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The MAL protein is crucial for proper membrane condensation at
the ciliary base, which is required for primary cilium elongation
Elena Reales1,*, Miguel Bernabé-Rubio1,*, Javier Casares-Arias1, Carles Rentero2, Jaime Fernández-Barrera1,
Laura Rangel1, Isabel Correas1, Carlos Enrich2, Germán Andrés3 and Miguel A. Alonso1,‡

ABSTRACT
The base of the primary cilium contains a zone of condensed
membranes whose importance is not known. Here, we have studied
the involvement of MAL, a tetraspanning protein that exclusively
partitions into condensed membrane fractions, in the condensation of
membranes at the ciliary base and investigated the importance of
these membranes in primary cilium formation. We show that MAL
accumulates at the ciliary base of epithelial MDCK cells. Knockdown
of MAL expression resulted in a drastic reduction in the condensation
of membranes at the ciliary base, the percentage of ciliated cells and
the length of the cilia, but did not affect the docking of the centrosome
to the plasma membrane or produce missorting of proteins to the
pericentriolar zone or to the membrane of the remaining cilia. Rab8
(for which there are two isoforms, Rab8A and Rab8b), IFT88 and
IFT20, which are important components of the machinery of ciliary
growth, were recruited normally to the ciliary base of MAL-knockdown
cells but were unable to elongate the primary cilium correctly. MAL,
therefore, is crucial for the proper condensation of membranes at the
ciliary base, which is required for efficient primary cilium extension.

KEY WORDS: Primary ciliogenesis, Centrosome, Condensed
membranes, MAL

INTRODUCTION
The primary cilium is a single appendage that projects from the
cell surface in most vertebrate cells. It is made up of a ciliary
membrane that surrounds a microtubule-based structure, termed
the axoneme, which is nucleated from the older of the two
centrioles in the centrosome. Primary cilia sense a diverse range
of environmental signals in the extracellular milieu and relay
these to the cell body through surface receptors specifically
localized on the ciliary membrane (Gerdes et al., 2009; Goetz
and Anderson, 2010; Ishikawa and Marshall, 2011). Defects in
primary cilium functioning are associated with a growing list of
human developmental and degenerative disorders, collectively
referred to as ciliopathies, that simultaneously affect many
organs in the body (Hildebrandt et al., 2011; Novarino et al.,
2011).

By assessing the degree of lipid condensation, it has been found
that the base of cilia is more condensed than the surrounding apical
membrane of epithelial Madin–Darby canine kidney (MDCK) cells
(Vieira et al., 2006). Possible functions postulated for the condensed
membranes at the ciliary base include that it acts to facilitate the
docking of the basal body to the plasma membrane, that it
modulates the elongation of the ciliary membrane, that it has
a structural role or that it functions as a barrier for controlling
the composition of the ciliary membrane (Reiter and Mostov,
2006; Vieira et al., 2006). Previous studies have revealed that
knockdown(KD) of phosphatidylinositol-4-phosphate adaptor
protein-2 (FAPP2, also known as PLEKHA8) alters the
condensation of the apical membrane and reduces primary cilium
formation suggesting that there is a link between apical membrane
condensation and primary ciliogenesis (Vieira et al., 2006).
However, the importance and role of the condensed membranes
specifically found at the ciliary base in the process of primary cilium
assembly are still unclear.

MAL, a 17-kDa tetraspanning membrane protein, partitions into
detergent-insoluble membrane fractions (Cheong et al., 1999;
Puertollano et al., 1999), which are enriched in condensed
membranes also known as membrane rafts (Gaus et al., 2003;
Lingwood and Simons, 2010). MAL was initially characterized as a
component of the specialized machinery that regulates the rate of
transport of proteins to the apical surface of MDCK cells (Cheong
et al., 1999; Puertollano et al., 1999). MAL levels are important for
primary ciliogenesis in MDCK cells (Takiar et al., 2012; Torkko
et al., 2008), but the role of MAL in this process has remained
unexplored. In this work, we show that MAL, which localizes at the
base of the primary cilium, is important for membrane condensation
at the ciliary base. Using MAL KD cells, we characterized the stage
at which the ciliogenesis process is impacted by reduced
condensation of membranes at the ciliary base. We found that the
centrosome docked efficiently to the plasma membrane and that
the ciliary base still controlled the access of membrane proteins and
recruited machinery for primary cilium growth but, without proper
membrane condensation, the ciliary base was unable to elongate the
cilium efficiently. MAL and periciliary condensed membranes,
therefore, appear to be required for efficient functioning of the
machinery of primary cilium growth.

