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Abstract

In malignant gliomas, invasive phenotype and cancer stemness promoting resurgence of residual tumor cells render treat-
ment very difficult. Hence, identification of epithelial-mesenchymal transition (EMT) factors associated with invasion and
stemness of glioma cells is critical. To address the issue, we investigated several EMT factors in hypermotile U87MG and
U251 cells, orthotopic mouse glioma model, and human glioma samples. Of several EMT markers, SLUG expression was
notably increased at the invasive fronts of gliomas, both in mouse tumor grafts and human glioma samples. The biological
role played by SLUG was investigated using a colony-forming assay after chemotherapy and irradiation, and by employing
a neurosphere culture assay. The effect of SLUG on glioma progression was examined in our patient cohort and samples,
and compared to large public data from the REMBRANDT and TCGA. Genetic upregulation of SLUG was associated with
increased levels of stemness factors and enhanced resistance to radiation and temozolomide. In our cohort, patients exhibiting
lower-level SLUG expression evidenced longer progression-free survival (P =0.042). Also, in the REMBRANDT dataset,
a group in which SLUG was downregulated exhibited a significant survival benefit (P <0.001). Although paired glioblas-
toma samples from our patients did not show a significant increase of SLUG expression, increased mRNA levels of SLUG
were found in recurrent glioblastoma from TCGA (P =0.052), and in temozolomide-treated glioma cells and mouse tumor
grafts. SLUG may contribute to glioma progression by controlling invasion at infiltrating margins, associated with increased
stemness and therapeutic resistance.
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and is difficult to treat. Generally, treatment includes surgery
combined with adjuvant radiation and chemotherapy featur-
ing alkylating agents. Despite major advances in treatment
modalities, the survival of glioma patients remains poor.
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Gliomas are highly infiltrative; cells invade the surrounding
normal brain tissue. Such invasiveness is the principal cause
of poor outcomes and one of the major reasons for treatment
failure. Despite the significance of invasion, the underlying
mechanism remains obscure (Kleihues et al. 2007).

The fundamental feature of glioma invasion and therapeutic
resistance may be the associated epithelial-mesenchymal tran-
sition (EMT) (Han et al. 2011; Mahabir et al. 2014; Mikheeva
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etal. 2010; Xia et al. 2010; Yang et al. 2010). During the EMT,
epithelial cells lose polarity, cell-to-cell adhesion ceases, and
the cells acquire migratory, invasive mesenchymal phenotype
(Gupta and Massague 2006; Peinado et al. 2007). The EMT
thus facilitates cell motility and increases resistance to apop-
tosis (Kalluri and Neilson 2003). Suppression of the epithe-
lial marker E-cadherin (E-Cad), coupled with activation of the
mesenchymal marker N-cadherin (N-Cad), creates an aggres-
sive phenotype promoting tumor progression; this process is
termed the ‘cadherin switch’ (Cavallaro et al. 2002; Maeda
et al. 2005). Recent studies found that the EMT promoted
some stem cell properties in regular cancer cells (Mani et al.
2008; Polyak and Weinberg 2009) and drug resistance (Singh
and Settleman 2010). Of the various EMT transcription fac-
tors, SNAI1, SLUG, Twistl, and/or ZEB1 confer stem cell-like
properties on cancer cells (Dang et al. 2011; Mani et al. 2008;
Wellner et al. 2009), which then engage in self-renewal and
proliferation; these processes play crucial roles in fresh tumor
initiation, growth, invasion, and recurrence.

SLUG is known to induce the EMT and to transcription-
ally repress cell adhesion molecules (Barrallo-Gimeno and
Nieto 2005; Nieto 2002). SLUG expression is associated
with progressive tumor grades, lymph node metastasis,
postoperative relapse, and poorer patient survival in several
types of cancer (Shih et al. 2005; Shioiri et al. 2006; Uchi-
kado et al. 2005). SLUG is found in the invasive fronts of
tumors in which other epithelial genes encoding E-cadherin,
occludin, ZO-1, and desmosomal junction components are
suppressed (Cano et al. 2000; Kurrey et al. 2005; Savagner
et al. 1997). SLUG indirectly activates mesenchymal genes
including vimentin, N-Cad, and fibronectin (FN) (Nieto
2011). SLUG is well known to regulate the invasion of many
cancers, including gastric, breast, lung, ovarian, and pancre-
atic cancer (Gonzalez and Medici 2014).

Here, we explored the roles played by various EMT fac-
tors in glioblastoma. We established hypermotile glioma cell
lines using a repetitive scratch method and found that SLUG
played a pivotal role in terms of frontal invasion. Although
the roles played by SLUG in epithelial malignancies have
been studied, this is not the case for malignant glioma. We
focused on the biological roles of SLUG in glioblastoma
patients from the viewpoints of stemness, invasiveness, and
therapeutic resistance. Additionally, the clinical implications
were investigated by analysis of relevant clinicopathological
data including survival rates.

