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The cilium is an evolutionally conserved apical membrane protrusion that senses and trans-
duces diverse signals to regulate a wide range of cellular activities. The cilium is dynamic in
length, structure, and protein composition. Dysregulation of ciliary dynamics has been
linked with ciliopathies and other human diseases. The cilium undergoes cell-cycle-depen-
dent assembly and disassembly, with ciliary resorption linked with G1-S transition and cell-
fate choice. In the resting cell, the cilium remains sensitive to environmental cues for remod-
eling during tissue homeostasis and repair. Recent findings further reveal an interplay
between the cilium and extracellular vesicles and identify bioactive cilium-derived vesicles,
posing a previously unrecognized role of cilia for sending signals. The photoreceptor outer
segment is a notable dynamic cilium. A recently discovered protein transport mechanism in
photoreceptors maintains light-regulated homeostasis of ciliary length.

The primary cilium is a nonmotile cilium.
It consists of a ciliary membrane protrusion

supported by 9þ0 axonemal microtubules
anchored on the basal body and extending
through the ciliary transition zone. Most cells
have a single primary cilium with exception in
few cell types that express motile cilia (e.g., air-
way epithelial cells, ependymal cells, choroid
plexus, and sperm) or no cilium (e.g., hemato-
poietic-lineage cells, oncogenically transformed
cells). Although the ciliary membrane is contin-
uous with the plasma membrane, the ciliary
membrane–localized components (e.g., recep-
tors, channels) are highly selected through
a concerted effort in cargo sorting, targeting,
and transport. Human mutations in proteins
pivotal for ciliary structure and function have
been linked with a family of diseases termed

ciliopathies, with wide-ranging clinical mani-
festations, including cystic kidney, polydactyly,
mental retardation, and retinal degeneration.
Recently, dysfunction and/or dynamic dysregu-
lation of the cilium have been implicated in an
even broader spectrum of clinical conditions,
including microcephaly, cancer, diabetes, anos-
mia, skeletal dysplasia, and obesity. Several re-
cent reviews have detailed the structure, protein
trafficking, and signal transduction of the cili-
um, and its relevance to various disorders (Eg-
genschwiler and Anderson 2007; Waters and
Beales 2011; Christensen et al. 2012; Sung and
Leroux 2013).

The primary cilium is a dynamic organelle.
The mechanism by which the ciliary axoneme
elongates (i.e., ciliogenesis) has been extensively
studied and reviewed (Santos and Reiter 2008;
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Ishikawa and Marshall 2011; Kobayashi and
Dynlacht 2011). Once established, the cilium
can undergo resorption in various cellular con-
texts. We will use the term resorption inter-
changeably with disassembly, shortening, and
retraction in this review. We will not discuss
deciliation (or deflagellation), that is, cilium
detachment from cell body through severing
the axoneme distal to the ciliary transition
zone. Several comprehensive reviews have also
covered the signaling pathways and components
key to ciliary disassembly, and its connection to
cancer (Plotnikova et al. 2008; Izawa et al. 2015;
Keeling et al. 2016; Liang et al. 2016). In this
review, we will focus on discussing the biologi-
cal importance of ciliary dynamics during de-
velopment, differentiation, homeostasis, and
diseases. We will also discuss the turnover of
the ciliary plasma membrane and its possible
role in cell–cell communication through extra-
cellular vesicles (EVs). Although this review will
focus primarily on mammalian cells, we will
summarize the ciliary shedding phenomenon
recently found in algae and worm.

Finally, we will highlight a notably dynamic
cilium, the photoreceptor outer segment (OS).
The OS is a popular cilium model for several
reasons. First, the OS is large, providing good
spatial resolution. Although the typical primary
cilium is �2- to 3-mm long and �0.2 mmdia, the
rodent rod OS is �25 mm long and �1.4 mmdia.
Second, the molecular composition of the OS
has been detailed, and a large repertoire of cil-
iary molecules can be tagged to follow OS dy-
namics. Third, the OSs between photoreceptors
are aligned and packed at high density in the
outer retina, allowing convenient access to large
numbers of cilia in a single histological section.
Fourth, retinitis pigmentosa (RP), a common
form of rod-predominant retinal degeneration,
has been linked with mutations in proteins re-
sponsible for rod OS morphogenesis and main-
tenance (RetNet). This provides leverage for
further mechanistic study. Fifth, the OS under-
goes constant renewal throughout the animal’s
adult life while maintaining a roughly constant
length (Young 1967). Scientists have taken ad-
vantage of these features and made progress in
understanding the dynamics in ciliary protein

composition, cytostructure, and turnover of
our light-sensing cilium.

