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Novel role for the midbody in primary ciliogenesis
by polarized epithelial cells
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The primary cilium is a membrane protrusion that is crucial for vertebrate tissue homeostasis and development. Here,
we investigated the uncharacterized process of primary ciliogenesis in polarized epithelial cells. We show that after
cytokinesis, the midbody is inherited by one of the daughter cells as a remnant that initially locates peripherally at the
cpica| surface of one of the dqughter cells. The remnant then moves o|ong the qpicq| surface and, once proximq| to
the centrosome at the center of the apical surface, enables cilium formation. The physical removal of the remnant
greatly impairs ciliogenesis. We developed a probabilistic cell population-based model that reproduces the experi-
mental data. In addition, our model exp|01ins, so|e|y in terms of cell area constraints, the various observed transitions
of the midbody, the beginning of ciliogenesis, and the accumulation of ciliated cells. Our findings reveal a biological
mechanism that links the three microtubule-based organelles—the midbody, the centrosome, and the cilium—in the

same ce||u|c1r process.

Introduction

Most vertebrate cells have a primary cilium (PC) that projects
from their surface as a single appendage (Gerdes et al., 2009;
Bornens, 2012). The PC orchestrates important signaling path-
ways involved in development and cell proliferation, differen-
tiation, survival, and migration (Singla and Reiter, 2006; Goetz
and Anderson, 2010). Ciliary dysfunction produces a great va-
riety of human developmental and degenerative disorders, col-
lectively known as ciliopathies, which can affect nearly every
major organ in the body (Hildebrandt et al., 2011).

In mammals, the PC consists of a specialized membrane
protrusion that surrounds a structure known as the axoneme,
which is organized in a ninefold symmetrical arrangement
of microtubule doublets. In some cell types, the PC is deeply
rooted in the cytoplasm in a membrane invagination referred
to as the ciliary pocket, whereas in others the PC directly pro-
trudes from the plasma membrane (Rohatgi and Snell, 2010;
Benmerah, 2013). It has been postulated that the presence or
absence of the ciliary pocket is a consequence of the use of two
distinct pathways of primary ciliogenesis (Benmerah, 2013),
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distinguished by the position of the centrosome, either near the
nucleus or close to the cell apex (Sorokin, 1968). In fibroblasts,
which have a ciliary pocket and the centrosome near the nu-
cleus, ciliogenesis follows the intracellular route, which begins
inside the cell with the progressive formation of a large ciliary
vesicle that encapsulates the distal end of the mother centriole.
This vesicle is usually thought to be of Golgi origin, although,
at least in embryonic neocortical stem cells, it appears that can
also be derived from a previous ciliary membrane (Paridaen et
al., 2013). After formation of an incipient axoneme by elon-
gation of the two inner microtubules from each of the nine
microtubule triplets of the mother centriole, the ciliary vesicle
fuses with the plasma membrane and gives rise to the ciliary
membrane and, probably, the ciliary pocket (Sorokin, 1962). In
contrast, cells such as renal polarized epithelial cells (Latta et
al., 1961), which lack a ciliary pocket and have their centro-
some at the cell apex, assemble a PC once the centrosome is
positioned at the cell apex. Despite its fundamental relevance,
research on primary ciliogenesis has concerned itself almost
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exclusively with the intracellular pathway, whereas the exis-
tence of an alternative route in polarized epithelial cells has re-
mained largely unexplored.

Cytokinesis begins with ingression of the cleavage furrow
that progressively constricts the cytoplasm and transforms spin-
dle microtubules into the intercellular bridge connecting the two
daughter cells (Chen et al., 2012; Fededa and Gerlich, 2012;
Green et al., 2012). The midbody, or Flemming body, which is
a 1.0- to 1.5-pum-electrodense structure characterized by dense
packing of overlapping antiparallel microtubule bundles, forms
in the middle of this bridge. Severing of the bridge membrane
on one side of the midbody results in the physical separation of
the two daughter cells. Once this process has taken place, if the
bridge is severed on the other side, the postmitotic midbody is
shed into the extracellular milieu and deteriorates with time. Al-
ternatively, in the event that the second scission does not occur,
the midbody is asymmetrically inherited by one of the daughter
cells as a remnant, to be degraded or conserved over an extended
period (Marzesco et al., 2005; Pohl and Jentsch, 2009; Kuo et
al., 2011; Salzmann et al., 2014). The position of the remnant
marks the site of formation of the first neurite in Drosophila
melanogaster neurons in vivo (Pollarolo et al., 2011), defines
the place of initiation of lumen formation in epithelial cells (Li
et al., 2014), and constitutes a landmark for defining dorsoven-
tral axis formation during the early development of Caenorhab-
ditis elegans (Singh and Pohl, 2014). Although the exact role of
the midbody remnant in these processes remains a mystery, its
importance in cellular physiology and determination of cell fate
is becoming apparent (Chen et al., 2013; Dionne et al., 2015).

Epithelial Madin-Darby canine kidney (MDCK) cells
constitute a paradigm of renal tubular epithelial cells exten-
sively used for investigating specialized membrane trafficking
mechanisms and in vitro tubule formation (Rodriguez-Boulan
et al., 2005). Here, we used MDCK cells to investigate the pro-
cess of primary cilium formation in polarized renal epithelial
cells. We show that the midbody remnant of MDCK cells is
retained by one of the daughter cells and becomes located at the
apical surface close to the cell junctions. The midbody remnant,
which carries important machinery for primary cilium forma-
tion, such as Rab8 and intraflagellar transport (IFT) and exo-
cyst subunits, then moves along the apical surface to the central
zone, where the centrosome is situated. Once there, a primary
cilium emerges. If the remnant is removed, primary ciliogen-
esis is greatly impaired. A mathematical simulation explains
the dynamics of the process in terms of constraints on cell area
brought about by cell proliferation and establishment of cell—
cell contacts. Our work reveals a new biological mechanism
for the process of primary ciliogenesis that directly implicates
the postmitotic midbody.

Results

The effect of confluence and quiescence on primary ciliogen-
esis appears to depend on the cell type and cell culture con-
ditions (Wheatley et al., 1994; Alieva and Vorobjev, 2004).
MDCK cells form a PC at the center of the apical membrane
when they are grown at high cell density, but unlike other cells,
they do not form a PC in response to serum deprivation. The
PC of MDCK cells does not contain a ciliary pocket (Zuo et
al., 2009; Reales et al., 2015), and the centrosome of noncili-
ated cells localizes close to the apical membrane and is devoid
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of a large ciliary vesicle (Fig. 1, A and B). Therefore, as such,
MDCK cells are an appropriate model for investigating the ex-
istence of an alternative pathway of ciliogenesis. The machin-
ery for IFT (Rosenbaum and Witman, 2002), the Rab GTPase
Rabg, and exocyst (a multi-subunit complex involved in teth-
ering vesicles to the plasma membrane [Heider and Munson,
2012]) are important for the assembly of the PC (Nachury et
al., 2007; Zuo et al., 2009; Das and Guo, 2011). To understand
ciliogenesis in MDCK cells, we first examined the distribution
at the apical zone of IFT20, a component of the IFT machinery.
Interestingly, in addition to its expected ciliary localization, in
nonciliated cells, IFT20 concentrated in a tubulin-rich structure
positioned at the apical surface either peripherally, close to the
cell junctions, or centrally, close to the centrosome (Fig. 1 C).
Rab8 (Fig. 1 D) and Exo70 (Fig. S1 A; a subunit of the exocyst
complex), but not podocalyxin (a PC-excluded transmembrane
protein [Meder et al., 2005]; Fig. 1 E), also distributed in the
three apical patterns. IFT88 followed the same distribution pat-
terns (Fig. S1 B), but IFT81 (Fig. S1 C) was detected only in
ciliary structures. Quantifying the number of cells with each of
the three profiles in growing cells evolving from low to high
confluence showed that cells with a peripheral profile emerged
first, followed by the cell population with a central profile
and then those with a cilium (Fig. 1 F). These dynamics and
the observation that the PC shares IFT20, Rab8, Exo70, and
a-tubulin with the central and peripheral structures prompted us
to characterize these structures, examine their relationship, and
investigate their involvement in ciliogenesis.