Materials and Methods
Cell Culture

Human glioma cells (the U§7MG, U251, U118, T98G, and
LN18 lines) were obtained from the American Type Culture
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Collection (Manassas, VA, USA). A mouse glioma cell line
(GL261), originally developed by the NCI-Frederick Can-
cer Research Tumor Repository, was kindly provided by
Prof. Maciej S. Lesniak (Northwestern University Feinberg
School of Medicine, Chicago, IL, USA). Cells were cultured
in Dulbecco’s modified Eagle’s medium (WELGENE, Gyeo-
ngsan-si, South Korea) supplemented with 10% (v/v) fetal
bovine serum (FBS; WELGENE) in a humidified atmos-
phere with 5% (v/v) CO, at 37 °C.

Establishment of Hypermotile Cell

The method used to establish hypermotile glioma cell
lines is summarized in Fig. 1a. U§7MG cells were seeded
in a 60-mm-diameter dish and cultured until confluent. A
straight scratch was made in the center and cells below the
wound were wiped away with a cotton swab. After cultured
at 37° for 4 days, non-migrated cells within the wound
were wiped away again and migrated cells were detached
using trypsin—~EDTA (GIBCO, Thermo Fisher Scientific,
Waltham, MA, USA), and re-seeded, re-cultured, and re-
wounded 10 times. Hypermotile U251 cells were established
in the same manner.

Migration Assay

Cells were seeded in 96-well transparent tissue culture
plates (ESSEN Bioscience, Ann Arbor, MI, USA) in 0.2
mL amounts of DMEM supplemented with 10% (v/v)
FBS, and incubated for 24 h. Straight transverse lines were
drawn through adherent cells using a 96-well woundmaker
(ESSEN Bioscience), creating uniform gaps, and the plates
were placed inside an IncuCyteTM (ESSEN Bioscience).
Scans were scheduled every 2—4 h for 72 h, using ZOOM
software (ESSEN Bioscience), and cell migration distances
were measured. All assays were repeated three times.

Invasion Assay

Cell invasion was examined using Transwells with chambers
separated by filters of 8 pm pore size (Corning Inc., Corn-
ing, NY, USA) according to the manufacturer’s protocol.
Briefly, 5 x 10* cells were seeded into the upper chamber in
120 pL amounts of medium containing 0.2% (w/v) bovine
serum albumin (BSA). Then, 600 pL amounts of medium
with 0.2% (w/v) BSA and 5 pg/mL human plasma FN (Cal-
biochem, San Diego, CA, USA) (a chemotactic factor) were
added to the lower chamber. After 24 h of incubation, cells
that had invaded the bottom surface of the Transwell were
fixed, stained with Microscopy Hemacolor Rapid (a blood
smear stain; Merck, Darmstadt, Germany) and counted in
3-5 fields under a light microscope. All assays were repeated
three times.
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Fig. 1 Induction of EMT factors in hypermotile cells. a A schematic
showing how hypermotile cell lines were established by a repeated
scratch method. b Invasion assays were performed. The number
of invading hypermotile cells was significantly greater than that of
parental cells. ¢ Migration assays were performed. Hypermotile cells
exhibited a significant increase in migration capacity. Various EMT
factors were induced in U§7MG (d) and U251 (e) hypermotile cells.

RT-PCR and Real-Time PCR

Total RNA was prepared using the TRIzol reagent (Takara,
Mountain View, CA, USA). 1 pg amounts of total RNA were
transcribed to cDNA using random primers in a reaction vol-
ume of 20 pL. PCR amplification of cDNA was performed
using gene-specific primers under the following conditions:
denaturation at 95 °C for 15 min, followed by 35 cycles of
denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s,
extension at 72 °C for 30 s, and a final extension at 72 °C
for 5 min. PCR products were electrophoresed in agarose
gels containing ethidium bromide and visualized using a Gel
Doc EZ imager (Bio-Rad Laboratories, Hercules, CA, USA).

mRNA levels were quantified by real-time PCR using
VeriQuest SYBR Green qPCR Master Mix (Affymetrix
Inc, Santa Clara, CA, USA) and an Applied Biotech (Aus-
tin, TX, USA) platform. Real-time PCR and data collec-
tion were performed using a CFX 96 Touch Real-time
PCR Detection System running CFX Manager software
(Bio-Rad Laboratories) under the following conditions:
hot start at 95 °C for 10 min, followed by denaturation at
95 °C for 15 s, annealing at 60 °C for 30 s, and elongation
at 72 °C for 30 s (40 cycles). The relative levels of tested
genes were normalized to those of an endogenous control
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The expression levels increased at the mRNA level, as shown by RT-
PCR (left panel) and qRT-PCR (middle panel), and at the protein
level, as shown by Western blotting (right panel). GAPDH and beta-
actin served as the internal normalization standards. The bar graphs
show the mean+ SEM. The asterisk indicates a significant difference
between the groups (*P <0.05) (N-Cad N-cadherin, FN fibronectin)
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(GAPDH) using the comparative 2-AA method. All real-
time PCR assays were repeated three times. The primer
sequences used are listed in Electronic Supplementary
Table 1.

