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Abstract

Glioblastoma (GBM) is the most frequent brain cancer and more lethal than other cancers. Characteristics of this cancer are
its high drug resistance, high recurrence rate and invasiveness. Invasiveness in GBM is related to overexpression of matrix
metalloproteinases (MMPs) which are mediated by wnt/B-catenin and induced by the activation of signaling pathways extra-
cellularly activated by the cytokine neuroleukin (NLK) in cancer stem cells (CSC). Therefore, in this work we evaluated the
effect of the tetrose saccharide, erythrose (Ery), a NLK inhibitor of invasiveness and drug sensitization in glioblastoma stem
cells (GSC). GSC were obtained from parental U373 cell line by a CSC phenotype enrichment protocol based on microen-
vironmental stress conditions such as hypoxia, hipoglycemia, drug exposition and serum starvation. Enriched fraction of
GSC overexpressed the typical markers of brain CSC: low CD133+ and high CD44; in addition, epithelial to mesenchyme
transition (EMT) markers and MMPs were increased several times in GSC vs. U373 correlating with higher invasiveness,
elongated and tubular mitochondrion and temozolomide (TMZ) resistance. ICs, of Ery was found at nM concentration and
at 24 h induced a severe diminution of EMT markers, MMPs and invasiveness in GSC. Furthermore, the phosphorylation
pattern of NLK after Ery exposition also was affected. In addition, when Ery was administered to GSC at subICs, it was
capable of reverting TMZ resistance at concentrations innocuous to non-tumor cancer cells. Moreover, Ery added daily
induced the death of all GSC. Those findings indicated that the phytodrug Ery could be used as adjuvant therapy in GBM.
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common primary and devastating malignant brain tumor due
to its extremely high recurrence risk [1]. GBM is defined for
its poor prognoses; despite the use of surgery and adjuvant
radiation therapy, most patients succumb in the range of
14.6-20.5 months after diagnosis, and only 15% of patients
can survive until 2 years, a limited life expectancy concern-
ing other types of cancer [2—4]. In addition, GBM is resist-
ant to multimodal therapy with surgery followed by radia-
tion and temozolomide, a DNA alkylating agent used for
its capacity to cross the blood-brain barrier [5]. However,
even though temozolomide (TMZ) has been the most effec-
tive drug for GBM treatment, a best 5-year survival rate of
only 9.8% is achieved, and most patients successfully treated
with combined therapy eventually had tumor recurrence and
death [6]. Thus, searching for more specific and directed
therapies for treating this tumor is a main topic of interest.

Among the principal features of GBM are an invasive
behavior and the presence of cancer stem cells (CSC), which
favors a high recurrence due to its tendency to rapidly dis-
seminate within normal brain parenchyma making complete
surgical resection almost impossible [7], which limits impor-
tantly the response to further treatment [8]. High expression
of chemokine receptors in CSC and their activation induce a
signaling cascade that promotes the expression of calcium-
containing proteases (MMPs, zinc-dependent, calcium-
containing endopeptidases), which have been regarded as
the principal contributor to GBM CSC invasiveness [9, 10].
MMPs are known to be the main proteolytic enzymes that
play a fundamental role in the degradation and remodeling
of the components of the extracellular matrix (ECM), con-
nective tissue and basement membrane components, which
allows cancer cells to invade adjacent tissues. In addition,
MMPs are overexpressed in GBM cell lines and biopsies of
patients compared with low-grade astrocytoma or normal
brain samples [11], favoring a worse overall survival prob-
ability. Therefore, it is suggested that anti-MMP therapy can
be beneficial for GBM patients.

Thus, the inhibition of MMPs has been proposed as a pos-
sible therapeutic target to stop or at least delay tumor inva-
sion and, ultimately, prolong patient survival [11]. However,
in the last years, MMPs inhibition attempts in experimental
therapy for GBM have been unsuccessful. Therefore, its
inhibition with synthetic (such as marimastat, solimastat,
metastat and others) and natural inhibitors has had, so far,
little clinical benefit due to the development of severe side
effects during treatment in preclinical phases [12].

