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Abstract

Glioblastoma multiforme (GBM) or glioblastoma is the most deadly malignant brain tumor in adults. GBM is difficult to
treat mainly due to the presence of glioblastoma stem cells (GSCs). Epidermal growth factor receptor variant III (EGFRVIII)
has been linked to stemness and malignancy of GSCs; however, the regulatory mechanism of EGFRVIII is largely unknown.
Here, we demonstrated that Anoctamin-1 (ANOI1), a Ca**-activated CI- channel, interacts with EGFRVIII, increases its
protein stability, and supports the maintenance of stemness and tumor progression in GSCs. Specifically, shRNA-mediated
knockdown and pharmacological inhibition of ANO1 suppressed the self-renewal, invasion activities, and expression of
EGFRUVIII and related stem cell factors, including NOTCHI, nestin, and SOX2 in GSCs. Conversely, ANO1 overexpression
enhanced the above phenomena. Mechanistically, ANO1 protected EGFRVIII from proteasomal degradation by directly
binding to it. ANO1 knockdown significantly increased survival in mice and strongly suppressed local invasion of GSCs in
an in vivo intracranial mouse model. Collectively, these results suggest that ANOI plays a crucial role in the maintenance of
stemness and invasiveness of GSCs by regulating the expression of EGFRVIII and related signaling molecules, and can be
considered a promising therapeutic target for GBM treatment.

Introduction

These authors contributed equally: Hee-Jin Kim, Jeong-Yub Kim

) ) . Glioblastoma multiforme (GBM) is the most common and
Supplementary information The online version of this article (https:// . . . . .
doi.org/10.1038/s41388-020-01612-5) contains supplementary aggressive primary brain fumor with a mean survival of
material, which is available to authorized users. <15 months and a 5-year survival rate of 5% [1, 2]. The poor
prognosis of patients with GBM is due to its resistance to
chemotherapy and radiotherapy after surgery, widespread

>4 Jae-Yong Park

jacyong68 @korea.ac.kr . . . . S
- ;v[ Y gJ. Park infiltration into the surrounding normal brain tissues, and
mj};)l:;ﬁ-@llr(]irairls rekr rapid growth leading to recurrence [3, 4]. One of the main

reasons for malignancy and therapeutic failure in GBM

Radiation Therapeutics Development Team, Division of Radiation patients is the presence of glioblastoma stem cells (GSCs)

Cancer Science, Korea Institute of Radiological and Medical within the tumor bed [5, 6]. GSCs have a self-renewal ability
Sciences, Seoul, Republic of Korea similar to that of normal neural stem cells, and they are
2 School of Biosystems and Biomedical Sciences, College of Health responsible for the development of tumors and their continued
Sciences, Korea University, Seoul, Republic of Korea growth, therapeutic resistance, and recurrence after treatment
3 Department of Life Sciences, Korea University, Seoul, Republic of [5]. Therefore, the elimination of GSCs could be an essential
Korea factor in increasing the efficacy of brain cancer treatment.
4 Department of Biochemistry, School of Medicine, Daegu Catholic The amplification and rearrangement of epidermal growth
University, Daegu, Republic of Korea factor receptor (EGFR) is a common phenomenon in GBM,
5 Department of Neurosurgery, Daegu Catholic University School and EGFR variant IIl (EGFRVIII) is a common mutant of
of Medicine, Daegu, Republic of Korea EGEFR that is frequently observed in GBM [7]. EGFRVIII is a
6 Department of Neurosurgery, Halla General Hospital, deletion mutant of the EGFR gene with a deletion of exons
Jeju, Republic of Korea 2-7; the product of the mutant gene is a constitutively active