Western Blotting

Total cellular proteins were extracted into RIPA buffer
(Bio Solution, Seoul, South Korea) supplemented with a
protease inhibitor cocktail (Roche, Mannheim, Germany).
Briefly, lysates were cleared by centrifugation and super-
natants containing proteins collected for immunoblotting.
Extracted proteins (20-40 pg) were electroblotted onto
polyvinylidene fluoride (PVDF) membranes (GE Health-
care Life Science, Marlborough, MA, USA), probed with
primary antibodies overnight, and incubated with horse-
radish peroxidase (HRP)-conjugated anti-mouse or anti-
rabbit secondary antibodies; bands were detected using an
electrochemiluminescence (ECL) system (Millipore, Burl-
ington, MA, USA). The bands were quantitated with the
aid of a LAS-4000 luminescent image analyzer (Fujifilm,
Tokyo, Japan). The primary and secondary antibodies used
are listed in Electronic Supplementary Table 2.
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Glioma Patients and Tissue Specimens

Glioma specimens (n=92) were obtained from patients
who underwent surgical resection at Chonnam National
University Hwasun Hospital between 2007 and 2012. The
World Health Organization (WHO) Central Nervous Sys-
tem Classification in 2007 was used for diagnosis (Klei-
hues et al. 2007). Clinicopathological data were retrieved
from medical records. Overall survival (OS) and progres-
sion-free survival (PFS) were determined as previously
described (Lee et al. 2015). The clinical and radiological
data of enrolled patients are summarized in Electronic
Supplementary Table 3. Four matched pairs of primary
and recurrent glioblastomas from the same patients were
used for RNA analysis. The primary tumors were treated
with the standard protocol including concurrent radio-
therapy and temozolomide (TMZ) treatment, followed
by adjuvant TMZ. Fresh frozen tissues were processed
for RNA extraction analysis as previously described
(Kwon et al. 2015). The analysis of microarray data was
commissioned by Theragen Etex Bio Institute (Suwon,
Korea). All data processing was performed using the R/
Bioconductor packages and the p value was calculated
using the limma package (ver.3.5.0, http://www.bioco
nductor.org). The Chonnam National University Hwasun
Hospital Institutional Review Board approved this study
(CNUHH-2016-081); we obtained written informed con-
sent from patients or their legal surrogates for our use of
resected glioma samples.

Tissue Microarray Construction
and Immunohistochemistry

Areas of high cellularity were selected for microarray
analysis. Tissue microarray construction and immu-
nohistochemical staining were performed as described
previously (Lee et al. 2015). The following antibodies
were used for immunohistochemistry (IHC): anti-SLUG
(dilution 1:100, catalog no. 9585; Cell Signaling, Bos-
ton, MA, USA); anti-Twistl (dilution 1:100, ab-50887;
Abcam, Cambridge, UK); and anti-SNAI1 (dilution
1:100, sc-28199; Santa Cruz Biotechnology, Dallas, TX,
USA), with the aid of a Bond-Max Autostainer system
(Leica Microsystems, Buffalo Grove, IL, USA). All
immunostained slides were evaluated twice by experi-
enced pathologists (LJH and LKH) blinded to the clinical
details. The intensity of staining was initially classified
into four grades: 0, no immunoreaction; 1, weak positiv-
ity; 2, moderate positivity; and 3, strong reactivity. Cases
of grades 0 and 1 were categorized as low-expression
cases, and cases of grades 2 and 3 as high-expression
cases.
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Patient Datasets of REMBRANDT and TCGA and Data
Analysis

The database of the earlier NCI REMBRANDT (formerly
at https://caintegrator.nci.nih.gov/rembrandt/login.do, but
currently housed in the Georgetown University G-DOC
System) contains de-identified open-access data on 343
glioma patients treated through May 13, 2014. We explored
correlations between EMT factor expression levels and OS,
as described previously (Noh et al. 2017). Graphs were con-
structed by comparing data from the Affymetrix reporter
219330 at the Highest Geometric Mean Intensity and related
survival. The upregulated, downregulated, and intermediate
groups all exhibited changes > twofold in EMT factor levels
compared to those of non-glioma samples. Survival differ-
ences among groups were compared using the log-rank test.

Gene expression data (Illumina HiSeq 2000 RNA
Sequencing platform) of 172 glioblastoma samples from
The Cancer Genome Atlas (TCGA) project were obtained
from the data portal site (https://tcga-data.nci.nih.gov). Gene
expression data were re-normalized before analysis. After
exclusion of 5 normal brain samples, the expression level of
SLUG was compared between 154 primary and 13 recurrent
glioblastoma samples. Statistical analyses were performed in
the R language (http://www.r-project.org). A P value <0.05
was considered statistically significant unless otherwise
indicated.

