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A hierarchy of signals regulates entry of membrane
proteins info the ciliary membrane domain in

epithelial cells

Stephen S. Francis,'? Jeff Sfakianos,? Bryan Lo,? and Ira Mellman?

'Department of Cell Biology, Yale University School of Medicine, New Haven, CT 06510

“Genentech, Inc., San Francisco, CA 94080

he membrane of the primary cilium is continuous

with the plasma membrane but compositionally dis-

tinct. Although some membrane proteins concen-
trate in the cilium, others such as podocalyxin/gp135 are
excluded. We found that exclusion reflects a saturable se-
lective retention mechanism. Podocalyxin is immobilized
by its PDZ interaction motif binding to NHERF1 and
thereby to the apical actin network via ERM family mem-
bers. The retention signal was dominant, autonomous,
and transferable to membrane proteins not normally ex-
cluded from the cilium. The NHERF1-binding domains of
cystic fibrosis transmembrane conductance regulator and

Introduction

Ciliopathies reveal the importance of the primary cilium to
human physiology (Fliegauf et al., 2007). Cilia are found on
most cells of the body, including polarized epithelial cells where
the membrane of the primary cilium is an extension of the api-
cal plasma membrane. The ciliary membrane has a unique pro-
tein composition, enriched relative to the adjacent membrane
in proteins involved in cilium-dependent signal transduction
(Goetz and Anderson, 2010; Patel and Honoré, 2010). Some
signaling proteins such as polycystin-2 and somatostatin recep-
tor 3 are thought to possess cilium-specific targeting signals that
specify selective transport (Geng et al., 2006; Berbari et al.,
2008), and the ciliary membrane is thought to comprise a dis-
tinct lipid environment that may also control membrane protein
content (Vieira et al., 2006; Janich and Corbeil, 2007). It is not
known how or when the specialization of the ciliary membrane
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Abbreviations used in this paper: CBP, Csk-binding protein; CFTR, cystic fibro-
sis fransmembrane conductance regulator; CMD, ciliary membrane domain;
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Csk-binding protein were also found to act as transferable
refention signals. Addition of a retention signal could in-
hibit the ciliary localization of proteins (e.g., Smoothened)
containing signals that normally facilitate concentration in
the ciliary membrane. Proteins without a refention signal
(e.g., green fluorescent protein—glycosylphosphatidyl-
inositol) were found in the cilium, suggesting entry was
not impeded by a diffusion barrier or lipid microdomain.
Thus, a hierarchy of interactions controls the composition
of the ciliary membrane, including selective retention, se-
lective inclusion, and passive diffusion.

occurs, nor is it clear the extent to which the ciliary membrane
contains or excludes other plasma membrane proteins.

The plasma membrane of polarized epithelial cells is di-
vided into apical and basolateral domains separated by the tight
junction diffusion barrier (Mellman and Nelson, 2008). Pio-
neering freeze-fracture EM studies identified a structure at the
base of the cilium, the “ciliary necklace” (Gilula and Satir, 1972),
which was imagined to play a similar role in isolating the mem-
brane of the primary cilium from the adjacent plasma mem-
brane. Lacking intercellular junctions, the necklace appears
more analogous to the barrier at the axon initial segment of
neurons, which separates the axonal from the somatodendritic
plasma membranes (Winckler et al., 1999). Recently, Septin 2
has been proposed as a component of the ciliary barrier (Hu
et al., 2010), although it is unclear whether the barrier performs
the same fence function as the tight junction or axon initial seg-
ment. Consistent with a fence is evidence of a direct vesicular
© 2011 Francis et al. This arficle is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a

Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license,
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).
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transport pathway that is required to deliver axonemal compo-
nents to build the primary cilium and that could circumvent a
barrier if membrane proteins were delivered by this route
(Rogers et al., 2004; Nachury et al., 2007; Yoshimura et al.,
2007; Zuo et al., 2009). However, a recent study has demon-
strated that Smoothened (Smo), a signaling protein active in the
cilium, reaches the ciliary membrane by lateral movement, argu-
ing against an entry barrier at least for this protein (Milenkovic
et al., 2009).

Smo is a seven-pass transmembrane protein that func-
tions in the Hedgehog signaling pathway and localizes to the
primary cilium in the presence of Hedgehog (Zhu et al., 2003;
Corbit et al., 2005; Wang et al., 2009) or when overexpressed
(Rohatgi et al., 2009). Before localizing to the cilium, Smo is
found on the adjacent plasma membrane and then moves later-
ally into the ciliary membrane without endocytosis and vecto-
rial recycling (Milenkovic et al., 2009). Ciliary enrichment
could occur by passive diffusion and retention within the cil-
ium or by active transport facilitated by an adapter, a role re-
cently proposed for the BBSome (Jin et al., 2010). Smo’s
relocalization to the cilium is dependent on its association
with B-arrestin, which binds to ciliary microtubule motor pro-
tein KIF3A (Kovacs et al., 2008). These interactions may as-
sist Smo’s ciliary enrichment by facilitating association with
the axoneme.

In contrast, podocalyxin is an apical transmembrane pro-
tein that is excluded from the primary cilium and membrane
around the base of the cilium. We refer to this podocalyxin-
excluding subdomain of the apical membrane as the ciliary
membrane domain (CMD). Podocalyxin was first described as
the major sialomucin of glomerular podocytes (Kerjaschki
et al., 1984) and has been shown to play a role in apical mem-
brane determination in epithelial cells (Meder et al., 2005).
Podocalxyin’s cytoplasmic tail ends in a canonical four—amino
acid PDZ-binding motif that interacts with Na*/H* exchanger 3
regulatory factor (NHERF) proteins, NHERF1/ERM-binding
phosphoprotein of 50 kD, and NHERF?2 (Takeda et al., 2001; Li
et al., 2002; Meder et al., 2005; Yu et al., 2007), which interact
with the ERM family of actin-binding proteins (Reczek et al.,
1997; Reczek and Bretscher, 1998; Yun et al., 1998; Terawaki
et al., 2003). A complex of podocalyxin, NHERF2, and ezrin
has been immunoprecipitated from glomerular extracts, strongly
suggesting that podocalyxin can be linked to the actin cyto-
skeleton in kidney cells (Takeda et al., 2001). Further work in
formaldehyde-fixed cells identified the PDZ-binding motif at
the carboxy terminus of podocalyxin as necessary for exclusion
from the CMD (Meder et al., 2005).

We investigated podocalyxin’s CMD exclusion to deter-
mine how and when apical membrane proteins can be excluded
from the primary cilium. Live cell imaging was used because
we found that fixation can create CMD artifacts, which may
explain contradictory results in the literature. We find that
the NHERF1-ERM-actin network beneath the apical plasma
membrane comprises a dominant-acting selective retention
matrix that effectively excludes interacting membrane proteins
from entering the CMD, contributing to the specificity of the
ciliary membrane.

JCB « VOLUME 193 « NUMBER 1 « 2011

Results

Podocalyxin exclusion from the CMD
occurs after the centrioles align under

the apical membrane but before there is a
primary cilium

Elongated primary cilia appear on MDCK cells ~1 wk after
cells are seeded at high density on permeable filter supports
(Sfakianos et al., 2007). Imaging MDCK cells expressing GFP-
tagged canine podocalyxin (GFP-PODXL) fixed 8 d after seed-
ing revealed that GFP-PODXL was excluded from the primary
cilium and an area around its base, a region we define as the CMD
(Fig. 1 A), as found for endogenous podocalyxin (Meder et al.,
2005). F-actin was also excluded from this region (Fig. 1 A).