RESULTS
MAL expression is induced with cell confluence
Renal epithelial MDCK cells assemble a primary cilium when they
reach confluence and become quiescent. To establish whether MAL
expression is regulated by cell confluence, MDCK cells were grown
for different times and the levels of MAL were analyzed by
immunoblotting. The formation of primary cilia and the expression
of the adhesion protein E-cadherin, which is known to be
upregulated with increased cell–cell contacts, were examined inReceived 27 October 2014; Accepted 30 April 2015
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parallel. MAL levels increased with cell confluence similar to
E-cadherin levels and concomitantly with the number of ciliated
cells, whereas the expression of caveolin-1, which was used as
the control for the experiment, remained unaltered (Fig. 1A,B). The
increase of MAL levels upon cell confluence correlated with the
upregulation of MAL mRNA, as determined by quantitative real-
time PCR analysis (qRT-PCR) (supplementary material Fig. S1A).
In conclusion, MAL expression accompanies cell polarization,
including primary cilium formation.

MAL is crucial for efficient primary cilia formation
MDCK cells segregate apical and basolateral domains and assemble
a primary cilium at the center of the apical surface. To investigate
the requirement for MAL in primary ciliogenesis we compared
primary cilium formation in MDCK cells transfected with a control
small interfering RNA (siRNA) (siC) or with siRNAs (si1MAL and
si2 MAL) targeting the sequences surrounding the AUG translation
initiation site or the 3′ untranslated region, respectively, of canine
MAL mRNA. The extent of endogenous MAL KD was 90–95% in
the case of si1MAL and 70% in the case of si2MAL, as assessed by
immunoblotting (Fig. 2A,B, supplementary material Fig. S1B).
MALKD produced an important decrease in the number of cilia and
in the length of the remaining cilia in these cells (Fig. 2C–E,
supplementary material Fig. S1C). Given that si1 MAL was more
effective than si2 MAL, we used si1 MAL in all subsequent
experiments. We used MDCK cells that express the intact coding
sequence of human MAL mRNA (denoted MDCK-MAL cells) as
an additional control. This sequence exhibited one mismatch with
si1 MAL, and therefore the expression of humanMAL in these cells
was predicted to be less sensitive to si1 MAL than is endogenous
dogMAL, as indeed proved to be the case (Fig. 2A,B). Cilia number
and ciliary length were not affected in MDCK-MAL cells in
which the endogenous protein was knocked down with si1 MAL
(Fig. 2C–E). In summary,MAL, whose expression is induced by the
time primary ciliogenesis starts, is essential for normal primary
ciliogenesis.
The docking of the centrosome to the center of the apical

membrane, as visualized with GFP–centrin (Fig. 3A) and the
presence of the centriole subdistal and distal appendage protein
marker Odf2 at the centrosomewere not perturbed inMALKD cells
(Fig. 3B). The distribution of basolateral (β-catenin) and tight
junction (ZO-1, also known as TJP1) markers were also unaffected
(Fig. 3C), as was the periciliary ring delimiting the ciliary base
visualized by galectin-3 staining (Fig. 3D). Consistent with our
confocal microscopic studies, electron microscopic analysis showed
that MAL KD cells exhibited stunted cilia compared with control

cells (Fig. 4A, supplementary material Fig. S2). In addition, the
older centriole, which is referred to as the basal body when it is
docked to the plasma membrane to form a cilium, was correctly
apposed to the plasma membrane and its transition fibers were
apparently normal inMALKD cells (Fig. 4, supplementary material
Fig. S2). No apparent accumulation of vesicles was detected in the
vicinity of the basal body inMALKD cells (Fig. 4A, supplementary
material Fig. S2). The analysis of sequential longitudinal sections
confirmed that cilia in MAL KD cells were shorter than in control
cells (supplementary material Fig. S2). Examination of sequential
cross-sections below the transition fibers showed that the basal body
had the typical triplet microtubule structure in MAL KD cells
(Fig. 4B). The analysis of sequential cross-sections above the basal
body revealed that the appearance of microtubule singlets occurred
close to the basal body in the case of MAL KD cells (Fig. 4B).
In summary, Figs 3, 4 and supplementary material Fig. S2 indicate
that the effect of MAL silencing in primary ciliogenesis is not a
consequence of defects in centrosome structure, basal body
docking, periciliary ring assembly, fusion of transport vesicles or
cell polarization.