Plasmid and Lentiviral Infection of Target Cells

To overexpress SLUG, the full-length human SLUG gene
was cloned by RT-PCR from U87MG cells using the slug-
EcoR1 forward primer 5" TTGAATTCATGCCGCGCTCCT
TCCTGG-3' and the slug-BamH1 reverse primer 5-CCG
GATCCTCAGTGTGCTACACAGCA-3'. The initial step
was 3 min at 95 °C, followed by 35 cycles of 30 s at 95 °C,
1 min at 60 °C, and 2 min at 72 °C; the final polymeri-
zation was performed over 5 min at 72 °C. The amplicon
was cloned into the pLVX-IRES-ZsGreenl vector (Clon-
tech Laboratories, Mountain View, CA, USA) digested with
the enzymes indicated above. The accuracy of the SLUG
sequence was confirmed by direct DNA sequencing. 293T
cells were cultured and transfected with 16 pg plasmid DNA
or DMEM-only (control). Virus samples were collected 48
and 72 h after transfection and concentrated via ultracen-
trifugation (Beckman Coulter, Brea, CA, USA).

For SLUG knockdown, we used the pSUPER RNAi Sys-
tem (Oligoengine, Seattle, WA, USA) and the Bg/ll/Xhol
oligonucleotides of the pSUPER vector. The cloning primers
were sense, 5'-GAGAGAATAAAAGACAGTA-3' and anti-
sense, S TACTGTCTTTTATTCTCTC-3', in line with the
manufacturer’s protocol. Briefly, the two DNA oligonucleo-
tides were incubated to facilitate RNA hairpin expression,


http://www.bioconductor.org
http://www.bioconductor.org
https://caintegrator.nci.nih.gov/rembrandt/login.do
https://tcga-data.nci.nih.gov
http://www.r-project.org

Cellular and Molecular Neurobiology (2019) 39:769-782

773

ligated into the pSUPER vector, and transformed into bac-
teria. The correct SLUG sequence was confirmed via direct
DNA sequencing and stable pSUPER-sh-SLUG-expressing
cell lines were selected using neomycin.

For lentiviral infection, cells were plated into 6-well
plates at a multiplicity of infection, incubated overnight,
and growth was allowed to continue for 48 h after addition
of fresh growth medium. SLUG expression was confirmed
at both the mRNA and protein levels.

Colony-Forming Assay

Equal numbers of glioma cells were grown in 6-well plates
at a clonogenic density and were irradiated using a Gam-
macell 1000 instrument (Best Theratronics, Ottawa, Can-
ada) at the indicated doses. After 9—14 days of incubation,
the medium was discarded and the colonies were fixed in
methyl alcohol followed by staining with crystal violet
(Sigma—Aldrich, St. Louis, MO, USA). Only colonies con-
taining > 25-50 cells were selected. To explore chemoresist-
ance, the cells were plated, cultured overnight, and treated
with 300, 500, and 700 pM TMZ for 48 h. Then, the culture
medium was replaced by drug-free medium and the plates
incubated for 14 days. TMZ was the kind gift of MSD Korea
Ltd. (Seoul, South Korea) and was dissolved in dimethyl
sulfoxide (Sigma—Aldrich).

Neurosphere Culture

Cells were plated and grown for 2 days in complete DMEM
supplemented with 10% (v/v) FBS, washed, and replated
at 1x10* cells/mL in T-25 flasks. The neurosphere culture
medium was Neurobasal Medium (Thermo Fisher Scien-
tific), supplemented with B27 (Thermo Fisher Scientific),
50 ng/mL epidermal growth factor and 50 ng/mL fibroblast
growth factor (BD Biosciences, Franklin Lakes, NJ, USA),
and 500 pM vL-glutamine (Lonza, Basel, Switzerland). The
flasks were placed in a CO, incubator for 7 days; the cells
were collected and subjected to mechanical dissociation and
viable cells were counted using the Trypan blue exclusion
assay. As a secondary assay, viable cells were resuspended in
proliferation medium, plated at 2 x 10* cells/mL in wells of
a T-25 flask, and allowed to form neurospheres for 14 days;
then, neurosphere numbers were microscopically counted.

Mouse Orthotopic Intracranial Glioma Model

Six-to-seven-week-old male C57BL/6 mice were purchased
from OrientBio (Seongnam, South Korea) and maintained
in an animal house with free access to autoclaved pelleted
food and water. The experimental protocol was approved by
the Chonnam National University Medical School Research
Institutional Animal Care and Use Committee. Animal

maintenance and all in vivo experiments were performed
according to the Guiding Principles for the Care and Use of
Animals (DHEW publication, NIH 80-23). Prior to intrac-
ranial injection, the mice were anesthetized and burr holes
1 mm in diameter were created in the right hemispheres,
through which GL261 cells were injected using a 26-gauge
Hamilton syringe (Hamilton Company, Reno, NV, USA)
to a depth of 3 mm. Tumor-bearing mice were euthanized
via cervical dislocation and the brains were extracted and
fixed in 10% (v/v) neutral-buffered formalin for 3 days. The
brains were dissected, embedded in paraffin, and stained
with hematoxylin and eosin for histopathological evalua-
tion. Brain samples of BALB/c nude mice implanted with
human glioma cells (U87MG, U251, and U343) and patient-
derived glioblastoma cells (GBM No. 11-15) were kindly
supplied by Dr. Chung-Kwon Kim (Sungkyunkwan Univer-
sity, Suwon, South Korea) and Prof. Seok-Gu Kang (Yonsei
University, Seoul, South Korea).

