
https://helda.helsinki.fi

ANO1 Expression Orchestrates p27Kip1/MCL1-Mediated

Signaling in Head and Neck Squamous Cell Carcinoma

Filippou, Artemis

Multidisciplinary Digital Publishing Institute

2021-03-09

Filippou, A.; Pehkonen, H.; Karhemo, P.-R.; Väänänen, J.; Nieminen, A.I.; Klefström, J.;

Grénman, R.; Mäkitie, A.A.; Joensuu, H.; Monni, O. ANO1 Expression Orchestrates

p27Kip1/MCL1-Mediated Signaling in Head and Neck Squamous Cell Carcinoma. Cancers

2021, 13, 1170.

http://hdl.handle.net/10138/348962

Downloaded from Helda, University of Helsinki institutional repository.

This is an electronic reprint of the original article.

This reprint may differ from the original in pagination and typographic detail.

Please cite the original version.



cancers

Article

ANO1 Expression Orchestrates p27Kip1/MCL1-Mediated
Signaling in Head and Neck Squamous Cell Carcinoma

Artemis Filippou 1 , Henna Pehkonen 1, Piia-Riitta Karhemo 1 , Juho Väänänen 1, Anni I. Nieminen 2,
Juha Klefström 3 , Reidar Grénman 4, Antti A. Mäkitie 5,6 , Heikki Joensuu 7 and Outi Monni 1,8,*

����������
�������

Citation: Filippou, A.; Pehkonen, H.;

Karhemo, P.-R.; Väänänen, J.;

Nieminen, A.I.; Klefström, J.;

Grénman, R.; Mäkitie, A.A.; Joensuu,

H.; Monni, O. ANO1 Expression

Orchestrates p27Kip1/MCL1-Mediated

Signaling in Head and Neck Squamous

Cell Carcinoma. Cancers 2021, 13,

1170. https://doi.org/10.3390/

cancers13051170

Academic Editor: David Wong

Received: 5 February 2021

Accepted: 5 March 2021

Published: 9 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Applied Tumor Genomics Research Program, Faculty of Medicine, University of Helsinki,
00014 Helsinki, Finland; artemis.filippou@helsinki.fi (A.F.); henna.pehkonen@helsinki.fi (H.P.);
piia-riitta.karhemo@helsinki.fi (P.-R.K.); juho.vaananen@helsinki.fi (J.V.)

2 Translational Cancer Medicine Research Program and Medicum, Faculty of Medicine, University of Helsinki,
00014 Helsinki, Finland; anni.nieminen@helsinki.fi

3 Finnish Cancer Institute, FICAN South Helsinki University Hospital, Faculty of Medicine, University of
Helsinki, 00014 Helsinki, Finland; juha.klefstrom@helsinki.fi

4 Department of Otorhinolaryngology-Head and Neck Surgery, University of Turku and Turku University
Hospital, 20520 Turku, Finland; reidar.grenman@utu.fi

5 Department of Otorhinolaryngology-Head and Neck Surgery, University of Helsinki and Helsinki University
Hospital, 00130 Helsinki, Finland; antti.makitie@helsinki.fi

6 Research Program in Systems Oncology, Faculty of Medicine, University of Helsinki, 00014 Helsinki, Finland
7 Department of Oncology, University of Helsinki and Helsinki University Hospital, 00290 Helsinki, Finland;

heikki.joensuu@hus.fi
8 Department of Oncology, Clinicum, Faculty of Medicine, University of Helsinki, 00014 Helsinki, Finland
* Correspondence: outi.monni@helsinki.fi; Tel.: +358-407639302

Simple Summary: Our aim was to elucidate the molecular mechanisms of how ANO1 contributes
to oncogenic processes in squamous cell carcinoma of the head and neck (HNSCC). We explored
transcriptional programs influenced by ANO1 knockdown in patient-derived UT-SCC cell lines
with 11q13 amplification and ANO1 overexpression. ANO1 depletion led to downregulation of
broad pro-survival BCL2 family protein members, including MCL1, and simultaneously induced
upregulation of the cell cycle inhibitor p27Kip1 and its redistribution from the cytoplasm into the
nucleus in the studied HNSCC cells. Gene set enrichment analysis highlighted pathways associated
with perturbed cell cycle and apoptosis in the ANO1-depleted samples. Silencing of ANO1 and
application of an ANO1-targeting small-molecule inhibitor led to ANO1 degradation and reduction
of cell viability. These findings suggest that ANO1 has drug target potential that deserves further
evaluation in preclinical in vivo models.

Abstract: Head and neck squamous cell carcinoma (HNSCC) is a heterogeneous group of tumors
that derive from the mucosal epithelium of the upper aerodigestive tract and present high mortality
rate. Lack of efficient targeted-therapies and biomarkers towards patients’ stratification are caveats
in the disease treatment. Anoctamin 1 (ANO1) gene is amplified in 30% of HNSCC cases. Evidence
suggests involvement of ANO1 in proliferation, migration, and evasion of apoptosis; however,
the exact mechanisms remain elusive. Aim of this study was to unravel the ANO1-dependent
transcriptional programs and expand the existing knowledge of ANO1 contribution to oncogenesis
and drug response in HNSCC. We cultured two HNSCC cell lines established from primary tumors
harboring amplification and high expression of ANO1 in three-dimensional collagen. Differential
expression analysis of ANO1-depleted HNSCC cells demonstrated downregulation of MCL1 and
simultaneous upregulation of p27Kip1 expression. Suppressing ANO1 expression led to redistribution
of p27Kip1 from the cytoplasm to the nucleus and associated with a cell cycle arrested phenotype.
ANO1 silencing or pharmacological inhibition resulted in reduction of cell viability and ANO1
protein levels, as well as suppression of pro-survival BCL2 family proteins. Collectively, these data
provide insights of ANO1 involvement in HNSCC carcinogenesis and support the rationale that
ANO1 is an actionable drug target.
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1. Introduction

Head and neck squamous cell carcinoma (HNSCC) consists of an etiologically and
clinically heterogeneous group of tumors, located in the upper aerodigestive tract [1].
The estimated global annual incidence of head and neck cancer is 890,000 new cases
leading to about 450,000 deaths [2]. The most commonly identified causal factors are
tobacco and alcohol consumption [3], and human papillomavirus infection [4]. HNSCCs
harbor a variety of genetic aberrations [5]. The standard primary treatment modalities
are surgery and radiotherapy with or without chemotherapy. Cetuximab, a monoclonal
antibody that binds to the epidermal growth factor receptor (EGFR) and the immune
checkpoint inhibitors nivolumab and pembrolizumab have more recently been approved
for the treatment of HNSCC [6]. Locally recurrent and advanced HNSCC remain, however,
challenging to treat and the development of novel treatments is a high priority [7].

Gene encoding anoctamin-1 (ANO1, aliases TMEM16A/DOG1), a calcium-dependent
chloride channel protein, locates in 11q13 [8], which is commonly amplified in several can-
cers, including the breast [9,10], the stomach [11,12], the ovary [13], and the prostate [14,15],
glioblastoma [16], and head and neck cancer [10,17–20]. ANO1 is an established biomarker
for gastrointestinal stromal tumors (GIST) [12]. ANO1 expression is associated with
cell proliferation [10,12–14,19–23], migration [11,17,18,22], invasion [11,13,14,17], metas-
tasis [14,17,20], tumor growth [10,13,14,19] and survival [11,18]. ANO1 interacts with
EGFR [24], participates in its downstream signaling [10,19] and associates with scaffold-
ing/signaling proteins, including ezrin, radixin and moesin [25]. ANO1 is also linked to
tumorigenesis-promoting MAPK [19], as well as apoptosis-evasive TNF-α [15] signaling.
A comprehensive mechanistic understanding between ANO1 expression and HNSCC
tumorigenesis is still lacking, but the frequency of its overexpression in HNSCC [26]
suggests that ANO1 might be a potent target for pharmacological intervention. Several
small molecules targeting ANO1 have been developed [9,27,28], although a newer class of
inhibitors, Ani9 [29,30], warrants further evaluation.

Myeloid cell leukemia-1 gene (MCL-1), encodes for MCL1, a BCL2 family member
with crucial role in the regulation of apoptosis and cell cycle progression [31]. Cancer cells,
including HNSCC, may hijack these processes by overexpressing MCL1, and thus promote
cell survival [32,33]. Besides sharing many functional and structural similarities with other
BCL2-family pro-survival proteins, MCL1 exhibits unique BH3-binding properties, a short
protein half-life [34], and the ability to regulate mitochondrial metabolism [35]. Therefore,
MCL1 presents a potential drug target for small molecule BH3-mimetic molecules that
favor the induction of apoptosis [36,37], some of which are currently under investigation
with promising outcomes [38].

p27Kip1, encoded by CDKN1B gene, is a cyclin-dependent kinase inhibitor that reg-
ulates G1-S phase transition by binding to cyclin E-CDK2 [39]. During early G1, p27Kip1

promotes the assembly and nuclear translocation of cyclin D1-Cdk complexes [39]. Mito-
genic signals promote the assembly of cyclin D-CDK4 complexes that sequester p27Kip1

restraining its activity and favor the timely activation of cyclin E-CDK2 complexes and
progression of the cell cycle [40]. Diverse mechanisms modulate p27Kip1 function at the
level of its transcription, translation, post-translation, as well as subcellular localization [41].
Oncogene-activated pathways are involved in p27Kip1 nuclear export or cytoplasmic reten-
tion in human malignancies of epithelial origin, facilitating aberrant functions of p27Kip1,
such as enhanced cell motility and migration [41].

In this study, we investigated the gene expression patterns involved in ANO1 functions
and explored their molecular mechanisms in patient-derived HNSCC cell lines cultured
in three-dimensional collagen matrix. We also studied the potential of ANO1 as a drug
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target in HNSCC cell lines with high endogenous ANO1 expression. Our data demonstrate
that ANO1 expression facilitates the expression of MCL1 and regulates the expression,
subcellular distribution and proteolytic degradation of p27Kip1, which may explain how
ANO1 mediates cancer cell progression.

2. Results
2.1. ANO1 Expression Promotes Cell Proliferation and EMT of Primary Cancer Cells Derived
from HNSCC

To study the function and involvement of ANO1 in HNSCC progression, we utilized
cell lines from primary tumors of patients established at the University of Turku (UT-SCC
cell lines). We have previously analyzed a mutational panel, copy number and gene
expression profiles of 45 HPV-negative UT-SCC cell lines [42]. Among eight selected cell
lines with diverse ANO1 mRNA expression (Figure S1A) [42], immunoblotting of ANO1
identified UT-SCC-8 and UT-SCC-14 as the cell lines with endogenously highest protein
expression (ANO1HIGH, Figure 1A). We next verified the high level of amplification in
11q13 region, harboring ANO1 gene, by generating the copy number profiles of these cell
lines (Figure 1B), based on array comparative genomic hybridization (aCGH) data [42].

Figure 1. Comparison of ANO1 amplification and expression in a panel of University of Turku-Squamous Cell Carcinoma
(UT-SCC) cell lines, and the effect of ANO1 expression on epithelial-to-mesenchymal transition (EMT). (A) Western Blot
illustrating the expression of ANO1 in a panel of UT-SCC cell lines with diverse endogenous ANO1 expression levels.
(B) Array comparative genomic hybridization (aCGH) profiles of chromosome 11 for UT-SCC-8 and UT-SCC-14 cell lines
illustrating the high copy number amplification of 11q13. (C) Western blot analysis of EMT markers E-cadherin and N-
cadherin, and stem cell marker BMI1 in shANO1 and shScramble cell lines. GAPDH and α-tubulin are the loading controls.