MAL is important for membrane condensation at the ciliary
base
We next analyzed the distribution of MAL relative to the primary
cilium. As the current antibodies available to canine MAL are not
of use in immunofluorescence studies, we used our anti-human
MAL mAb 6D9 and the MDCK-MAL cell clone previously used
in the rescue-of-function experiments (Fig. 2C–E). Consistent
with previous observations (Martin-Belmonte et al., 1998), the
6D9 mAb recognized exogenous human MAL, but not
endogenous canine protein (Fig. 5A). As revealed by double
labeling with antibodies to MAL and α-tubulin, exogenous MAL
was found to concentrate predominantly at the base of the cilium
relative to the surrounding apical membrane in moderately
confluent cell cultures (Fig. 5A, middle panel; Fig. 5B) and also
at the primary cilium at high cell confluency (Fig. 5A, bottom
panel; Fig. 5C). The distribution of MAL indicates that it could
play a role at the ciliary base during primary ciliogenesis and at
the primary cilium.

The packing density of biological membranes can be directly
measured using the Laurdan fluorescent membrane dye (Gaus
et al., 2006). The Laurdan dye penetrates the cell membrane and
aligns parallel to the phospholipids (Bagatolli et al., 2003),
undergoing a shift in its peak emission wavelength from 500 nm in
fluid membranes to 440 nm in ordered membranes. A normalized
ratio of the two emission regions, given by the general polarization

Fig. 1. MAL expression is induced with cell confluence and regulates primary ciliogenesis. (A,B) Extracts of MDCK cells grown for different times were
immunoblotted for the indicated proteins. The levels of MAL and E-cadherin were quantified and normalized to those of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), which was used as loading control (left y-axis). The number of ciliawas determined in parallel experiments (right y-axis). The histogram
illustrates the levels of MAL and the number of cilia relative to the values on day 6 (B). Data are the mean±s.e.m. from at least three independent experiments.
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index provides a relative measure of membrane order. This
experimental approach was previously used to demonstrate the
existence of condensed membranes at the ciliary base of MDCK
cells (Vieira et al., 2006). To investigate whether MAL regulates
membrane condensation at this important zone, we stained the
cells with Laurdan and measured membrane order at the ciliary

base, which was visualized by galectin-3 labeling. Membrane
condensation at the ciliary base was dramatically diminished in
MAL KD cells, whereas it was not significantly affected in the rest
of the apical membrane (Fig. 5D,E). This result indicates that
MAL expression is crucial for membrane condensation at the
ciliary base.

Fig. 2. MAL regulates primary ciliogenesis.
(A–E) Control or MDCK cells stably expressing
humanMAL (MDCK-MAL)were transfectedwith the
indicated siRNA. Cell extracts were immunoblotted
for α-tubulin or for human (mAb 6D9), dog (mAb
2E5) or total (goat polyclonal)MAL,as indicated (A).
The intensity of the MAL bands obtained with the
antibody to total MAL was quantified. The values
obtained for MAL were corrected using those of
α-tubulin and represented relative to those in control
cells (B). Cells grown in Transwell inserts for 72 h
were stained for acetylated-tubulin (Ac-tub), γ-
tubulin and nuclei (C). The number of primary cilia
was determined and expressed relative to that in
control cells transfected with siC (D). The length of
theciliawasmeasuredand thevaluesweregrouped
in the indicated size ranges. The results represent
the percentage of cilia in each range relative to the
total number of cilia present in each condition (E).
Scale bar: 10 µm. Data in B, D and E are the
mean±s.e.m. from at least three independent
experiments. *P<0.05; ***P<0.001; ns, not
significant.