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-020-01612-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-020-01612-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-020-01612-5&domain=pdf
http://orcid.org/0000-0001-7698-7890
http://orcid.org/0000-0001-7698-7890
http://orcid.org/0000-0001-7698-7890
http://orcid.org/0000-0001-7698-7890
http://orcid.org/0000-0001-7698-7890
http://orcid.org/0000-0002-1996-4083
http://orcid.org/0000-0002-1996-4083
http://orcid.org/0000-0002-1996-4083
http://orcid.org/0000-0002-1996-4083
http://orcid.org/0000-0002-1996-4083
mailto:jaeyong68@korea.ac.kr
mailto:mjpark@kirams.re.kr
https://doi.org/10.1038/s41388-020-01612-5
https://doi.org/10.1038/s41388-020-01612-5

ANO1 regulates the maintenance of stemness in glioblastoma stem cells by stabilizing EGFRVIII 1491

receptor with a truncated extracellular ligand-binding domain
[8]. EGFRVIII is known to drive tumorigenesis by activating
downstream signaling molecules such as Notch and STAT3
[9, 10]. As it confers resistance to chemotherapy and radio-
therapy, as well as promotes tumorigenesis and the develop-
ment of GBM cells, EGFRVIII is known as a tumor-specific
marker of GSCs [8, 11, 12]. Indeed, it has been reported that
the EGFRVIIIT/CD133" population of GBM shows high self-
renewal activity and tumorigenic potential in mice [12, 13].
Therefore, targeting the EGFRVIII/STAT3 signaling pathway
would be a good therapeutic strategy for eliminating GSCs
and enhancing patient survival [13].

Anoctamin-1 (ANO1), also called transmembrane pro-
tein 16A (TMEMI16A), is cloned as a Ca>*-activated CI-
channel (CaCC) [14-16]. It is widely expressed in normal
cells, including secretory epithelia, smooth muscle cells,
vascular endothelia, and nociceptive neurons [15-19]. It
plays important physiological roles in cells, such as fluid
secretion, muscle contraction, volume regulation, and
nociception [20, 21]. In addition to its physiologically
crucial role in normal cells, it has been reported that ANO1
is amplified and overexpressed in various types of cancer,
including head and neck squamous cell carcinoma
(HNSCC), gastric cancer, breast cancer, colorectal carci-
noma, prostate cancer, and glioma. It is associated with
tumor growth, invasiveness, and poor prognosis [22-27].
Although the detailed molecular mechanism underlying
ANO1-induced oncogenesis is yet to be defined, several
lines of evidence have suggested the critical role of ANOI
in cancer-promoting signaling. The expression level of
ANOI is correlated with the activation of two major pro-
liferation and survival signaling molecules, mitogen-
activated protein kinase (MAPK) and protein kinase B
(PKB; also known as AKT), in several cancer cell lines [23—
25]. The activation of MAPK and PKB by ANOLI is pre-
sumed to be due to the interaction of ANO1 with EGFR,
which increases the expression of EGFR by a posttransla-
tional mechanism and promotes its phosphorylation
[25, 28]. The activation of EGFR signaling by ANOI1 also
leads to the activation of Ca**/calmodulin-dependent kinase
Il signaling [24]. In addition, ANO1 promotes the pro-
liferation, migration, and invasion of glioma cell lines by
activating nuclear factor kappa B (NF-xB) signaling [27].
Our previous reports showed that ANOI trafficking to the
cell membrane is regulated by the interaction of ANO1 with
14-3-3y or f-COP in glioma cell lines [29, 30]. The surface
expression of ANOI is crucial for the migration and inva-
sion of glioma cell lines [29]. However, the roles of ANOI
and ANO]-related biological mechanisms in GSCs have not
been investigated until now.

In the present study, we found that the suppression of
ANOIL results in the inhibition of self-renewal activity, inva-
siveness, and tumor formation of GSCs in vitro and in vivo.

Mechanistically, ANO1 directly interacted with EGFRVIII,
thereby stabilizing it by protecting it from proteasomal
degradation. Therefore, our data suggest that suppression of
ANO1 would be a good therapeutic approach for enhancing
EGFRuvllI-targeted therapy for GBM.