CILIARY DYNAMICS IN CELL-CYCLE
PROGRESSION

There is an established link between ciliary dy-
namics and cell-cycle progression (Tucker et al.
1979). This link has been best shown in non-
transformed cell cultures (e.g., 3T3, RPE-1,
mouse embryonic fibroblast) in which serum
starvation can induce concomitant cell quies-
cence (G1/G0) and ciliogenesis (Fig. 1A). Se-
rum readdition induces biphasic resorption,
first at the G1-S transition and then at the
G2-M transition. A growing body of evidence
put forth by several laboratories suggests that
this temporal correlation is not just a coinci-
dence. The cilium plays an active role in regulat-
ing the cell cycle, particularly the G1-S transition.

Pugacheva et al. first showed that the growth
factor PDGF-AA is sufficient to trigger ciliary
resorption through an Aurora A-HEF1-histone
deacetylase 6 (HDAC6) enzymatic cascade that
promotes axonemal microtubule disassembly
(Pugacheva et al. 2007). Naturally occurring
mutations in the inositol-1,4,5-tripsphosphate
5-phosphatase (INPP5E), described in patients
with a ciliopathy (Joubert syndrome), cause an
acceleration of both ciliary disassembly and
S phase reentry (Bielas et al. 2009; Jacoby et al.
2009). Kim et al. showed that cells with longer
cilia, via silencing a mother centriole protein
Nde1, take a longer time to reenter the cell cycle.
Further, Nde1-deficient Zebrafish embryos had
longer cilia and fewer proliferating cells in the
Kupffer’s vesicle (Kim et al. 2011).

Li et al. studied Tctex-1 in serum-stimulated
cilium disassembly (Li et al. 2011). Tctex-1 is
a light chain subunit of cytoplasmic dynein
(King et al. 1996). Phosphorylation of Tctex-1
at Thr94 uncouples it from the dynein motor
complex (Chuang et al. 2005). Thr94 phosphor-
ylated Tctex-1 is recruited to the transition zone
of the cilium preceding ciliary resorption, a pro-
cess that is required for both ciliary shortening
and G1-S transition. Further, ectopic expression
of phosphomimic Tctex-1 hastens both ciliary
resorption and S phase reentry. Importantly,
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Tctex-1’s role in S phase reentry is cilium-
dependent; it is dispensable in nonciliated cells.
These results argue against the idea that cilium
resorption is a consequence of cell-cycle reentry.
It is a prerequisite instead. These results, togeth-
er with those above, suggest that the time re-
quired for cilium resorption largely determines
the length of G1. They also suggest that ciliary
resorption is a novel checkpoint for G1-S tran-
sition (Kim and Tsiokas 2011; Sung and Li
2011). In support of this view, several molecules
important for ciliary resorption, including Au-
rora A, HDAC6, centrosomal-P4.1-associated
protein (CPAP), and FLS1/CKDL5, have been
shown to be vital for cell-cycle progression (Li
et al. 2011; Hu et al. 2015; Gabriel et al. 2016).

CILIARY DYNAMICS IN CELL-FATE CHOICE
DURING BRAIN DEVELOPMENT

In the developing neocortex, the primary cilium
is also present on the apical surface of dividing
progenitors that face the ventricle (Fig. 1B). Live
imaging showed that these cilia are dynamic,
undergoing constant extension and retraction
(Higginbotham et al. 2013). These cilia can
sense extrinsic cues in the cerebral spinal fluid,
such as mitogen insulin growth factor (IGF)

that accelerates G1-S progression (Hodge et al.
2004; Lehtinen et al. 2011).