Fig. 3. Effect of MAL knockdown on the
distribution of a range of protein markers.
(A) MAL KD cells stably expressing GFP–
centrin (green arrowhead) grown on
Transwell inserts were stained for acetylated
tubulin (Ac-tub, red arrowhead) and F-actin.
The xz projection shows that the centrosome
was correctly positioned at the center of the
apical membrane. Scale bar: 2 µm. (B) Cells
were stained for the subdistal and distal
appendage marker Odf2 (red) and
polyglutamylated tubulin (pGlu-tub, green),
which stains the axoneme. The white line
indicates the cell contour. The merged image
is shown on the left. The right panels show
the separate stainings. Scale bars: 3 µm.
(C) Cells were grown in Transwell inserts for
72 h. Cells were labeled with DAPI to
visualize the nuclei and stained for β-catenin
or ZO-1, as indicated. Scale bar: 10 µm.
(D) Cells were stained for galectin-3 and
F-actin. The merged image is shown on the
left. The right panels show the separate
stainings. Scale bar: 3 µm.
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Machinery of primary cilium growth is efficiently recruited to
the ciliary base in MAL knocked-down cells
One of the functions postulated for the condensed membranes of the
ciliary base is that it serves as a fence to separate the ciliary membrane
from the surrounding apical membrane proteins (Reiter and Mostov,
2006; Vieira et al., 2006). If this were the case, disruption of the
condensedmembranes at the ciliary basewould allow the entry to the
pericentriolar zone and the ciliary membrane of proteins that are
normally excluded. We compared the distribution of several apical
membrane proteins normally excluded from the ciliary base and
ciliary membrane in control and MAL KD cells (Fig. 6). We did not
detect in MAL KD cells a significant increase in the access to the
pericentriolar zone of the p75 neurotrophin receptor (also known as
NGFR) fused toGFP (p75–GFP) (Kreitzer et al., 2003), Smoothened
(Smo), a seven-pass transmembrane protein that functions in the
Hedgehog signaling pathway (Chen et al., 2002), endogenous
podocalyxin (Meder et al., 2005) or exogenous CD59, chosen as a
representative of glycophosphatidylinositol (GPI)-anchored proteins
(Lisanti et al., 1990; Lisanti and Rodriguez-Boulan, 1990). In
summary, Fig. 6 shows that the condensed membranes of the ciliary
base do not appear to function as a general barrier to the entry of
membrane proteins into the primary cilium.
The small GTPases Rab8 (for which there are two isoforms, Rab8a

and Rab8b) and Rab10 (Knodler et al., 2010) and the machinery for
intraflagellar transport (IFT) are necessary for primary cilium growth
(Rosenbaum and Witman, 2002). Stunted or absent cilia, as seen in
MALKDcells, have been described in cells with deficient expression
of Rab8 (Westlake et al., 2011), which regulates exocytosis of ciliary
components to the ciliary base, or IFT machinery, which transports

proteins along the ciliarymembrane (RosenbaumandWitman, 2002).
It is of note that Rab8 and two components of the IFT machinery,
IFT88 and IFT20 (Follit et al., 2006; Pazour et al., 2000), distributed
along the primary cilium and the pericentriolar region in control cells,
whereas the three proteins localized to the pericentriolar region of
MAL KD cells lacking a primary cilium (Fig. 7A–C). Smo resides
outside the primary cilium under basal conditions and translocates to
the primary cilium in response to Hedgehog or the Smo agonist
(Milenkovic et al., 2009). Whereas Smo–GFP distributed along the
ciliary membrane in control cells after agonist stimulation, we found
that it accumulated at the pericentriolar region in MAL KD cells
(Fig. 7D). The quantitative analysis indicated amarked increase in the
presence of all the markers analyzed at the pericentriolar area inMAL
KD cells (Fig. 7E). The remaining cilia of MAL KD cells were as
positive as those of control cells for the four ciliary markers (Fig. 7F).
The results illustrated in Fig. 7 rule out the possibility that the
impairment of ciliary growth observed in MAL KD cells is due to a
defect in the recruitment of Rab8 or IFTmachinery to the ciliary base,
or to a general defect in protein targeting to the periciliary
compartment, and point to a failure in primary cilia elongation
caused by the reduced condensation of membranes at the ciliary base.

DISCUSSION
A zone of highly condensed membranes of unknown importance
exists at the ciliary base of epithelial MDCK cells (Vieira et al.,
2006). We observed that depletion of MAL, a protein that
selectively partitions into condensed membrane fractions, reduced
membrane condensation at the ciliary base and inhibited primary
ciliogenesis. We used MAL KD cells to test several hypothesized