Phytodrugs have been used for cancer treatment, particu-
larly for inhibiting early stages of invasiveness. This is the
case of Ery, which is a tetrose intermediary of the pentose
phosphate pathway that is obtained principally from rhubarb
(Polygonaceae) roots [13]. Ery is a competitive inhibitor of
the cytokine neuroleukin (NLK) or autocrine motility factor
(AMF) [14]. NLK also performs enzymatic functions in the
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cytosol as the glycolytic enzyme hexose phosphate isomer-
ase (HPI) or is secreted, depending on the cellular context, as
a cytokine to induce invasiveness by binding extracellularly
to its gp78 receptor (AMFR) [14, 15]. In GBM a high NLK
expression was associated with a worse patient prognosis,
and knockdown of NLK diminished GBM cell migration
[16].

Previously we reported in a model of breast CSC a dimin-
ished content of epithelial to mesenchyme transition (EMT)
proteins including MMP-1, migration and invasion, after
adding Ery at nanomolar concentrations [17]. Therefore, in
the present study we evaluated the role of Ery in the inhibi-
tion of invasive function in GSC.

Materials and methods
Cell culture

GBM human U373 cells isolated from brain epithelium;
human breast metastatic cell line MDA-MB-231 (as inva-
siveness control); normal human umbilical vein endothe-
lial normal cells HUVEC and normal mouse fibroblast
NIH3TS3 cells (as control of non-cancer cell), were grown
in Dulbecco-MEM medium (DMEM) with 25 mM of glu-
cose (high glucose) and supplemented with 10% fetal bovine
serum (GIBCO; Rockville, USA) plus 10,000 U penicillin/
streptomycin (Sigma; Steinheim, Germany) at an initial den-
sity of 1x 10° cells/mL. Cells were cultured in a humidified
atmosphere of 5% CO, and 95% air at 37 °C for 2-3 days
until a confluence of 80% was reached. U373 cells used in
the present work proceeded from ATCC (American Type
Culture Collection; Rockville, MD, USA).

Drug and natural compounds treatment

U373 and GSC (1% 10° cells/0.5 mL) were cultured in
24-well plates overnight. Afterward, Ery was added at 0.1, 1,
10, 100 uM; 1 and 10 mM for further 24 h incubation. Then,
cellular viability was determined by trypan blue stain assay.
The concentration required to inhibit 50% of cellular viabil-
ity (ICs,) was determined after 24 h drug exposure using the
Origin 8 software. The same methodology was used for the
obtention of IC5, of TMZ in GSC and U373 cells for 72 h.

Glioblastoma stem cells (GSC) enriched fraction

GSC were selected and isolated (enriched fraction) from
U373 parental line following the microenvironmental
stress protocol previously reported [17]. Briefly, U373 cells
(1x10° cells/mL) were exposed to hypoglycemia (2.5 mM
glucose) plus Temozolomide 500 nM under normoxia (20%
O,) for 12 h. Then the medium was changed for DMEM
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25 mM plus Etoposide 500 mM and cells were exposed to
hypoxia (0.1% O,) in an Oxygen Control Chamber (Coy
Laboratory, Grass Lake, MI) for 12 h. Finally, cells were
cultured in serum-free DMEM containing 25 mM glucose
and placed in a humidified atmosphere of 5% CO,/95% air
at 37 °C for 24 h until their use. Surviving cells from this
protocol were named GSC.

Glioblastoma stem cells sphere formation

GBM spheres of cancer stem cells were generated by using
the floating sphere-forming assay [18]. Briefly, GSC and
U373 cells (1x 10° cells) were grown in Erlenmeyer flasks
with free serum-DMEM and placed immediately under
slow (20-50 rpm) orbital shaking for 10 days at 37 °C in
95% air/5% CO,. Fresh DMEM was added every 2-3 days
to remove cellular debris and planktonic cells not-forming
spheroids. GBM sphere size was measured at different cul-
ture times with a graduated reticule in an inverted phase
contrast microscope (1/10 mm; Zeiss, NY, USA).

