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ANO1/TMEM16A interacts with EGFR and correlates with
sensitivity to EGFR-targeting therapy in head and neck cancer
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ABSTRACT

The epidermal growth factor receptor (EGFR) contributes to the pathogenesis
of head&neck squamous cell carcinoma (HNSCC). However, only a subset of HNSCC
patients benefit from anti-EGFR targeted therapy. By performing an unbiased proteomics
screen, we found that the calcium-activated chloride channel ANO1 interacts with EGFR
and facilitates EGFR-signaling in HNSCC. Using structural mutants of EGFR and ANO1
we identified the trans/juxtamembrane domain of EGFR to be critical for the interaction
with ANO1. Our results show that ANO1 and EGFR form a functional complex that jointly
regulates HNSCC cell proliferation. Expression of ANO1 affected EGFR stability, while
EGFR-signaling elevated ANO1 protein levels, establishing a functional and regulatory
link between ANO1 and EGFR. Co-inhibition of EGFR and ANO1 had an additive effect on
HNSCC cell proliferation, suggesting that co-targeting of ANO1 and EGFR could enhance
the clinical potential of EGFR-targeted therapy in HNSCC and might circumvent the
development of resistance to single agent therapy. HNSCC cell lines with amplification
and high expression of ANO1 showed enhanced sensitivity to Gefitinib, suggesting ANO1
overexpression as a predictive marker for the response to EGFR-targeting agents in
HNSCC therapy. Taken together, our results introduce ANO1 as a promising target and/
or biomarker for EGFR-directed therapy in HNSCC.

INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC)
is the sixth most common cancer worldwide, with a
predicted 40,000 new cases and 8,000 deaths in the
USA in 2014 [1]. The current standard of care involves
a multistrategic therapy with surgery, radiation therapy
and chemotherapy. Despite advances in therapy, long-
term survival hasn’t improved significantly over the last
decade, with half of the patients succumbing within 1 to
5 years [1-3].

The epidermal growth factor receptor (EGFR) is
overexpressed in approximately 90% of HNSCC and has

been implicated in the pathogenesis of head and neck
cancers. EGFR (ErbB1) is a transmembrane tyrosine
kinase receptor which, together with HER2/ErbB2,
HER3/ErbB3 and HER4/ErbB4, composes the family
of HER/ErbB proteins [4, 5]. Activation of EGFR by
specific ligands including EGF, TGF-alpha, HB-EGF and
amphiregulin induces the homo- and hetero-dimerization
of EGFR with other ErbB proteins and leads to the
phosphorylation of tyrosine residues in the cytoplasmic
domain of the receptor. These phosphotyrosine residues
then serve as docking sites for proteins which initiate the
activation of key signaling pathways like the mitogen-
activated protein kinase (MAPK)- or the PI3K-activated
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protein kinase B (AKT)-pathway; key regulators of
HNSCC cell proliferation, tumor growth, invasion and
metastasis [4, 6].

Overexpression of EGFR and EGFR gene
amplification have been correlated with decreased survival
of patients with HNSCC [3, 7, 8]. Inhibition of EGFR
using a variety of therapeutic approaches diminishes tumor
growth in preclinical HNSCC models [9, 10]. However,
despite the ubiquitous expression of EGFR in HNSCC
tumors, only a subset of patients responds to EGFR-
directed therapy in clinical trials [3]. Accordingly, small-
molecule tyrosine kinase inhibitors (e.g. Gefitinib) and
monoclonal antibodies against EGFR (e.g. Cetuximab)
have shown only limited efficacy in HNSCC patients
when used as monotherapy [11-13]. EGFR expression
or amplification does not consistently predict response to
EGFR targeted therapies [14]. Mutations in the tyrosine
kinase domain of EGFR that are known to associate with
response or resistance to EGFR therapy in other cancers
are rare in patients with HNSCC and do not correlate with
efficacy of EGFR-inhibition or clinical outcome [15].
Further research is needed to elucidate the molecular
mechanisms underlying the response to EGFR-inhibition
in HNSCC and to characterize biomarkers which would
allow for the identification of individuals who are likely to
benefit from EGFR-targeting strategies as well as for the
development of more effective mono- and combinatorial
therapeutic approaches for the treatment of HNSCC.

ANOI (TAOS2, DOG1, ORAOV2, TMEMI16A) is
a calcium-activated chloride channel [16—18] expressed
on the plasma membrane of secretory epithelia, smooth
muscles and sensory neurons [19-24]. ANOI mediates
transepithelial ion transport and exhibits an important
function in regulating airway fluid secretion, gut motility,
secretory functions of exocrine glands, renal function,
(vascular) smooth muscle contraction and nociception
[22, 24, 25]. Dysfunction of ANOI1 is associated with
several disease states including cystic fibrosis, asthma,
gastroparesis, hypertension, rota-virus induced diarrhea
and polycystic kidney disease [26-30].

ANOI1 is amplified and highly expressed in a
large subset of HNSCC tumors, as well as in a variety
of other carcinomas including breast cancer, prostate
carcinoma, glioblastoma, GIST (gastrointestinal stromal
tumor) and ESCC (esophageal squamous cell carcinoma)
[31-37]. The gene encoding for ANO1 maps to a region
on chromosome 11 (11q13) that is frequently amplified
in HNSCC [38]. ANO1 was originally interpreted as a
passenger gene amplification and only recent studies have
shed new light on the role of ANOI in tumorigenesis.
Knockdown and small-molecule facilitated degradation
of ANO1 impairs HNSCC and ESCC cell proliferation
and have been shown to correlate with the inhibition of
mitogen-activated kinase (MAPK) and protein kinase B
(AKT) signaling [33, 34, 39]. Furthermore, ANOI
expression has been reported to promote tumorigenesis

by activating epidermal growth factor receptor (EGFR)
and calmodulin dependent kinase (CAMK)-signaling
[33]. A recent study has identified ANOI1 as a switch
between the proliferative and metastatic phenotype of
human HNSCC cells by affecting the transition of cells
from the epithelial to a mesenchymal state [40]. High
expression of ANO1 in HNSCC, ESCC and prostate
cancer correlates with a higher risk of distant metastasis
and a shorter survival of these patients [31, 35, 41, 42].
Mechanistically, it has been shown that ANO1 protein
levels rather than ANO1-dependent chloride conductance
are critical for ANO1-dependent cell proliferation [39],
indicating a channel-independent function of ANOI
in promoting cell proliferation, possibly by ANOI
interacting with other proteins on the cell membrane.
However, it remains unclear how ANOI1 exhibits its
function on cellular signaling pathways to promote
cancer growth.

Here we investigated the mechanism underlying
ANOI's function as an activator of cellular signaling
and promoting tumor growth by performing an unbiased
proteomics discovery approach. We identified ANOI to
interact with EGFR in HNSCC cells. Using functional
and structural mutants of EGFR and ANO1 we found the
trans/juxtamembrane domain of EGFR to be critical for
the interaction of EGFR and ANO1, while the C-terminus
of ANOI1 was not required. The interaction of ANOI1
and EGFR was not dependent on the phosphorylation
of EGFR or the activity of ANOI1. Our results show
that ANO1 and EGFR form a functional complex to
jointly regulate cell proliferation. Expression of ANO1
affected EGFR stability and expression while EGFR-
signaling elevated ANOI1 protein levels, establishing
a functional and regulatory link between ANO1 and
EGFR in HNSCC cells. Co-inhibition of EGFR and
ANOI had an additive effect on head and neck cancer
cell proliferation, suggesting that co-targeting of ANO1
and EGFR could enhance the clinical potential of EGFR-
targeted therapy in HNSCC. Consistent with ANO1
being a regulator of EGFR-signaling, HNSCC cell lines
with amplification and high expression of ANO1 showed
enhanced sensitivity to Gefitinib, suggesting ANOI1
overexpression as a predictive marker for the response
to EGFR-targeting agents in HNSCC therapies. Taken
together, our results introduce ANOI as a promising
target and/or biomarker for EGFR-directed therapy in
HNSCC.

