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The Ca?*-activated ClI- channel ANO1/TMEM16A

regulates primary ciliogenesis

Chelsey Chandler Ruppersburg and H. Criss Hartzell
Department of Cell Biology, Emory University School of Medicine, Atlanta, GA 30322

ABSTRACT Many cells possess a single, nonmotile, primary cilium highly enriched in recep-
tors and sensory transduction machinery that plays crucial roles in cellular morphogenesis.
Although sensory transduction requires ion channels, relatively little is known about ion chan-
nels in the primary cilium (with the exception of TRPP2). Here we show that the Ca?*-activat-
ed ClI~ channel anoctamin-1 (ANO1/TMEM16A) is located in the primary cilium and that
blocking its channel function pharmacologically or knocking it down with short hairpin RNA
interferes with ciliogenesis. Before ciliogenesis, the channel becomes organized into a torus-
shaped structure (“the nimbus”) enriched in proteins required for ciliogenesis, including the
small GTPases Cdc42 and Arl13b and the exocyst complex component Secé. The nimbus
excludes F-actin and coincides with a ring of acetylated microtubules. The nimbus appears to
form before, or independent of, apical docking of the mother centriole. Our data support a
model in which the nimbus provides a scaffold for staging of ciliary components for assembly
very early in ciliogenesis and chloride transport by ANO1/TMEM16A is required for the gen-
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esis or maintenance of primary cilia.

INTRODUCTION

The ethos of chloride ions in biology has evolved dramatically over
the past two decades from one in which passive CI~ fluxes perform
mundane tasks to one in which CI~ channels dynamically execute a
myriad of cell biological functions, including vesicular trafficking,
cell cycle regulation, cell migration, and embryonic development
and morphogenesis (Hartzell, 2009; Verkman and Galietta, 2009;
Duran et al., 2010; Berend et al., 2012; Stauber and Jentsch, 2013).
One CI~ channel that has recently received particular attention is
anoctamin-1 (ANO1; also known as TMEM16A; Hartzell et al., 2009;
Ferrera et al., 2010; Duran and Hartzell, 2011; Kunzelmann et al.,
2011; Huang et al., 2012a). The anoctamin gene family was identi-
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fied in 2003, before its Cl~ channel function was known, in a bioin-
formatic analysis of a region of chromosome 11 (11g13) that is am-
plified in many tumors (Katoh, 2003, 2005; Espinosa et al., 2008;
Miettinen et al., 2009; Hwang et al., 2011; Wilkerson and Reis-Filho,
2013). In 2008, ANO1 was shown to be a plasma membrane Ca?*-
activated CI~ channel (CaCC; Caputo et al., 2008; Schroeder et al.,
2008; Yang et al., 2008). CaCCs are present in the apical membranes
of secretory epithelial cells, where they are gated open by increases
in cytosolic Ca?* (Hartzell et al., 2005). CI~ efflux through the channel
then drives fluid secretion as Na* and water follow to maintain
charge neutrality and osmotic balance. As expected for a classic
CaCC, ANO1 is expressed in the apical membranes of differenti-
ated secretory epithelial cells such as salivary gland and pancreatic
acinar cells (Yang et al., 2008; Romanenko et al., 2010; Perez-
Cornejo et al., 2012). Although CaCCs are best known for their role
in transepithelial transport, novel functions for these channels in
regulation of neuronal excitability, vascular tone, gastrointestinal
motility, and nociception have been uncovered as a result of identi-
fication of the ANO1 gene (Ferrera et al., 2010; Duran and Hartzell,
2011; Kunzelmann et al., 2011; Huang et al., 2012a).

Hints that ANO not only drives epithelial fluid secretion but also
participates in cell biological functions were first provided by its link
to poor prognosis in many cancers (reviewed in Wilkerson and
Reis-Filho, 2013), but awareness that ANO1 participates in cellular
development and differentiation received a major boost from
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studies by Jason Rock and Brian Harfe, who showed that ANO1 is
highly expressed in the zone of polarizing activity of the mouse limb
bud (Rock et al., 2007). This anatomical region is involved in creating
a gradient of the sonic hedgehog (SHH) morphogen that specifies
the anterioposterior axis of the limb. A role of ANO1 in embryonic
development was then established by showing that disruption of
the ANO1 gene in mouse results in neonatal lethality as a result of
developmental abnormalities, including defects in morphogenesis
of the trachea and gut (Rock et al., 2008).

Here we report a novel observation that is likely to open a new
line of investigation into the role of ANO1 in the genesis of the pri-
mary cilium. The primary cilium is an apical appendage enriched in
many signaling and morphogenetic networks, including SHH
(Pazour and Witman, 2003; Berbari et al., 2009; Seeley and Nachury,
2010). As cells withdraw from the cell cycle and develop apical-
basal polarity, the centrosome, which in dividing cells functions to
organize the mitotic spindle, migrates to the apical surface of the
cell, where it becomes a basal body to nucleate the primary cilium
(Kobayashi and Dynlacht, 2011). Defects in ciliogenesis are linked to
mutations in a number of genes that produce a pleomorphic spec-
trum of diseases typified by defective tissue morphogenesis (Veland
et al., 2009; Hildebrandt et al., 2011; Davis and Katsanis, 2012;
Valente et al., 2014). Here we show that ANO1 forms a unique struc-
ture at the apical surface of polarizing epithelial cells before forma-
tion of the primary cilium and that ANO1 enters the cilium at early
stages of ciliogenesis. This apical ANO1-containing structure is likely
a hub for ciliary components that are trafficked into the cilium during
early stages of ciliogenesis. We showed previously that ANO1 inter-
acts at high stoichiometry with proteins involved in membrane—
cytoskeletal organization and primary cilia (Perez-Cornejo et al.,
2012), suggesting that ANOT may serve as a component of a scaf-
fold in this organization. Consistent with a role for ANO1 in ciliogen-
esis, we find that interference with ANO1 channel function or
expression disrupts normal ciliogenesis.