Even in cells that did not appear to have a primary cilium,
GFP-PODXL and F-actin were excluded from the CMD.
4 d after seeding, few primary cilia were visible by antiacetylated
tubulin staining; however, GFP-PODXL showed a pattern of
exclusion from the CMD similar to that seen 8 d after seeding,
a pattern matched by RFP-NHERF1 (Fig. 1 B). Thus, early
stages of ciliogenesis begin several days before growth of pri-
mary cilia in MDCK cells. By analyzing the distribution of
GFP-PODXL on the apical surface of live cells, we determined
that the CMD is established in a majority of cells within 3 d of
seeding (Fig. 1 C).

We next examined the appearance of the CMD relative to
the migration of the centrosome to the apical pole. The centro-
some migrates to the plasma membrane as the mother centriole
matures into the basal body and extends the primary cilium
(Sorokin, 1962). We found that the centrioles were positioned
below the center of the apical membrane within 24 h of seeding
(Fig. 1 D), well before appearance of the CMD (Fig. 1 C). Thus,
appearance of the GFP-PODXL exclusion zone defined forma-
tion of the CMD as a stage of ciliogenesis between migration of
the centrosome and eruption of the primary cilium.

Podocalyxin has been implicated in microvillus forma-
tion (Nielsen et al., 2007), and NHERF1 knockdown results in
loss of microvilli (Hanono et al., 2006). Because the CMD ap-
peared depleted of GFP-PODXL, RFP-NHERF1, and F-actin,
we expected to see gaps in the brush border corresponding to
the CMD. We used scanning EM (SEM) to visualize micro-
villi on the apical surface and surprisingly were not able to
find any gaps in the brush border (Fig. 1 E, day 4). However,
once a cilium was present, it was common to see a small re-
gion at its base that was free of microvilli (Fig. 1 E, day 8).
Conceivably, the dense subapical actin network must be dis-
assembled during ciliogenesis to allow the centrosome to dock
at the apical membrane. This is consistent with recent data
suggesting that ciliogenesis is facilitated by actin-severing
protein gelsolin or actin polymerization inhibitor cytochalasin
D (Kim et al., 2010) and basal body cortactin regulator Missing-
In-Metastasis (Bershteyn et al., 2010). At day 4, the reduced
F-actin in the CMD may represent loss of the subapical actin
network in that region and not disassembly of microvillar actin.
Gaps seen in RFP-NHERF1 and GFP-PODXL distributions
likely do not indicate a complete absence of these molecules
in the CMD.
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A . . Figure 1. Podocalyxin is excluded from the

GFP'PODXL F-aCtIn acet Iated‘tubu“n Overla CMD before emergence of a cilium. (A) MDCK
cells expressing GFP-PODXL were grown on
filters for 8 d and were fixed and stained with
antiacetylated tubulin to visualize primary
cilia and phalloidin to visualize F-actin. Bar,
20 pm. (B) Cells expressing GFP-PODXL and
RFP-NHERF1 were fixed and stained with anti-
acetylated tubulin 4 or 8 d after seeding on
filters. GFP-PODXL and RFP-NHERF1 patterns
are similar between days 4 and 8, but few

. ] ' cilia are present on day 4. Bar, 20 pm. (C) Live
B GFP-PODXL RFP-NHERF1 acetylated-tubulin cells expressing GFP-PODXL were imaged and

Day 4 individually scored for the appearance of a
GFP-PODXL exclusion zone in the center of the
apical membrane. Three fields of cells were
counted for each of two experiments, and the
percentage of cells with apparent exclusion
zones appears on each image. On day 1,
only 16/150 cells appeared to have a GFP-
PODXL exclusion zone. The fraction rose on
day 2 (46/214) and dramatically increased

Day 8 on day 3 (166/257) before reaching a pla-

teau on day 4 (182/250). Images were col-
lected with identical microscope settings.
Bar, 10 pm. (D) 24 h after seeding on a filter,
cells were fixed and stained with anti—y-tubulin
to visualize centrioles and anti-gp135 to visu-
alize endogenous podocalyxin. Centrioles are
aligned below the center of the apical mem-
brane before podocalyxin is excluded from the
CMD. Small podocalyxin exclusion zones are
only seen in fixed samples. Images represent
a single confocal plane. Bar, 20 pm. (E) SEM
imaging of cells 4 d after seeding surprisingly
shows microvilli in the CMD. After 8 d, an area
at the base of primary cilia (arrowheads) is
free of microvilli. Images in A-C are projected
z stacks. Bars: (leff) 5 pm; (right) 2 pm.

D podocalyxin y-tubulin overlay

E Days4 Day 8

restricted distribution in the apical membrane (Meder et al.,
2005). This motif has also been shown to bind to members of
the NHERF family (Takeda et al., 2001; Li et al., 2002; Meder
It has previously been shown that the PDZ-binding motif at the et al., 2005; Yu et al., 2007). Consistent with these findings, dele-
end of the cytoplasmic tail of podocalyxin is necessary for its tion of the four—amino acid PDZ-binding motif of GFP-PODXL

A hierarchy of signals for ciliary membrane entry
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Figure 2. GFP-PODXLA4 and GFP-GPI are found in the CMD and cilia of live MDCK cells, but fixation can create the appearance of CMD exclusion.
(A) Live cells expressing GFP-PODXLA4 or GFP-GPI were imaged 4 d after seeding and, in contrast to GFP-PODXL, failed to show exclusion from the CMD. Images
were collected with microscope settings identical to Fig. 1 C. GFP-PODXL day 4 image from Fig. 1 C is shown for comparison. (B) Paraformaldehyde-fixed
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(GFP-PODXLA4) was sufficient to allow it access to the CMD
(Fig. 2 A). However, the appearance of GFP-PODXLA4 was al-
tered by fixation (Fig. 2 B), and the extent of CMD exclusion
observed was substantially higher in fixed cells (Fig. 2 C). GFP-
glycosylphosphatidylinositol (GPI), a construct consisting of
GFP tethered to the outer leaflet of the apical membrane by GPI
and previously reported as excluded from the cilium in fixed
cells (Vieira et al., 2006; Hu et al., 2010), also had its distribu-
tion altered by fixation (not depicted) and was readily detected
in the CMD and cilium in live cells (Fig. 2, A, C, and D). In our
figures, images of fixed cells are in color, and images of live
cells are grayscale.

To determine whether CMD exclusion implied exclusion
from the primary cilium, we looked for GFP-PODXL in extended
cilia. Live cells were used to avoid fixation artifacts, so cilia were
defined morphologically as projections extending at least 2 ym
from the apical pole. As shown in Fig. 2 (D and F), GFP-positive
cilia were observed on cells expressing GFP-PODXLA4 and
GFP-GPI, but very few GFP-positive cilia were found on cells
expressing GFP-PODXL. GFP-positive cilia are most easily ap-
preciated in a z stack, where their extension above the apical
plasma membrane can be traced. To ensure the expression of
GFP-PODXL was not inhibiting ciliogenesis, we also fixed cells
and stained acetylated tubulin to visualize cilia (Fig. 2 E). We
found similar numbers of cilia in all cell lines (Fig. 2 F, ciliated).
Because GFP-PODXL was excluded from both the CMD and
primary cilium in live cells, whereas GFP-PODXLA4 and GFP-
GPI were found in both, we conclude that exclusion from the
CMD represents exclusion from the primary cilium.

