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Abstract

Primary cilia detect extracellular signals through membrane receptors and channels. The outer
segment of a vertebrate photoreceptor cell represents the most elaborate of all primary cilia,
containing extraordinarily large amounts of the visual receptor protein, opsin. Because of its high
abundance, opsin represents a potential model system for the study of ciliary membrane receptors,
including their transport. Here, we have analyzed the movement of ciliary opsin to test whether the
highly-conserved intraflagellar transport (IFT), as driven by heterotrimeric kinesin-2, is required.
Results show that opsin can enter and move along the primary cilium of a non-photoreceptor cell
(an hTERT-RPEL epithelial cell), suggesting that it can co-opt the basic anterograde motor system
of cilia. Fluorescence recovery after photobleaching (FRAP) analysis of cilia of hTERT-RPE1
cells showed that the movement of ciliary opsin was comparable to that of the IFT protein, IFT88.
Moreover, the movement of opsin in these cilia, as well as in cilia of mouse rod photoreceptor
cells, was reduced significantly when KIF3A, the obligate motor subunit of heterotrimeric
kinesin-2, was deficient. These studies therefore provide evidence from live-cell analysis that the
conserved heterotrimeric kinesin-2 is required for the normal transport of opsin along the ciliary
plasma membrane.

Introduction

Primary cilia have important functions in many types of cells, such that cilium dysfunction
causes a wide variety of diseases, known as ciliopathies, many of which are syndromic
(Badano et al., 2005; Hildebrandt et al., 2011). The role of primary cilia is to detect
extracellular signals through a receptor or channel that is integral to the ciliary plasma
membrane. The movement of these transmembrane receptors or channels into the cilium and
then along the cilium is therefore essential for ciliary function.

The most elaborate primary cilium is the outer segment of a photoreceptor cell. The receptor
in this case is the light receptor, rhodopsin, which is packed at a very high density in a stack
of disk membranes that form by amplification of the distal ciliary plasma membrane. The
continuous renewal of the rhodopsin-containing disk membranes requires an extraordinary
amount of trafficking to the cilium and along the ciliary axoneme to the site of disk
membrane morphogenesis (Young, 1967, 1968; Papermaster et al., 1985; Deretic and
Papermaster, 1991).

Studies of flagella and cilia in several different organisms have established the presence of
intraflagellar transport (IFT), which involves the anterograde and retrograde movement of
proteins, often in complexes known as IFT particles (Kozminski et al., 1993; Cole et al.,
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1998; Rosenbaum and Witman, 2002; Scholey, 2003; Follit et al., 2009; Hao et al., 2011).
IFT is driven by the molecular motors, kinesin-2 in the anterograde direction, and dynein-2
in the retrograde direction (Kozminski et al., 1995; Pazour et al., 1998; Snow et al., 2004;
Scholey, 2008).

In photoreceptor cells, genetics studies have shown that opsin mislocalization results from
mutant IFT (Pazour et al., 2002; Tsujikawa and Malicki, 2004; Krock and Perkins, 2008;
Sukumaran and Perkins, 2009; Keady et al., 2011), and kinesin-2 (Marszalek et al., 2000;
Lin-Jones et al., 2003; Jimeno et al., 2006; Avasthi et al., 2009; Insinna et al., 2009; Lopes et
al., 2010). Although these studies provide evidence in support of kinesin-2 motor activity in
the delivery of opsin along the cilium to the site of disk membrane morphogenesis, opsin
mislocalization is not necessarily the result of a direct effect on opsin transport (see
Discussion). Recently, it was concluded (Avasthi et al., 2009), in contrast to earlier studies,
that the transport of rod opsin and other rod outer segment proteins was not dependent on
heterotrimeric kinesin-2, suggesting that rod photoreceptors may use a more specialized
mechanism to deal with its high volume of traffic.

In the present study, we addressed the question of whether the movement of rod opsin
(RHO) along the cilium requires heterotrimeric Kinesin-2, by studying opsin and IFT in the
cilia of live cells, including mouse rod photoreceptor cells. To study the photoreceptor cilia,
we developed a method for fluorescence recovery after photobleaching (FRAP) analysis,
using retinas of genetically-modified mice. This approach has enabled us to test more
directly the mechanism of movement of the membrane receptor along the most elaborate of
primary cilia.

