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Abstract Dysfunction of many ciliary proteins has been
linked to a list of diseases, from cystic kidney to obesity
and from hypertension to mental retardation. We previ-
ously proposed that primary cilia are unique
communication organelles that function as microsensory
compartments that house mechanosensory molecules. Here
we report that primary cilia exhibit membrane swellings or
ciliary bulbs, which based on their unique ultrastructure
and motility, could be mechanically regulated by fluid-
shear stress. Together with the ultrastructure analysis of the
swelling, which contains monosialodihexosylganglioside
(GM3), our results show that ciliary bulb has a distinctive
set of functional proteins, including GM3 synthase
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(GM3S), bicaudal-cl (Biccl), and polycystin-2 (PC2). In
fact, results from our cilia isolation demonstrated for the
first time that GM3S and Biccl are members of the primary
cilia proteins. Although these proteins are not required for
ciliary membrane swelling formation under static condi-
tion, fluid-shear stress induced swelling formation is
partially modulated by GM3S. We therefore propose that
the ciliary bulb exhibits a sensory function within the
mechano-ciliary structure. Overall, our studies provided an
important step towards understanding the ciliary bulb
function and structure.
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Introduction

Primary cilia, presumed to be a kind of sensory organelles
in 1898 [1], have been intensively studied due to their
association to a group of diseases, called ciliopathies [2].
Among other ciliopathies, polycystic kidney disease is
thought to be pertinent with defective in mechanosensory
cilia function [3, 4]. Activation of primary cilia results in
an increased calcium level in cilioplasm and cytoplasm of
renal epithelial cells [5, 6]. The role of mechanosensory
cilia has also been demonstrated in other cell types,
including endothelial [7, 8], bone [9], cartilage [10, 11],
liver [12], nodal [13, 14], fibroblast [15], kidney [16-20],
pancreatic [21, 22], and stem cells [23].

Ultrastructurally, primary cilia have hair-like structures
supported by microtubules and enclosed by the ciliary
membrane. These microtubules are generally arranged
circumferentially without a central pair. The basal body
and centriole join together to form a centrosome, which
serves as the cell’s main microtubule organization. The
ciliary necklace, which is made up by a distinct set of
membrane proteins at the transition zone, helps to dif-
ferentiate the ciliary membrane from the cell’s plasma
membrane and cilia membrane [24]. In addition, recep-
tors, ion channels, transporters, and sensory proteins with
various functions reside on the ciliary membrane. Fur-
thermore, the cilioplasm of a primary cilium is enriched
with many signaling intermediates and is believed to play
a role in calcium signaling upon cilia bending or activa-
tion [6].

Primary cilia have a bulging or swelling structure,
known as bulb. The presence of ciliary swelling was ini-
tially observed in 1977 from motile cilia of marine
invertebrates, Rhabdopleura zooids [25]. It was proposed
that ciliary swelling region is a result of material transport
within the cilia [26]. Although motile cilia with paddle-
shaped (paddle cilia) or disc-shaped (discocilia) are known
to enclose a curved end of the axoneme in a variety of
marine invertebrates, it was later argued that the ciliary
swelling region observed in motile cilia of marine inver-
tebrates was a fixation artifact, resulted from the changes in
osmotic pressure during sample preparations [27]. Inter-
estingly, it was further argued that cilia were structurally
not genuine organelles in marine invertebrates [28]. Fixa-
tives that were isosmotic with seawater did not form paddle
cilia or discocilia. Hypotonic seawater, however, induced
formation of cilia and swelling of the ciliary membrane as
observed in the hypertonic microscopy fixative solution.

Throughout this manuscript, we will use the terms
“ciliary membrane swelling” or “ciliary bulb” inter-
changeably. To our knowledge, the term “ciliary bulb”
was coined from the presence of a pouch or swelling-like
structure seen in the epithelial cilia of the olfactory bulb.
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Primary cilia of olfactory epithelial cells tend to be wider at
the tips. Supporting cells of the olfactory bulb also show
swelling or bulb-like structures at the tips of primary cilia
[29, 30]. It was thus proposed that the bulbs are responsible
for the reception and initial transduction processes of
smells [31]. The ciliary bulb was also observed in renal
epithelial cells [32]. It was suggested that the ciliary bulb is
associated with the ciliary shaft and may represent a cir-
cumscribed region of the ciliary membrane. Like the bulbs
observed in paddle cilia and discocilia of marine inverte-
brates, the renal ciliary bulb was hypothesized to be
sensitive to environmental stimuli, including osmotic
pressure [32].