RESULTS

Concentration of ANO1 in an apical annular structure

While investigating the role of the Ca?*-activated CI~ channel (CaCC)
ANOT1 in transepithelial transport, we immunolabeled various epi-
thelial cell lines grown on permeable supports to determine the
apical-basal distribution of ANO1. We initially concentrated on a
widely used murine immortalized cortical collecting duct cell line
(mpkCCD14) whose ion transport functions have been well studied
(Chassin et al., 2007; Rajagopal et al., 2012). Surprisingly, we found
that when cells were cultured under conditions that disfavored for-
mation of primary cilia, ANO1 was concentrated at the apical sur-
face in a sharply defined annulus ~3 pm in diameter composed of
smaller, discrete puncta (Figure 1A). We refer to this structure includ-
ing other associated proteins as the nimbus because of its resem-
blance to a halo. The vast majority of cells have only one nimbus per
cell. The ring of ANO1 staining circumscribes an area covering ~6%
of the apical aspect of each cell: the average area demarcated by
the ring is 9.5 = 1.2 pm? (n = 798), compared with an average total
apical membrane area of 156.9 + 3.8 um?. The average ANO1 nim-
bus is elliptically shaped, with major and minor axial radii of 2.0 and
1.4 um, respectively. Nimbus sizes are distributed exponentially
rather than in a Gaussian manner (Figure 1E), suggesting the possi-
bility that the nimbus is a dynamic structure.

The nimbus is not unique to the mpkCCD14 cell line but instead
appears to be a common feature of several epithelial cells we exam-
ined. Well-defined nimbi were observed in the rat retinal pigmented
epithelium cell line RPE-J (Figure 1B) and the mouse intramedullary
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collecting duct cell line IMCD3 (Figure 1C). In IMCD3 cells, the nim-
bus was often less clearly demarcated than in mpkCCD14 or RPE-J
cells: in IMCD3 cells, ANO1 nimbi were regularly observed, although
frequently ANO1 was concentrated at the apical surface in an amor-
phous patch without an annulus (Figure 1C). Nimbi were also ob-
served in HEK cells transfected with ANO1-enhanced green fluo-
rescent protein (EGFP; Figure 1D).

The specificity of our antibody is demonstrated by experiments
showing that the antibody does not label cells in which ANO1 has
been knocked down with short hairpin RNA (shRNA; Figure 1F). it
recognizes a band of the expected molecular weight in Western
blots that is absent in ANO1~~ mice (Figure 1G), and it colocalizes
with ANO1-EGFP in transfected HEK cells (Figure 1D).

Structures that we believe are related to the nimbus have been
described previously in the literature and are believed to be areas
where ciliary membrane is organized for assembly into the primary
cilium (see Discussion). The organization of a CaCC into a structure
of such unusual and conspicuous appearance raised questions re-
garding its potential role in orchestrating apical membrane function.
We therefore set out to characterize this structure in more detail.

The nimbus is an antecedent of ciliogenesis

The exponential distribution of nimbus sizes observed (Figure 1E)
suggests (but by no means proves) that the nimbus is a dynamic
structure because the probability of finding a nimbus of a certain
size would be expected to be exponentially distributed if its size
were determined by kinetic processes of aggregation and disag-
gregation of subunits (Moffitt et al., 2010). We investigated the tem-
poral aspects of ANO1 localization and nimbus formation in mp-
kCCD14 cells that were fixed and labeled at different time points
after plating onto permeable supports. Before the cells reach con-
fluency (~2 d after plating), ANO1 is widely distributed (Figure 2A),
but after the cells become confluent (>3 d after plating), ANO1 be-
comes progressively concentrated into an apical patch (Figure 2, B
and C). The nimbus is most clearly defined after the cells reach con-
fluence but before they develop cilia (Figure 2D). As the cells con-
tinue to polarize, ANO1 becomes localized to a highly compact api-
cal spot that correlates with a concentration of acetylated tubulin, a
marker of the primary cilium (Figure 2E).

To investigate the relationship of the ANO1 nimbus to the pri-
mary cilium, we varied culture conditions (serum concentration, cell
plating density, and days in culture) and quantified the fraction of
cells positive for a nimbus, a primary cilium, or both. In cultures in
which most cells lacked a primary cilium (4 d in culture), nearly all
cells had an ANO1 nimbus (Figure 3, A and C), but in cultures in
which the cells had a cilium labeled with acetylated tubulin (10 d in
culture), very few cells exhibited a nimbus (Figure 3, B and C). When
both a cilium and a nimbus were present in the same cell, the emerg-
ing cilium emanated from one side of the ANO1 nimbus 74% of the
time (Figure 3D; n = 34 randomly selected cells having both nimbi
and cilia). The emerging cilium labeled positive for ANO1 as well as
acetylated tubulin and always sprouted from one side of the nim-
bus. The spatial proximity of the nimbus to the primary cilium in
these cases and the temporal progression from nimbiated to cili-
ated cells support the idea that the nimbus may be involved in orga-
nization of ciliary components before or early in ciliogenesis. We
also observe full-length primary cilia that label for ANO1, acetylated
tubulin, and the ciliary protein Arl13b (Figure 3E).

Ciliary proteins in the nimbus

The identification of ANO1 as a component of both the nimbus and
the cilium led us to test whether the nimbus contained other ciliary
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An annulus of ANO1 is located at the apical aspect of cultured epithelial cells. (A) Confocal image of
mpkCCD4 cells grown on permeable supports in the presence of serum. The xy-plane is an optical section taken near
the apical surface (faint blue line in the z-sections) showing ANO1 (cyan) concentrated in an annular structure. The
yz-plane (top, green line in xy image) and xz-plane (right, red line in xy image) show that the nimbus is located at the
apical surface of the cell. Fluorescent phalloidin was used to label F-actin (magenta). (B) ANO1 (cyan) nimbus in RPE-J
cells grown on glass coverslips. Acetylated tubulin (magenta). (C) ANO1 (cyan) nimbi in IMCD3 cells grown on
permeable supports. Maximum intensity projection (MIP) of a z-stack. Acetylated tubulin (magenta). IMCD3 cells were
stably transfected with SSTR3-EGFP, and some cells in the lower part of image have short cilia (green). Scale bars, 5 um.
(D) HEK cells were transfected with ANO1-EGFP (green) and stained with ANO1 antibody (red). Signal from the
mANO1-EGFP overlaps with G3 antibody labeling. Scale bar, 5 um. (E) Size distribution of ANO1 rings. MIPs were made
from z-stacks using Zeiss Zen software. The MIPs were then thresholded using robust background subtraction in Cell
Profiler (Materials and Methods; Jiang et al., 2012; Wang et al., 2012). The size distribution histogram was fitted to an
exponential (black line, count = 223e<#/89). For the fit, the smallest-size bin was ignored because the thresholding
procedure discarded the smallest ANO1 clusters. (F) Specificity of ANO1 antibody. Representative image of mpkCCD14
cells before nimbus formation (Figure 2) treated with lentivirus encoding ANO1 shRNA and EGFP (Figure 9A).
Lentivirus-infected cells are identified by EGFP expression (cyan). ANO1 G3 antibody (magenta) shows a decrease in
labeling in shRNA-transduced cells. Scale bar, 10 um. (G) Western blot showing the level of ANO1 in untransfected HEK
cells, ANO1-transfected HEK cells, and embryo lysate from wild-type (+/+), ANO1 knockout (=/-), and heterozygous