Because silencing of ANO1 in cancer cells with 11q13 amplification results in reduction
of cell proliferation, migration, and tumor growth [10,13,14,17,19], we knocked down
ANO1 using two different shRNA constructs in ANO1HIGH cell lines to study its role in
HNSCC. In line with previous studies, ANO1 depletion in the ANO1HIGH UT-SCC cells
showed inhibition of cell proliferation (Figure S1B,C). Because ANO1 expression is linked
to epithelial-to-mesenchymal transition (EMT) [11,20], we next examined if expression
of selected EMT markers was affected by ANO1 depletion in the ANO1HIGH UT-SCC
cells. E-cadherin levels were increased (Figure 1C), suggesting that ANO1 depletion is
sufficient to revert the phenotype to a less malignant one [43]. N-cadherin expression, an
EMT marker that correlates with malignant behavior in HNSCC [44], decreased in ANO1
shRNA UT-SCC-8 cells. Of interest, a regulator of stemness, BMI1, was downregulated
upon ANO1 depletion (Figure 1C). BMI1, together with Twist, can induce repression of E-
cadherin expression in HNSCC [45], thus providing a possible explanation for E-cadherin
increase in the ANO1-knockdown cells. These observations are in an agreement with
previous findings that ANO1 promotes cell proliferation and EMT in HNSCC.
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2.2. ANO1 Knockdown Leads to Downregulation of Pro-Survival Protein MCL1
Conferring Apoptosis

To elucidate in an unbiased fashion the role of ANO1 in the cancerous properties of
the ANO1HIGH UT-SCC cell lines, we performed RNA sequencing from ANO1 silenced
cell samples (shANO1) and their control counterparts (shScramble), cultured in three-
dimensional collagen type I, which better recapitulates the tumor microenvironment [46].
Immunoblotting of ANO1 (Figure S2A) validated the efficiency of the knockdown prior to
RNA sequencing. Differential expression analysis of ANO1 knockdown as compared to
ANO1HIGH UT-SCC cells (Figure S2B) revealed a total of 649 statistically significant altered
genes, based on Benjamini-Hochberg adjusted p value (padj < 0.05, Figure 2A). Interestingly,
MCL1 was one of the most significantly downregulated genes upon ANO1 knockdown
(Table 1), based on the parameters log2FoldChange (log2FC) and padj and was visualized
with a volcano plot (Figure 2A).
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Figure 2. RNA sequencing revealed differential expression of genes involved in ANO1 signaling. (A) Volcano plot
illustrating the differentially expressed genes. Each gene is represented by a dot. Red-colored genes pass the cutoffs of padj,
10 × 10−4 and log2FC, 0.30 (above the horizontal dash line). (B) Western blots showing the differential protein expression
between shScramble and shANO1 of key BCL2 family members, including pro-survival MCL1, BCL2, and BCL-XL, as well
as pro-apoptotic BIM in UT-SCC-8 and UT-SCC-14 cell lines. Alpha-tubulin is the loading control.
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Table 1. List of selected significantly differentially expressed genes. The criteria for inclusion were padj < 0.05 from the
RNA sequencing analysis and gene function associated with pathways inferred in the text and linked to ANO1 signaling,
including mitochondrial and ubiquitination functions. Genes are listed in ascending order of padj value. Human Gene
Nomenclature Committee (HGNC).

Gene Name Log2FC padj Description (Source HGNC)

MCL1 −0.78 4.79 × 10−13 Myeloid cell leukemia 1; BCL2 family member
USP43 −0.75 5.12 × 10−7 Ubiquitin specific peptidase 43

CDKN1B +0.60 3.01 × 10−5 Cyclin dependent kinase inhibitor 1B
TGFA −0.77 0.0001 Transforming growth factor alpha
FIS1 −0.40 0.0002 Fission, mitochondrial 1
E2F8 +1.87 0.0004 E2F transcription factor 8

DNAJB4 +0.74 0.0008 DnaJ heat shock protein family (Hsp40) member B4
HLA-A −0.89 0.0029 Major histocompatibility complex, class I, A
COX7C +0.70 0.0031 Cytochrome c oxidase subunit 7C
PINK1 −0.58 0.0066 PTEN induced putative kinase 1

TRIM21 −0.66 0.0077 Tripartite motif containing 21
RB1 +0.50 0.0077 RB transcriptional corepressor 1

STUB1 −0.33 0.0088 STIP1 homology and U-box containing protein 1
PSMD5 +0.27 0.0093 Proteasome 26S subunit, non-ATPase 5
FADD −0.49 0.0102 Fas associated via death domain

NDUFA13 −0.40 0.0102 NADH: ubiquinone oxidoreductase subunit A13
BCL-XL −0.54 0.0127 BCL2 like1; protein phosphatase 1, regulatory subunit 52
WEE1 +0.74 0.0188 WEE1 G2 checkpoint kinase

PSMB10 −0.63 0.0236 Proteasome subunit beta 10
CDKN2C +1.27 0.0257 Cyclin dependent kinase inhibitor 2C
FURIN −0.55 0.0266 Furin, paired basic amino acid cleaving enzyme
PSEN2 −0.50 0.0323 Presenilin 2
HDAC1 −0.36 0.0328 Histone deacetylase 1
USP37 +0.48 0.0334 Ubiquitin specific peptidase 37

UBE2L6 −1.16 0.0406 Ubiquitin conjugating enzyme E2 L6
UBE2E3 +0.34 0.0428 Ubiquitin conjugating enzyme E2 E3
USP48 +0.19 0.0481 Ubiquitin specific peptidase 48

Downregulation of MCL1 mRNA levels upon ANO1 knockdown was concordant
with a decrease at the protein level (Figure 2B), as well as with previous observations in
breast cancer cell lines [10]. In addition, BCL-XL (alias BCL2L1) mRNA expression was
downregulated (Table 1) and a modest downregulation was validated by immunoblot-
ting (Figure 2B), supporting activation of the apoptotic cascade upon ANO1 knockdown.
Furthermore, we examined the protein levels of pro-survival BCL2 and pro-apoptotic
BIM (alias BCL2L11), which is known to interact with BCL2-protein members. Down-
regulation of BCL2 indicated the broad impact of ANO1 on pro-survival BCL-2 proteins.
BIM was upregulated in the shANO1 samples (Figure 2B), which is in line with previous
findings [47]. Apoptosis was measured by increased caspase activity in UT-SCC-8 shANO1
cells, using two different constructs (Figure S1D). Interestingly, FADD was also significantly
downregulated (Table 1). FADD is closely located to ANO1 in the 11q13 locus and has been
associated with proliferation and apoptosis of HNSCC [48].

2.3. ANO1 Exists in the Mitochondria of UT-SCC Cells with High ANO1 Expression

Because depletion of ANO1 modulates the expression of MCL1 protein, which is
involved in apoptosis and functions in the mitochondria [35], we set to explore whether
ANO1 protein is located in the mitochondria in ANO1HIGH UT-SCC cells. We isolated the
mitochondria-enriched and cytosolic fraction of the cell lysates and verified the presence
of ANO1 in the concentrated mitochondrial fraction of the UT-SCC-8 cells (Figure S3A).
COXIV was used as the mitochondrial marker. This is in agreement with studies uti-
lizing pulmonary endothelial cells, in which ANO1 was present in the mitochondrial
fraction [23,49]. We next performed immunoprecipitation experiment using a mono-
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clonal ANO1 antibody and found that mitochondrial protein COXIV interacts with ANO1
(Figure S3B). Interestingly, the RNA sequencing analysis revealed the differential expres-
sion of several genes associated to dysfunctional mitochondria, including PINK1, NDUFA13,
PSEN2, FIS1, FURIN and COX7C (Table 1).

To explore whether endogenous ANO1 expression correlates with the levels of selected
proteins involved in mitochondrial apoptotic pathway, we studied by immunoblotting their
expression patterns in five UT-SCC and two GIST cell lines with high ANO1 expression
(UT-SCC-8, UT-SCC-14, UT-SCC-87, GIST48, GIST-T1), as well as two UT-SCC cell lines
with low ANO1 expression (UT-SCC-11 and UT-SCC-95). MCL1 and BCL-XL were highly
expressed in all the immunoblotted UT-SCC cell lines, supporting recent findings [33].
Interestingly, strong BCL2-b expression was observed in GIST cell lines (Figure S3C) but
was almost undetectable in UT-SCC cell lines. In line with these findings, recent studies
show dependency of HNSCC cells on both MCL1 and BCL-XL expression for survival,
with little or no contribution from BCL2 [33,50,51].

2.4. Pathway Analysis Revealed ANO1 Involvement in Oncogenic Signaling, Including Apoptosis
and Cell Cycle Progression

The RNA sequencing dataset showed significant differential expression of genes
established in the regulation of the cell cycle, including CDKN1B, RB1, CDKN2C, E2F8
and HDAC1 (Table 1). To unravel the exact signaling pathways of ANO1 involvement, we
utilized this dataset to perform Gene Set Enrichment Analysis (GSEA), which revealed
59 significantly enriched pathways, based on the false discovery rate (FDR) and family-
wise error rate (FWER) p-values (FDR < 0.05 and FWER < 0.025, Table S1). Interestingly,
the majority of the pathways revealed a direct link of ANO1 to cell cycle progression-
related functions, including ‘Chang cycling genes’ (enrichment score (ES) = 0.79, FDR = 0,
FWER = 0), ‘Fischer G1 S Cell cycle’ (ES = 0.67, FDR = 3.26 × 10−5, FWER = 0.002 and
‘Whitfield Cell Cycle G1 S’ (ES = 0.67, FDR = 1.52 × 10−4, FWER = 0.012) (Figure 3A).
Moreover, the GSEA analysis revealed pathways related to retinoblastoma (RB) or E2F-
targets pathways, with roles in the regulation of transcription, DNA damage, and G1-S
cell cycle progression. Additionally, the apoptotic pathway ‘Wu Apoptosis by CDKN1A
via TP53’ (ES 0.76, FDR = 1.53 × 10−4, FWER = 0.013) was significantly enriched in the
ANO1-depleted group, supporting the role of ANO1 expression in the evasion of apoptosis.

We next examined whether ANO1 depletion in the ANO1HIGH cells affected cell cycle
progression. In line with the GSEA findings, the proportion of ANO1-silenced cells in
G1 phase of the cell cycle was increased, as compared to the control cells (Figure 3B).
Cell cycle inhibition upon ANO1 depletion of ANO1HIGH UT-SCC is in concordance with
previous findings [22,52]. Interestingly, a key molecule in G2/M checkpoint regulation,
the WEE1 kinase-encoding gene, was also significantly downregulated upon ANO1 de-
pletion (Table 1). WEE1 is positioned downstream of MCL1 as a part of its non-apoptotic
nuclear functions [34] and thus its downregulation may be responsible for complementary
inhibition in the cell cycle progression.

2.5. ANO1 Regulates p27Kip1 Stability and Subcellular Localization

Having shown that ANO1 depletion results in halt of the cell cycle progression
(Figure 3A,B), decreased proliferation (Figure S1B), and exacerbated apoptosis (Figure S1D),
we set to examine the role of p27Kip1 in the context of ANO1 expression, due to its in-
volvement in cell cycle progression, proliferation and cell motility [39–41]. In agreement
with our RNA sequencing dataset, whole cell lysates of ANO1-depleted ANO1HIGH cells
showed increased expression of p27Kip1, compared to control cells (Figure 4A).