Podocalyxin is selectively retained outside
the CMD by NHERF1

Podocalyxin has been reported to bind to both NHERF1 and
NHERF2 (Takeda et al., 2001; Li et al., 2002; Meder et al.,
2005; Yu et al., 2007). GFP-NHERF2 was shown to be excluded
from the CMD in MDCK cells (Meder et al., 2005), and here we
show that RFP-NHERF]1 has a similar distribution (Fig. 1 B).
To investigate whether NHERF1 or NHERF2 had a functional
role in determining podocalyxin distribution on the apical mem-
brane, expression of NHERF1, the predominant NHERF protein
in MDCK cells (Schmieder et al., 2004), was almost completely
knocked down using short hairpin RNA (shRNA; Fig. 3 A).
As shown in Fig. 3 (B-E), knockdown of NHERFI resulted in

GFP-PODXL entry into both the CMD and the primary cilium.
Thus, full-length podocalyxin is not excluded from the CMD
because of a factor inside the CMD, an exclusionary lipid
microdomain, or a diffusion barrier at the base of the cilium,
but rather because NHERF1 retains it outside the CMD.

We next asked whether interaction with NHERF1 con-
trolled the lateral mobility of GFP-PODXL. By FRAP, full-length
GFP-PODXL appeared relatively immobile, with only 20% of
initial fluorescence reappearing in bleached regions after 120 s
(Fig. 4, A and B). In contrast, GFP-PODXLA4 exhibited mark-
edly enhanced mobility with a substantially higher mobile frac-
tion than GFP-PODXL. To determine whether podocalyxin’s
immobilization was dependent on NHERF1, FRAP of NHERF1
knockdown cells was measured. As expected, the mobile frac-
tion of full-length GFP-PODXL after NHERF1 knockdown
was identical to that observed for GFP-PODXLA4 in control
cells (Fig. 4, A and B). Thus, it appears that interaction with
NHEREF1 is responsible for immobilizing GFP-PODXL outside
the CMD at the apical surface of MDCK cells.

Even when GFP-PODXL was not linked to the cytoskeleton
by NHERF1, its mobility was less than that of GFP-GPI (Fig. 4,
A and B), a molecule that freely diffuses in the outer leaflet of the
plasma membrane. The lower mobility of GFP-PODXLA4 rela-
tive to GFP-GPI may be the result of podocalyxin’s extracellular
domain or non—PDZ-related interactions of its cytoplasmic tail.

The PDZ interaction domain of
podocalyxin’s cytoplasmic tail

functions autonomously

To find structural elements that mediate CMD exclusion, we
transferred portions of podocalyxin to CEACAMI1/gpl14, a
protein that is evenly distributed across the apical plasma
membrane of MDCK cells (Balcarova-Stiander et al., 1984;
Fiillekrug et al., 2006). For this study, we chose to use splice
variant CEACAM1-1L (Kammerer et al., 2007) as the founda-
tion for GFP constructs containing portions of the podocalyxin
cytoplasmic domain or other proteins because it has the small-
est extracellular domain and a cytoplasmic tail the same length
as podocalyxin. GFP-tagged CEACAM1-1L (GFP-CEACAM1)
was delivered efficiently to the apical membrane and was not
excluded from the CMD (Fig. 5, A and B). By FRAP, GFP-
CEACAMI was highly mobile, with recovery similar to GFP-
GPI (Fig. 5, C and D).

cells expressing GFP-PODXL (top row) or GFP-PODXLA4 (bottom row) were stained with phalloidin 4 d after seeding. GFP-PODXLA4 appeared to be ex-
cluded from the CMD in many cells. (C) Cells expressing GFP-PODXL, GFP-PODXLA4, or GFP-GPI were imaged and individually scored for the appearance
of an exclusion zone. In live cells, GFP-PODXL was excluded from the CMD in 182/250 cells scored, in contrast to GFP-PODXLA4 (5/276) and GFP-GPI
(11/269). In fixed cells, GFP-PODXL was still excluded from the CMD in most cells (209/243), but the fraction of cells that also excluded GFP-PODXLA4
increased from <5 to 40% (82/204). (D) Images of live cells 12 d after seeding on filters show that GFP-PODXLA4 and GFP-GPI are present in both the
CMD and ciliary membrane. (top row) Z stacks of the apical membrane of live cells expressing GFP-PODXL, GFP-PODXLA4, or GFP-GPI were projected
into a single image. Images were collected with identical microscope settings to Fig. 1 C, but at lower digital zoom. (bottom row) Single confocal sections
above the apical membrane were taken from the z stacks in the top row, and image brightness was increased. Visible cilia are labeled with arrowhead:s.
(E) Cells expressing GFP-PODXL, GFP-PODXLA4, or GFP-GPI (green) were fixed and stained with antiacetylated tubulin (white) to image primary cilia 12 d
after seeding on filters. (F) Cilia longer than 2 pm extending from GFP-positive cells were counted in five fields in each of two experiments. In fixed cells,
cilia were identified by antiacetylated tubulin (ciliated); in live cells, cilia were identified as GFP-positive projections from the center of the apical membrane
(GFP + cilium). Scoring GFP-PODXL-expressing cells, 54/188 fixed cells were ciliated, but only 4/144 live cells had a GFP-positive cilium. In contrast,
GFP-PODXLA4—expressing cells had similar numbers of cilia that could be detected using the two methods (24/77 fixed and 34/126 live), as did GFP-
GPl-expressing cells (77/219 fixed and 64/194 live). Images in A, B, and E are projections of z stacks. Error bars represent standard deviation between
experiments. Bars, 10 pm.

A hierarchy of signals for ciliary membrane entry ¢ Francis et al.
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Figure 3. CMD exclusion of GFP-PODXL is A
dependent on NHERF1. (A) NHERF 1 was knocked
down in GFP-PODXL cells (NHERF1 shRNA)
using a retroviral shRNA system. Control cells
expressing GFP-PODXL (vector) were retrovirally
transduced with a puromycin resistance plas-
mid without an shRNA sequence. Cell lysates
were blotted with anti-NHERF1 and antiezrin
antibodies. Molecular mass is indicated in
kilodaltons. (B) Live imaging of cells 4 d after
seeding revealed that control cells (vector) ex-
clude GFP-PODXL from the CMD but NHERF1
shRNA cells do not. Exclusion was quantified C
as in Fig. 1 C, and the percentage of cells ex-
cluding GFP-PODXL from the CMD appears on
each image. 148/230 control cells (vector)
excluded GFP-PODXL from the CMD, whereas
very few cells expressing NHERF1 shRNA
(8/186) excluded GFP-PODXL. Images were
collected with identical microscope settings
to Fig. 1 C. (C) Knocking down NHERF1 al-
lowed GFP-PODXL to enter primary cilia. Cells
were imaged live 12 d after seeding on filters.
(top row) Z stacks of the apical membrane of
control (vector) or NHERF1 shRNA live cells
expressing GFP-PODXL were projected into
single image. Images were collected with iden-
tical microscope settings to Fig. 1 C, but at
lower digital zoom. (bottom row) Single confocal
sections above the apical membrane were
taken from the z stacks in the top row, and im-
age brightness was increased. Visible cilia are
labeled with arrowheads. (D) 12 d after seed-
ing, NHERF1 shRNA and control cells (vector)
were fixed and stained with phalloidin and
antiacetylated tubulin. GFP-PODXL is found in
the CMD of NHERF1 shRNA cells, but actin
is still excluded from the CMD, and primary
cilia appear to grow normally. (E) 100/214
control cells (vector) had a cilium detected by
antiacetylated tubulin after fixation, whereas
only 15/208 live cells had a GFP-PODXL-positive
cilium. After NHERF1 knockdown, similar num-
bers of cilia could be detected using each
method (74/194 fixed and 57/145 live).
Images in B and D are projections of z stacks.
Error bars represent standard deviation be-
tween experiments. Bars, 10 pm.