(+/-) mice.

proteins. Assembly of primary cilia is a concerted process that in-
volves trafficking of post-Golgi vesicles to the base of the cilium,
their exocytosis by a process engineered by the exocyst complex,
and transport of ciliary components by intraflagellar transport (IFT;
Pedersen and Rosenbaum, 2008; Nachury et al., 2010; Ishikawa and
Marshall, 2011). By immunofluorescence, we detect the exocyst
complex protein Secé associated with the ANO1 nimbus (Figure
4A), consistent with the idea that the nimbus is associated with the
establishment of a ciliary membrane compartment (Nachury et al.,
2010; Das and Guo, 2011; Zuo et al., 2011). Furthermore, the ciliary
protein Arl13b is also found in the nimbus at a stage in the nimbus
life cycle (Figure 4B). Arl13b is a small GTPase required for proper
primary cilium structure (Caspary et al., 2007; Cantagrel et al., 2008;
Larkins et al., 2011), and Arl13b mutations are linked to Joubert syn-
drome, a human ciliopathy (Cantagrel et al., 2008). The ANO1
puncta in Arl13b-positive nimbi seemed more indistinctly defined
than in Arl13b-negative nimbi. One interpretation is that Arl13b
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associates with nimbi that are disassembling or reorganizing at a
stage just before ciliogenesis. At a later stage, some cells possessed
a bleb at the apical surface that was positive for both ANO1 and
Arl13b (Figure 4C). These blebs presumably are nascent procilia at
an early stage of emergence from the cell. The association of ANO1
and Arl13b with the nimbus and the procilium is shown in Figure 4C,
where the left cell has a fuzzy ANO1 ring associated with Arl13b
puncta, whereas the right cell has a bleb that is positive for ANO1
and Arl13b that emanates from Arl13b puncta.

The nimbus also labels positive for Cdc42 (Figure 4D), a small
GTPase that is essential for ciliogenesis (Choi et al., 2013; Zuo et al.,
2011) and a principal determinant in establishing correct cell polar-
ity with respect to the external environment by controlling cytoskel-
etal dynamics and stabilizing appropriate cellular asymmetry
(de Curtis and Meldolesi, 2012; Etienne-Manneville and Hall, 2002).
ANO1 and Cdc42 occupy approximately the same contour in
the nimbus, and in many cases the two proteins are colocalized

The ANO1 nimbus and the primary cilium | 1795



Ac. Tubulin

A F-Actin

ANO1

ANOT1 localization and nimbus formation before formation of the primary cilium. mpkCCD4 cells were
plated onto permeable supports, fixed at various times after plating, and stained with fluorescent phalloidin for F-actin
(green) and antibodies against acetylated tubulin (magenta) and ANO1 (cyan). In this and subsequent figures, the
rightmost image is a merged image of those to the left. (A) At 24 h after seeding, cells are spread out, and ANO1 is
visualized as puncta throughout the cell. Acetylated tubulin is found as microtubules distributed throughout the cell. At
2 d (B) and 3 d (C) after seeding, ANO1 and acetylated tubulin become concentrated in a patch at the apical membrane.
(D) At 4 d after seeding, ANO1 and acetylated tubulin are visualized in the ring structure we term the nimbus. (E) At 5 d
after seeding, as cells continue to polarize and form primary cilia, ANO1 and acetylated tubulin are localized to a

discrete spot at the apical portion of the cell. Scale bars, 10 pm.

(Figure 4D). In addition, blebs of Cdc42 and ANO1 were seen in
some cells (Figure 4E). The Cdc42 blebs are surrounded by puncta
of ANO1 and are presumably nascent procilia.

Relationship of the nimbus to the centrosome

To investigate further the connection between the nimbus and the
primary cilium, we examined the relationship of the centrosome to
the nimbus. In dividing cells, centrosomes coordinate the formation
of the microtubule spindle during mitosis, whereas in interphase
cells the centrosome undergoes an incompletely understood func-
tional transition as it migrates to the cell surface. There the mother
centriole becomes a basal body that nucleates the axoneme of the
primary cilium (Kobayashi and Dynlacht, 2011). Consistent with this
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model, we observe that each primary cilium is invariably anchored
to a basal body as visualized by y-tubulin staining. However, we be-
lieve that the nimbus forms before migration of the basal body to
the apical surface, because only about half of the nimbi are associ-
ated with a basal body (Figure 5, A and B). In one typical culture,
33% of nimbi (292/870) had at least one clearly identified basal
body within its perimeter (Figure 5A, white arrow), and an additional
24% of nimbi (210/870) had a basal body <1.2 pm away (Figure 5B).
In the remaining 43% of the cells, the nimbus and the centrioles
were clearly separated by >1.2 pm (Figure 5, A, square, and C).
However, a careful examination of z-stacks of these centriole-es-
tranged nimbi revealed significant accumulations of y-tubulin within
the nimbi, even though discrete centrioles were present at a remote
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The ANO1 nimbus precedes primary cilium formation and localization of ANO1 in the nascent cilium.
(A) Maximum intensity projection of mpkCCD14 cells grown under conditions (high serum, 4 d in culture) at which few
cells develop cilia. Under these conditions most cells have a nimbus composed of both ANO1 (cyan) and acetylated
tubulin (magenta). (B) Maximum intensity projection of cells grown under conditions (10 d in culture) at which most cells
have cilia, labeled by acetylated tubulin (magenta), but very few nimbi (ANO1, cyan). (C) Quantification of the number of
cells with well-defined nimbi (black), cilia (red), or both (blue) as a function of days in culture showing that ciliated cells
rarely have a well-defined nimbus. Nimbi were defined as annular ANO1-staining structures 2-4 pm in diameter. Cilia
were defined as acetylated tubulin-staining projections >2 pm in length. n = 325. (D) The primary cilium (magenta)
develops as a projection from the side of a nimbus (cyan). In the few cells that have both a nimbus and a cilium, the cilium
usually (74% of the time) projects from the side of the nimbus. Bottom, xy-plane. Top, yz-plane. (E) Primary cilium labeled
with ANO1 (cyan), Arl13b (magenta), and acetylated tubulin (green). Scale bars, 10 pm (A, B), 2.5 pm (D), 3 pm (E).

location in the cell (Figure 5, C and D). Although live-cell imaging
will be required to resolve this issue definitively, these data are con-
sistent with a scenario in which nimbus formation occurs before
migration of the centriole to the apical membrane (Sorokin, 1962;
Joo et al., 2013).