Western blot

U373 and GSC cells (5 x 10° cells/mL) were dissolved in
RIPA (PBS 1xpH 7.2, 1% IGEPAL NP40, 0.1% SDS and
0.05% sodium deoxycholate) lysis buffer plus 1 mM PMSF
(phenyl methanesulfonyl fluoride) and 1 tablet of complete
protease inhibitors cocktail (Roche, Mannheimm, Ger-
many), as previously it was described [19]. Protein sam-
ples (40 pg) were resuspended in loading buffer plus 5%
B-mercaptoethanol and loaded onto 10 or 12.5% polyacrila-
mide gel under denaturalizing conditions. Electrophoretic
transfer to PVDF membranes (BioRad; Hercules, CA, USA)
was followed by overnight immunoblotting with 1:1000
dilution of CD133, CD44, Oct 3/4, vimentin, NOTCH,
B-catenin, MMP-1, MMP-9, NLK, receptor gp78,  and
o-tubulin antibodies (Santa Cruz; Santa Cruz, CA, USA)
at 4 °C. The hybridization bands were revealed with the
corresponding secondary antibodies conjugated with horse-
radish peroxidase (Santa Cruz Biotechnology, CA, USA).
The signal was detected by chemiluminescence using the
ECL-Plus detection system (Amersham Bioscience; Little
Chalfont, Buckinghamshire, UK). Densitometry analysis
was performed using the Scion Image Software (Scion;
Bethesda MD, USA) and normalized against its respective
load control. The percentage of each band represents the
mean + SD of at least three independent experiments.

Immunoprecipitation assays
To reveal NLK/P-ser and NLK/-thr, proteins were immu-

noprecipitated by incubating total protein of U373 (control
or Ery-treated) with the NLK or IgG1 as control (1 pg) for

1 h plus protein A-sepharose (Sigma-Aldrich), and further
detected with anti- NLK antibody using its correspondent
secondary antibodies and following manufacturer instruc-
tions. Densitometry analysis was performed using the Scion
Image Software (Scion, Bethesda MD, USA).

Detection of NLK protein in the extracellular milieu

Extracellular neuroleukin (NLK, or hexose phosphate
isomerase HPI) protein detection was assayed in free-cell
DMEM from 24 h U373. Cell-free medium was incubated
with 10% trichloroacetic acid (TCA) at 4 °C overnight [19].
Afterwards, the mixture was centrifuged once at 10,000 rpm
for 30 min. The sediment was resuspended in loading buffer
and loaded onto 12.5% SDS-PAGE gels. Electrophoretic
transfer to PVDF membranes (BioRad; Hercules, CA, USA)
was followed by overnight immunoblotting with 1:500 dilu-
tion of NLK antibodies (Santa Cruz, CA USA) at 4 °C. The
hybridization bands were revealed with the mouse second-
ary antibody conjugated with horseradish peroxidase (Santa
Cruz Biotechnology). The signal was detected by chemilu-
minescence as described above and albumin was used as
load control.

Invasiveness and wound healing assay

U373 and GSC (5 x 10* cells/mL) in serum-free DMEM
were seeded on the upper compartment of Boyden chambers
(Trevigen Inc., Helgerman, USA). The lower compartment
was filled with DMEM without serum. After 24 h at 37 °C,
invasive cells in the lower compartment were loaded with
60 nM calcein AM (acetomethylester) for 60 min. Calcein
fluorescence was detected at 485 nm excitation and 520 nm
emission in a microplate reader (NunclonTM, Roskilde, Den-
mark) [19]. For control assays, MDA-MB-231 metastatic
canonical breast cancer cells were used. For migration, a
wound healing assay was used. Briefly, cell monolayers
cultured in Petri dishes were wounded using a blue plas-
tic sterile tip, washed with PBS buffer and incubated with
fresh DMEM without serum. After 24 h, the medium was
removed and fresh DMEM without serum was added. Cel-
lular migration distance from the border to the center of the
Petri dish was documented in micrographs [19].

Transmission electron microscopy

To evaluate the mitochondria morphology from U373 and
GSC, standard transmission electron microscopy (TEM)
was used. Briefly, the samples were fixed in a mixture of
4% paraformaldehyde/2.5% glutaraldehyde in PBS for 3 h,
washed in PBS, post-fixed in 1% osmium tetroxide for 2 h,
washed with PBS, dehydrated for incubating in a graded
series of ethanol, incubated in propylene oxide, and then
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embedded in propylene oxide/epoxy resin (1:1) for 18 h and
finally incorporated in Eppendorf microtubes and polymer-
ized at 60 °C for 48 h [20].

Statistical analysis

Data are expressed as mean + standard deviation of the
indicated number of independent experiments. The experi-
mental and control groups were statistically compared using
ANOVA with P values <0.01 or<0.05 as significance
criteria.