A balance between progenitor cell division
and cell differentiation into neurons controls
brain size. G1 length increases as neural devel-
opment progresses (Takahashi et al. 1995). Li
et al. (2011) used in utero electroporation to
ablate Tctex-1 in cortical progenitors. They
found that Tctex-1-suppressed cells, which pre-
sumably had longer G1, underwent precocious
neuronal differentiation at the expense of pro-
liferation. Conversely, overexpression of the
phosphomimic Tctex-1 significantly expanded
the proliferative progenitor pool by shortening
G1. They proposed that timely ciliary resorption
of cortical progenitors is key to progress for cell
division, whereas perturbation of ciliary resorp-
tion drives cells to exit the cell cycle and differ-
entiate (Fig. 1B). This hypothesis was supported
by the finding that attenuating other compo-
nents critical for ciliary resorption (i.e., Aurora
A, HDAC6, or CPAP) in cortical progenitors
consistently caused precocious neuronal differ-
entiation (Li et al. 2011; Gabriel et al. 2016). The
same group further showed that IGF-1 is suffi-
cient for enrichment of phospho-Tctex-1 at
the ciliary base and, in fact, it colocalized with
phospho-IGF-1 receptor in dividing cortical
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Figure 1. Ciliary dynamics and cell-cycle progression. (A) Diagram depicts cell-cycle-dependent ciliary assembly
and biphasic resorption. (Figure created from data in Bettencourt-Dias and Carvalho-Santos 2008.) (B) Car-
toon in which the cell fate choice of a dividing cortical progenitor depends on the time required for ciliary
resorption, and, in turn, G1 duration. The primary cilium projecting from the apical endfeet of neural progen-
itor (in turquoise) faces the ventricle and encounters signal gradient(s) from the cerebral spinal fluid (CSF). VZ,
Ventricle zone; IZ, intermediate zone; CP cortical plate.
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progenitors (Yeh et al. 2013). The IGF-1-medi-
ated mitogenic effect was dependent on Tctex-1
and the cilium. Cell-autonomous silencing of
IGF-1 receptor and its downstream signaling
components similarly caused premature cell-
cycle exit of the cortical progenitors.

Premature switching from self-renewal to
differentiation of cortical progenitors depletes
the progenitor population and, ultimately, leads
to the development of a smaller brain. Thus, it is
logical that some forms of microcephaly could
be caused by dysregulated ciliary resorption. In-
deed, human mutations in Nde1, INPP5E,
CPAP, IGF-1, and IGF-1 receptors have been
associated with microcephaly (Walenkamp
et al. 2005; Walenkamp and Wit 2006; Bielas et
al. 2009; Jacoby et al. 2009; Bakircioglu et al.
2011; Gabriel et al. 2016).

CILIARY DYNAMICS IN TISSUE
HOMEOSTASIS

In the “steady state,” the ciliary length is likely to
be maintained through similar mechanism(s)
used in the cell-cycle-dependent assembly and
disassembly. A body of evidence indicates that
environmental changes can trigger cilium re-
modeling. Although most studies were con-
ducted in vitro, cigarette smoke has been linked
with shortened cilia in the airway epithelial cells
in vivo (Leopold et al. 2009). This results in
compromised mucociliary clearance and in-
creased susceptibility to respiratory disorders,
including chronic obstructive pulmonary dis-
ease. A recent study showed that cigarette
smoke–regulated ciliary shortening is caused
by increased HDAC6 through epigenetic gene
modification (Lam et al. 2013). HDAC6 has a
dual role in both ciliary resorption and autoph-
agy degradation. Autophagy-deficient lung ep-
ithelia were protected from ciliary shortening.
These data underscore autophagy’s roles in re-
moving ciliary components during ciliary
shortening and dynamic cilium as a therapeutic
target for various respiratory diseases.

Cilia regress as certain tissues terminally
differentiate, but regrow under pathophysiolog-
ical conditions. In auditory hair cells, special-
ized cilia (kinocilia) are required for proper de-

velopment of the organ of Corti, and then
disappear shortly after birth. These cilia re-
appear on noise-induced trauma (Engstrom
et al. 1983; Sobkowicz et al. 1995). In the eyes,
adult corneal endothelial cells have no discern-
ible cilia, but the cilia regrow concomitant with
the initiation of repair following wound injury
(Blitzer et al. 2011).

