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Abstract: Glioma stem cells (GSCs), the cancer stem cells of glioblastoma multiforme (GBM), con-
tribute to the malignancy of GBM due to their resistance to therapy and tumorigenic potential;
therefore, the development of GSC-targeted therapies is urgently needed to improve the poor prog-
nosis of GBM patients. The molecular mechanisms maintaining GSCs need to be elucidated in more
detail for the development of GSC-targeted therapy. In comparison with patient-derived GSCs and
their differentiated counterparts, we herein demonstrated for the first time that phospholipase C
(PLC)ε was highly expressed in GSCs, in contrast to other PLC isoforms. A broad-spectrum PLC
inhibitor suppressed the viability of GSCs, but not their stemness. Nevertheless, the knockdown of
PLCε suppressed the survival of GSCs and induced cell death. The stem cell capacity of residual
viable cells was also suppressed. Moreover, the survival of mice that were transplanted with PLCε
knockdown-GSCs was longer than the control group. PLCε maintained the stemness of GSCs via the
activation of JNK. The present study demonstrated for the first time that PLCε plays a critical role in
maintaining the survival, stemness, and tumor initiation capacity of GSCs. Our study suggested that
PLCε is a promising anti-GSC therapeutic target.

Keywords: glioma initiating cell; brain tumor initiating cell; phospholipase Cε; c-Jun N-terminal kinase

1. Introduction

Cancer stem cells (CSCs) are a small population of cells in tumor tissue that exhibit
both resistance to therapies and tumor initiation potential, and, thus, remain after treatment
and cause recurrence. The nature and vulnerabilities of CSCs need to be elucidated in more
detail because their elimination may improve patient survival. We previously reported
the molecular mechanisms and signaling pathways that are involved in maintaining the
stemness of glioma stem cells (GSCs), which are the CSCs of glioblastoma [1–5]. Since
the molecular mechanisms underlying the regulation of GSCs remain largely unknown,
further studies on the factors contributing to the survival and maintenance of GSC stemness
are warranted.

Phosphoinositides account for only a small fraction of phospholipids; however, their
levels are regulated by various lipid kinases, phosphatases, and phospholipases in re-
sponse to different external stimuli, and the dysregulation of phosphoinositide metabolism
has been implicated in a number of diseases, including cancer [6–8]. Phosphoinositide-
specific phospholipase C (PI-PLC), one of the phosphoinositide metabolic enzymes, is an
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enzyme family of 13 isozymes that are classified into six subfamilies, which hydrolyze
phosphatidylinositol (4,5)-bisphosphate (PtdIns (4,5) P2) to produce two second messen-
gers, diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (InsP3) [6,9]. PtdIns (4,5) P2 is
involved in cell adhesion and migration, and InsP3, one of the products of the hydrolysis
of PtdIns (4,5) P2 by PLC, promotes Ca2+ release from the endoplasmic reticulum, while
the other product, DAG, mediates the activation of PKC. These signal transducers play
important roles in the regulation of cancer cell migration, proliferation, and death [6,8].
In addition to the regulation of PtdIns (4,5) P2 levels by PLC activity, several PLCs are
involved in a number of intracellular signaling pathways due to their subfamily-specific
domain structures, and the activity and expression of PLCs in various tumors differ from
those in normal tissue [6,10]. However, the role of PLCs in cancer remains unclear and
controversial and has rarely been reported in CSCs.

The present study revealed that the expression of PLCε, a member of the PLC family,
was higher in GSCs than in genetically identical (isogenic) differentiated GSCs and was
essential not only for the survival of GSCs, but also the maintenance of their stemness.
Therefore, we propose PLCε as a promising therapeutic target for GSC-targeted therapy.

2. Results
2.1. The Knockdown of PLCε Suppresses the Viability of GSCs

We previously reported that three independent cells (GS-Y01, GS-Y03, and TGS01) that
were isolated from patients with glioblastoma possessed glioma stem-like properties when
they were cultured under specific conditions without serum, and that the differentiation of
these three patient-derived GSCs was induced when they were cultured as an adherent
monolayer in medium containing serum [1,11,12]. Since the high expression of PLCs has
been shown to correlate with malignancy in a number of tumors [13–19], we attempted to
compare the expression patterns of various PLCs between GSCs and isogenic differentiated
GSCs. Similar to our previous findings, Western blotting results showed that the expression
of SOX2, Nanog, and Bmi1, markers of stem cell properties, was higher in GSCs and lower
in isogenic differentiated GSCs, while the expression of GFAP, a differentiation marker, was
inversely correlated (Figure 1a). We then examined the expression levels of various PLCs.
The results that were obtained showed that the expression of PLCεwas high in all GSCs
that were examined in the present study and decreased with differentiation, while other
PLCs showed no consistent changes. PLCεwas also more abundantly expressed in GSCs
than in isogenic differentiated GSCs at the mRNA level (Figure 1a,b).

These results indicate that PLCε is highly expressed among the various PLC isoforms
in these GSCs. We performed a knockdown analysis to verify the function of PLCε, which
is highly expressed in GSCs. The transient knockdown of PLCε significantly suppressed its
expression in GSCs (Figure 2b). Since the inhibition of viability was observed, we examined
the viability of GSCs following the knockdown of PLCε using the water-soluble tetrazolium
(WST) assay. The survival rates of the three GSCs that were tested decreased after the
knockdown of PLCε (Figure 2a). We then investigated whether the knockdown of PLCε
induced cell death in GSCs. To verify the induction of cell death by the knockdown of
PLCε, the propidium iodide (PI) uptake assay was performed on cells after the transient
knockdown of PLCε. The results that were obtained showed that the knockdown of PLCε
significantly induced cell death in the three GSCs that were tested (Figure 2c). These results
indicate that the expression of PLCε is important for the survival of GSCs.
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Figure 1. PLCε is highly expressed in glioma stem cells (GSCs), but not in differentiated GSCs. 

GSCs (GS-Y01, GS-Y03, and TGS01; Stem) and isogenic differentiated GSCs (Diff) were evaluated 

by immunoblot analyses (a) or RT-PCR (b) for the indicated proteins and mRNAs. Representative 

images of two (a) or three (b) biological replicates are shown. The numbers below the Western blot 

images show the relative band intensities after each band was quantified by densitometry and nor-

malized by the GAPDH value. Graphs indicate the quantification of PCR analyses by densitometry. 

The values are presented as the means ± SDs of the triplicate samples of an independent experiment. 

* p < 0.05 vs. Stem by the Student’s t-test. 
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Figure 1. PLCε is highly expressed in glioma stem cells (GSCs), but not in differentiated GSCs.
GSCs (GS-Y01, GS-Y03, and TGS01; Stem) and isogenic differentiated GSCs (Diff) were evaluated by
immunoblot analyses (a) or RT-PCR (b) for the indicated proteins and mRNAs. Representative images
of two (a) or three (b) biological replicates are shown. The numbers below the Western blot images
show the relative band intensities after each band was quantified by densitometry and normalized by
the GAPDH value. Graphs indicate the quantification of PCR analyses by densitometry. The values
are presented as the means ± SDs of the triplicate samples of an independent experiment. * p < 0.05
vs. Stem by the Student’s t-test.