Unfortunately, the role of the ciliary bulb has never been
previously studied. Most of the observational studies of
ciliary membrane swelling were performed in the fixed
tissues/cells, and live imaging on the ciliary bulb had never
been previously done. In this study, we now show for the
first time that the membrane swelling of the primary cilium
is actually a dynamic structure. We further identified bio-
mechanical property of the ciliary bulb and proteins that
are present in the swelling region of a cilium.

Results

Ciliary bulb is a dynamic structure that can be
modulated by fluid-shear stress

We previously designed an experimental setup that allowed
us to examine primary cilia from the side [6]. We noticed
that when a cell population was challenged with fluid flow,
the ciliary membrane swellings seemed to appear more
often and were preferentially located closer to the tip of
cilia. On the other hand, fewer swelling structures were
observed at the middle of the cilia under static non-flow
condition. Based on this observation, we hypothesized that
the ciliary membrane swelling is a dynamic structure and
that its movement can be regulated by the surrounding
microenvironment.

To test our hypothesis, we used LLCPK cells grown on
flexible substratum (formvar). Ciliary membrane swellings
were studied during absence (static) and presence of fluid-
shear stress. In line with our initial observation under static
conditions, ciliary swelling tended to oscillate up and down
along the ciliary shaft and was never able to reach the tip of
the cilium (Fig. 1a; Supp Movie 1). To examine the sen-
sitivity of a cilium in response to mechanical stimulus, we
provided an abrupt pulse of fluid flow, enough to generate
small movement of the cilium. To our surprise, this
induced the appearance of another swelling (Fig. 1b; Supp
Movie 2). However, one of the swellings was reabsorbed
into the cilia immediately after the cessation of fluid flow.
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Fig. 1 The ciliary bulb had a dynamic movement in both static and
shear stress conditions. Representative time-lapse images are shown
with time in seconds in each panel. Under static conditions, a
swelling structure of a cilium moves along the ciliary shaft but never
reaches the tip of cilium (a). A very gentle fluid movement was

In some instances, especially when the additional
swelling appeared earlier, an extended fluid flow tended to
cause the cilium to maintain an additional swelling longer,
even after the flow was stopped (Fig. 2a; Supp Movie 2).
One of the swellings was always maintained at the tip of
the cilium, while the second swelling seemed to move very
close to the tip of the cilium during fluid flow. In some
cases, swelling appearance induced by fluid flow was
observed from the middle of ciliary shaft (Fig. 2b; Supp
Movie 3). When a new swelling appears, it always traveled
to the tip of cilia.

Quantifying these events, we found that formation of
ciliary membrane swelling was significantly increased
from static conditions (30.1 %) to mechanical inductions
(85.2 %; Fig. 3a). The average cilia length in LLCPK cells
was about 6 um (Fig. 3b). The position of the swellings
was about 4 and 6 pm away from the apical cell surface
under static and mechanically induced conditions, respec-
tively. Regardless of a new or pre-existing swelling, the

initiated at 15 s (flow on) and stopped at 19 s (flow off). The new
swelling formation was observed immediately (2 s). The cilium
eventually retained only one swelling structure when shear stress was
ceased (b). Black arrows indicate the positions of ciliary swelling,
and white arrows indicate a newly formed ciliary swelling

swelling always moved to the ciliary tip under fluid-shear
stress (Fig. 3c). This supported our hypothesis that the
ciliary membrane swelling was a dynamic structure and
could be modulated by the physical force of fluid
movement.

Ciliary bulb was glycosylated and contained GM3S,
PC2, and Bicc-1

Because cilia have been shown to have specific lipid and
carbohydrate moiety [33], we investigated the presence of
monosialodihexosylganglioside (GM3) in the ciliary
membrane swelling. To our surprise, we found that GM3
specifically localized only on the swelling region (Fig. 4a).
Because GM3 is synthesized by GM3 synthase (GM3S),
we further investigated the presence of GM3S in ciliary
bulb. Like GM3, GM3S was specifically localized in the
ciliary membrane swelling (Fig. 4b). Because ciliary
swelling could be modulated by fluid-shear stress, we next

@ Springer
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Fig. 2 The ciliary bulb could be induced by shear stress. Represen-
tative time-lapse images are shown with time in seconds in each
panel. Fluid flow-induced cilia bending promoted the movement of
the ciliary swelling to the tip of cilium. Fluid flow was initiated
immediately at 76 s (flow on) after the baseline and terminated at
310 s (flow off) (a). Two swelling structures were observed at the tip
of the cilium. In a different experiment, a fluid movement was

investigated if polycystin-2 (PC2) known as a mechano-
sensory protein was localized to the swelling. While PC2
has been shown to localize to the entire cilia, some studies
have shown a more distinct pattern [34, 35]. Our results
showed that PC2 was localized more specifically to the
swelling region rather than the ciliary shaft (Fig. 4c). PC2
has been shown to be modulated by many proteins, but its
expression is specifically regulated by Bicc-1 [36]. Indeed,
Bicc-1 was also specifically localized to the ciliary mem-
brane swelling (Fig. 4d).