The nimbus is an interface between the microtubule

and actin cytoskeletons

After docking of the mother centriole to the apical membrane, there
is extension of the ciliary axoneme, a microtubule-based structure.
To explore the spatial relationships of microtubules to the ANO1
nimbus, we deconvolved z-stacks of confocal images labeled for
ANO1, acetylated tubulin, and o-tubulin and reconstructed isosur-
faces (Figure 6A). This revealed that microtubules describe a torus
~3 pm in diameter that coincides with the ring of ANO1 puncta. The
torus is composed of both acetylated and nonacetylated microtu-
bules that intermingle with puncta of ANO1. The microtubule plus
end-tracking protein (+TIP), end-binding protein-1 (EB1), is also as-
sociated with the nimbus (Figure 6B). Microtubule +TIPs play an in-
tegral role in attaching and stabilizing microtubule ends at the cell
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cortex, and EB1 has been shown to be essential for ciliogenesis in
mouse fibroblasts (Gouveia and Akhmanova, 2010; Schroder et al.,
2011).

Recently data have emerged that branched F-actin is a negative
regulator of ciliogenesis (Kim et al., 2010; Yan and Zhu, 2013). Con-
sistent with our hypothesis that the nimbus represents a staging
area for ciliogenesis, F-actin was largely excluded from the center of
the nimbus, as visualized by labeling with fluorescent phalloidin
(Figure 7A). The average pixel intensity of fluorescent phalloidin at
the center of the ring was an average 11.9-fold less than in the adja-
cent cytoplasm (Figure 7D). The ezrin/radixin/moesin proteins link
the underlying actin cytoskeleton to the plasma membrane (Fehon
et al., 2010) and are the most highly enriched proteins in the ANO1
proteome (Perez-Cornejo et al., 2012). Labeling mpkCCD14 cells for
moesin revealed that moesin is highly concentrated at the interface
of the F-actin—free and F-actin—rich zones coincident with ANO1
(Figure 7, A-C). Plots of moesin and F-actin intensities revealed that
the peak moesin intensity was located exactly midway between
the cytoplasm and the F-actin—free zone (Figure 7D). The nimbus
contained overlapping rings of moesin and ANO1 by confocal
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Location of key ciliary proteins in the nimbus. mpkCCD14
cells were grown on permeable supports to a nimbiated stage and
labeled with the indicated antibodies. (A) Secé (magenta), ANO1
(cyan), and F-actin (green) labeled with Alexa Fluor 633-conjugated
phalloidin. (B) Intense puncta of Arl13b (magenta) colocalize with
ANO1 (cyan) in the nimbus. (C) Bottom, xy-plane. Top, yz-plane. The
left cell has a nimbus containing both ANO1 (cyan) and Arl13b
(magenta). The right cell contains a bleb that labels for both ANO1
and Arl13b. (D) Cdc42 (magenta), ANO1 (cyan), F-actin (green).

(E) Bottom, xy-plane; top, yz-plane. A bleb of Cdc42 (magenta) also
labels positive for ANO1 (cyan) and is presumably a nascent cilium.
F-actin (green). Scale bars, 2.5 ym.

microscopy (Figure 7B), whereas structured illumination microscopy
(SIM) revealed that both the ANO1 and the moesin rings each com-
prised 8-12 puncta (Figure 7C). Typically, the puncta of moesin and
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ANO1 occupy sporadically overlapping and alternating positions in
the nimbus. Although moesin is best known in the context of the
actin cytoskeleton, moesin also binds and stabilizes microtubules at
the cell cortex (Solinet et al., 2013). This location of moesin at the
interface of actin-rich and tubulin-rich zones places it in a prime lo-
cation to coordinate the actin and microtubule cytoskeletons.

Effects of block of ANO1 CI~ currents on ciliogenesis

To test whether ANO1 plays a role in ciliogenesis, we measured the
effects of inhibitors of ANO1 CI~ current on cilium length and per-
centage of ciliated cells. Although CI~ channel blockers are notori-
ously nonspecific (Hartzell et al., 2005), a number of selective ANO1
inhibitors have recently been described, including ANO1-blocking
drug 2-[(5-ethyl-1,6-dihydro-4-methyl-6-oxo-2-pyrimidinyl)thio]-N-
[4-(4-methoxyphenyl)-2-thiazolyllacetamide (T16A;,-A01; Namkung
et al., 2011), 4-chloro-2-[(5-chloro-2-hydroxyphenyl)methyl]phenol
(dichlorophen; Huang etal., 2012b), (3,5-dibromo-4-hydroxyphenyl)-
(2-ethyl-1-benzofuran-3-yl)methanone  (benzbromarone; Huang
et al, 2012b), and N-((4-methoxy)-2-naphthyl)-5-nitroanthranilic
acid (MONNA; Oh et al., 2013). We tested the effect of these drugs
on mpkCCD14 cells. Cells were grown on permeable supports until
a monolayer was formed (transepithelial resistance >250 ©/cm?) and
then switched to serum-free media to promote ciliogenesis and si-
multaneously exposed to ANO1 blockers for 24-48 h. Cells were
labeled with acetylated tubulin antibody to visualize cilia, phalloidin
to assess overall cell and monolayer morphology, and ANO1
antibody. Benzbromarone had the most severe effect: epithelial
morphology was disrupted and no ciliated cells were observed after
24 h of treatment with drug. The effect of dichlorophen was less
severe but also dramatic: it decreased the percentage of ciliated
cells by 50% and the length of cilia by 28% (Figure 8A). The ANO1
inhibitors T16A;,,-A0T and MONNA did not affect the percentage
of ciliated cells but consistently decreased the length of cilia by
28-42% (Figure 8A). Of the ANO1 blockers, the selectivity of
MONNA has been most thoroughly examined (Oh et al,
2013). MONNA does not inhibit several other CI~ channels, includ-
ing CFTR and members of the CLC and bestrophin family. In two
independent experiments, MONNA decreased cilium length a
similar amount. In contrast to the effects of ANO1 inhibitors, the
CFTR inhibitor N-(2-naphthalenyl)-((3,5-dibromo-2,4-dihydroxyphe-
nyl)methylene) glycine hydrazide (GlyH-101), which has no effect on
ANOT1 currents, has no effect on cilium length. Incubation of cells in
any of the ANO1 blockers for more than several days inevitably dis-
rupted epithelial polarity and integrity, as evidenced by large
decreases in transepithelial resistance and loss of cell-cell contacts
visualized by microscopy.