Results

ANO1 expression is higher in GSCs than in
differentiated GSCs (dGSCs) and correlates with the
prognosis and grades of patients

We first examined whether the expression level of ANOI1
is dependent on the stemness status of GSCs. Genomic
characteristics of the GSCs used were investigated by
whole-genome sequencing (Fig. S1). GSCs were differ-
entiated by culturing them in a serum-containing med-
ium for 7 days (dGSCs). Immunoblot analysis showed
that ANOI expression was diminished in dGSCs com-
pared to that in GSCs (Fig. 1a). Differentiation status
was confirmed by a reduction in stem cell marker levels
(NOTCHI1 and SOX2) and enhanced levels of the dif-
ferentiation marker (GFAP) in GSCs (Fig. 1a). Immu-
nocytochemistry (ICC) analysis also revealed that the
expression of ANO1 and NOTCHI1 was suppressed in
dGSCs (Fig. 1b). As CD133 is a cell surface marker for
GSCs [31, 32], we sorted CD133" and CD133" cells
using magnetic beads conjugated with CD133 antibody.
As shown in Fig. Ic, western blot analysis revealed that
CD133" cells have considerably higher levels of ANOI
when compared to that of CD133™ cells. ICC analysis
also showed a strong expression of ANO1 in CD133"
cells (Fig. 1d). Immunohistochemistry (IHC) of the
GBM tissue array indicated the enhanced expression of
ANO1 in GBM tissues compared to that in normal
controls, and the expression was correlated with GBM
grades (Fig. le), as shown in a previous report [27].
Interestingly, IHC of the GBM tissue array clearly
showed a positive correlation between the expression of
ANOI1 and the expression of SOX2 and NOTCHI1 (Fig.
S1). In addition, analysis of TCGA data suggested that
the expression level of ANOI1 is associated with poor
prognosis in patients with GBM (Fig. 1f). We also
investigated the effect of the combination of ANO1 and
stemness factors on the survival of GBM patients. As a
result, there was a significant difference in CD133,
SOX2, and OCT4 in the survival analysis of GBM
patients. However, there was a marginal trend in
NOTCHI and no significant difference in nestin (Fig.
S2). These data suggest that ANOI is preferentially
expressed in GSCs and its expression is correlated with
grades and poor prognosis of patients with GBM.
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Fig. 1 ANOL1 is preferentially expressed in GSCs. a Western blot
analysis of GSCs (X04, X08, and 0315) and differentiated GSCs
(dGSCs; FBS+) using antibodies indicated in the figure. Differentia-
tion of GSCs was achieved by treating the cells with FBS (10%) for
7 days. b ICC of ANO1 and NOTCHI1 in GSCs and dGSCs. ¢, d
Western blot (¢) and ICC (d) of CD133" and CD133" cells sorted from
X08 GSCs using magnetic beads. Nuclei were counterstained with

ANOT1 regulates self-renewal capacity,
tumorigenesis, and invasiveness of GSCs in vitro

Next, we investigated the role of ANOI1 in GSC biology. To
suppress the expression of ANOI, we introduced lentivirus-
mediated short hairpin (sh)-RNA against ANO1 into GSCs
and confirmed the effect using immunoblot analysis (Fig. 2a).
Knockdown of ANOI significantly suppressed its self-
renewal activity, as evidenced by sphere-forming (Fig. 2b)
and limiting dilution assays (Fig. 2c). ANOI1 knockdown also
inhibited the colony formation of GSCs in the soft-agar clo-
nogenic assay, a method used for measuring tumorigenic
potential in vitro (Fig. 2d). In addition, suppression of ANO1
reduced the invasion of GSCs through Matrigel-coated
transwells, a well-known property of GSCs (Fig. 2e). These
results were similarly reproduced in the introduction of
another shRNA mediated by adenovirus (Fig. S3).