Materials and Methods

Cell culture

Constructs

hTERT-RPEL cells were grown in DMEM/F12 culture medium with 10% FBS and 1%
penicillin/streptomycin, at 37°C with 5% CO,. To induce the growth of cilia in confluent
cultures, the complete medium was replaced with the medium containing 0.5% FBS, one
day after transfection. They were kept in the low serum condition for 24-48 h before
imaging. Transfection was achieved using lipofectamine 2000 according to the
manufacturer’s protocol (Invitrogen). After 3—4 h, normal growth medium was replaced.

The Rho-EGFP construct consisted of bovine rod opsin cDNA, tagged with £EGFPat the C-
terminus, with the C-terminal 24-bp of bovine RAo added to the end of EGFP (Jin et al.,
2003). This construct was cloned into a pPCDNA3.1 vector that uses the CMV promoter to
drive expression. ARL136-mcherry and ARL13b-CFP were subcloned from ARL136-GFP,
using pN1-mCherry and pN1-CFP vectors, respectively, and Kpnl restriction sites. They
were sequenced to check for correct orientation. ShRNA constructs against human K/F3A
were obtained from Origene (Catalog number TF311911). Human K/F3A#1 was construct
number FI1347638 (sequence TGGAATGAAGACATAGGAGAATGGCAGCT), human
KIF3A#2 was construct number FI1347637 (sequence
TGCTACAAACAGGCTGTCAGTGTGGATGA) and scrambled control (Catalog number
TR30015; sequence GCACTACCAGAGCTAACTCAGATAGTACT).

FRAP protocol

After making the prebleach fluorescence measurement for 10 sec, photobleaching was
achieved with repeated full power pulses of a 440-nm laser for 2 sec. Recovery was
measured every 0.5 sec for 180 sec. Although only rarely observed, cilia that moved out of
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the plane of focus were disregarded. The images were processed using Volocity software
(Perkin Elmer). Because there is additional photobleaching that occurs as measurements are
made during recovery, the plotted fluorescence recovery was normalized to the pre-bleach
fluorescence level. A single exponential fit was made for the recording from each cilium,
and the time taken to reach half of the fluorescence recovery (#,) was determined from this
curve. Statistical analyses were performed using the Student #test. All the error bars
represent + SEM.

Mouse breeding

Animal use followed NIH guidelines under an approved protocol. Mice were kept on a 12-h
light/12-h dark cycle under 10-50 lux of fluorescent lighting during the light cycle. The
genetic mutants used were: Kif3a7X/flox (Marszalek et al., 2000), RHO-Cre (line 8)
transgenic (Jimeno et al., 2006), Rpe65 knockout (Redmond et al., 1998), and RHO-EGFP
knock-in (Chan et al., 2004). RHO-Cre* mice always contained only one transgenic allele.
RHO-EGFP mice were crossed with Rpe65~ to obtain mice that were heterozygous for
RHO-EGFPand homozygous for Rpe65 null. Breeders were checked every day for the birth
of a litter during the previous night; the day a litter was first observed was regarded as
postnatal day 0 (PO).

Retinal Explants

Eyes from mice of either gender were enucleated and immediately put in neurobasal
medium (Invitrogen) under room light. The cornea and lens were removed and the resulting
eyecup was cut into small pieces. These small pieces were transferred in medium to the
imaging chamber (glass bottom, 0.1 mm thick). The chamber was closed and sealed with
nail polish. These explants were transferred to the imaging incubator for 30 mins at 37°C.
Imaging was then carried out over a period of approximately 2 hrs. Rod photoreceptors lying
parallel to the coverglass (usually at the edges of the explant) were used for the FRAP
protocol.

Microscopy and immunocytochemistry

Live microscopy and FRAP were performed using a spinning disk confocal microscope
(Perkin Elmer) or an FV1000 Olympus scanning laser confocal microscope. The latter was
also used for imaging cells that were fixed in 4% formaldehyde, and labeled with antibodies
against KIF17 (Cat# ab11261, Abcam), acetylated a-tubulin (Cat# T7451, Sigma) or KAP3
(Cat# SC-8877, Santa Cruz).

Western blot analysis

Results

Western blots to assess the efficacy of ShRNA constructs against human K/F3A were
performed with 293T cell lysates. Cells were transfected with ShRNA constructs, including a
scrambled control, in 6 well plates at 50-60% confluence. The medium was changed 4-5 hrs
after transfection and cells were kept at 37°C, 5% CO, for 48 hrs. Three or 10 g of total
protein were loaded per well for SDS-PAGE. The membranes were labeled with KIF3A
(Cat# ab11259, Abcam) and GAPDH (Cat# ab9484, Abcam) antibodies.