Fig. 4. Ultrastructural analysis of the primary cilium
in control and MAL-knockdown cells. MDCK cells
grown on Transwell filters for 5 days were fixed,
embedded in resin and sectioned orthogonally to
or in parallel with the supporting substrate.
(A) Representative image of a primary cilium in control
and MAL KD cells. Note that the primary cilium
(arrowhead), which appears longitudinally sectioned, is
shorter in MAL-KD cells than in control cells. The insets
show the primary cilium at higher magnification.
(B) Representative images of a cross-sectioned primary
cilium of control and MAL KD cells. The sections are
numbered from the basal body (S1 to S4) to the tip of the
cilium (S5 onwards). Note that although the cilium ends
prematurely the overall ultrastructure of the basal body
and the beginning of the cilium in MAL KD cells are
similar to those in control cells. Arrows in S1 point to the
microtubule triplets of the basal body, in S4 to the
transition filaments (S4), and in S5 to the axoneme
doublets. Scale bars: 1 µm (A); 50 nm (B, insets in A).
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roles for condensed membranes at the ciliary base (Reiter and
Mostov, 2006; Vieira et al., 2006). We concluded that MAL and
these specialized membranes are not essential for docking the basal
body to the plasmamembrane, periciliary ring assembly or fusion of
transport vesicles to the base zone. Nor do condensed membranes
have general functions in excluding non-ciliary proteins from the
ciliary base. Instead, interaction with the cytoskeleton (Francis et al.,
2011), or physical barriers based on nucleoporins (Kee et al., 2012),
septins (Hu et al., 2010) or on a complex that includes proteins
disrupted in ciliopathies (Chih et al., 2011) are involved in
regulating the protein composition of the primary cilium. The
observation that, despite the presence of protein trafficking
machinery at the ciliary base, MAL KD cells were unable to form
primary cilia efficiently, and that even those that were formed were
shorter than those of control cells, suggest that MAL and condensed
membranes are necessary for primary cilium elongation.
Protein trafficking machinery is required for primary cilium

assembly and maintenance. On the one hand, the IFT machinery
aided by microtubule motors is responsible for protein transport

along the cilium. On the other hand, Rab GTPases and the exocyst
complex (Heider andMunson, 2012) orchestrate the assembly of the
primary cilium through a network of interactions that results in a
supply of membranes and ciliary growth (Das and Guo, 2011; Lim
et al., 2011; Yoshimura et al., 2007; Zuo et al., 2009). Centrosome
distal appendage proteins link the mother centriole with Rab
GTPases and the exocyst through the direct interaction of Odf2 with
Rab8 (Yoshimura et al., 2007), and the association of Odf2 with
Sec15 (also known as EXOC6 in mammals), a subunit of the
exocyst, mediated by centriolin (Hehnly et al., 2012). IFT20, which
is also present in the Golgi, helps transport vesicular material to the
ciliary base (Follit et al., 2006). We examined the presence of Odf2
at the centrosome and the distribution of IFT20, IFT88 and Rab8
and found that all of them were present at the centrosome zone
regardless of MAL expression. Therefore, the ciliogenesis defect
observed in MAL KD cells was not due to defective recruitment of
these components. MAL specifically associates with condensed
membrane or raft-enriched fractions and mediates the apical
transport of the influenza virus hemagglutinin (Cheong et al.,

Fig. 5. MAL concentrates at the base of the primary cilium and is important for membrane condensation at the ciliary base. (A–C) Control (top panels)
or MDCK-MAL cells (middle and bottom panels) grown on Transwell inserts for 3 or 7 days were immunolabeled for exogenous MAL and α-tubulin. The white
line indicates the cell periphery. Scale bar: 3 µm (A). The intensity of MAL staining at day 3 was quantified in rings enclosing the ciliary base. The values are
expressed relative to themean of three identical rings chosen at random from the surrounding apical surface (B). The percentages of cilia immunolabeled for MAL
at day 3 and day 7 were determined (C). (D,E) Control or MAL KD cells were stained with Laurdan and immunolabeled for galectin-3. Laurdan intensity images
were converted into general polarization (GP) images and pseudocolored using the scale on the right to represent low-to-high general polarization values. Scale
bar: 10 µm. An enlargement of the boxed region is shown on the right. Scale bar: 3 µm. The general polarization value corresponding to rings enclosing the
membrane area delimited by galectin-3 (ciliary base) or to random zones of the same size in the apical membranes (apical) was calculated and represented (E).
15 imageswere used and 10–20 ciliary bases were evaluated. Data in B, C andE are themean±s.e.m. from three independent experiments (individual data points
are also shown in E). ***P<0.001; ns, not significant.
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1999; Puertollano et al., 1999), a protein cargo associated with raft-
enriched membrane fractions. We examined the extent of
condensation of the membranes at the ciliary base and found
striking differences between control and MAL KD cells. Given that
the knockdown of endogenous MALwas quite effective it would be

expected that it affects the entire cell population to a greater or lesser
extent and, therefore, that the loss of membrane condensation would
impair primary cilium formation in the majority of the MAL KD
cells. In the case of MAL KD cell population with a primary cilium,
the reduction of membrane condensation was probably lower

