cell-like properties with a concomitant increase in cell
differentiation. Importantly, the data presented here allowed
the identification of a potential therapeutic alternative for gli-
oma patients who do not respond to TMZ chemotherapy
through induction of brachyury expression with RA pretreat-
ment. Although our data have the limitation of using only one
cell line resistant to TMZ, we hypothesize that brachyury re-
activation in patients resistant to conventional chemotherapy
may have potential utility in the clinic. Future research is
urgently needed to clinically determine the role of brachyury
as a chemosensitizing agent in vivo.
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