To our knowledge, we were the first to show that the
ciliary membrane swelling was glycosylated, possibly by
GM3S and that Bicc-1 was localized to the cilia. To verify
our finding, we next confirmed if GM3S and Bicc-1 could
be detected in cilia using cilia isolation and Western blot
analyses. Using stably transfected-SST3R in LLCPK cells
to help visualize isolated cilia, we were able to isolate cilia
by shearing the cilia of the cell surface (Fig. 5a) [37]. This
was confirmed using non-transfected cells, where isolated
cilia were immunostained with ciliary marker acetylated-o.-
tubulin. In the Western Blot analyses, we compared lysates
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initiated at 2 s (flow on) and stopped after 282 s (flow off) (b).
Formation of a new swelling in the middle of the ciliary shaft was
seen at 170 s, and the bulb immediately migrated to the tip of the
cilium (176 s). This swelling was reabsorbed when shear stress was
ceased, and the physical swelling along the cilia is thus no longer
observed. Black arrows indicate the positions of ciliary swellings, and
white arrows indicate newly formed ciliary swellings

from the isolated cilia and the cell body (Fig. 5b). GAPDH
as a marker for cell body and acetylated-o-tubulin as a
ciliary marker were used to demonstrate the purity of our
cilia isolation. Moreover, GM3S was mainly localized in
cilia of fully differentiated cells, while Bicc-1 was detected
in both cilia and the cell body. This confirmed that GM3S
and Biccl were localized on the primary cilia.

Shear-induced bulb formation was partly modulated
by GM3S, but not Bicc-1 or PC2

To identify if formation of ciliary membrane swelling was
regulated by GM3S, Bicc-1 or PC2, we generated knock-
down cell lines for the respective genes (St3gal5, Bicc-1 or
Pkd2). We tested knockdown efficiencies of these genes
using four different knockdown sequences (Fig. 6a). In the
case of Bicc-1, we used both chemical siRNA transfection
and shRNA viral infection approaches. All stably knock-
down cell lines were verified for their corresponding
protein expressions, and Bicc-1 #B, St3gal5 #D, and Pkd2
#D shRNA knockdown cell lines were selected for further
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Fig. 3 Fluid-shear stress modulated position and formation of ciliary
bulb along the cilium. Total number of observations on individual
cilium was tabulated, and the number of the ciliary swelling was seen
more frequently under fluid-shear stress than static condition (a).
Average ciliary length was shown, and ciliary swellings significantly
moved away from the apical membrane under fluid-shear stress (b).
When individual swelling was normalized to its own ciliary length,
ciliary swelling significantly moved toward the ciliary tip (c).
Asterisks denote significant difference between groups (p < 0.05;
n > 615 for each group)

studies. Because the shRNA expression was tagged with
fluorescence GFP, we confirmed the stability of the sShRNA
integration in these knockdown cell lines after several
passages by immunefluorescence microscopy (Fig. 6b) and
flow-cytometry (Supplemental Fig. 1).

To test the hypothesis that GM3S, Bicc-1, and/or PC2
were involved in ciliary membrane swelling formation, we
studied the swelling formation in St3gal5, Bicc-1, and Pkd?2
knockdown cells. The presence of membrane swelling was
apparent in St3gal5 knockdown cells (Fig. 7a). As expec-
ted, GM3S was not observed in the ciliary swelling in
St3gal5 knockdown cells. Surprisingly, Bicc-1 was also not
detected in ciliary swelling, whereas PC2 was still present.
Swelling formation was detected in Bicc-I knockdown
cells (Fig. 7b). As expected, Bicc-1 was not observed in the
ciliary swelling in Bicc-I knockdown cells. Interestingly,
GM3S was also not detected in ciliary swelling, whereas
PC2 was still present. As in St3gal5 and Bicc-1 knockdown

cells, swelling formation was detected in Pkd2 cells
(Fig. 7c). As expected, PC2 was not observed in the ciliary
swelling in Pkd2 knockdown cells. Surprisingly, GM3S
was also not detected in ciliary swelling, whereas Bicc-1
was still present. Our studies indicated that swelling
localization or expression of GM3S, in part, could poten-
tially be regulated by Bicc-1 and PC2. More importantly,
our results demonstrated that GM3S, Bicc-1, and/or PC2
were not involved in swelling formation. To further
investigate if flow-induced swelling formation was altered
in these cells, we challenged the cells with fluid-shear
stress and quantified formation of the swelling in each of
these cells (Fig. 7d). Our results showed that unlike for
PC2 and Bicc-1, GM3S was in part required for flow-
induced swelling formation.