NHERF1 (50)

vector

D GFP-PODXL

NHERF1 shRNA

We first added only the four—amino acid PDZ-binding
motif from podocalyxin to the carboxy terminus of GFP-
CEACAMI1 (GFP-CEACAMI1-DTHL). GFP-CEACAM1-DTHL
was not retained outside the CMD (Fig. 5, A and B), and its mo-
bility measured by FRAP was similar to GFP-CEACAMI1 (Fig. 5,
C and D). In contrast, replacement of the last 62 amino acids of
GFP-CEACAMI1 with those of PODXL (GFP-CEACAMI1-
PODXL) was sufficient to exclude the construct from the CMD
(Fig. 5, A and B) and to reduce its mobile fraction in the apical
membrane (Fig. 5, C and D). Subsequent deletion of the PDZ-
binding motif from the cytoplasmic tail of GFP-CEACAMI-
PODXL (GFP-CEACAM1-PODXLA4) eliminated these effects
(Fig. 5, A-D). Finally, immunoprecipitation (IP) of the podoca-
lyxin and CEACAMI1 constructs confirmed that GFP-CEACAMI1-
PODXL interacted with NHERF1 similarly to GFP-PODXL,
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whereas the constructs that were not excluded from the CMD
did not (Fig. 5 E). Together, these results indicate that the
NHERF1-dependent retention activity associated with the
podocalyxin cytoplasmic tail can be transferred to another
protein autonomously. Although the activity required more than
just the last four residues comprising the canonical PDZ-binding
motif, these motifs have previously been shown to be context
dependent (Maday et al., 2008).

To determine whether the properties of podocalyxin’s cyto-
plasmic tail are unique, we tested the cytoplasmic domains of
other NHERF1-binding membrane proteins for their ability to
alter the distribution and mobility of GFP-CEACAMI. Cystic
fibrosis transmembrane conductance regulator (CFTR) and
Csk-binding protein (CBP) are both membrane proteins re-
ported to be immobilized by their interactions with NHERF1
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(Brdickova et al., 2001; Itoh et al., 2002; Haggie et al., 2004,
2006; Chen et al., 2006). We added the final 32 amino acids of
each protein to GFP-CEACAMI1 to create GFP-CEACAMI1-
CFTR and GFP-CEACAM1-CBP. GFP-CEACAM1-CFTR was
excluded from the CMD, but not after removal of the last four
amino acids of its tail (GFP-CEACAMI1-CFTRA4; Fig. 5,
A and B). Similar observations were made of GFP-CEACAM1-
CBP (not depicted). Both of the full-length constructs had lower
FRAP than GFP-CEACAM1-PODXL, showing that they were
even more effective than the podocalyxin cytoplasmic tail at re-
stricting the mobility of GFP-CEACAMI. Yet, after removal of
their PDZ-binding motifs, both GFP-CEACAM 1-CFTRA4 and
GFP-CEACAM -CBPAA4 exhibited the same high rate of FRAP
as unmodified GFP-CEACAMI1 (Fig. 5, C and D).

As a further test of the specificity of podocalyxin reten-
tion, we expressed GFP-CEACAM1-PODXL at high levels to
determine whether exogenous protein would compete with en-
dogenous podocalyxin for the limited pool of NHERFI. If so,
the excess podocalyxin would be expected to enter the CMD.
We generated cell lines that highly expressed either GFP-
CEACAMI1-PODXL or GFP-CEACAM1-PODXILA4 and stained
the cells for endogenous podocalyxin (Fig. 5, F and G). Cells
expressing high levels of GFP-CEACAM1-PODXL did not show
CMD exclusion of either GFP-CEACAM1-PODXL or endoge-
nous podocalyxin, whereas neighboring cells without GFP-
CEACAMI1-PODXL excluded endogenous podocalyxin from
the CMD. High expression of GFP-CEACAM1-PODXLA4 did
not affect the distribution of endogenous podocalyxin. We con-
clude that the selective retention mechanism is saturable and
that there is not an additional barrier to endogenous podocalyxin’s
entry to the CMD or cilium.

A link to ERMs or actin results in CMD

exclusion even with NHERF1 knockdown

In an additional set of experiments, we asked whether the direct
fusion of domains from either NHERF1 or its presumptive
binding partner ezrin would substitute for podocalyxin’s PDZ
interaction domain in programming retention outside the CMD.
A similar approach was recently reported in an analysis of
endocytic recycling of 32-adrenergic receptor (Lauffer et al.,
2009). We transferred the ERM-binding domain of NHERF1 to
GFP-CEACAMI1 (GFP-CEACAMI1-NHERF1) and found that

: are means of FRAP measurements from 10 cells for GFP-GPI,

/(32\ GFP-PODXL, GFP-PODXLA4, and GFP-GPI and 8 cells for

& vector and NHERF 1 shRNA. Error bars represent standard
deviation between measurements.

it acquired the membrane distribution and mobility of GFP-
PODXL (Fig. 6, A-D). Similarly, addition of the actin-binding
domain of ezrin to GFP-CEACAM1 (GFP-CEACAM1-ezrin)
resulted in CMD exclusion and significantly reduced mobile
fraction, as judged by FRAP (Fig. 6, A-D).

Retention of GFP-CEACAM1-NHERF1 should be inde-
pendent of endogenous NHERF1 because the construct can
interact with ERMs directly using its NHERF1 ERM-binding
domain, unless the retention matrix itself is dependent on
NHERFTI. To test this, we used shRNA to knock down expres-
sion of NHERF1 in our GFP-CEACAMI1-NHERF1 cell line.
Despite a nearly complete knockdown of endogenous NHERF1
(Fig. 6 B), CMD exclusion was not affected (Fig. 6, A and C).
Endogenous NHERF1 was also not required to restrict the lat-
eral mobility of GFP-CEACAMI1-NHERF1 (Fig. 6, D and E).
Thus, the retention matrix itself does not require NHERFI,
which appears to act only as an adapter that restricts lateral
movement of interacting membrane proteins by linking them to
ERMs and actin.

Smo is retained outside the cilium by
addition of a retention signal

Smo is a transmembrane protein in the Hedgehog signaling
pathway that depends on ciliary localization for its signaling
function (Corbit et al., 2005). The mechanism by which Smo
is specifically targeted to the cilium is not understood, but a
recent study has suggested that Smo enters the cilium by lat-
eral transport (Milenkovic et al., 2009). In this process, Smo is
delivered to the plasma membrane and then moves laterally to
the ciliary membrane either by passive diffusion or active trans-
port. This is an alternative to direct delivery from an intracel-
lular pool to the ciliary membrane, which is also reported to be
the mechanism of selective accumulation of Smo in the cilium
(Wang et al., 2009).