Post-translational modifications affecting protein stability and subcellular localiza-
tion of p27Kip1 may interfere with its canonical function as cell cycle inhibitor and tumor
suppressor [41]. We therefore isolated protein extracts from the nuclear and cytoplasmic
fractions and found redistribution and differential p27Kip1 protein levels in shScramble
compared to shANO1 samples of ANO1HIGH cell lines (Figure 4B). We additionally ex-
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amined by immunofluorescent staining whether differential expression of ANO1 affects
p27Kip1 localization. Indeed, result of ANO1 silencing was the redistribution of p27Kip1

from modest expression at the cell edges and the cytoplasm to an intensified nuclear and
perinuclear localization (Figure 4C). These findings highlight that ANO1 orchestrates the
biological function of CDKN1B by regulating its protein levels and cellular localization in
the studied cell lines. Interestingly, ANO1 depletion led also to downregulation of TRIM21
mRNA expression (Table 1). TRIM21 encodes for an E3 ubiquitin ligase that, when part
of the SCFSKP2 complex, mediates proteolytic degradation of p27Kip1, thus promoting cell
cycle progression [53]. In one ANO1-interactome study, TRIM21 has emerged as one of the
association partners of ANO1 [25].

Figure 3. Gene Set Enrichment Analysis (GSEA) pathway analysis revealed ANO1 involvement in multiple cell cycle-related
pathways. (A) Representative plots of significantly enriched pathways derived from the GSEA analysis. Criteria values
for the selection were enrichment score (ES), family-wise error rate (FWER, q-value) < 0.025, and false discovery rate
(FDR) < 0.05. (B) Bar plot graphs illustrating the mean percentage distribution of UT-SCC-8 and UT-SCC-14 shScramble,
shANO1_1 and shANO1_2 cells in G1, S and G2 phases, respectively, *: p-value < 0.05.
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microscopy images depict the differential intensity and subcellular localization of p27Kip1 in UT-SCC-14 and UT-SCC-
8 shScramble and shANO1 cell lines, respectively. Scale bars included in the right corner of each image indicate the
respective size.

2.6. New ANO1 Small-Molecule Inhibitor Efficiently Decreases Cell Viability of ANO1HIGH

HNSCC Cell Lines

We showed that ANO1 expression is linked to proliferation and evasion of apoptosis in
the ANO1HIGH cells, indicating that ANO1 expression can potentially serve as a biomarker
and drug target for the treatment of HNSCC. Ani9 is a newer class of small-molecule
inhibitors with IC50~110 nM, as determined for endogenous human ANO1 in cellular
assay and with highest selectivity for the ANO1 member of the anoctamin family of channel
proteins [29]. We therefore examined the pharmacological potential of Ani9 and its three-
fold more potent derivative, Ani9-5f [30], in ANO1HIGH cell lines. As anticipated, Ani9-5f
was more potent inhibitor as compared to its predecessor Ani9, which resulted in mild
decrease of cancer cell viability and reduction of ANO1 protein levels (Figure S4A,B).

Previously proposed Ani9-5f mechanism of action suggests ANO1 degradation upon
the selective binding and inhibition of ANO1 by Ani9-5f [30]. Ani9-5f treatment decreased
ANO1 protein levels starting at 5 µM tested concentration (Figure 5A) and resulted in
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~30% reduction in viability at 10 µM concentration (Figure 5B). To test the specificity
of Ani9-5f, we measured changes of cell viability in shScramble compared to shANO1
of ANO1HIGH cells post-treatment and found that cells with higher ANO1 expression
were more sensitive to Ani9-5f-inhibition, reaching statistically significant difference in
UT-SCC-14 cell line (Figure S5A,B).
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Since ANO1 is an established biomarker in GIST, we tested Ani9-5f efficacy in re-
duction of cell viability in GIST-48 and GIST-T1 cell lines (Figure S6A,B). Predictably,
Ani9-5f decreased cancer cell viability at higher concentrations (25–50 µM), due to the
more pronounced expression levels of ANO1 in GIST, compared to ANO1HIGH UT-SCC
cell lines (Figure S3C).

Since Ani9-5f inhibition decreased ANO1 protein levels (Figure 5A), we examined
whether it had an impact on the protein levels of the anti-apoptotic MCL1 similarly to
shANO1-mediated silencing (Figure 2B). In line with the ANO1 silencing experiment,
MCL1 protein levels decreased upon Ani9-5f treatment starting from 10 µM concentrations
(Figure 5C), confirming the interplay between ANO1 and MCL1 expression.

2.7. Targeting MCL1 Induces Apoptosis with Concomitant Reduced Expression of BCL-XL

We demonstrated that ANO1-5f resulted in reduction of cancer cell viability and
ANO1 protein levels in ANO1HIGH cells, as well as decrease in the expression of MCL1.
Because the small-molecule inhibitors targeting ANO1 have been to date evaluated only
in vitro, we investigated whether MCL1-mediated decrease of cancer cell viability is achiev-
able by utilization of MCL1 inhibitor that is under clinical investigation. BH3-mimetics
are small-molecule drugs, which interfere with the BH3-binding groove of anti-apoptotic
proteins [37]. AZD-5991 is a BH3-antagonist, highly selective for MCL1 [38] and under
investigation in Phase I/II clinical trials for hematologic malignancies (ClinicalTrials.gov
Identifier NCT03218683). AZD-5991 acts by disrupting the MCL1-BAK complex lead-
ing to MCL1 stabilization and subsequent activation of BAK-dependent mitochondrial
apoptotic pathway [38]. We treated ANO1HIGH cell lines with a range of concentrations
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(0.625, 1.25, 2.5, 5 and 10 µM) of AZD-5991. We observed that UT-SCC-14 is a highly
responsive cell line (IC50 = 2.5 µM), whereas UT-SCC-8 was resistant independently of the
concentration (Figure 6A).
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Resistance to BH3-mimetics can emerge by a shift in the balance of BCL2 family
members [54]. Displacement of MCL1 interacting partners upon inhibition by AZD-5991
allows subsequent sequestration of the interacting partners by, i.e., BCL-XL. Increasing
evidence from solid tumors suggests that several cancer cell types are dependent on more
than one BCL2 family protein for survival and in particular, dual inhibition of MCL1 and
BCL-XL is required to successfully facilitate apoptosis [33,50,51,54]. Endogenous BCL-XL
protein expression was elevated in UT-SCC-8 compared to UT-SCC-14 and, increased
among the AZD-5991 treated samples in a concentration-dependent manner, based on the
densitometry measurements (Figure S7). In line with previous findings [38], AZD-5991
activity is blocked by overexpression of BCL-XL, providing a possible explanation for
UT-SCC-8 resistance (Figure 6B). Increased cleaved-PARP confirmed the establishment of
intrinsic apoptosis in UT-SCC-14 treated cells (Figure 6B).

3. Discussion

Copy number amplifications are frequently observed in the chromosomal region
11q13, which harbors besides ANO1, genes CCND1, ORAOV1, PPFIA1, FADD and CTTN,
the expression of which is associated with cancer proliferation, migration, apoptosis or
poorer prognosis [8,48]. In this study, we investigated the molecular role of ANO1 in
oncogenesis of ANO1HIGH HNSCC cell lines and explored novel transcriptional programs
that are dependent on ANO1 expression.

Most of the existing research provide complementary evidence on the contribution
of ANO1 expression to cancer cell proliferative properties [10,14,19,21]. Few studies,
however, correlated the increased ANO1 expression with reduced proliferation and cell
cycle arrest [17,18], implying that the role of ANO1 in cell proliferation may be cell-
type dependent. In our studied cell lines, ANO1 silencing led to significant decrease
in cellular proliferation. The expression status of EMT and stem cell markers changed
upon depletion of ANO1 expression in ANO1HIGH cells, which is in concordance with
previous observations [11,44,45,52]. Acquainted mesenchymal properties in the case of UT-
SCC-14 due to its aggressiveness and higher TNM stage compared to the UT-SCC-8, may
explain the invariable N-cadherin levels. Interestingly, the mRNA of transforming growth
factor alpha (TGFA), an EGFR ligand known to stimulate invasiveness in HNSCC [55] was
significantly downregulated in our dataset.
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RNA sequencing analysis of ANO1HIGH cells and their knockdowns revealed signif-
icant differential expression of important cell cycle regulator genes, including CDKN1B,
RB1, CDKN2C, E2F8 and HDAC1. In this study, we investigated the role of p27Kip1, with
canonical function in the regulation of cell cycle progression, mediated by its interaction
with cyclin E-CDK2 [39] and cyclin D-CDK4 complexes [40]. We showed significant in-
crease in the p27Kip1 mRNA and protein levels upon ANO1 knockdown. Additionally,
we observed redistribution of p27Kip1 from a cytoplasmic to a mainly nuclear localization,
emphasizing the role of ANO1 expression in p27Kip1 cytoplasmic sequestration and protein
stability in HNSCC cells. Post-translational modifications and differential subcellular
localization modulate primarily p27Kip1 function, acting either as tumor suppressor (nu-
clear) or as oncoprotein (cytoplasmic) [41,56,57]. Ubiquitination-mediated proteolysis is an
independent mechanism of modulating p27Kip1; in the cytoplasm by the KPC complex [57]
and in the nucleus by the SCFSKP2 [56]. We demonstrated for the first time that ANO1
modulates p27Kip1 stoichiometry in HNSCC cells at a diverse level, including transcription
and translation, as well as by modification of its subcellular localization.

GSEA analysis showed enrichment of pathways associated with perturbed cell cy-
cle progression, DNA damage/repair, as well as apoptosis in the ANO1-knocked down
dataset. Cell cycle analysis supported the trend that higher expression of ANO1 is asso-
ciated with accelerated pace of the cell cycle [21,22]. Interestingly, the activity of TRIM21
(alias Ro52)-containing SCFSKP2-like complex induces p27Kip1 ubiquitination and its degra-
dation, ultimately accelerating cell cycle transition to S-phase [53]. The suppression of
TRIM21 expression in ANO1-depleted cells co-occurred with a pronounced nuclear p27Kip1

localization and a G1-phase restricted phenotype. We propose that the higher prevalence
of TRIM21 in ANO1HIGH UT-SCC may be, at least partially, responsible for the increased
degradation of p27Kip1. ANO1 downregulation, on the other hand, allows p27Kip1 ac-
cumulation to occur in the absence of TRIM21, thereby causing a p27Kip1-dependent G1
arrest in a similar manner as previously observed in the case of HeLa cancer cells [53].
Additionally, WEE1 mRNA, which is involved downstream of the non-apoptotic, nuclear
MCL1 signaling pathway [34], was also downregulated in our dataset and may play a role
in the complementary inhibition of cell cycle progression. WEE1 is a potential therapeutic
drug target for HNSCC [58].

In addition to controlling proliferation and cell cycle progression, ANO1 expression
is associated with resistance of apoptotic cell death in several tumor types [10,15,22,47].
The mechanism, however, of ANO1 contribution to the evasion of apoptosis has remained
unclear and the proposed explanations are cell-type dependent. BCL2-family protein
members are important regulators of the cancer cell fate, particularly in the context of
anti-cancer targeted therapies [37]. Suppression of the pro-survival proteins, including
MCL1 and BCL-XL, or upregulation of pro-apoptotic proteins, such as BIM, result in
the activation of BAX/BAK and permeabilization of the outer mitochondrial membrane,
ultimately leading to apoptotic cell death [36]. The balance between anti- and pro-apoptotic
mediators is often more crucial for the outcome of cell survival, compared to individual
protein’s expression levels [36].

