
UCSF
UC San Francisco Previously Published Works

Title
TMEM16A controls EGF-induced calcium signaling implicated in pancreatic cancer 
prognosis.

Permalink
https://escholarship.org/uc/item/8rp83400

Journal
Proceedings of the National Academy of Sciences of USA, 116(26)

Authors
Crottès, David
Lin, Yu-Hsiu
Peters, Christian
et al.

Publication Date
2019-06-25

DOI
10.1073/pnas.1900703116
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8rp83400
https://escholarship.org/uc/item/8rp83400#author
https://escholarship.org
http://www.cdlib.org/


TMEM16A controls EGF-induced calcium signaling
implicated in pancreatic cancer prognosis
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University of California, San Francisco, CA 94143

Contributed by Lily Yeh Jan, May 10, 2019 (sent for review January 14, 2019; reviewed by Jean-Yves Le Guennec and Anant Parekh)

Pancreatic cancer typically spreads rapidly and has poor survival
rates. Here, we report that the calcium-activated chloride channel
TMEM16A is a biomarker for pancreatic cancer with a poor
prognosis. TMEM16A is up-regulated in 75% of cases of pancreatic
cancer and high levels of TMEM16A expression are correlated with
low patient survival probability. TMEM16A up-regulation is asso-
ciated with the ligand-dependent EGFR signaling pathway. In vitro,
TMEM16A is required for EGF-induced store-operated calcium entry
essential for pancreatic cancer cell migration. TMEM16A also has a
profound impact on phosphoproteome remodeling upon EGF stim-
ulation. Moreover, molecular actors identified in this TMEM16A-
dependent EGFR-induced calcium signaling pathway form a gene set
that makes it possible not only to distinguish neuro-endocrine
tumors from other forms of pancreatic cancer, but also to subdivide
the latter into three clusters with distinct genetic profiles that could
reflect their molecular underpinning.

TMEM16A | calcium-activated chloride channel | pancreatic cancer | EGFR |
store-operated calcium entry

Pancreatic cancer is one of the most aggressive types of cancer,
with a 5-y survival rate close to 6–8% and a strong ability to

rapidly metastasize even before the detection of primary tumors
(1). Pancreatic cancer is projected to become the second leading
cause of cancer death by 2030, so there is an urgent need for new
tools for its diagnosis and treatment (2). While it is well estab-
lished that a core of four common mutations (KRAS, TP53,
SMAD4, CDKN2) is at the origin of pancreatic cancer devel-
opment, the heterogeneity of pancreatic cancer remains an im-
portant challenge to overcome for improving diagnosis and
treatment (1). Therefore, it is important to identify biomarkers
that not only can predict the prognosis of patients with pancre-
atic cancer and provide classification of pancreatic tumors, but
also help with our understanding of their molecular character-
istics and development of treatments.
TMEM16A, also known as ANO1, DOG1, and ORAOV2, is a

calcium-activated chloride channel (CaCC) (3–5) with physio-
logical functions in epithelial tissues, exocrine glands, dorsal root
ganglion neurons, and smooth muscles (6–8). TMEM16A has
also been detected in multiple cancers, including breast cancer,
head and neck squamous cell carcinomas (HNSCC), gastroin-
testinal squamous tumors (GIST), lung cancer, pancreatic can-
cer, and ovarian cancer (9, 10). TMEM16A expression is
associated either with tumor growth and cancer cell prolifera-
tion or cancer cell migration. In breast cancer and HNSCC,
TMEM16A is associated with the EGF receptor (EGFR) sig-
naling pathway. TMEM16A expression and its interaction with
EGFR promote cancer cell proliferation by constitutive phos-
phorylation and activation of EGFR and its downstream sig-
naling pathways (Akt, ERK, and CamK) (11, 12). However, it is
still unclear how TMEM16A regulates EGFR signaling pathways
and whether different types of cancer may involve different
forms of EGFR regulation by TMEM16A.

In pancreatic cancer, the EGFR signaling pathway is involved
in both cancer initiation and the development of metastasis (13,
14). Unlike breast cancer and HNSCC that are associated with
mutations rendering EGFR constitutively active, pancreatic
cancer involves activation of the EGFR signaling pathway by
extracellular ligands such as EGF, TGF-α, or Epiregulin (15–18).
It is therefore important to determine whether TMEM16A
regulates EGFR signaling in pancreatic cancer cells in a manner
that depends on ligand activation of EGFR.
In this study, we show that TMEM16A is a biomarker for

pancreatic cancer with poor prognosis. TMEM16A is up-regulated
in more than 75% of pancreatic cancers and high levels of
TMEM16A expression are correlated with low probability of pa-
tient survival. We then show that this up-regulation of TMEM16A
in pancreatic cancer tissues is positively correlated with an up-
regulation of genes encoding molecular components of the EGFR
signaling pathway. We tested whether TMEM16A regulation
depends on EGFR activation in a pancreatic cancer cell line, and
found that EGFR ligands promote cell migration by stimulating
TMEM16A activity and TMEM16A-dependent store-operated
calcium entry (SOCE), thereby unraveling a role of TMEM16A
as initiator of SOCE. We further show that TMEM16A expres-
sion is required for the EGF-induced remodeling of phospho-
proteome, leading to increased phosphorylation of proteins
associated with EGFR signaling pathways and cell motility.

Significance

Cancer of the pancreas is highly heterogeneous. Improvement
of diagnosis and prognosis requires the discovery of new bio-
markers and new methods of classification. In this study, we
identify TMEM16A calcium-activated chloride channel as a po-
tential key biomarker for pancreatic cancer. We demonstrate
that, through the modulation of chloride homeostasis and the
initiation of a calcium signaling pathway, TMEM16A is an im-
portant regulator of ligand-induced EGFR signaling in pancre-
atic cancer cells. Taken together, our findings establish that
EGF-induced TMEM16A-dependent calcium pathways consti-
tute a gene set sufficient for classification of pancreatic cancer,
and provide inroads for molecular characterization of different
subtypes of pancreatic cancer.

Author contributions: D.C., Y.N.J., and L.Y.J. designed research; D.C., Y.-H.T.L., C.J.P.,
J.M.G., and A.P.W. performed research; D.C., Y.-H.T.L., C.J.P., J.M.G., and A.P.W. analyzed
data; and D.C. wrote the paper.

Reviewers: J.-Y.L.G., Congrès de Physiologie à Montpellier; and A.P., University of Oxford.

The authors declare no conflict of interest.

Published under the PNAS license.
1Present address: Department of Anatomy and Cell Biology, University of Illinois at Chi-
cago, Chicago, IL 60612.