If Smo is delivered to the apical membrane outside the
CMD, it could be retained there by addition of NHERF1’s ERM-
binding domain, similar to our GFP-CEACAM1-NHERF]1 con-
struct. To test this, we generated a Smo construct with a GFP
tag on the extracellular amino terminus and NHERF1’s ERM-
binding domain on the cytoplasmic carboxy terminus (GFP-Smo-
NHERF1). To ensure that the addition of the NHERF1 domain
did not simply inhibit ciliary transport of Smo, we also generated
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Figure 5. CEACAM1 can be excluded from the CMD by adding tails from NHERF1-binding proteins. (A) GFP-CEACAM1-based constructs differ in their ex-
clusion from the CMD 4 d after seeding. Images were collected with identical microscope settings to Fig. 1 C. (B) Cells were scored for GFP exclusion from
the CMD as in Fig. 1 C. Only 5/169 cells appeared to exclude GFP-CEACAM1 from the CMD, and GFP-CEACAM1-DTHL (13/135), GFP-CEACAMI-
PODXLA4 (10/237), and GFP-CEACAMI-CFTRA4 (12/148) were similar, whereas GFP-CEACAM1-PODXL (146/253) and GFP-CEACAMI1-CFTR
(94/111) were excluded from the CMD in most cells. (C) FRAP measurements indicated that GFP-CEACAM1 constructs that were excluded from the
CMD were also less mobile in the apical membrane. (D) There was no significant difference between FRAP measurements of GFP-CEACAMI1 and
GFP-CEACAMI1-DTHL after 120 s; however, there were significant differences between GFP-CEACAM1-PODXL and GFP-CEACAM1-PODXLA4, GFP-
CEACAMI1-CFTR and GFP-CEACAM1-CFTRA4, and GFP-CEACAM1-CBP and GFP-CEACAM1-CBPA4 (P < 0.005). (C and D) Each FRAP value is a mean
of measurements from eight cells. Error bars represent standard deviation between measurements. (E) Cells expressing GFP constructs were grown on
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Figure 6. CEACAMI can be excluded from the CMD independently of NHERF1 by adding domains that bind more directly to the cytoskeleton. (A) Addition
of NHERF1’s ERM-binding domain or ezrin’s actin-binding domain is sufficient to exclude GFP-CEACAM]1 from the CMD 4 d after seeding. NHERF1 was
knocked down in GFP-CEACAMT-NHERF1 cells (GFP-CEACAM1-NHERF1 shRNA), and exclusion was similar to control cells (GFP-CEACAM1-NHERF1
vector). Images were collected with identical microscope settings to Fig. 1 C. (B) GFP-CEACAM1-NHERF1 shRNA and GFP-CEACAM1-NHERF1 vector cell
lysates were blotted with anti-NHERF1 and antiezrin antibodies. Molecular mass is indicated in kilodaltons. (C) Cells were scored for GFP exclusion from
the CMD as in Fig. 1 C. 113/199 cells expressing GFP-CEACAM1-NHERF1 appeared to exclude the construct from the CMD, and similar results were
seen for GFP-CEACAM1-ezrin (105/185). After shRNA knockdown of NHERF1, GFP-CEACAM1-NHERF1 was excluded from the CMD in 193/393 cells,
a similar ratio to cells only treated with vector (125/232). Error bars represent standard deviation between experiments. (D) FRAP measurements indicated
that GFP-CEACAM1 was less mobile in the apical membrane after addition of an ERM- or actin-binding domain, and this was independent of NHERF1
knockdown. (E) There are significant differences in the FRAP measurements between GFP-CEACAM1 and both GFP-CEACAM1-NHERF1 (**, P < 0.005)
and GFP-CEACAM1-ezrin (*, P < 0.05) after 120 s. No significant difference was seen in the FRAP of GFP-CEACAM1-NHERF1 after shRNA knockdown
of NHERF1. GFP-CEACAM1 data are from Fig. 5 and are included as a reference. (D and E) Each FRAP value is a mean of measurements from eight cells.
Error bars represent standard deviation between measurements. Images are projections of z stacks. Bars, 10 pm.

tissue culture plates and lysed when confluent. GFP constructs were immunoprecipitated from cell lysates, eluted, and Western blotted. Membranes were
probed with anti-NHERF1 and either anti-GFP or anti-gp135 antibodies. The arrow tfo the left of the podocalyxin blot points to the GFP-PODXL band; the
large band below is endogenous podocalyxin. GFP-PODXL and GFP-PODXLA4 lysate lanes represent 2% of the lysate used in the IP, and CEACAM]1 lysate
blots represent 1% of the lysate used in the IP. Molecular mass is indicated in kilodaltons. (F) Cells expressing high levels of GFP-CEACAM1-PODXL or
GFP-CEACAM1-PODXLA4 were grown on filters for 4 d, methanol fixed, and stained for endogenous podocalyxin with anti-gp135 antibody. Podocalyxin
did not appear to be excluded from the CMD in cells expressing GFP-CEACAM1-PODXL, whereas podocalyxin distribution was unaffected by expression
of GFP-CEACAM1-PODXLA4. (G) CMD exclusion of endogenous podocalyxin was scored in cells expressing high levels of GFP-CEACAM1-PODXL or
GFP-CEACAM1-PODXLA4 and in neighboring cells not expressing a GFP construct. Only 34/197 cells expressing GFP-CEACAM1-PODXL appeared to
be excluding endogenous podocalyxin from the CMD, whereas 131/143 neighboring cells were excluding podocalyxin. The fraction of cells excluding
podocalyxin was similar between those expressing GFP-CEACAM1-PODXLA4 (119/143) and neighbors (128/149). Images are projections of z stacks.
Error bars represent standard deviation between experiments, except in D. Bars, 10 pm.
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Figure 7. Smo can be retained outside the CMD by association with the retention matrix. Live cells expressing GFP-Smo-NHERF1-FR or GFP-Smo-NHERF1
were labeled with Alexa Fluor 647 anti-GFP on the apical side (surface label). (A) XY projections of cells expressing the ERM binding-deficient GFP-Smo-
NHERF 1-FR exhibit bright spots corresponding to cilia. Pairs of spots are concentrations of GFP at the base and tip of a single cilium. In contrast, Smo fused
to a NHERF1 domain capable of binding ERMs (GFP-Smo-NHERF 1) was localized over the entire apical plasma membrane outside the CMD. Bar, 10 pm.
(B) XZ sections of cells expressing GFP-Smo-NHERF 1-FR reveal cilia with an uneven distribution of GFP. Surface labeling shows GFP-Smo-NHERF1 across

the apical membrane. Image brightness was increased in B. Bar, 5 pm.

a control construct (GFP-Smo-NHERF1-FR) in which a one—
amino acid substitution was made in the NHERFI domain to
eliminate ERM binding (Finnerty et al., 2004). Cell lines ex-
pressing these Smo constructs were analyzed for Smo distribu-
tion by confocal microscopy. The Smo fusion constructs were
not efficiently delivered to the plasma membrane, making the
distribution of Smo on the cell surface difficult to determine by
GFP signal alone. We therefore used anti-GFP antibody to visu-
alize Smo on the apical surface of live cells. GFP-Smo-NHERF1-
FR was localized almost entirely to the primary cilium (Fig. 7,
A and B), similar to the distribution of GFP-Smo (not depicted).
In contrast, GFP-Smo-NHERF1 was mostly restricted to the
apical membrane with a pattern that resembled CMD exclu-
sion with only low levels in the cilium. This result is consistent
with Smo following an indirect delivery pathway to the cilium
because GFP-Smo-NHERF1 was retained outside the CMD,
where it was presumably first inserted in the apical membrane.
It also indicates that retention outside of the CMD is cis-
dominant over movement into and selective accumulation within
the cilium itself.

Absent the ability to interact with the retention matrix, podoca-
lyxin and CEACAMI can freely enter the cilium, meaning they
are not subject to a diffusion barrier at the cilium base. How-
ever, Smo is found enriched in the cilium after delivery to the
apical membrane, suggesting either that it is selectively retained
after passive diffusion into the cilium or that its entry is facili-
tated. Given the characteristic axonemal microtubule arrays
found within cilia and our findings on actin-based retention,

we asked whether we could cause ciliary retention of a noncili-
ary protein by adding a microtubule-binding element to its cyto-
plasmic domain. We thus generated a GFP-CEACAMI1 construct
fused to microtubule-associated protein tau (GFP-CEACAM1-tau).
The 352—amino acid tau protein was a much larger addition
to GFP-CEACAMI1 than our ERM- or actin-binding do-
mains but did not interfere with apical trafficking of the fu-
sion protein at low expression levels. Before ciliogenesis,
GFP-CEACAMI1-tau was evenly distributed across the api-
cal membrane (Fig. 8 A), and its mobility was not significantly
different from GFP-CEACAMI1 by FRAP (Fig. 8 B). Once a
primary cilium developed, however, GFP-CEACAMI1-tau ap-
peared concentrated in the cilium relative to GFP-CEACAMI1
(Fig. 8 C). These data show that a protein can be enriched in the
cilium simply by association with axonemal microtubules.
Thus, selective retention in the cilium, perhaps via microtubule
motors such as KIF3A, may contribute to the ciliary enrichment
of selected membrane proteins.