The RNA sequencing results highlighted MCL1 as one of the most significantly
differentially expressed genes. This result prompted us to investigate the role of BCL2-
family members in ANO1-mediated transcriptional regulation. Besides MCL1 protein
reduction, we showed that ANO1 depletion led to downregulation of BCL-XL and BCL2,
as well as upregulation of BIM at the protein level, corroborating findings in other cellular
models [10,47]. We demonstrated that ANO1 is present in the enriched mitochondrial
fraction of ANO1HIGH cell lines, which is in line with a study utilizing pulmonary epithelial
cells [23], and showed ANO1 interaction with the mitochondrial marker COXIV by co-
immunoprecipitation experiment.

MCL1 functions are regulated by interaction with its partners, post-translational
modifications, or differential subcellular localization [34]. Outer mitochondrial mem-
brane (OMM) is associated with MCL1 function in apoptosis [35], nuclear localization
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is involved in the regulation of the cell cycle [31,59], whereas mitochondrial matrix lo-
calization is linked to the mitochondrial processes [35]. Interestingly, genes associated
with mitochondrial dysfunction were differentially expressed upon depletion of ANO1
expression, including PINK1, NDUFA13, PSEN2, FIS1, FURIN, COX7C. Specifically, mRNA
expression of PINK1 and OMM protein, FIS1, were downregulated. Loss of MCL1 has
been previously associated with mitochondrial dysfunction, impaired autophagy and
defective PINK1-PARK2 signaling, due to decreased mitochondrial PINK1 protein levels
in adult myocytes [60]. On the other hand, FIS1 is an important regulator of mitochondrial
dynamics and influences the assembly of mitochondrial fission complexes towards the
execution of mitochondrial fragmentation [61]. The potent effect of ANO1 expression in
MCL1-mediated mitophagy, mitochondrial morphology and fission in UT-SCC ANO1HIGH

cell lines requires additional studies.
Several ANO1 inhibiting compounds have been under investigation [27–29]. In this

study, we explored ANO1 as a potential target of pharmacological inhibition, as well as
a biomarker of response to targeted therapy. Newly developed Ani9-based inhibitor [30]
induced significant reduction of ANO1HIGH HNSCC cells, resulting in similar reduction
of MCL1 protein levels. We compared Ani9-5f-mediated effect on cell viability between
shScramble and shANO1 cells and found that highly expressing cells were more sensitive to
the compound. Further assessment of Ani9-5f potential in vivo is reasonable, since effective
targeted-therapy options for patients with advanced HNSCC are lacking. Since MCL1
emerged as a key mediator of ANO1HIGH cancer cell signaling and survival, we evaluated
the potency of a specific MCL1 small-molecule inhibitor currently in clinical trials [38].
One cell line was resistant to MCL1-targeted treatment, irrespective of the concentration
used. In this case, the upregulation of BCL-XL may confer a compensatory adaptation
mechanism, providing possible explanation for the resistance [33,50,51,54]. BH3 profiling
of the HNSCC cell lines and targeted treatment experiments using a BCL-XL-mimetic
will perhaps further elucidate the mechanism of resistance to AZD-5991. A follow-up
study of BCL-XL and MCL1 dual inhibition would assess whether the sensitization of the
resistant ANO1HIGH HNSCC cell line is dependent on multiple anti-apoptotic proteins
for survival [33].

4. Materials and Methods
4.1. Cell Culture

The UT-SCC cell lines were established from primary HNSCC tumors at the De-
partment of Otorhinolaryngology-Head and Neck Surgery, Turku University Hospital
(Turku, Finland) by Prof. Reidar Grènman [62]. We selected a panel of HPV-negative
UT-SCC, including cell lines with high and low ANO1 expression levels [42]. UT-SCC-8
(T2N0M0 and G1 grade) and UT-SCC-14 (T3N1M0 and G2 grade), derived respectively from
the larynx and tongue, were selected for further studies due to their endogenously high
ANO1 protein expression, and to which we refer here as ANO1HIGH cell lines. Genomic
DNA was purified using NucleoSpin® Tissue Kit (Macherey-Nagel, Düren, Germany) for
the genotyping of UT-SCC-8 and UT-SCC-14 cell lines (FIMM, University of Helsinki),
according to manufacturer’s instructions. All used UT-SCC cell lines were negative for
mycoplasma using a mycoplasma PCR Detection Kit [42] and MycoAlertTM Detection Kit
(Lonza, Basel, Switzerland). UT-SCC cells were cultured in DMEM (Lonza), supplemented
with L-glutamine (2 mmol/L; Lonza), FBS (10%; Thermo Fisher Scientific, Waltham, MA,
USA), penicillin/streptomycin (100 U/mL; Lonza), and non-essential amino acids (NEAA,
0.1 mM; Lonza). UT-SCC-14 was cultured in DMEM:F12 (Lonza), supplemented with FBS
(10%; Thermo Fisher Scientific), penicillin/streptomycin (100 U/mL; Lonza), NaBicarbon-
ate (0.1%; Lonza), and NaPyruvate (0.5 mmol/L/L; Lonza). Cells were detached by using
Trypsin EDTA (200 mg/L, Lonza). Cells were maintained at a steady atmosphere of 37 ◦C
and 5% CO2. GIST-48 and GIST-T1 were cultured in RPMI-1640 medium (Thermo Fisher
Scientific), supplemented with penicillin/streptomycin (100 U/mL; Lonza), FBS (20%;
Thermo Fisher Scientific), and L-glutamine (2 mmol/L; Lonza).
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4.2. Antibodies, Reagents and Chemicals

The following monoclonal antibodies used were purchased from Cell Signaling Tech-
nologies (CST, Danvers, MA, USA): Rabbit ANO1 (D1M9Q, 14476), rabbit MCL1 (5453
or 4572); rabbit BCL2 (4223), rabbit BCL-XL (2764), rabbit BIM (2933), rabbit N-cadherin
(13116S), rabbit E-cadherin (3195S), rabbit BMI1 (6464S), rabbit cleaved PARP (Asp214,
5625). The following monoclonal antibodies were also used: Rabbit IgG (Alpha Diagnostic
International, San Antonio, TX, USA) for the co-immunoprecipitation, and rabbit p27Kip1

(32034, Abcam, Cambridge, UK) for both immunofluorescence staining and western blot-
ting. Monoclonal mouse α-tubulin (clone DM1A, T6199, Sigma-Aldrich, St. Luis, MO,
USA) was used either as loading control or as marker of the cytoplasmic fraction. Mouse
GAPDH (97166, CST) were used as loading control. Monoclonal rabbit histone H2A.X
(7631, CST) was used as marker of the nuclear fraction. Mouse COXIV (33985, Abcam) was
used as a mitochondrial marker. For Western blotting, secondary antibodies horseradish
peroxidase (HRP) conjugate goat anti-mouse IgG and HRP conjugate goat anti-rabbit
IgG (Life Technologies, Carlsbad, CA, USA) were used for the detection of mouse and
rabbit primary antibodies, respectively. For immunofluorescence microscopy, as secondary
antibody Alexa Fluor 488 of goat anti-rabbit IgG (Life Technologies) was used. Rat-tail
collagen type I was purchased from Sigma-Aldrich (C7661). Small-molecule inhibitor, Ani9,
was purchased from TOCRIS (6076, Bristol, UK). Prof. Wan Namkung (Yonsei University)
kindly provided the Ani9-5f inhibitor. AZD-5991 was purchased from Active Biochem. Ltd.
(A-6097, Hong Kong, China).

4.3. Generation of the ArrayCGH Profiles

The array comparative genomic hybridization (aCGH) data are available under GEO
accession number GSE108062 [42]. The copy number profiles were generated using Ge-
nomic Workbench software 7.0 (Agilent) and the ADM-2 algorithm. The continuous line
shows moving average of log2 copy number ratios with 2 Mb window.

4.4. Generation of Stable ANO1-Knockdown UT-SCC Cells

The shRNA constructs were derived from the TRC1 library (Sigma-Aldrich) and tar-
get specifically human TMEM16A (alias ANO1) mRNA. shRNA constructs were cloned
into the pLKO.1 vector with the puromycin resistance gene. Lentiviral particles har-
boring the shRNA constructs for ANO1 knockdown (clone IDs: TRCN0000040265 and
TRCN0000040266) and non-targeting controls (clone ID: SHC002) were generated at the
Biomedicum Functional Genomics Unit (FuGU Libraries, University of Helsinki). For the
transduction of cells with each construct, 50,000–80,000 cells/mL were seeded into 12-well
plates and were let to adhere overnight. The following day, supernatant was replaced
with fresh media. Selection of the transduced cells was performed by addition of 1 µg/mL
puromycin (Sigma-Aldrich) in the media.

4.5. Sample Preparation for RNA Sequencing

Cells were cultured as single-cell suspension in three-dimensional collagen type
I, since it resembles closely the tumor’s adjacent extracellular matrix and enables the
study of migratory and invasive properties in HNSCC [46]. Shortly, collagen type I
(A1048301, Thermo Fisher Scientific) was diluted according to manufacturer’s instructions
in 10 × PBS (Lonza), 1M NaOH and sterile milliQ water. The solution was kept on
ice. Stably transduced UT-SCC-8 and UT-SCC-14 shScramble, as well as shANO1 cell
lines were counted and pipetted with the collagen suspension at a final concentration of
300,000 cells/mL and plated to poly (2-hydroxyethyl methacrylate) (poly-HEMA; Sigma-
Aldrich) pre-coated 24-well plates. Supplemented media was carefully exchanged daily.
Each stably transduced cell line, including appropriate number of technical replicates, was
incubated in collagen suspension, and was collected on day five upon formation of packed,
cobblestone colonies, as visualized by light microscopy. Three technical replicates from
each biological sample were further processed for RNA sequencing.
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4.6. RNA Extraction and Purification

Trizol (Life Technologies) was added to each sample cultured as inert in collagen.
Each sample was dissociated from its matrix solution using the Precellys beads (Bertin
instruments, Montigny-le-Bretonneux, France). Chloroform was added and samples were
shaken thoroughly. A clear phase was formulated during 2 min incubation time at room
temperature (RT), following sample centrifugation at 11,300 rpm for 15 min at +4 ◦C. The
transparent phase was transferred to a new tube, followed by addition of isopropanol
and mixture of solution. Samples were kept at RT for 10 min and centrifuged at +4 ◦C,
11,300 rpm, followed by addition of 75% EtOH. RNA was detected as white pellet. The
samples were centrifuged at +4 ◦C, 8800 rpm for 5 min. Supernatant was discarded
and pellets were dissolved in RNAse free water at +55 ◦C for 10 min. Total RNA was
purified further using RNeasy Mini Kit (Qiagen, Hilden, Germany), according to manufac-
turer’s instructions (Qiagen). The RNA quality was determined using TapeStation 4200
(Agilent Technologies, Santa Clara, CA, USA). Samples with RIN values above 9.0 were
further processed.

4.7. RNA Sequencing and Data Analysis

RiboZero Complete Gold Human kit (Illumina, San Diego, CA, USA) was used to
remove ribosomal RNA from the total RNA (1.5 µg). Shortly, the ribosomal depleted
RNA was purified with RNeasy mini Elute columns (Qiagen), and the absence of rRNA
and the quantity of mRNA was measured with Bioanalyzer. Libraries were prepared
using NEBNext Ultra Directional RNA library prep kit (New England Biolabs, Ipswich,
MA, USA), according to manufacturer’s instructions at the Biomedicum Functional Ge-
nomics Unit (FuGU, University of Helsinki). The amplified library was then purified
using AMPure XP Beads (Beckman Coulter Life Sciences, IN, USA). Library quality was
assessed with Bioanalyzer (DNA High Sensitivity chip, Agilent) and library quantity by
Qubit (Invitrogen, Carlsbad, CA, USA). Libraries were sequenced with NextSeq500 system
(High 75 bp, Illumina).