2.2. PLCε Contributes to the Maintenance of GSC Stemness

Since the knockdown of PLCε in GSCs significantly induced cell death, we examined
the effects of the knockdown of PLCε on the self-renewal capacity of surviving GSCs.
To achieve this, we examined changes in the expression of stem cell markers with the
knockdown of PLCε. siRNA against PLCεwas transfected into GSCs, and the living cells
were gated 96 h later to test the expression of the stem cell marker, cell surface CD133. The
percentatge of CD133-positive cells significantly decreased in the fractions of viable GSCs
following the transient knockdown of PLCε (Figure 3a). In addition, the expression levels
of other stem cell markers, SOX2 and Nestin, were decreased by the knockdown of PLCε
(Figure 3b). Since the knockdown of PLCε suppressed the expression of stem cell markers
in GSCs, we investigated whether it also inhibited the sphere-forming ability of GSCs, an
indicator of their self-renewal capacity. A sphere-forming assay using viable cells that
were transiently transfected with siRNA against PLCε showed that the number of GSCs
forming spheres was significantly lower in PLCε-knockdown GSCs than in the control
GSCs (Figure 3c). These results indicate that PLCε plays a pivotal role in maintaining the
stemness of GSCs.
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Figure 2. Genetic silencing of PLCε suppresses cell viability. GSCs (GS-Y01, GS-Y03, and TGS01)
were transiently transfected with siRNA against PLCE1. The cells were then subjected to a cell viability
assay using WST-8 (a), Western blot analyses (b), or a propidium iodide (PI) uptake assay (c). The val-
ues represent the means + SDs of the triplicate samples of a representative experiment. Similar results
were obtained from two independent biological replicates. * p < 0.05 vs. siControl-transfected cells by
the Student’s t-test. Representative fluorescence images of are shown at Supplemental Figure S2.

2.3. PLCε Contributes to the Tumor-Initiating Capacity of GSCs

Since the suppression of PLCε expression not only had a negative impact on the
survival of GSCs, but also inhibited the self-renewal capacity of surviving GSCs, we
investigated whether another important feature of GSCs, tumor-initiating capacity, was lost
in surviving GSCs. To achieve this, GSCs that were transfected with siRNA were implanted
intracranially into immunodeficient mice. All the mice that were implanted with cells that
were transfected with control siRNA developed brain tumors after approximately 40 days
and died quickly thereafter (Figure 4). In contrast, the implantation of viable cells that were
transiently transfected with siRNA against PLCε eventually resulted in the formation of
brain tumors in all the recipient mice; however, survival was significantly longer than that
in the control group (Figure 4). This result suggested that the transient knockdown of PLCε
reduced the number of tumor-initiating cells. Collectively, these results suggest that PLCε
plays a critical role in maintaining the self-renewal and tumor-initiating potential of GSCs.
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Figure 3. Genetic silencing of PLCε by siRNA suppresses the stemness of GSCs. (a) GSCs were
transiently transfected with siRNA against PLCE1 or control siRNA. After 4 days, the transfected
cells were subjected to flow cytometric analyses for the cell surface expression of CD133. The graphs
show the means + SDs of triplicate samples. Representative flow cytometric histograms are shown
at Supplemental Figure S3. (b) Cells that were transfected as in (a) were subjected to Western
blot analyses for the expression of the indicated proteins. (c) Cells that were transfected as in (a)
were subjected to sphere-forming analyses. Graphs show the means ± SDs of triplicate samples
(left). Representative photographs of spheres are shown (right). Bars: 100 µm. Similar results were
obtained from two independent biological replicates. * p < 0.05 vs. siControl-transfected cells by the
Student’s t-test.
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Figure 4. Silencing of PLCε prolongs survival in the xenograft model. GS-Y03 cells were transiently
transfected with siRNA against PLCE1 or siControl for 4 days, after which the cell viability was
assessed. An equal number (1 × 104) of viable cells was then implanted intracranially into each nude
mouse. A Kaplan–Meier analysis shows the survival curves for mice (n = 6 for each group). * p < 0.05
vs. siControl-transfected cells by the Log-rank test.
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2.4. Down-Regulation of PLCε Suppresses the Stemness of GSCs by Inhibiting the JNK Axis

Since PLCε was shown to play an essential role in maintaining the stemness of GSCs,
we attempted to elucidate the molecular mechanisms underlying the maintenance of GSC
stemness by PLCε. We previously reported that the activation of the JNK axis was essential
for maintaining the stemness of various CSCs, including GSCs [1,20,21]. Therefore, we
investigated whether the knockdown of PLCε affected JNK signaling in GSCs. We found
that the knockdown of PLCε inhibited JNK signaling (pJNK and pc-Jun) in GSCs (Figure 5a).
To clarify whether the reduction that was observed in the stemness of GSCs that was due to
the down-regulation of PLCε was mediated by JNK signaling, we expressed constitutively
active JNK, the MEK-JNK fusion protein, and then induced the knockdown of PLCε. The
results that were obtained revealed that the pre-transfection of this constitutively active
JNK fusion protein into GSCs partially canceled the reduction in stemness that was caused
by the knockdown of PLCε (Figure 5b). These results suggest that the maintenance of the
stem cell capacity of GSCs by PLCε is mediated by JNK.
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Figure 5. PLCε silencing suppresses GSC stemness by inhibiting the JNK axis. (a) GSCs (GS-Y01,
GS-Y03, and TGS01) transiently transfected with siRNA against PLCE1 were subjected to Western blot
analyses for the expression of the indicated proteins. (b) TGS01 and GS-Y03 cells that were transiently
transfected with the activated JNK1 expression plasmid (JNK-CA) or control vector (GFP) for 24 h
were transiently transfected with siRNA against PLCE1 or control siRNA for 4 days. The indicated
proteins were detected by Western blotting. Similar results were obtained from two independent
biological replicates. The numbers below the Western blot images show the relative band intensities
after each band was quantified by densitometry and normalized by the GAPDH value.
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3. Discussion

PLCε is one of the PI-PLC family of 13 isozymes, and in contrast to other PLC isoforms,
it has not only a lipase catalytic domain, but also a Ras/MAPK pathway activation domain;
therefore, it functions as an important signaling hub that regulates various biological
cellular processes [22–24]. The present results revealed that the expression of PLCε was
higher in GSCs than in isogenic differentiated GSCs and that its high expression contributed
to the survival of GSCs and the maintenance of stemness via the activation of JNK.