2To whom correspondence may be addressed. Email: Lily.Jan@ucsf.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1900703116/-/DCSupplemental.

Published online June 10, 2019.

13026–13035 | PNAS | June 25, 2019 | vol. 116 | no. 26 www.pnas.org/cgi/doi/10.1073/pnas.1900703116

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1900703116&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:Lily.Jan@ucsf.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900703116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1900703116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1900703116


Finally, building on the classification of pancreatic cancer in dif-
ferent molecular subtypes (19), we show that a group of genes
associated with the EGF-induced TMEM16A-dependent Ca2+

signaling pathway was sufficient to distinguish neuro-endocrine
tumors and classify the remaining pancreatic cancers into three
subtypes, each with a particular molecular signature that can
provide a better understanding of these cancers and help with the
development of more specific therapeutics.

Results
TMEM16A Is Overexpressed in Pancreatic Ductal Adenocarcinoma and
Influences the Overall Survival. To investigate whether TMEM16A
exhibits abnormal expression in human pancreatic cancer sam-
ples, we scrutinized available databases for signs of up-regulation
of TMEM16A protein and mRNA in pancreatic cancer, and
then looked for a correlation between TMEM16A expression
level and overall survival of patients. Examination of data pro-
vided by the Human Protein Atlas (http://www.proteinatlas.org/)
revealed greater expression of TMEM16A protein in 10 pancre-
atic cancer tissues compared with 5 normal pancreas (Fig. 1A
and SI Appendix, Fig. S1A). Whereas lTMEM16A expression is
low in the lumen of acini in normal pancreas, there is a strong
TMEM16A staining in ductal-like epithelial cells and moderate
TMEM16A staining in the surrounding mesenchymal-like cells
in pancreatic cancer tissues (Fig. 1A). Comparison of normalized
RNA-sequencing data of 178 pancreatic cancer from the The
Cancer Genome Atlas (TCGA)-Pancreatic Ductal Adenocarcinoma

Database (PAAD) dataset (19) with 168 normal pancreas from the
Genotype Tissue Expression (GTEx) dataset (20, 21) revealed an
increase of TMEM16A mRNA abundance by 60% (Fig. 1B). There
is also up-regulation of TMEM16A mRNA in pancreatic cancer
compared with normal pancreas in 7 of 12 microarrays available in
the National Center for Biotechnology Information Gene Expres-
sion Omnibus (SI Appendix, Fig. S1B).
By subdividing pancreatic cancer samples into those that up-

regulate TMEM16A expression (“high TMEM16A”) and those
with TMEM16A expression within the range of normal expres-
sion in normal pancreas (“low TMEM16A”) (Fig. 1C), we
looked for correlation with poor prognosis. The overall survival
of patients with pancreatic tumors noted as high TMEM16A is
significantly reduced compared with the overall survival of pa-
tients with pancreatic tumors noted as low TMEM16A (Fig. 1D).
Thus, TMEM16A is up-regulated in the majority of pancreatic
cancer and is associated with poor survival.
TMEM16A overexpression in multiple cancer types is associ-

ated with amplification of the genomic region encompassing the
TMEM16A gene (9, 10). Our mining of the TCGA-related
whole-genome sequencing data revealed that the frequency of
increased copy number of the TMEM16A gene is very low
(∼10%) in pancreatic cancer compared with breast cancer
(BRCA, ∼40%), HNSCC (HNSC ∼40%), and GIST (STAD,
∼30%) (SI Appendix, Fig. S1C), suggesting that mechanisms not
involving gene amplification contribute to the up-regulation of
TMEM16A in pancreatic cancer.
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Fig. 1. TMEM16A/ANO1 mRNA and protein are up-
regulated in pancreatic cancer and associated to an
enrichment of genes involved in EGFR signaling
pathways. (A) Immunohistochemical staining of
TMEM16A protein in normal and cancerous pancre-
atic tissues (data obtained from the Human Protein
Atlas http://www.proteinatlas.org/). (A width, 1 mm; A,
Insets width, 300 μm.) (B) RNA-sequencing measure-
ment of TMEM16A/ANO1 mRNA expression expressed
as log2 transcript per million (TPM) in normal pancreas
and in pancreatic cancer (data obtained from GTEx and
TCGA consortium, respectively). ***P < 0.001. (C) Den-
sity plot of TMEM16A/ANO1 mRNA expression in nor-
mal and cancerous pancreatic tissues. Pancreatic cancer
samples with a normalized log2 value of TMEM16A/
ANO1 mRNA expression superior to 11 were defined as
high TMEM16A. (D) Overall survival probability curve
for patients with pancreatic tumors with low or high
expression of TMEM16A. (E ) Heatmap of DEGs be-
tween pancreatic cancer with low or high TMEM16A
expression (42 and 136 samples, respectively). (F) Rep-
resentation of the ErbB pathway on which genes
(nodes) are mapped with log2(FC) intensity (color) and
negative log10 of adjusted P value (size) obtained from
the differential expression analysis between pancreatic
cancer with low or high TMEM16A expression.
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Up-Regulation of TMEM16A in Pancreatic Cancer Is Associated with
Up-Regulation of Genes in Pancreatic Cancer Signaling and EGFR
Signaling Pathways Including EGFR Ligands. A differential expres-
sion analysis (DEA) between high TMEM16A and low
TMEM16A pancreatic tumors of the TCGA-PAAD revealed
that 8,743 genes of a total of 19,550 genes are differentially
expressed between these two groups; 525 genes are up-regulated
by more than 50%, while 1,700 genes are down-regulated by
more than 50% in the high TMEM16A group of pancreatic tu-
mors (Fig. 1E). Gene Set Enrichment Analysis (GSEA) revealed
that TMEM16A up-regulation in pancreatic cancer is correlated
with several signaling pathways, including the pancreatic ade-
nocarcinoma and EGF/EGFR signaling pathways (Dataset S1).
By mapping the EGFR signaling pathway with the log2 fold-
change [log2(FC)] and the negative log10 of the adjusted P
value [−log10(adj. p.value)] obtained by DEA, we found that
several EGFR ligands showed significant association with the
TMEM16A expression level (Fig. 1F). These results are in
agreement with previous studies demonstrating the association
of TMEM16A expression with the EGFR signaling pathway in
breast cancer and HNSCC (11, 12, 22). Given that the EGFR
signaling pathway in pancreatic cancer relies on the EGFR li-
gands (13, 14) and promotes pancreatic ductal adenocarcinoma
(PDAC) development by regulating acinar-ductal metaplasia,
cancer cell migration, and the occurrence of metastasis (15, 17,
18, 23), our finding suggests that TMEM16A could play an

essential role in ligand-induced EGFR signaling pathway in
pancreatic cancer.