The ciliary membrane represents a distinct, differentiated
microdomain that, in epithelial cells, exists as a subregion of an
already distinct apical surface. How the specificity of the ciliary
membrane is generated and maintained is only now becoming
clear, and our results add a fundamental new mechanism to the
process. We have found that PDZ-dependent interactions of
membrane proteins such as podocalyxin with NHERF1, ezrin,
and actin comprise an effective retention matrix that is neces-
sary and sufficient to impede the passive diffusion of membrane
proteins from the apical surface into the CMD and membrane of
the primary cilium. This retention mechanism can even prevent
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Figure 8. GFP-CEACAMI is concentrated in the primary cilium after addition of a microtubule-binding domain. (A) Live cells expressing GFP-CEACAM1-
tau were imaged 4 d after seeding. The image is a projection of a z stack and was collected with identical microscope settings to Fig. 1 C. Bar, 10 pm.
(B) FRAP measurements of GFP-CEACAM1-tau 4 d after seeding show mobility similar to GFP-CEACAM1. GFP-CEACAM1 data are from Fig. 5 and are
included as a reference. Each FRAP value is a mean of measurements from eight cells. Error bars represent standard deviation between measurements.
(C) XZ sections of cells 12 d after seeding show GFP-CEACAM1-tau enriched in the cilium relative to the apical membrane, whereas GFP-CEACAM]1 is

evenly distributed. Bar, 3 pm.

the ciliary localization of membrane proteins such as Smo,
which are normally concentrated in the cilium. Although the
ciliary membrane may also be a specialized lipid environment
(Vieira et al., 2006; Janich and Corbeil, 2007), this does not ap-
pear to contribute to the exclusion of apical membrane proteins.
Nor does a diffusion barrier act to prevent the entry of passively
diffusing proteins or of Smo, which moves laterally from its site
of insertion in the plasma membrane to the cilium (Milenkovic
et al., 2009). Consequently, we propose that a hierarchy of mech-
anisms exist that control the biogenesis of the ciliary membrane,
including selective retention outside of the CMD, nonselective
or selective transport from bulk plasma membrane into the
CMD, and selective retention of a subset of proteins after arrival
in the cilium. The latter two mechanisms likely involve specific
adapters or motors such as the BBSome (somatostatin recep-
tor 3; Jin et al., 2010), B-arrestin (Smo; Kovacs et al., 2008), and
KIF3A (Crumbs3 and Smo; Fan et al., 2004; Sfakianos et al.,
2007; Kovacs et al., 2008).

It seems clear why proteins involved in signaling might be
selectively transported to or retained within the ciliary mem-
brane. Why bulk plasma membrane proteins need to be excluded
is less clear but may reflect the need to maintain sufficient space
for signaling proteins or to prevent entry of proteins that might
interfere with signaling. In this regard, it is important to note
that diffusion barriers may also play an important role, although
one apparently not relevant to the membrane proteins studied
here. Recently, Septin 2 has been proposed to impede the move-
ment of Smo and other ciliary membrane proteins into and out
of cilia (Hu et al., 2010), a mechanism that may apply only to
membrane proteins that interact with cilium-specific adapter
molecules or microtubule motors (e.g., BBSome, intraflagellar
transport particles, and KIF3A).

Although it was previously demonstrated that podoca-
lyxin needs its PDZ-binding motif for cilium exclusion (Meder
et al., 2005), we have defined the mechanism responsible for
this effect. We found that NHERF1 is the PDZ domain protein
required for podocalyxin’s CMD exclusion in MDCK cells, im-
mobilizing and retaining it in the nonciliary portions of the api-
cal plasma membrane. NHERF2 has also been shown to bind
podocalyxin (Takeda et al., 2001; Li et al., 2002) and be

excluded from the CMD (Meder et al., 2005), but a functional role
for NHERF?2 in CMD exclusion has never been demonstrated. We
predict that it could serve the same function as NHERF]1 but is
not endogenously expressed at high enough levels in MDCK
cells to sequester a large fraction of podocalyxin outside the
CMD. We also show that the addition of a NHERF1-interacting
sequence from either CFTR or CBP is sufficient to cause GFP-
CEACAMI1 CMD exclusion, demonstrating that our findings
are not exclusive to podocalyxin. We expect that all apical mem-
brane proteins that bind to NHERF1 or are otherwise linked to
the actin cytoskeleton are excluded from the CMD.

By monitoring the appearance of a GFP-PODXL-free
subregion of the apical domain, we were able to identify early
stages of ciliogenesis. Imaging GFP-PODXL and +y-tubulin re-
vealed that the centrioles migrate to the future position of the
primary cilium before GFP-PODXL is excluded from a central
subdomain of the apical membrane. Phalloidin staining shows
that F-actin is depleted from the CMD after MDCKs have been
grown on filters for 4 d (Fig. 1 A); however, SEM images of
4-d-old cells do not show a corresponding lack of microvilli
(Fig. 1 E), suggesting that the cleared F-actin was part of the
subapical terminal web. Once a primary cilium grows days later,
a small region without microvilli is present at the base of the
cilium (Fig. 1 E), indicating that the basal body may continue to
locally break down F-actin even after extending a cilium. The
early loss of NHERF1 and podocalyxin from the CMD must
represent a signal acting at the membrane to clear these pro-
teins, but that signal does not appear to eliminate microvilli in
the CMD.

Our experiments have also identified an experimental arti-
fact that is particularly relevant to studies of the primary cilium.
Fixing and permeabilizing MDCK cells can create the appear-
ance of CMD exclusion for some apical markers, including
CEACAMI and GFP-GPIL. Live cell imaging avoids this issue;
however, the expression of exogenous proteins also has drawbacks
when investigating retention mechanisms. Once binding sites
are saturated, remaining protein is free from retention. We demon-
strated this principle by expressing high levels of GFP-CEACAMI1-
PODXL, a construct that binds to NHERF1, which caused
endogenous podocalyxin to enter the CMD (Fig. 5, F and G).
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Competition for NHERF1 binding by exogenous protein ex-
pression has also been documented using CFTR (Haggie et al.,
2006). To avoid saturating NHERF1-binding sites in our studies
of CMD exclusion, we only used cells expressing low levels of
exogenous protein (Fig. 5 E, compare GFP-PODXL band with
endogenous podocalyxin band).

We have been able to enrich GFP-CEACAMLI in the pri-
mary cilium simply by adding the microtubule-associated protein
tau to its cytoplasmic tail. This result demonstrates that anchor-
ing a membrane protein to microtubules is sufficient to achieve
selective localization in the cilium without the need for direct
ciliary transport or a diffusion barrier at the base of the cilium.
GFP-CEACAMI1-tau is homogenously distributed across the
apical membrane before the growth of the primary cilium and is
mobile according to our FRAP measurements. Although micro-
tubules are found throughout the cell, few are apparently close
enough to the apical membrane to allow GFP-CEACAMI-tau
to bind. Once the cilium grows, GFP-CEACAM1-tau can freely
diffuse into the ciliary membrane, where it binds to micro-
tubules of the axoneme. We do not expect this direct link to
represent a physiological mechanism for cilium enrichment, but
an indirect scaffolding system like the one that connects podo-
calyxin to actin can be envisioned.