Global expressions of miRNA17, Bicc-1, GM3S,
and PC2 were interrelated at the cell level

We next examined if Bicc-1 and PC2 regulated swelling
localization or overall expression of GM3S. To understand
the global effect of the knockdown genes at the cell level, we
performed immunoblot studies to understand the interrela-
tionship between the ciliary and cytoplasmic proteins. In
particular, Bicc-1 [36], GM3S [38] and PC2 [39] have been
detected at the cell body. miRNA-17 (Mir-17) was included
in this experiment, because Mir-17 has been known to
modulate PC2 and Bicc-1 [36]. Our studies indicated while
knockdown of Mir-17 induced Bicc-1 expression level,
knockdown of Bicc-1, St3gal5, or Pkd2 could have an effect
on the global expression of each other (Fig. 8).

Discussion

Previous studies have shown the presence of the ciliary
membrane swelling in both primary and secondary cilia of
vertebrates [15, 32, 40-42], as well as invertebrates [25,
26]. The presence of the ciliary swelling in these studies
was observed in the tip and at the middle of the ciliary
shaft. Some have suggested that these ciliary swellings are
a result of chemical fixation artifacts. Along this assump-
tion, another study suggested that the ciliary swelling
represents circumscribed regions of the ciliary membrane
that are sensitive to osmotic pressure. In addition, ciliary
swelling has also been observed in vivo, which argued that
the bulb is not an artifact [32].

Observing the entire cilium from the side view allowed
us to visualize and study the dynamics of ciliary swelling
for the very first time in a single living cell. The presence
of the swelling was observed in the pig kidney LLCPK and
mouse renal epithelial cilia. We also showed that ciliary
bulb was observed in vascular endothelial cilia

@ Springer
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Fig. 4 GM3, GM3S, PC2, and BICC-1 were localized to ciliary bulb. resolution differential interference contrast (DIC) images are shown
Monosialodihexosylganglioside (GM3; a), GM3 synthase (GM3S; b), to visualize and confirm the presence of ciliary swellings. n > 65 for
polycystin-2 (PC2; ¢) and bicaudal-C (Bicc-1; d) were localized to each study. n is referred to the number of individual cell in each
ciliary bulb (red). Acetylated-o-tubulin (acet-o-tub; green) and DAPI experiment with localization of the protein to the ciliary bulb

(blue) were used as ciliary and nuclear markers, respectively. High-
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(Supplemental Fig. 2). Proximal tubular epithelial LLCPK
cells were used throughout our studies, because of their
long cilia, which enabled us to image and differentiate
ciliary membrane swelling from the cell body. It is
important to note that the ciliary swelling was neither a
result of chemical fixation artifacts nor changes in osmotic
pressure. Our time-lapse imaging studies confirmed that
ciliary swelling was observed in the absence of chemical
reagents and differential osmotic pressure (Supp Movie 1).
Furthermore, ciliary swelling was also observed to move
dynamically along the ciliary shaft without the presence of
fluid-shear stress. This indicated that ciliary bulb move-
ment along the ciliary shaft could occur (1) without the
bending of the cilia and (2) without external stimuli, such
as osmotic pressure.

It has also been suggested that the formation of ciliary
swelling is only observed in the ciliary tip of growing cilia
due to differences in the growth rates between the ciliary
membrane and the axonemal microtubules [43]. Another

"Cilia / acet-a-tub

GAPDH

acet-a-tub

suggestion is that intraflagellar transport (IFT) molecules
within the cilia are the main modulator of the ciliary
swelling formation, and IFT forms the swelling-like
structure in the absence of elongating axonemal microtu-
bules [26, 44]. Our current results further indicated that
ciliary swellings were dynamically observed in the ciliary
tip only during fluid-shear stress, but during static condi-
tion ciliary bulbs were mostly observed along the ciliary
shaft. Noteworthy, our analyses were performed in fully
differentiated LLCKP cells with optimal length of cilia.
Based on our studies, a cilium can have multiple
swelling regions along its ciliary shaft (Supp Movie 2).
Interestingly, the multiple ciliary swellings could come
very close to each other. In some cases, the swellings may
have arrived from a split of an existing swelling. Consistent
with this idea, while most swellings are round in shape,
some swellings observed in our immunofluorescence were
not. We believe that a swelling with an irregular shape may
actually contain two or three swelling structures, either