EGF Induces a Transient Calcium Response and Activates CaCC
Channels. Previous investigations of other cancer types have ex-
amined the contribution of TMEM16A to the EGFR signaling
pathway (11, 12). However, it is unknown if TMEM16A could be
modulated by EGFR ligands and how TMEM16A modulates the
EGFR signaling pathway. Here, we asked how EGFR ligands
might affect TMEM16A channel activity in the pancreatic cancer
cell line AsPC-1 with endogenous expression of both TMEM16A
and EGFR. Because TMEM16A is a Ca2+-activated chloride
channel, we used patch-clamp electrophysiology and calcium
imaging to measure the chloride current and intracellular Ca2+

concentration, respectively. A dose-dependent acute application
of EGF induced a transient increase of intracellular Ca2+ con-
centration and an outward-rectifiying chloride current, which
were both inhibited by the TMEM16A blockers benzbromarone
(10 μM), 1PBC (10 μM), and niclosamide (20 μM) (Fig. 2 A and
B and SI Appendix, Fig. S2 A and B), implicating TMEM16A
channel activity in the EGF-induced modulation of Ca2+ ho-
meostasis as well as chloride conductance. Modifying the chlo-
ride electrochemical gradient by substituting chloride with
gluconate ions prevents EGF-induced Ca2+ response, suggesting
the requirement of chloride influx for this response (SI Appendix,
Fig. S2C).
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Erlotinib, an EGFR inhibitor, suppressed the EGF-induced
Ca2+ response (SI Appendix, Fig. S2D). Among various EGFR
ligands and other growth factors we tested, only EGF and TGF-α
generated an increase in the intracellular Ca2+ concentration (SI
Appendix, Fig. S2E). Taken together, these results suggest that
this EGF-induced TMEM16A-dependent Ca2+ response is me-
diated by EGFR. The shRNA knockdown of TMEM16A ex-
pression in AsPC-1 reduced the benzbromarone-sensitive
chloride current (SI Appendix, Fig. S3A), while having moder-
ate or no effect on the total and plasma membrane localized
EGFR expression (SI Appendix, Fig. S3 B and C), although few
complexes of EGFR and TMEM16A could be detected with a
proximity ligation assay (SI Appendix, Fig. S3D). Notably, the
molecular silencing of TMEM16A does not affect EGF endo-
cytosis (SI Appendix, Fig. S3E). Both TMEM16A-deficient cell
lines had a reduced EGF-induced intracellular Ca2+ response
compared with the control cell line (Fig. 2C), thus confirming the
contribution of TMEM16A to the EGF-induced Ca2+ response.
In agreement with a previous report (24), silencing of

TMEM16A reduced AsPC-1 cell motility as well as the persis-
tence of migration (i.e., Euclidian distance) (Fig. 2 D and E).
EGF strongly stimulated both cell motility and the persistence of
migration of AsPC-1 control cells. In shTMEM16A cell lines,
EGF increased the persistence of migration but not the cell
motility, and the extent of increase in persistence was greatly
reduced compared with control AsPC-1 cell line. Altogether,
these data indicate that TMEM16A regulates EGF-independent
migration as well as the promotion of cancer cell migration by
EGF, likely through Ca2+ signaling.

EGF Induces SOCE That Is Dependent on TMEM16A Channel Activity.
EGF can induce transient Ca2+ responses, which are required for
EGFR internalization (25, 26). The EGF-induced Ca2+ response
results from IP3R-mediated Ca2+ release from internal store due
to the generation of IP3 by activated phospholipase-C (PLC).
TMEM16A interacts with IP3R type 1 and can be activated by an
IP3R-mediated release of Ca2+ (27). Moreover, TMEM16A can
also be activated by Ca2+ influx through TRPC6 or ORAI1-
mediated SOCE (8, 28).
To determine the source of Ca2+ mobilization by EGF, we

performed Ca2+ imaging in the presence or absence of extra-
cellular Ca2+. Removal of extracellular Ca2+ led to shortening of
the EGF-induced Ca2+ responses without affecting the ampli-
tude (Fig. 3A), suggesting that the EGF-induced Ca2+ response
in AsPC-1 requires both Ca2+ release from internal store and
Ca2+ influx. We next tested whether this Ca2+ influx resulted
from SOCE. First, EGF was applied in the absence of extracel-
lular Ca2+ to monitor the intracellular Ca2+ release, and then
extracellular Ca2+ level was raised so we could record the Ca2+

influx (Fig. 3A). Surprisingly, both components of the EGF-
induced Ca2+ response were significantly reduced in the ab-
sence of TMEM16A (Fig. 3B), suggesting that TMEM16A
activity regulates the Ca2+ release from internal store as well.
Additionally, TMEM16A expression does not regulate store
Ca2+ content as evidenced by ionomycin-induced Ca2+ release
(SI Appendix, Fig. S4A). Interestingly, we observed that
Thapsigargin-evoked SOCE or ATP-induced P2Y receptor-
dependent intracellular Ca2+ release are moderately or insig-
nificantly reduced in absence of the TMEM16A (SI Appendix,
Fig. S4 C and D), suggesting that TMEM16A does not regulate
IP3-independent SOCE and other PLC-coupled IP3-dependent
SOCE. Thus, the contribution of TMEM16A to EGF-induced
Ca2+ signaling appears to be particular related to the engage-
ment of TMEM16A with EGFR.
SOCE is usually described by the aggregation of STIM1 into

punctae following the depletion of intracellular Ca2+ stores, and
their association with ORAI proteins at the plasma membrane to
form functional Ca2+ channels that mediate Ca2+ influx (29, 30).