RESULTS

ANOI1 and EGFR form a complex in head and
neck cancer cells

One hypothesis for the mechanism underlying
ANOI1's channel-independent function in promoting
EGFR-signaling and cell proliferation is that ANOI
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exhibits its function in cancer cells by interacting
with membrane proteins. To test this hypothesis,
we characterized the protein interactome of ANOI1
under endogenous expression in the HNSCC cell line
Tell using a discovery proteomics approach. Tell
cells express high levels of ANOI1 and loss of ANO1
expression by RNAi or compound-mediated degradation
has been shown to inhibit Tell cell proliferation and to
reduce EGFR-signaling [33, 39]. Tell cells were lysed
and ANOI protein complexes were captured with an
ANOI-specific antibody coupled to magnetic beads. The
precipitated ANO1-protein complexes were purified by
PAGE and analyzed by LC-MS. Proteins found to bind
unspecifically to the beads in the absence of ANOI1-
antibody were removed. The experiment was repeated
independently three times and only proteins identified in
all three experiments with two or more unique peptides
were considered. In order to filter for false-positive
interactors and to identify the most significant protein
interactions we rank ordered the list of identified proteins
according to the frequency of unspecific interaction in
the CRAPome repository (see Method section for more
details). Based on these criteria, a total of 40 proteins
were identified as potential interactors of ANO1. EGFR
was found to be the highest ranking plasma membrane
protein besides ANO1 among the proteins with the
lowest C-score (Figure 1A and Supplementary Table 1).
Since ANO1 has been shown to regulate EGFR-signaling
in Tell cells, we set out to further explore the observed
interaction between ANO1 and EGFR. To confirm
the interaction of ANO1 and EGFR we performed
immunoprecipitation of ANOI in Tell cell lysates and
analyzed proteins co-captured together with ANO1 by
western blot. EGFR coimmunoprecipitated when ANO1
was captured with an ANOI1-specific antibody and
showed no binding when an unspecific antibody was
used as a control. The interaction of ANO1 and EGFR
was also detectable under reciprocal conditions when
an EGFR-specific antibody was used to capture EGFR
and co-bound ANO1 (Figure 1B). Furthermore, ANO1
and EGFR showed a significant amount of membrane
colocalization in Tell cells (Supplementary Figure 1C).
These findings support the conclusion that ANOI1 and
EGFR form a complex in Tell cells. To explore whether
the interaction of ANO1 and EGFR was limited to Tell
cells or whether ANO1 and EGFR also interact in other
cancer cell lines, we immunoprecipitated EGFR or ANO1
from lysates of OE21 and SCC4 cells, two HNSCC
cells lines with amplification and high expression
of ANOI, and probed for coimmunoprecipitation of
ANOI1 and EGFR, respectively, by western blotting
(Supplementary Figure 1A). In addition to Tell cells,
we found ANOI1 and EGFR to form a complex also in
OE21 and SCC4 cells, suggesting a potential functional
role of the interaction between ANO1 and EGFR in
HNSCC cell lines.

The interaction between ANO1 and EGFR does
not depend on either proteins activity

To explore whether the interaction of EGFR and
ANOI is dependent on the calcium-activated chloride
channel (CaCC) function of ANO1 or the kinase activity
of EGFR, we treated Tell cells with the ANO1-inhibitor
CaCCinh-A01 or the EGFR-kinase inhibitor Gefitinib
(Iressa) before analyzing the interaction of EGFR and
ANOI by immunoprecipitation (Figure 1C). Neither
treatment affected the interaction of ANO1 and EGFR
in Tell cells, suggesting that ANO1 and EGFR form
a complex independent of the activation state of either
protein. Because chemical inhibition of EGFR- or ANO1-
activity is transient and compound is not present during
the immunoprecipitation process, we investigated the
functional requirements for the interaction of ANO1 and
EGFR using mutants of ANO1 and EGFR with altered
functional properties. For this, we used HEK293T cells,
which do not express ANO1 and express low levels of
EGFR, as a model system to reconstitute the interaction
of EGFR and ANOI1. Coexpression of ANOI and EGFR
resulted in significant coimmunoprecipitation of both
proteins when an ANO1- or EGFR-specific antibody was
used, but no signal was detectable when only one protein
was expressed (Figure 1D). Furthermore, ANOI and
EGFR showed significant colocalization when expressed
in HEK293T, strengthening the hypothesis that ANO1
and EGFR form a complex (Supplementary Figure 1C).
In agreement with the results obtained in Tell cells,
treatment with CaCCinh-A01 or Gefitinib did not affect
the interaction of ANOI and EGFR (Figure 1E). We
next tested whether a mutant of ANO1 (ANO1-L759Q)
devoid of CaCC-activity but with stable expression
on the plasma membrane or a mutant of ANOI with
increased calcium-sensitivity and constitutive CaCC-
activity (ANO1-S741T) [43] would interact with EGFR.
ANOI1-wt, -L759Q or -S741T were transfected together
with EGFR into HEK293T cells and ANO1 or EGFR
were immunoprecipitated. Consistent with the lack of
effect of chemical inhibition of ANO1 by CaCCinh-A01,
neither activation of ANOI by the S741T mutation nor a
mutation rendering ANO1 inactive had an effect on the
interaction between ANO1 and EGFR and both mutants
coimmunoprecipitated at a similar level as ANOI1-wt
(Figure 1F). Similarly, coexpression of ANO1 with a
kinase-dead mutant of EGFR [44] did not alter EGFR’s
ability to interact with ANO1 (Figure 1G). Next we
asked whether the dimerization of EGFR might be
necessary for EGFR to interact with ANOI1. For this,
we coexpressed ANO! with mutants of EGFR with
impaired dimerization [45]. All tested dimerization
mutants of EGFR interacted with ANOI1 to the same
extend as wildtype EGFR, suggesting that the interaction
of EGFR and ANOI is independent of the dimerization
status of EGFR (Figure 1H). To obtain further evidence
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for this hypothesis we analyzed whether ANO1 interacts
with constitutively dimerized receptors. A constitutively
dimerized EGFR (1z-EGFR) was constructed by replacing
the extracellular domain of the receptor with a FLAG-
tagged dimerization module consisting of a leucine zipper
and a single cysteine residue that forms a disufilde bridge

upon dimerization [46]. When coexpressed with ANOI1
in Hek293T cells, 1z-EGFR interacted with ANO1 at a
similar level as the full-length EGFR, indicating that the
interaction of ANO1 and EGFR is independent of the
dimerization status of EGFR (Figure 11). Taken together,
these findings demonstrate that the interaction between

A B
@ @ @ Top proteins with C-score <0.02 6 E
| WISV IR i ANO1 MMTAG2 zQ 0 Q
lTe11ce//si i AKA MYH10 z E IiJ 0__
IP:ANO1  IP:ANO1  IP:ANO1 e The i .
: : : EML3 JAGN1
l ¢ l FAM192A EGFR |i -~ ANO1
GMPR2 OPA1
LC-MS LC-MS LC-MS MB21D2 SLC25A24 |_‘~ ||- |EGFR
N V ¥ MCM3 ARF6
potential interactors MGST1
¢C—score
40 proteins
C D
IP:ANO1 IP:EGFR IP:ANO1 IP:EGFR
CaCCinh-A01 - + - - + - ANO1 + - + + - +
Gefitinib - -+ - -+ EGFR - + + -+ o+
CETIEEE Ry L ™| ANO1
[ — ] [ - -] EGFR | = | - empe| EGFR
E F
IP:ANO1 IP:EGFR
IP:ANO1 IP:EGFR £ g =g
<t W0 < w0
Gefitinib - + - - + - ANOT £ 5 5 T 5 5
CaCCinh-A0O1 - - + EGFR + + + + O+ O+

e ] B Anot

CETIET FiRs

[ == =] |9 o= e EGFR

Figure 1: ANO1 and EGFR form a complex in HNSCC cells. A. Summary of discovery proteomics experiments after ANO1-
pulldown in Tell cells. ANO1 was immunoprecipitated from Tell cell lysates and proteins co-purified with ANO1 were analyzed
by LC-MS. 40 proteins were identified to interact with ANOI in all three experiments with a C-score < 0.1. The top proteins with a
C-score < 0.02 are shown. The full list of identified proteins is included as Supplementary Table 1. B. Immunoblot after immunoprecipitation
of ANOLI (left) or EGFR (right) from Tell cell lysates using an anti-ANO1 or anti-EGFR antibody coupled to magnetic beads. IgG was used
a control. Eluted proteins were run on a western blot and probed with antibodies against ANO1 and EGFR. Representative immunoblots
are shown. C. Immunoprecipitation of ANO1 and EGFR in Tell cell lysates after 24 h treatment with Gefitinib (1 uM) or CaCCinh-A01
(10 uM). D. Immunoprecipitation of ANO1 and EGFR in HEK293T cell lysates. HEK293T cells were transfected with equal amounts of
plasmids encoding EGFR, ANO1 or both plasmids and EGFR/ANOI1 complexes were analyzed as in Figure 1B. The band for EGFR in
the first lane of the IP against EGFR represents endogenous EGFR. E. Immunoprecipitation of ANO1 and EGFR in HEK293T cell lysates
after 24 h treatment with Gefitinib (1 M) or CaCCinh-A01 (10 uM). F. Immunoprecipitation of ANO1-mutants and EGFR in HEK293T
cell lysates. HEK293T cells were transfected with equal amounts of plasmids encoding EGFR and ANO1-wt, -S741T (constitutively active)
or -L759Q (inactive).
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Figure 1 (Continued): G. Immunoprecipitation of ANO1 and an EGFR-kinase mutant in HEK293T cell lysates. HEK293T
cells were transfected with equal amounts of plasmids encoding EGFR-wt or an inactive kinase mutant (EGFR-D837A) and ANOI.
H. Immunoprecipitation of ANO1 and EGFR-dimerization mutants in HEK293T cell lysates. HEK293T cells were transfected with equal
amounts of plasmids encoding ANO1 and EGFR-wt or dimerization mutants of EGFR. I. Immunoprecipitation of ANO1 and FLAG-
1z-EGFR in HEK293T cell lysates. HEK293T cells were transfected with equal amounts of plasmids encoding ANO1, 1z-EGFR or both
plasmids. ANOI /1z-EGFR complexes were analyzed by immunoprecipitation using an anti-ANO1 or anti-FLAG antibody coupled to

magnetic beads and by immunoblotting of the eluted proteins.