Fig. 6. Exclusion of different apical membrane proteins from the ciliary base. (A–E) Control (top panels) or MAL KD cells (middle and bottom panels)
grown on Transwell inserts were labeled for galectin-3 and/or tyrosinated α-tubulin and p75–GFP (A), Smo–GFP in cells without Smo agonist treatment
(B), endogenous podocalyxin (C), or exogenous CD59 (D). MAL KD cells without (middle panels) and with (bottom panels) a primary cilium are shown. Note
that in A,B both galectin-3 and tyrosinated α-tubulin delimit the periciliary ring. Scale bars: 2 µm. The histogram shows the percentage of cells showing exclusion
of the indicated markers from the ciliary base in cells without and with a primary cilium (E). Data are the mean±s.e.m. from three independent experiments. ns,
not significant.
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allowing the formation of primary cilia with varying sizes.
Therefore, we find it is plausible that there is a threshold of
membrane condensation at the ciliary base below which the process
of ciliogenesis is totally blocked, whereas abovewhich it takes place
to a varying extent, depending on the degree of condensation. The
treatment of MDCK cells with fumonisin B1, an inhibitor of
ceramide biosynthesis, impairs both the percentage of ciliated cells
and the length of the remaining cilia (Wang et al., 2009). Given that
ceramide is a lipid component of condensed membranes, the effect
of fumonisin B1 might be due to a reduction in membrane
condensation at the ciliary base. Previous studies have revealed that
silencing of FAPP2, another protein involved in apical transport
(Vieira et al., 2005), decreases the percentage of ciliated cells in
MDCK cells (Vieira et al., 2006). FAPP2 KD cells showed an
increase of apical membrane condensation and a 12% reduction in
the content of condensed domains of the apical surface (Vieira et al.,
2006). Given that the possible effect of FAPP2 KD on the

condensation of membranes at the base of the primary cilium was
not addressed, we do not know whether FAPP2 is also important for
proper membrane condensation at the ciliary base. Given the role of
MAL in the transport of raft-associated molecules (Anton et al.,
2011; Cheong et al., 1999; Puertollano et al., 1999), it is plausible
that MAL affects membrane condensation at the ciliary base
through the supply of raft membranes, although a direct role of
MAL in the organization of raft lipids is also feasible (Magal et al.,
2009). One interesting possibility is that the condensed membranes
at the periciliary region are required for efficient assembly of
machinery for primary cilium growth. The role of MAL would be
reminiscent to that in T cells, in which MAL transports vesicles
containing raft-associated Lck and regulates membrane
condensation at the immunological synapse (Anton et al., 2011).
This similarity offers one additional example of the proposed
parallels between the primary cilium and the immunological
synapse (Angus and Griffiths, 2013; Finetti and Baldari, 2013).

Fig. 7. The impairment of ciliary growth in MAL KD cells is not due to general defects in the recruitment of ciliary extension protein machinery.
(A–F) Control or MAL KD cells were labeled for endogenous Rab8 and α-tubulin (A) or acetylated tubulin and IFT88 (B), IFT20 (C) or Smo–GFP in cells treated
with 100 nM Smo agonist for 24 h (D). Scale bars: 5 µm (main panels), 2 µm (enlargements). The percentage of MAL KD cells where the indicated markers
accumulated at the pericentriolar zone was determined and normalized to that in control cells (E). The percentage of cilia measuring <2 µm that were positive for
the indicated markers was measured in control cells and in the remaining cilia of MAL KD cells. Data in E,F are the mean±s.e.m. from three independent
experiments (*P<0.05; ***P<0.001; ns, not significant).
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Among the many abnormalities associated with ciliopathies,
renal cystic diseases are the most common (Hildebrandt and Otto,
2005; Watnick and Germino, 2003), making research on primary
cilium formation in renal epithelial cells, such as MDCK cells,
particularly important, especially given that the mechanism of the
ciliogenesis process is cell-type- and tissue-dependent (Sorokin,
1962). Our results indicate that MAL, which is expressed in MDCK
cells by the time that primary ciliogenesis commences, concentrates
at the ciliary base, and is crucial for the proper condensation of
membranes at the ciliary base, which is required for efficient
primary cilia elongation.