During cytokinesis, the intercellular bridge connecting
newly formed daughter cells forms at the apical surface of MDCK
cells (Reinsch and Karsenti, 1994; Fig. 2, A and B; and Video 1).
The physical separation of the daughter cells then takes place by a
process called abscission, which involves disassembly of the mi-
crotubules adjacent to the midbody and scission of the membrane
bridge (Chen et al., 2012; Fededa and Gerlich, 2012; Mierzwa
and Gerlich, 2014). After abscission, the postmitotic midbody
was inherited as a midbody remnant by one of the daughter cells
and localized at the apical surface close to the junction between
them (Fig. 2 A and Video 1). The peripheral structure positive for
IFT20 was identified as a midbody remnant by its colocalization
with protein required for cytokinesis 1 (PRC1; Jiang et al., 1998;
Fig. 2 C) and mitotic kinesin-like protein 1 (MKLP1; Mishima
etal., 2002; Fig. S1 D), which were used as endogenous markers
of the midbody, and with exogenous GFP-PRCI (Fig. S1 E). The
characteristic microtubular pattern and electrodense ultrastruc-
ture seen by EM analysis of the peripheral profiles confirmed
this assignment (Figs. 2 D and Fig. S2, A and B). It is of note
that detailed analysis of serial sections indicates that peripheral
remnants are connected to the rest of the cell through tethers that
appear continuous with the midbody (Fig. 2 D).

Consistent with previous observations in HeLa cells (Ka-
plan and Reiner, 2011), Rab8 was found in the intercellular
bridge in MDCK cells, as was IFT88 (Fig. S1 F). IFT20 and
IFT88 were also detected in the bridge in human telomerase
reverse transcription-immortalized retinal pigment epithelial
1 (RPE1) cells (Fig. S1 G), which have a ciliary pocket and
follow the intracellular route of ciliogenesis (Molla-Herman et
al., 2010). Because IFT20 had not previously been detected in
the bridge (Follit et al., 2006), its presence was confirmed by
expression of GFP-IFT20 (Fig. S1 H). The localization of Rab8,
IFT20, and IFT88 in the intercellular bridge explains their pres-
ence in peripheral remnants.

620z Jequiede( G0 U0 3senb Aq 4pd02010910Z A0l/S80965 L/6GZ/€/Y L Z/4Pd-8lone/qol/Bio sseidny//:dpy woly pepeojumoq


http://www.jcb.org/cgi/content/full/jcb.201601020/DC1
http://www.jcb.org/cgi/content/full/jcb.201601020/DC1
http://www.jcb.org/cgi/content/full/jcb.201601020/DC1

Figure 1.

Peripheral

1 | Central

Number of cells

0 alhie”
01234567 9
Time [days]

IFT20 and Rab8 concentrate at peripheral and central structures in nonciliated MDCK cells. (A and B) EM micrographs showing three represen-

tative examples of PCs (A) and apical centrosomes (B). No ciliary pocket (A) or vesicles surrounding the centrosome (B) were observed in 14 cilia and
16 apical centrosomes examined, respectively. The arrowhead marks the centrosome. Bars, 500 nm. (C-E) Cells grown for 4 d were stained for IFT20 and
a-tubulin (C), Rab8 and IFT20 (D), and podocalyxin and atubulin (o-tub; E). The position of the centrosome was monitored by expression of dsRed-centrin.
The projection of one to three apical planes of one representative example of each of the distributions patterns is shown. The dashed line indicates the cell
contour. The enlargement shows the fluorescent signal in the boxed region for the proteins analyzed. White arrowheads point to the centrosome or to each
of the two centrioles if they are separated, and green arrowheads point to the peripheral and central structures. Bars, 2 pm. (F) The number of cells with
peripheral or central structures or a PC was measured at the indicated times after cell plating. Each dot represents the result from a microscope field. Three
independent experiments were performed (n = 207-847 cells per time point; two to five fields per time point and per experiment).

To determine whether the central profile arises from trans-
location of the peripheral remnant, we tracked the dynamics of
peripheral remnants labeled with GFP-PRCI1 and cherry-tu-
bulin. We observed that the remnant moved along the apical
surface toward the center of the apical membrane (Fig. 3 A
and Video 2). We also used cells expressing GFP-tubulin and
dsRed-centrin to confirm that the remnant moves to be proxi-
mal to the centrosome (Fig. 3 B and Video 3). The transition to
become cells with a central remnant occurred in ~72% of cells
that had a peripheral remnant, as measured 60-72 h after cell
seeding, and the journey took 1—4 h, as assessed by videomicro-
scopic analysis of 40 cells. It is of note that the remnant reached
a central position by climbing along the apical surface as the
cell gradually grew in height and occupied less area (Fig. 3 C
and Video 4). Similar to what was observed in peripheral rem-
nants (Figs. 2 D and S2 A), EM analysis of serial longitudinal
cell sections of a remnant in the proximity of the centrosome
showed that the remnant is connected to the rest of the cell by
a thin stalk (Fig. 3, D [section S2'] and E; and Fig. S3 B). In

addition, the 3D reconstruction of serial EM sections showed
that the midbody remnant is closely embraced by microvilli
(Fig. 3 E and Video 5).

Rab8 localizes to the PC and is essential for efficient PC
formation in RPE1 cells (Nachury et al., 2007; Westlake et al.,
2011; Kuhns et al., 2013). The midbody remnant transports
RabS8 to the center of the apical membrane in MDCK cells (Fig.
S3 A). To investigate whether Rab8 is necessary for the move-
ment of the remnant, we silenced Rab8 expression with specific
siRNA (Fig. S4, A and B). Rab8 knockdown produced the accu-
mulation of peripheral remnants in MDCK cells and, as in cells
with a ciliary pocket, compromised PC formation (Fig. 4, A and
B). This effect was impeded in cells expressing exogenously
human Rab8 (Fig. 4, C and D). As a control of the specificity of
the effect of Rab8 knockdown on the movement of the remnant,
we observed that IFT88 knockdown (Fig. S4, C and D) did not
produce the same effect (Fig. 4, E and F). Instead, IFT88 knock-
down reduced the number not only of ciliated cells, but also
of peripheral remnants, probably by favoring remnant release.
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In addition, Rab8 knockdown did not grossly alter the process
or duration of cytokinesis (Fig. S4, E and F). Although Rab8
regulates the establishment of apico-basal polarity and mem-
brane trafficking, expression of dominant negative Rab8 does
not produce loss of cell polarity in monolayers of already po-
larized cells (Ang et al., 2003). Similarly, we found that cell
polarity, as assayed by the steady-state distribution of the apical
podocalyxin and basolateral -catenin markers and that of the
tight junction ZO-1 protein, was apparently normal in the ab-
sence of Rab8 (Fig. S4 G). As in the case of peripheral remnants
of normal cells, analysis of serial EM sections showed that the
remnants of Rab8-knockdown cells were connected to the api-
cal membrane by a thin stalk that appears continuous with the
midbody (Fig. 4 G and Fig. S4 H). In summary, the results in
Fig. 4 show that the midbody remnant moves along the apical
membrane from a peripheral position toward the centrosome in
a Rab8-dependent manner.