Statistical Analysis

All data were analyzed using IBM SPSS Statistics for Win-
dows software (ver. 23.0; IBM Corp., Armonk, NY, USA).
To compare EMT factor expression levels and WHO tumor
grades, we employed the »? test or Fisher’s exact probabil-
ity test. The effects of single variables on OS or PFS were
estimated by univariate analysis. Data are presented as
mean =+ standard deviation (SD) unless otherwise indicated;
at least three independent experiments were performed.
Unless stated otherwise, the t-test was used to compare
groups. GraphPad Prism for Windows software (ver. 6.00;
GraphPad, La Jolla, CA, USA) was employed to analyze
in vitro data, presented as mean + standard error of the mean
(SEM). A p value < 0.05 was considered to reflect statistical
significance.

Results

Induction of EMT Markers and Regulators
in Established Hypermotile Cells

Hypermotile glioma cell lines were established using a
repetitive scratch method (Fig. 1a). Transwell invasion and
wound-healing migration assays showed that the invasion
and migration capacities of these cells were significantly
increased compared to the parental cells (Fig. 1b, c¢). To
investigate the factors associated with the invasion and
migration of hypermotile cells, the expression levels of
EMT markers and regulatory genes were investigated. In
hypermotile U§7MG cells, the expression of N-Cad, SLUG,
Twistl, vimentin, and FN increased at both the mRNA
and protein levels compared with the parental US87MG
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cells (Fig. 1d). In hypermotile U251 cells, the expression
of N-Cad, SLUG, Twistl, and FN increased compared to
the parental cells (Fig. 1e). Although there have been some
discrepancies between cell lines or between the analyzing
methods, the overall directions of expression change showed
that expression of EMT markers and inducers increased in
both hypermotile cell lines.

SLUG Selected as EMT Regulator for Glioma Invasion
in the Mouse Model and Human Sample

We used IHC to examine SLUG, SNAII, and Twistl
expression in GL261-implanted mouse brains. Although
all three EMT regulators were strongly expressed at
the tumor margins (invasion fronts), the difference in

expression intensity between the tumor center and the
peripheral margin was more pronounced for SLUG com-
pared to SNAI1 or Twistl (Fig. 2a). High expression of
SLUG in the peripheral margin of the tumor was found
consistently (Electronic Supplementary Fig. 1). Thus,
SLUG was a candidate EMT regulator during glioma
invasion. In mouse xenograft models using human glioma
cell lines and patient-derived glioblastoma cells, SLUG
expression was again elevated in the tumor margins com-
pared to the tumor centers (Fig. 2b). In tissue samples
from glioblastoma patients, infiltrating tumor cells fre-
quently exhibited similar SLUG expression differences
between the tumor centers and the infiltrating margins
(Fig. 2c¢). Thus, among the various EMT factors, SLUG
appeared to play an important role in tumor invasiveness.

GL261

SLUG

us7

Fig.2 SLUG expression in invasion fronts of the mouse model and
the human sample. a Mouse GL261-implanted brain showed the
prominent differential expression of SLUG, i.e., stronger expres-
sion in the invasion margins than in the center of the tumor. In com-
parison, the expression gap of SNAI1 or Twistl was not remarkable
(immunohistochemistry, original magnification X 400). b High-level
SLUG expression was also evident in the marginal portions of mouse
xenografts of human glioma cell lines. More interestingly, in the
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glioblastoma patient-derived xenograft (PDX) model, SLUG expres-
sion was higher in the invasion front of the corpus callosum than in
the central portion (immunohistochemistry, original magnification
X 400). ¢ Glioblastoma tumor cells in the invading areas of patient
tissue samples frequently expressed SLUG more strongly than did
the central areas (immunohistochemistry, original magnification X
100and x 200)
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Invasion of Human Glioma Cells was Affected
by Genetic Modulation of SLUG Expression

To determine whether the genetic modulation of SLUG
expression affected invasion by human glioma cells, we cre-
ated SLUG-overexpressing U§7MG and U118 glioma cells
using a pLVX-IRES-zsGreenl lentivirus system (Fig. 3a).
Cells overexpressing SLUG exhibited significantly more
invasion than did cells with the empty IRES-SLUG vec-
tor (Fig. 3b). To explore how endogenous SLUG affected
invasion, SLUG was knocked-down in U87MG cells using
the pSUPER RNAIi System (Fig. 3c). After the knockdown,
the number of shSLUG-U87MG cells invading through the
matrix decreased significantly compared to control cells
(Fig. 3d). We also explored the associations between genetic
SLUG modulation and the expression of other EMT factors.
When SLUG was stably overexpressed in U§7MG and U118
cells, the expression levels of N-Cad, Twistl, SNAII, and
FN increased significantly at both the protein and mRNA
levels compared to control cells. On the contrary, on sta-
ble SLUG knockdown in U87MG cells, the expression of
N-Cad, Twistl, SNAII, and FN decreased significantly
(Fig. 3e).