To the best of our knowledge, PLCε has not been implicated in the survival or main-
tenance of glioma cells/GSCs. In addition, the role of PLCε in human cancers has been
widely examined but remains highly controversial. Previous studies reported that the
expression of PLCεwas up-regulated in esophageal squamous cell carcinoma, renal cell
carcinoma, and bladder cancer, correlating with tumor invasiveness and decreased patient
survival, while its suppression inhibited the growth of and induced cell death in these
cells [25–27]. Furthermore, the high expression of PLCεwas shown to enhance tumorigenic-
ity [28,29]. However, the molecular mechanisms by which PLCε affects cell proliferation
and tumorigenesis remain unclear. In a two-step skin carcinogenesis model with 7,12-
dimethylbenz (a)anthracene and the phorbol ester, 12-O-tetradecanoylphorbol-13-acetate
(TPA), the knockout of PLCε affected carcinogenic resistance and suppressed chronic in-
flammation that was induced by TPA [30,31]. The expression of CCL2/MCP1, IL-22, and
IL-23 was previously shown to be enhanced in transgenic mice in which PLCε was overex-
pressed in skin keratinocytes due to the activation of NFκB [32,33]. These findings suggest
that continually high expression levels of PLCε contribute to tumor initiation by inducing
chronic inflammation through the sustained triggering of inflammatory signals. Since the
expression of CCL2/MCP1 was shown to be higher in glioblastoma than in non-tumor
tissue [34], and the NFκB and JNK pathways, well-known inflammatory signals, were
found to be activated in GSCs [1,35], it is likely that the sustained activation of inflamma-
tory signaling via high PLCε expression levels plays an important role in the initiation
of glioblastoma. Recent studies reported that the activation of JNK was associated with
tumorigenesis and tumor growth in various types of carcinomas [36–38]. The activation
of JNK is known to up-regulate the expression of inflammatory cytokines (IL-1, IL-6, and
TNF-α) and chemokines (CCL2 and CCL5), leading to chronic inflammation and tumor
initiation [39]; therefore, JNK, a representative inflammatory kinase, is strongly suggested
to be one of the key players in tumor initiation. Although further studies are needed to
elucidate the molecular mechanisms underlying the up-regulation of PLCε in GSCs, the
present results suggest that high PLCε expression levels in GSCs induce the activation of
JNK, which may be involved in maintaining the stemness in GSCs via the activation of
inflammatory signals. Therefore, PLCε has potential as a molecular target for GSC-targeted
therapy. In this regard, it is interesting to note that shPLCε suppressed JNK activity by
decreasing the expression of MEK4 in prostate cancer, thereby reducing the expression of
twist, a transcription factor that strongly induces epithelial–mesenchymal transition [40].
In contrast, in non-small cell lung cancers with a mutant Ras-dependent carcinogenic
mechanism, PLCε was shown to inhibit cell proliferation by inducing the down-regulation
of PLCε upon oncogenic K-ras expression [41]. Since oncogenic Ras mutations, such as
those that were observed in pancreatic and lung cancers, are very rare in glioblastoma, and
their expression induces autophagic cell death, it may be difficult for PLCε to act as a tumor
suppressor in glioblastoma [42,43]. However, further studies are required to elucidate the
detailed functions of PLCε in maintaining CSCs, in which PLCε has been shown to exert
tumor suppressive effects.

The present study revealed that among the 13 isozymes of PLCs, PLCε was im-
portant for the maintenance of GSCs. There are currently no selective inhibitors for
PLCε. In our experiments with U73122, a commonly used broad-spectrum PLC activ-
ity inhibitor, the suppression of broad PLC activity inhibited the cell viability of some
GSCs, even at concentrations that did not affect the normal fibroblast cell line, IMR90,
which is consistent with previous findings that were obtained using various tumor cells
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(Supplemental Figure S1A) [44,45]. However, it did not induce consistent changes in the ex-
pression patterns of stem cell and differentiation markers in GSCs (Supplemental Figure S1B)
and did not markedly suppress the sphere-forming ability of GSCs, a measure of their
self-renewal capacity (Supplemental Figure S1C). Collectively, these results suggest that
the inhibition of broad-spectrum PLC activity did not effectively suppress the stemness
of GSCs, in contrast to the knockdown of PLCε. One possible reason for the failure of
U73122 to suppress the stemness of GSCs is that signaling pathways are complex due to
the presence of isozymes with various domain structures in PLCs [6,10] and isozymes may
function antagonistically with each other. Nevertheless, since PtdIns (4,5) P2, a PLC sub-
strate, localizes at cleavage furrows and focal adhesions and its metabolism is essential for
the regulation of biological activities, such as cell division, migration, and adhesion [46–48],
PLC activity may still be necessary for the biological functions of active CSCs in small
residual lesions after therapy or in metastases. Preclinical studies on several small molecule
PLC inhibitors are currently underway [49]. If, although we have yet to obtain direct
evidence, the PLC activity of PLCε is specifically required for the maintenance of cancer
stemness, and also if the suppression of the activity of other PLCs with U73122 functions
antagonistically against the suppression of stemness, novel PLC inhibitors that selectively
inhibit PLCεmay be promising therapeutic agents.

4. Materials and Methods
4.1. Antibodies and Chemicals

Antibodies against PLCε (07-513), PLCγ1 (05-366), Bmi1 (05-637), and Nestin (MAB5326)
were purchased from Merck Millipore (Billerica, MA, USA). An antibody against SOX2
(MAB2018) was purchased from R&D Systems Inc. (Minneapolis, MN, USA). Antibodies
against GFAP (#3670), Nanog (#4903), phospho-JNK (#4668), phosphor-c-Jun (#2361), OCT-
4A (#2890), GAPDH (#5174), were purchased from Cell Signaling Technology Inc. (Beverly,
MA, USA). Antibodies against PLCβ1 (sc-205), PLCδ3 (sc-514912), and GFP (sc-9996) were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Anti-PLCδ1 (610356)
was purchased from BD Biosciences (Franklin Lakes, NJ, USA). Anti-CD133 (W6B3C1)
was purchased from Miltenyi Biotech (Bergisch Gladbach, Germany). U73122 (U6756) was
purchased from Merck Millipore.

4.2. Cell Culture

Isolation, establishment, and characterization of stem-like properties of patient-derived
GSCs (GS-Y01, and GS-Y03; previously designated #38) were conducted as previously de-
scribed [50,51]. TGS01 was a generous gift from the Department of Neurosurgery, Univer-
sity of Tokyo. The characterization of TGS01 has been described elsewhere [52]. The GSCs
were maintained under previously reported monolayer stem cell culture conditions [1,12].
The differentiation of GSCs was induced by culturing cells in DMEM/F-12 medium that
was supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham,
MA, USA), 100 units/mL of penicillin, and 100 µg/mL of streptomycin for 2 weeks [1,12].
IMR90, a human normal fetal lung fibroblast cell line, was obtained from the American Type
Culture Collection (Manassas, VA, USA) and maintained in DMEM that was supplemented
with 10% FBS. All IMR90 experiments were performed using cells with a low passage
number (<8).