ANOI and EGFR is independent of ANO1's activity as a
CaCC, EGFR-kinase activity or the phosphorylation and
dimerization status of EGFR and suggest that ANO1 and
EGFR form a constitutive complex in HNSCC cell lines.

Interaction of ANO1 and EGFR requires the
trans-/juxta-membrane domain of EGFR

The finding that 1z-EGFR interacted with ANO1
to similar levels as wild-type EGFR (Figure 1)
demonstrates that the extracellular domain of EGFR is
not required to form a complex with ANO1. To further
investigate the structural requirements for the interaction
between ANOI1 and EGFR, we constructed deletion
mutations of 1z-EGFR lacking the C-terminal part of
the protein or the C-terminal domain plus the kinase
domain of EGFR (Figure 2A). Deletion of the complete
intracellular domain of EGFR resulted in low expression
levels and mislocalization of the protein to intracellular
domains and was not tested for the interaction with
ANO1 (data not shown). Coimmunoprecipitation
using an ANOI1- or FLAG-specific antibody revealed
ANOI1 to bind to all tested EGFR-constructs with

similar affinity (Figure 2B). These results suggest that
ANOI interacts with the transmembrane domain and/
or juxtamembrane domain of EGFR. To investigate the
structural requirements of ANOI1 for the interaction
with EGFR we constructed deletion mutants of ANO1
lacking the 40-70 most C-terminal amino acids of
ANOI1. Expression on the plasma membrane was
confirmed for all tested mutants (data not shown).
Coimmunoprecipitation of ANO1 and EGFR showed
that EGFR interacted with all mutants of ANOI
as determined by coimmunoprecipitation using an
ANO1- or EGFR-specific antibody, suggesting that the
C-terminus of ANOI1 is not required for the interaction
with EGFR (Figure 2C).

EGFR-signaling increases ANO1-protein levels

Next, we set out to investigate potential functional
consequences of the interaction between EGFR and
ANOI. EGF has been shown to increase expression
of ANOI1 in a human bronchial epithelial cell line,
indicating a positive feedback mechanism between
EGFR-signaling and ANO1-expression. To test whether
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Figure 2: Interaction between ANO1 and EGFR involves the trans/juxtamembrane domain of EGFR.
A. Schematic of the EGFR-constructs tested for interaction with ANO1. B. Immunoprecipitation of ANO1 and FLAG-tagged truncation
variants of 1z-EGFR in HEK293T cell lysates. HEK293T cells were transfected with equal amounts of plasmids encoding ANO1 and
1z-EGFR-variants. EGFR/ANO1 complexes were analyzed by immunoprecipitation using an anti-ANO1 or anti-FLAG antibody coupled
to magnetic beads and immunoblotting of the eluted proteins. Representative immunoblots are shown. C. Immunoprecipitation of
1z-EGFR and ANO1 truncation variants in HEK293T cell lysates. HEK293T cells were transfected with equal amounts of plasmids encoding
1z-EGFR and ANO1-variants and ANO1/1z-EGFR complexes were analyzed as in Figure 2B. The multiple bands for ANO1 represent

different glycosylation variants of ANO1 [39].

EGFR-signaling regulates ANO1-expression in cancer
cells, we generated Tell cells stably expressing a
dox-inducible version of EGFR or 1z-EGFR (Tell-
EGFR, Tell-1z-EGFR). While activation of wildtype
EGFR requires EGF, 1z-EGFR has been shown to be
constitutively phosphorylated and signaling active
because of its constitutive dimerization [46]. Dox-
induced expression of 1z-EGFR in Tell cells resulted
in a significant increase of ANOI1 protein levels,
while expression of EGFR or a kinase-inactive mutant
of 1z-EGFR had no effect, suggesting that EGFR-
signaling regulates ANO1 protein levels in cancer cells
by an EGFR-kinase-activity-dependent mechanism
(Figure 3A). Consistently, treatment with Gefitinib
prevented the 1z-EGFR induced increase in ANOI1
protein levels and reduced ANO1-protein levels in the
vector-expressing cells. The 1z-EGFR induced increase
in ANOI protein levels led to a significant increase
in calcium-dependent chloride current in Tell cells,
indicating that ANOI1 is functional and localized on
the membrane (Supplementary Figure 2). Notably,
unlike previously reported for a bronchial epithelial
cell lines, the increase of ANO1-protein levels in Tell
cells was not caused by an increase in ANO1-mRNA
levels (Figure 3B), suggesting a posttranslational effect
on ANOI-protein levels. To test whether the EGFR-
signaling-induced increase in ANOI1 protein levels

had a functional effect on the proliferation rate of Tell
cells, we measured the viability of Tell-EGFR/lz-
EGFR/-wt/-D837A cells in the presence and absence
of dox (Figure 3C). Induction of EGFR- and 1z-EGFR-
expression resulted in a profound increase in cell
proliferation, whereas the expression of the kinase-dead
mutants had no effect. These results are consistent with
a functional link between ANO1 and EGFR and support
the hypothesis that EGFR regulate proliferation of
cancer cells, in part, by increasing expression of ANOI.

Knockdown of ANO1 reduces
EGFR-protein levels

Knockdown of ANOI inhibits EGFR-signaling
in cancer cells, by a yet undefined mechanism. Having
shown that ANO1 and EGFR form a functional complex
and that EGFR-signaling regulates ANO1-protein levels
in cancer cells, we wondered whether ANO1 would
affect EGFR protein levels in these cells. As previously
shown, treatment of Tell cells expressing doxycycline
(dox)-inducible shRNAs against ANOI1 with dox
resulted in a significant reduction of ANOI protein
levels and decrease of phosphorylated EGFR [33]. In
addition to reducing the level of phosphorylated EGFR,
we found that knockdown of ANOI in Tell cells using
two independent shRNAs also led to a reproducible
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Figure 3: EGFR and ANOI regulate each other’s protein levels. A. Immunoblot of EGFR, phospho-EGFR and ANO1 protein
levels in Tel1 cells stably expressing dox-inducible expression constructs for EGFR-wt, -D837A, 1z-EGFR or 1z-EGFR-D837A or an empty
vector control, in the presence or absence of dox (48 h) and Gefitinib (1 pM, 24 h). Tubulin served as a loading control. Representative
immunoblots are shown. B. Relative mRNA levels of EGFR and ANO1 in the same samples as used in A. mRNA-levels in dox-treated
samples were normalized to the respective non-dox treated sample and are presented as the mean = SEM of three independent experiments.
C. Relative cell proliferation of Tel1 cells stably expressing the indicated dox-inducible constructs analyzed by Cell Titer Glo. Signals were
normalized to the respective non-dox treated sample and are presented as the mean + SEM of four independent experiments, p < 0.001***
as compared to respective no-dox condition. D. Immunoblots of EGFR, phospho-EGFR and ANOT1 protein levels in Tell cells stably
expressing dox-inducible shRNAs against ANO1 or a non-targeting control (NT) after treatment with dox for 72 h. Representative
immunoblots are shown. E. Immunofluorescence of ANO1 (green) and EGFR (red) in Tell cells treated as in A analyzed by confocal
microscopy. Representative images are shown.
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decline of EGFR protein levels that correlated with the
efficiency of ANO1 knockdown (Figure 3D). Similarly,
knockdown of ANOL1 in Tell cells markedly diminished
the signal for EGFR as detected by immunofluorescence
(Figure 3E). These findings suggest that expression
of ANOI directly regulates EGFR protein levels in
cancer cells. To investigate the mechanism by which
ANOI affects EGFR protein levels and to test whether
it involved regulation at the transcriptional level, we
analyzed EGFR-mRNA levels after knockdown of
ANOI1 in Tell cells. There was no consistent effect
on the mRNA-level of EGFR after knockdown of
ANOI1 using two different shRNAs against ANOI
(Supplementary Figure 3A). These data suggest a post-
transcriptional regulation of EGFR protein levels after
ANOI1 knockdown. The level of EGFR on the plasma
membrane is tightly controlled by recycling/trafficking
and degradation processes. Activation of EGFR triggers
the endocytosis of the receptor and its rapid transport
to the early endosomes from where it can be recycled
back to the plasma membrane or sorted to lysosomes
for degradation [47]. Thus, endosomal recycling and
degradation are important regulators for EGFR protein
level in cells. To test whether knockdown of ANO1 had
an effect on the rate of EGF-induced EGFR-degradation,
we stimulated Tell cells expressing dox-inducible
shRNAs against ANO1 (shRNA-ANOI1-#1/#2) with
EGF in the presence of dox and determined the amount
of EGFR in the cells by immunoblotting (Supplementary
Figure 3B). Stimulation of Tell cells expressing a
non-targeting control shRNA (NT) with EGF led to
a time-dependent decrease in EGFR-protein levels,
demonstrating the rapid rate of EGFR-degradation after
EGF stimulation. Knockdown of ANO1 reduced EGFR-
protein levels in all conditions, but did not affect the rate
of EGF-induced degradation of EGFR (Supplementary
Figure 3B). Having shown that ANOI1 did not affect
the rate of EGF-induced degradation of EGFR, we
wondered whether ANO1 regulated EGFR-protein levels
by affecting the steady-state degradation of the protein.
In addition to lysosomal degradation, EGFR can be
degraded via the proteasomal pathway [47]. For this, we
treated Tell cells with the proteasome inhibitor MG132
or Chloroquine, an inhibitor of lysosomal degradation
and measured EGFR protein levels by immunoblotting
after dox-induced knockdown of ANO1 (Supplementary
Figure 3C). Neither treatment with MG132 nor with
Chloroquine showed an effect on the ANO1-knockdown
induced reduction of EGFR-protein levels, indicating
that ANO1 does not affect the general turnover of
EGFR in cancer cells. EGFR has been reported to be
a target for protease-dependent degradation during
the initiation of apoptotic pathways [48]. To exclude
the possibility of a nonspecific reduction of EGFR-
protein levels caused by a general increase in protein
degradation due to apoptotic processes, we treated Tell