Having established that the central structure corresponded
to the midbody remnant, we investigated the relationship between
the central remnant and the cilium. Videomicroscopic analysis
and 3D reconstruction of cells coexpressing GFP-tubulin and
dsRed-centrin (Fig. 5 A and B; and Video 6) further revealed
that a PC starts assembling once the remnant has encountered
the centrosome. The observation of this encounter between the
remnant and the centrosome could be reproducibly observed
(n =10 cells). A thin microtubular connection between the two
structures preceded formation of a nascent cilium (Fig. 5 A).
A second example of this microtubular extension is presented
in Fig. 5 C. Afterward, the midbody remnant progressively
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Rotated Figure 2. The peripheral structure containing
ciliary markers is a postmitotic midbody. (A)
The images correspond to 3D reconstructions
of cells expressing cherrytubulin that were
filmed during cell division. The images were
pseudocolored based on height, using the
color scale on the left, to highlight that the in-
tercellular bridge forms at the top of the cells
and that the postmitotic midbody remnant
localizes after abscission at a peripheral po-
sition at the apical surface. The arrowhead
points to the postmitotic midbody. Bar, 5 pm.
An enlargement of the boxed region at O and
80 min is also shown. Bars, 2 pm. (B) Serial
EM sections of the apical region of MDCK cells
during cytokinesis. The sections are numbered
S1 onwards from the lower section fo the top.
Note the progressive loss of microvilli at the
top sections. Bar, 1 pm. (C) Cells expressing
dsRed-centrin were stained for IFT20 and
PRC1. The enlargement of the boxed region
shows the fluorescent signal for IFT20 and
PRC1. The dashed line indicates the cell con-
tour. The white and green arrowheads point
to the centrosome and the peripheral structure,
respectively. Bars, 2 pm. (D) EM micrograph
of a cell with a peripheral midbody remnant
(left panel) and enlargements of different serial
sections (S3, S4, and S7, right). Note that in
some of the sections it appears that the rem-
nant is connected to the rest of the cell by a
thin tether (empty arrowhead) as shown in the
enlargements of the boxed regions of sections
S3, S4, and S7 (S3’, S4’, and S7’, bottom).
Asterisks indicate cell junctions. The images
are orthogonal serial sections from the same
cell. The sections were numbered S1 onwards
from the back to the front. Bars: (panoramic
view) 3 pm; (enlargements) 500 nm.

separated from the centrosome and was eventually lost
(Fig. 5 A). Similarly, movement of the midbody remnant to the
cell center and PC formation were observed in inner medul-
lary collecting duct 3 (IMCD3) cells (Fig. S4, I and J), where
it is known that ~90% of ciliated cells lack a ciliary pocket
(Molla-Herman et al., 2010). In summary, the results in
Figs. 3 and 5 are compatible with a sequential process by which
the daughter cell that inherits the midbody remnant forms a PC
by a process involving the movement of the remnant along the
apical surface to become proximal to the centrosome.

Because of its dense structure and large size, the energy
needed to destroy a midbody by laser ablation is so high that it
causes extensive cell damage. Therefore, to investigate directly
the requirement of the midbody remnant for PC biogenesis, we
designed a gentle procedure to physically remove it. The proce-
dure, which was named “take-up by suction pressure” (TUSP),
uses patch-clamp equipment to aspirate the remnant (Fig. 6 A
and Video 7). As a control, the same procedure was performed
in cells with a remnant in a zone of the plasma membrane dis-
tant from it. Removal of the remnant by TUSP resulted in a
fourfold reduction in the number of PCs relative to control cells
(Fig. 6, B and C). Approximately 20% of the cells still formed a
PC despite having their remnant removed, indicating that rem-
nant removal might not have been complete in those cells, that
the remnant had already enabled the centrosome to form a PC
before removal, or that they formed a PC in a midbody rem-
nant-independent manner. As controls of the TUSP procedure,
we observed that cell polarity, as determined by the distribution
of podocalyxin, pB-catenin, and ZO-1 (Fig. 6 D) and F-actin and
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Figure 3. The midbody remnant moves along the apical surface from a peripheral to a central position to encounter the centrosome. (A and B) XY confocal
stack of cells coexpressing GFP-PRC1 and cherry-tubulin (A) and GFPtubulin and dsRed-centrin (B) during movement of the midbody remnant. In A, the
green and red arrowheads point to the midbody remnant pools of PRC1 and tubulin, respectively. In B, the green and red arrowheads point to the remnant
and the centrioles, respectively. (C) 3D reconstruction of cells expressing GFP-tubulin during remnant movement (top). The images were pseudocolored
based on height, using the color scale on the left, to highlight that the remnant moved to the center of the apical surface as the cell gained height. The green
arrowhead points to the midbody remnant. The differential interference contrast (DIC) images show that the cell occupied 25% less area at the end (bottom).
Bars, 5 pm. (D) EM micrograph of a cell with the remnant in the vicinity of the centrosome at the center of the apical surface and enlargements of different
sections. The images are orthogonal serial sections from the same cell. Asterisks indicate cell junctions, the black arrowhead points to the remnant, and the
arrow indicates the centrosome. The sections were numbered S1 onwards from the back to the front. Note that it appears that the remnant is connected to
the rest of the cell by a thin tether, indicated by an empty arrowhead (see $2’, which is an enlargement of the boxed region of $2). Bars: (panoramic view)
4 pm; (enlargements) 500 nm. (E) 3D reconstruction of the central remnant (red), the tether (dark red), and adjacent apical membrane (gray) obtained by

manual tracing and stacking of their contours after alignment of the serial EM sections of Fig. S3 B. The arrowhead indicates the tether.

[-catenin (Fig. S5 A), and integrity of the plasma membrane, as
assessed with a biotinylation reagent that does not permeate the
plasma membrane (Fig. S5 B), were normal in cells in which
TUSP was used for remnant removal. Cells remained viable as
they responded to hepatocyte growth factor by undergoing cy-
cles of extension-retraction of their plasma membrane, as did
control cells in the same microscope field (Video 8). In sum-
mary, the results in Fig. 6 show that the midbody remnant is
essential for efficient primary ciliogenesis.

Quantification of the area of the substrate occupied by
the cells (hereafter referred to as the cell area) indicated that
whereas the area of the cells with a peripheral remnant was not
restricted, the cells with a central remnant or a primary cilium
had areas less than 400 and 200 um?, respectively (Fig. 7 A).
To investigate the possibility that constraints in the cell area
regulate the process of PC formation, we developed a probabi-
listic population-based mathematical model in which cells are
allowed to proliferate and transit between the different stages
solely on the basis of the value of the cell area. In addition to
the results in Fig. 7 A, the model was designed on the basis of
parameters derived from measurements of the total cell num-
ber (Fig. 7 B), the single-cell area over time (Fig. S5, C-E),
and the number of cells with a midbody remnant or a ciliary

structure (Fig. 7 C). We defined the various transitions ob-
served (cell cycle length, remnant conservation, movement of
the remnant from a peripheral to a central position, and start
of ciliogenesis) in the form of Hill functions of the cell area
(Fig. 7 D and Materials and methods). The resulting simulations
(Fig. 8 A) show that cells with a peripheral remnant emerged
first, followed by the cell population with a central remnant and
then those exhibiting a ciliary structure. This is consistent with
our videomicroscopic analyses indicating a sequential relation-
ship between the profiles. The simulations closely reproduced
the experimental data of Fig. 1 F, as shown by their superimpo-
sition (Fig. 8 B). This finding indicates that constraints in the
cell area explain all the experimentally observed transitions.
We used the micropatterning method to confirm that the
cell area controls the different transitions of the midbody rem-
nant and PC formation. A single cell was plated on disk micro-
patterns of 700, 1,100, and 1,600 um? (Fig. 8 C), and the cell was
left to divide to generate four or eight to 12 cells covering the
entire available surface of the disks (Fig. 8 D). Consistent with
the simulations, the percentage of cells with a midbody remnant
or a PC increased as the cell area became smaller (Fig. 8 E).
Moreover, the percentage of cells with either a central remnant
or a PC increased with the degree of cell confinement (Fig. 8 F).

The midbody enables the centrosome for primary ciliogenesis * Bernabée-Rubio et al.