Results
GSC metastatic phenotype

GSC obtained and named in this way after microenviron-
mental stress protocol (hypoxia, hypoglycemia, drugs expo-
sition and serum starvation) [17] showed a high viability
of ~ 85%, inclusive, its morphology remained unchanged
in comparison with the control (parental line) (Fig. 1a). As
previously it was reported [17], breast CSC obtained with
the same protocol only showed 30% of viability with a fibro-
blastoid morphology very different from its parental line.
Current findings in GSC probably indicated high resistance
and proportion of the subpopulation of CSC inside the cell
line. Therefore, to evaluate above, GSC markers and EMT
proteins were measured in U373 and GSC. CD133+4and
CD44 low, well established GSC and mesenchymal mark-
ers; increased 9.3 times and diminished 67% vs parental cell
line, respectively (Fig. 1b). In addition, the pluripotency
marker Oct3/4 and the metastasis and colonization factor
NOTCH increased 3—7.7 times vs. parental cell line. Finally,
a crucial transcription factor in EMT phenotype, -catenin
was increased 3 times with the concomitant overexpres-
sion (from 1.1 to 8.9 times) of their target matrix metal-
loproteinases 1 and 9; and vimentin, key proteins involved
in migration and invasiveness; the protein MMP-1 did not
change in both lines, while MMP-9 increased 10 times in
GSC vs. U373 (Fig. 1b). Another key feature of CSC pheno-
type is the capacity of sphere-forming in absence of growth
factor of serum. GSC formed spheres from 330+ 25 pm
of diameter at day 10 without fetal bovine serum (serum-
free DMEM) (Fig. 1c). In contrast, U373 parental cell line
did not form spheres from more than 50 pm of diameter in
the same conditions. Furthermore, GSC were more potent
in its capacity of invasiveness (from 2.4 to 4.6 times), in
Boyden chamber, in comparison with other breast cancer
cell line highly metastatic, MDA-MB-231 and its counter-
part MDA-MB-231 CSC (Fig. 1d). These results of inva-
siveness were similar to the migration evaluated by wound
healing assay (Fig. 1d). Electron microscopy showed the
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presence of typical elongated and tubular mitochondria in
GSC with granular structures inside (Fig. 1e). This type of
mitochondrial morphology was similar to that reported in
MDA-MB-231 cells, a high metastatic cell line [21]. On
the other hand, the morphology of U373 mitochondria was
preferentially cylindrical (Fig. le).

Neuroleukin in GSC

The neuroleukin (NLK or HPI/AMEF, hexose phosphate
isomerase/autocrine motility factor) has been reported to be
secreted in cancer via an autocrine route and probably spe-
cific phosphorylation [14]. To evaluate the phosphorylation
status in NLK, we immunoprecipitated total and extracellu-
lar NLK and P-Ser and P-Thr. We found that in intracellular
total protein both control and GSC had the same content of
NLK although phosphorylation in P-Thr was more evident
(14 times) that in P-Ser in GSC compared with the control
(Fig. 2a). The pattern of the content of NLK in extracel-
lular milieu (supernatants) was completely different. NLK
was oversecreted almost 40 times in GSC versus control and
both P-Ser and P-Thr were also increased 3.4-5 times; On
the other hand, U373 control showed a similar pattern of
phosphorylation between P- Ser and P-Thr (Fig. 2a). In addi-
tion, we found that the NLK receptor, gp78, was increased
in 5 times in GSC vs. U373 control (Fig. 2b). To evaluate
if NLK recognizes its receptor in GSC we immunoprecipi-
tated NLK and revealed with gp78. We found that NLK co-
immnoprecipitated preferentially in GSC versus parental cell
line (Fig. 2c). Because Ery is a competitive inhibitor of NLK
(HPI/AMF) [17], we obtained the IC, of Ery in control
U373 (3.5+0.3 pM) and GSC (345+7 nM) at 24 h. After
adding during 24 h the ICs, of Ery in control and GSC, we
observed that NLK stopped precipitating with gp78 in GSC,
preferentially, indicating a loss of interaction between NLK
and gp78 (Fig. 2¢). Those findings indicated that NLK over-
secreted is susceptible of interaction with its receptor gp78
and Ery blocks this interaction.