Base calling was performed with Real-Time Analysis v2 (NextSeq 500, Illumina).
Fastq files were generated by using bcl2fastq (v2.20.0.422). Read quality was verified by
FASTQC (v0.11.3). Trimmomatic (v0.36) was used for quality trimming and removal of
any remaining adapter sequences from the data. High-quality reads were then used as an
input for STAR (v2.5) to acquire genomic alignments. Reads were mapped to the Homo
sapiens reference genome (build GRCh38) and annotated using gencode human release
28 genome and gtf-files. Uniquely mapped reads were assigned to genomic features using
the Subread package (v1.5.1) and featureCounts function.

Differential expression analysis was performed by DESeq2 package in R environment
(v3.5.1). The resulting p-values were adjusted for multiple testing using the Benjamini and
Hochberg method of FDR (padj) [63] and genes with value padj < 0.05 were considered
significantly differentially expressed. The RNA seq results were functionally annotated
using Ensembl [64]. The volcano plot was created in R environment (v4.0.3) using the
EnhancedVolcano package (https://github.com/kevinblighe/EnhancedVolcano, access
date 25 January 2019).

4.8. Gene Set Enrichment Analysis (GSEA)

Gene set enrichment pathway analysis [65] was performed to detect in which curated
datasets from the Molecular Signature Database (MSigDB) the significantly differentially
expressed genes from our dataset were enriched, when comparing control (shScramble)
and ANO1 (shANO1) knockdown cells. C2 curated dataset (6226 gene sets) was utilized
(www.gsea-msigdb.org, access date 2 January 2019). Parameters used were gene set size
filters (min = 5, max = 2000) and the number of permutations (n = 1000). The enriched
pathways were sorted in descending order of their normalized enrichment score (NES).
Statistically significant pathways were considered those with FDR (p-value) below 0.05 and
FWER (q-value) below 0.025.

https://github.com/kevinblighe/EnhancedVolcano
www.gsea-msigdb.org
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4.9. Protein Extraction, Immunoblot and Immunoprecipitation

For the protein extraction of whole cell lysates, harvested cells were incubated on ice
with RIPA buffer (Thermo Scientific), supplemented with protease and phosphatase in-
hibitor cocktail (Roche, Basel, Switzerland). The lysed cells were incubated into pre-chilled,
sterile microcentrifuge tubes, rotating for 20 min at +4 ◦C, followed by centrifugation at
14,000× g for 15 min at +4 ◦C (Thermo Scientific). Protein concentration was determined
by either DC protein assay kit (BioRad, Hercules, CA, USA) or Pierce BCA Protein Assay
Kit (23225, Thermo Scientific), according to manufacturer’s instructions. Clarified lysates
were suspended with 2× Laemmli buffer/beta-mercaptoethanol (BioRad) and boiled at
95 ◦C for 5 min.

Isolation of nuclear and cytoplasmic extracts was performed using the NE-PER Nu-
clear and Cytoplasmic Extraction Reagents (78833, Thermo Scientific), according to manu-
facturer’s instructions. Isolation of mitochondrial extracts was performed using mitochon-
dria isolation kit for cultured cells (89874, Thermo Scientific) according to manufacturer’s
instructions.

Interaction between ANO1 and COXIV was studied by co-immunoprecipitation.
Protein G sepharose beads (193259, Abcam) were activated by washing in 3× volume of
Lysis Buffer (2% CHAPS in HEPES) and spinned at 150× g. Cells were previously seeded
in 15 cm culture dishes (Sigma-Aldrich) and lysed directly in ice cold 2% CHAPS in HEPES
pre-cleared lysates, when 80% confluent. A pre-clearance step of the clarified lysates
was performed by gentle agitation of lysates with beads for 10 min at 4 ◦C, followed by
centrifugation. Pre-cleared lysates were incubated with 1 µg of ANO1 antibody and gently
rotated at 4 ◦C for 1 h. The antibody-protein complex was further incubated with protein G
sepharose beads for 2 h. After washing the beads three times with CHAPS buffer, the bead-
bound proteins were eluted by boiling for 5 min at 95 ◦C in Laemmli/β-mercaptoethanol
sample buffer. Eluted proteins were collected by spinning.

Denatured protein samples were run using precast mini gels TGX of gradient 4–20%
(30 µL wells) or 4–15% (50 µL wells, BioRad) and transferred using either a mini or
midi PVDF transfer pack (BioRad) and Trans-Blot® Turbo™ Transfer System (BioRad).
Membranes were incubated at RT in blocking solution consisting of 5% milk powder
or 5% bovine serum albumin (BSA) in tris-buffered saline with Tween (TBST), followed
by TBST washes. Membranes were incubated with the primary antibodies overnight at
4 ◦C with shaking. Membranes were then washed with TBST followed by incubation
with secondary antibody for 1 h and washing with TBST. Proteins were detected using
Chemidoc Imaging System (BioRad) and Immobilon Western Chemiluminescent HRP
Substrate (Merck-Millipore, Burlington, MA, USA). Densitometry analysis was performed
using ImageLab software (BioRad). The relative intensities were calculated as the ratio
of the background-adjusted volume intensities of interest divided by their corresponding
background-adjusted loading control intensities. The uncropped blots with densitometries
and intensity ratios are presented in Figure S7.

4.10. Cell Proliferation Assay (MTT)

Cell proliferation was assessed with the 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl-
tetrazolium bromide (MTT, M6494; Sigma-Aldrich). Cells were seeded at a density of
5 × 103 cells per well in 96-well plates in supplemented DMEM medium. After culturing
for 6, 24, 48, and 72 h, respectively, 10 µL of MTT in PBS solution (5 mg/mL) was added to
each well and cells were incubated at +37 ◦C for 2 h in the dark. One hundred microliters of
lysis buffer (20% SDS, 10 mM HCl) were then added to each well and cells were incubated
overnight. The absorbance of the MTT reduction product formazan was measured at
540 nm using VICTORTM plate reader (Perkin Elmer, Waltham, MA, USA).

4.11. Cell Viability, Apoptosis, and Drug Treatment Assays

UT-SCC and GIST cell lines were seeded on white, 96-well, view microplates with
optically clear bottom (Perkin Elmer) at a concentration of 5–8 × 103 cells/well. Cell
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concentration was optimized based on each cell line’s growth rate to avoid overconfluency
during the experiment. Cells were incubated overnight with standard conditions to prop-
erly adhere at the bottom of the wells. Media was exchanged with either DMSO (control)
or range of drug concentrations including technical replicates per each condition. Cells
were treated for 48 h. Inhibitors used were Ani9, Ani9-5f, and AZD-5991. CellTiter-Glo®

Luminescent Cell Viability Assay to detect changes in cell viability (G7571, Promega, Madi-
son, WI, USA), and Caspase-Glo® 3/7 Assay to detect changes in apoptosis were used
(G8093, Promega), following the manufacturer’s instructions. Luminescence was measured
using VICTORTM plate reader (Perkin Elmer).

4.12. Cell Cycle Analysis

Each cell line was seeded so that at least 1 × 106 cells were available on the harvest
day. Cells were trypsinized and washed twice with 1 × PBS. The cell pellet was kept, and
supernatant was discarded after each wash. Cells were fixed and permeabilized using 70%
(vol/vol %) EtOH. After fixation, cells were kept at +4 ◦C for at least 4 h. Cells were then
centrifuged at 500× g for 5 min, followed by a single wash with 2% FBS/PBS. Supernatant
was carefully removed to not disintegrate the pellet. Cells were treated with 1 mg/mL
RNase A and incubated at + 37 ◦C for 30 min. Cells were stained with 10 µg/mL propidium
iodide (P3566; Thermo Scientific) and were incubated for at least 30 min at RT, protected
from light. Samples were run in Biomedicum Flow Cytometry Unit (University of Helsinki)
using flow cytometer Accuri C6 (Becton Dickinson, Franklin Lakes, NJ, USA) with flow
up to 500 events/s and analyzed using FlowJo Software (Becton Dickinson). Results from
three experiments are presented in Figure S8.

4.13. Immunofluorescence Staining and Confocal Microscopy

For immunofluorescence staining, cells were seeded on coverslips and were let to grow
until 70–90% confluent. The cells were fixed using 4% parafolmaldehyde in phosphate-
buffered saline (4% PFA/PBS), followed by two washes with PBS. Permeabilization and
blocking of aldehyde groups was performed by 10 min incubation with 0.12% glycin,
0.1% Triton X-100/PBS, followed by PBS wash once. After blocking unspecific binding by
incubating the cells for 60 min with 3% BSA/ PBS, the cells were washed once with PBS.
Washing step was followed by incubation of cells with the primary antibody for 1 h at RT.
Primary antibody was diluted 1:100 in 1% BSA/PBS. The cells were then washed with PBS
followed by incubation in a secondary antibody dilution of 1:400 in 1% BSA/PBS for 1 h in
dark at RT. The cells were washed three times with PBS, 5 min each, followed by two washes
with MQ water, 5 min each. Cells were mounted in Mowiol containing 1.4-diazobicyclo
(2,2,2) octane (DABCO) and 4′6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) for
nucleus staining.

Confocal images were taken using a Zeiss Meta 780 (Oberkochen, Germany) laser
scanning microscope with a Zeiss 40× or a 63×/1.4 N.A. plan-apochromatic oil objective.
Images were linearly adjusted, and channels combined in panels using ZenLite software
(2.3 Lite; blue edition).

4.14. Statistical Analysis

In vitro experiments were repeated at least three times. Data were presented as
fold changes (FC) of the average (mean) of the technical and experimental repeats ± the
standard deviation of the mean (SEM), indicating the standard deviation between the
measurements in the given set of data. Significant differences between the indicated pairs
of data were ascertained using an unpaired student’s t-test and two-tailed distribution.
The value of p < 0.05 was considered as statistically significant.