2683

620z Jequiede( G0 U0 3senb Aq 4pd02010910Z A0l/S80965 L/6GZ/€/Y L Z/4Pd-8lone/qol/Bio sseidny//:dpy woly pepeojumoq


http://www.jcb.org/cgi/content/full/jcb.201601020/DC1
http://www.jcb.org/cgi/content/full/jcb.201601020/DC1
http://www.jcb.org/cgi/content/full/jcb.201601020/DC1

264

>

w
°
i
o
8
>

N
o

mPeripheral

a-tub / y-tub
Relative
number of cells

siC siRab8
p=0.199

p=0.360

(9]

a-tub /
Rab8-cherry /y-tub

o

siRab8

mPeripheral

Relative
number of cells

0
06 uCilia
0
0

siC siRab8

p=0.003

m Cilia
m Peripheral

a-tub / y-tub
Relative
number of cells
o
o

G = siC  silFT88

Figure 4. Rab8 is necessary for the movement of the midbody remnant.
(A-D) Control cells (A and B) or cells stably expressing cherry-Rab8 (C and
D) were transfected with siRNA control (siC) or targeted to Rab8 (siRab8).
(A and C) Cells were stained for a- and y-tubulin (a- and y-tub). The green
and red arrowheads point to the midbody remnant and the centrosome,
respectively. The white arrowheads indicate the PCs. The asterisks in C
mark the cells expressing cherry-Rab8. (B) The number of cells with a pe-
ripheral remnant or a PC was quantified in Rab8-knockdown cells and was
expressed relative to that in siC-ransfected cells. Data represent the mean
+ SEM from three independent experiments (n = 381 control cells and 354
Rab8-knockdown cells; two to three fields per experiment; Student's f test).
(D) The number of cells with a peripheral remnant or a PC was quantified
in siRab8-ransfected cells expressing cherry-Rab8 and was expressed rel-
ative to that in siCHransfected cells. Data represent the mean + SEM from
three independent experiments (n = 294 control cells and 322 Rab8-knock-
down cells; three fields per experiment; Student’s ttest). (E and F) Cells were
transfected with siC or silFT88. (E) Cells were stained for a- and y-tubulin.
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It is of note that this increase did not affect all the cells on the
disk in the same manner: cells at the edge had preferentially
peripheral remnants, whereas those in an internal position ex-
hibited most of the central remnants and PCs (Fig. 8 G). This
observation is consistent with our measurements on cells grown
on coverslips (Fig. 1 F), since in that analysis we ignored the
cells at the edge of the coverslip. One interpretation of these
findings is that, in addition to a reduced cell area, cell-cell con-
tact favors the transitions of the midbody remnant and PC for-
mation to occur efficiently.

Based on mathematical simulations, and supported by our
experimental data, we propose a model of primary ciliogenesis
that is mediated by the midbody remnant in which the transi-
tions of the remnant (loss or movement to a central position)
and the beginning of the ciliogenesis process are controlled in a
cell area—dependent manner by two cell area thresholds (Fig. 9).
It is of note that the first threshold (~400 um?), which marks the
transition from a peripheral to a central remnant, approximately
coincides with the area of cells reaching confluence (Fig. S5
F). The second threshold (~200 um?) marks the transitions to
quiescence, full conservation of the remnant after cell division,
and the beginning of ciliogenesis. Under our experimental
conditions, most cells at day 9 (72.6 + 10.2%) had a midbody
remnant and hence had the potential to eventually form a PC,
or had already formed a PC. Achieving higher percentages of
ciliated cells requires an increase in the percentage of cells
with one midbody remnant by new cycles of cell division or
the elimination of the pool of cells without a remnant. Alterna-
tively, the remaining cells simply might not be able to ciliate,
as occurs with a pool of 10% of IMCD3 cells, or to assemble a
PC by the intracellular route, which is probably the case of the
pool of 10% of ciliated IMCD3 cells that have a ciliary pocket
(Molla-Herman et al., 2010).

Discussion

Our understanding of the process of primary ciliogenesis in po-
larized epithelial cells has advanced little since the classic EM
work of Sorokin nearly 50 years ago. In that seminal contribu-
tion, it was proposed that in polarized epithelial cells, primary
ciliogenesis occurs on the plasma membrane, unlike in other
cell types, such as fibroblasts and smooth muscle cells, in which
cilium assembly starts intracellularly (Sorokin, 1968). In this
article, we have analyzed the process of primary ciliogenesis in
polarized MDCK epithelial cells. We show that, once the sister
cells have separated, the postmitotic midbody locates peripher-
ally at the apical surface for up to 4-10 h and concentrates ma-
chinery important for primary cilium growth, such as the Rab8,

The green and white arrowheads point to the midbody remnant and the
PC, respectively. (F) The number of cells with a peripheral remnant or a
PC in IFT88-knockdown cells is expressed relative to that in siC-transfected
cells. Data represent the mean + SEM from three independent experiments
(n=1,201 control cells and n = 1,329 IFT88-knockdown cells; three fields
per experiment; Student's t test). (G) Panoramic EM image of an apical
zone with a midbody remnant in a Rab8-knockdown cell (top) and en-
largements of serial sections of the remnant region from the same cell. The
sections were numbered S1 onwards from the bottom to the top. Panels S2
and S3’ show an enlargement of the boxed regions in S2 and S3, respec-
tively. Note that it appears that the remnant is connected to the rest of the
cell by a thin tether, indicated by an empty arrowhead. Bars: (A, C, and E)
5 pm; (G, panoramic view and $2-S12) 1 pm; (G, S2" and S3’) 200 nm.
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IFT, and exocyst components. The postmitotic midbody rem-
nant then moves along the plasma membrane over 1-4 h carry-
ing this machinery toward the center of the apical surface where
the centrosome is situated. Primary cilium formation begins

A Tubulin Tubulin+DIC

Figure 5. A primary cilium forms once the
midbody remnant becomes proximal to the
centrosome. (A-C) Videomicroscopic analysis
of PC formation. (A) XY projection of GFP-
tubulin and dsRed-centrin during PC formation
(top). The enlargements show the fluorescent
signal in the boxed region for the proteins ana-
lyzed (bottom). The blue and white arrowheads
indicate a microtubular connection between
the midbody remnant and the centrosome and
a nascent cilium, respectively. The green and
red arrowheads point to the midbody rem-
nant and the centrosome, respectively. The
dashed line indicates the cell contour. (B) 3D
reconstruction of some of the images shown
in A. (C) XY projection of GFP-tubulin and
their corresponding differential interference
contrast (DIC) images during PC formation
(bottom). The enlargement of the boxed re-
gion shows the distribution of tubulin at apical
planes (middle). Nascent cilia are visualized
in the XY projections as dots because they are
perpendicular to the substrate. Green arrow-
heads point to the midbody remnant. The blue
and white arrowheads indicate a microtubular
extension similar to that observed in A and a
nascent cilium, respectively. An XZ image of
the cells after 260 min is included to show that
the new profile that appears close to the mid-
body remnant (white arrowhead) is a nascent
cilium (top). The dotted line indicates the plane
used for the confocal XZ image. Bars, 2 pm.

once the two organelles have been proximal for 2-6 h. There-
fore, under our experimental conditions, the remnant remains
associated with the cell membrane for 7-20 h before primary
cilium assembly. Removal of the remnant greatly interferes
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Figure 6. Removal of the midbody remnant
greatly interferes with PC formation in MDCK
cells. (A) Representative images of the TUSP
procedure. DIC, differential interference con-
trast; (B and C) TUSP was used to remove the
midbody remnant (B, bottom). As a control
(Ctrl), TUSP was applied to cells with a rem-
nant in a zone of the plasma membrane distant
from it (B, top). After 24 h, the same cells were
examined for the presence of a PC. The green
and white arrowheads mark the midbody
remnant and the PC, respectively. The circles
indicate the plasma membrane zone subjected
to TUSP. Bars, 3 pm. (C) The percentage of cili-
ated cells was quantified 24 h post-TUSP. Data
represent the mean + SEM from six indepen-
dent experiments (n = 26 control cells and 27
cells whose midbody remnant was removed;
x? test). (D) The distribution of podocalyxin,
ZO-1, and GFPtubulin was analyzed in cells
in which the remnant was removed by TUSP.
The arrowheads point to the midbody rem-
nants, and the circles mark the plasma mem-
brane zone subjected to TUSP. Bars, 5 pm.
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Slope="1 Figure 7. Development of a mathematical

. model of primary ciliogenesis. (A) Plot of the
single-cell measures of cell area for peripheral,
central, and ciliary profiles. Three indepen-
dent experiments were performed (n = 406
cells; two to five fields per experiment were
examined). (B) Plot of the total number of cells
; (black dots) over time. Fitting of “fast” and
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“slow” dynamics (gray dashed lines) intersects
at the transition point (2.68 d). Prediction of
the total number of cells by a Hill function of
the cell cycle using a Hill coefficient of 100
(solid black line). (C) Plot of the number of cells
with midbody remnant or PC versus the total
number of cells. Two dynamic regimens that
intersect at a total number of ~73 cells are dis-
tinguished. Slope values less than 1 mean that
a fraction of the new cells in the system does
not conserve the remnant. Three independent
experiments were performed (n = 207 to 847
cells per time point; two to five fields per time
point and per experiment) in B and C. (D) Ra-
tionale of the probabilistic population-based
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mathematical model. (i and ii) An initial set of
cells is allowed to proliferate and develop up
to a given time t. (i) Each individual cell in
the population is defined as a numerical entity
with four variables: its area, age, type, and
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cell cycle length (7). (iv) Cells can be in one
of four distinct configurations depending on
whether they lack or have a midbody remnant
(MB) in a peripheral or central position or a
ciliary structure. These configurations were