Ery alters phosphorylation and invasive profile
in GSC

Because Ery inhibited the interaction between NLK and
gp78 in GSC, we evaluated its phosphorylation status. GSC
were subjected to ICs;, of Ery during 24 h and protein con-
tent was measured. Firstly, we observed that Ery induced a
severe diminution of NLK intracellularly and extracellularly
(both in more than 90%) (Fig. 3a). These observations cor-
related with a loss of phosphorylation of P-Ser and P-Thr
in intracellular and extracellular NLK from 59 to 96% in
comparison with GSC without Ery (Fig. 3a). In addition,
subIC50 concentrations of Ery in GSC did not induce a
decrease in NLK, but did induce a diminution in P-Ser and
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Fig. 1 a Morphology of GSC
and its parental line (U373).

b Stemness biomarkers and
EMT of GSC U373. ¢ Sphere
formation of GCS and U373.

d Invasiveness and migration
potential. e Representative
transmission electron micro-
graphs; the arrows indicate the
mitochondrion in U373 and
GSC. Bar=200 pm in a, ¢ and
d and 1 pm, 500 nm or 200 nm
in e. The data shown represent
mean + S.D. of at least 4 inde-
pendent experiments. *P <0.05
and **P <0.01 vs. U373 (for b
and ¢) or MDA-MB-231 ind
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Fig.1 (continued) e

P-Thr (Fig. 3a). Since the NLK was inhibited to be secreted
in extracellular milieu of GSC, we evaluated the protein con-
tent of GSC markers, pluripotency and EMT. All proteins
were diminished from 10 to 96.6% after Ery adding during
24 h, except CD44, which increased 2 times vs. GSC without
Ery (Fig. 3b). Concomitant with EMT proteins diminution,
invasiveness in Boyden chamber was inhibited by 73.5%,
same as migration (Fig. 3c).

Ery reverts TMZ resistance in GSC

Another major problem in GBM treatment includes the drug
resistance. Because Ery induced a severe diminution of inva-
siveness, and it is reported that it can induce cell death [22],
we evaluated if we could sensitize GSC to the effect of the
canonical treatment with TMZ. For the evaluation of drug
sensitization in GSC, 1Cs, of TMZ was obtained in U373
(350 +20 pM at 72 h) and was similar to the previously
reported at 72 h [23]. However, GSC were more resistant to
the same drug, the ICs, was of 632 +25 pM and therefore,
GSC were not susceptible to ICs, found in U373 (Fig. 4a).
On the other hand, ICs, of Ery (345 nM) from GSC was able
to revert TMZ resistance at 350 uM in GSC, inclusive the
same effect was observed even with only 50 uM (sub ICs) of
TMZ (Fig. 4a). Same doses (TMZ 50 pM and Ery 345 nM)
were applied to non-tumor cells (HUVEC and NIH3T3)
without an effect on cell viability (Fig. 4b). Although these
observations could seem successful, when the remaining
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U373 GSC

GSC cells survivors from this treatment were re-cultured
in complete DMEM without drugs, they remained viable at
least until 144 h (Fig. 4a) without loss of viability. Hence,
a new scheme of treatment was followed in which the first
combination (TMZ 50 pM and Ery 345 nM) was applied for
24 h and then only ICs, of Ery from GSC was added every
day in fresh medium. At day 5 all remaining cells succumb
completely (Fig. 4c and d). The same treatment scheme was
ineffective in human HUVEC cells (Fig. 4c). In contrast, in
GSC without Ery, cells remaining viable (Fig. 4d). Those
observations indicated that Ery could be used as adjuvant
treatment in recurrent GSC with TMZ (Fig. 5) without
apparent effects on the viability of non-tumor cells.

Discussion
Glioblastoma stem cells (GSC)

It is believed that GBM, the most common primary brain
tumor, is initiated and maintained by the presence of a sub-
population of self-renewing stem-like cells known as glioma
stem cells (GSC). It is characterized by increased resistance
to radiotherapy and chemotherapy, which may lead to a fail-
ure in the treatment; high invasiveness and tumor recurrence
rates, in turn, promote the malignant progression and short
survival period [24] which makes to GBM a high-grade and
difficult to handle tumor. Current strategies to treat GMB
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Fig.2 a Phosphorylation status
of NLK in intracellular and
extracellular GSC and U373. b
gp78 receptor content protein
from GSC and U373. ¢ Interac-
tion of NLK and gp78. The data
shown represent mean + S.D. of
at least 4 independent experi-
ments. *P <0.05 and **P <0.01
vs. U373
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«Fig.3 a Intracellular and extracellular pattern of phosphorylation
of NLK after Ery treatment of GSC. b Stemness Biomarkers of
GSC and EMT and c invasiveness and migration after Ery treatment
(Bar=200 pm). The data shown represent mean=+S.D. of at least 4
independent experiments. *P <0.05 and **P <0.01 vs. GSC without
Ery (for a and b) or U373 in ¢

introduced since 2005 with safe resection, radiotherapy and/
or TMZ only has shown a scarce increase of 2.5 months of
patient survival [25] and they are therapies not directed to
the main features of GBM i. e. recurrency and invasiveness.