Using an acute kidney injury model, it has
been shown that the length of renal epithelial
cilia first increases and then decreases, following
kinetics closely associated with the appearance
and disappearance of other histopathologies
(Verghese et al. 2009). These investigators pro-
posed that the relatively small increase in cilium
length might be sufficient to enhance the sensi-
tivity in sensing cue(s), and thereby circum-
venting the compromised microenvironment.
Intriguingly, adult mice deficient of Kif3 (re-
quired for ciliogenesis) had a normal kidney,
but these mice were unable to overcome acute
kidney injury and developed renal cysts (Patel
et al. 2008). Together, these results strongly in-
dicate that the ciliary elongation observed dur-
ing tissue repair is physiologically relevant. They
also imply that the same set of components is
used for ciliogenesis and cilium regrowth dur-
ing tissue homeostasis.

CILIUM MEMBRANE TURNOVER AND
INTERACTION OF EXTRACELLULAR
VESICLES

Ciliary resorption represents a concerted effort
coordinated by multiple processes: the disas-
sembly of axonemal microtubules, blockage of
ciliary (re)assembly, and removal of ciliary
membranes and luminal components. Two ex-
cellent reviews have highlighted recent progress
on the signal pathways and the machinery gov-
erning axonemal microtubule dynamics during
ciliary resorption (Izawa et al. 2015; Liang et al.
2016). In the next two sections, we will discuss
an important but understudied area of ciliary
membrane turnover during ciliary resorption.
Theoretically, as the axonemal microtubules
disassemble, the spent ciliary membranes might
be endocytosed, or bud from the ciliary tip, or
both (Fig. 2A).
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The proximal region of the primary cilium
is surrounded by a specialized, depressed plas-
ma membrane domain called the ciliary pocket
(Fig. 3A). The plasma membrane of the ciliary
pocket is decorated by abundant clathrin-
coated pits and F-actin filaments, and it shows
robust endocytic activity (Molla-Herman et al.
2010; Benmerah 2013; Clement et al. 2013).
Further, F-actin polymerization has been impli-
cated in ciliary resorption and cilium length
control (Bershteyn et al. 2010; Kim et al. 2010;
Li et al. 2011). Thus, internalization of the peri-
ciliary membrane at the ciliary base seems to be
an attractive mode. This idea, however, remains
to be tested.

Using electron microscopy (EM), Marzesco
et al. showed the tips of the cilia in corti-
cal progenitors were frequently associated with
EVs, particularly during early neurogenesis
(Marzesco et al. 2005). These vesicles contained
Prominin-1, a stem-cell marker. These investi-
gators suggested the possibility that these vesi-

cles were shed from the distal cilia as a means to
reduce the length of cilia, and/or to communi-
cate cell fate choice among the progenitors
aligned along the ventricle borders. Although
this may be correct, it is also possible that these
vesicles are derived from other cells and/or oth-
er parts of the same cells (Dubreuil et al. 2007).

In a similar vein, Hirokawa’s group showed
that EVs are used to deliver morphogens
through leftward rotation of node cilia (a rare
form of 9þ0 motile cilia). Their results suggest-
ed that this process is pertinent to the devel-
opment of left–right asymmetry. Time-lapse
imaging of embryos carrying a lipophilic fluo-
rescent dye showed that these vesicles were re-
leased from the apical microvilli (Tanaka et al.
2005). Ward’s group also observed interactions
between the EVs and primary cilia (Woollard
et al. 2007). They showed that the cilia of biliary
epithelial cells of a polycystic kidney disease
(PKD) mouse model (Pkhd1del2/del2) had
more EVs attached than their wild-type control

Disc

OS

OS

A B C

OS

CC

CiP

BB
BB

CC

CC

IS

Figure 3. Dynamic cytostructure during outer segment (OS) development. (A,B) Electron micrographs of two
developing OSs with distinct morphology from the same postnatal day 10 mouse, highlighting that early OS
development is unsynchronized. (A) Shows a rudimentary OS containing flattened discs that are not aligned
perpendicular to the ciliary axoneme. (B) Shows a further developed OS expressing more discs, which, however,
are oriented in various directions. (C) An electron micrograph shows the proximal region of a mature OS,
connecting cilium (CC), and basal body (BB) and its connected apical part of inner segment (IS). CiP, Ciliary
pocket. Scale bars, 0.5 mm. (From JZ Chuang and CH Sung, unpubl.)
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counterpart (Woollard et al. 2007). The bio-
chemical and EM studies indicated that these
vesicles are exosome-like and emerged from
the multivesicular body fused onto plasma
membranes (Fig. 2A) (Hogan et al. 2009). Re-
gardless of the source of the vesicles, the ap-
parently specific interaction between cilia and
EVs has interest in its own right. Are signals
transduced through protein–protein cross
talk or membrane fusion? Do the cilium-
attached vesicles exchange signals between cilia?
Future researches should provide details for
these questions.