Central MB

Ciliary

Transition probabilitiy

Min=0 named as no MB, peripheral, central, and
ciliary, respectively. (v) The cell area for each
individual cell in the population was obtained
from a gamma distribution with standard devi-

ation equal to 30% of the mean. (vi) When the age of a cell reaches the duration of its cell cycle, a division event occurs and a new cell with a peripheral
remnant is generated. (vii) Based on the experimental data, we set the probability of conserving the remnant as a Hill function of the cell area, with a
transition point at 200 pm2. In the same way, the probability of transition from peripheral to central remnant (viii) and from central remnant to ciliary (ix)
configurations were also set as Hill functions of the cell area at transition points of 400 and 200 pm?, respectively. (x) The cell cycle length of each individual
cell was obtained from a Hill function of the cell area with transition at 200 pm?2.

with PC biogenesis, indicating that the remnant is necessary for
the latter to occur. Our model explains PC biogenesis in epithe-
lial MDCK cells as a sequential process by which the daugh-
ter cell that inherits the midbody remnant forms a PC in a cell
area—dependent manner. This process involves the movement of
the remnant along the apical surface to enable the centrosome
to form a primary cilium once the remnant and the centrosome
become proximal. In addition to revealing the process of cilio-
genesis in polarized epithelial cells, which was our primary ob-
jective, we made the unexpected but significant discovery that
the postmitotic midbody is involved in this process.

Previous studies established that although the cleavage
furrow in polarized epithelial cells initiates coincidently at the
apical and basal surfaces, the rate of furrow ingression is more
rapid from the basal surface. This difference in the rate of in-
gression causes the intercellular bridge to form close to the api-
cal surface, near tight junctions (Reinsch and Karsenti, 1994;
Morais-de-Sa and Sunkel, 2013). Consistent with these studies,
we observed that cytokinesis does not occur at the middle re-
gion of the daughter cells but at the apical membrane of MDCK
cells. Completion of cytokinesis requires both membrane and
microtubule severing, the two processes being tightly cor-
related with abscission time (Steigemann et al., 2009; Chen et
al., 2012). Severing the intercellular bridge can be symmetrical,
when the abscission event takes place on both sides of the mid-
body, or asymmetrical, when it occurs only on one side. In the
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former case, the midbody is released, whereas the latter gives
rise to asymmetrical midbody inheritance as one of the daugh-
ter cells receives the midbody remnant (Mierzwa and Gerlich,
2014; Dionne et al., 2015). A previous study showed that dis-
assembly of the microtubule bundles of the intercellular bridge
takes place on both sides of the midbody in epithelial MDCK
cells (Elia et al., 2011). Although no large membrane bridge
remnants were detected in that study by differential interference
contrast microscopy, the technique cannot rule out the existence
of a thin tether of plasma membrane connecting the midbody
remnant to the rest of the cell. Our analysis of serial EM sec-
tions showed that this does occur in MDCK cells because pe-
ripheral and central remnants appear continuous with the tether,
although the high contrast of the electrodense region with the
density of the stalk might lead to the mistaken interpretation
that they are discontinuous if only a few sections are examined.
One possible explanation of this finding is that the severing of
the membrane bridge on the side of the cell that inherits the
remnant does not take place and that a thin tether with the rest of
the cell is maintained during the movement of the remnant and
in central remnants. A second scenario, which we consider less
probable, is that severing of the plasma membrane is completed
on both sides but that the midbody remnant remains on the cell
surface and fuses thereafter with a thin protrusion of the cell.
The choice between release, conservation, or degradation of
the midbody remnant depends on cell type and status (Marzesco
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Figure 8. Primary ciliogenesis in MDCK cells is governed
by constraints in cell area at the single-cell level. (A and B)
Simulations (A) and superimposition of the experimental data
(dots) shown in Fig. 1 F and the simulations (B). (C-E) A sin-
gle cell per disk was seeded on disk micropatterns of 700,
1,100, and 1,600 pm? (C) and incubated for 2 or 4 d to
allow the colony to reach a size of four or eight to 12 cells,
respectively (D). (D) Cells were then processed for immuno-
fluorescence analysis with antibodies to acetylated tubulin
(Actub), MKLP1, and y-tubulin (y-tub). Disk micropatterns with
8-12 cells are shown. The green and white arrowheads indi-
cate the midbody remnant and PC, respectively. Nuclei were
stained with DAPI. Bars: (C) 40 pm; (D) 6 pm. (E) The percent-
age of cells with either a midbody remnant or a PC relative to
the total number of cells was determined after 2 or 4 d. Data
represent the mean + SEM from three independent experi-
ments (n = 180 cells grown for 2 d and n = 524 cells grown
for 4 d were analyzed from 45 disk micropatterns each; Stu-
dent’s ttest). (F) The percentage of cells with a peripheral rem-
nant, a central remnant, or a PC relative to the total number
of cells was determined after 4 d. (G) The cells at the edge or
in internal positions on 700-ym?2 micropatterns were analyzed
for the presence of peripheral or central midbody remnants or
a PC after 4 d. The results are expressed as the percentage of
infernal or edge cells with peripheral or central remnants or a
PC relative to the total number of cells with the corresponding
structure. Data in F and G represent the mean + SEM from
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et al., 2005; Pohl and Jentsch, 2009; Kuo et al., 2011; Salzmann
et al., 2014), implying that its fate should be tightly regulated
(Chen et al., 2013; Dionne et al., 2015). More than one rem-
nant accumulates in subpopulations of stem cell-like popula-
tions and cancer cells, the frequency being higher in the latter
(Ettinger et al., 2011; Kuo et al., 2011). Stem cells and cancer
cells enriched in midbody remnants exhibit increased repro-
gramming efficiency and in vitro tumorigenicity, respectively
(Kuo et al., 2011). We observed that partial remnant loss occurs
in MDCK cells during the rapid regimen of cell division. In
contrast, conservation takes place thereafter, coinciding with
the switch to a slow regimen of cell proliferation. If the remnant
is to be lost, the tether must be severed, whereas it can remain
uncut in the case of conservation, as appears from our EM anal-
ysis of peripheral and central remnants. Therefore, according
to our model, the cell area regulates the loss or conservation
of the remnant and thereby the severing of the remnant stalk.
Shedding of membranous particles with midbody markers has
been observed in neural progenitors, although no relationship
between those particles and PC biogenesis was established (Du-
breuil et al., 2007). The endosomal sorting complex required for
transport has a decisive role in the scission event of the inter-
cellular bridge membrane that leads to daughter cell separation
(Chen et al., 2012; Fededa and Gerlich, 2012; Agromayor and
Martin-Serrano, 2013). The loss of the midbody remnants in
the final stages of PC formation and during the rapid regimen
of MDCK cell division implies scission of the thin stalk that
connects the remnants to the rest of the cell. Therefore, it is

plausible that the endosomal sorting complex required for trans-
port machinery also mediates severing in both these occasions.

It was striking that, coinciding approximately with the es-
tablishment of cell—cell contacts, the midbody remnant moved
along the apical membrane from the periphery to a central po-
sition in MDCK cells. Remnant movement in the plane of the
plasma membrane has been observed after abscission in HeLa
cells (Gromley et al., 2005). Because in MDCK cells a thin
stalk appears to connect the peripheral and central remnants to
the rest of the cell, it is feasible that the stalk mediates the move-
ment of the remnant to encounter the centrosome. We observed
that this movement was impaired in Rab8-knockdown cells.
This observation does not necessarily means that Rab8 is di-
rectly involved in the process but rather that Rab8 expression is
required for it to take place. Although we cannot rule out other
possibilities such as a role of Rab8 controlling the cytoskeleton,
since the best known function of Rab8 relates to membrane traf-
ficking (Perénen, 2011; Barr, 2013), one possibility is that the
effect of Rab8 knockdown on the movement of the remnant is
likely caused by defects in the transport of proteins and/or lipids
to the remnant zone that facilitate its movement.