cells with inhibitors of calpain-proteases and a caspase-3
inhibiting peptide and measured EGFR protein levels
after knockdown of ANO1 (Supplementary Figure 3D).
Inhibition of neither protease was sufficient to prevent
the reduction of EGFR-protein levels after knockdown
of ANOI. Taken together, these results demonstrate
that ANO1 regulates EGFR-protein levels in cancer
cells by a posttranslational, degradation-independent
mechanism, suggesting a role of ANOI in stabilizing
EGFR in the cells.

Expression of EGFR rescues ANO1
protein levels and cell proliferation after
knockdown of ANO1

Knockdown of ANOI1 inhibited cell proliferation
and reduced EGFR protein levels, whereas EGFR-
signaling induced ANO1 protein levels in Tell cells.
We speculated that the loss of EGFR after knockdown
of ANO1 might be responsible for the inhibitory effect
on cell proliferation and that overexpression of EGFR
under these conditions might rescue cell viability by
recovering both, EGFR-signaling and ANOI1 protein
levels. To test this hypothesis we infected Tel1-ANOI1-
shRNA-#1/#2 cells with constructs coding for dox-
inducible versions of EGFR or 1z-EGFR or an empty
vector control. Dox-treatment in the resulting cell
pool is expected to induce the expression of both, the
shRNAs against ANO1 and the expression constructs
for EGFR/Iz-EGFR or empty vector, respectively.
The technical feasibility of this system was tested by
immunoblotting after treatment of the cells with dox or
a solvent control (Figure 4A). Addition of dox resulted
in a decrease of ANO1 protein levels in empty-vector-
expressing cells for both shRNAs. Furthermore, dox
induced a profound expression of EGFR-wt/l1z in cells
infected with the constructs coding for EGFR or lz-
EGFR. The induction of EGFR-/1z-EGFR-expression
was accompanied by a partial rescue of ANOI-
protein levels in the cells (Figure 4A). The increase
in ANO1-protein levels was not caused by an increase
in ANOI-mRNA-levels as measured by quantitative
PCR (Figure 4B), consistent with the results obtained
by overexpression of EGFR in the absence of ANOI1-
shRNA. To test whether the EGFR-expression induced
elevation of ANOIl-protein levels was sufficient to
rescue ANO1-knockdown-mediated inhibition of cell
viability we measured cell viability using a colony
formation assay (Figure 4C/D). Knockdown of ANOI
with both shRNAs significantly reduced the number of
cells in vector-expressing cells. Dox-induced expression
of both EGFR and 1z-EGFR was sufficient to partially
rescue ANOI1-knockdown induced cell killing in the
presence of both shRNAs (Figure 4C/D), consistent
with the partial rescue of ANO1-protein levels observed
(Figure 4A). Taken together, these results demonstrate

www.impactjournals.com/oncotarget

9180

Oncotarget



that loss of ANOI inhibits cell proliferation by reducing and cell viability. The bidirectional interplay of EGFR

EGFR-expression and that it can be partially rescued and ANO1 highlights the importance of the functional
by restoring EGFR-expression in the cells which complex formed between both proteins in regulating
subsequently leads to a recovery of ANOI-protein proliferation of cancer cells.
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Figure 4: EGFR and ANO1 form a functional complex which regulates cancer cell proliferation. A. Immunoblots of
EGFR, phospho-EGFR (Y1068) and ANO1 protein levels in Tell cells stably co-expressing dox-inducible shRNAs against ANO1 and
dox-inducible expression constructs for EGFR-wt, 1z-EGFR or an empty vector control after treatment with dox for 72 h. Representative
immunoblots are shown. B. Relative mRNA-levels of ANO1 and EGFR in Tell cells treated as in A. mRNA-levels in dox-treated samples
were normalized to the respective non-dox treated sample and are presented as the mean + SEM of three independent experiments. C. Colony
formation assay of Tell cells stably co-expressing dox-inducible shRNAs against ANO1 and dox-inducible expression constructs for
EGFR-wt, 1z-EGFR or an empty vector control. Representative images are shown. D. Quantification of the relative colony area of Tell
cells treated as in C. Values were normalized to the respective non-dox treated sample and are presented as the mean + SEM of three
independent experiments. (p < 0.05*; p < 0.01**; p < 0.001***) E. Relative colony area of Tell cells stably expressing dox-inducible
shRNAs against ANO1 or a non-targeting control (NT) after treatment with dox and/or Gefitinib. Values were normalized to the respective
non-dox treated sample and are presented as the mean = SEM of four independent experiments. Statistical analyses were performed using
the Student’s 7-test or ANOVA with Tukey’s post test as appropriate (*p < 0.05; **p < 0.01; ***p < 0.001); ns. not significant).

(Continued)
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Figure 4 (Continued): F. Relative colony area of Tell cells stably expressing dox-inducible shRNAs against EGFR or a non-targeting
control (NT) after treatment with dox and/or CaCCinh-A01. Values were normalized to the respective non-dox treated sample and are
presented as the mean = SEM of six independent experiments. Statistical analysis was performed as in Figure 4E.

EGFR and ANO1 form a functional complex
which regulates cancer cell proliferation

The observed interaction and functional link
of EGFR and ANOI suggests that ANO1 and EGFR
jointly regulate EGFR-dependent pathways and cell
proliferation in HNSCC and thus posts the question
whether the efficacy of EGFR-targeted therapy can
be increased by concurrent inhibition of EGFR and
ANOL. To test this hypothesis we generated Tell cells
stably expressing doxycycline (dox)-inducible shRNAs
against ANO1 or EGFR or a non-targeting control. Dox-
induced knockdown of shRNAs against either EGFR
or ANOI1 alone led to inhibition of cell proliferation
(Supplementary Figure 4 and [33]), indicating that
both, EGFR and ANO1 are necessary and sufficient
for proliferation in Tell cells. To analyze the effect
of simultaneous inhibition of EGFR and ANOI, we
treated cells expressing ANO1-shRNAs with Gefitinib
in the presence and absence of dox and measured
cell proliferation (Figure 4E). Gefitinib inhibited cell
proliferation in a concentration-dependent manner in all
cell lines. Knockdown of ANO1 significantly decreased
cell viability. Combination of ANO1 knockdown with
Gefitinib treatment further reduced cell viability and
colony formation. This effect was more pronounced
with low concentrations of Gefitinib, indicating
that inhibition of EGFR alone is sufficient to inhibit
cell proliferation and that cotreatment of ANOI1 is
beneficial to improve inhibition of cell proliferation
in the case of incomplete EGFR inhibition. Similarly,
knockdown of EGFR in the presence of submaximal
concentrations of the ANOI-inhibitor CaCCinh-A01
resulted in a significant additive inhibitory effect on cell
proliferation (Figure 4F). Similar to the results observed
with Gefitinib, the additive effect of simultaneous
inhibition of ANO1 and EGFR was less pronounced
with higher concentration of CaCCinh-A01, likely due
to combinatorial off-target effects. This observation
further supports the hypothesis that complete inhibition

of either EGFR or ANOI1 alone is sufficient to inhibit
cell proliferation and that a combination of EGFR- and
ANO/1-inhibition can improve the effect of incomplete
knockdown or enzyme inhibition by either inhibitor,
which might delay or prevent the development of
resistance to single agent treatment. These results
suggest that EGFR and ANOI jointly regulate cell
proliferation by functioning in the same signaling node
and are consistent with the hypothesis that co-targeting
of ANO1 and EGFR could enhance the clinical potential
of EGFR-targeted therapy in HNSCC.