4.3. WST-8 Assay

We conducted the WST-8 assay to assess cell viability [11,12]. Cells (1–5 × 103/well)
that were plated on 96-well collagen I-coated plates were treated with drugs, as described
in the figure legends. WST-8 reagent (Cell Counting Kit-8, DOJINDO LABORATORIES,
Kumamoto, Japan) was then added and the cells were incubated at 37 ◦C for 1–2 h. Ab-
sorbance at 450 nm was measured using a microplate reader (iMark; Bio-Rad, Hercules,
CA, USA). The relative cell viability was calculated as a percentage of the absorbance of the
treated samples relative to that of the controls.
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4.4. Propidium Iodide (PI) Uptake Assay

The propidium iodide uptake assay was used to assess cell death [53,54]. In brief,
the cells were incubated with PI (1 µg/mL) and Hoechst33342 (10 µg/mL) at 37 ◦C for
5 min. To calculate the ratio of PI-positive cells (dead cells) to Hoechst-positive cells (total
cells), fluorescent images were obtained using a fluorescence microscope (CKX41; Olympus,
Tokyo, Japan) and scored. More than 250 cells were counted to calculate the percentage of
PI-positive cells.

4.5. Western Blotting

A Western blot analysis was conducted as previously described [12,55]. The cells
were harvested after the removal of medium and washed with ice-cold phosphate-buffered
saline (PBS), and then lysed in RIPA buffer (10 mM Tris/HCl (pH 7.4), 0.1% sodium dodecyl
sulfate (SDS), 0.1% sodium deoxycholate, 1% Nonidet P-40, 150 mM NaCl, 1 mM EDTA,
1.5 mM sodium orthovanadate, 10 mM sodium fluoride, 10 mM sodium pyrophosphate,
and protease inhibitor cocktail set III (FUJIFILM Wako Chemicals, Osaka, Japan)). The lysate
was immediately mixed with the same volume of 2 × Laemmli buffer (125 mM Tris/HCl
(pH 6.8), 4% SDS, and 10% glycerol) and boiled at 95 ◦C for 10 min. The protein concentra-
tions of the cell lysates were measured using a BCA protein assay kit (Pierce Biotechnology,
Inc., Rockford, IL, USA). The samples containing equal amounts of protein were separated
by SDS/polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride
membranes. The membranes were probed with the indicated primary antibodies and
appropriate HRP-conjugated secondary antibodies, as recommended by the manufacturer
of each antibody. Regarding the reprobing of immunoblots, antibodies were stripped
from the probed membrane using stripping buffer (2% SDS, 100 mM β-mercaptoethanol,
and 62.5 mM Tris-HCl (pH 6.8)). After stripping, the membranes were washed with Tris-
buffered saline with Tween 20 and blocked with skim milk. The membranes were then
reprobed with appropriate antibodies. Immunoreactive bands were visualized using Im-
mobilon Western Chemiluminescent HRP Substrate (Merck Millipore) and detected by a
ChemiDoc Touch device (Bio-Rad). Quantification of the bands in the gels was performed
by densitometry using ImageJ software (version 1.53k) (http://imagej.nih.gov/ij/).

4.6. Flow Cytometric Analysis

A flow cytometric analysis was conducted as previously described [21,54]. In anal-
yses of CD133 expression, dissociated cells were washed with PBS, fixed with 4% (w/v)
paraformaldehyde at room temperature (RT) for 10 min, and washed again with PBS. The
cells were blocked in FCM buffer (0.5% [w/v] bovine serum albumin and 0.1% [w/v] NaN3
in PBS) for 1 h, followed by three PBS rinses, a further incubation with the anti-CD133
antibody in FCM buffer at 4 ◦C overnight, and then an incubation with Alexa Fluor®

488 goat anti-mouse IgG at RT for 1 h. The cells exhibiting a signal for CD133 above the
gate established by the isotype control were considered to be positive for CD133. At least
1 × 104 cells were evaluated and gated using side and forward scatters to identify viable
cell populations. All flow cytometry experiments were run on the FACSCantoTM II flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and the data were analyzed using
FlowJo software, version 7.6.5 (FlowJo LLC, Ashland, OR, USA).

4.7. Reverse Transcription–PCR Analysis

Total RNA was extracted from cells using Trizol (Thermo Fisher Scientific) and
1 µg of the total RNA was reverse transcribed using the PrimeScript RT reagent kit
(Takara Bio Inc., Shiga, Japan) according to the manufacturer’s protocol. The target
genes were amplified with Quick Taq HS DyeMix (Toyobo CO, LTD, Osaka, Japan).
A RT-PCR analysis was performed using the following primers: PLCE1 (forward: 5′-
CGCTGTGGAGTTGTTTGGTG, reverse: 5′-AAGCACTGGATGGGCTCTTG) and ACTB
(forward: 5′-CCCATGCCATCCTGCGTCTG, reverse: 5′-CGTCATACTCCTGCTTGCTG).

http://imagej.nih.gov/ij/
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Quantification of the bands in the gels was performed by densitometry using ImageJ
software (version 1.53k).

4.8. Sphere-Forming Analysis

The sphere-forming assay was performed as previously described [21,54,56,57]. Cells
in the monolayer culture were dissociated, and the cells were serially diluted in the stem
cell culture medium and then seeded onto non-coated 96-well plates such that each well
contained a single cell. The wells containing a single cell were marked under a phase-
contrast microscope the next day, and the percentage of marked wells with a sphere relative
to the total number of marked wells was calculated 7–10 days after seeding. We counted
spheres with a diameter ≥ 50 µm.

4.9. Animal Study

Mouse xenograft studies were performed as previously described [1,21]. Regarding
intracranial implantation, 6–9-week-old male BALB/cAJcl-nu/nu mice (CLEA Japan Inc.,
Tokyo, Japan) were anesthetized with medetomidine, midazolam, and butorphanol (0.3,
4, and 5 mg per kg body weight, respectively) before viable cells that were suspended in
5 µL of PBS were injected stereotactically into the right corpus striatum (2.5 mm anterior
and 2.5 mm lateral to the bregma, and 3.0 mm deep). After implantation, the general
health status of and the appearance of neurological symptoms in the recipient mice were
monitored. All the animal experiments were performed following a protocol that was
approved by the Animal Research Committee of Yamagata University.

4.10. Gene Silencing by siRNA

siRNAs against human PLCε (PLCE1; HSS121828, 121829, and 181915) and medium
GC duplex #2 of Stealth RNAiTM siRNA negative control duplexes were purchased from
Thermo Fisher Scientific. The cells were transfected with a mixture of the 3 different siRNAs
against PLCE1 (siPLCε; total 200–250 pmol per 6-cm dish) or with control siRNA (siControl;
200–250 pmol per 6-cm dish) using Lipofectamine RNAiMAX (Thermo Fisher Scientific)
according to the manufacturer’s instructions.