@ Springer
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«Fig. 6 Stable Bicc-1, St3gal5, and Pkd2 knockdown cell lines were

generated. Knockdown efficiency was first examined with silencing
different regions of each gene, and siRNA was also tested as an earlier
approach (a). Total cell lysate from scramble (control) and various
siRNAs or shRNA-GFP lentivirus sequences (A, B, C, D) of each
gene were analyzed. Once the shRNA-GFP knockdown efficiency
was selected, infection efficiency among cell population was visual-
ized with DIC and fluorescence microscopy (b)

about to fuse together or undergoing separation. Our
studies also indicate that the appearance of swellings could
be induced with fluid-shear stress. One of the most obvious
examples was seen from a cilium that did not initially have
a swelling structure (Supp Movie 3). In this case, swelling
appearance was induced by fluid flow and was observed
from the middle of ciliary shaft. Interestingly, when for-
mation of a new swelling structure was induced by fluid
flow, it always traveled to the tip of cilia. This phenomenon
was also confirmed in our immunofluorescence studies,
where most of the swellings were observed on the tips of
the cilia. Of note is that immunostaining method required
frequent washing steps, before and after fixation, which
would generate fluid flow on the top of the cells. This fluid
flow helped the ciliary swelling to move to the tip of the
cilia, which further supported our live-imaging studies and
our hypothesis that ciliary membrane swelling was a sen-
sitive  structure  responsive to the surrounding
microenvironment. It is important to note that under static
condition without flow, the swelling still could move
momentarily to the ciliary tip and move back along the
ciliary shaft (Supplemental Fig. 3). Furthermore, in a very
rare occasion the swelling could maintain at the bottom of
a cilium under fluid flow. Thus, the swelling could actively
move to the tip of a cilium, and it was not simply moved to
the tip passively by the flow.

To further examine if the magnitude of shear stress
would induce swelling formation differentially, we chal-
lenged the cells at low (10.3 £ 2.1 pl/min), medium
(21.6 & 2.4 pL/min) or high (35.3 + 1.1 pL/min) flow
rate (Supplemental Fig. 4). All in all, flow-induced swell-
ing formation was observed in about 80-90 % of the cells.
For those cells that responded to fluid-shear stress, there
was no indication that magnitude of fluid-shear stress
would differentially affect swelling formation (magnitude-
independent). Our present studies unfortunately did not
produce any meaningful data to help explain the physio-
logical roles of the flow-induced swelling formation or
movement to the tips of cilia. We, however, speculate that
the swelling may be shed as an exosome or exosome-like
vesicle (ELVs), similar to the scenario in chlamydomonas
where vesicles are shed from flagella and contain enzymes
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Fig. 7 Flow-induced ciliary
membrane swelling formation
was modulated by GM3S.
GM3S, Bicc-1 or PC2
expression (red) in ciliary
swelling was examined in
St3gal5 (a), Bicc-1 (b), and
Pkd?2 (¢) knockdown cell lines.
Acetylated-o-tubulin (acet-o-
tub; green) and DAPI (blue)
were used as ciliary and nuclear
markers, respectively. High-
resolution differential
interference contrast (DIC)
images are shown to visualize
and confirm the presence of
ciliary swellings. All
knockdown cells had primary
cilia and swelling formation.
However, only St3gal5
knockdown cells lost swelling
formation in response to fluid-
shear stress (d). Asterisks denote
significant difference between
groups (p < 0.05; n = 65-242
for each group). “n” denotes the
number of individual cell in
each experiment
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which assist in the digestion of the mother cell wall, a
process critical in hatching of the exospore after dormancy
[45]. It has also been reported that renal primary cilia can
interact with ELVs which are PC2-positive, and it has been
postulated that these can transduce a ‘urocrine’ signaling
event [46]. Recent work in the nematode shows that
extracellular vesicles (ECVs) are also released from the
plasma membrane at the base of the primary cilium and
maintain a close association with the shaft until they are
shed [47]. The ECVs are positive for Lov-2, a homolog of
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PC2. These observations in the worm suggest a unifying
hypothesis where ECVs can be released, perhaps after a
signaling event. Certainly, the ECV from the male worm
have potent effect on other males suggesting that the ELVs
might represent an ancient signaling mechanism. Consis-
tent with this idea, it has been hypothesized that ciliary
proteins can be released from the primary cilium, a
mechanism by which is regulated by fluid-shear stress [48].

Although the presence of ciliary swelling has been
reported, the ultrastructure of a swelling had not been
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Fig. 8 Relative gene expression was analyzed in the whole cell
lysate. To examine if there is any interrelationship between the
proteins located in the ciliary swelling at the cell level, protein
expressions from the total cell lysate were analyzed in wild-type

previously identified. Our studies indicated that ciliary
swelling shared an intact structure along with the ciliary
shaft, and there is no indication that ciliary swelling was
attached to the outer ciliary membrane (Supplemental
Fig. 5). This was observed not only in scanning electron
microscopy (SEM) but also in freeze fracture transmission
electron microscopy (FFTM), which gave us the ability to
visualize the ciliary bulb without the use of any chemical
fixation. Furthermore, the FFTM images showed particle
indentions along the ciliary membrane, including the cili-
ary swelling. This finding suggested that ciliary swelling
and the cilium itself contained integral and/or matrix pro-
teins and that the swelling bilayer was part of the cilia
bilayer.