Expression of ANO1 predicts susceptibility to
EGFR kinase inhibitors in HNSCC cell lines

HNSCC cell lines show differential sensitivity
to EGFR-kinase inhibitors. EGFR expression alone is
not sufficient to predict the response to EGFR-kinase
inhibitors and activating EGFR kinase mutations are
extremely rare in HNSCC [3], thus making the underlying
mechanism for the differential sensitivity of HNSCC
cells to EGFR inhibitors yet to be elucidated. To explore
a potential association of ANOI1 expression in HNSCC
with clinical susceptibility to EGFR inhibitors, we tested
a panel of HNSCC cell lines for sensitivity to Gefitinib
and measured expression of EGFR and ANOI using
quantitative PCR and western blotting (Figure 5A and 5B).
The results revealed a significant correlation between
the expression of ANOI and the sensitivity to Gefitinib
(p = 0.003, **; r = —0.8). A similar correlation was
found between ANOI1 amplification and sensitivity to
Gefitinib (Supplementary Figure 5). The five cell lines
with the highest expression of ANOI1 (Tell, SCC25,
BHY, Tel4 and Tel5) showed the highest sensitivity
to Gefitinib with an IC50 < 1 uM. In contrast, Tel,
KYSE140, KYSE150 and KYSE70 showed low mRNA-
levels of ANOI and an IC50 > 30 uM for Gefitinib, while
KYSE30 showed an IC50 around 15 uM and intermediate
expression of ANOI. Similar results were obtained with
other EGFR kinase inhibitors (Supplementary Table 2).
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Figure 5: Expression of ANO1 predicts susceptibility to Gefitinib in HNSCC cell lines. A. Relative mRNA-levels of ANOI
and EGFR (bars, left y-axis) and sensitivity to Gefitinib (IC50, circles, right y-axis) of HNSCC cell lines, determined by quantitative PCR
and Cell Titer Glo, respectively. A Pearson-correlation test was used to test for correlation between ANO1/EGFR expression and sensitivity
to Gefitinib. B. ANOI1 protein levels in the HNSCC cell lines shown in Figure 5A.

Taken together, these data show that ANO1 expression
levels can be used as a biomarker to predict the sensitivity
to EGFR kinase inhibitors.

DISCUSSION

Since ANOI1 was identified as a calcium-activated
chloride channel [16—18], the mechanisms regulating its
activity have remained elusive. Dysfunction of ANOI
is implicated in several disease states including cystic
fibrosis, asthma, gastroparesis, hypertension, rota-
virus induced diarrhea and polycystic kidney disease
[26-30]. Therapeutic targeting of ANO1 is being actively
investigated [49], understanding the mechanisms
regulating ANO1's activity could facilitate those efforts
and support the development of novel therapies. An
additional layer of complexity has recently been introduced
by studies reporting channel-independent functions of
ANOLI, e.g. in regulating proliferation in head and neck
cancer cells [39, 40]. In one of the studies, ANOI1 was
identified to function as a switch between the proliferative
and metastatic state of HNSCC cells by interacting with
the cytoskeletal protein Radixin [40], suggesting that
ANOLI interacts with other proteins to promote cellular
signaling and proliferation. Thus, ANOI1 could be a target
for anti-cancer therapy.

Here we report the first unbiased analyses of the
interactome of endogenously expressed ANOI in a
HNSCC cell line. In contrast to a previous study [50]
describing the interactome of ectopically expressed
ANO1 in HEK cells after crosslinking, we used
coimmunoprecipitation in native cell lysates to identify
proteins interacting with ANO1 in a HNSCC cell line.
The 40 proteins identified to interact with ANOI in
our study included cytoskeletal and calcium-binding
proteins, transporters and membrane proteins. One of

these proteins, SLC3A2, a subunit of an amino acid
transporter and solute carrier was also identified by Perez-
Cornejo et al. [50]. However knockdown of SLC3A2
using siRNA did not affect proliferation of Tell cells,
suggesting that SLC3A2 is not critical for ANO1's effect
on promoting cell proliferation (data not shown). While
our approach favored the detection of natural, high-affinity
interactions between endogenously expressed ANO1 and
other endogenous proteins, overexpression of ANOI in
combination with crosslinking might stabilize low-affinity
or low-abundance interactions, which might not be found
under physiological conditions. Another explanation for
the low number of overlapping proteins between the two
studies is the different cell lines used. While Tell cells
express endogenous high levels for ANO1 but low levels
of Radixin (previously identified to interact with ANO1
[50]), HEK cells do not express ANOI1 endogenously
and only low levels of EGFR, but high levels of Radixin.
Notably, both studies did not identify any known ion
channels or Anoctamins in the curated ANO1 interactome,
despite significant levels of ANO1-mediated currents in
the cells, suggesting that ANO1 on its own is sufficient
to form a channel [51]. Furthermore it is notable that
Calmodulin was not found in the ANOI interactome,
indicating that Calmodulin is not associated with and does
not serve an adaptor for calcium-binding to ANO1 in Tell
cells as proposed by [52, 53].

Our discovery proteomics approach identified
EGEFR to interact with ANOI in Tell, OE21 and SCC4
cells, suggesting ANO1 and EGFR interact in HNSCC
cell lines. We found that the interaction between ANOI1
and EGFR is mediated by the membrane/juxtamembrane
domain of EGFR. The juxtamembrane domain (JMD) is a
flexible stretch of 37AA connecting the intracellular with
the helical transmembrane domain of EGFR and plays an
important role in regulating the activity of EGFR [54].
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In the inactive state of the EGFR receptor the positively
charged JMD has been postulated to bind to the
negatively charged inner leaflet of the membrane,
holding the EGFR kinase domain in an inactive state
[55, 56]. Upon binding of the ligand to the extracellular
domain of EGFR, the intracellular domain undergoes
conformational changes, resulting in the dissociation of
the JMD from the membrane and the stabilization of the
active conformation of the kinases (asymmetric dimer),
leading to the activation of the receptor [54]. Factors
interfering with or facilitating the formation of the
asymmetric kinase dimer have been found to inhibit or
activate EGFR signaling in cells, respectively [46, 57].
We have previously shown that ANO1 promotes EGFR-
signaling in HNSCC cells [33]. The finding that ANO1
interacts with the trans/juxtamembrane domain of EGFR
proposes the model, that ANO1 averts the autoinhibitory
state of EGFR by hindering the JMD to bind to the inner
leaflet of the membrane, thereby facilitating the activation
of EGFR. This model is consistent with our findings that
the kinase activity or the dimerization status of EGFR
does not affect the interaction with ANO1. Interestingly,
the JMD contains a predicted binding site for Calmodulin
[58]. ANOI1 has been shown to be functionally coupled
to the IP3 receptor (IP3R1) in neurons from dorsal root
ganglia [59]. The interaction of ANO1 and EGFR could
foster the localization of EGFR to membrane regions
proximal to intracellular calcium stores, favoring the
calcium-dependent binding of Calmodulin to the JMD
and ligand-dependent activation of EGFR, in addition to
activation by other calcium activated kinase, like protein
kinases protein kinase C. This model is further supported
by our findings that knockdown of ANOI reduces
the phosphorylation of calmodulin-dependent kinases
(CAMK) in breast cancer [33]. Further studies are needed
to validate these models.

Furthermore, our data demonstrates that chloride
transport of ANOI is not required for its interaction with
EGFR. This is consistent with our previous finding, that
inhibiting the calcium-activated chloride transport of
ANOI1 is not sufficient to diminish ANOI1-dependent
cell proliferation in HNSCC [39]. Rather we have shown
that the small molecule ANO1-inhibitor CaCCinh-A01
decreases HNSCC cell viability by facilitating the ER-
associated, proteasomal degradation of ANOI1, thereby
reducing ANO1 protein levels and hence EGFR-signaling
in the cells [33, 39].

In addition to the effect of ANOI on the activation
status of EGFR, our data points to a role of ANOI in
stabilizing EGFR protein levels. Knockdown of ANO1
led to a profound decrease in EGFR protein levels,
without affecting EGFR mRNA levels. Furthermore,
knockdown of ANOI1 had no effect on EGF- induced
or protease-dependent degradation of EGFR, suggesting
that degradation of EGFR is not caused by unspecific
protein degradation as a result of cell death. We found

ANOI1 protein levels in Tell cells to be regulated
by EGFR-signaling, demonstrating a bidirectional
stabilization of ANO1 and EGFR protein levels likely
as a result of the interaction between ANO1 and EGFR.
Our finding that the stabilization of ANO1 protein levels
in Tell cells required the kinase activity of EGFR,
suggest that EGFR might phosphorylate ANO1 directly
or another protein involved in stabilizing ANO1, thereby
increasing the stability of ANO1 protein in Tell cells.
Several tyrosine-phosphorylation sites in ANOI1 have
been predicted, however further studies are needed
to explore the mechanisms behind EGFR-dependent
stabilization of ANOI protein levels in the cells in more
detail.