A variety of ion channels in the ORAI or TRPC families have
been implicated in SOCE (29, 31, 32). We observed that both the
intracellular Ca2+ release and the SOCE are inhibited by 2-APB,
an inhibitor of ORAI, TRPC, and IP3R channels, while appli-
cation of the selective ORAI inhibitor, GSK7975-A, only inhibits
the SOCE, suggesting that ORAI channels contribute to the
SOCE and IP3R may mediate the release of intracellular Ca2+

following EGF application (SI Appendix, Fig. S4D). An RT-PCR
screen of AsPC-1 cells revealed expression of IP3R, ORAI,
STIM, and most of the TRPC channels except for TRPC7 (SI
Appendix, Fig. S4E). Transfection of AsPC-1 cells with siRNA
targeting ORAI-1 or TRPC-1, two channels particularly well
associated with SOCE, decreased the expression of both proteins
as verified by immunofluorescence (SI Appendix, Fig. S4F). As
expected, knockdown of ORAI-1 or TRPC-1 had moderate
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Fig. 3. EGF induces a SOCE involving ORAI-1 and TRPC1 channels. (A) Rel-
ative Ca2+ influx (F/F0) in AsPC-1 cells treated with EGF (50 ng/mL) in a Ca2+-
free buffer (blue) for 15 min, in a 2 mM Ca2+ buffer (gray) for 15 min or in
Ca2+-free buffer for 10 min followed by a 2 mM Ca2+ buffer for 5 min
(magenta). Data are mean ± SEM from two to four independent experi-
ments regrouping 95–155 cells per condition (t test: ***P < 0.001). (B and C)
Relative Ca2+ influx (F/F0) in control (shCtrl) and TMEM16A-silenced
(shTMEM16A #1, shTMEM16A #2) AsPC-1 cells and in control (siCtrl) or
AsPC-1 silenced for ORAI-1 (siORAI1), TRPC-1 (siTRPC1) treated with EGF
(50 ng/mL) in a Ca2+-free buffer for 10 min and a 2 mM Ca2+ buffer for 5 min.
Boxplots represent the corresponding integrative fluorescence signal ob-
served from three to five independent experiments regrouping 110–284 cells
per condition (t test: ***P < 0.001). (D) EGF-induced cell migration is de-
pendent of ORAI-1 and TRPC1 channels. (Left) Representative 12-h time
lapse tracking plots from control (siCtrl) treated or not with EGF and AsPC-
1 silenced for ORAI-1 (siORAI1), TRPC-1 (siTRPC1) treated with EGF. (Right)
Corresponding histograms quantifying motility parameters (total length and
the Euclidian distance traveled per cell). Values are mean ± SEM recapitulating
the tracking of 23–25 cells (from two to three independent experiments).
(Mann–Whitney test: *P < 0.05, **P < 0.01, ***P < 0.001, N.S. P > 0.05.)
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effect on Ca2+ release from the internal store while causing sig-
nificant reduction of the Ca2+ influx from the extracellular solu-
tion (Fig. 3C). We further tested whether cell migration is affected
by siRNA mediated silencing of SOCE channels. Silencing ORAI-
1 or TRPC-1 had a moderate effect on the overall cell motility and
a stronger effect on the persistence of migration (Fig. 3D).
Taken together, these findings reveal a role for TMEM16A, in

facilitating EGF-induced Ca2+ release from internal store and
the subsequent Ca2+ entry, with significant impact on pancreatic
cancer cell migration.

TMEM16A Regulates EGF-Induced EGFR Phosphorylation. Having
discovered that TMEM16A plays a role in regulating EGF-
induced Ca2+ signaling, we wondered how TMEM16A may
affect the EGFR signaling pathway. Given that inhibition or si-
lencing of TMEM16A in breast cancer and HNSCC cell lines
reduces EGFR constitutive phosphorylation as well as the Akt
and ERK signaling pathways (12, 33), we first tested how si-
lencing TMEM16A may affect EGFR phosphorylation. EGFR
was only weakly phosphorylated in AsPC-1 cells without expo-
sure to EGF (Fig. 4). Acute EGF stimulation of AsPC-1 cells
induced a strong phosphorylation of tyrosine residues Y1016
and Y1092 of EGFR, which were significantly reduced in
shTMEM16A cell lines (Fig. 4). Interestingly, this TMEM16A-
dependent EGFR phosphorylation appears to be upstream of
the SOCE as evidenced by the absence of effects on the phos-
phorylation of Y1092 of EGFR following the depletion of ex-
tracellular Ca2+ or the addition of the SOCE inhibitor 2-APB (SI
Appendix, Fig. S5A). EGF also strongly stimulated the phos-
phorylation of PLC-γ1 (Y783) and Akt (S473), but these effects
were not significantly affected by the silencing of TMEM16A
(Fig. 4). Neither EGF nor TMEM16A silencing affected ERK
phosphorylation (T202/Y204) (Fig. 4). We also observed that
EGF increases the abundance of phosphorylated tyrosine resi-
dues while not affecting the abundance of phosphorylated ser-
ine residues (SI Appendix, Fig. S5 B and C). Interestingly, the
absence of extracellular Ca2+ does not affected phosphorylated
tyrosine and serine residues, whereas 2-APB reduces the
abundance of phosphorylated serine and tyrosine residues (SI Ap-
pendix, Fig. S5 B and C). Thus, the EGF-induced and TMEM16A-
dependent effects on EGFR signaling pathway in pancreatic
cancer cells differ from the TMEM16A-dependent mechanisms
found in other cancers. Moreover, TMEM16A appears to regulate
EGFR activation independently of Ca2+ signaling.

TMEM16A Regulates EGF-Induced Phosphoproteome Remodeling. To
elucidate the TMEM16A contribution to ligand-induced EGFR
signaling in AsPC-1, we performed mass spectrometry for un-
biased global phosphoproteome assessment of control and
TMEM16A-deficient AsPC-1 cell lines in the presence or ab-
sence of EGF stimulation. After normalization and hybrid im-
putation, 5,608 unique phosphorylated residues belonging to
2,281 proteins were observed in all conditions. We calculated the
EGF-induced fold-change [log2(FC)] and the corresponding P
value of the phosphorylation level of each of these residues, and
found significant differences in the pattern of phosphorylation
generated by EGF treatment in AsPC-1 cells with or without
TMEM16A (Fig. 5A and Dataset S2). Interestingly, silencing of
TMEM16A alone partially mimics the EGF-induced phosphor-
ylation observed in control cells.
EGF treatment significantly altered phosphorylation of