Opsin in the cilia of transfected epithelial cells

We chose to study hTERT-RPEL1 cells, in part because they have a cilium that protrudes
from a pocket in the apical membrane, not unlike that of the photoreceptor cilium (Peters et
al., 1983; Molla-Herman et al., 2010). Cells were transfected with a construct encoding a
RHO-EGFP fusion protein of RHO with a C-terminal EGFP, similar to that shown
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previously to be targeted to the outer segment and to function normally (Jin et al., 2003). In
a prior study, opsin was found to be targeted to the apical membrane of transfected MDCK
cells (Chuang and Sung, 1998). We observed that RHO-EGFP was also targeted apically in
hTERT-RPEL1 cells. Upon further inspection, we observed that a relatively high
concentration of the EGFP signal colocalized with acetylated a-tubulin in the cilium (Fig.
1A). IFT88-YFP was similarly localized (Fig. 1B), and antibodies against KAP3 (the non-
motor subunit of heterotrimeric kinesin-2) and KIF17 (a homodimeric kinesin-2) indicated
that these two kinesin-2 motors are endogenously expressed in hTERT-RPEL cells and
colocalize with acetylated tubulin in the cilium (Fig. 1C, D).

FRAP of RHO-EGFP in the cilium of hTERT-RPEL1 cells

To study the movement of RHO-EGFP in the cilium, we developed a protocol based on
fluorescence recovery after photobleaching (FRAP), using hTERT-RPEL1 cells. Transfected
cells were serum-starved to induce the formation of cilia. RHO-EGFP and IFT88-YFP were
co-transfected with ARL13B-mCherry, which was used as a cilium marker (Hori et al.,
2008) (Fig. 2A). IFT88 has been shown to be important for photoreceptor outer segment
assembly (Pazour et al., 2002), and a component of kinesin-2-based anterograde transport in
cilia (Cole et al., 1998; Pazour et al., 2000). The cilia of hnTERT-RPEL1 cells lie almost
parallel to the apical surface, and with their basal bodies closer to the nucleus (Molla-
Herman et al., 2010), thus allowing for identification of the basal and apical ends. For these
experiments, a ~1 wm circular region, covering the distal half of the cilium, was bleached, so
that any fluorescence recovery must result from movement from the basal part of the cilium.
Fig. 2B shows examples of recovery of RHO-EGFP and IFT88-YFP fluorescence after
photobleaching, respectively. The time taken to reach half of the fluorescence recovery
(#42), as determined from a single exponential fit of the data, varied somewhat among
different cells, but was of a similar order of magnitude for RHO-EGFP and IFT88-YFP,
with no significant difference found between the means (Fig. 2C, D) (mean £, was 4.1 +
0.8 sec for RHO-EGFP (n=11) and 6.0 £ 0.8 sec for IFT88-YFP (n=18); p=0.1).

To test whether heterotrimeric kinesin-2 is required for the ciliary movement of opsin, we
transfected hTERT-RPEL cells with shRNA against human K/F3A, the obligatory motor
subunit of this kinesin. To allow identification of cells expressing the sShRNA, RFP was
expressed as a reporter from another cistron. First, we assessed the efficacy of the sShRNA
constructs in 293T cells, since only a minority of h\TERT-RPEL cells are typically
transfected. The RFP reporter indicated variation from cell to cell, but on average, by
western blot analysis, two forms of sShRNA were found to reduce KIF3A levels, compared
with a scrambled shRNA, with sShRNA#2 proving to be more efficacious than ShARNA#1,
with a 50% reduction in KIF3A.

hTERT-RPEL1 cells were co-transfected with Rho-EGFP, Arl13b-CFP and one of the
shRNA constructs. Two days after transfection, the cells were moved to culture medium
containing low serum for approximately 24 hrs to induce ciliogenesis. FRAP was performed
on cilia of cells expressing high levels of RFP (Fig. 3A). However, in the cultures treated
with sShRNA#2 there were fewer long cilia and more cell death than observed in control
cultures. Therefore, in order to minimize recording from degenerate cilia, we selected cilia
that were at least 1.5 um long. The mean length of cilia from which measurements were
obtained was 3.0 pm for the shRNA#1, 2.7 wm for the sShRNA#2, and 2.9 wm for the
scrambled control. The mean #;,, measured from cells with the ShARNA#2 was increased by
approximately 2-fold over that from cells expressing the scrambled control, while no
significant difference was observed with shRNA#1 (Fig. 3B, C).
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FRAP of RHO-EGFP in the connecting cilium of rod photoreceptor cells