To confirm the effects of ANO1 knockdown in GSCs,
we employed an ANOI1 inhibitor, CaCC-A01 [33]. 3-
(4,5-dimethylthiazol-2-yl)—2,5-diphenyltetrazolium
bromide (MTT) assay showed that CaCC-AOl sup-
pressed the growth of GSCs in a dose-dependent manner
(Fig. 3a). Western blot analysis showed that treatment
with the inhibitor led to a reduction in the protein levels
of ANO1 in GSCs as described previously (Fig. 3b) [33].
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In addition, sphere-forming and limiting dilution assays
revealed a significant reduction in self-renewal activity upon
CaCC-AO01 treatment (Fig. 3c, d). Moreover, CaCC-A0l
inhibited colony formation and invasion of GSCs in soft
agar and through Matrigel, respectively (Fig. 3e, f).
The activity of CaCC-AOQl against GSCs was reproduced
by another ANOI inhibitor, T16Ainh-AOl1 (T-AO01)
(Fig. S4).

Suppression of ANO1 reduces the expression of
stemness-related factors

We next examined the effect of ANO1 downregulation on
the expression of stemness-associated molecules in GSCs.
As shown in Fig. 4a, the suppression of ANOI1 by intro-
ducing shANOI1 adenovirus reduced the expression of
crucial stemness factors in GSCs, including nestin, EGFR-
vIII, SOX2, and NOTCHI1. Treatment with CaCC-AOQ1 also
led to decreased expression of these stemness factors (Fig.
4b). ICC also showed downregulation of EGFRVIII and
NOTCHI1 in GSCs upon shANO1 infection and CaCC-A01
treatment (Fig. 4c, d). This phenomenon was also observed
when GSCs were treated with T-AO1 (Fig. S5). Therefore,
these data indicate that ANOI expression is crucial for the
maintenance of stemness in GSCs.
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Fig. 2 Knockdown of ANOI suppressed GSC activities. a Western
blot analysis of ANOI, b sphere-forming, ¢ limiting dilution, d soft-
agar colony-formation, and e invasion assays of GSCs (X08 and 0315)
infected with lentiviral-control (shGFP) and lentiviral-shANOI1A and

Overexpression of ANO1 enhances GSC activities

Next, we performed a gain-of-function study of ANOI in
GSCs. We transfected pDEST-GFP-ANOL1 into the cells and
confirmed its expression using western blot analysis (Fig. 5a).
As expected, overexpression of ANOI further enhanced the
self-renewal activity of GSCs, as evidenced by the sphere-
forming and limiting dilution assays (Fig. 5b, c¢). In addition,
overexpression of ANOI elevated colony-forming and inva-
sion activities in these cells (Fig. 5d, e). Overall, the gain- and
loss-of-function studies clearly demonstrated that ANOLI is
required to maintain the stemness activity in GSCs.

ANO1 interacts with and stabilizes EGFRvIII in GSCs

Next, we investigated the molecular mechanism of ANOI-
regulated stemness properties in GSCs. Since it has been
reported that EGFRVIII serves as a crucial upstream stem-
ness regulator in GSCs through p-STAT3 and

D. Detailed experimental procedures are described in “Materials and
methods” in the manuscript or in “Methods” in the Supplementary.
*0.01 <p <0.05; #*%0.005 <p <0.01; ***p <0.005.

NOTCHI1 signaling [10], and ANO1 inhibition significantly
downregulates the protein level of EGFRVIII (Fig. 4a—d), we
examined whether ANO1 knockdown affects EGFRvVIII
transcription. As shown in Fig. 6a, the knockdown of ANO1
did not change the mRNA levels of EGFRVIIL In addition,
transfection of ANOI1 did not restore the mRNA levels of
EGFRVIII, which were downregulated by serum differ-
entiation (Fig. 6b). Intriguingly, however, overexpression of
ANOL1 in d GSCs significantly rescued the expression of
EGFRVIII and related stemness factors (Fig. 6¢).