607 peptides in control and 639 peptides in shTMEM16A cells,
respectively. However, only 17% (103) of these peptides are al-
tered in both conditions (Fig. 5B). Interestingly, 40% (248) of
those peptides altered by EGF in control cells are also affected
by TMEM16A silencing alone (Fig. 5B). These observations still
hold true when we separately examined peptides that were
significantly up-regulated or down-phosphorylated upon EGF

treatment (SI Appendix, Fig. S5 D and E). In contrast to the weak
correlation (R2 = 8.1 × 10−5) between EGF-induced fold-change
in shTMEM16A cells and the EGF-induced fold-change in
control cells, there is a stronger correlation (R2 = 0.36) between
the EGF-induced fold-change in control cells and the fold-
change caused by silencing TMEM16A (Fig. 5 C and D). These
results suggest that silencing TMEM16A partially mimics the
EGF-induced remodeling of the phosphoproteome. As a result,
EGF stimulation of control or shTMEM16A AsPC-1 cells will
have dramatically different effects.
Examination of 10 different phosphorylated sites on EGFR

protein revealed that EGF-induced phosphorylation of these
sites was not fully abrogated by TMEM16A silencing, indicating
that TMEM16A modulates the pattern of phosphorylation in-
duced by EGF rather than EGFR activation (SI Appendix, Fig.
S5F). Unlike Western blot using phosphospecific antibodies
(Fig. 4), we could not detect alteration of the EGF-induced
phosphorylation of EGFR Y1092 by TMEM16A silencing (SI
Appendix, Fig. S5F), nor could we detect EGF-induced phos-
phorylation of EGFR Y1016 or Akt, likely indicative of technical
limitations of our phosphoproteome approach. In agreement
with results obtained in Western blot (Fig. 4), the EGF-induced
phosphorylation of ERK and PLC-γ1 were not significantly al-
tered by TMEM16A silencing (SI Appendix, Fig. S5 G and H).
Thus, whereas mass spectrometry revealed massive remodeling
of the phosphoproteome of AsPC-1 upon EGF addition, West-
ern blot with phosphospecific antibodies may be a more sensitive
assay for a particular site of phosphorylation.

TMEM16A Supports EGF-Induced Phosphorylation of Proteins
Associated with EGFR Signaling and Cell Motility. Monitoring
changes of the phosphorylation status of proteins associated with
a signaling pathway or a biological process could help us better
understand how TMEM16A contributes to EGF signaling. To
analyze the EGF-induced phosphorylation changes of biological
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processes, such as the EGFR signaling pathway [gene ontology
(GO):0007173] and cell motility (GO:0048870), we generated
lists of peptides that showed significant increase or decrease in
phosphorylation induced by EGF treatment in control and
TMEM16A-deficient AsPC-1 cell lines, as well as lists of pep-
tides that showed significant increase or decrease in phosphor-
ylation resulting from shTMEM16A knockdown compared with
control cell lines. With these lists, we calculated the global av-
erage of the log2(FC) induced by either EGF or shTMEM16A

for peptides associated with either the EGFR signaling pathway
or cell motility.
In a control AsPC-1 cell line, EGF globally induced a strong

up-phosphorylation of peptides associated with EGFR signaling
pathway and cell motility (Fig. 5 E–G). Interestingly, in the
shTMEM16A cell line, EGF did not change the phosphorylation
of peptides associated with the EGFR signaling pathway; how-
ever, it decreased the phosphorylation of those peptides associ-
ated with cell motility. In addition, silencing of TMEM16A induced
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Fig. 5. TMEM16A regulates EGF-induced EGFR signaling pathways. Phosphoproteomics of control (shCtrl) and TMEM16A-silenced (shTMEM16A #1) AsPC-
1 cells in the presence or absence of EGF (50 ng/mL) for 30 min show a TMEM16A-dependent regulation of EGF-induced EGFR signaling. Log2 values were
calculated from data obtained in three independent experiments. (A) Heatmap of phosphorylated peptides differentially phosphorylated in EGF-treated cells.
(B) Venn diagram representing the overlap of significantly altered phosphorylated peptides when comparing control cells treated by EGF with control cells
treated by vehicle (shCtrl+EGF/shCtrl), TMEM16A-deficient cells treated with EGF and TMEM16A-deficient cells treated with vehicle (shTMEM16A+EGF/
shTMEM16) and when comparing TMEM16A-deficient cells and control cells (shTMEM16A/shCtrl). (C and D) Correlation plot showing the log2(FC) induced by
EGF in TMEM16A-deficient cells and the log2(FC) of TMEM16A-deficient cells over control cells as a function of the log2(FC) induced by EGF in control cells. (E)
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Heatmap of the log2 (FC) intensity of phosphorylated peptides associated with EGFR signaling pathway (GO:0007173) and cell motility (GO:0048870) between
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a global reduction of phosphorylation of both groups of peptides in
cells with or without exposure to EGF, in contrast to the EGF-
induced increase of phosphorylation observed in control cells.
Altogether, phosphoproteome analyses of AsPC-1 with or

without TMEM16A indicate that, whereas EGF normally strongly
promotes the phosphorylation of various sites of proteins associated

with EGFR signaling pathway or cell motility, the absence of
TMEM16A expression causes a reduction of basal phosphory-
lation of these peptides as well as EGF-induced de-phosphorylation
of these sites. These results are in agreement with what we have
found regarding the role of TMEM16A on the EGFR signaling
pathway and on the EGF-induced cell motility.
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Fig. 6. Classification of pancreatic cancer samples into four clusters using EGF-induced TMEM16A-dependent Ca2+ signaling genetic signature. Genes in-
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TGFA, EGFR, ORAI1, TRPC1, STIM1, ITPR1, ITPR2, ITPR3). (A) Enrichment of the gene set by the addition of 10 of their closet interactors (confidence = 0.8) using
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analysis between pancreatic cancer with low or high TMEM16A expression. (B) Determination of the optimal number of clusters using “NbClust” package on
the transcriptomic data obtained from the TCGA-PAAD dataset and restricted to our gene set defined in A. (C) PCA representation of pancreatic cancer
samples from TCGA-PAAD dataset restricted to our gene set mRNA expression and mapped with the unsupervised K-means clusterization of these samples
into three clusters. (D) Kaplan–Meier survival of patients according their classification into three clusters defined in B. (E) Histogram representing the dis-
tribution of TCGA-PAAD samples according the histopathological subtypes defined (19) and in function of clusters defined in C. (F) Determination of the
optimal number of clusters using “NbClust” package on the transcriptomic data obtained from the TCGA-PAAD dataset removed from PNET-associated
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associated samples restricted to our gene set mRNA expression and mapped with the unsupervised K-means clusterization of these samples into three clusters.
(H) Kaplan–Meier survival of patients according their classification into three clusters defined in F. (I) Using the TCGA-PAAD dataset cleared from PNET-
associated samples, the ranked list of DEGs for each cluster (obtained by DEA comparing each cluster against two others) was submitted to the GSEA and then
visualized as network with the EnrichmentMap app of Cytoscape (FDR P < 0.01). Nodes represent each gene set/GO functions. Node size represents the
number of genes in each gene set/GO. One color was applied for each cluster to gene set/GO that conditionally have a normalized enrichment score (NES)
value > 1 in this cluster and a NES value < 1 in two others.
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TMEM16A as a Biomarker of Pancreatic Cancer. We have identified
TMEM16A as a central player in EGF/TGF-α–induced EGFR-
dependent Ca2+ signaling involving ORAI-1, TRPC-1, and likely
STIM-1 and IP3R Ca2+ channels. This Ca2+ signaling pathway
regulates EGF-induced cancer cell migration and could poten-
tially be involved in the spreading of pancreatic cancer cells.
Because high TMEM16A expression is correlated with poor
prognosis, we reasoned that this group of proteins could: (i)
serve as a signature of aggressive pancreatic cancer, and (ii)
provide a classification of pancreatic cancer into different sub-
sets that may increase our understanding of molecular processes
involved in each subset of pancreatic cancer.
Analyses of genomic or transcriptomic data have led to the