Next, we used FRAP to analyze the movement of opsin in the connecting cilium of mouse
rod photoreceptor cells. The photoreceptor cilium extends from a partly enclosed pocket on
the side of the inner segment. Traditionally, the region between the basal body and disk
membranes (~1.5 wm in length) has been termed the connecting cilium, since it appears to
connect the inner and outer segments. The connecting cilium is the structural equivalent of
the cilium and flagellum transition zone (Rohlich, 1975; Besharse and Horst, 1990; Insinna
and Besharse, 2008). For these studies, we used isolated retinas from mice that were
heterozygous for the knock-in of a human rod opsin gene fused to EGFP in place of the
mouse rod opsin gene (Fig. 4A). The RHO-EGFP in these mice is expressed and targeted to
the outer segment like that of the wild-type opsin (Chan et al., 2004). A problem with using
these mice for live cell imaging is that the wavelength of light that excites EGFP coincides
with that for rod opsin activation, so that activation of the EGFP leads to excessive
phototransduction and poor photoreceptor cell survival in retinal explants. To obviate this
problem, we generated RHO-EGFP mice that also lacked a functional Rpe65 gene by
crossing them with Rpe65~~ mice. Rpe65~~ mice lack the isomerase required to regenerate
the rhodopsin (Redmond et al., 1998), and so are insensitve to the laser used to activate the
RHO-EGFP. However, opsin is still transported to the rod outer segments in Rpe65~~ mice
(Redmond et al., 1998). Our studies were performed on P9 to P12 mice that were
heterozygous for RHO-EGFP, the lack of RPEG5 in these mice had no effect on the
localization of RHO-EGFP (Fig. 4A-C).

FRAP analysis was performed on rod photoreceptors that were lying parallel to the
coverglass (usually at the edges of the explant). We experimented preparations that were
either pieces of eyecup or pieces of sensory retina, and found that the fluorescence recovery
rates were essentially the same in both cases. Recovery of RHO-EGFP fluorescence was
observed when a region corresponding to the location of the connecting cilium (arrow in
Fig. 4B) was bleached (Fig 4D, E). When the bleaching spot included the outer segment,
even only a small part together with connecting cilium, no detectable recovery was recorded
over 3 min. Fig. 4F and G shows the result of a FRAP recording from the distal outer
segment of the same cell as that shown in Fig. 4D. The outer segment disks are a much
larger source of RHO-EGFP than the cilium, both in terms of volume and concentration,
however, their fluorescence recovery is likely dependent on their distal displacement, which
takes place over a longer time period (Young, 1967).

To study the effect of KIF3A depletion on the movement of ciliary opsin in rod
photoreceptors, we used P12 mice that we bred to contain RHO-Cre,Kif3a"oX/floxX in addition
to Rpe65~~ and RHO-EGFP. The RHO-Crethat was used has been shown previously to
provide synchronous expression of Creand uniform excision of Kif3a*in rod
photoreceptors, shortly after ciliogenesis. In the absence of a floxed gene, this RHO-Cre
transgene results in photoreceptor degeneration that is evident by P42, however, by this
stage, the level of CRE is an order of magnitude higher than at P12. In P12 RHO-
Cre;Kif3a"o¥/flox mice, the level of KIF3A in the rod photoreceptors is reduced to less than
half, and photoreceptor cell degeneration, which begins in earnest after the second week, is
still negligible (Jimeno et al., 2006).