We investigated whether the expression of EGFRVIII
and/or EGFR positively correlated with ANO1 at the
mRNA or protein levels in GBM tissues, glioma cell lines,
and GSC lines. As a result, the mRNA expression of ANOI
was not positively correlated with that of EGFR or
EGFRVIII in GBM tissues (Fig. S6a). On the other hand,
IHC of GBM tissue microarray revealed that the tissues
with high ANO1 expression showed a positive correlation
with high expression of EGFR/EGFRVIII (Fig. S6b).
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Fig. 3 Pharmacological inhibition of ANO1 suppressed GSC
activities. a Western blot analysis of ANO1, b MTT, ¢ sphere-for-
mation, d limiting dilution, e soft-agar colony-formation, and f

Similarly, in glioma cell lines, mRNA expression levels of
ANOI and EGFR were not positively correlated (Fig. S6c).
However, at the protein level, the expression patterns of ANO1
and EGFR were positively correlated (Fig. S6d). In GSC lines,
no correlation was seen in the mRNA and protein levels
between the two factors (Fig. S6e, f). Taken together, these
results suggest that ANO1-mediated regulation of EGFRVIII
and/or EGFR may not be at the mRNA level but at the
protein level.

We performed immunoprecipitation (IP) experiments to
determine whether ANOLI interacts with EGFRVIII and affects
its downstream stemness signaling. We co-transfected Flag-
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CaCC-A01 (1 pM)

invasion assays of GSCs (X08 and 0315) pretreated with or without
ANOI inhibitor (CaCC-AO01) at the concentration(s) indicated in the
figure. *0.01 <p <0.05; *¥*0.005 <p <0.01; ***p <0.005.

ANOI1 and GFP-EGFRVIII in HEK 293T cells and found that
ANOL1 strongly binds to EGFRVIII in the heterologous
expression system (Fig. 7a). Bimolecular fluorescence com-
plement (BiFC) analysis also indicated the direct binding of
ANOI and EGFRVIII (Fig. 7b). Endogenous IP using GSCs
also demonstrated the interaction between ANO1 and EGFR-
vl (Fig. 7c). In addition, ICC analysis showed the co-
localization of ANO1 and EGFRVIII in these cells (Fig. 7d). To
find the ANO1 domain that binds to EGFRVIIL, we produced
constructs expressing the C-terminal, loop, and N-terminal
domain of ANOI, and then transfected them into HEK
293T cells expressing EGFRVIII and performed IP. As a result,
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EGFRVIII was found to bind to the C-terminal domain of
ANOIL1 (Fig. S7a, b). We also investigated whether EGFR
directly binds to ANOI1 in GSCs, as reported previously in
other cancer cells [24, 28], using GSC lines expressing EGFR
(X02 and 528NS). As expected, the IP experiment showed that
EGFR was directly bound to ANOL in these cells (Fig. S8).
Because it was reported that ANOI1 suppression destabilizes
EGFR in head and neck cancer cells [28], we checked whether
ANOIL affects the stability of EGFRVIIL. As shown in Fig. 7e,
pretreatment with MG132 clearly restored the shRNA-
mediated suppression of EGFRVIII expression. In addition,
IP analysis showed enhanced polyubiquitination of EGFRVIII
bands upon MG132 treatment in shANOI-transfected GSCs
(Fig. 7f). We also confirmed the reduction in the expression of
EGFR using lentiviral-shANO1 (Fig. S9a—) and restoration of
EGFR expression by pretreatment of glioma cell lines (LN229
and U251) and GSC lines (X02 and 528NS) with MG132 (Fig.
S9b, c). To demonstrate whether the stabilization of EGFRVIII
and/or EGFR by ANOL is important for the stemness activity
of GSCs, we transfected siEGFRvVIII and siEGFR in X08 and
0315 GSCs. Interestingly, the knockdown of EGFRVIII
reduced both the mRNA and protein levels of EGFR. On the
other hand, knockdown of EGFR did not affect the mRNA
level of EGFRVIII but caused a decrease in the protein level
(Supplementary Fig. 10a, b). Knockdown of EGFRVII or
EGFR inhibited the expression of stemness factors, including
nestin, NOTCH1, OCT4, and SOX2, similar to the effect of
introducing shANOI1 or treatment with ANOI1 inhibitor (Fig.