classification of pancreatic ductal adenocarcinoma into two to
four different subtypes (19, 34–36). Here, we applied our analysis
to all samples of pancreatic tumors made available by TCGA,
including nonadenocarcinoma pancreatic tumors to avoid re-
striction of our analysis to a particular cancer type (Dataset S3).
We enriched our group of selected proteins by adding 10 of

their closest interactors (confidence = 0.8) by using the String
App from Cytoscape to provide a more robust gene set (Fig. 6A).
From the TCGA-PAAD dataset, we isolated only the tran-
scriptomic measure of the expression of those genes involved in
the EGF-induced TMEM16A-dependent signaling pathway. We
determined three as the optimal number of clusters in our re-
stricted dataset using NbClust package (Fig. 6B) and performed
principal component analysis (PCA) (Fig. 6C).
The Kaplan–Meier overall survival analysis of these different

clusters revealed that the groups of genes we chose is sufficient
to isolate a subset of surviving patients and to differentiate two
other clusters based on their overall survival (Fig. 6D). Accord-
ing to the histopathological classification (19), samples in cluster
2 are exclusively pancreatic neuroendocrine tumors (PNET).
The other clusters regroup a mix of various pancreatic cancer
types (Fig. 6E and Dataset S3).
Thus, this group of genes is sufficient for differentiating PNET

from other pancreatic cancers. To test the possibility that PNET
as a particular group of pancreatic cancer may have obscured
other subsets of pancreatic cancer, we removed these samples
from our dataset and determined the optimal number of clusters.
Surprisingly, we found that three is still the optimal number of
clusters from the restricted dataset without PNET (Fig. 6 F and
G). However, clustering of this restricted dataset into three
clusters does not provide significant differences on the overall
survival of the different groups (Fig. 6H). To understand the
molecular signature of these clusters, we performed a DEA of
each of these clusters against each of the other two clusters,
followed by a GSEA on the ranked list of differentially expressed
genes (DEG). We graphically represented significant GO func-
tions [false-discovery rate (FDR) < 0.01)] using the Enrich-
mentMap app of Cytoscape (Fig. 6I).
Interestingly, we observed that samples from cluster 1 are

enriched in GO functions associated with immunity, ion chan-
nels, cell migration, phospholipid signaling, and integrins, sug-
gesting that pancreatic cancer belonging to this cluster could be
potentially more aggressive or more prone to immune cell in-
filtration (Fig. 6I). The enrichment of these samples in GO
functions associated with ion channels could suggest an impor-
tant involvement of this particular group of proteins in pancre-
atic cancer development and provides a new reservoir of
therapeutic target to validate. Samples belonging to cluster 2 are
enriched in GO functions associated with cell cycle, RNA pro-
cessing, metabolism, and mitochondria, suggesting that these
pancreatic tumors may have undergone metabolic changes as-
sociated with mitochondrial dysfunction (Fig. 6I). Samples from
cluster 3 are enriched in GO functions associated with DNA pro-
cessing, epithelial cell differentiation, and metabolism, suggesting

that these tumors may have gone through epithelial differentiation
and accumulated aberrant mutations (Fig. 6I).

Discussion
Pancreatic cancer is heterogeneous; classification via biomarkers
helps in better understanding of the etiology and possible
treatment of different subtypes of pancreatic cancer. In the
TCGA-PAAD dataset, the mRNA encoding TMEM16A is up-
regulated in 75% of pancreatic cancer compared with the ex-
pression level observed in normal pancreas analyzed by the
GTEx consortium. This up-regulation is also observed at the
protein level in the collection of tissues of the Human Protein
Atlas. At the clinical level, up-regulation of TMEM16A is as-
sociated with a poor prognosis, underscoring the significance of
TMEM16A involvement in pancreatic cancer. Our findings,
taken together with previous observations of up-regulation of
TMEM16A in different cancers, such as breast cancer, HNSCC,
or GIST, supports the notion that TMEM16A facilitates onco-
genesis (9). Whereas our finding of a correlation between
TMEM16A expression and the overrepresentation of genes as-
sociated with the EGFR signaling pathway is in agreement with
previous reports describing the role of TMEM16A on the EGFR
signaling pathway in breast cancer and HNSCC cell lines (11,
12), we found that EGFR ligands are up-regulated in pancreatic
tumors with up-regulation of TMEM16A. Consistent with the
ligand-dependent EGFR signaling in pancreatic cancer (13, 14,
17), our findings of EGFR ligand up-regulation as well as
EGF-induced and TMEM16A-dependent EGFR signaling high-
lights the unique aspect of TMEM16A contribution to ligand-
dependent EGFR signaling in pancreatic cancer.
While the contribution of TMEM16A to EGFR activation and

associated-signaling pathways has been investigated in other
cancers (11, 12), the nature of the molecular mechanism asso-
ciating TMEM16A to EGFR remains an open question. Here,
our investigation using a pancreatic cancer cell line, AsPC-1, has
revealed that ligand-induced activation of the EGFR signaling
pathway induces TMEM16A-dependent chloride current, as well
as a Ca2+ response due to SOCE. Thus, the regulation of chlo-
ride and calcium homeostasis by TMEM16A appears to be a
critical parameter during ligand-induced EGFR signaling in
pancreatic cancer cells. We found that ORAI-1 and TRPC-1 are
involved in the Ca2+ influx and that IP3R probably controls the
Ca2+ release from internal store. Pharmacological inhibition of
TMEM16A channel activity or molecular silencing of TMEM16A
reduces both Ca2+ responses. Additionally, using a proximity
ligation assay, we observed an interaction between TMEM16A
and EGFR in AsPC-1.
Involvement of TMEM16A in Ca2+ release from internal store