CILIARY VESICLE SHEDDING IN ALGAE
AND WORM

Although the origin of the ciliary-associated ves-
icles needs further clarification in mammalian
cells, emerging evidence from three laboratories
argues that vesicle shedding does occur from the
tip of the flagella in Chlamydomonas, a unicel-
lular green alga. In the mid-1970s, researchers
noticed the presence of membrane vesicles in the
culture media of Chlamydomonas gametes and
that these vesicles are missing from cultures of
flagella-less mutants (Bergman et al. 1975). Be-
cause the flagellum of Chlamydomonas is the
only part not encased by the cell wall, the flagella
were deduced to be the source of the vesicles.

Recently, following pulse-labeling of surface
membrane proteins, the flagellar membrane was
found to be continuously renewed when the cell
is in its vegetative state, with a turnover rate of
6 h (Dentler 2013). Further, flagellar shortening
triggered by chemical stress is concomitant with
increased protein labeling in the EV pool. Thus,
ciliary shedding is an attractive model to explain
the reduced cilium length. In the mating stage,
the ciliary shedding is even more robust, ap-
proximately twice as fast as that of vegetative
algae. Cao et al. reported that a mating-related
signaling protein rapidly appeared in the cilia
during mating, concomitant with ciliary adhe-
sion between gametes of opposite sexes (Fig. 2B,
right) (Cao et al. 2015). They showed that the
vesicles isolated from the cultures specifically
bound to the cilia of the “minus” gametes, but
not to the cilia of “minus” vegetative cells.

Wood et al. investigated the postmitotic
hatching process of Chlamydomonas (Wood
et al. 2013). During hatching, the flagellated
daughter cells are trapped within the mother
cell wall (Fig. 2B, left). Their live imaging de-
tected the discharge of vesicles from the flagellar
tips. The investigators referred to these vesicles
as ectosomes with their size (�100–200 nmdia)
larger than a typical exosome (�30–100 nmdia)
(Cocucci and Meldolesi 2015). A key lytic en-
zyme required for breaking down the mother
cell wall for hatching was particularly populated
in both the flagellar tips and the shed ecto-
somes. These investigators showed, remarkably,
that although the flagella-less ift88-null mutant
alga was unable to hatch, this defect could be
rescued by the addition of ectosomes isolated
from wild-type algae. Together, these findings
point to vesicle shedding as a component regu-
lating the length and homeostasis of cilia. The
identification of functional cilium-derived ves-
icles argues that cilia can also send signals, in
addition to their previously recognized role in
receiving signals.

Using live imaging, Wang et al. (2014),
showed that the PKD-GFP reporter expressed
in the specialized ciliated (CEM) sensory neu-
rons of Caenorhabditis elegans can be released
into the environment as vesicles (Fig. 2C). This
environmental vesicle release was absent in cer-
tain mutant worms. Instead, the vesicles were
trapped in an expanded extracellular lumen
that was encased by a group of supporting cells.
A combination of EM and genetics studies led
the investigators to conclude that the environ-
mental vesicles had originated from the peri-
ciliary membrane near the base of the cilia
(rather than the ciliary tips), through a mech-
anism that warrants further investigation (Ma-
guire et al. 2015).

Together, these findings posit “ciliary shed-
ding” as a novel means to dynamically control
ciliary length, and to renew the membrane and
ciliary proteins. Vesicles resulting from ciliary
shedding could also bring about distinct sig-
nal transmission for cell–cell communication.
How such selectivity is regulated by extrinsic
stimuli and intrinsic regulatory factor(s) re-
mains an interesting topic to be explored.
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MEMBRANE DYNAMICS DURING
PHOTORECEPTOR CILIARY DEVELOPMENT

Ultrastructural studies showed that the primary
cilia in several mouse disease models are normal
in length, but not in shape (Davis et al. 2007;
Tran et al. 2008; Bielas et al. 2009; Jacoby et al.
2009; Goggolidou et al. 2014; He et al. 2014;
Siller et al. 2015). This finding implies that ar-
chitectural remodeling is also an integral com-
ponent of ciliary dynamics. Photoreceptor OS is
notable for its dynamic structure. Vertebrates
have evolved to use a membrane-rich modified
cilium to accommodate a large number of pho-
topigment rhodopsin molecules needed for
sensitive light detection. Each OS has 10–100
million rhodopsins. They are densely packed in
�1000 flattened disc membranes that are en-
wrapped by the enlarged ciliary plasma mem-
brane (Fig. 3C).