The GM3 ganglioside is one of the members of the gly-
cosphingolipid family. Previous study has shown that GM3
is co-localized with acetylated-a-tubulin to the cilium in
MDCK cells [33]. Together with our FFTM study, GM3 was
a good candidate to investigate in the ciliary swelling. To our
surprise, we found that GM3 specifically localized on the
swelling structure of a cilium. To further investigate about
the GM3 ganglioside, we looked at the GM3S, which syn-
thesizes GM3 in the Golgi [38]. Like GM3, GM3S was also
localized to the ciliary swelling. To our knowledge, this was
the first time that GM3S had been shown to localize to the
primary cilia, specifically on the ciliary bulb. These findings
further confirmed that ciliary swelling had a distinct protein
moiety on its surface, consistent with our FFTM result.

(control), scramble, miRNA17, st3gal5, Bicc-1, and Pkd2 knockdown
cells. A flow diagram shows the proposed mechanistic pathway for
the identified ciliary proteins. Asterisks denote significant difference
between groups (p < 0.05; n = 3)

PC2 has also been shown to contain N-glycosylation
sites where it can be N-glycosylated [49, 50]. In addition,
N-liked sugar moiety can be removed by endoglycosidase
from PC2. Thus, PC2 might potentially co-localize with
GM3 and/or GM3S. Because PC2 is also known as a me-
chanosensory protein and because shear stress could induce
swelling formation, we asked if PC2 could be localized to
the ciliary swelling. In agreement with our assumption, we
found that PC2 localized to ciliary bulb. Overall, this
suggests that (1) GM3S might assist PC2 localization to the
bulb; (2) GM3S might be required for PC2 localization
during flow-induced bulb formation; and/or (3) GM3S
might play an important role in PC2 and Bicc-1 signaling
pathway. Worth mentioning, PC2 has been known to
localize to the primary cilia. However, we have found that
PC2 was expressed and localized more specifically in the
ciliary swelling region than in the ciliary shaft, at least in
LLCPK cells.

Our immunofluorescence studies and western blot
analyses suggested that Bicc-1 was co-localized with PC2
to the swelling structure. Although many other proteins can
modulate PC2, the RNA-binding protein Bicc-1 specifi-
cally regulates PC2 expression through antagonizing the
repressive activity of the microRNA-17 (miR-17) on the
3'UTR of Pkd2 mRNA [36]. Furthermore, both bicc-1 and
pkd2 mouse mutants died prenatally and developed severe
polycystic kidney disease. This may further implicate the
association of Bicc-1 and PC2 in the swelling to ciliopathy.
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Our data unfortunately did not indicate any of these
proteins were directly involved in the ciliary membrane
swelling formation. Knockdown of any of these proteins
showed that ciliary swelling formation remained unaf-
fected. When stably knockdown cells for each gene were
challenged with fluid-shear stress, only stable cell line with
st3gal5 knockdown showed a decrease in swelling forma-
tion in response to fluid-shear. This indicated that mutation
in st3gal5 gene could be responsible for the modulating
ciliary swelling formation during fluid-shear stress.

Interestingly, only PC2 expression was observed on the
ciliary swelling in either st3gal5 or bicc-1 cells. This might
also indicate that there was a cross talk between GM3S and
Bicc-1. Noteworthy, Bicc-1 has been shown to regulate
mRNA stability and translation via modulation of mRNA
polyadenylation in Drosophila and C. elegans [51-53]. In
addition, Mir-17 modulation via Biccl has been shown to
regulate PC2 expression [36]. However, due to the cross
talk between GM3S and Biccl, it was not known whether
Mir-17 was involved in the expression of GM3S. As a
result, we included siRNA Mir-17 transfected cells to see
its effects on GM3S, Bicc-1, and PC2. Our proposed
mechanism indicated that the knockdown of Mir-17
induced an increase in Bicc-I expression level. This is
consistent with previous study [36], which indicates that
Mir-17 acts upstream of Bicc-1. In addition, the knock-
down of Bicc-1 has an effect on St3gal5 and Pkd2
expression. However, based on our study we propose that
St3gal5 might have a negative feedback effect on Bicc-1.
On the other hand, GM3S and PC2 expressions seemed to
depend on each other, which further confirm previous study
that PC2 are N-glycosylated [50].