FRAP analysis showed that the movement of RHO-EGFP in connecting cilia of KIF3A-
deficient rod photoreceptors was ~4-fold less than that in controls, which included Kif3a**
mice with or without the RHO-Cre transgene (Fig. 5).
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Discussion

The localization of membrane receptors or channels in the plasma membrane of primary
cilia is crucial to the functioning of these cilia in detecting extracellular signals. Previous
reports have proposed that kinesin-2 in conjunction with IFT proteins transport ciliary
membrane proteins from the base of the cilium along the ciliary plasma membrane.
However, direct evidence to support this hypothesis is limited. Here, we focused on the
visual receptor, opsin, which is transported in the most elaborate of all cilia, the outer
segment of photoreceptor cells. Previous studies have focused on retrospective analyses of
mutant retinas, and have resulted in conflicting conclusions. Here, we have taken a more
direct approach, using FRAP analysis of live cells expressing fluorescently-tagged opsin.
These FRAP data indicate that the movement of ciliary opsin is comparable to that of one of
the IFT proteins, IFT88, and is dependent on heterotrimeric kinesin-2, in both photoreceptor
cells and cells of an epithelial cell line.

Heterotrimeric kinesin-2 was first identified in sea urchin eggs (Cole et al., 1993). It was
then found to be necessary for the formation of a variety of cilia and flagella, and
intraflagellar (IFT) movements along cilia and flagella (Kozminski et al., 1995; Morris and
Scholey, 1997; Piperno and Mead, 1997; Cole et al., 1998). Although none of the IFT
proteins appears to be a transmembrane protein (Cole, 2003), there is some evidence that
membrane proteins may be linked to IFT and thus moved along the ciliary plasma
membrane. Polystyrene beads applied to the surface of Chlamydomonas flagella have been
observed moving along them (Kozminski et al., 1993). The movement of one type of
channel in C. elegans sensory neurons was found to be comparable to that of IFT proteins
(although motility of another channel was not detected (Qin et al., 2005)). Finally, genetic
evidence has shown that IFT is required for the normal localization of ciliary membrane
proteins, such as polycystins (Follit et al., 2006), the olfactory cyclic nucleotide-gated
channel (Jenkins et al., 2006), and smoothened (Corbit et al., 2005).

Immunodetection of KIF3A (Beech et al., 1996; Muresan et al., 1997; Whitehead et al.,
1999) and IFT proteins (Pazour et al., 2002; Tsujikawa and Malicki, 2004; Krock and
Perkins, 2008; Luby-Phelps et al., 2008; Sedmak and Wolfrum, 2010) in the connecting
cilium of photoreceptor cells suggest that IFT driven by heterotrimeric kinesin-2 might have
a transport function in this very specialized cilium as well. Support for a role in the transport
of opsin was obtained in a Cre-loxP mutagenesis study, in which the Kif3a gene was deleted
in mature mouse photoreceptor cells, using an /RBP-Cre transgene in combination with
Kif3a"0x/flox_The resulting loss of heterotrimeric kinesin-2 function caused opsin
mislocalization and photoreceptor cell death (Marszalek et al., 2000). Use of a RHO-Cre
transgene that was expressed robustly and uniformly across the entire rod photoreceptor
population demonstrated more clearly the temporal relationship among Cre expression, loss
of KIF3A, mislocalization of opsin and photoreceptor cell death, thus adding further support
to such a role (Jimeno et al., 2006). However, more recently, Avasthi et al. (Avasthi et al.,
2009), using a different RAo-Cre in combination with Kif3a"0%/foX concluded that the
presence of opsin in the outer segments of mutant retinas indicated KIF3A was not required
for opsin delivery to the outer segment, even though some opsin mislocalization was
observed.

There are two problems with using opsin mislocalization in fixed tissue, as an indicator of a
direct effect on ciliary opsin transport. First, opsin mislocalization is not unique to
trafficking defects. It is also a characteristic of photoreceptor cells in a variety of retinal
degeneration models that appear to be unrelated to defects in opsin trafficking, such as the rd
and rdsmice, and the RCSrat (Nir and Papermaster, 1986; Jansen et al., 1987; Nir et al.,
1987; Usukura and Bok, 1987; Nir et al., 1989). Second, IFT and heterotrimeric kinesin-2
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are required for ciliogenesis (Lin et al., 2003; Fan et al., 2004). Hence, to test for a role in
opsin delivery along the connecting cilium to the disk membranes, the knock down of IFT
protein or kinesin motor function must be incomplete (e.g. Pazour et al., 2002), or occur
after the connecting cilium has formed (e.g. Marszalek et al., 2000; Jimeno et al., 2006;
Avasthi et al., 2009). Thus some opsin is still trafficked to the outer segment, at least
initially (Besharse et al., 1985). In the previous gene knock down studies, the results were
less clear due to lack of discrimination between the opsin synthesized before and after the
knock down. With FRAP analysis, we were able to observe and measure opsin movement
along the cilium in live cells. The two- or four-fold decrease in rate of movement (the
reciprocal of the £, of recovery) that was measured in KIF3A-deficient \TERT-RPEL or
photoreceptor cells, respectively, thus provides a more direct indication of a role for
heterotrimeric kinesin-2 function in ciliary opsin transport.