To be certain that the effects of ANO1 blockers were not limited
to mpkCCD14 cells, we repeated these experiments on IMCD3 cells
(Figure 8, B and C). IMCD3 cells on average have longer cilia than
mpkCCD14 cells. Nevertheless, both T16A;,p-A01T and MONNA
caused a ~50% decrease in average cilium length, whereas the
CFTR inhibitor GlyH-101 had no effect (Figure 8B). Although overall
cilia length was decreased in MONNA-treated cells, localization of
the somatostatin receptor 3 tagged with EGFP (SSTR3-EGFP) to the
primary cilium was not affected (Figure 8C).

The effect of ANO1 channel blockers on cilium length could be
explained by an effect on the assembly of the cilium or an effect on
the processes that maintain the length of an already assembled cil-
ium. To test for an effect on maintenance, we induced IMCD3 cells
stably expressing the SSTR3-EGFP to ciliate by serum starvation for
24 h and then exposed them to either T16A-inh or MONNA for 6 h.
Under these conditions, the inhibitor had little effect on cilium
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A) A maximum-intensity projection of a z-stack of

confocal images of mpkCCD14 cells, showing that the spatial relatlonshlp of nimbi (ANO1, cyan) to centrioles (y-tubulin,
magenta) is variable. Some nimbi have centrioles within their boundary (white arrow), whereas others do not (white
box). (B) Quantification of the distance of centrioles from ANO1 nimbi. ANO1 nimbi and centrioles were identified by
thresholding using Cell Profiler. The leftmost bar indicates the fraction of ANO1 nimbi having at least one centriole
completely contained within the perimeter in the maximum intensity projection (33%). Another 24% of the ANO1 nimbi
had centrioles within <1.2 um. Forty-three percent of rings did not have a centriole within 1.2 ym. (C) High-
magpnification image of the nimbus boxed in A. Puncta of y-tubulin (magenta) are evident in the nimbus (ANO1, cyan),
despite the remote location of the centrioles to the nimbus. (D) Individual ortho slices through the nimbus show that
y-tubulin in the nimbus partially overlaps with ANO1. Scale bar, 5 pm (A), 2.5 pm (C).

length, as measured by SSTR3-EGFP fluorescence (Figure 8, D and
E). This observation suggests that once the cilia form, their length is
not dependent on ANO1 function. In contrast, ANO1 function is
important when cilia are initially forming.

As another approach to testing the role of ANO1 in ciliogenesis,
we transduced mpkCCD14 cells with lentiviral particles harboring
sequences encoding shRNA against ANO1. Control cells were in-
fected with nonsilencing negative control lentiviral particles or lenti-
virus having shRNA against glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). Western blot showed that ANO1 shRNA reduced
the level of ANO1 expression by >70% (Figure 9A). Knockdown of
ANOT1 caused a significant reduction in both percentage of ciliated
cells and in length of cilia as measured by acetylated tubulin label-
ing (Figure 9, B-D). The percentage of ciliated cells was reduced by
50% (Figure 9D), and the length of the cilia was reduced by 45%
(Figure 9C).

The observation that cilium length is shortened by knockdown
or inhibition of ANO1 raises the question of whether ANO1 knock-
down affects the structure of the nimbus or alters cell polarity.
Although we have not investigated these issues in depth, we find
that ANO1 knockdown does not affect the formation of the
F-actin—free area or the nimbus as visualized by Cdc42 labeling
(Figure 9, E and F). Furthermore, ANO1 knockdown does not
appear to affect overall cell polarity as visualized by B-catenin
labeling (Figure 9, G and H).

DISCUSSION

We describe a transient organelle, the “nimbus,” that is temporally
and spatially related to the primary cilium. The nimbus is a torus-
shaped structure comprising the Ca?*-activated CI- channel ANO1
and other proteins involved in ciliogenesis, including Cdc42, Arl13b,
the exocyst complex component Secé, and acetylated tubulin (Das
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and Guo, 2011; Larkins et al., 2011; Zuo et al., 2011; Choi et al,,
2013; Zhang et al., 2013). The nimbus is located at an interface
between the actin and microtubule cytoskeletons demarcated
by moesin, a protein that interacts stoichiometrically with ANO1
(Perez-Cornejo et al., 2012). The relationship of ANO1 to the pri-
mary cilium is strengthened by the composition of the ANO1 pro-
teome (Perez-Cornejo et al., 2012), which is highly enriched in pro-
teins known to participate in ciliogenesis and cell polarity (Hattula
et al., 2002; Nachury et al., 2007; Yoshimura et al., 2007; Westlake
et al, 2011; Hehnly et al., 2012), including Rab8 (stable isotope
labeling by amino acids in cell culture enrichment ratio, 6.7), Rab11
(6.0), TRAPPC3 (3.4), and Cdc42 (4.0). Sixty-two percent of ANO1-
interacting proteins are represented in the Ciliary Proteome Data-
base (http://v3.ciliaproteome.org/cgi-bin/index.php; Albertson,
2006), and the highest-ranking ANO1-interacting proteins have
experimentally verified functions of organization of the cytoskele-
ton, membrane-cytoskeletal interactions, and membrane traffick-
ing. This suggests that ANO1 is part of a signaling network that
organizes the membrane and cytoskeleton in the process of
ciliogenesis.

The nimbus shares similarities to the pericentrosomal preciliary
compartment (PPC) described by others (Kim et al., 2010). Although
the nimbus, unlike the PPC, does not label for early endosomal
markers, it seems likely that the PPC and nimbus perform related or
sequential functions. The nimbus also resembles a compartment
highly enriched in ceramide sphingolipids that may be involved in
tubulin acetylation during ciliogenesis (He et al., 2012). Another
structure that one might equate with the nimbus is the ciliary pocket,
an invagination of plasma membrane around the cilium (Benmerah,
2013). The ciliary pocket might be a nimbus remnant but is smaller
and collars the cilium, whereas the nimbus lies adjacent to the cil-
ium. The ciliary vesicle that assembles at the distal end of the mother
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Ac. Tubulin