in pancreatic cancer cells is unexpected. Previous studies have
identified TMEM16A as a downstream effector that can be ac-
tivated by Ca2+ either through release from the internal store or
influx of Ca2+ from extracellular media (8, 27, 28, 37, 38). This
has led to the suggestion that TMEM16A is activated by IP3R-
mediated Ca2+ release from the internal store, and then SOCE is
initiated by the depletion of intracellular Ca2+ stores to sustain
TMEM16A activity by refilling Ca2+ stores to sustain IP3R-
mediated Ca2+ release (37). Our finding that TMEM16A activ-
ity itself regulates Ca2+ release from the internal store thus
unveils a role for TMEM16A by positioning it upstream of the
activation of IP3R as an initiator of the SOCE. In addition, our
findings that TMEM16A does not contribute to IP3-independent
or P2Y-related IP3-dependent SOCE suggest that the role of
TMEM16A on EGF-induced SOCE could be explained by its
proximity with EGFR.
Phospholipids could be a link between TMEM16A activity and

this upstream role of TMEM16A in EGFR signaling. EGFR
activation has been associated with PLC activation, PIP2 cleav-
age, and IP3 release to drive Ca2+ release from the internal store
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and promote EGFR endocytosis (26, 39). EGFR phosphoryla-
tion is also sensitive to the presence of PIP2 (40). Recent studies
reveal that TMEM16A-mediated chloride homeostasis enhances
PIP2 clustering at the plasma membrane (41). PIP2 could also
modulate TMEM16A activity by preventing its rundown or de-
sensitization (41–44). Given these findings, we hypothesize that
TMEM16A interacts with EGFR and promotes EGFR locali-
zation into PIP2-rich microdomains at the plasma membrane,
thereby facilitating the local release of IP3 in response to EGFR-
induced PLC activation to induce Ca2+ release from internal
store and SOCE. This proposed mechanism will create a positive
feedback loop, sustaining TMEM16A activity, PIP2 clustering
and IP3 release, to boost the Ca2+ signaling and chloride current.
Future investigations will be required to validate this hypothesis.
We found that TMEM16A involvement in pancreatic cancer

differs from the known role of TMEM16A in other cancers. In
breast cancer and HNSCC cells, TMEM16A regulates EGFR
phosphorylation and the activation of its downstream signaling
pathways, such as Akt, ERK, and CamKII, and TMEM16A and
EGFR expression were positively correlated (11, 12). Here, by
Western blot and phosphoproteomics analysis, we found that
silencing of TMEM16A modifies the pattern of EGF-induced
phosphorylation of EGFR without affecting Akt or ERK phos-
phorylation. At the global level, TMEM16A expression strongly
promotes the phosphorylation of proteins associated with EGF-
induced EGFR signaling pathways and cell motility. In addition,
we found that silencing TMEM16A does not significantly affect
EGFR expression or its trafficking to the plasma membrane.
Thus, notwithstanding the contribution of TMEM16A to EGFR
activation to many cancer types, the downstream effects appear
to be cancer-dependent, underscoring the importance of in-
vestigating the unusual ligand-induced and TMEM16A-
dependent EGFR-signaling in pancreatic cancer. Interestingly,
we found that TMEM16A-dependent EGFR phosphorylation is
independent of the SOCE while SOCE inhibition could modify
the global pattern of phosphorylation induced by EGF. This
indicates that TMEM16A-dependent Ca2+ signaling does not
support EGFR activation but is important for mediating EGF-
induced remodeling of the phosphoproteome. To which extent
EGF-induced SOCE contributes to the remodeling phospho-
proteome remains to be investigated. Previous reports indicate
that TMEM16A regulates EGFR activation through its chlo-
ride channel activity. Here, we ruled out the possibility of a
Ca2+-dependent feedback regulation initiated by TMEM16A
chloride channel activity. Future investigations will be re-
quired to elucidate the underlying molecular mechanism by
which TMEM16A regulates EGFR activation.
We also observed that silencing of TMEM16A led to

remodeling of the phosphoproteome of AsPC-1 that is reminis-
cent of EGF-induced phosphorylations. This finding could be
indicative of a repressive role of TMEM16A that prevents tar-
gets of the EGFR signaling pathway from being phosphorylated
in the absence of EGFR ligands. By maintaining a low level of
phosphorylation of these targets in the absence of EGFR li-
gands, TMEM16A activity preserves the amplitude of the cel-
lular response to EGF and the associated genetic reprogramming
so as to enhance the signal above the background.
Recent genomic investigations have proposed several classifi-

cations of pancreatic cancer (19, 34–36). These classifications
greatly improve our understanding of pancreatic cancer devel-
opment and evolution, but they focus primarily on PDAC, the
major form of pancreatic cancer. Here, in an attempt to examine
the clinical relevance of the TMEM16A-dependent EGFR-induced
Ca2+ signaling pathway characterized in vitro in AsPC-1, we fo-
cused on molecules identified in this pathway as a specific gene set,
and we examined transcriptional data available for this gene set to
classify patients into several groups. Unexpectedly, this small gene
set was sufficient to distinguish neuro-endocrine tumors from other

pancreatic cancers and to identify three clusters in the remaining
pancreatic tumors with distinct genetic profiles that could reflect
their molecular underpinning. Further characterizations of pan-
creatic cancers belonging to each of these clusters will: (i) help us
better understand the contribution of the TMEM16A-dependent
EGFR-induced Ca2+ signaling in each cluster, (ii) validate and
improve this classification, (iii) improve our understanding of the
inherent variability and heterogeneity of pancreatic cancers, and
(iv) facilitate the development of therapeutic strategies with specific
targeting of pancreatic cancers based on the molecular signature of
the cluster they belong.
In summary, our study reveals a role of TMEM16A in EGFR-

related signaling pathways of pancreatic cancer cells through the
regulation of both chloride and calcium homeostasis. This signal-
ing pathway that depends on both EGF ligands and TMEM16A
activity provides a tool to improve the clinical classification of
pancreatic tumors.