4.11. Statistical Analysis

All data are shown as the means + standard deviations. The data were analyzed
using the Student’s t-test for comparisons between two groups. Mouse survival was
evaluated by the Kaplan–Meier method and analyzed using the Log-rank test. Differences
with a p-value < 0.05 were considered to be significant and are indicated with asterisks in
the figures.

5. Conclusions

In conclusion, a comparison between GSCs and differentiated GSCs revealed that the
expression of PLCε was higher in the GSCs and also that PLCε contributed to the survival
and maintenance of GSC stemness. Moreover, we demonstrated that at least one of the
molecular mechanisms maintaining stemness by the high expression of PLCε in GSCs
involved the activation of JNK (Supplemental Figure S4). The present study is the first to
report the potential of PLCε as a therapeutic target in GSCs, which represents an important
milestone in PI-PLC and GSC research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23158785/s1.

Author Contributions: Conceptualization, M.O. and C.K.; methodology, M.O.; software, M.O.;
validation, M.O.; formal analysis, M.O.; investigation, M.O.; resources, M.O. and A.S.; data curation,
M.O.; resources, M.O.; writing—original draft preparation, M.O.; writing—review and editing,
M.O., Y.N.-S., Y.M., K.T., S.S. and C.K.; visualization, M.O. and A.S.; supervision, C.K.; project

https://www.mdpi.com/article/10.3390/ijms23158785/s1
https://www.mdpi.com/article/10.3390/ijms23158785/s1


Int. J. Mol. Sci. 2022, 23, 8785 11 of 13

administration, C.K.; funding acquisition, M.O. and C.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was funded by Grants-in-Aid for Scientific Research from the Ministry of Edu-
cation, Culture, Sports, Science and Technology of Japan (20K07631 to M.O. and 21H03040 to C.K.).

Institutional Review Board Statement: The present study was approved by the Animal Research
Committee of Yamagata University (R2031, R3023).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the late Hitoshi Yagisawa for his critical comments and support that
triggered this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Matsuda, K.; Sato, A.; Okada, M.; Shibuya, K.; Seino, S.; Suzuki, K.; Watanabe, E.; Narita, Y.; Shibui, S.; Kayama, T.; et al. Targeting

JNK for therapeutic depletion of stem-like glioblastoma cells. Sci. Rep. 2012, 2, 516. [CrossRef] [PubMed]
2. Sato, A.; Okada, M.; Shibuya, K.; Watanabe, E.; Seino, S.; Suzuki, K.; Narita, Y.; Shibui, S.; Kayama, T.; Kitanaka, C. Resveratrol

promotes proteasome-dependent degradation of Nanog via p53 activation and induces differentiation of glioma stem cells. Stem
Cell Res. 2013, 11, 601–610. [CrossRef] [PubMed]

3. Sato, A.; Sunayama, J.; Okada, M.; Watanabe, E.; Seino, S.; Shibuya, K.; Suzuki, K.; Narita, Y.; Shibui, S.; Kayama, T.; et al.
Glioma-initiating cell elimination by metformin activation of FOXO3 via AMPK. Stem Cells Transl. Med. 2012, 1, 811–824.
[CrossRef]

4. Shibuya, K.; Okada, M.; Suzuki, S.; Seino, M.; Seino, S.; Takeda, H.; Kitanaka, C. Targeting the facilitative glucose transporter
GLUT1 inhibits the self-renewal and tumor-initiating capacity of cancer stem cells. Oncotarget 2015, 6, 651–661. [CrossRef]

5. Sunayama, J.; Sato, A.; Matsuda, K.; Tachibana, K.; Suzuki, K.; Narita, Y.; Shibui, S.; Sakurada, K.; Kayama, T.; Tomiyama, A.;
et al. Dual blocking of mTor and PI3K elicits a prodifferentiation effect on glioblastoma stem-like cells. Neuro-Oncology 2010, 12,
1205–1219. [CrossRef]

6. Owusu Obeng, E.; Rusciano, I.; Marvi, M.V.; Fazio, A.; Ratti, S.; Follo, M.Y.; Xian, J.; Manzoli, L.; Billi, A.M.; Mongiorgi, S.;
et al. Phosphoinositide-Dependent Signaling in Cancer: A Focus on Phospholipase C Isozymes. Int. J. Mol. Sci. 2020, 21, 2581.
[CrossRef] [PubMed]

7. Ratti, S.; Follo, M.Y.; Ramazzotti, G.; Faenza, I.; Fiume, R.; Suh, P.G.; McCubrey, J.A.; Manzoli, L.; Cocco, L. Nuclear phospholipase
C isoenzyme imbalance leads to pathologies in brain, hematologic, neuromuscular, and fertility disorders. J. Lipid Res. 2019, 60,
312–317. [CrossRef] [PubMed]

8. Cocco, L.; Follo, M.Y.; Manzoli, L.; Suh, P.G. Phosphoinositide-specific phospholipase C in health and disease. J. Lipid Res. 2015,
56, 1853–1860. [CrossRef] [PubMed]

9. Rusciano, I.; Marvi, M.V.; Owusu Obeng, E.; Mongiorgi, S.; Ramazzotti, G.; Follo, M.Y.; Zoli, M.; Morandi, L.; Asioli, S.; Fabbri,
V.P.; et al. Location-dependent role of phospholipase C signaling in the brain: Physiology and pathology. Adv. Biol. Regul. 2021,
79, 100771. [CrossRef]

10. Katan, M.; Cockcroft, S. Phospholipase C families: Common themes and versatility in physiology and pathology. Prog. Lipid Res.
2020, 80, 101065. [CrossRef]

11. Kuramoto, K.; Yamamoto, M.; Suzuki, S.; Sanomachi, T.; Togashi, K.; Seino, S.; Kitanaka, C.; Okada, M. Verteporfin inhibits
oxidative phosphorylation and induces cell death specifically in glioma stem cells. FEBS J. 2020, 287, 2023–2036. [CrossRef]

12. Okada, M.; Suzuki, S.; Togashi, K.; Sugai, A.; Yamamoto, M.; Kitanaka, C. Targeting Folate Metabolism Is Selectively Cytotoxic
to Glioma Stem Cells and Effectively Cooperates with Differentiation Therapy to Eliminate Tumor-Initiating Cells in Glioma
Xenografts. Int. J. Mol. Sci. 2021, 22, 11633. [CrossRef]

13. Sengelaub, C.A.; Navrazhina, K.; Ross, J.B.; Halberg, N.; Tavazoie, S.F. PTPRN2 and PLCβ1 promote metastatic breast cancer cell
migration through PI(4,5)P2-dependent actin remodeling. EMBO J. 2016, 35, 62–76. [CrossRef]