Tubulin

Side view

Ac. Tubulin

The nimbus is a hub of the microtubule cytoskeleton. (A) The ANO1 (green) nimbus contains both acetylated
(blue) and nonacetylated (red) a-tubulin. Top, representative confocal xy-planes of a z-stack of a nimbus that was
subjected to deconvolution. Bottom, the z-stack was deconvolved using Huygens Essential software, and isosurfaces
were then constructed from the deconvolved image using Imaris software. Top view, from the apical surface of the cell.
Side view, from a plane near the apical surface. (B) EB1 (red) is located at the tips of the microtubules (blue) in the
nimbus and commingles with ANO1 (green). Top, representative confocal xy-plane images of a z-stack used for
deconvolution. Bottom, isosurfaces constructed from deconvolved images. Scale bars, 2.5 pm.

centriole (Sorokin, 1962; Joo et al., 2013) apparently forms after the
nimbus, because many (43%) nimbi are not adjacent to centrioles.
The central question raised here is the role of CI~ channels in
ciliogenesis. Blocking ANO1 CI~ currents or knocking down ANO1
expression results in shortened cilia, suggesting that ANO1 may
participate in cilium length control. Changes in cilium length are
also caused by defects in Arl13b and IFT proteins that cause poly-
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cystic kidney disease (Pazour et al., 2000; Caspary et al., 2007; Ong,
2013). Mechanisms controlling ciliary length are poorly understood
but involve precursor molecule availability, intraflagellar transport,
cytoskeletal dynamics, and turnover of components at the ciliary tip
(Ishikawa and Marshall, 2011; Avasthi and Marshall, 2012).

The finding that ANO1 knockout in mice produces a lethal
developmental phenotype supports the assertion that ANO1 is
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Moesin marks the boundary of an F-actin—free zone that
coincides with the ANO1 nimbus. (A) F-actin (green) concentration is
lower in the center of the nimbus, and the interface between
F-actin—free and F-actin—rich zones is defined by moesin (magenta)
labeling. (B) Confocal image of mpkCCD14 cell nimbus showing that
ANOT1 (cyan) and moesin (magenta) occupy overlapping locations in
the nimbus. (C) Structured illumination microscopy of ANO1 (cyan)
and moesin (magenta) shows that the ANO1 and moesin rings
comprise distinct puncta that are irregularly superimposed.

(D) Quantification of moesin distribution relative to F-actin. To
measure the relationship between moesin and F-actin labeling, pixel
intensities along a line starting near the center of the cell and ending

at the approximate center of a nimbus were recorded and normalized

to the highest intensity in each channel. These measurements for

12 nimbi were then aligned on the x-axis to the moesin pixel with the
highest intensity (= 1, vertical line) and the actin (black data points)
and moesin (red data points) intensities averaged at each position on
the x-axis. The moesin data were fitted to a Gaussian function (red
line), and the actin was fitted to a Boltzmann equation (black line).
Because the moesin channels were aligned to the highest moesin
pixel intensity in order to calculate the average of multiple nimbi, the
peak moesin intensity is 1, whereas variation in actin intensities
around each nimbus resulted in a maximum intensity <1. Scale bars,
5 pm (A), 2.5 pm (B, C).
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involved in cilium assembly or maintenance (Rock et al., 2008).
Although ANO1~~ mice have not been reported to exhibit hall-
marks of classic ciliopathies (cystic disease, polydactyly, or situs
inversus; Badano et al, 2006), few ANO™~ studies have been
published. It is likely that disruption of CI~ transport would have
different phenotypic consequences than disruption of the BBsome
or intraflagellar transport (Cardenas-Rodriguez and Badano, 2009;
Bettencourt-Dias et al., 2011; Hildebrandt et al., 2011).

We propose three testable hypotheses for a role of ANO1 ClI~

currents in ciliogenesis (Figure 10):

1)

ANOT1 could regulate apical membrane potential (V). This could
affect other ciliogenic processes, such as Ca?* signaling. The TRP
ion channel polycystin-2 (PKD2, TRPP2) is a Ca?*-permeable
channel responsible for the ciliopathy autosomal-dominant poly-
cystic kidney disease (Chapin and Caplan, 2010) and left-right
asymmetry in the embryo (McGrath et al., 2003; Yoshiba et al.,
2012; Takao et al., 2013). Ca?* influx through PKD2 or other Ca?*
channels could activate ANO1, which could provide feedback
control on Ca?* influx by altering V,,,. Changes in V,,, could affect
both the driving force for Ca?* influx and the open probability of
voltage-gated channels.

ANO1 may create hydrodynamic and osmotic forces that en-
courage ciliary extension. In this model, membrane trafficking
and cytoskeletal assembly alone are insufficient to erect a normal
cilium; osmotic pressure would assist by producing a cellular
bleb (Nilius et al., 1997; Hoffmann et al., 2009; Duran et al., 2010)
into which ciliary components could traffic and assemble. This
idea is attractive because it seems consistent with membrane
blebs such as those in Figure 4, C and E.

The ClI~ ion may function as a regulator of protein function
(Duran et al., 2010). More than 1500 human proteins in the Pro-
tein Data Bank, including Rab11A and SHH, have CI~ as a ligand.
In these structures, Cl™ is frequently located at protein interfaces,
hinting that anions could participate in protein—protein interac-
tion. The observation that the enzymatic activities of many pro-
teins, including certain G-proteins and protein kinases, are af-
fected by CI~ in the physiological range supports a regulatory
role for CI~ (Nakajima et al., 1992; Duran et al., 2010; Pacheco-
Alvarez and Gamba, 2011; Lo Nostro and Ninham, 2012;
Szalontai et al., 2013). Because intracellular CI~ is spatially and
temporally dynamic (Kuner and Augustine, 2000; Duebel et al.,
2006; Berglund et al., 2008), gradients of intracellular CI~ in the
periciliary region could locally regulate protein function. For ex-
ample, tubulin polymerization is affected by the species and con-
centration of anion (Suzaki et al., 1978; Ray et al., 1984; Wolff
et al., 1996). Alternatively, CI~ concentration in intracellular ve-
sicular compartments might alter vesicular trafficking (Faundez
and Hartzell, 2004; Stauber and Jentsch, 2013).

The ciliary membranes differ from the plasma membrane in both

protein and lipid composition (Emmer et al., 2010; Maric et al.,
2010; Conduit et al., 2012; He et al., 2012). Intriguingly, some mem-
bers of the ANO family are required for phospholipid scrambling
(Suzuki et al., 2010, 2013; Yang et al., 2012; Malvezzi et al., 2013).
Although there is no evidence that ANO1 has lipid scramblase activ-
ity, the high sequence conservation among ANOs suggests that
ANO1 may have important interactions with lipids (Hartzell and
Ruppersburg, 2013).