GSCs (X08 and 0315) were infected with adenoviral-control (—) and
adenoviral-shANO1 (+) (a, ¢) or pretreated with CaCC-AO1 (1 uM)
(b, d).

4a, b), but did not affect ANO1 expression (Fig. S10a, b).
Similarly, treatment with gefitinib, a specific EGFR/EGFRVIII
inhibitor, also suppressed the expression of these stemness
factors, but not that of ANOI1 (Fig. S10c). siEGFRVIII and
gefitinib significantly suppressed self-renewal activities as
measured by sphere-forming and limiting dilution assays (Fig.
S10d-g). In addition, transfection of siEGFR and/or treatment
with gefitinib also suppressed self-renewal activity, expression
of stemness factors, and invasion in EGFR-expressing GSC
lines, X02 and 528NS (Fig. Slla-h). Conversely, over-
expression of EGFRVIII in ANO1 knockdown GSCs recovered
the expression of stem cell factors (Fig. S12a), and self-renewal
activity (Fig. S12b). Taken together, our data strongly suggest
that ANO1 maintains stemness signaling in GSCs by stabiliz-
ing EGFRVIII and/or EGFR expression by directly binding to
it.

ANO1 regulates the tumorigenic potential of GSCs
in vivo

Finally, we examined the effect of ANOI expression on
intracranial tumor formation in GSCs and the survival of mice
in vivo. We introduced lentivirus-mediated shANO1 in X08
GSCs and confirmed its effect using reverse transcriptase-
polymerase chain reaction (RT-PCR) (Fig. 8a). As shown in
Fig. 8b, the survival rate was greatly enhanced in shANOI-
infected mice compared to that in control mice. Hematoxylin
and eosin (H&E) staining of the xenograft tissues revealed that

SPRINGER NATURE
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Fig. 5 Overexpression of ANO1 increases GSC activities. a Western
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agar colony-formation, and e invasion assays of GSCs (X08 and 0315)

the size of the tumor was significantly reduced in the sShANO1-
infected GSCs compared to that in the control (Fig. 8c). In
addition, ICC analysis showed that the expression of EGFRVIII
was reduced in the xenograft of shANOI-infected mice (Fig.
8d). Interestingly, in contrast to the diffuse and infiltrative
tumor formed by GFP control GSCs in the mouse brain,
shANO1-infected GSCs formed only a demarcated tumor (Fig.
8c, d). The formation of a demarcated tumor by shANOI1D-
infected GSCs was maintained until the time of death due to
tumor expansion (Fig. 8e). Moreover, ICC of CD31, a specific
marker of endothelial cells, revealed that microvessel density
was remarkably low in shANOI1 tumors, indicating the
reduction of tumor angiogenesis by the knockdown of ANOI1
(Fig. 8f). Taken together, these data suggest that ANOI
expression is crucial for the expression of EGFRVIIL, infiltrative
tumor formation, and angiogenesis in GSCs in vivo.

Discussion

ANOI1, a calcium-activated chloride channel, is known to
play a critical role in fluid secretion, motility, muscle con-
traction, and nociception in a variety of normal cells [19-
21]. Overexpression of ANOI is frequently found in var-
ious cancers and is associated with stimulation of tumor cell
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proliferation, increase in tumorigenic potential, and pro-
motion of tumor growth and metastasis [22-25]. The
expression of ANO1 was also found in GBM. ANOI has
been reported to enhance tumorigenesis through NF-xB
signaling in glioma cells. In addition, our group studied the
cell surface localization of ANO1 upon binding to 14-3-3y
modulated the progression of glioma cells [29]. However,
the effect of ANOI expression on the biological properties
of GSCs has not yet been explored. In this study, we found
that ANOI significantly affects the self-renewal activity,
soft-agar colony formation, and invasion of GSCs in vitro,
and is involved in tumor growth and infiltration in vivo. The
role of ANOI1 appears to be the stabilization of EGFRvIII
through direct association with it. Therefore, ANO1 may be
an effective therapeutic target for the treatment of GBM.
Many reports have shown that ANO1 is overexpressed in
various cancers [22, 25-27]. Frequently, amplification of
chromosome 11q13, where ANOI1 is located, was found in
many malignant cancers, including HNSCC, esophageal
squamous cell cancer, and breast cancer, and is closely
correlated with poor prognosis of these cancers [24, 34-37].
In addition to the amplification of chromosome 11ql3,
ANOI1 expression can be regulated by transcriptional con-
trol via IL4 and IL13-mediated JAK/STAT6 signaling by
epigenetic regulation, and by miRNAs such as miR-132 and