As a consequence of the functional interplay
between EGFR and ANO1, we found ANO1 and EGFR to
jointly regulate proliferation in Tell cells. Co-inhibition
of EGFR and ANOI1 had an additive effect on head
and neck cancer cell proliferation, suggesting that co-
targeting of ANO1 and EGFR could enhance the clinical
potential of EGFR-targeted therapy in HNSCC and might
delay or prevent resistance to single agent treatment. The
lack of specific and potent inhibitors for ANO1 hampers
the validation of this model in vivo. However, our data
provide multiple lines of evidence, that combinatorial
inhibition of EGFR and ANO1 might be beneficial for
the treatment of HNSCC. While response of HNSCC
patients to EGFR targeted therapy is not correlated to
expression or amplification of EGFR [3, 14], we found
that HNSCC cell lines with high expression of ANOI
showed enhanced sensitivity to Gefitinib. Gefitinib
has been shown to prevent binding of ATP to EGFR
regardless of the activation state of the kinase [60], hence
favoring a model in which ANO1 expression increases
dependence on EGFR-signaling rather than changing
the sensitivity of EGFR to inhibition by Gefitinib.
This model is consistent with ANO1 being a positive
regulator of EGFR-signaling in HNSCC cells, thereby
rendering the cells more sensitive to EGFR inhibition.
One possible explanation of the increased dependence on
EGFR-signaling in cells with high ANO1 expression is
presented by our observation that inhibition of EGFR-
signaling in Tell cells caused a decrease in ANOI protein
levels (Figure 3A). Loss of ANOI protein in Tell cells
was shown to inhibit cell proliferation and to induce
apoptosis by reducing EGFR-signaling [33]. Hence
inhibition of EGFR-signaling does not only diminish
activation of EGFR downstream signaling pathways, but
also initiates a negative feedback mechanism by reducing
ANOI1 protein levels.

In summary, our results introduce ANO1 expression
as a predictive biomarker for the response to EGFR-
targeting therapy in HNSCC and suggest combination
of anti-EGFR and anti-ANO1 directed therapies as
a promising therapeutic strategy for the treatment of
HNSCC.

www.impactjournals.com/oncotarget

9184

Oncotarget



EXPERIMENTAL PROCEDURES

Cell culture

All HNSCC cell lines were maintained in RPMI,
HEK293T cells in DMEM, supplemented with 10% fetal
bovine serum at 37°C, 5% CO,. Tel, Tell, Tel4 and Tel5
cells were purchased from the RIKEN cell bank, BICR6
cells from Sigma, KYSE cell lines from DSMZ (the
German cell bank), and all other cell lines from ATCC.

Compounds

The compounds were purchased from the following
vendors: Gefitinib, Erlotinib, Lapatinib, AEE788,
Lafatinib, Z-DEVD-FMK, PDI150606, MDL28170
(Tocris), MGI132, Chloroquine  (SigmaAldrich),
CaCC, -A01 (Specs). Compounds were dissolved in
DMSO to a final concentration of 10 mM. Cells were
treated with the indicated concentrations of inhibitors or
matching volumes of DMSO.

Plasmids

Generation of plasmids coding for ANO1(abc) was
described in [43], EGFR and 1z-EGFR in [46]. Sequences
for EGFR and 1z-EGFR were cloned into the pLVX-tetone-
puro vector (Clontech). Mutations and truncations were
generated by site-directed mutagenesis (Q5 mutagenesis
kit, New England Biolabs). The sequence identity for all
plasmids was verified by Sanger sequencing (Genewiz).
ANOI1-shRNA and virus generation were described in [33].
The following shRNA sequences for EGFR were used:

shRNA #1:
CAATTCCACCGTGGCTTGCATCTCGAGATGCAAG
CCACGGTGGAATTG

shRNA #2:
GCTGAGAATGTGGAATACCTACTCGAGTAGGTAT
TCCACATTCTCAGC

shRNA #3:
AGAATGTGGAATACCTAAGGCTCGAGCCTTAGGT
ATTCCACATTCTC

Copy number analysis and quantitative PCR were
performed as described in [33].

Cell viability and colony formation assays

For measurement of cell viability, 3 x 10° cells per
well were seeded into a 96-well plate, adhered overnight
and treated with the indicated concentrations of inhibitor
or solvent for 72 h. Cell viability was assessed Cell
Titer Glo (Promega). Colony formation assays were
performed by seeding 1000 cells/well cells in 24-well
plates. Cells were allowed to adhere overnight before
treatment with the indicated concentrations of inhibitor

or DMSO. Colonies were stained after 10-18 days with
0.2% crystal violet in PBS/4% formalin. Colony area
was quantified using the Odyssey scanner and software
(LICOR).

Immunoprecipitation

HNSCC cells were seeded on 15 c¢cm dishes and
allowed to grow to 70% confluence. 3 x 10° HEK293T
cells were seeded on 10 cm dishes, allowed to adhere
overnight and were transfected with 3 ug DNA using
18 ul of FuGene 6 (Promega). Cells were lysed in RIPA
buffer (Cell Signaling) and ~500 ug of total protein was
incubated with an anti-EGFR (Cell Signaling, #2256),
ANOI1 (SP31, Abcam) and FLAG (M2, Sigma-Aldrich)
antibody for 1 h at 4C. Antibodies were precipitated
using ProteinG coated Dynabeads (Invitrogen) and bound
protein was eluted in Laemmli buffer (Invitrogen) for
10 min at 70C.

Western blotting

Cell lysates were analyzed by SDS-PAGE and
western blotting using standard protocols and the
following primary antibodies: anti-ANO1 (Abcam, SP31),
anti-EGFR (Cell Signaling), anti-Tubulin (Sigma), anti-
FLAG (Sigma-Aldrich). Blots were analyzed using an
Odyssey scanner (LICOR).

Protein identification

In-gel trypsin digestion of gel lanes with the
immunoprecipitated proteins and subsequent identification
by LC-MS was performed as described [61]. Database
searches were done with Mascot (version 2.4, Matrix
Science) against the UniProt database (release of
April 2013). Protein identifications were validated
and summarized in Scaffold (version 4.0.3, Proteome
Software Inc.), setting protein identifications thresholds
at 99% protein confidence and 2 unique peptides at
90% peptide confidence, corresponding to 0.0% protein
FDR and 1.6% peptide FDR respectively. The resulting
protein lists were further refined using two filters. First,
the list was reduced to only those proteins that were
identified in all three experiments. Because these will
include common background proteins, in a second step
the identified proteins were annotated with a ‘CRAPome
score’ (C-score) according to the CRAPome repository,
a published analysis of frequent hitters in pulldown
experiments [62]. The C-score describes the number of
experiments (of 334) in the CRAPome-database in which
the protein is listed. Based on the frequency distribution
of that database, proteins with a frequency above 0.1 were
considered to be unspecific. The complete list of identified
proteins is included as Supplementary Table 1.
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Immunofluorescence was performed as described
in [39].

YFP quench assay Tell-IZEGFR cells were
pretreated with or without dox for 24 h, transiently
transfected with pBM-YFPquench H148Q/I152L [43],
FACS sorted for YFP and plated in 96 well plates. ANO1-
dependent chloride flux in the presence of 150 uM
UTP was assesses 72 h after transfection by analyzing
quenching of YFP-fluorescence as described in [43].

Statistical analysis

All data are expressed as means + s.e.m. Statistical
analyses were performed in GraphPadPrism using the
Student’s z-test or ANOVA with Tukey’s post test as
appropriate (*p < 0.05; **p <0.01; ***p <0.001); ns. not
significant).

CONFLICTS OF INTEREST

AB., A.G, DB, HV, L. A.G are employees of
Novartis Institutes for Biomedical Research.

This work does not represent the views of the US
Government or the Department of Veterans Affairs.

This work was supported in part by funds from
the Department of Veterans Affairs BLSR&D PNC
Foundation (U.D.).

REFERENCES

1. Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014.
CA Cancer J Clin. 2014; 64:9-29.

2. Cohen RB. Current challenges and clinical investigations
of epidermal growth factor receptor (EGFR)- and ErbB
family-targeted agents in the treatment of head and neck
squamous cell carcinoma (HNSCC). Cancer Treat Rev.
2014; 40:567-577.

3. Cassell A, Grandis JR. Investigational EGFR-targeted
therapy in head and neck squamous cell carcinoma. Expert
Opin Investig Drugs. 2010; 19:709-722.