Materials and Methods
Reagents and Cell Culture. All materials, chemicals, drugs, and antibodies used
in this paper are listed in Dataset S4. The AsPC-1 cell line was purchased from
ATCC (CRL-1682) and cultured as recommended by the manufacturer.
Briefly, cells were maintained in a RPMI medium 1640 supplemented with
FBS 10% and Penicillin/Streptomycin.

shRNA and siRNA. Lentiviral particles were obtained from the University of
California, San Francisco Viracore using pLKO.1 plasmids purchased from GE
Dharmacon. On day 1, AsPC-1 cells were plated in a six-well plate at a density
of 20,000 cells per well in complete medium. On day 2, mediumwas removed,
and cells were incubated in complete medium containing 8 μg/mL of hex-
adimethrin bromide (Millipore Sigma) and transduced at a multiplicity of
infection of 5. Clones RHS6848 (nontarget shRNA) and TRCN0000040265 and
TRCN0000040263 (shTMEM16A targeted) were used for transduction. On
day 4, puromycin (0.5 mg/mL) was added in fresh medium to start selection
of transduced cells. siRNA targeting ORAI-1 or TRPC-1 were obtained from
GE Dharmacon. On day 1, AsPC-1 cells were plated in a six-well plate at a
density of 20,000 cells per well in complete medium. On day 2, medium was
removed, and cells were tranfected with 50 nM of siRNA of interest in
complete medium using JetPrime siRNA transfection protocol (Polyplus). On
day 3, transfected AsPC-1 were trypsinized and plated either on coverslips or
on 35-mm dishes.

Electrophysiology/Patch-Clamp. Cells were trypsinized and plated on cover-
slips for 2 h. Then, coverslips were transferred to a recording chamber on a
Nikon-TE2000 Inverted Scope (Nikon Instruments). The external solution was
a physiological saline solution (PSS): 150 mM NaCl, 4 mM KCl, 1 mM MgCl2,
2 mM CaCl2, 10 mM Hepes, 10 mM D-glucose (pH adjusted at 7.3 with HCl,
295 mOsm/L). Patch borosilicate pipettes (Sutter Instrument) were pulled
from a Sutter P-97 puller with resistances of 3–5 MΩ for whole-cell record-
ings. Internal recording solution was: 5 mM NaCl, 140 mM KCl, 1 mM MgCl2,
10 mM Hepes, 10 mM D-glucose (pH adjusted to 7.2 using HCl, 290 mOsm/L)
completed with either a combination of CaCl2 0.85 mM and EGTA 1 mM or a
combination of CaCl2 0.035 mM and EGTA 0.1 mM to achieve a final in-
tracellular calcium concentration of 1 or 0.1 μM respectively. All experiments
were performed at room temperature (22–24 °C). EGF and benzbromarone
were added to the external solution, which were then administered at the
vicinity of the cell selected for recording via a VC3-8xP pressurized perfusion
system (ALA Science). Data were acquired using a Multiclamp 700B amplifier
controlled by Clampex 10.2 via Digidata 1440A (Axon Instruments). A ramp
protocol ranging from −100 to +100 mV in 2 s was applied from a holding of
0 mV. All data were analyzed using pClamp10 (Molecular Devices) and R.

Calcium Imaging. Forty-eight hours before the experiment, subconfluent cells
were trypsinized and plated in 35-mm plastic dishes. A day before experi-
ment, media was replaced by a serum-free media and subject to an overnight
(16–20 h) incubation. On the day of the experiment, cells were washed with
PBS 1× and then loaded with 5 μM calcium-sensitive dye Fluo-8 (AAT Bio-
quest) at 37 °C for 35 min in a PSS containing: 150 mM NaCl, 4 mM KCl, 1 mM
MgCl2, 2 mM CaCl2, 10 mM Hepes, and 10 mM D-glucose. Cells were then
washed twice in PSS and incubate in PSS solution for 3 min before acquisi-
tion. For conditions requiring the depletion of extracellular calcium (PSS
0Ca), calcium chloride was omitted in the PSS preparation and EGTA 0.1 mM
was added to chelate the residual calcium. For all solutions, pH was adjusted
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to 7.3 (295 mOsm/L). For drugs testing or changing the solution, an equal
volume of a 2× concentrated compound of interest (prepared in PSS) was
added to the dish. Fluorescence was acquired using a Nikon TE2000 inverted
scope equipped with a thermostated chamber at 37 °C (Okolab), a CoolSnap
HQ2 camera (Photometrics), a combination of dichroic cube, excitation and
emission filters at 488 and 515 nm (SemRock), and a XCite Lamp (Excelitas
Tech). Images were acquired every 3 s for 15 min. Fluorescence intensity of
individual cells was obtained by defining a region-of-interest for each indi-
vidual cell, substracting the background fluorescence and normalizing to the
fluorescent intensity measured in the first image. All image processing was
performed using ImageJ Software (NIH).

Time-Lapse Imaging. Forty-eight hours before the experiment, subconfluent
cells were trypsinized and plated at low confluence (5,000 cells per well) in a
12-well plate. On the day of experiments, media was changed 1 h the be-
ginning of experiments. Time-lapse series were recorded using a Nikon
TE2000 inverted microscope equipped with a thermostated chamber at 37 °C
(Okolab), a CoolSnap HQ2 camera (Photometrics). Acquisition was per-
formed over a 12-h period with an image every 5 min and two images per
field. Cells were imaged every 10 min. For tracking cells, 12 individual cells in
each field were manually tracked using the MTrack2 plugin of ImageJ/Fiji.
For measuring cell migration, total and Euclidian distance traveled from
each cells were measured.

Phosphoproteomics. Forty-eight hours before the experiment, subconfluent
cells were trypsinized and plated in 150-mm dishes (one for each condition).
The day before the experiment, media was replaced by a serum-free media
and subjected to overnight (16–20 h) incubation. On the day of the exper-

iment, cells were treated in the presence or absence of EGF (50 ng/mL) for
30 min. Then, cells were washed in cold PBS and lysed in a solution con-
taining 8 M urea, 0.1 M Tris pH 8.5, 40 mM 2-CAA, 10 mM TCEP, and 1× HALT
protease/phosphate inhibitors. Collected lysates were immediately frozen on
dry ice and stored in −80 °C while waiting for next steps. Lysates were
sonicated, digested overnight with trypsin 1:50 (wt/wt) enzyme-to-substrate
ratio, desalted and enriched for phosphopeptides using Fe3+-IMAC columns,
dried down and stored at −80 °C. Peptides were reconstituted and injected
(1 μg of samples) onto the instrument (LC-MS/MS). Raw data were then
processed by MaxQuant software using Phospho (STY) settings and match-
between-runs. Data were then filtered, normalized and submitted to hybrid
imputation before analyzing them. Log2(FC) and corresponding P values for
each peptides were generated.

Statistics. All graphs and statistical analysis were generated using R software
(CRAN project). Significant differences were determinedwithMann–Whitney
nonparametric test for small samples. For large samples, Shapiro and Bartlett
tests were used to determine the normality and homogeneity of the sample.
Student’s t test and ANOVA were used. In all cases, data represent mean ±
SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, N.S. P > 0.05.
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