MATERIALS AND METHODS
Reagents
The mouse monoclonal antibody (mAb) 6D9 specific to human MAL
and the rat mAb 2E5 specific to canine MAL have been previously
described (Millán and Alonso, 1998; Puertollano et al., 1999). The
source of commercial antibodies to the indicated proteins used was as
follows: γ-tubulin (rabbit polyclonal, T3559; mouse mAb IgG1, clone
GTU-88, T6557), total α-tubulin (mouse mAb IgG1, clone DM1A,
T9026), acetylated tubulin (mouse mAb IgG2b, clone 6-11B-1, T7451)
and IFT20 (rabbit polyclonal, HPA021376) were from Sigma; galectin-
3 (rat mAb IgG2a, clone M3/38, 125401) was from Biolegend;
polyglutamylation modification (mouse mAb IgG1, clone GT335,
AG-20B-0020) was from Adipogen; tyrosinated α-tubulin (rat mAb
IgG2a, clone YL1/2, MA1-80017) was from Thermo Scientific;
caveolin-1 (rabbit polyclonal, 610059) and Rab8 (mouse mAb IgG2b,
610844) were from BD Transduction Laboratories; ZO-1 (rat mAb
IgG1, R26.4C) was from the Developmental Studies Hybridoma Bank;
CD59 (mouse mAb IgG2b, ab9183) was from Abcam; podocalyxin
(mouse mAb) was a gift from George K. Ojakian (Downstate Medical
Center, New York, NY); IFT88 (rabbit polyclonal, 13967-AP) was
from Proteintech; β-catenin (rabbit polyclonal, sc-7199), Odf2 (goat
polyclonal, sc-23134) and MAL (goat polyclonal antibody, sc-46171)
were from Santa Cruz Biotechnology; glyceraldehyde 3-phosphate
dehydrogenase (mouse mAb IgG1, clone 6C5, AM4300) was from
Life Technologies. Fluorescent phalloidin and secondary antibodies
conjugated to Alexa-Fluor-488, -594 or -647 were from Life
Technologies. Horseradish peroxidase (HRP)-conjugated secondary
antibodies were from Jackson ImmunoResearch. Smo agonist
[N-Methyl-N′-(3-pyridinylbenzyl)-N′-(3-chlorobenzo[b]thiophene-2-
carbonyl)-1,4-diaminocyclohexane] was from Merck Millipore.

Cell culture, siRNA, DNA constructs and transfection conditions
Epithelial canine MDCK II cells were grown in MEM supplemented with
5% fetal bovine serum (Sigma-Aldrich) at 37°C in a 5% CO2 atmosphere.
106 cells were electroporated with 20 nM of siRNA-negative control Hi GC,
si1 MAL (5′-GCUGGGUGAUGUUUGUGUCUGUGUU-3′) or si2 MAL
(5′-GGUGUUAUGUUUACUCUCCCAUAUA-3′) stealth-RNAi™ (Life
Technologies) using Amaxa equipment run with the L-005 program. Cells
were cultured on 35-mm-diameter dishes for 24 h and then grown on 12-mm
polycarbonate membranes of 0.2 µm pore size (Transwell, Costar, Inc.,
Cambridge, MA) for 72 h. Knockdown was verified by immunoblotting
96 h after transfection. The DNA constructs expressing Smo–GFP
(Addgene plasmid 25395) (Chen et al., 2002) and GFP–centrin (Addgene
plasmid 29559) (Salisbury et al., 2002) were gifts from Philip Beachy
(Stanford School of Medicine, Stanford, CA) and Jeffrey Salisbury (Mayo
Clinic, Rochester, MN), respectively. The plasmids expressing the p75–
GFP and CD59, were generous gifts from Enrique Rodriguez-Boulan
(Cornell University, New York, NY) and Václav Horejsi (Institute of
Molecular Genetics, Prague, Czech Republic), respectively. The DNA
construct expressing intact human MAL was made in the pCDNA3.1 Zeo
vector (Life Technologies). MDCK cell clones stably expressing Smo–GFP,
GFP–centrin or human MAL were generated by transfection of the
appropriate plasmid and selection with 1 mg/ml G-418 (Smo–GFP and
GFP–centrin) or 0.75 µg/ml zeocin (MAL) (Life Technologies),

respectively. The resulting clones were screened by immunofluorescence
and immunoblotting.