4. Yarden Y, Sliwkowski MX. Untangling the ErbB signalling
network. Nat Rev Mol Cell Biol. 2001; 2:127-137.

5. Roskoski R Jr. The ErbB/HER family of protein-tyrosine
kinases and cancer. Pharmacol Res. 2014; 79:34-74.

6. Leemans CR, Braakhuis BJ, Brakenhoff RH. The molecular
biology of head and neck cancer. Nat Rev Cancer. 2011;
11:9-22.

7. Ang KK, Berkey BA, Tu X, Zhang HZ, Katz R,
Hammond EH, Fu KK, Milas L. Impact of epidermal
growth factor receptor expression on survival and pattern of
relapse in patients with advanced head and neck carcinoma.
Cancer Res. 2002; 62:7350-7356.

8. Temam S, Kawaguchi H, El-Naggar AK, Jelinek J, Tang H,
Liu DD, Lang W, Issa JP, Lee JJ, Mao L. Epidermal growth
factor receptor copy number alterations correlate with poor

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

clinical outcome in patients with head and neck squamous
cancer. J Clin Oncol. 2007; 25:2164-2170.

Rubin Grandis J, Chakraborty A, Melhem MF, Zeng Q,
Tweardy DJ. Inhibition of epidermal growth factor recep-
tor gene expression and function decreases proliferation of
head and neck squamous carcinoma but not normal mucosal
epithelial cells. Oncogene. 1997; 15:409-416.

Thomas SM, Ogagan MJ, Freilino ML, Strychor S,
Walsh DR, Gooding WE, Grandis JR, Zamboni WC.
Antitumor mechanisms of systemically administered
epidermal growth factor receptor antisense oligonucleotides
in combination with docetaxel in squamous cell carcinoma
of the head and neck. Mol Pharmacol. 2008; 73:627—638.

Bernier J, Bentzen SM, Vermorken JB. Molecular
therapy in head and neck oncology. Nat Rev Clin Oncol.
2009; 6:266-277.

Vermorken JB, Trigo J, Hitt R, Koralewski P,
Diaz-Rubio E, Rolland F, Knecht R, Amellal N, Schueler A,
Baselga J. Open-label, uncontrolled, multicenter phase 11
study to evaluate the efficacy and toxicity of cetuximab
as a single agent in patients with recurrent and/or meta-
static squamous cell carcinoma of the head and neck who
failed to respond to platinum-based therapy. J Clin Oncol.
2007; 25:2171-2177.

Cohen EE, Kane MA, List MA, Brockstein BE, Mehrotra B,
Huo D, Mauer AM, Pierce C, Dekker A, Vokes EE. Phase II
trial of gefitinib 250 mg daily in patients with recurrent
and/or metastatic squamous cell carcinoma of the head and
neck. Clin Cancer Res. 2005; 11:8418-8424.

Hitt R, Ciruelos E, Amador ML, Benito A, Sanchez JJ,
Ballestin C, Cortes-Funes H. Prognostic value of the
epidermal growth factor receptor (EGRF) and p53 in
advanced head and neck squamous cell carcinoma patients
treated with induction chemotherapy. Eur J Cancer. 2005;
41:453-460.

Rabinowits G, Haddad RI. Overcoming resistance to EGFR
inhibitor in head and neck cancer: a review of the literature.
Oral Oncol. 2012; 48:1085-1089.

Caputo A, Caci E, Ferrera L, Pedemonte N, Barsanti C,
Sondo E, Pfeffer U, Ravazzolo R, Zegarra-Moran O,
Galietta LJ. TMEM16A, a membrane protein associated
with calcium-dependent chloride channel activity. Science.
2008; 322:590-594.

Schroeder BC, Cheng T, Jan YN, Jan LY. Expression
cloning of TMEMI16A as a calcium-activated chloride
channel subunit. Cell. 2008; 134:1019-1029.

Yang YD, Cho H, Koo JY, Tak MH, Cho Y, Shim WS,
Park SP, Lee J, Lee B, Kim BM, Raouf R, Shin YK, Oh U.
TMEMI16A confers receptor-activated calcium-dependent
chloride conductance. Nature. 2008; 455:1210-1215.

Gomez-Pinilla PJ, Gibbons SJ, Bardsley MR, Lorincz A,
Pozo MJ, Pasricha PJ, van de Rijn M, West RB, Sarr MG,
Kendrick ML, Cima RR, Dozois EJ, Larson DW, et al.
Anol is a selective marker of interstitial cells of Cajal in

www.impactjournals.com/oncotarget

9186

Oncotarget



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

the human and mouse gastrointestinal tract. Am J Physiol
GastrointestLiver Physiol. 2009; 296:G1370-G1381.

Huang F, Zhang H, Wu M, Yang H, Kudo M, Peters CJ,
Woodruff PG, Solberg OD, Donne ML, Huang X,
Sheppard D, Fahy JV, Wolters PJ, et al. Calcium-activated
chloride channel TMEM16A modulates mucin secretion and
airway smooth muscle contraction. ProcNatlAcadSciUSA.
2012.

Huang F, Rock JR, Harfe BD, Cheng T, Huang X,
Jan YN, Jan LY. Studies on expression and function
of the TMEMI16A calcium-activated chloride channel.
ProcNatlAcadSciUSA. 2009; 106:21413-21418.

Hwang SJ, Blair PJ, Britton FC, O’Driscoll KE, Hennig G,
Bayguinov YR, Rock JR, Harfe BD, Sanders KM,
Ward SM. Expression of anoctamin I/TMEMI16A by
interstitial cells of Cajal is fundamental for slow wave
activity in gastrointestinal muscles. JPhysiol. 2009;
587:4887-4904.

Manoury B, Tamuleviciute A, Tammaro P. TMEM16A/
anoctamin 1 protein mediates calcium-activated chlo-
ride currents in pulmonary arterial smooth muscle cells.
JPhysiol. 2010; 588:2305-2314.

Cho H, Yang YD, Lee J, Lee B, Kim T, Jang Y, Back SK,
Na HS, Harfe BD, Wang F, Raouf R, Wood JN, Oh U.
The calcium-activated chloride channel anoctamin 1 acts as
a heat sensor in nociceptive neurons. Nat Neurosci. 2012;
15:1015-1021.

Faria D, Rock JR, Romao AM, Schweda F, Bandulik S,
Witzgall R, Schlatter E, Heitzmann D, Pavenstadt H,
Herrmann E, Kunzelmann K, Schreiber R. The calcium-
activated chloride channel Anoctamin 1 contributes
to the regulation of renal function. Kidney Int. 2014;
85:1369-1381.

Zhang CH, Li Y, Zhao W, Lifshitz LM, Li H, Harfe BD,
Zhu MS, Zhuge R. The TMEMI16A Ca2+-activated
Cl- Channel in Airway Smooth Muscle Contributes to
Airway Hyperresponsiveness. AmJRespirCrit Care Med.
2012; 187:374-381.

Sondo E, Caci E, Galietta LJ. The TMEMI16A chloride
channel as an alternative therapeutic target in cystic fibrosis.
Int J Biochem Cell Biol. 2014; 52:73-76.

Forrest AS, Joyce TC, Huebner ML, Ayon RJ, Wiwchar M,
Joyce J, Freitas N, Davis AJ, Ye L, Duan DD, Singer CA,
Valencik ML, Greenwood IA, et al. Increased TMEM16A-
Encoded Calcium-Activated Chloride Channel Activity Is
Associated With Pulmonary Hypertension. AmJPhysiol
Cell Physiol. 2012; 303:C1229-1243.

Ousingsawat J, Mirza M, Tian Y, Roussa E, Schreiber R,
Cook DI, Kunzelmann K. Rotavirus toxin NSP4 induces
diarrhea by activation of TMEM16A and inhibition of Na+
absorption. Pflugers Arch. 2011; 461:579-589.

Tanaka T, Nangaku M. ANO1: an additional key player in
cyst growth. Kidney Int. 2014; 85:1007—1009.

Ayoub C, Wasylyk C, Li Y, Thomas E, Marisa L,
Robe A, Roux M, Abecassis J, de RA, Wasylyk B.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

ANO1 amplification and expression in HNSCC with a high
propensity for future distant metastasis and its functions in
HNSCC cell lines. BrJ Cancer. 2010; 103:715-726.

Berglund E, Akcakaya P, Berglund D, Karlsson F,
Vukojevic V, Lee L, Bogdanovic D, Lui WO, Larsson C,
Zedenius J, Frobom R, Branstrom R. Functional role of the
Ca-activated Cl channel DOG1/TMEMI16A in gastrointes-
tinal stromal tumor cells. Exp Cell Res. 2014; 326:315-325.
Britschgi A, Bill A, Brinkhaus H, Rothwell C, Clay I,
Duss S, Rebhan M, Raman P, Guy CT, Wetzel K, George E,
Popa MO, Lilley S, et al. Calcium-activated chloride chan-
nel ANO1 promotes breast cancer progression by activating
EGFR and CAMK signaling. ProcNatlAcadSciUSA. 2013;
110:E1026-1034.