It is hoped that the association of ANO1 with the primary cilium

will shed light on the relationship of ANO1 to cancer (Wilkerson
and Reis-Filho, 2013). Ciliary signaling has an important role in the
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FIGURE 8: Inhibitors of ANO1 channel activity have a negative effect on cilium length.

(A) Quantification of the effect of ANO1 inhibitors on ciliary length in mpkCCD4 cells.

(B) Quantification of the effect of ANO1 inhibitors on ciliary length in IMCD3 cells. Solid squares,
mean. Whiskers, 1 SEM. Box, 25th and 75th percentiles. Notch, median and 1-99% confidence

ANO1 is overexpressed in several cancer
cell lines, and knockdown or interference
with ANO1 expression or function has been
reported to suppress proliferation (Stanich
et al.,, 2011; Duvvuri et al.,, 2012; Mazzone
et al., 2012; Britschgi et al., 2013), although
results are inconsistent (Ayoub et al., 2010;
Kamentsky et al., 2011; Ruiz et al., 2012;
Simon et al., 2013).

In summary, we identified for the first
time an anion channel that both localizes to
the primary cilium and at some level ap-
pears to contribute to primary cilium forma-
tion. We believe that this novel finding will
open new lines of investigation into the role
of CI~ channels in primary cilium biology.

DMSO

MONNA
XY

MATERIALS AND METHODS

Cell culture

The mpkCCDyy cells were maintained in
modified medium (DMEM:Ham's F12 1:1 +
GlutaMax; 20 pg/ml sodium selenite,
5 pg/ml apotransferrin, 1 nM triiodothyro-
nine, 12 mM p-glucose, 2% fetal bovine se-
rum [FBS], and 15 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, pH 7.4) at
37°Cin a 5% C0O,/95% air humidified atmo-
sphere. Cells were seeded on semiperme-
able filters (Millicell, 0.4-um pore size;
Millipore, Billerica, MA) for experiments. For
cell staging experiments, mpkCCD14 cells
were seeded at starting concentration of
225 x 10° onto permeable supports
(Millicell) and samples taken every 24 h for
6 d. IMCD3 cells were maintained in
DMEM:F12 supplemented with 10% FBS.
IMCD3 cells stably expressing SSTR3-EGFP
were a generous gift from Greg Pazour,
University of Massachusetts, Worcester, MA
(Pazour, 2008). RPE-J cells were cultured in
DMEM with 10% FBS.

intervals of the median. *p < 0.001 by two-tailed t test compared with the matched DMSO

control. Each data point is the mean of 84-110 cilia measured in randomly selected fields.

(C) Representative images of DMSO (control) and MONNA-treated IMCD3 cells labeled for
F-actin (magenta) and expressing EGFP-tagged somatostatin receptor 3 (SSTR3-EGFP, green). In
C, MONNA was added to the medium at the same time serum starvation was initiated. This
protocol tested the effect of ANO1 inhibitors on cilium formation, elongation, and maintenance
(labeled “elongation”). (D) Quantification of the effect of ANO1 inhibitors added for 6 h after
24 h of serum starvation. This protocol tested the potential effect of ANO1 inhibitors on
maintenance of ciliary length (labeled “maintenance”). (E) Representative image of DMSO
(control) and MONNA-treated IMCD3 cells labeled for F-actin (magenta) and expressing
EGFP-tagged somatostatin receptor 3 (SSTR3-EGFP, green). Under both conditions of ANO1
inhibitor exposure (C, E) the somatostatin receptor continues to localize to the primary cilium.

Vertical scale bars, 2.5 um (C, E).

control of cell division because of the dichotomous role of the cen-
trosome in nucleating the cilium and organizing the mitotic spindle.
Cross-talk between ciliogenesis and mitosis is evident from observa-
tions that defective cell division results in abnormal ciliogenesis and
that defective ciliogenesis alters the cell cycle. For example, prolif-
erative transformed cells typically lack a primary cilium (Wheatley,
1995), and cells having defective primary cilia can undergo inappro-
priate cell division, as occurs in cystic disease (Sharma et al., 2013).
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Immunofluorescence and image
analysis

Cells grown on permeable supports filters
were fixed in 4% paraformaldehyde over-
night at 4°C, washed in phosphate-buffered
saline (PBS), incubated in a blocking solu-
tion of PBS containing 0.15% Triton X-100
and 2% cold-water fish gelatin at room tem-
perature, and subsequently incubated with
primary antibodies. Primary antibodies were
used against the following antigens: ANO1
1:1000 (custom rabbit polyclonal genomic
antibody G3 [SDIX, Newark, DE] directed against mAno1 amino ac-
ids 878-960 and G2 directed against amino acids 54-126 provided
identical results), anti-moesin mouse monoclonal 1:1000 (A50007;
Abcam, Cambridge, MA), anti—acetylated tubulin mouse monoclo-
nal 1:1000 (subtype immunoglobulin G2b [IgG2b], 6-11B-1; Sigma-
Aldrich, St. Louis, MO), anti-Cdc42 mouse monoclonal 1:500
(sc-8401; Santa Cruz Biotechnology, Dallas, TX), anti-o-tubulin
mouse monoclonal 1:500 (subtype 1gG1; T9026; Sigma-Aldrich),
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FIGURE 9: Effects of shRNA knockdown of ANO1. (A) Western blot showing the level of ANO1 and B-actin in untreated
mpkCCD14 cells and cells treated with lentiviral particles encoding shRNA against ANO1 or GAPDH or a nonsilencing
control sequence as indicated. The numbers below the lanes represent the densitometric measurement of the
respective bands. The row of numbers labeled “ratio” is the ratio of the ANO1 band to the B-actin band normalized to
the untreated control. (B) Representative images of ciliated mpkCCD4 cells that were treated with lentivirus encoding
ANO1 or GAPDH shRNA or a nonsilencing control shRNA. Cyan, acetylated tubulin. Magenta, phalloidin. Scale bars,

5 pm. (C) Cilium length in cells treated with shRNA as indicated. Box plot as in Figure 8. (D) Percentage of ciliated cells.
(E, F) Nimbi of Cdc42 (cyan) are observed in cultures treated with either (E) control shRNA or (F) ANO1 shRNA.
Magenta, F-actin labeled with phalloidin. Scale bars, 10 um. (G, H) Overall cell polarity appears unperturbed and similar
in cells treated with (G) control shRNA and (H) ANO1 shRNA as assessed by B-catenin (cyan) and F-actin (magenta)
organization. Scale bars, 5 pm.
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B Local osmotic cell swelling