Immunofluorescence microscopic analysis
Cells were fixed in formalin for 15 min, rinsed, and treated with 10 mM
glycine in PBS for 5 min to quench the aldehyde groups. Cells were
then washed, permeabilized or not with 0.1% Triton X-100 in PBS at
room temperature for 5 min, rinsed, incubated with 3% (w/v) BSA for
15 min, and incubated with the primary antibody. After 1 h at room
temperature, cells were washed and incubated with the appropriate
fluorescent secondary antibody. For double-labeling experiments, the
same procedure was repeated for the second primary antibody. Cells were
mounted in coverslips using ProLong Gold antifade reagent (Invitrogen).
Images were obtained using a LSM 710 confocal microscope (Carl Zeiss)
with a 63× objective. Brightness and contrast were optimized with
Photoshop software (Adobe). Quantifications were performed using
Image J software.

Laurdan cell microscopy
Confluent MDCK cells grown on glass coverslips were stained with 50 µM
Laurdan (6-dodecanoyl-2-dimethylaminonaphthalene; Life Technologies)
for 30 min at 37°C (Gaus et al., 2003), fixed with formalin and
immunostained for galectin-3. Laurdan imaging was performed with a
TCSSP5 inverted confocalmicroscope (Leica) equippedwith a near infrared
laser (Mai TaiBroadBand 710-990 nm) and aHCXPLAPOCS lambda blue
63× oil objective (1.4 NA). Confocal A555 signal (excitation 561 nm;
emission 570–620 nm) was recorded followed by two-photon Laurdan
images acquired at 800 nm excitation and simultaneously collected emission
ranges at 400–460 nm and 470–530 nm. Generalized polarization (GP)
images were calculated pixel by pixel from the Laurdan intensity images
according to the equation: GP=(I(400–460)−I(470–530))/(I(400–460)+I(470–530))
(Owen et al., 2011). A total of 10–20 circular areas per condition,
corresponding to the ciliary base, were selected on the basis of galectin-3
staining. Generalized polarization values were non-linearly fitted to a
Gauss distribution using a custom-built macro in ImageJ (Rentero et al.,
2008).

Electron microscopy
For transmission electron microscopy analysis, cells grown on Transwell
filters were fixed with 4% paraformaldehyde and 2% glutaraldehyde for
90 min at room temperature. Cell samples were then processed for
embedding in Epoxy, TAAB 812 Resin (TAAB Laboratories, Berkshire,
UK) according to standard procedures. Orthogonal and parallel (from the
bottom to the top of the cell) 80-nm-thick ultrathin sections were stained
with saturated uranyl acetate and lead citrate by standard procedures.
Samples were examined at 80 kV in a Jeol JEM-1010 (Tokyo, Japan)
electron microscope. Pictures were taken with a TemCam-F416 (4 K×4 K)
digital camera (TVIPS, Gauting, Germany).

qRT-PCR
Total RNA from MDCK cells was purified using RNeasy (Qiagen). MAL
and E-cadherin mRNA levels were quantified by qRT-PCR procedures
using the Super Script III First-Strand Synthesis SuperMix kit (Life
Technologies, PN 11752250) and the qPCR FAST Sybr Green PCRMaster
Mix kit (Applied Biosystems, PN 4367659) in an ABI 7900HT equipment.
The results were normalized with respect to the expression of β-actin,
caveolin-1 and glyceraldehyde 3-phosphate dehydrogenase mRNA in the
same samples. Data were analyzed with GenEX software.

Immunoblotting
Samples were subjected to SDS-PAGE and transferred onto Immobilon-P
membranes (Millipore). After blocking with 5% non-fat dried milk powder
and 0.05% Tween-20 in PBS, blots were incubated with the appropriate
antibodies for 1 h. After several washings, blots were incubated for 30 min
with secondary antibodies coupled to horseradish peroxidase. The signal
was visualized with ECL chemiluminescence detection reagent (Thermo
Scientific). Band intensities were quantified using Image J software and
results were expressed relative to the control condition.
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Statistical analysis
Data are expressed as themean±s.e.m. of at least three independent experiments.
Unless otherwise indicated, statistical significance was determined from a
one-sample Student’s t-test, calculated with GraphPad Prism software.
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