Smo has been shown to be delivered to the apical mem-
brane before concentrating in the cilium in response to Hedgehog
(Milenkovic et al., 2009). Part of this mechanism is associa-
tion of B-arrestin with Smo and KIF3A (Kovacs et al., 2008),
which would link Smo to microtubules. This complex could
transport Smo to the distal tip of the cilium, immobilize Smo by
binding it to microtubules, or sequester it in the ciliary mem-
brane by rendering it unable to cross a possible Septin 2 barrier
back into the apical membrane. Other ciliary proteins might be
retained in the ciliary membrane by the BBSome. The BBSome
is a good candidate for a ciliary retention complex because it
localizes to the cilium (Nachury et al., 2007), recognizes ciliary
localization domains (Jin et al., 2010), and can indirectly link
to microtubules through the dynein—dynactin complex (Kim
et al., 2004).

We have found that primary cilium enrichment or exclusion
of apical plasma membrane proteins can be mediated by cyto-
skeletal retention. Protein components that fall into this class are
not dependent on a diffusion barrier for their localization. That
GFP-PODXL can freely enter the CMD and cilium after dissoci-
ation from the NHERFI1-ERM-actin retention matrix indicates
that a ciliary fence does not restrict podocalyxin diffusion. Thus,
it is now apparent that entry into, or exclusion from, the CMD in-
volves a hierarchical interplay of several elements: (a) signals for
selective inclusion within the CMD; (b) a possible barrier that
impedes exit from (or less likely, entry into) the CMD; and (c) a
retention matrix that prevents movement to the cilium by immo-
bilizing nonciliary proteins in the plasma membrane.

Materials and methods
Cell culture
MDCK Il and GP2-293 cells were maintained in Dulbecco’s MEM with low

glucose supplemented with 10% FBS, 2 mM Lglutamine, penicillin and
streptomycin at 37°C, and 5% CO,. For microscopy experiments, cells

JCB « VOLUME 193 « NUMBER 1 « 2011

were seeded at a density of 5 x 10° for each 12-mm polycarbonate filter
(Transwell; Corning). Medium was replaced daily for cells on filters.

Antibodies

The antibodies used in this study were rabbit anti—y-tubulin (T5192; Sigma-
Aldrich); mouse antiacetylated tubulin (clone 6-11B-1; Sigma-Aldrich); rab-
bit anti-NHERF1 (PA1-090; Thermo Fisher Scientific); rabbit anti-GFP
(A11122; Invitrogen); mouse antiezrin (610602; BD); rabbit anti-GFP conju-
gated to Alexa Fluor 647 (Invitrogen); Alexa Fluor 488, 546, and 647 goat
anti-mouse IgG and goat anti-rabbit IgG (Invitrogen); goat anti-mouse
(IRDye 800CW; LI-COR Biosciences); and goat anti-rabbit (IRDye 680;
LI-COR Biosciences). Anti-gp135 antibody was provided by G. Ojakian
(State University of New York Downstate Medical Center, Brooklyn, NY).

Microscope

A confocal microscope with integrated photomultiplier detectors (SP5;
Leica) was used to acquire images for this study. Objective lenses were a
100x 1.47 NA HCX PL APO oil immersion objective and a 63x1.40 NA
HCX PL APO oil immersion objective. Application Suite software (Leica)
was used to manage images.

Immunofluorescence microscopy

Cells on filters were fixed by incubation in 4% paraformaldehyde (Electron
Microscopy Sciences) for 15 min at room temperature or in methanol for
20 min at =20°C. Cells were permeabilized with 0.05% saponin (Riedel-
de Haén) and 2% BSA (Sigma-Aldrich) in Dulbecco’s PBS with calcium and
magnesium (Invitrogen). Primary and secondary antibody incubations
were 1 h, and filters were washed with permeabilization buffer after each
incubation. Alexa Fluor 647-conjugated phalloidin (Invitrogen) was in-
cluded in the secondary incubation. Filters were mounted in SlowFade
Gold (Invitrogen).

Live cell microscopy

Cells grown on filters were washed twice with cell culture medium before
filters were cut from their supports and placed cell side down on a 22-mm
glass bottom dish (WillCo Wells). A slice hold down (SHD-26GH/15; Warner
Instruments) was placed on top of the filter, and cell culture medium was
added fo the dish. Cells were imaged in a 37°C chamber with 5% CO,.

Images used to quantify CMD exclusion were acquired with a 100x
objective and 2x digital zoom; images for quantitation of cilia used 3x
digital zoom. To quantitate CMD exclusion, three fields of cells were scored
in each of two experiments. To quantitate cilia (live and fixed), five fields of
cells were scored in each of two experiments. Only cells with a mean fluores-
cence intensity and peak fluorescence intensity within a standard range
were scored.

FRAP measurements were made using a 63x objective and 10x
digital zoom. Application Suite software was used fo automate the bleach
of a 750-nm-diameter circle, acquisition of postbleach images, and quanti-
tation of fluorescence recovery. The region bleached was never in the
center or at the edge of the cell. To calculate recovery, the fluorescence in-
tensity of the bleached region in the first image acquired after bleaching
(time 0) was subtracted from all intensity measurements. Values were then
normalized to prebleach intensity of the bleached region and scaled to the
intensity of a nearby region of apical membrane to account for photo-
bleaching during image acquisition. Traces in figures are means of FRAP
calculations from at least eight cells from at least two experiments.

To visualize GFP-Smo on the cell surface, cells on filters expressing
GFP-Smo constructs were washed twice with 4°C Dulbecco’s PBS with cal-
cium and magnesium (Invitrogen). PBS was completely aspirated from the
apical chamber, and 200 pl of 1:100 Alexa Fluor 647-conjugated anti-
GFP antibody in PBS was added to the apical chamber. Cells were incu-
bated on ice for 5 min before being washed twice with 4°C PBS with
calcium and magnesium. Filters were cut from their supports, placed on an
ice-cold glass bottom dish, and weighed down with a slice anchor before
an addition of 4°C PBS with calcium and magnesium to the dish. Cells
were quickly imaged at room temperature. The brightness of images in

Figs. 2 D, 3 C, and 7 B was increased using Photoshop CS4 (Adobe).

SEM

Samples were fixed in one-half Karnovsky’s fixative (2% paraformalde-
hyde/2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4)
overnight and postfixed in 1% OsO,4 for 1 h. Cells were dehydrated
through a graded series of EfOH and infiltrated with hexamethyldisilazane.
They were then air dried, mounted on stubs, and sputter coated with 10 nm
AuPd. Samples were viewed on a microscope (XL30 ESEM; FEI).
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Generation of fluorescent protein fusion constructs

GFP-GPI (Keller et al., 2001) was subcloned into pQCXIN for this study.
This pQCXIN GFP-GPI plasmid became the basis for our other transmem-
brane GFP constructs, as cDNAs could be inserted downstream of the GFP
with a stop codon upstream of the GPI linkage sequence.

Sequences for canine PODXL (GenBank/EMBL/DDBJ accession no.
AY970669) and CEACAMI-1L (GenBank accession no. DQ975212)
were edited to remove their signal sequences and silently add restriction
enzyme sites. These edited sequences were synthesized and inserted
downstream of GFP in pQCXIN GFP-GPI by Blue Heron Biotechnology.

GFP-PODXLA4 was made by replacing the distal tail of GFP-PODXL
with synthesized oligonucleotides corresponding to the PODXL tail with-
out its last four amino acids. GFP-CEACAM1-DTHL was made by inserting
the last four codons of PODXL to the end of GFP-CEACAM1’s sequence
using oligonucleotides.

GFP-CEACAMI1-PODXL and GFP-CEACAM1-PODXLA4 were cre-
ated by cutting the last 62 codons from the tail of GFP-CEACAM1 and re-
placing them with the corresponding tail fragment of either GFP-PODXL or
GFP-PODXLAA4.