ANO1 regulates the maintenance of stemness in glioblastoma stem cells by stabilizing EGFRVIII

1497

A
X08
157 EGFRVIII
- @ ANO1
>
2
ANO1 5
®
o
EGFRvIIl o
o
&
GAPDH
0315
<9 15 EGFRvIIl
é',t § § _ @ ANO1
[
5 55 3
ANO1 §
]
»
L
EGFRvIIl 50
]
GAPDH
(o4 X08 0315
+FBS +FBS
.52 _§°%2
e O < c 0 <«
® d d g g
26 & 26 6
Nestin
GFP-ANO1
ANO1
EGFRvIII

Oct4

Sox2

Fig. 6 ANOI1 regulates EGFRVIII at the protein level, but not at
the RNA level. a, b Semi-quantitative (sq) (left) and quantitative (q)
RT-PCR (right bar graphs) of ANO1 and EGFRVIII in GSCs infected
with lentiviral-control (shCon) or shRNA of ANO1 (shANOI1A and D)
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miR-381 [38, 39]. In cell line experiments, overexpression
of ANOI1 promotes the proliferation and migration in many
cancer cells, which are suppressed by pharmacological
inhibition or knockdown of ANOI1 [23, 25, 37, 40]. On the
other hand, ANOI1 inhibition did not affect proliferation in
some cancer cells [41, 42] and even suppressed migration in
HNSCC cells, indicating that the effect of ANO1 on cancer
cells can be cell type-dependent [43]. However, the effect of
ANOI1 on stem cell-like cancer cells has not been studied
yet. In this study, we examined the role of ANOI1 in the
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in (b) using antibodies described in the figure. *0.01 <p <0.05;
*%0.005 < p<0.01; ***p <0.005.

biology of GSCs. Expression of ANO1 was downregulated
by serum differentiation of GSCs. Magnetic sorting
experiments revealed that ANO1 expression was higher in
CD133" cells compared to that in CD133~ GSCs. In addi-
tion, pharmacological inhibition or shRNA-mediated
knockdown of ANOI1 suppressed the self-renewal and
invasion activities of GSCs in vitro, as evidenced by limited
dilution, sphere formation, and soft-agar colony formation
assays. Furthermore, knockdown of ANOI enhanced sur-
vival of mice, which were intracranially implanted with
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GSCs, suppressed the infiltration of GSCs into the normal
brain in vivo. To our knowledge, this is the first report that
has examined the effect of ANOI1 expression on the stem-
ness activity of GSCs.

EGFR amplification and the presence of its deletion
mutant EGFRVIII have commonly observed features in
malignant GBM [7]. EGFRVIII is known to be involved in
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B_actinl —_———— — — I —_—————

shRNA of ANOI pretreated with or without MG132 at the con-
centrations indicated in (f) IP and western blot analysis of the GSCs in
(e) pretreated with or without MG132 (10 nM). Antibodies used in the
western blot are indicated in the figure.