Increased Neurosphere-Forming Capacity
and Expression of Stemness Markers

in SLUG-Overexpressing Human Glioma Cells
and Hypermotile Cells

To explore whether SLUG upregulation increased stemness,
the neurosphere-forming capacity and levels of various
stemness markers were measured in SLUG-overexpressing
cell lines and hypermotile cells. Sphere-forming ability
increased in U87MG and U118 cells overexpressing SLUG
compared to control cells. Also, the levels of Msi, Bmi,
CD44, and HES1 increased at the mRNA level in U118
cells overexpressing SLUG (Fig. 4a, b). Hypermotile cells
also exhibited an enhanced sphere-forming ability compared
to parental cells. The levels of mRNAs encoding ALDHI,
Eph-B1, CD44, CD133, Msi, and HES1 were increased in
hypermotile US7MG cells compared to parental cells (Elec-
tronic Supplementary Fig. 2). Together, the data showed that
SLUG upregulation enhanced stem cell-like features at the
invasive front of malignant glioma.

Therapeutic Resistance After Genetic Modulation
of SLUG Expression in Human Glioma Cells

To explore the clinical implications of increased SLUG
expression at tumor margins, we evaluated susceptibility
to chemoradiation. After irradiation, the colony-forming
assay showed that SLUG overexpression increased the sur-
vival of US7MG cells compared to controls. In contrast,

after stable SLUG knockdown in U87MG cells, irradia-
tion reduced the colony-forming capacity (Fig. 4c). We
also explored whether SLUG overexpression promoted
chemoresistance to TMZ of U87MG cells. SLUG-overex-
pressing cells exhibited a slightly higher colony-forming
capacity than control cells (Fig. 4d). Together, the findings
suggested that SLUG may increase therapeutic resistance
during glioma treatment.

Clinical Effects of SLUG on Survival, Recurrence,
and Therapeutic Resistance

IHC for SLUG was performed on TMA samples
from 92 glioma patients. High-intensity SLUG stain-
ing was often evident in those with high-grade glioma
(P=0.044) (Electronic Supplementary Table 4). The
median OS was 44.8 months [95% confidence interval
(CI): 37.8-51.8 months]. However, the OS of patients
expressing low levels of SLUG did not differ signifi-
cantly (P=0.392). In terms of PFS, the group express-
ing low-level SLUG showed a significant survival benefit
compared to the high-level group (P=0.042). In the 343
glioma patients of the REMBRANDT dataset, differences
in SLUG expression were associated with significant
variations in OS. SLUG upregulation, downregulation, or
intermediate-level expression was associated with signifi-
cant survival differences (P <0.001) (Fig. 5a). In patients
exhibiting high-level SLUG expression, OS was signifi-
cantly curtailed.

RNA data of the matched pairs of glioblastoma samples
showed that the expression of SLUG was higher in recur-
rent tumors treated with TMZ than in primary tumors,
although there was no statistically significant difference
(P=0.223). In TCGA data, recurrent glioblastoma showed
a significant increase of SLUG expression compared to ini-
tial resected glioblastoma, even though the samples were
non-matched pairs (P=0.052) (Fig. 5b). Thus, SLUG may
impart resistance to glioblastoma treatment. The TMZ-
resistance of T98G and LN18 glioma cells is attributable
to long-term exposure to TMZ (Electronic Supplementary
Fig. 3A). TMZ-resistant glioma cells exhibited increased
SLUG expression at both the protein and mRNA levels
(Fig. 5¢). SLUG expression by TMZ exposure status was
also examined in vivo (Electronic Supplementary Fig. 3B).
Although TMZ initially suppressed tumor growth, all mice
with GL261 implantation eventually died from tumor pro-
gression. SLUG expression in the central tumor regions
increased in TMZ-treated mice compared to phosphate-
buffered saline (PBS)-treated controls (Fig. 5d). Together,
the data showed that SLUG expression was associated with
TMZ-resistance, triggering tumor recurrence and poor out-
comes in glioblastoma patients.
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Fig.3 Changes in glioma invasiveness by genetic modification of
SLUG. a Western blotting and qRT-PCR analysis confirmed stable
SLUG overexpression in the U87MG and U118 backgrounds. b In
the invasion assay, cell infiltration was increased in U87 and U118
cell lines as a result of SLUG overexpression. ¢, d U87MG cells
featuring stable SLUG knockdown were significantly less invasive
than controls. e On stable overexpression of SLUG in U87MG and
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Mock  SLUG Mock  shSLUG