We have observed accumulation of IFT subunits at the
intercellular bridge, and previous studies have established the
presence of exocyst subunits (Gromley et al., 2005) and Rab8
(Kaplan and Reiner, 2011). Because postmitotic midbodies
contain these and other proteins known to be important in cil-
iogenesis and because the proteomes of midbodies (Skop et al.,
2004) and PCs (Ishikawa et al., 2012) have a high degree of

The midbody enables the centrosome for primary ciliogenesis * Bernabée-Rubio et al.
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Figure 9. Schematic of the proposed model of primary ciliogenesis in polarized epithelial cells. The transitions of the midbody remnant (release or move-
ment to a central position) and the beginning of the ciliogenesis process are controlled in a cell area—dependent manner by two cell area thresholds: a
first threshold of ~400 and a second of ~200 pym2. For cell areas above the second threshold, the remnant is only partially conserved, whereas it is fully
conserved for cell areas below it. With regard to the remnant location, it locates peripherally in the apical surface at cell areas above a first threshold.
When the area of the cell is between the first and a second threshold, it moves toward the center of the apical membrane to meet the centrosome, and
this transition generates a pool of cells ready to start ciliogenesis. When the area of the cells falls below the second threshold, cells continue dividing and
generating new midbody remnants that move to the cell center and enable ciliogenesis. Successive cycles of cell division (only one cycle is represented)
increase the number of cells with a midbody remnant and, subsequently, the number of ciliated cells. In this way, the percentage of nonciliated cells be-
comes progressively smaller. Cell area reduction is produced by occupancy of the room of the mother cell by the daughter cells or compression of a cell
by cells that divide in its proximity. Black lines represent cell divisions; blue and green arrows represent midbody remnant transitions (loss or peripheral to

central movement) and PC formation, respectively.

overlap (Smith et al., 2011), one interesting possibility is that
the connection of the remnant through the stalk facilitates the
transfer of relevant material to the centrosome, once they are
proximal. We have detected the establishment of a thin micro-
tubular connection between the remnant and the centrosome
when the two organelles meet at the center of the apical surface
(Fig. 5 A). This connection can facilitate transport of material
or can be itself the means by which the midbody remnant en-
ables the centrosome for PC formation. A second possibility for
the role of the remnant in ciliogenesis is that, because the PC
has compact membranes at the ciliary base (Vieira et al., 2006)
and these specialized membranes are required for PC formation
(Reales et al., 2015), the stalk zone constitutes a compact mem-
brane domain used to form the ciliary base. A third possibility
is that the presence of the remnant proximal to the centrosome
promotes the signaling required for primary ciliogenesis.

We focused on the cell area in our analysis because it is
easily and directly measured. Cells sense their chemical and me-
chanical context and divide when they sense space is available
(Puliafito et al., 2012). Such behavior appears to be achieved
by coupling cell division to cell distortion and to changes in
the balance of mechanical forces within the cell (Huang and
Ingber, 1999). In subconfluent cell culture conditions, cells
are not physically constrained by their neighbors, the cells are
extended and subjected to tensile stress, and no PC is formed
(Pitaval et al., 2010). However, under conditions of limited cell
area brought about by cell proliferation, cells become progres-
sively constrained by their neighbors and compressive stress
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replaces tensile stress (Trepat et al., 2009; Bazellieres et al.,
2015). In accordance with this, we observe that the movement
of the midbody remnant from a peripheral position to a central
position takes place as the cell grows in height and reduces its
area (Fig. 3 C). We also demonstrate that cells grown on disk
micropatterns show a greater percentage of PCs and central
remnants in cells occupying an internal position relative to the
cells at the disk edge. This observation shows the importance of
cell—cell contacts in the transitions of the remnants and the for-
mation of a PC. In contrast, primary ciliogenesis by the intracel-
lular route takes place efficiently in RPE1 cells in the absence
of cell—cell contact (Pitaval et al., 2010). The events leading to
reduction in cell area, increase in cell height, and movement
of the midbody remnant as well as cell polarization and junc-
tion formation are probably related with a common cause in a
way that becomes evident only when tight cell-cell contacts are
established. We propose that the change from tensile to com-
pressive forces caused by cell—cell contacts in highly confluent
MDCK cells (Ishikawa and Marshall, 2014), rather than the cell
area per se, is the trigger at least for the conservation of the
midbody remnant, its transition to a central position, and the
beginning of ciliogenesis.

A relationship between the mother centriole and the inter-
cellular bridge has been documented (Piel et al., 2001; Jonsdot-
tir et al., 2010). In HeLa cells and 1.929 fibroblasts, the mother
centriole moves transiently to the cell periphery to become prox-
imal to the intercellular bridge before abscission and then moves
back to the cell center (Piel et al., 2001). Centriole movement
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was found to be highly dependent on cell line (Jonsdottir et
al., 2010). Under certain conditions, the mother centriole was
found even inside the intercellular bridge, very proximal to the
midbody. The exocyst (Gromley et al., 2005), Rab8 (Kaplan
and Reiner, 2011), and IFT subunits (Fig. S1, F-H) are pres-
ent in the intercellular bridge. Therefore, it is plausible that, in
addition to enabling cytokinesis completion as was originally
proposed (Piel et al., 2001), the mother centriole recruits these
or other materials from the midbody in some cell types. These
materials could work in conjunction with membranes obtained
from the Golgi or, as reported in neuroepithelial cells (Pari-
daen et al., 2013), with remnants of the ciliary membrane of
the mother cell to form the ciliary vesicle in cells relying on the
intracellular pathway of ciliogenesis. In cells in which the post-
mitotic midbody follows the autophagic route, materials from
the remnant could also contribute to form the ciliary vesicle.

Our model of cilium formation is tightly linked to cell divi-
sion, a process so inherent to life that the same basic mechanism
of ciliogenesis that we propose could conceivably have operated
early on in ciliary evolution using remnants of a primitive, mi-
crotubule-containing intercellular bridge. This view is somehow
reminiscent of the model of Satir et al. (2007), which proposes
that the evolutionary origin of the cilium is a microtubule-con-
taining virus instead of the bridge remnant, as in our model.

The three microtubule-based organelles—the centrosome,
the cilium, and the midbody—were discovered in the second
half of the 19th century. The link between the centrosome and
cell division was soon realized and subsequently thoroughly in-
vestigated, whereas research into the other two organelles has
intensified only in recent years. Our finding that the postmitotic
midbody enables PC formation reveals an unexpected role of
the midbody in primary ciliogenesis and highlights a new bio-
logical mechanism that functionally links the midbody with the
other two microtubule-based organelles.

Materials and methods

Antibodies and reagents

The sources of the antibodies to the different markers were as fol-
lows. IFT20 (rabbit polyclonal; used at 1/200; HPA021376), y-tubulin
(rabbit polyclonal; used at 1/2,000; T3559); mouse mAb IgG1 (clone
GTU-88; used at 1/2,000; T6557), total a-tubulin (mouse mAb IgGl,
clone DM1A; used at 1/500; T9026), and Rab8 (rabbit polyclonal; used
at 1/500; R5530) used in immunoblotting experiments were obtained
from Sigma-Aldrich. Rab8 (mouse mAb IgG2b, clone 4/Rab4; used
at 1/100; 610844) used for immunofluorescence analysis was obtained
from BD. Tyrosinated a-tubulin (rat mAb IgG2a, clone YL1/2; used
at 1/500; MA1-80017) was purchased from Thermo Fisher Scientific.
Ex070 (mouse mAb IgG2b, clone 70X13F3; used at 1/200) was pur-
chased from Kerafast. Podocalyxin/gp135 (mouse mAb IgG1; used at
1/500; 3F2/D8) and ZO-1 (rat mAb IgG1; used at 1/500; R26.4C) were
purchased from Developmental Studies Hybridoma Bank. MKLP1
(rabbit polyclonal; used at 1/500; sc-867) and f-catenin (rabbit poly-
clonal; used at 1/500; sc-7199) were obtained from Santa Cruz Bio-
technology, Inc. PRC1 (mouse mAb IgG2b, clone 16F2; used at 1/200;
MA1-846), IFT88 (rabbit polyclonal; used at 1/100; 13967-1-AP), and
IFT81 (rabbit polyclonal; used at 1/100; 11744-1-AP) were obtained
from Proteintech. Hepatocyte growth factor (product GF116) was ob-
tained from EMD Millipore. DAPI stain was purchased from Thermo
Fisher Scientific. Fluorescent phalloidin and secondary antibodies con-
jugated to Alexa Fluor 488, 594, or 647 were purchased from Invitrogen.