Overall, our studies demonstrated for the first time that
ciliary membrane swelling is a dynamic structure and that
its dynamic movement can be regulated by fluid-shear
stress. Furthermore, the ciliary swelling was glycosylated,
possibly by GM3S, and we showed that Bicc-1, GM3S, and
PC2 were localized to the swelling region. Together, our
findings provide an opportunity for future studies on the
structural complexity of primary cilia that can potentially
lead us to a better understanding of cilia-related diseases.

Methods and materials
Cell culture

The porcine kidney epithelial cells (LLC-PK1) were used
in this study and cultured in Dulbecco’s modified eagle
medium (DMEM) (Corning Cellgro), 10 % fetal bovine
serum (FBS) (HyClone, Inc.), and 1 % penicillin/strepto-
mycin (Corning Cellgro) at 37 °C in 5 % CO, incubator.
Prior to experiments, cells were serum starved 24 h for
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differentiation. In some cases, we also used previously
characterized vascular endothelial cells [4].

Formvar technique

We have adopted a new technique to visualize cilium from
the side [6]. Briefly, a special flexible substratum (Form-
var; Electron Microscopy Science) was dissolved in
ethylene dichloride to make a 2—4 % Formvar solution. A
18 x 18 glass slide was then coated with the fomvar
solution, and the glass slide was placed in a six-well plate
until dry, followed with 50 pg/ml collagen coating on the
top of the Formvar layer. The six-well plate was then
placed under ultraviolet light for 30 min for sterilization.
After sterilization, the fomvar cover slide was briefly
washed with phosphate buffer saline (PBS, pH 7.4). Cells
were then grown on this collagen-coated formvar flexible
substratum (FFS). A pair of sharp forceps was used to peel
the FFS and gently folded to form a triangle shape where
cilia were oriented upward for visualization. After folding,
the FFS was placed on a special made glass-bottom plate
and held with a cover glass slide.

Live imaging

The FFS was put on a Nikon TiU stage. A special thin
pipette tip (Fisher scientific, Inc.) was connected with inlet
and outlet clear plastic PVC tubes with a 0.031 inch inside
diameter (Nalgene, Inc.). The tubes were inserted into the
in-flow and out-flow pumps (InsTech P720) and the pipette
tips were inserted between the bottom glass plate and the
glass cover slide as described previously [6].

Immunostaining

LLCPK cells were immunostained using a standard pro-
tocol. Briefly, cells were preferred to be at 80-90 %
confluence before immunostaining. Cells were rinsed with
sodium cacodylate buffer, fixed with 3 % glutaraldehyde in
0.2 M sodium cacodylate buffer for 10 min, and perme-
abilized with 1 % Triton-X in sodium cacodylate for
5 min. All primary antibodies were diluted in 10 % FBS
solution; acetylated-o-tubulin (1:10,000; Sigma, Inc.),
BICC-1 (1:500; ABGENT, Inc.), GM3 (1:200; Seikagaku
Biobusiness, Inc) GM3S (1:800; LSCBIO, Inc.), and PC2
(1:50; Santa Cruz, Inc.). All secondary antibodies were
also diluted in 10 % FBS to decrease background flores-
cence; FITC fluorescence secondary antibody (1:500;
Pierce, Inc.) and TexasRed fluorescence secondary anti-
body (1:500; Pierce, Inc.). Cells were then washed twice
with cacodylate buffer and mounted with DAPI (Vector
laboratories, Inc.). Images were taken with Nikon TE2000
using Metamorph software.
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RNAIi knockdown

To generate stable knockdown cell lines, HEK-293T cells
were transfected with shRNA lentiviral vectors specific to
St3gal5, Biccl or Pkd2 (Origene; pGFP-C-shLenti). Viral
particles were collected after 48 h, centrifuged at
4,000 rpm, and passed through a 0.45 pm filter. Cells
were then centrifuged at 2,500 rpm for 30 min at 30 °C
with viral particles containing 8 pg/ml polybrene and then
cultured for up to 72 h. Gene silencing was further con-
firmed by Western blot, and only the shRNA lentivirus
with higher knockdown efficiency was selected. Stable
knockdown cell lines were obtained through cell sorting
(BD Bioscience, Inc.) and puromycin dihydrochloride
(Santa Cruz, Inc.). The shRNA sequences used in this
study are listed below.