Duvvuri U, Shiwarski DJ, Xiao D, Bertrand C, Huang X,
Edinger RS, Rock J, Harfe BD, Henson BJ, Kunzelmann K,
Schreiber R, Seethala RR, Egloff AM, et al. TMEM16A,
induces MAPK and contributes directly to tumorigenesis
and cancer progression. Cancer Res. 2012; 72:3270-3281.

Liu W, Lu M, Liu B, Huang Y, Wang K. Inhibition of
Ca(2+)-activated CI(-) channel ANO1/TMEMI16A expres-
sion suppresses tumor growth and invasiveness in human
prostate carcinoma. Cancer Lett. 2012.

West RB, Corless CL, Chen X, Rubin BP, Subramanian S,
Montgomery K, Zhu S, Ball CA, Nielsen TO, Patel R,
Goldblum JR, Brown PO, Heinrich MC, et al. The novel
marker, DOG1, is expressed ubiquitously in gastrointestinal
stromal tumors irrespective of KIT or PDGFRA mutation
status. AmJPathol. 2004; 165:107-113.

LiuJ, Liu Y, Ren Y, Kang L, Zhang L. Transmembrane
protein with unknown function 16A overexpression
promotes glioma formation through the nuclear factorkap-
paB signaling pathway. Mol Med Rep. 2014; 9:1068-1074.

Huang X, Gollin SM, Raja S, Godfrey TE. High-resolution
mapping of the 11q13 amplicon and identification of a gene,
TAOSI, that is amplified and overexpressed in oral cancer
cells. ProcNatlAcadSciUSA. 2002; 99:11369-11374.

Bill A, Hall ML, Borawski J, Hodgson C, Jenkins J,
Piechon P, Popa O, Rothwell C, Tranter P, Tria S,
Wagner T, Whitehead L, Gaither LA. Small Molecule
Facilitated Degradation of ANOI1 - a new Targeting
Approach for Anticancer Therapeutics. J Biol Chem. 2014;
289:11029-11041.

Shiwarski DJ, Shao C, Bill A, Kim J, Xiao D, Bertrand C,
Seethala RR, Sano D, Myers JN, Ha PK, Grandis JR,
Gaither LA, Puthenveedu MA, et al. To “Grow” or “Go”:
TMEMI16A Expression as a Switch between Tumor
Growth and Metastasis in SCCHN. Clin Cancer Res. 2014;
20:4673-4688.

Ruiz C, Martins JR, Rudin F, Schneider S, Dietsche T,
Fischer CA, Tornillo L, Terracciano LM, Schreiber R,
Bubendorf L, Kunzelmann K. Enhanced Expression of
ANOI in Head and Neck Squamous Cell Carcinoma
Causes Cell Migration and Correlates with Poor Prognosis.
PLoSOne. 2012; 7:e43265.

WWw

.impactjournals.com/oncotarget

9187

Oncotarget



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Shi ZZ, Shang L, Jiang YY, Hao JJ, Zhang Y, Zhang TT,
Lin DC, Liu SG, Wang BS, Gong T, Zhan QM, Wang MR.
Consistent and differential genetic aberrations between
esophageal dysplasia and squamous cell carcinoma detected
by array comparative genomic hybridization. ClinCancer
Res. 2013; 19:5867-5878.

Bill A, Popa MO, van Diepen MT, Gutierrez A,
Lilley S, Velkova M, Acheson K, Choudhury H,
Renaud NA, Auld DS, Gosling M, Groot-Kormelink PJ,
Gaither LA. Variomics screen identifies the reentrant
loop of the calcium-activated chloride channel ANOI1
that facilitates channel activation. J Biol Chem. 2014;
290:889-903.

Coker KJ, Staros JV, Guyer CA. A kinase-negative
epidermal growth factor receptor that retains the capacity
to stimulate DNA synthesis. Proc Natl Acad Sci U S A.
1994; 91:6967-6971.

Heukers R, Vermeulen JF, Fereidouni F, Bader AN,
Voortman J, Roovers RC, Gerritsen HC, van Bergen En
Henegouwen PM. Endocytosis of EGFR requires its kinase
activity and N-terminal transmembrane dimerization motif.
J Cell Sci. 2013; 126:4900—4912.

Bill A, Schmitz A, Albertoni B, Song JN, Heukamp LC,
Walrafen D, Thorwirth F, Verveer PJ, Zimmer S, Meffert L,
Schreiber A, Chatterjee S, Thomas RK, et al. Cytohesins
are cytoplasmic ErbB receptor activators. Cell. 2010;
143:201-211.

Tomas A, Futter CE, Eden ER. EGF receptor trafficking:
consequences for signaling and cancer. Trends Cell Biol.
2014; 24:26-34.

Zhuang S, Ouedraogo GD, Kochevar IE. Downregulation
of epidermal growth factor receptor signaling by singlet
oxygen through activation of caspase-3 and protein
phosphatases. Oncogene. 2003; 22:4413-4424.

Pedemonte N, Galietta LJ. Structure and Function of
TMEMI16 Proteins (Anoctamins). Physiol Rev. 2014;
94:419-459.

Perez-Cornejo P, Gokhale A, Duran C, Cui Y, Xiao Q,
Hartzell HC, Faundez V. Anoctamin 1 (Tmeml6A)
Ca2+-activated
interacts with an ezrin-radixin-moesin
ProcNatlAcadSciUSA. 2012; 109:10376-10381.
Terashima H, Picollo A, Accardi A. Purified TMEM16A is
sufficient to form Ca2+-activated Cl- channels. Proc Natl
Acad Sci U S A. 2013; 110:19354-19359.

chloride channel stoichiometrically

network.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Tian Y, Kongsuphol P, Hug M, Ousingsawat J, Witzgall R,
Schreiber R, Kunzelmann K. Calmodulin-dependent activa-
tion of the epithelial calcium-dependent chloride channel
TMEMI16A. FASEB, J. 2011; 25:1058-1068.

Vocke K, Dauner K, Hahn A, Ulbrich A, Broecker J,
Keller S, Frings S, Mohrlen F. Calmodulin-dependent
activation and inactivation of anoctamin calcium-gated
chloride channels. J Gen Physiol. 2013; 142:381-404.

Jura N, Endres NF, Engel K, Deindl S, Das R, Lamers MH,
Wemmer DE, Zhang X, Kuriyan J. Mechanism for
activation of the EGF receptor catalytic domain by the jux-
tamembrane segment. Cell. 2009; 137:1293-1307.

Hubbard SR. Juxtamembrane autoinhibition in receptor
tyrosine kinases. Nat Rev Mol Cell Biol. 2004; 5:464—471.

Sengupta P, Bosis E, Nachliel E, Gutman M, Smith SO,
Mihalyne G, Zaitseva I, McLaughlin S. EGFR juxtamem-
brane domain, membranes, and calmodulin: kinetics of their
interaction. Biophys, J. 2009; 96:4887-4895.

Zhang X, Pickin KA, Bose R, Jura N, Cole PA, Kuriyan J.
Inhibition of the EGF receptor by binding of MIG6 to
an activating kinase domain interface. Nature. 2007;
450:741-744.

Martin-Nieto J, Villalobo A. The human epidermal growth
factor receptor contains a juxtamembrane calmodulin-
binding site. Biochemistry. 1998; 37:227-236.

Jin X, Shah S, Liu Y, Zhang H, Lees M, Fu Z, Lippiat JD,
Beech DJ, Sivaprasadarao A, Baldwin SA, Gamper N.
Activation of the Cl- Channel ANO1 by Localized Calcium
Signals in Nociceptive Sensory Neurons Requires Coupling
with the IP3 Receptor. SciSignal. 2013; 6: ra73.

Shan Y, Eastwood MP, Zhang X, Kim ET, Arkhipov A,
Dror RO, Jumper J, Kuriyan J, Shaw DE. Oncogenic
mutations counteract intrinsic disorder in the EGFR
kinase and promote receptor dimerization. Cell. 2012;
149:860-870.

Michaloglou C, Lehmann W, Martin T, Delaunay C,
Hueber A, Barys L, Niu H, Billy E, Wartmann M, Ito M,
Wilson CJ, Digan ME, Bauer A, et al. The tyrosine phos-
phatase PTPN14 is a negative regulator of YAP activity.
PLoS One. 2013; 8:¢61916.

Mellacheruvu D, Wright Z, Couzens AL, Lambert JP,
St-Denis NA, Li T, Miteva YV, Hauri S, Sardiu ME, Low TY,
Halim VA, Bagshaw RD, Hubner NC, et al. The CRAPome:
a contaminant repository for affinity purification-mass spec-
trometry data. Nat Methods. 2013; 10:730-736.

www.impactjournals.com/oncotarget

9188

Oncotarget