To evaluate the possible effect on invasiveness and drug
resistance reversion of Ery, we have enriched a fraction
of GSCs from the parental cell line U373 by exposing the
cells to environmental stress conditions [17], GSC selected,
overexpressed surface markers such as CDC133, Oct3/4 and
CD44!°%, proteins that play a crucial role in the maintenance
of GSCs and the resistance to chemo and radiotherapy under
nutrient deprivation and hypoxia conditions. Yusuf et al.
reported that glucose deprivation induces the survival of
GSCs with higher clonogenic and invasive potential through
the upregulation of Wnt/p-Catenin signaling pathway [26],
whereas LGK974 (Wnt inhibitor) sensitizes GSCs to the
cell death under glucose starvation conditions. The authors
suggest that glucose starvation increases the invasive capac-
ity in GSCs by inducing a mesenchymal transition via the
Wnt/p-Catenin pathway [26]. When the mitochondria have
a greater fusion, an elongated morphology can be observed
as was seen in GSC (Fig. le) [27] as indicative of a higher
invasiveness rate and OxPhos (oxidative phosphorylation)
activity [28]. Thus, GSC obtained with this protocol pre-
sented characteristics related to a stem-like phenotype. It
has been reported that cancer cells have a greater mito-
chondrial fusion to maintain proliferation, promoting cell
survival, metabolism re-programming and invasion under
stress conditions, such as exposition to chemotherapeutics
drugs or glucose deprivation [29]. Wang et al. demonstrated
that Kriippel-like factor 4 (KLF4), a transcriptional factor
promotes mitochondrial fusion in GBM cells under serum
and nutrition deprivation, inducing a protection in cells from
death, and increasing respiratory capacity and ROS genera-
tion. The authors suggest that mitochondrial fusion induced
by KLF4 in GBM cells can support a dependence on oxida-
tive phosphorylation (OXPHOS), a stem cell-like phenotype
which may contribute to tumor recurrence and resistance to
cell death of GSC, possibly through mitochondrial fusion
[30].

Phosphorylated NLK is secreted from GSC
and stimulates the progression of GBM

Invasiveness is induced by external factors coming from
the microenvironment of accessory cells and autocrine

signals of self-CSC [31], allowing them a drug resistance
and the relapse and favoring metastasis. One of these fac-
tors is the NLK a moonlight protein that plays a distinct
role, when it is localized in the cytosol participates as a
catalytic enzyme in the gluconeogenesis—glycolysis path-
ways and when is secreted act as a cytokine that interacts
with its receptor, gp78/AMFR, inducing apoptotic resist-
ance, matrix metalloproteases secretion, angiogenesis and
cell motility (Fig. 5) [32]. It has been demonstrated that
hypoxia induces the propagation of GSC as well as NLK
expression and secretion, leading at the NLK/AMFR sign-
aling pathway activation [33]. In our study, we observed
that both GSC and its parental cell line contained intracel-
lular NLK (HPI/AMF). However, GSC showed an increased
NLK phosphorylation in serine and threonine residues cor-
relating with a higher secretion of NLK in the supernatant
of GSC as well as a significant increment in the expres-
sion of gp78 (NLK receptor), and a higher association of
this receptor to NLK in comparison with U373 cells. Our
results suggest that NLK is secreted from GSCs and stim-
ulates the invasiveness in an autocrine signaling. NLK is
further upregulated by hypoxia, consistent with the known
regulation of the enzyme by HIF-1a. Also, our results sug-
gest that NLK is phosphorylated in GSC, which promotes
its extracellular release and formation of NLK/gp78 com-
plex, promoting cell invasion. The mechanisms that induce
the extracellular secretion of NLK are unknown; however,
it has been proposed that AMF/HPI phosphorylation is a
potential regulator of its secretion. In this sense, it has been
demonstrated that NLK is phosphorylated in serine residues
by CKII serine/threonine kinase in response to EGF and
subsequently secreted in a higher concentration by a canoni-
cal endoplasmic reticulum/Golgi pathway in human breast
cancer cells [34]. Inhibition of invasion in cancer cells is
through the inactivation of PI3K/AKT signaling pathway
and blocking of the transcriptional function of -catenin/
TCF4 and activating protein 1 (AP-1) [34]. AP-1 composed
of the c-jun/c-fos regulator complex, promotes the expres-
sion of matrix metalloproteinases (MMP), such as MMP1
and MMP3, required for basement membrane and ECM
degradation. In addition, it has been reported that human
AMF/HPI is phosphorylated at serine 185 by casein kinase II
(CK2) and conformational changes induced by phosphoryla-
tion may be associated with its secretion [35]. In this sense,
NLK can act as an autocrine cytokine due to its interaction
with the receptor gp78 for metastasis progression, and acti-
vating an intracellular pathway that induces Akt and ERK
and then NF-kB and Wnt/B-catenin (Gallardo-Pérez et al.
manuscript in preparation) (Fig. 5). Also, AMFR positively
regulates cell motility through Rho-associated protein kinase
2 (ROCK2)/cofilin signaling. In addition, NLK upregulation
mediates EMT [36] by SNAIL transcriptional factor overex-
pression and decreases E-cadherin and f-Catenin levels [36].
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In human GBM biopsies, NLK and AMFR are upregulated
in hypoxic pseudopalisades cells, which is associated with
poorer survival in patients with GBM [37]. In addition to its
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without treatment scheme. Bar=200 pm. The data shown represent
mean+S.D. of at least 4 independent experiments. **P <0.01 vs.
U373 (a) or treatment in GSC at t=0 (¢)