In rodents, the rod OS begins to develop
postnatally, and it takes almost 3 weeks to ma-
ture. For the most part, OS morphogenesis
among rods is rather unsynchronized until
near the end. Around postnatal day 5–8, the
distal region of the primary cilium of the devel-
oping rod bulges. A random mixture of mem-
branous vesicles, tubules, and sacs starts to ap-
pear (De Robertis 1956, 1960; Besharse et al.
1985). Subsequently, flattened discs emerge,
but they are arrayed “vertically” (Fig. 3A).
Rods express an increasing number of discs as
development progresses. Although many of the
distal discs remain misaligned, the basal discs
gradually become stacked perpendicular to the
axonemal axis (Fig. 3B). In the final stage of
OS development (postnatal day 15–21), almost
all discs are stacked in an orderly manner, and
the OS elongates at a linear rate by adding more
nascent discs at the base (LaVail 1973). The
mechanism(s) by which the nascent disc is
formed and rhodopsin is transported through
the ciliary transition zone (i.e., connecting cili-
um) and incorporated into the disc membranes
are currently under debate. A long-time dogma
proposes that the discs are formed by pinching
off the evaginated ciliary membranes (Steinberg
et al. 1980). The data proposed by Chuang et al.
(2007, 2015) suggest instead that nascent discs

grow by repeated fusion of rhodopsin-bearing
vesicles transported through the connecting cil-
ium shafts.

As expected, several animal models defi-
cient or carrying mutations in proteins vital
for ciliogenesis (e.g., AHI1/jouberin, OFD1,
IFT88, KIF17, NPHP4) fail to commence OS
development and undergo early retinal degen-
eration (Pazour et al. 2002; Insinna et al. 2008;
Louie et al. 2010; Westfall et al. 2010; Won et
al. 2011). Animal models with mutations of
TMEM67/Meckelin, RP1, or Prominin-1 ex-
press OSs with disorientated discs, as if they
are arrested during development (Liu et al.
2003; Yang et al. 2008; Won et al. 2011; Collin
et al. 2012). These studies reveal molecules
important for OS disc alignment and/or cyto-
structural remodeling.

NON-CELL-AUTONOMOUS REGULATION
OF PHOTORECEPTOR CILIUM REMOVAL

The vertebrate rod OS has evolved an elegant
strategy to selectively dispose oldest parts of
the cilium and replace them with new compo-
nents. The concept that the OS undergoes con-
stant renewal in the adult retina was established
50 years ago by Richard Young (Young 1967,
1968). Using autoradiography, Young found
that pulse-labeled radioactive amino acids first
appeared diffusely in the inner segment and
then in the OS (Fig. 4A,B). The radioactive “re-
action bands” formed at the base of the OS are
displaced progressively toward the retinal pig-
ment epithelium (RPE) juxtaposed to the apex
of the OS. In �10 days, the distalmost OS discs
appeared to be sloughed off in stacks and en-
gulfed by RPE cells through phagocytosis
(Young 1967, 1971; LaVail 1983; Anderson et al.
1986). Thus, Young concluded that the mouse
rod OS renews every �10 days.

By counting the radioactivity that appeared
in the RPE cells, it was shown that OS phago-
cytosis is temporally synchronized with a peak
of activity �2 h after light onset. This period-
icity is regulated by circadian rhythm in rats and
by light stimulation in frogs (Basinger et al.
1976; LaVail 1976). Mice deficient in molecules
involved in the binding (i.e., avb5 integrin,
MFG-E8) or engulfment (i.e., MERTK) of the
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OS during shedding uniformly lack the ability
to synchronize OS phagocytosis at dawn, al-
though retaining a basal phagocytic activity
(Nandrot et al. 2004, 2007). On the other
hand, humans or mice with retinal detachment
have abnormally long OSs (Ahlers et al. 2009;
Chuang et al. 2010; Zhang et al. 2010; Matsu-
moto et al. 2011). Retinal detachment describes
a clinical symptom associated with several vi-
sion-threatening conditions (Yannuzzi et al.
2000). Whether the OS outgrowth is the result
of a lack of physical contact between the OS and
the RPE phagocytic cells or additional diffusible
factor(s) is unclear. These results, nevertheless,
point to additional yet-to-be-characterized mi-
croenvironmental regulators that influence the
distal OS disposal.