14. Arteaga, C.L.; Johnson, M.D.; Todderud, G.; Coffey, R.J.; Carpenter, G.; Page, D.L. Elevated content of the tyrosine kinase substrate
phospholipase C-gamma 1 in primary human breast carcinomas. Proc. Natl. Acad. Sci. USA 1991, 88, 10435–10439. [CrossRef]

15. Nomoto, K.; Tomita, N.; Miyake, M.; Xhu, D.B.; LoGerfo, P.R.; Weinstein, I.B. Expression of phospholipases gamma 1, beta 1, and
delta 1 in primary human colon carcinomas and colon carcinoma cell lines. Mol. Carcinog. 1995, 12, 146–152. [CrossRef]

16. Koss, H.; Bunney, T.D.; Behjati, S.; Katan, M. Dysfunction of phospholipase Cγ in immune disorders and cancer. Trends Biochem.
Sci. 2014, 39, 603–611. [CrossRef]

17. Fu, L.; Qin, Y.R.; Xie, D.; Hu, L.; Kwong, D.L.; Srivastava, G.; Tsao, S.W.; Guan, X.Y. Characterization of a novel tumor-suppressor
gene PLC delta 1 at 3p22 in esophageal squamous cell carcinoma. Cancer Res. 2007, 67, 10720–10726. [CrossRef]

18. Chen, J.; Wang, W.; Zhang, T.; Ji, J.; Qian, Q.; Lu, L.; Fu, H.; Jin, W.; Cui, D. Differential expression of phospholipase C epsilon 1 is
associated with chronic atrophic gastritis and gastric cancer. PLoS ONE 2012, 7, e47563. [CrossRef]

http://doi.org/10.1038/srep00516
http://www.ncbi.nlm.nih.gov/pubmed/22816039
http://doi.org/10.1016/j.scr.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23651583
http://doi.org/10.5966/sctm.2012-0058
http://doi.org/10.18632/oncotarget.2892
http://doi.org/10.1093/neuonc/noq103
http://doi.org/10.3390/ijms21072581
http://www.ncbi.nlm.nih.gov/pubmed/32276377
http://doi.org/10.1194/jlr.R089763
http://www.ncbi.nlm.nih.gov/pubmed/30287524
http://doi.org/10.1194/jlr.R057984
http://www.ncbi.nlm.nih.gov/pubmed/25821234
http://doi.org/10.1016/j.jbior.2020.100771
http://doi.org/10.1016/j.plipres.2020.101065
http://doi.org/10.1111/febs.15187
http://doi.org/10.3390/ijms222111633
http://doi.org/10.15252/embj.201591973
http://doi.org/10.1073/pnas.88.23.10435
http://doi.org/10.1002/mc.2940120306
http://doi.org/10.1016/j.tibs.2014.09.004
http://doi.org/10.1158/0008-5472.CAN-07-2411
http://doi.org/10.1371/journal.pone.0047563


Int. J. Mol. Sci. 2022, 23, 8785 12 of 13

19. Ratti, S.; Marvi, M.V.; Mongiorgi, S.; Obeng, E.O.; Rusciano, I.; Ramazzotti, G.; Morandi, L.; Asioli, S.; Zoli, M.; Mazzatenta, D.;
et al. Impact of phospholipase C β1 in glioblastoma: A study on the main mechanisms of tumor aggressiveness. Cell. Mol. Life Sci.
2022, 79, 195. [CrossRef]

20. Okada, M.; Kuramoto, K.; Takeda, H.; Watarai, H.; Sakaki, H.; Seino, S.; Seino, M.; Suzuki, S.; Kitanaka, C. The novel JNK inhibitor
AS602801 inhibits cancer stem cells in vitro and in vivo. Oncotarget 2016, 7, 27021–27032. [CrossRef]

21. Okada, M.; Takeda, H.; Sakaki, H.; Kuramoto, K.; Suzuki, S.; Sanomachi, T.; Togashi, K.; Seino, S.; Kitanaka, C. Repositioning
CEP-1347, a chemical agent originally developed for the treatment of Parkinson’s disease, as an anti-cancer stem cell drug.
Oncotarget 2017, 8, 94872–94882. [CrossRef]

22. Bunney, T.D.; Katan, M. PLC regulation: Emerging pictures for molecular mechanisms. Trends Biochem. Sci. 2011, 36, 88–96.
[CrossRef]

23. Lopez, I.; Mak, E.C.; Ding, J.; Hamm, H.E.; Lomasney, J.W. A novel bifunctional phospholipase c that is regulated by Galpha 12
and stimulates the Ras/mitogen-activated protein kinase pathway. J. Biol. Chem. 2001, 276, 2758–2765. [CrossRef]

24. Tyutyunnykova, A.; Telegeev, G.; Dubrovska, A. The controversial role of phospholipase C epsilon (PLCε) in cancer development
and progression. J. Cancer 2017, 8, 716–729. [CrossRef]

25. Cui, X.B.; Li, S.; Li, T.T.; Peng, H.; Jin, T.T.; Zhang, S.M.; Liu, C.X.; Yang, L.; Shen, Y.Y.; Li, S.G.; et al. Targeting oncogenic PLCE1
by miR-145 impairs tumor proliferation and metastasis of esophageal squamous cell carcinoma. Oncotarget 2016, 7, 1777–1795.
[CrossRef]

26. Cheng, H.; Luo, C.; Wu, X.; Zhang, Y.; He, Y.; Wu, Q.; Xia, Y.; Zhang, J. shRNA targeting PLCε inhibits bladder cancer cell growth
in vitro and in vivo. Urology 2011, 78, 474.e7–474.e11. [CrossRef]

27. Zhang, Y.; Yan, L.; Zhao, Y.; Ou, L.; Wu, X.; Luo, C. Knockdown of phospholipase C-epsilon by short-hairpin RNA-mediated
gene silencing induces apoptosis in human bladder cancer cell lines. Cancer Biother. Radiopharm. 2013, 28, 233–239. [CrossRef]
[PubMed]

28. Chen, Y.; Xin, H.; Peng, H.; Shi, Q.; Li, M.; Yu, J.; Tian, Y.; Han, X.; Chen, X.; Zheng, Y.; et al. Hypomethylation-Linked Activation
of PLCE1 Impedes Autophagy and Promotes Tumorigenesis through MDM2-Mediated Ubiquitination and Destabilization of p53.
Cancer Res. 2020, 80, 2175–2189. [CrossRef]

29. Chen, G.; Hu, J.; Huang, Z.; Yang, L.; Chen, M. MicroRNA-1976 functions as a tumor suppressor and serves as a prognostic
indicator in non-small cell lung cancer by directly targeting PLCE1. Biochem. Biophys. Res. Commun. 2016, 473, 1144–1151.
[CrossRef]