U118 cells, the expression levels of N-Cad, Twistl, SNAIL, and FN
increased at the protein level, as shown by Western blotting; and at
the mRNA level, as shown by qRT-PCR (left two panels). On the
contrary, SLUG knockdown reduced EMT factor expression (right
two panels). The bar graphs show the mean+ SEM. The asterisk indi-
cates a significant difference between the groups (*P <0.05) N-Cad
N-cadherin, FN fibronectin
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Fig.5 The clinical significance of SLUG in terms of survival,
recurrence, and therapeutic resistance. a In our cohort (92 glioma
patients), SLUG significantly affected progression-free survival (PFS)
(P=0.042), but not overall survival (OS) (P=0.392). In the REM-
BRANDT cohort (n=2343), the levels of mRNA encoding SLUG
correlated significantly with the OS gaps (P<0.001). b RNA data
from TCGA [non-matched primary (n=154) vs. recurrent (n=13)
glioblastoma] and our cohort (matched primary vs. recurrent glio-

Discussion

Invasive cancer phenotypes are closely linked to the
actions of intracellular signaling pathways. EMT-activat-
ing transcription factors promote invasion and metasta-
sis in an organized tumor-specific manner (Gonzalez and
Medici 2014; Ozanne et al. 2006). Generally, during the
EMT, epithelial cells become spindle shaped and genes
such as that encoding E-Cad are downregulated, creating
mesenchymal cells (Cavallaro et al. 2002; Maeda et al.
2005). Transcriptional repressors including SNAI1, SLUG,
ZEB1, and ZEB?2 bind to the E-Cad promoter, inhibiting
transcription (Koppikar et al. 2008). Several lines of evi-
dence suggest that EMT-activating transcription factors,
including SNAI1, SLUG, Twistl, and ZEB1, enhance glio-
blastoma proliferation, invasion, and migration (Han et al.
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blastoma, n=4) revealed that recurrent glioblastoma cases exhibited
increased SLUG expression. ¢ After long-term exposure to temozo-
lomide (TMZ), SLUG expression increased in TMZ-resistant glioma
cells, which was shown by Western blot at the protein level and by
RT-PCR at the gene level. d In the GL261-implanted mouse model,
SLUG expression increased in TMZ-treated mice compared to phos-
phate-buffered saline (PBS)-treated controls (immunohistochemistry,
original magnification X 400)

2011; Mahabir et al. 2014; Mikheeva et al. 2010; Xia et al.
2010; Yang et al. 2010).

We hypothesized that the most critical factor affecting
the EMT in terms of glioma invasion would be evident in
highly invasive hypermotile cells. On induction of hypermo-
tility via repetitive monolayer scratching, the levels of most
EMT markers increased at both the mRNA and protein lev-
els (N-Cad, SLUG, Twistl, and FN), in line with the findings
of previous reports; invasion and migration were enhanced
upon induction of the EMT in glioma cells (Han et al. 2011;
Mikheeva et al. 2010; Xia et al. 2010; Yang et al. 2010).
We used IHC to explore the similar (but not identical) roles
played by various factors. SLUG was differentially expressed
by tumor region (i.e., less in the center; more at the periph-
eral infiltrating margins), but SNAII and Twist]l were not.
This SLUG expression pattern was evident in both mice with
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patient-derived glioblastoma xenografts and human glioblas-
toma samples. Thus, SLUG may be important in invasion by
infiltrating glioma margins. The biological significance of
infiltration is acute for malignant gliomas; incomplete resec-
tion is unavoidable and residual tumor cells cause treatment
failure and tumor recurrence. Yang et al. found that SLUG
was a prime invasion-related transcription factor, as revealed
by analysis of genome-wide mRNA expression by human
glioblastoma (Yang et al. 2010).

The EMT imparts stem-like properties to cancer cells.
Stemness is the ability of a cell to perpetuate its lineage
in an asymmetric manner, giving rise to differentiated cells
on the one hand but maintaining a stem cell identity on the
other (Aponte and Caicedo 2017). Cancer stem cells may
drive cancer progression, associated with rapid growth,
invasion, metastasis, and recurrence (Aponte and Caicedo
2017). Induction of the EMT promoted stem-like properties
in cancer cells, which exhibited a mesenchymal phenotype
and increased plasticity (Mani et al. 2008; May et al. 2011).
Here, we found that induction of EMT factors in hypermotile
cells enhanced stemness. In such cells, expression of the
stemness markers CD133, Eph- B1, CD44, ALDHI1, HESI,
and Msi increased, as did the neurosphere-forming capacity.
Additionally, genetic modulation of SLUG expression may
explain the therapeutic resistance of malignant glioma cells.
SLUG-overexpressing cells exhibited an enhanced colony-
forming ability after irradiation, and SLUG-knockdown cells
a reduced capacity. SLUG-overexpressing cells were resist-
ant to TMZ. The mesenchymal phenotype and stemness
conferred resistance to chemoradiotherapy.