5. Conclusions

In summary, we showed for the first time that ANO1 expression modulates p27Kip1

stability and its subcellular distribution in the studied patient-derived HNSCC cell lines.
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High expression of ANO1 coincided with extensive cytoplasmic localization, a proliferative
phenotype, and accelerated cell cycle progression. Conversely, ANO1 depletion in the
studied ANO1HIGH HNSCC cells resulted in the prompt nuclear relocation and protein
accumulation of p27Kip1, thereby enhancing the execution of its canonical functions as
cell cycle inhibitor. Several genes with role in protein ubiquitination pathways were
significantly differentially expressed upon ANO1 depletion, such as TRIM21, which directly
influences p27kip1 stability. Moreover, this study illustrated the downregulation of crucial
pro-survival BCL2 family protein members, notably MCL1, by both lentiviral silencing and
pharmacological inhibition of ANO1. Our findings highlight that ANO1 is an actionable
target in HNSCC, as well as that novel ANO1-small molecule inhibitor, Ani9-5f, and
BH3-mimetic, AZD-5991, are compounds with high clinical relevance for a subset of HPV-
negative HNSCCs. Overall, we provided novel mechanistic insight on the involvement of
ANO1 in oncogenic properties of tumors derived from the head and neck area, endorsing
further investigation of ANO1 as a potential drug target in preclinical models.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-66
94/13/5/1170/s1, Figure S1. Knockdown of ANO1 inhibited proliferation and induced apoptosis in
ANO1HIGH UT-SCC cell lines. (A) Bar plot of the gene expression (mRNA) of ANO1 in selected UT-
SCC cell lines, as previously determined by Illumina HT-12 human microarrays. The gene expression
level is shown as previously reported log2 transformed average signal across UT-SCC cell lines [42].
(B) Differential cell proliferation in UT-SCC-8 and UT-SCC-14 shScramble compared to shANO1_1
and shANO_2 cell lines was assessed by MTT assay. Measurements were performed at the indicated
timepoints (hours). Datapoints are shown as fold changes (FC) of the mean absorbances (540 nm). (C)
Light microscopy images of UT-SCC-8 shScramble and shANO1 showing the morphological changes
upon ANO1 silencing. (D) Caspase 3/7 activity in UT-SCC-8 cell line upon ANO1-knockdown with
either shANO1_1 or shANO1_2 construct as compared to shScramble. Figure S2. (A) Western blot
analysis showing ANO1 knockdown efficiency in UT-SCC cell lysates prior to RNA sequencing. (B)
A heatmap visualizing the overall sample variations among UT-SCC-8 and UT-SCC-14, shANO1 and
shScramble samples, respectively. Hierarchical clustering of the top 10,000 differentially expressed
genes was performed based on the Euclidian distances of each gene and among each sample.
Figure S3. (A) Western blot analysis of cytoplasmic and mitochondrial fractions of ANO1HIGH cell line
as well as shANO1_1 and shANO1_2 counterparts, depicting ANO1 localization in the concentrated
mitochondrial fraction. COXIV is used as a mitochondrial marker and α-tubulin as a cytoplasmic
marker of the respective cell fractions. (B) Western blots showing the co-immunoprecipitation
of ANO1 with the mitochondrial marker, COXIV, in ANO1HIGH UT-SCC cell lines. (C) Western
blots illustrating the differences in the protein levels of the most significant pro-survival BCL2
family members in a panel of UT-SCC and GIST cell lines. Alpha-tubulin is the loading control.
Figure S4. (A) Bar plot illustrating the potency of small molecule inhibitor Ani9 (precursor of Ani9-
5f) in ANO1HIGH UT-SCC cell lines as measured by cell viability (Cell Titer Glow®). Comparison
is done between DMSO and each indicated concentration of Ani9 in UT-SCC-8 and UT-SCC-14.
(B) Western Blots showing the decrease of ANO1 protein levels, upon treatment with Ani9 in a
concentration-dependent manner. Figure S5. (A,B) Bar plot illustrating increased efficiency of UT-
SCC-8 and UT-SCC-14 cells in the response to Ani9-5f targeted inhibition. Results are presented
as comparison between DMSO and each indicated concentration of Ani9-5f in shScramble and
shANO1_1 or shANO1_2 cells. Figure S6. (A) Bar plot illustrating the potency of small molecule
inhibitor Ani9-5f in GIST-48 and GIST-T1 cell lines, as measured by cell viability (Cell Titer Glow®).
Comparison is done between DMSO and each indicated concentration of Ani9-5f in GIST-48 and
GIST-T1. (B) Western blots showing the degradation of ANO1 protein following treatment of the
GIST-48 and GIST-T1 in the indicated inhibitor concentrations. Figure S7. Original Western blot
images and densitometry measurements. The relative intensities were calculated as the ratio of the
background-adjusted volume intensities of protein bands of interest divided by their corresponding
background-adjusted loading control intensities. Figure S8. Three representative experiments of cell
cycle analysis of UT-SCC-8 shScramble, shANO1_1 and shANO1_2, as well as UT-SCC-14 shScramble,
shANO1_1 and shANO1_2, indicating the distribution percentage of cell cycle phases (G1, S and G2)
in each condition. Table S1. Enriched gene sets in GSEA analyses after ANO1 knockdown in UT-SCC
cancer cell lines cultured in 3D collagen I.

https://www.mdpi.com/2072-6694/13/5/1170/s1
https://www.mdpi.com/2072-6694/13/5/1170/s1


Cancers 2021, 13, 1170 18 of 21

Author Contributions: A.F. designed the project and carried out experiments, performed the analysis,
interpreted the results, and wrote the manuscript. H.P. and P.-R.K. participated in project design
and interpretation of the results. J.V. participated in RNA sequencing and GSEA data analysis. R.G.
established and provided the UT-SCC cell lines. A.I.N. and J.K. participated in the interpretation of
the results. A.A.M. and H.J. participated in project design and acquired funding. O.M. designed the
project, supervised the work, acquired funding, and participated in the writing of the manuscript.
All authors reviewed and commented on the manuscript and approved its final submission. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Jane and Aatos Erkko Foundation, Academy of Finland
(decision number 218022), Cancer Foundation Finland and Luise and Henrik Kuningas Foundation.
Open access funding provided by University of Helsinki.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: RNA sequencing data are deposited in Gene Expression Omnibus
(GEO) publicly accessible repository with series accession number GSE163639. The data supporting
the conclusions of this study are included within the article and the supplementary files.

Acknowledgments: Biomedicum Functional Genomics Unit (https://www.helsinki.fi/en/infrastru
ctures/genome-analysis/infrastructures/biomedicum-functional-genomics-unit), Biomedicum Imag-
ing Unit (https://www.helsinki.fi/en/infrastructures/bioimaging/biomedicum-imaging-unit), Geno-
typing services of Institute for Molecular Medicine Finland Genomics (https://www.helsinki.fi/en/i
nfrastructures/genome-analysis/infrastructures/fimm-genomics), Biomedicum Flow Cytometry Unit
(https://www.helsinki.fi/en/infrastructures/flow-cytometry), Biomedicum Functional Genomics Unit
Libraries (https://www.helsinki.fi/en/infrastructures/genome-editing-function-and-stem-cell-platfor
m/infrastructures/fugu-libraries) at the Helsinki Institute of Life Science and Biocenter Finland, Uni-
versity of Helsinki are acknowledged for providing their services. Wan Namkung (Yonsei University)
is thanked for kindly donating aliquot of Ani9-5f inhibitor. Martyn James is thanked for the critical
comments. Mikko Kivento is thanked for assisting with the RNA sequencing analysis. Hanna Verkasalo,
Marika Kuisma, Maiju Merisalo-Soikkeli and Iona Raineva are thanked for excellent technical support.

Conflicts of Interest: H.J. is the Chair of the Scientific Advisory Board at Orion Pharma and at
Neutron Therapeutics Ltd., and a founder member of Sartar Therapeutics. The remaining authors
declare no competing interests.

References
1. Li, R.; Agrawal, N.; Fakhry, C. Anatomical Sites and Subsites of Head and Neck Cancer. Tumours Skull Base Paranasal Sinuses 2015,

2015, 1–11. [CrossRef]
2. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef]
3. Blot, W.J.; McLaughlin, J.K.; Winn, D.M.; Austin, D.F.; Greenberg, R.S.; Preston-Martin, S.; Bernstein, L.; Schoenberg, J.B.; Stemha-

gen, A.; Fraumeni, J.F. Smoking and drinking in relation to oral and pharyngeal cancer. Cancer Res. 1988, 48, 3282–3287. [PubMed]
4. Chaturvedi, A.K.; Engels, E.A.; Pfeiffer, R.M.; Hernandez, B.Y.; Xiao, W.; Kim, E.; Jiang, B.; Goodman, M.T.; Sibug-Saber, M.;

Cozen, W.; et al. Human Papillomavirus and Rising Oropharyngeal Cancer Incidence in the United States. J. Clin. Oncol. 2011, 29,
4294–4301. [CrossRef] [PubMed]

5. Leemans, C.R.; Snijders, P.J.F.; Brakenhoff, R.H. The molecular landscape of head and neck cancer. Nat. Rev. Cancer 2018, 18,
269–282. [CrossRef]

6. Johnson, D.E.; Burtness, B.; Leemans, C.R.; Lui, V.W.Y.; Bauman, J.E.; Grandis, J.R. Head and neck squamous cell carcinoma. Nat.
Rev. Dis. Prim. 2020, 6, 1–22. [CrossRef]

7. Zibelman, M.; Mehra, R. Overview of Current Treatment Options and Investigational Targeted Therapies for Locally Advanced
Squamous Cell Carcinoma of the Head and Neck. Am. J. Clin. Oncol. 2016, 39, 396–406. [CrossRef] [PubMed]

8. Jin, C.; Jin, Y.; Gisselsson, D.; Wennerberg, J.; Wah, T.; Strömbäck, B.; Kwong, Y.-L.; Mertens, F. Molecular cytogenetic char-
acterization of the 11q13 amplicon in head and neck squamous cell carcinoma. Cytogenet. Genome Res. 2006, 115, 99–106.
[CrossRef] [PubMed]

9. Kulkarni, S.; Bill, A.; Godse, N.R.; Khan, N.I.; Kass, J.I.; Steehler, K.; Kemp, C.; Davis, K.; Bertrand, C.A.; Vyas, A.R.; et al.
TMEM16A/ANO1 suppression improves response to antibody-mediated targeted therapy of EGFR and HER2/ERBB2. Genes
Chromosom. Cancer 2017, 56, 460–471. [CrossRef]

https://www.helsinki.fi/en/infrastructures/genome-analysis/infrastructures/biomedicum-functional-genomics-unit
https://www.helsinki.fi/en/infrastructures/genome-analysis/infrastructures/biomedicum-functional-genomics-unit
https://www.helsinki.fi/en/infrastructures/bioimaging/biomedicum-imaging-unit
https://www.helsinki.fi/en/infrastructures/genome-analysis/infrastructures/fimm-genomics
https://www.helsinki.fi/en/infrastructures/genome-analysis/infrastructures/fimm-genomics
https://www.helsinki.fi/en/infrastructures/flow-cytometry
https://www.helsinki.fi/en/infrastructures/genome-editing-function-and-stem-cell-platform/infrastructures/fugu-libraries
https://www.helsinki.fi/en/infrastructures/genome-editing-function-and-stem-cell-platform/infrastructures/fugu-libraries
http://doi.org/10.1007/978-81-322-2413-6_1
http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/3365707
http://doi.org/10.1200/JCO.2011.36.4596
http://www.ncbi.nlm.nih.gov/pubmed/21969503
http://doi.org/10.1038/nrc.2018.11
http://doi.org/10.1038/s41572-020-00224-3
http://doi.org/10.1097/COC.0000000000000283
http://www.ncbi.nlm.nih.gov/pubmed/26967327
http://doi.org/10.1159/000095228
http://www.ncbi.nlm.nih.gov/pubmed/17065789
http://doi.org/10.1002/gcc.22450


Cancers 2021, 13, 1170 19 of 21

10. Britschgi, A.; Bill, A.; Brinkhaus, H.; Rothwell, C.; Clay, I.; Duss, S.; Rebhan, M.; Raman, P.; Guy, C.T.; Wetzel, K.; et al. Calcium-
activated chloride channel ANO1 promotes breast cancer progression by activating EGFR and CAMK signaling. Proc. Natl. Acad.
Sci. USA 2013, 110, E1026–E1034. [CrossRef]

11. Liu, F.; Cao, Q.-H.; Lü, D.-J.; Luo, B.; Lu, X.-F.; Luo, R.-C.; Wang, X.-G. TMEM16A overexpression contributes to tumor invasion
and poor prognosis of human gastric cancer through TGF-β signaling. Oncotarget 2015, 6, 11585–11599. [CrossRef]

12. Berglund, E.; Akçakaya, P.; Berglund, D.; Karlsson, F.; Vukojević, V.; Lee, L.; Bogdanović, D.; Lui, W.-O.; Larsson, C.; Zedenius, J.;
et al. Functional role of the Ca2+-activated Cl− channel DOG1/TMEM16A in gastrointestinal stromal tumor cells. Exp. Cell Res.
2014, 326, 315–325. [CrossRef]