Descriptions Sequences

Scrambled  5-TGA CCA CCC TGA CCT ACG GCG TGC AGT
GC-3'
St3gal5
A 5'-CAA GAT GGT CCT GAG TGT CCT CAC TTC
GT-3’
B 5'-CAT AAT GCA CTG CTC GCG CTG TTG TAT
CC-3’
C 5'-GAG CTGT AGG CGT TGT GTG GTC ATC GGA
A-3
D 5'-TCT TGC GGT GAT CGG AAC AGA CAA GTT
CT-3
Biccl
A 5-CGA ATG TAT GGT GCT ACT GTGA TAG TTC
G-3
B 5'-ATG GAA CAG CTC GAT GTC TTC ATC AGT
AT -3
C 5-GAA CTC GCT CCT GAA TGC TCT CAA TAG
CT-3
D 5-AGA TCG ACC TTC AGA CAT TCC TCA CTC
TC-3
Pkd?2
A 5'-TTG TGC ATC TTG ACC TAC GGC ATG ATG
AG-3’
B 5-TAC GGC ATG ATG AGC TCC AAT GTG TAC
TA-3
C 5'-TTT GAT TTC TTC CTG GCA GCC TGT GAG
AT-3
D 5'-GTC TGG ATT AAG CTC TTC AAA TTC ATC
AA-3

siRNA transfection

Cells were plated so that they reached 60—80 % confluence
upon the time of transfection as previously described [7].

Diluted lipofectamine reagent and siRNA were used
according to the manufacturer guideline (Invitrogen, Inc.).
Cells were transfected for 48-72 h, and the siRNA
sequences used in this study are listed below.

Descriptions Sequences

Scrambled  5'-ACG UGA CAC GUU CGG AGA ATT-3'

Biccl(A) 5'-UUA AAG GAC ACA GAA ACG C-3

Biccl(B) 5'-CCA ACC ACG UAU CCU AUA A-3'

Biccl(C) 5'- GGA AGC AAU GGC UGU AAC CUG AAC A-3

Mir-17 5'-CUC AAA GUG CUU ACA GUG CAG GUA
GUU-3’

Immunoblotting

Cell lysate was prepared using a standard technique as
previously described [7]. Briefly, cells were rinsed with
PBS, added fresh radioimmunoprecipitation assay (Ripa)
buffer containing protease inhibitor, placed on ice, gently
shaken for 30 min, scraped from the culture dish, trans-
ferred to microcentrifuge tube, and spun for 15 min at
10,000 g (accuSpin Micro 17, Fisher scientific, Inc.).
Total cell lysate was transferred into another microcen-
trifuge tube and stored in —20 °C and analyzed using a
standard 6-10 % gradient sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis. Antibody against GM3S
(LSCBIO, Inc.), bicaudal C (ABGENT, Inc.), polycystin-2
(Santa Cruz, Inc.), GAPDH (cell signaling, Inc.), and
acetylated-o-tubulin (Sigma, Inc.) were used at dilutions
of 1:800, 1:1,000, 1:200, 1:1,000 and 1:1,000,
respectively.

Isolation of primary cilia

The LLCPK primary cilia were isolated by shear force
[37]. First, LLCPK cells were grown in 150 mm culture
dish in 10 % DMEM and 1 % penicillin/streptomycin in a
humidified incubator at 37 °C in 5 % CO,. Cells were
grown for maximum 8 days and were starved for differ-
entiation before the shaking. Cells were rinsed with PBS
briefly and gently, added 10 ml of PBS. The dish was
then placed on a rotary shaker and shook for 4 min at
350 rpm (Orbital shaker, Cole-Parmer, Inc.). Carefully,
the 10 ml media was transferred to a 50 ml centrifuge
tube and spun for 30 min at 3,000g at 4 °C (Eppendrof
5810R). The supernatant was then transferred to a poly-
allomer tube and spun for 1 h at 70,000g at 4 °C in an
ultracentrifuge (Beckman optima L-60). Primary cilia
(pellet) were then resuspended in either Ripa buffer or
resuspension buffer.
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Visualization of isolated primary cilia

A nitrogen smearing technique was used to visualize and
verify the efficiency of isolated primary cilia. Right after
the isolation process, isolated primary cilia were fixed in
10 pL of 2 % paraformaldehyde, transferred, and spread
equally on a glass slide. The coverslip was then placed on
top of the glass slide. The whole glass slide was then
placed in liquid nitrogen for about 1-2 min. The coverslip
was then peeled off with a razor blade from the glass slide,
and washed with PBS three times for 5 min each. The glass
slide was then let to air dry and stored in —80 °C. Images
were taken using Nikon TE2000.

Statistics

All quantifiable experimental values are expressed as
mean = SEM, and values of p < 0.05 are considered sig-
nificant. All comparisons between two groups were
performed with Student’s ¢ test. Comparisons of three or
more groups were done using ANOVA, followed with
Tukey’s post test. Data analysis was performed using
Sigma Plot software version 11.
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