glycolytic and mitogenic effects, NLK can mediate the dif-
ferentiation of myeloid cells and antiproliferation effects in
HeLa, A-549, MCF-7 or other cell lines [38]. Hence, the
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Fig.5 Targets of action of Ery
and TMZ in GSC. Expelled
NKL from GSC interacts with
its receptor (gp78) and activates
signaling pathways involved

in stemness; therefore, the

stem population remains in the
tumor. The combinatory therapy
of TMZ with Ery has 2 different
targets, the DNA and the NLK/
AMEFR interaction, respectively.
As a result, the GSC population
dies and could prevent recur-
rence in the patient

pleiotropic effects of NLK depend on cell type and micro-
environmental conditions, or the status of phosphorylation,
which can be a key to elucidating the preferred effect in
each case.

For the subsequent studies, Ery was evaluated on GSC
and an ICs, of viability at relevant concentrations was
obtained (345 nM). Previous findings in breast CSC indi-
cated an IC50 of Ery of approximately 24 nM [17], indicat-
ing the sensitivity of CSC to this phytodrug (while other
drugs had an effect in range in micromolar) and non-tumor
cancer cells were insensitive to Ery with viability higher
than 95% [17].

The phosphorylation status of NLK (HPI/AMF) was
suggested in tyrosine residues [14], but other sites of phos-
phorylation has not been reported. This work evaluated
the status of NLK phosphorylation in P-Ser and P-Thr. We
observed that these sites were preferentially phosphoryl-
ated in GSC than in its parental cell line correlating with
a higher secretion of the NLK in the supernatant of cells.
These findings agree with the notion that cell signaling mol-
ecules must to be phosphorylated in different residues to
induce its release [39]. In addition, it is reported that NLK is
internalized into the cells by means of a PI3K and dynamin-
dependent raft endocytic pathway, regulating inclusive mito-
chondrial fusion and dynamics and endoplasmic reticulum
stress and apoptosis. However, NLK has showed unwanted
growth stimulatory effects in some GBM models [16] or
antiproliferation in HeLa, A-549, MCF-7 or other cell lines
[38]. The status of phosphorylation again, can be a key to
elucidate the preferred effect in each case. Either way, inhi-
bition of NLK (HPI/AMF) by Ery has shown to be efficient
against CSC population.
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Ery as adjuvant therapy for GSC inhibition

Some strategies to inhibit NLK has been evaluated includ-
ing siRNAs or DNA antisense, but precautions must be
taken because these strategies can alter the general pro-
tective role of NLK in cell death control on neuronal cells
[40]. Therefore, novel strategies to NLK (HPI/AMF) inhi-
bition should involve safe drugs or inhibitors. Some of
them include compounds from plants widely consumed
by the general population. This is the case of Ery which
comes from edible specimens of rhubarb roots which have
been inclusive proposed as modulator of cardiovascular
risk [41] preventing obesity and diabetes.