13. Liu, Z.; Zhang, S.; Hou, F.; Zhang, C.; Gao, J.; Wang, K. Inhibition of Ca2+-activated chloride channel ANO1 suppresses ovarian
cancer through inactivating PI3K/Akt signaling. Int. J. Cancer 2019, 144, 2215–2226. [CrossRef]

14. Liu, W.; Lu, M.; Liu, B.; Huang, Y.; Wang, K. Inhibition of Ca2+-activated Cl− channel ANO1/TMEM16A expression suppresses
tumor growth and invasiveness in human prostate carcinoma. Cancer Lett. 2012, 326, 41–51. [CrossRef]

15. Song, Y.; Gao, J.; Guan, L.; Chen, X.; Gao, J.; Wang, K. Inhibition of ANO1/TMEM16A induces apoptosis in human prostate
carcinoma cells by activating TNF-α signaling. Cell Death Dis. 2018, 9, 1–14. [CrossRef]

16. Lee, Y.-S.; Lee, J.K.; Bae, Y.; Lee, B.-S.; Kim, E.; Cho, C.-H.; Ryoo, K.; Yoo, J.; Kim, C.-H.; Yi, G.-S.; et al. Suppression of 14-3-3γ-mediated
surface expression of ANO1 inhibits cancer progression of glioblastoma cells. Sci. Rep. 2016, 6, 26413. [CrossRef]

17. Ayoub, C.M.; Wasylyk, C.; Li, Y.; A Thomas, E.; Marisa, L.; Robe, A.; Roux, M.; Abecassis, J.; De Reyniès, A.; Wasylyk, B. ANO1
amplification and expression in HNSCC with a high propensity for future distant metastasis and its functions in HNSCC cell
lines. Br. J. Cancer 2010, 103, 715–726. [CrossRef] [PubMed]

18. Ruiz, C.; Martins, J.R.; Rudin, F.; Schneider, S.; Dietsche, T.; Fischer, C.A.; Tornillo, L.; Terracciano, L.M.; Schreiber, R.; Bubendorf,
L.; et al. Enhanced Expression of ANO1 in Head and Neck Squamous Cell Carcinoma Causes Cell Migration and Correlates with
Poor Prognosis. PLoS ONE 2012, 7, e43265. [CrossRef]

19. Duvvuri, U.; Shiwarski, D.J.; Xiao, D.; Bertrand, C.; Huang, X.; Edinger, R.S.; Rock, J.R.; Harfe, B.D.; Henson, B.J.; Kunzelmann,
K.; et al. TMEM16A Induces MAPK and Contributes Directly to Tumorigenesis and Cancer Progression. Cancer Res. 2012, 72,
3270–3281. [CrossRef] [PubMed]

20. Shiwarski, D.J.; Shao, C.; Bill, A.; Kim, J.; Xiao, D.; Bertrand, C.A.; Seethala, R.S.; Sano, D.; Myers, J.N.; Ha, P.; et al. To “Grow” or
“Go”: TMEM16A Expression as a Switch between Tumor Growth and Metastasis in SCCHN. Clin. Cancer Res. 2014, 20, 4673–4688.
[CrossRef] [PubMed]

21. Stanich, J.E.; Gibbons, S.J.; Eisenman, S.T.; Bardsley, M.R.; Rock, J.R.; Harfe, B.D.; Ordog, T.; Farrugia, G. Ano1 as a regulator of
proliferation. Am. J. Physiol. Liver Physiol. 2011, 301, G1044–G1051. [CrossRef] [PubMed]

22. Guan, L.; Song, Y.; Gao, J.; Gao, J.; Wang, K. Inhibition of calcium-activated chloride channel ANO1 suppresses proliferation and
induces apoptosis of epithelium originated cancer cells. Oncotarget 2016, 7, 78619–78630. [CrossRef] [PubMed]

23. Allawzi, A.M.; Vang, A.; Clements, R.T.; Jhun, B.S.; Kue, N.R.; Mancini, T.J.; Landi, A.K.; Terentyev, D.; O-Uchi, J.; Comhair,
S.A.; et al. Activation of Anoctamin-1 Limits Pulmonary Endothelial Cell Proliferation via p38–Mitogen-activated Protein
Kinase–Dependent Apoptosis. Am. J. Respir. Cell Mol. Biol. 2018, 58, 658–667. [CrossRef]

24. Bill, A.; Gutierrez, A.; Kulkarni, S.; Kemp, C.; Bonenfant, D.; Voshol, H.; Duvvuri, U.; Gaither, L.A. ANO1/TMEM16A interacts
with EGFR and correlates with sensitivity to EGFR-targeting therapy in head and neck cancer. Oncotarget 2015, 6, 9173–9188.
[CrossRef] [PubMed]

25. Perez-Cornejo, P.; Gokhale, A.; Duran, C.; Cui, Y.; Xiao, Q.; Hartzell, H.C.; Faundez, V. Anoctamin 1 (Tmem16A) Ca2+-activated
chloride channel stoichiometrically interacts with an ezrin-radixin-moesin network. Proc. Natl. Acad. Sci. USA 2012, 109,
10376–10381. [CrossRef]

26. Sayáns, M.P.; Petronacci, C.M.C.; Pouso, A.I.L.; Iruegas, E.P.; Carrión, A.B.; Peñaranda, J.M.S.; García, A.G. Comprehensive
Genomic Review of TCGA Head and Neck Squamous Cell Carcinomas (HNSCC). J. Clin. Med. 2019, 8, 1896. [CrossRef]

27. Bill, A.; Hall, M.L.; Borawski, J.; Hodgson, C.; Jenkins, J.; Piechon, P.; Popa, M.O.; Rothwell, C.; Tranter, P.; Tria, S.; et al. Small
molecule facilitated degradation of ANO1—A new targeting approach for anticancer therapeutics. J. Biol. Chem. 2014, 289,
e11029-41. [CrossRef] [PubMed]

28. Boedtkjer, D.M.B.; Kim, S.; Jensen, A.B.; Matchkov, V.M.; E Andersson, K. New selective inhibitors of calcium-activated chloride
channels—T16Ainh-A01, CaCCinh-A01 and MONNA—What do they inhibit? Br. J. Pharmacol. 2015, 172, 4158–4172. [CrossRef]

29. Seo, Y.; Lee, H.K.; Park, J.; Jeon, D.-K.; Jo, S.; Jo, M.; Namkung, W. Ani9, A Novel Potent Small-Molecule ANO1 Inhibitor with
Negligible Effect on ANO2. PLoS ONE 2016, 11, e0155771. [CrossRef]

30. Seo, Y.; Kim, J.; Chang, J.; Kim, S.S.; Namkung, W.; Kim, I. Synthesis and biological evaluation of novel Ani9 derivatives as potent
and selective ANO1 inhibitors. Eur. J. Med. Chem. 2018, 160, 245–255. [CrossRef]

31. Fujise, K.; Zhang, D.; Liu, J.-L.; Yeh, E.T.H. Regulation of Apoptosis and Cell Cycle Progression by MCL1. J. Biol. Chem. 2000, 275,
39458–39465. [CrossRef] [PubMed]

32. Beroukhim, R.; Mermel, C.H.; Porter, D.; Wei, G.; Raychaudhuri, S.; Donovan, J.; Barretina, J.; Boehm, J.S.; Dobson, J.; Urashima,
M.; et al. The landscape of somatic copy-number alteration across human cancers. Nature 2010, 463, 899–905. [CrossRef]

33. Carter, R.J.; Milani, M.; Butterworth, M.; Alotibi, A.; Harper, N.; Yedida, G.; Greaves, G.; Al-Zebeeby, A.; Jorgensen, A.L.; Schache,
A.G.; et al. Exploring the potential of BH3 mimetic therapy in squamous cell carcinoma of the head and neck. Cell Death Dis.
2019, 10, 1–10. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.1217072110
http://doi.org/10.18632/oncotarget.3412
http://doi.org/10.1016/j.yexcr.2014.05.003
http://doi.org/10.1002/ijc.31887
http://doi.org/10.1016/j.canlet.2012.07.015
http://doi.org/10.1038/s41419-018-0735-2
http://doi.org/10.1038/srep26413
http://doi.org/10.1038/sj.bjc.6605823
http://www.ncbi.nlm.nih.gov/pubmed/20664600
http://doi.org/10.1371/journal.pone.0043265
http://doi.org/10.1158/0008-5472.CAN-12-0475-T
http://www.ncbi.nlm.nih.gov/pubmed/22564524
http://doi.org/10.1158/1078-0432.CCR-14-0363
http://www.ncbi.nlm.nih.gov/pubmed/24919570
http://doi.org/10.1152/ajpgi.00196.2011
http://www.ncbi.nlm.nih.gov/pubmed/21940901
http://doi.org/10.18632/oncotarget.12524
http://www.ncbi.nlm.nih.gov/pubmed/27732935
http://doi.org/10.1165/rcmb.2016-0344OC
http://doi.org/10.18632/oncotarget.3277
http://www.ncbi.nlm.nih.gov/pubmed/25823819
http://doi.org/10.1073/pnas.1200174109
http://doi.org/10.3390/jcm8111896
http://doi.org/10.1074/jbc.M114.549188
http://www.ncbi.nlm.nih.gov/pubmed/24599954
http://doi.org/10.1111/bph.13201
http://doi.org/10.1371/journal.pone.0155771
http://doi.org/10.1016/j.ejmech.2018.10.002
http://doi.org/10.1074/jbc.M006626200
http://www.ncbi.nlm.nih.gov/pubmed/10978339
http://doi.org/10.1038/nature08822
http://doi.org/10.1038/s41419-019-2150-8
http://www.ncbi.nlm.nih.gov/pubmed/31801952


Cancers 2021, 13, 1170 20 of 21

34. Senichkin, V.V.; Streletskaia, A.Y.; Zhivotovsky, B.; Kopeina, G.S. Molecular Comprehension of Mcl-1: From Gene Structure to
Cancer Therapy. Trends Cell Biol. 2019, 29, 549–562. [CrossRef]

35. Perciavalle, R.M.; Stewart, D.P.; Koss, B.; Lynch, J.; Milasta, S.; Bathina, M.; Temirov, J.; Cleland, M.M.; Pelletier, S.; Schuetz, J.D.;
et al. Anti-apoptotic MCL-1 localizes to the mitochondrial matrix and couples mitochondrial fusion to respiration. Nat. Cell Biol.
2012, 14, 575–583. [CrossRef] [PubMed]

36. Youle, R.J.; Strasser, A. The BCL-2 protein family: Opposing activities that mediate cell death. Nat. Rev. Mol. Cell Biol. 2008, 9,
47–59. [CrossRef]

37. Ashkenazi, A.; Fairbrother, A.A.W.J.; Leverson, J.D.; Souers, J.D.L.A.J. From basic apoptosis discoveries to advanced selective
BCL-2 family inhibitors. Nat. Rev. Drug Discov. 2017, 16, 273–284. [CrossRef] [PubMed]

38. Tron, A.E.; Belmonte, M.A.; Adam, A.; Aquila, B.M.; Boise, L.H.; Chiarparin, E.; Cidado, J.; Embrey, K.J.; Gangl, E.; Gibbons, F.D.;
et al. Discovery of Mcl-1-specific inhibitor AZD5991 and preclinical activity in multiple myeloma and acute myeloid leukemia.
Nat. Commun. 2018, 9, 1–14. [CrossRef]

39. Sherr, C.J.; Roberts, J.M. CDK inhibitors: Positive and negative regulators of G1-phase progression. Genes Dev. 1999, 13, 1501–1512.
[CrossRef] [PubMed]