30. Bai, Y.; Edamatsu, H.; Maeda, S.; Saito, H.; Suzuki, N.; Satoh, T.; Kataoka, T. Crucial role of phospholipase Cepsilon in chemical
carcinogen-induced skin tumor development. Cancer Res. 2004, 64, 8808–8810. [CrossRef]

31. Ikuta, S.; Edamatsu, H.; Li, M.; Hu, L.; Kataoka, T. Crucial role of phospholipase C epsilon in skin inflammation induced by
tumor-promoting phorbol ester. Cancer Res. 2008, 68, 64–72. [CrossRef] [PubMed]

32. Harada, Y.; Edamatsu, H.; Kataoka, T. PLCε cooperates with the NF-κB pathway to augment TNFα-stimulated CCL2/MCP1
expression in human keratinocyte. Biochem. Biophys. Res. Commun. 2011, 414, 106–111. [CrossRef] [PubMed]

33. Takenaka, N.; Edamatsu, H.; Suzuki, N.; Saito, H.; Inoue, Y.; Oka, M.; Hu, L.; Kataoka, T. Overexpression of phospholipase Cε in
keratinocytes upregulates cytokine expression and causes dermatitis with acanthosis and T-cell infiltration. Eur. J. Immunol. 2011,
41, 202–213. [CrossRef] [PubMed]

34. Desbaillets, I.; Tada, M.; de Tribolet, N.; Diserens, A.C.; Hamou, M.F.; Van Meir, E.G. Human astrocytomas and glioblastomas
express monocyte chemoattractant protein-1 (MCP-1) in vivo and in vitro. Int. J. Cancer 1994, 58, 240–247. [CrossRef] [PubMed]

35. Teng, J.; da Hora, C.C.; Kantar, R.S.; Nakano, I.; Wakimoto, H.; Batchelor, T.T.; Chiocca, E.A.; Badr, C.E.; Tannous, B.A. Dissecting
inherent intratumor heterogeneity in patient-derived glioblastoma culture models. Neuro-Oncology 2017, 19, 820–832. [CrossRef]

36. Semba, T.; Sammons, R.; Wang, X.; Xie, X.; Dalby, K.N.; Ueno, N.T. JNK Signaling in Stem Cell Self-Renewal and Differentiation.
Int. J. Mol. Sci. 2020, 21, 2613. [CrossRef]

37. Tam, S.Y.; Law, H.K. JNK in Tumor Microenvironment: Present Findings and Challenges in Clinical Translation. Cancers 2021, 13,
2196. [CrossRef]

38. de Los Reyes Corrales, T.; Losada-Pérez, M.; Casas-Tintó, S. JNK Pathway in CNS Pathologies. Int. J. Mol. Sci. 2021, 22, 3883.
[CrossRef]

39. Han, M.S.; Barrett, T.; Brehm, M.A.; Davis, R.J. Inflammation Mediated by JNK in Myeloid Cells Promotes the Development of
Hepatitis and Hepatocellular Carcinoma. Cell Rep. 2016, 15, 19–26. [CrossRef]

40. Fan, J.; Fan, Y.; Wang, X.; Niu, L.; Duan, L.; Yang, J.; Li, L.; Gao, Y.; Wu, X.; Luo, C. PLCε regulates prostate cancer mitochondrial
oxidative metabolism and migration via upregulation of Twist1. J. Exp. Clin. Cancer Res. 2019, 38, 337. [CrossRef]

41. Martins, M.; McCarthy, A.; Baxendale, R.; Guichard, S.; Magno, L.; Kessaris, N.; El-Bahrawy, M.; Yu, P.; Katan, M. Tumor
suppressor role of phospholipase C epsilon in Ras-triggered cancers. Proc. Natl. Acad. Sci. USA 2014, 111, 4239–4244. [CrossRef]
[PubMed]

42. Chi, S.; Kitanaka, C.; Noguchi, K.; Mochizuki, T.; Nagashima, Y.; Shirouzu, M.; Fujita, H.; Yoshida, M.; Chen, W.; Asai, A.; et al.
Oncogenic Ras triggers cell suicide through the activation of a caspase-independent cell death program in human cancer cells.
Oncogene 1999, 18, 2281–2290. [CrossRef] [PubMed]

43. Gömöri, E.; Dóczi, T.; Pajor, L.; Matolcsy, A. Sporadic p53 mutations and absence of ras mutations in glioblastomas. Acta Neurochir.
1999, 141, 593–599. [CrossRef] [PubMed]

http://doi.org/10.1007/s00018-022-04198-1
http://doi.org/10.18632/oncotarget.8395
http://doi.org/10.18632/oncotarget.22033
http://doi.org/10.1016/j.tibs.2010.08.003
http://doi.org/10.1074/jbc.M008119200
http://doi.org/10.7150/jca.17779
http://doi.org/10.18632/oncotarget.6499
http://doi.org/10.1016/j.urology.2011.03.014
http://doi.org/10.1089/cbr.2012.1216
http://www.ncbi.nlm.nih.gov/pubmed/23484808
http://doi.org/10.1158/0008-5472.CAN-19-1912
http://doi.org/10.1016/j.bbrc.2016.04.030
http://doi.org/10.1158/0008-5472.CAN-04-3143
http://doi.org/10.1158/0008-5472.CAN-07-3245
http://www.ncbi.nlm.nih.gov/pubmed/18172297
http://doi.org/10.1016/j.bbrc.2011.09.032
http://www.ncbi.nlm.nih.gov/pubmed/21951843
http://doi.org/10.1002/eji.201040675
http://www.ncbi.nlm.nih.gov/pubmed/21182091
http://doi.org/10.1002/ijc.2910580216
http://www.ncbi.nlm.nih.gov/pubmed/7517920
http://doi.org/10.1093/neuonc/now253
http://doi.org/10.3390/ijms21072613
http://doi.org/10.3390/cancers13092196
http://doi.org/10.3390/ijms22083883
http://doi.org/10.1016/j.celrep.2016.03.008
http://doi.org/10.1186/s13046-019-1323-8
http://doi.org/10.1073/pnas.1311500111
http://www.ncbi.nlm.nih.gov/pubmed/24591640
http://doi.org/10.1038/sj.onc.1202538
http://www.ncbi.nlm.nih.gov/pubmed/10327074
http://doi.org/10.1007/s007010050348
http://www.ncbi.nlm.nih.gov/pubmed/10929724


Int. J. Mol. Sci. 2022, 23, 8785 13 of 13

44. Khoshyomn, S.; Penar, P.L.; Rossi, J.; Wells, A.; Abramson, D.L.; Bhushan, A. Inhibition of phospholipase C-gamma1 activation
blocks glioma cell motility and invasion of fetal rat brain aggregates. Neurosurgery 1999, 44, 568–577; discussion 577–568.
[CrossRef] [PubMed]