CELL-AUTONOMOUS PHOTORECEPTOR
CILIUM LENGTH CONTROL

The autoradiography method used by Young,
although elegant, has inherent technical limita-
tions (e.g., resolution, sensitivity, lack of protein
tagging specificity) in addressing several perti-
nent questions related to OS homeostasis. Hsu
et al. (2015) recently revisited OS renewal using
a modern protein synchronization technique.
They used the Cre-lox/tamoxifen induction
system to express the rhodopsin reporter in
transfected rat rods in vivo. This method differs
from Young’s pulse-labeling experiments, of
which the reporter gene is continuously activat-
ed and expressed until the harvest.

Using this method, these investigators
showed that the newly synthesized rhodopsin
indeed first appeared in the inner segment,
and then appeared as a single compact “band”
�1 d after gene induction. This band represent-
ed the nascent discs added at the base of the OS.
The rhodopsin signals extended distally from
the base of the OS as time progressed. The rho-
dopsin expressed in the OS was alternated with
strong and weak signals along the axis (Fig. 5A).
Strikingly, the number of rhodopsin-rich “seg-
ments” correlated closely with the number of
days after the gene induction, and each rod
OS had �10 segments (Fig. 5B). These results
suggested that the rhodopsin produced daily

was packed into a single “segment,” which was
then shed 10 days after its synthesis.

Further, a light regimen experiment showed
that the diurnal rhythmic banding pattern of
rhodopsin is regulated by cyclic light (not by
intrinsic circadian rhythm), and rhodopsin
preferentially entered the OS in darkness. Intu-
itively, these results suggested that the discs syn-
thesized during day and night had different pro-
tein compositions. Their follow-up experiment
showed that the rhodopsin-less discs are en-
riched with peripherin-2/rds (PRHP2) (Fig.
5C). PRPH2 is a cysteine-rich tetraspanin OS
protein previously localized to the high-curva-
ture motifs (i.e., rim, incisures) of the OS discs
(Molday et al. 1987; Kedzierski et al. 1996; Tam
et al. 2004). The shape of the OS disc membrane
is not a perfect circle; disc incisures are clefts
generated by infoldings of the disc rim toward
the center of disc lamellae (Pedler and Tilly
1967). PRPH2 is known to form oligomers, re-
model lipid bilayers, and participate in OS dis-
posal (i.e., PRPH2 hypomorphic mice shed
discs less often) (Wrigley et al. 2000; Molday
2004; Khattree et al. 2013). These observations
collectively prompted the investigators to pro-
pose that PRPH2-rich discs have a higher cur-
vature, perhaps having deeper or more inci-
sures. Thereby, these discs likely serve as
premarked breakpoints, as they are more sus-
ceptible to structural changes during disc shed-
ding at the OS tip (Fig. 5D,E).

Taken together, the evidence suggests that
the dark–light cycle regulates oscillations in
OS protein transport, and thus generates an
OS that carries autonomous information know-
ing how much disc material is made daily and
the quantity of the disc to be shed. As a result,
the OS is able to maintain the constant length.
Thus, the photoreceptor OS presents a vivid
example of how the dynamics of ciliary trans-
port can dictate the cilium’s composition and
shape and provide an intrinsic mechanism for
its homeostasis.

CONCLUDING REMARKS

Owing to its relevance to many diseases, ciliary
biology has received immense research interest.

K.-S. Hsu et al.
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A fruitful progression has been witnessed to
better appreciate the biology of the ciliary dy-
namics. As the conceptual framework has been
established, we need to fill the gaps by under-
standing how the cilium achieves the homeosta-
sis of its constant changing composition, shape,
and length, and the ability of cell–cell commu-
nication. As research in this field continues to
flourish, we foresee great promise that our im-
proved knowledge may provide interventions
for the many human disorders affected by dys-
regulated dynamics of cilia.
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