40. Tsutsui, T.; Hesabi, B.; Moons, D.S.; Pandolfi, P.P.; Hansel, K.S.; Koff, A.; Kiyokawa, H. Targeted Disruption of CDK4 Delays Cell
Cycle Entry with Enhanced p27Kip1 Activity. Mol. Cell. Biol. 1999, 19, 7011–7019. [CrossRef]

41. Chu, I.M.; Hengst, L.; Slingerland, J.M. The Cdk inhibitor p27 in human cancer: Prognostic potential and relevance to anticancer
therapy. Nat. Rev. Cancer 2008, 8, 253–267. [CrossRef]

42. Lepikhova, T.; Karhemo, P.-R.; Louhimo, R.; Yadav, B.; Murumägi, A.; Kulesskiy, E.; Kivento, M.; Sihto, H.; Grénman, R.; Syrjänen,
S.M.; et al. Drug-Sensitivity Screening and Genomic Characterization of 45 HPV-Negative Head and Neck Carcinoma Cell Lines
for Novel Biomarkers of Drug Efficacy. Mol. Cancer Ther. 2018, 17, 2060–2071. [CrossRef]

43. Loh, C.-Y.; Chai, J.Y.; Tang, T.F.; Wong, W.F.; Sethi, G.; Shanmugam, M.K.; Chong, P.P.; Looi, C.Y. The E-Cadherin and N-Cadherin
Switch in Epithelial-to-Mesenchymal Transition: Signaling, Therapeutic Implications, and Challenges. Cells 2019, 8, 1118. [CrossRef]

44. Nguyen, P.T.; Kudo, Y.; Yoshida, M.; Kamata, N.; Ogawa, I.; Takata, T. N-cadherin expression is involved in malignant behavior
of head and neck cancer in relation to epithelial-mesenchymal transition. Histol. Histopathol. 2011, 26, 147–156. [PubMed]

45. Yang, M.-H.; Hsu, D.S.-S.; Wang, H.-W.; Wang, H.-J.; Lan, H.-Y.; Yang, W.-H.; Huang, C.-H.; Kao, S.-Y.; Tzeng, C.-H.; Tai, S.-K.;
et al. Bmi1 is essential in Twist1-induced epithelial–mesenchymal transition. Nat. Cell Biol. 2010, 12, 982–992. [CrossRef]

46. Pehkonen, H.; Von Nandelstadh, P.; Karhemo, P.-R.; Lepikhova, T.; Grenman, R.; Lehti, K.; Monni, O. Liprin-α1 is a regulator of
vimentin intermediate filament network in the cancer cell adhesion machinery. Sci. Rep. 2016, 6, 24486. [CrossRef] [PubMed]

47. Godse, N.R.; Khan, N.; Yochum, Z.A.; Gomez-Casal, R.; Kemp, C.; Shiwarski, D.J.; Seethala, R.S.; Kulich, S.; Seshadri, M.; Burns,
T.F.; et al. TMEM16A/ANO1 Inhibits Apoptosis via Downregulation of Bim Expression. Clin. Cancer Res. 2017, 23, 7324–7332.
[CrossRef] [PubMed]

48. Choi, E.J.; A Yun, J.; Jabeen, S.; Jeon, E.K.; Won, H.S.; Ko, Y.H.; Kim, S.Y. Prognostic significance of TMEM16A, PPFIA1, and FADD
expression in invasive ductal carcinoma of the breast. World J. Surg. Oncol. 2014, 12, 137. [CrossRef]

49. Uchi, J.; Vang, A.; Cypress, M.W.; Fernandez-Nicolas, A.; Mancini, T.; Jhun, B.S.; Clements, R.T.; Choudhary, G. Role of
Mitochondrial Expression of the Calcium-Activated Chloride Channel Anoctamin-1 in Pulmonary Artery Endothelial Cells.
Biophys. J. 2020, 118, 448a. [CrossRef]

50. Weeden, C.E.; Ah-Cann, C.; Holik, A.Z.; Pasquet, J.; Garnier, J.-M.; Merino, D.; Lessene, G.; Asselin-Labat, M.-L. Dual inhibition
of BCL-XL and MCL-1 is required to induce tumour regression in lung squamous cell carcinomas sensitive to FGFR inhibition.
Oncogene 2018, 37, 4475–4488. [CrossRef] [PubMed]

51. Greaves, G.; Milani, M.; Butterworth, M.; Carter, R.J.; Byrne, M.P.; Eyers, P.A.; Luo, X.; Cohen, G.M.; Varadarajan, S. BH3-only
proteins are dispensable for apoptosis induced by pharmacological inhibition of both MCL-1 and BCL-XL. Cell Death Differ. 2018,
26, 1037–1047. [CrossRef] [PubMed]

52. Bae, J.S.; Park, J.Y.; Park, S.-H.; Ha, S.H.; An, A.R.; Noh, S.J.; Kwon, K.S.; Jung, S.H.; Park, H.S.; Kang, M.J.; et al. Expres-
sion of ANO1/DOG1 is associated with shorter survival and progression of breast carcinomas. Oncotarget 2017, 9, 607–621.
[CrossRef] [PubMed]

53. Sabile, A.; Meyer, A.M.; Wirbelauer, C.; Hess, D.; Kogel, U.; Scheffner, M.; Krek, W. Regulation of p27 Degradation and S-Phase
Progression by Ro52 RING Finger Protein. Mol. Cell. Biol. 2006, 26, 5994–6004. [CrossRef]

54. Rahman, S.F.A.; Muniandy, K.; Soo, Y.K.; Tiew, E.Y.H.; Tan, K.X.; Bates, T.E.; Mohana-Kumaran, N. Co-inhibition of BCL-XL and
MCL-1 with selective BCL-2 family inhibitors enhances cytotoxicity of cervical cancer cell lines. Biochem. Biophys. Rep. 2020, 22,
100756. [CrossRef] [PubMed]

55. Charoenrat, P.; Modjtahedi, H.; Rhys-Evans, P.; Court, W.J.; Box, G.M.; A Eccles, S. Epidermal growth factor-like ligands
differentially up-regulate matrix metalloproteinase 9 in head and neck squamous carcinoma cells. Cancer Res. 2000, 60, 1121–1128.

56. Hara, T.; Kamura, T.; Nakayama, K.; Oshikawa, K.; Hatakeyama, S.; Nakayama, K.-I. Degradation of p27 at the G0-G1 Transition
Mediated by a Skp2-independent Ubiquitination Pathway. J. Biol. Chem. 2001, 276, 48937–48943. [CrossRef]

57. Kamura, T.; Hara, T.; Matsumoto, M.; Ishida, N.; Okumura, F.; Hatakeyama, S.; Yoshida, M.; Nakayama, K.; Nakayama, K.I.
Cytoplasmic ubiquitin ligase KPC regulates proteolysis of p27Kip1 at G1 phase. Nat. Cell Biol. 2004, 6, 1229–1235. [CrossRef]

http://doi.org/10.1016/j.tcb.2019.03.004
http://doi.org/10.1038/ncb2488
http://www.ncbi.nlm.nih.gov/pubmed/22544066
http://doi.org/10.1038/nrm2308
http://doi.org/10.1038/nrd.2016.253
http://www.ncbi.nlm.nih.gov/pubmed/28209992
http://doi.org/10.1038/s41467-018-07551-w
http://doi.org/10.1101/gad.13.12.1501
http://www.ncbi.nlm.nih.gov/pubmed/10385618
http://doi.org/10.1128/MCB.19.10.7011
http://doi.org/10.1038/nrc2347
http://doi.org/10.1158/1535-7163.MCT-17-0733
http://doi.org/10.3390/cells8101118
http://www.ncbi.nlm.nih.gov/pubmed/21154228
http://doi.org/10.1038/ncb2099
http://doi.org/10.1038/srep24486
http://www.ncbi.nlm.nih.gov/pubmed/27075696
http://doi.org/10.1158/1078-0432.CCR-17-1561
http://www.ncbi.nlm.nih.gov/pubmed/28899969
http://doi.org/10.1186/1477-7819-12-137
http://doi.org/10.1016/j.bpj.2019.11.2503
http://doi.org/10.1038/s41388-018-0268-2
http://www.ncbi.nlm.nih.gov/pubmed/29743589
http://doi.org/10.1038/s41418-018-0183-7
http://www.ncbi.nlm.nih.gov/pubmed/30185825
http://doi.org/10.18632/oncotarget.23078
http://www.ncbi.nlm.nih.gov/pubmed/29416639
http://doi.org/10.1128/MCB.01630-05
http://doi.org/10.1016/j.bbrep.2020.100756
http://www.ncbi.nlm.nih.gov/pubmed/32346617
http://doi.org/10.1074/jbc.M107274200
http://doi.org/10.1038/ncb1194


Cancers 2021, 13, 1170 21 of 21

58. Moser, R.; Xu, C.; Kao, M.; Annis, J.; Lerma, L.A.; Schaupp, C.M.; Gurley, K.E.; Jang, I.S.; Biktasova, A.; Yarbrough, W.G.; et al.
Functional Kinomics Identifies Candidate Therapeutic Targets in Head and Neck Cancer. Clin. Cancer Res. 2014, 20, 4274–4288.
[CrossRef] [PubMed]

59. Jamil, S.; Mojtabavi, S.; Hojabrpour, P.; Cheah, S.; Duronio, V. An Essential Role for MCL-1 in ATR-mediated CHK1 Phosphoryla-
tion. Mol. Biol. Cell 2008, 19, 3212–3220. [CrossRef]

60. Thomas, R.L.; Roberts, D.J.; Kubli, D.A.; Lee, Y.; Quinsay, M.N.; Owens, J.B.; Fischer, K.M.; Sussman, M.A.; Miyamoto, S.;
Gustafsson, Å.B. Loss of MCL-1 leads to impaired autophagy and rapid development of heart failure. Genes Dev. 2013, 27,
1365–1377. [CrossRef]

61. Stojanovski, D.; Koutsopoulos, O.S.; Okamoto, K.; Ryan, M.T. Levels of human Fis1 at the mitochondrial outer membrane regulate
mitochondrial morphology. J. Cell Sci. 2004, 117, 1201–1210. [CrossRef] [PubMed]

62. Grenman, R.; Carey, T.E.; Mcclatchey, K.D.; Wagner, J.G.; Pekkolaheino, K.; Schwartz, D.R.; Wolf, G.T.; Lacivita, L.P.; Ho, L.; Baker,
S.R.; et al. Invitro Radiation-Resistance among Cell-Lines Established from Patients with Squamous-Cell Carcinoma of the Head
and Neck. Cancer 1991, 67, 2741–2747. [CrossRef]

63. Benjamini, Y.; Yekutieli, D. The control of the false discovery rate in multiple testing under dependency. Ann. Stat. 2001,
29, 1165–1188.

64. Hubbard, T.J.P.; Aken, B.L.; Beal, K.; Ballester, B.; Caccamo, M.; Chen, Y.; Clarke, L.; Coates, G.; Cunningham, F.; Cutts, T.; et al.
Ensembl 2007. Nucleic Acids Res. 2006, 35, D610–D617. [CrossRef]

65. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.;
Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles.
Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef]

http://doi.org/10.1158/1078-0432.CCR-13-2858
http://www.ncbi.nlm.nih.gov/pubmed/25125259
http://doi.org/10.1091/mbc.e07-11-1171
http://doi.org/10.1101/gad.215871.113
http://doi.org/10.1242/jcs.01058
http://www.ncbi.nlm.nih.gov/pubmed/14996942
http://doi.org/10.1002/1097-0142(19910601)67:11&lt;2741::AID-CNCR2820671105&gt;3.0.CO;2-S
http://doi.org/10.1093/nar/gkl996
http://doi.org/10.1073/pnas.0506580102