Drug resistance is a serious complication during GBM
treatment. Particularly, during treatment with TMZ many
GBM cells remains viable and because Ery has, besides
anti-invasive properties, antiproliferative effects, we rush
to evaluate if Ery prevent recurrence or regrowth after
the first (initial) treatment with TMZ. Previously, in a
rat model of colon cancer, Ery markedly diminished the
growth of ascites and induced apoptosis, suggesting that
Ery may be more effective in combination with antican-
cer drugs [22]. In effect, Ery was capable of overcome
drug resistance of GSC to TMZ at relevant concentra-
tions of nanomolar at single doses. However, this treat-
ment allowed the subsequent growth of the remaining
cells; growth that was inhibited by the combination of
TMZ (single doses) and the daily addition of Ery to the
GSC in culture (Fig. 4a). It is probable that Ery act as an
enhancer of the TMZ. In a previous study, combination
of Herceptin (anti-Her-2 monoclonal antibody) and eryth-
rose-4-phosphate (E4P) or D-mannose-6-phosphate caused
an interestingly diminution of breast cancer growth and
invasiveness compared with each agent by separately [42].
The novelty of our treatment includes the daily addition
of a natural compound that have no effect on cell viability
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of non-tumor cells but that increases the rate of death on
the GSC in such a way that at 120 h of the initial treatment
with TMZ, GSC completely succumbed (Fig. 4c). Above
remains an interesting topic because several growth fac-
tors are involved in the activation of NLK (HPI/AMF) as
heregulin [43] and it may be that this activation is inhib-
ited by the constant presence of Ery in the medium of
GSC.

We observed in this study that the administration of Ery
(345 nM) on the enriched fraction of GSC inhibited the
growth and then significantly decreased the invasiveness
as well as the levels (10 to 96.6%) of the stemness and
invasiveness markers such as CDC133, f-catenin, Notch,
vimentin, MMP-1, and MMP-9 with respect at GSC with-
out Ery treatment. These markers are associated with the
induction of proliferation, EMT, invasiveness, and chemo
and radio resistance. Thus, it seems in our study the Ery
blocks the NLK/AMEFR cellular receptor, diminishing the
activation of the transduction pathways associated with
the onset of EMT/migration/invasion in CSC from GBM
(Fig. 5). Previously was reported that E4P inhibits the cell
migration and chemotactic effect of NLK in GBM stem-
like cell in vitro [16]. The cells were growth in serum-
free Neurobasal medium or in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum [16]. On
the other hand, Gallardo-Perez et al. demonstrated that
NLK inhibition with E4P (5-250 nM) in the breast cancer
MCEF-7 stem cells (BCSC), growth in hypoxia/hypogly-
cemia; plus: taxol and adriamycin conditions, decreased
the levels of stemness (ALDH13, CD44), pluripotency
(Oct3/4, B-catenin, p38 MAPK) and EMT (SNAIL, vimen-
tin, MMP-1) markers as well as the suppression of inva-
siveness potential, mammospheres formation capacity and
HPI/AMF expression in Breast CSC [17]. These authors
also observed that BCSC mammospheres in the presence
of E4P induce a downregulation of pro-apoptotic protein
(Bcl-2, XIAP, cIAP1) [17]. It has been established that
NLK/ AMFR signaling in cancer cells induced an anti-
apoptotic effect by decreasing the Apaf-1 and caspase-9
mRNA levels generating resistance to drug-induced apop-
tosis [44]. Apaf-1 and caspase-9 proteins induce the apop-
totic cell death pathway via mitochondria [45].

Also, it has been demonstrated that co-treatment of
shNLK more bevacizumab at xenografts nude mice with
GSCs present a reduced perivascular invasion [16]. These
results suggest that phytodrugs such as NLK can potenti-
ate the anti-proliferative, anti-angiogenic, anti-invasive, or
pro-apoptotic effects and overcome the chemo-resistance
of antineoplastic drugs.

The novelty of our treatment includes the daily addi-
tion of a natural compound that does not affect cell
viability of non-tumor cells, but that increases the rate
of death on the GSC in such a way that at 120 h of the

@ Springer

initial treatment with TMZ, GSCs completely succumbed
(Fig. 4c). The above remains an interesting topic because
several growth factors are involved in the activation of
NLK (HPI/AMEF) as heregulin [43], and it may be that this
activation is inhibited by the constant presence of Ery in
the medium of GSCs.

Conclusion

Phytodrugs as Ery can be used in the treatment of recur-
rent and invasive GSC and can be proposed as an adjuvant
therapy due to its innocuousness on non-tumor cells and its
capacity to enhance the chemotherapy.
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