To facilitate the creation of other constructs, we created a GFP-
CEACAMIT construct with the stop codon deleted (GFP-CEACAMI-NS),
which allowed us to insert synthesized oligonucleotides at the end of the
CEACAM!1 sequence. Oligonucleotides corresponding to the carboxy-terminal
32 amino acids of CFTR (GenBank accession no. NM_000492) with or
without the final four amino acids were added to GFP-CEACAM1-NS with a
Glu-Phe linker to create GFP-CEACAM1-CFTR and GFP-CEACAM1-CFTRA4,
respectively. The same process was used to create GFP-CEACAM1-CBP and
GFP-CEACAM1-CBPA4 from the sequence of CBP (GenBank accession no.
NM_018440). GFP-CEACAMI-NHERF1 and GFP-CEACAMI1-ezrin were
created by adding a Glu-Phe-Gly-Ala-Gly-Ala linker followed by the ERM-
and actin-binding domain sequences from Lauffer et al. (2009) to the tail of
GFP-CEACAM1-NS using synthesized oligonucleotides. GFP-CEACAM1-tau
was created by amplifying human microtubule-associated protein tau iso-
form 4 (GenBank accession no. NM_016841) by PCR and ligating this
fragment to the tail of GFP-CEACAM1-NS with a Glu-Phe linker.

Human Smo ¢DNA (GenBank accession no. BCO09989) was am-
plified by PCR and inserted into pQCXIN GFP-GPI downstream of GFP
without Smo's signal sequence or stop codon. NHERF1’s ERM-binding
domain was added to this Smo construct to create GFP-Smo-NHERF1. The
ERM-binding domain oligonucleotide sequence was modified to substitute
Arg for Phe at the location that corresponds to NHERF1 residue 355 and
was added to Smo to create GFP-Smo-NHERF1-FR. Human NHERF1 cDNA
(GenBank accession no. AF015926) was amplified by PCR and inserted
downstream of Evrogen TagRFP in pQCXIN to create RFP-NHERF1.

Generation of cell lines stably expressing fluorescent protein constructs

To produce retroviral vectors, 107 GP2-293 cells were seeded on a 10cm
plate 1 d before transfection with 1.5 pg pLP-VSVG (Takara Bio Inc.) and
3 pg pQCXIN vector using Lipofectamine 2000 (Invitrogen). Cells were in-
cubated at 32°C in complete cell culture medium during vector production.
Supernatant was harvested and replaced every 24 h three times beginning
48 h after transfection. Vector-containing supernatants were pooled and
debris were removed by centrifugation at 1,700 g for 5 min. Supernatants
were used directly or aliquoted and stored at -80°C.

MDCK cells were seeded at a density of 25,000 cells per well of a 12-
well dish the day before transduction with refrovirus. Cells were infected by re-
placing cell culture medium with up to 2 ml of viral supernatant with 10 pg/ml
polybrene (American Bioanalytical), spinning at 675 g for 1 h, and then incu-
bating overnight at 32°C. Cells were subsequently incubated at 37°C.

MDCK cells expressing low levels of GFP were selected using a cell
sorter (FacsAria; BD). To create a low expression standard, cells trans-
duced with GFP-PODXL retrovirus were sorted to select the least bright 10%
of GFP-positive cells. Cells expressing other constructs were sorted to a
similar level of fluorescence. Cell lines expressing high levels of GFP-
CEACAMI1-PODXL and GFP-CEACAM1-PODXLA4 were created by selec-
tion with 2 mg/ml G418 Sulfate (Takara Bio Inc.) and subsequently sorted
to select the brightest cells. Parental MDCK cells were mixed with high-
expressing cells when seeding on filters to be GFP-negative neighbors.

NHERF1 knockdown with shRNA

LTRH1-puro (Barton and Medzhitov, 2002; Sfakianos et al., 2007) was
modified to allow for the insertion of an shRNA sequence into the vector by
mutating the Hindlll sites at positions 2872 and 4282 using site-directed
mutagenesis. Oligonucleotides targeting NHERF1 mRNA (Yu et al., 2007)
were synthesized, annealed, and then ligated to the LTRH1 vector between
the Bglll and Hindlll sites.

Retroviral vectors were produced and cells were infected as de-
scribed for GFP constructs. 1 d after infection, cells were selected with 8 pg/ml
puromycin. To determine the degree of protein knockdown in shRNA-
expressing cells, a 10-cm plate of confluent cells was washed twice with
4°C PBS with calcium and magnesium, completely aspirated, and placed
on ice before treatment with 500 pl of M-PER Mammalian Protein Extrac-
tion Reagent (Thermo Fisher Scientific). After 2 min, supernatant from the
plate was applied to a column (QIAshredder; QIAGEN) and centrifuged at
13,000 g for 1 min. The flow-through was analyzed by Western blotting
after addition of NuPAGE LDS Sample Buffer (Invitrogen) and 2%
2-mercaptoethanol and incubation at 95°C for 1 min.

IP of GFP constructs

IP protocol is based on Cheeseman and Desai (2005). For each IP, 160 pl
of resuspended Affi-Prep Protein A Support (Bio-Rad Laboratories) bead
slurry (~110-pl bead volume) was used to make anti-GFP beads. Volumes
were scaled up to prepare beads for many reactions at once. Beads were
washed twice with PBST (PBS and 0.1% Tween 20), resuspended in 500 pl
PBST with 80 pg anti-GFP antibody, and rotated for 1 h at room tempera-
ture. Beads were then washed twice with PBST and twice with sodium bo-
rate buffer, pH 9.0 (0.2 M sodium borate and 0.2 M boric acid),
resuspended in 500 pl sodium borate buffer with 33 mM dimethyl pimel-
imidate, and rotated for 30 min at room temperature. To neutralize resid-
val dimethyl pimelimidate, beads were washed once in neutralization
buffer (0.2 M ethanolamine and 0.2 M NaCl, pH 8.5), rotated for 1 h in
neutralization buffer, resuspended in 500 pl of neutralization buffer, and
stored at 4°C.

Two 245-mm square tissue culture plates with confluent monolayers
of cells were washed in 4°C PBS with calcium and magnesium and then
placed on ice. Plates were scraped into 10 ml lysis buffer (100 mM NaCl,
300 mM sucrose, 3 mM MgCl,, 10 mM Pipes, pH 6.8, 0.5% Triton X-100,
and complete EDTA{ree protease inhibitors [Roche]) centrifuged at 12,000 g
for 30 min. Supernatant was collected, and the protein concentration was
measured by bicinchoninic acid assay. 20 mg of cell lysate was added
to a 100-pl bead volume of anti-GFP beads that had been washed twice
with PBS/0.1% Tween and twice with lysis buffer. Llysate and beads were
incubated overnight at 4°C with rotation. After overnight incubation,
beads were washed five times with lysis buffer, and proteins were eluted
by incubation in 100 pl of 4% SDS and 40 mM Tris, pH 8.0, at 70°C for
15 min. Eluate was mixed with NuPAGE LDS Sample Buffer (Invitrogen),
and 2-mercaptoethanol was added to 2% final concentration before incu-
bation at 95°C for 1 min and Western blot analysis.

Western blot

Protein samples in NUPAGE LDS Sample Buffer were separated by electro-
phoresis using NUPAGE 4-12% Bis-Tris gels (Invitrogen). Proteins were
transferred to polyvinylidene fluoride membrane using the iBlot transfer
system (Invitrogen). Membranes were blocked for 1 h with PBS/0.05%
Tween 20/1% BSA. Primary antibodies in PBS/0.05% Tween 20/0.5%
BSA were applied to membranes overnight at 4°C. Membranes were
washed with PBS/0.05% Tween 20/0.5% BSA before a 1-h incubation
with secondary antibodies (L-COR Biosciences). After a final wash with
PBS/0.05% Tween 20/0.5% BSA, antibody signals were visualized using
a scanner (Odyssey; L-COR Biosciences) and analyzed with Odyssey soft-
ware version 3.0. Image levels were adjusted using Photoshop CS4.
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