therapeutic resistance, invasiveness, and tumor initiation
and progression in GBM [7, 8, 11]. EGFRVIII also pro-
motes tumor angiogenesis by enhancing Src-mediated
VEGF secretion [44]. In addition, the expression of
EGFRUVIII confers stem cell characteristics on GBM cells by
stimulating neural stem cell markers, including CD133,
SOX2, and nestin, and enhancing self-renewal activity in
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these cells [10, 13]. Indeed, GSCs used in this study
expressed high levels of EGFRvVIII with a marginal
expression of EGFR. Some reports have shown that ANOI
affects the activation of EGFR signaling. Bill et al. found
that ANOI interacts with EGFR and stimulates the phos-
phorylation of EGFR via posttranslational modifications
without the modulation of its expression in HNSCC cells
[28]. Britschgi et al. reported that knockdown of
ANO1 suppressed EGFR signaling by reducing EGFR
phosphorylation, which was caused by downregulation of
the expression of EGFR ligands, EGF, and TGF-«a in breast
cancer cells [24]. In addition, there has been a report of a
cross-activation loop in which overexpression of ANOI
activates EGFR/STATS3 signaling, and again, EGF-induced
activation of EGFR/STAT?3 increases ANO1 expression in
breast cancer [45]. Recently, it has been shown that ANO1
expression is upregulated in pancreatic cancer by ligand-
dependent EGFR signaling, is essential for EGF-induced
calcium entry and migration, and is crucial for EGF-
stimulated phosphoproteome remodeling in pancreatic
cancer cells [46]. However, our data showed a different
mechanism of ANOI1 in EGFR signaling in GSCs. Our
study demonstrated that ANO1 stabilizes EGFRVIII and
EGFR through physical interaction. Pharmacological inhi-
bition  or  knockdown of ANOI stimulates
polyubiquitination-mediated proteasomal degradation of
EGFRVIII, which is blocked by pretreatment with the pro-
teasome inhibitor, MG132. ANO1 also interacts with EGFR
and is involved in the stability of EGFR in the same manner
as EGFRVIII in EGFR-expressing GSCs and glioma cell
lines. In addition, transfection of siRNA against EGFRVIII
and EGFR or treatment with gefitinib, a specific inhibitor of
both proteins, suppressed the expression of stemness factors
without affecting the expression of ANOI and inhibited
self-renewal activities in GSCs. Taken together, our data
strongly suggest that stabilization of EGFRvIII and EGFR
by ANOI promotes the maintenance of stemness in Vitro
and tumorigenesis in vivo. As far as we know, this is the
first report on the regulation of stemness by ANOI1 in cancer
stem cells.

As overexpression of ANOI promotes proliferation,
migration, and stimulation of crucial signaling molecules in
various cancer cells, the discovery of an effective ANOI1
inhibitor would be a good therapeutic option for the treat-
ment of malignant cancer. Indeed, several studies have
reported the discovery of ANOI1 inhibitors for putative
therapeutic agents [47]. Our data indicate that the ANOI
inhibitor CaCC-A0Q1 effectively suppresses EGFRVIII sig-
naling in GSCs by degrading ANOI1 protein, as reported
previously [33]. Since it was reported that EGFRVIII-
harboring GBM cells potently promote tumor growth by
secreting IL6 and/or LIF to stimulate EGFR-overexpressing
GBM cells [48], suppression of EGFRVII/EGFR signaling

SPRINGER NATURE

through ANOI targeting can be a promising therapeutic
option. Therefore, the development of blood-brain barrier
penetrable ANOI-degrading inhibitors would provide a
good therapeutic opportunity for the treatment of malignant
GBM in the future.

One of the hallmarks of GBM is its high invasiveness in
adjacent normal tissue, which leads to a high incidence of
recurrence even after drastic surgical resection [49]. GSCs
have been recognized as the major causative cells of the
invasiveness of GBM and are important factors that con-
tribute to the poor prognosis of patients [49, 50]. Indeed, the
GSCs used in this study showed highly invasive char-
acteristics in vitro and in vivo. However, the invasiveness of
GSCs transfected with shANOI1 was found to be sig-
nificantly suppressed in invasion assays performed in vitro,
and these GSCs formed demarcated tumors with clear
margins in vivo. These results suggest that ANO1 may play
an important role in regulating the invasiveness of GSCs. In
the near future, we plan to study the molecular mechanisms
of ANOI underlying the invasiveness of GSCs.

Materials and methods

Materials and methods used are available in Supplementary.
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