Cancer cells expressing E-Cad are more sensitive to
chemotherapeutic drugs than cells exhibiting the mesen-
chymal phenotype (Fuchs et al. 2008; Li et al. 2009; Witta
et al. 2006; Yang et al. 2006). Loss of E-Cad expression is a
hallmark of the EMT and cancer metastases; E-Cad is one of
the first SLUG targets (Bolos et al. 2003; Hajra et al. 2002).
Glial cells (derived from the neuroepithelial crest) do not
express E-Cad; the conventional ‘E-Cad to N-Cad switch’
is unlikely to be a feature of malignant gliomas (Utsuki et al.
2002). Rather than referring to the EMT of epithelial malig-
nancy, consideration of a glial-to-mesenchymal transition
may be more appropriate (Mahabir et al. 2014). Regard-
less of the term used to describe the phenomenon, enhance-
ment of the mesenchymal phenotype is frequently observed
in gliomas. SLUG induces chemotherapeutic resistance by
repressing self-renewal genes such as NANOG, HDACI,
and TCF4, leading to the acquisition of a stem cell-like phe-
notype and thus enhancing the numbers of drug-resistant
cells (Kurrey et al. 2009). SLUG ™~ mice were markedly
more radiosensitive than wild-type mice (Inoue et al. 2002).
The EMT and cancer stemness may explain both therapeu-
tic resistance and invasiveness, the two biggest obstacles in
malignant glioma treatment.

We evaluated SLUG expression both in our cohort and
the larger REMBRANDT cohort. Using the WHO classi-
fication, high-intensity SLUG expression was frequently
observed in high-grade gliomas. SLUG levels correlated
with glioma histological grade in a previous study simi-
larly (Yang et al. 2010). Although downregulated SLUG
did not afford an OS benefit, a survival advantage in terms
of PFS was observed in our patients exhibiting low-level
SLUG expression. The REMBRANDT data confirmed the
clinical importance of SLUG expression in the OS con-
text. As an EMT factor, SLUG seems to play an impor-
tant role in terms of prognosis of glioma patient. Patients
whose tumor samples were subjected to RNA-Seq analysis
underwent chemoradiotherapy, and all recurrent tumors
exhibited increased SLUG expression. Based on TCGA
data analysis, mRNA level of SLUG in recurrent glio-
blastoma samples was significantly higher than the initial
samples. Similarly, a recent study sought a multi-cancer,
mesenchymal transition gene expression signature in
data from TCGA, and linked a low-level EMT signature
to prolonged PFS (Cheng et al. 2012). The human TMZ-
resistant cell lines T98G and LN18 exhibited increased
SLUG expression compared to the parental cells. Also, in
mice orthotopically implanted with GL261, SLUG expres-
sion increased after TMZ treatment. Kubelt et al. earlier
reported that the levels of mRNAs encoding various EMT
markers increased after addition of TMZ (Kubelt et al.
2015). The cited authors did not correlate clinical informa-
tion (a history of chemoradiation) with EMT marker levels
in paired primary and recurrent gliomas. However, when
T98G glioma cells were exposed to TMZ, markers of the
EMT were induced, consistent with the increased SLUG
expression evident in recurrent human glioma tissues and
TMZ-resistant cell lines (Kubelt et al. 2015).

The SNAII family is composed of three members: SNAI1
(SNAIL), SNAI2 (SLUG), and SNAI3 (SMUC); all contain
a single C-terminal zinc finger cluster that binds to E-boxes
in the regulatory regions of target genes (Barrallo-Gimeno
and Nieto 2005). Particularly in malignant glioma, SNAII
has been shown to contribute to the radiation-induced mes-
enchymal transition. In a previous study, SNAI1 exhibited
a sustained response to radiation, and the levels of other
EMT regulators (SLUG and Twistl) increased to some
extent (Mahabir et al. 2014). We hypothesize that the EMT
regulators function co-operatively during the development
of glioma recurrence, but that their roles differ spatiotempo-
rally. For example, SLUG may drive the invasive phenotype
at tumor-infiltrating margins and SNAIl may precipitate
the mesenchymal transition after irradiation, although the
contributions made by both proteins tend to be synergis-
tic in terms of resistance to chemoradiotherapy. In other
aspects, Twistl acts predominantly to induce transforma-
tion from glioblastoma to gliosarcoma, more aggressive and
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intractable variant despite all kinds of therapy (Nagaishi
et al. 2012; Nordfors et al. 2015).

However, further investigation needs to be performed
to reveal the mechanistic links between SLUG and cancer
stemness markers or key parameters for new 2016 WHO gli-
oma classification, such as IDH1 mutation, 1p/19q co-dele-
tion, or MGMT promoter methylation (Louis et al. 2016).

Conclusions

We found that SLUG is involved in the regulation of glioma
invasion at the infiltrating tumor margins, and may also be
involved in the development of therapeutic resistance and
glioma recurrence. As recurrent tumors developing after
chemoradiation tend to display mesenchymal phenotypes,
current therapies may need to be refined by reference to
tumor evolution. SLUG can be targeted during treatment, to
reduce or halt initial invasion and recurrence.
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