Cell culture

Epithelial canine MDCK II (CRL2936), IMCD3 (CRL2123), and RPE1
(CRL4000) cells were obtained from ATCC. Cells were grown in MEM
supplemented with 5% FBS (Sigma-Aldrich) at 37°C in an atmosphere
of 5% CO,. Mycoplasma testing was regularly performed. For immu-
nofluorescence analysis, 5.0 x 10° cells were seeded on 12-mm poly-
carbonate membranes of 0.2-um pore size (Costar Transwell; Corning).
For the quantitative analyses in Figs. 1 F, 7 (A-C), and S5 (C-E),
2.5 x 10* MDCK cells were plated onto coverslips maintained in 24-
well multiwell plates and grown for the indicated times. Under these
conditions, a mean of 18 cells per field were visualized with a 63x
objective under our microscope 12 h after plating. Cells were then
analyzed for a- and y-tubulin staining and by differential interference
contrast microscopy. Cells with both a PC and midbody remnant were
assigned to the PC group. We cannot rule out that a small fraction of
short PCs were scored as central midbody remnants in Fig. 1 F.

DNA constructs, siRNA, and transfection conditions

The DNA constructs expressing dsRed-centrin2 (Tanaka et al., 2004;
plasmid 29523; Addgene) and GFP-PRC1 (Hu et al., 2012) were gifts
from J. Gleeson (University of California, San Diego, La Jolla, CA)
and C.-K. Hu (University of Stanford, Stanford, CA), respectively.
The constructs expressing GFP- or cherry-tubulin were obtained from
Takara Bio Inc. For transient transfection of DNA constructs, cells
were transfected with Lipofectamine 2000 (Thermo Fisher Scientific)
according to the manufacturer’s recommendations. The construct ex-
pressing GFP-IFT20 was generated by cloning the IFT20 coding se-
quence, which was obtained by PCR using specific primers and human
IFT20 cDNA (IMAGE clone 3907361; Source Bioscience) as template,
in the pEGFP-C1 expression vector (Takara Bio Inc.). Stably trans-
fected cells were generated by transfection and selection with 1 mg/ml
G-418 (Thermo Fisher Scientific). The resulting clones were screened
under a fluorescence microscope. 1.0 x 10° cells were transfected with
20 nM siRNA negative control (siC) Hi GC (product 12935-500) or
20 nM siRNA targeted to Rab8a (siRab8, 5-GACAAGUUUCCA
AGGAACG-3') or IFT88 (silFT88, 5'-UCGUCUAAGGCAAAU
GGAACGUGAA-3’; Thermo Fisher Scientific) by electroporation in
an Amaxa apparatus running the L-005 program. After overnight in-
cubation, cells were washed three times and resuspended in fresh me-
dium. Rab8 and IFT88 knockdown was verified by immunoblotting
72 h after transfection.

Immunofluorescence and time-lapse microscopic analyses

Cells were fixed in formalin for 20 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
4°C for 10 min, rinsed, incubated with 3% (wt/vol) BSA for 15 min,
and incubated with the primary antibody. For y-tubulin staining, cells
were fixed with cold methanol for 5 min. After 1 h at room tempera-
ture, cells were washed and incubated with the appropriate fluorescent
secondary antibody. For double-labeling experiments, the same proce-
dure was repeated for the second primary antibody. Cells were mounted
in coverslips using ProLong Gold antifade reagent (Thermo Fisher
Scientific). For selective labeling of the apical surface, 0.25 mg/ml
sulfo-NHS-biotin (Thermo Fisher Scientific) were added to confluent
monolayers of MDCK cells. After 30 min at 4°C, the solution was re-
moved and the remaining unreacted biotin was quenched by incubation
with ice-cold serum-free MEM. The biotin groups were detected by
incubation with streptavidin—Alexa Fluor 555 (Thermo Fisher Scien-
tific) for 30 min. Images were obtained using an LSM 710 confocal
microscope (ZEISS) with a 63x oil objective and a numerical aperture
of 1.4. The projection of one to three apical planes is shown in the XY
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images of cells grown on Transwells. For time-lapse fluorescence mi-
croscopy, we used a Nikon A1R confocal microscope with 60x water
objective and a numerical aperture of 1.2. For 3D reconstruction, we
used NIS-Elements microscope imaging software (Nikon). Cells were
plated onto 35-mm glass-bottom dishes (MatTek) and maintained at
37°C in MEM without phenol red supplemented with 0.25% fetal bo-
vine serum during the recording. Immunofluorescence and time-lapse
experiments were performed at least four independent times, and im-
ages shown are representative from samples that were used for quanti-
fication. Brightness and contrast were optimized with ImageJ (National
Institutes of Health) and Photoshop (Adobe Systems). Quantifications
were performed using Imagel.

Electron microscopy and 3D reconstruction

Cells grown on Transwell filters were fixed with 4% paraformaldehyde
and 2% glutaraldehyde for 90 min at RT. Cell samples were then pro-
cessed for embedding in Epoxy, TAAB 812 Resin (TAAB Laborato-
ries) according to standard procedures. The samples were processed
for sequential 80-nm ultrathin sections perpendicular to the plane of
the cell monolayer. The obtained sections were numbered as S1 on-
wards. Sections were stained with saturated uranyl acetate and lead
citrate by standard procedures. Samples were examined at 80 kV in
an electron microscope (JEM-1010; Jeol). Pictures were taken with a
TemCam-F416 (4,000 by 4,000-pixel) digital camera (TVIPS). For 3D
reconstruction (Fig. 3 E and Video 5), EM images from a stack of 21
sequential sections (Fig. S3 B) were binned twice to give an effective
pixel size at the specimen level of 4 nm. The EM image series were
aligned with the IMOD software tool (Kremer et al., 1996). Structural
features that were unequivocally identified in adjacent sections, with a
particular focus on microvilli and discernible cytoplasmic structures,
were manually selected and used as fiducial markers to guide the align-
ment. Full linear transformation was used to align each pair of suc-
cessive sections independently. The 3D reconstruction was finalized
by transforming each section into a common alignment in which the
section located in the middle of the stack acted as a reference. The 3D
reconstruction was modeled with IMOD by manually tracing the con-
tour of the features of interest, particularly midbody remnants, plasma
membrane, and microvilli along the sections of the EM stack (Fig. S3
B). The modeled reconstruction was visualized in 3D by surface ren-
dering (Fig. 3 E and Video 5). As individual sections had a nominal
thickness of 80 nm and we used a stack of 21 sections, the total thick-
ness of the 3D reconstruction was ~1.68 pm.

Midbody remnant removal

A mixed population of cells stably expressing or not expressing GFP-
tubulin, which was used to visualize the midbody remnant, were grown
for 4 d to generate a confluent monolayer. By using a glass pipette hitched
to a patch-clamp equipment, remnants were removed by aspiration by
TUSP (Video 7). Cell visualization was performed with a microscope
(BX51; Olympus), using bright field and epifluorescence illumination.
TUSP was assisted with Sutter MP-225 motorized micromanipulators.
As a control, TUSP was applied to cells in a zone of the plasma mem-
brane distant from the remnant. Cells were fixed 24 h post-TUSP and an-
alyzed for the presence of PC. TUSP was performed on cells within areas
previously labeled in the coverslips. The fluorescence pattern of the cells
in the same area served to unambiguously identify TUSP-treated cells.

Micropatterned cell culture

MDCK cells were cultured on micropatterned glass coverslips (CYT
OOchips; CYTOO). Disk-shaped micropatterns of different area (700,
1,100, and 1,600 um?) were used. 35,000 cells/chip were seeded and
then washed and incubated according to the manufacturer’s instructions.
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Statistical analysis
In Fig. 6 C, y? test was used because of the categorical nature of the
data. Data in the rest of the figures were analyzed using Student’s 7 test.