CI influx drives water and osmolyte flux

C CI- modulation of protein activity
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FIGURE 10: Possible mechanisms of ANO1 function in ciliogenesis.
See Discussion for more information. Although the figure depicts
ANO1 in the plasma membrane at the base of a nascent cilium as
suggested by Figure 3E, we have no firm evidence that ANO1 is
located in the plasma membrane. In addition, the proximity of Secé,
EB1, Cdc42, moesin, tubulin, and actin in the illustration is not meant
to imply that they form a complex.

anti—y-tubulin monoclonal 1:2000 (subtype IgG1; T6557; Sigma-
Aldrich), anti-EB1 monoclonal 1:1000 (subtype 1gG1; 610534; BD
Biosciences, San Jose, CA), anti-Arl13b mouse monoclonal clone
N295B 1:10 (subtype 1gG2a; 73-287; UC Davis/NIH NeuroMab
Facility, Davis, CA), anti—B-catenin mouse 1:200 (610153; BD Trans-
duction Lab; gift of Michael Koval, Emory University, Atlanta, GA),
and anti-Sec6 mouse monoclonal 1:5 (9H5; Charles Yeaman,
University of lowa, lowa City, IA; Andersen and Yeaman, 2010). The
cells were then washed and incubated in secondary antibodies
(1:1000): Alexa Fluor 488-labeled goat anti-rabbit or anti-mouse
IgG (Invitrogen, Carlsbad, CA), Daylight 549-labeled goat anti-
rabbit IgG (Jackson Immunochemicals, West Grove, PA), Alexa Fluor
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555-labeled goat anti-mouse IgG1 (Invitrogen), and Alexa Fluor
633-labeled goat anti-mouse IgG2b (Invitrogen). Actin filaments
were stained with phalloidin conjugated to Alexa Fluor 633
(Invitrogen). The filters were mounted in ProLong Gold (Invitrogen).
Confocal images were acquired at room temperature using a Zeiss
LSM-510 microscope and ZEN software (Carl Zeiss, Oberkochen,
Germany). Objectives used were 63x/1.4 numerical aperture (NA)
and 100x/1.4 NA Plan-Apochromat oil objectives. The z-stacks were
deconvolved using Huygens Essential 3.7 deconvolution software
(Hilversum, Netherlands) with a signal-to-noise ratio of 15, quality of
0.1, and automatic bleaching correction. Resulting images were
processed using ZEN and Imaris software. Three-dimensional SIM
was performed on an inverted Nikon (Melville, NY) microscope
running NIS Elements with a 100x oil objective, NA 1.49.

Measurements of ANO1 nimbus size were performed using Cell
Profiler. Maximum intensity projections (MIPs) were made of z-stacks
taken through the ANO1 ring using Zeiss Zen software. The MIPs
were then thresholded using robust background subtraction in Cell
Profiler (Carpenter et al., 2006; Kamentsky et al., 2011). The algo-
rithm trims the brightest and dimmest 5% of pixel intensities over
the image, then calculates the mean and SD of the remaining pixels
and calculates the threshold as the mean plus two times the SD.
The dimensions (area and axes) of the resulting thresholded struc-
tures were then automatically measured by Cell Profiler. Approxi-
mately 800 rings were identified and measured. Distances between
nimbi and centrioles were also determined using Cell Profiler after
identifying the structures by a similar thresholding procedure.

Cells used to assess the percentage of ciliated cells and cilium
lengths were processed for immunofluorescence microscopy by
staining with anti-acetylated tubulin. The ciliated cells and total cells
were counted in random fields to determine the percentage of cili-
ated cells for each condition. Cilia lengths were measured using
confocal z-stacks analyzed in ZEN software. Only cilia that projected
from the apical portion of the cell were measured.

ANO1 inhibitor treatment

The mpkCCDy 4 cells were seeded at 5.0 x 10° and grown on perme-
able supports until the transepithelial resistance increased to greater
than five times background (>500 Q), usually several days. The cells
were the treated with the indicated inhibitors by replacing both the
apical and basal medium with serum-free medium with or without
inhibitors. The inhibitors used were T16A;,,-A01 (Namkung et al.,
2011; a generous gift from Alan Verkman, University of California,
San Francisco, San Francisco, CA), dichlorophen (Huang et al.,
2012b; Sigma-Aldrich), benzbromarone (Huang et al., 2012b; Sigma-
Aldrich), MONNA (Oh et al., 2013; a generous gift from Justin Lee,
Korean Institute of Science and Technology, Seoul, South Korea),
and GlyH-101 (Muanprasat et al., 2004; EMD Millipore). IMCD3 cells
were grown to confluency on glass-bottom dishes in the presence of
serum, after which they were simultaneously switched to serum-free
medium and exposed to the various inhibitors for 24 h.

The ANO1 inhibitor MONNA was used at a final concentration
of 10 uM and 1% dimethyl sulfoxide (DMSO), T16A;,,-A01 at 10 uM
and 0.1% DMSO, dichlorophen at 20 pM and 0.1% DMSO, and
benzbromarone at 50 pM and 0.1% DMSO. The CFTR channel in-
hibitor GlyH-101 was used at a final concentration of 2.5 pm and
0.1% DMSOQO. Cells were treated with the indicated concentrations
of inhibitors or matching percentage of DMSO in serum-free me-
dium for either 24 or 48 h before fixation. Cells were labeled with an
antibody against acetylated tubulin to label primary cilia. Individual
cilia lengths and the percentage of ciliated cells were measured
using Zeiss ZEN software.
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For experiments to test the effects of ANO1 inhibitors on cilia
maintenance, IMCD3 cells were cultured as described, serum
starved for 24 h, and then exposed to inhibitors, still in serum-free
medium, for 6 h before fixation.

Lentivirus transduction

GIPZ lentiviral shRNA particles were obtained from Thermo Fisher
Scientific and targeted to mANO1 (V2LMM_92063), GAPDH
(RHS4372), or negative nonsilencing control (RHS4348). For lentivi-
ral transduction, mpkCCD14 cells were plated at 8 x 10° cells/plate
in 60-mm dishes and allowed to grow overnight. After 24 h, cells
were switched to serum-free medium with lentiviral particles. At 24 h
after transduction, infected cells were selected by the addition of
1.5 pg/ml puromycin in serum-containing medium. At 7 d after se-
lection, cells were plated at 5 x 10° cells/filter in serum-containing
medium. After 48 h, cells were switched to serum-free medium for
an additional 48 h before fixation. Only cells identified as positively
transduced by expression of TurboGFP were counted in the analysis
of the percentage of ciliated cells and measurements of cilia
lengths.
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