45. Nozawa, H.; Howell, G.; Suzuki, S.; Zhang, Q.; Qi, Y.; Klein-Seetharaman, J.; Wells, A.; Grandis, J.R.; Thomas, S.M. Combined
inhibition of PLCγ-1 and c-Src abrogates epidermal growth factor receptor-mediated head and neck squamous cell carcinoma
invasion. Clin. Cancer Res. 2008, 14, 4336–4344. [CrossRef]

46. Wong, R.; Hadjiyanni, I.; Wei, H.C.; Polevoy, G.; McBride, R.; Sem, K.P.; Brill, J.A. PIP2 hydrolysis and calcium release are required
for cytokinesis in Drosophila spermatocytes. Curr. Biol. 2005, 15, 1401–1406. [CrossRef]

47. Naito, Y.; Okada, M.; Yagisawa, H. Phospholipase C isoforms are localized at the cleavage furrow during cytokinesis. J. Biochem.
2006, 140, 785–791. [CrossRef]

48. Thapa, N.; Anderson, R.A. PIP2 signaling, an integrator of cell polarity and vesicle trafficking in directionally migrating cells. Cell
Adh. Migr. 2012, 6, 409–412. [CrossRef] [PubMed]

49. Peng, X.; Pentassuglia, L.; Sawyer, D.B. Emerging anticancer therapeutic targets and the cardiovascular system: Is there cause for
concern? Circ. Res. 2010, 106, 1022–1034. [CrossRef] [PubMed]

50. Sato, A.; Sunayama, J.; Matsuda, K.; Seino, S.; Suzuki, K.; Watanabe, E.; Tachibana, K.; Tomiyama, A.; Kayama, T.; Kitanaka, C.
MEK-ERK signaling dictates DNA-repair gene MGMT expression and temozolomide resistance of stem-like glioblastoma cells
via the MDM2-p53 axis. Stem Cells 2011, 29, 1942–1951. [CrossRef]

51. Sunayama, J.; Matsuda, K.; Sato, A.; Tachibana, K.; Suzuki, K.; Narita, Y.; Shibui, S.; Sakurada, K.; Kayama, T.; Tomiyama, A.; et al.
Crosstalk between the PI3K/mTOR and MEK/ERK pathways involved in the maintenance of self-renewal and tumorigenicity of
glioblastoma stem-like cells. Stem Cells 2010, 28, 1930–1939. [CrossRef]

52. Ikushima, H.; Todo, T.; Ino, Y.; Takahashi, M.; Miyazawa, K.; Miyazono, K. Autocrine TGF-beta signaling maintains tumorigenicity
of glioma-initiating cells through Sry-related HMG-box factors. Cell Stem Cell 2009, 5, 504–514. [CrossRef] [PubMed]

53. Okada, M.; Sato, A.; Shibuya, K.; Watanabe, E.; Seino, S.; Suzuki, S.; Seino, M.; Narita, Y.; Shibui, S.; Kayama, T.; et al. JNK
contributes to temozolomide resistance of stem-like glioblastoma cells via regulation of MGMT expression. Int. J. Oncol. 2014, 44,
591–599. [CrossRef] [PubMed]

54. Suzuki, S.; Okada, M.; Sanomachi, T.; Togashi, K.; Seino, S.; Sato, A.; Yamamoto, M.; Kitanaka, C. Therapeutic targeting of
pancreatic cancer stem cells by dexamethasone modulation of the MKP-1-JNK axis. J. Biol. Chem. 2020, 295, 18328–18342.
[CrossRef] [PubMed]

55. Kuramoto, K.; Yamamoto, M.; Suzuki, S.; Togashi, K.; Sanomachi, T.; Kitanaka, C.; Okada, M. Inhibition of the Lipid Droplet-
Peroxisome Proliferator-Activated Receptor α Axis Suppresses Cancer Stem Cell Properties. Genes 2021, 12, 99. [CrossRef]
[PubMed]

56. Proserpio, C.; Galardi, S.; Desimio, M.G.; Michienzi, A.; Doria, M.; Minutolo, A.; Matteucci, C.; Ciafrè, S.A. MEOX2 Regulates the
Growth and Survival of Glioblastoma Stem Cells by Modulating Genes of the Glycolytic Pathway and Response to Hypoxia.
Cancers 2022, 14, 2304. [CrossRef] [PubMed]

57. Hägerstrand, D.; He, X.; Bradic Lindh, M.; Hoefs, S.; Hesselager, G.; Ostman, A.; Nistér, M. Identification of a SOX2-dependent
subset of tumor- and sphere-forming glioblastoma cells with a distinct tyrosine kinase inhibitor sensitivity profile. Neuro-Oncology
2011, 13, 1178–1191. [CrossRef] [PubMed]

http://doi.org/10.1097/00006123-199903000-00073
http://www.ncbi.nlm.nih.gov/pubmed/10069594
http://doi.org/10.1158/1078-0432.CCR-07-4857
http://doi.org/10.1016/j.cub.2005.06.060
http://doi.org/10.1093/jb/mvj209
http://doi.org/10.4161/cam.21192
http://www.ncbi.nlm.nih.gov/pubmed/23076053
http://doi.org/10.1161/CIRCRESAHA.109.211276
http://www.ncbi.nlm.nih.gov/pubmed/20360265
http://doi.org/10.1002/stem.753
http://doi.org/10.1002/stem.521
http://doi.org/10.1016/j.stem.2009.08.018
http://www.ncbi.nlm.nih.gov/pubmed/19896441
http://doi.org/10.3892/ijo.2013.2209
http://www.ncbi.nlm.nih.gov/pubmed/24316756
http://doi.org/10.1074/jbc.RA120.015223
http://www.ncbi.nlm.nih.gov/pubmed/33115754
http://doi.org/10.3390/genes12010099
http://www.ncbi.nlm.nih.gov/pubmed/33466690
http://doi.org/10.3390/cancers14092304
http://www.ncbi.nlm.nih.gov/pubmed/35565433
http://doi.org/10.1093/neuonc/nor113
http://www.ncbi.nlm.nih.gov/pubmed/21940738

	Introduction 
	Results 
	The Knockdown of PLC Suppresses the Viability of GSCs 
	PLC Contributes to the Maintenance of GSC Stemness 
	PLC Contributes to the Tumor-Initiating Capacity of GSCs 
	Down-Regulation of PLC Suppresses the Stemness of GSCs by Inhibiting the JNK Axis 

	Discussion 
	Materials and Methods 
	Antibodies and Chemicals 
	Cell Culture 
	WST-8 Assay 
	Propidium Iodide (PI) Uptake Assay 
	Western Blotting 
	Flow Cytometric Analysis 
	Reverse Transcription–PCR Analysis 
	Sphere-Forming Analysis 
	Animal Study 
	Gene Silencing by siRNA 
	Statistical Analysis 

	Conclusions 
	References