Mathematical model

Calculation of cell cycle duration and Hill coefficient for the mean
proliferation dynamics of the population. The number of cells over
time follows the equation

AW = A2770, )

where A(?) is the number of cells at any given time ¢, A(0) is the ini-
tial number of cells, and 7() is the mean cell cycle in the population
that can change over time. Plot of the total number of cells over time
(Fig. 7 B, black dots) from multiple experiments showed two distinct
regimes of cell proliferation dynamics with a transition of 2.5-3.0 d.
These “fast” and “slow” regimes can be fitted to Eq. 1 for constant
values of the duration of the cell cycle of 0.85 and 22 d, respectively
(Fig. 7 B, dashed gray lines). The long duration of the cell cycle calcu-
lated for this regimen can be explained in biological terms by assuming
that all the cells divided slowly instead of a small proportion doing so
at a normal rate. For the cell population model, cell cycle length 7(¢) is
assumed to follow a Hill function of the form

T + (Tin = Tonsr)

+(g)’

between minimum (7, = 0.85 d) and maximum (7,,,, = 22 d) val-
ues, where S is the transition point. The transition point (2.68 d) was
calculated as the intersection between the two dashed gray lines. The
cell area at the transition point (212 um?) was estimated by dividing
the total cell area (15,647 um?; see next paragraph) by the number of
cells in the system predicted by Eq. 1 at 2.68 d. The Hill coefficient
h (a measure of the sharpness of the transition between the fast- and
slow-proliferating regimes shown in Fig. 7 B) was calculated by di-
rectly fitting Eq. 1 to the experimental value of the total number of cells
for different values of 4. The calculated number of cells (Fig. 7 B, solid
black line) provided a good fit of the experimental data for values of
h > 100, which corresponds to a very sharp transition in the mean cell
cycle duration of the cell population. For simplicity, the same value
(h =100) of the Hill coefficient was used for the other Hill functions in
the cell population—based simulation.

Calculation of the individual cell area in the simulations. The
effective total area occupied by the cells was estimated from data from
single-cell area measurements at days 6, 7, and 9 by multiplying the
mean cell area at each time by the total number of cells present at those
times. The mean of the three values was used to calculate the total area
(15,647 um?) occupied by the cells (Fig. S5 D). The single-cell mea-
surements of cell area for a population of cells at any time fitted to a
gamma distribution with a 30% SD from the mean value at each time
(as an example, see Fig. S5 E for day 2). Based on this observation, we
set the area of each cell in the simulation as a random value sampled
from a theoretical gamma distribution calculated for each time point
by dividing the total area occupied by the number of cells at each time
point (Fig. S5 C, small dots). The experimental mean cell area was cal-
culated by dividing the effective area of the system by the mean number
of cells at each time point (Fig. S5 C, large dots).

Calculation of the number of cells that conserve the midbody
remnant. A newly formed midbody remnant with a peripheral distribu-
tion is inherited by one of the daughter cells after cell division. How-
ever, our time-lapse microscopic analysis showed that cells could lose
the remnant (Video 9). We also observed that cell divisions of a mother

Q0 = 2
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cell with one remnant generated two daughter cells with one remnant
each (Video 10). To estimate the number of cells that have a remnant,
we plot the number of cells with a remnant or a PC versus the total
number of cells in the population. The plot revealed the existence of
two linear regimens (Fig. 7 C). For low total cell numbers, the slope of
the linear fitting was 0.32, suggesting that a fraction of newly generated
cells did not conserve the remnant. For high cell numbers, the slope is
practically 1.0, which means that all the new cells conserved the rem-
nant. The point where the two linear fittings cross (73 cells) gives the
transition point between the two regimens. The cell area corresponding
to this transition (214 pm?) was obtained by dividing the effective total
area occupied by the cells (15,647 pm?) by the number of cells (73
cells). The value of 214 um? for this transition was used for the numer-
ical simulation of the system.

Cell population-based simulations of the system. Simulations
were performed using a Matlab (MathWorks) script developed in-
house. Each simulation proceeded as follows: an initial number of 18
cells (this value was obtained from the mean of the initial number of
cells in the microscope field in the experiments of Fig. 1 F) without a
midbody remnant are plated on day O of the simulation (Fig. 7 D, 1).
For each cell in the population, we set a value of its individual area as
explained in “Calculation of the individual cell area in the simulations”
(Fig. 7 D, v). Each given cell in the simulation undergoes mitosis as
soon as its age exceeds its cell cycle duration (Fig. 7 D, vi).

Based on the experimental data, we set the various transitions
observed (cell cycle length, midbody remnant conservation, movement
of the remnant from a peripheral to a central position, and the start of
ciliogenesis) in the form of Hill functions of the cell area. In this way,
we eliminated the dependence of the transitions on the time elapsed
since cells were plated.

For the cell cycle length, Eq. 2 was rewritten as

T+ (Tonin = Toae)

T4) = max ,
1+ (5)

where the inflection of the curve was set as the cell area at 2.68 d (S =
212 um?) and the Hill coefficient calculated earlier (h = 100; Fig. 7 D, x).

The probability that cells have a midbody remnant was also set
as a Hill function of the cell area in the form

Pray + (Prin = Prnsy)

RO

where P(A) is the probability of conserving the remnant per time step,
and P, and P,;, are the maximum and minimum probability, respec-
tively. The transition point was set as the cell area when the system
contains 73 cells (S = 214 um?). The probability of conserving the rem-
nant before the transition point was set as 0.3, based on the value of
the slope of the linear fitting (value per time step = 0.3"7 = 0.943).
As time goes by, the increasing number of cells results in a reduc-
tion in the cell area (Fig. S5 C). After the transition point (that is,
when the mean cell area is less than 214 um?), cells conserved the
remnant (P,,,, = 1). The Hill coefficient was also assumed as being
h =100 (Fig. 7 D, vii).

Based on our experimental data (Fig. 7 A), the transition from a
peripheral to a central remnant can take place if the cell area is less than
400 pm?. In addition, cells with a central remnant can become ciliated
if their area is less than 200 pm?. The probabilities of these two tran-
sitions were also defined as Hill functions of the cell area, from a zero
value to a constant probability that is modulated to fit the final number
of cells in each configuration (Fig. 7 D, viii and ix). Each simulation
produces a slightly different outcome in the population of cells because

PU =

we introduce variability in the value of the cell area to represent the ex-
perimental distribution of cell areas (Fig. 8 A, solid lines). For the sake
of simplicity, for the simulation the calculated values for the transition
for cell cycle (212 um?) and the probability of conserving the remnant
(214 um?) were set as 200 pm? (same the value of the cell area where
the first cells with a PC appear). In this way, we simplified the system
by using just two transition points: 200 and 400 pm?.

Online supplemental material

Fig. S1 shows the distribution of ciliary markers in MDCK cells
during interphase and in cytokinesis. Fig. S2 shows a complete
series of EM sections of a peripheral midbody remnant and a second
example of peripheral remnant. Fig. S3 shows a complete series of
EM sections of a remnant proximal to the centrosome at the middle
of the apical membrane. Fig. S4 shows controls of cell polarization
of Rab8-knockdown cells, a complete series of EM sections of a
remnant in Rab8-knockdown cells, and the dynamics of the remnant
in IMCD3 cells. Fig. S5 shows controls of membrane integrity of
TUSP-treated cells and measures of cell area over time. Video 1
shows the formation of the intercellular bridge at the apical surface
and the inheritance of the postmitotic midbody. Videos 2—4 show the
movement of the midbody remnant to the center of the cell. Video 5
shows a 3D reconstruction of the midbody remnant at the center of the
apical membrane. Video 6 shows the dynamics of the remnant during
PC formation. Video 7 shows an example of the TUSP procedure.
Video 8 shows that cells whose midbody remnant is removed by TUSP
remain viable. Videos 9 and 10 show examples of a cell that loses the
remnant and of cells that conserve it and divide to give rise to two
daughter cells with a remnant each. Online supplemental material is
available at http://www.jcb.org/cgi/content/full/jcb.201601020/DC1.
Additional data are available in the JCB DataViewer at http://dx.doi
.org/10.1083/jcb.201601020.dv.
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