A requirement for heterotrimeric kinesin-2 in ciliary opsin transport could be effected by
this motor and associated IFT proteins directly moving opsin molecules along the membrane
as connected cargo. Alternatively, the motor activity could set up a bulk flow of membrane
components, in which opsin gets carried along. Or, third, heterotrimeric kinesin-2 may be
required only for ciliary maintenance, without which a more specialized opsin motor is
unable to function. Arguing against this last suggestion, EM studies show that the
connecting cilia of rod photoreceptors appear normal in RHO-Cre; Kif3a"ox/flox mice of a
similar age to those used in the present study (Jimeno et al., 2006). Moreover, the
observation of opsin movement in the less specialized primary cilium of h\TERT-RPEL cells
suggests that a common motor, such as kinesin-2/IFT, can support the movement, and that a
specialized photoreceptor cilium motor seems to be unnecessary for opsin transport.

The present result showing that the the movement of ciliary opsin was comparable to that of
one of the IFT proteins, IFT88, suggests that opsin and kinesin/IFT may move together.
Similar rates of movement could also be a feature of a bulk flow mechanism. On the other
hand, a previous report that opsin coimmunoprecipitates with IFT88 from retinal extracts
(Bhowmick et al., 2009) supports the notion that opsin may be a specific cargo of kinesin-2/
IFT. The rate of opsin movement that we measured by FRAP of ~1 um length of connecting
cilium (#;,,~10 sec) is quite high, but should be within the capabilities of a motor that
travels on the order of 1 pm/sec, as shown for Kinesins.

FRAP of RHO-EGFP could potentially be effected by diffusion; however, in this case, the
recovery might be expected to be faster. Measurements of FRAP by diffusion for a variety
of proteins suggest that a transmembrane protein that is comparable to RHO-EGFP would
diffuse at a rate that is ~2 orders of magnitude faster than the movement measured in the
present experiments, so that any diffusion would contribute only to the very first point of the
FRAP curve (Sprague and McNally, 2005). An estimated ¢;,, for RHO, based on the
diffusion coefficient measured for RHO in disk membranes (Wey et al., 1981), would be ~1
order of magnitude faster than that measured here. Since diffusion should be unaffected by
depressed levels of KIF3A, our observation of FRAP inhibition under this condition
provides evidence against a role for diffusion, either in a distal direction or in a retrograde
diffusion from the disk membranes. Indeed, this result supports the presence of a diffusion
barrier in the connecting cilium for preventing the return of RHO from the outer segment.

Opsin is continually delivered to the base of the photoreceptor cilium, and then transported
along the transition zone (a.k.a. connecting cilium), in order to support the renewal of the
phototransductive disk membranes, throughout the life of the organism (Young, 1967, 1968;
Papermaster et al., 1985; Deretic and Papermaster, 1991). The demand placed on the
transport of opsin by new disk membrane formation is high. In mouse rod photoreceptors,
~2000 molecules of opsin per minute are required (Besharse and Horst, 1990), and in frog
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rod photoreceptors, ~50,000 opsin molecules per minute are required (Besharse et al., 1977;
Papermaster et al., 1985). The connecting cilium is also the conduit for fluxes of cytosolic
proteins, such as arrestin, transducin, and recoverin, which translocate between the inner and
outer segments in response to changes in light intensity (Calvert et al., 2006). Despite this
extraordinary trafficking activity, the present study supports a role for the heterotrimeric
kinesin-2/IFT system that is conserved across all cilia and flagella. Moreover, other
conserved proteins also function in the photoreceptor cilium, such as the homodimeric
kinesin-2, KIF17 (Ou et al., 2005; Pan et al., 2006). A role for KIF17 has been demonstrated
in zebrafish cone photoreceptors (Insinna et al., 2009). More generally, many of the
ciliopathies, caused by mutations in genes encoding various cilium proteins, also include
photoreceptor degeneration (Badano et al., 2005; Hildebrandt et al., 2011), indicating roles
for other conserved ciliary proteins in the photoreceptor cilium.

In conclusion, we have observed and measured the movement of opsin in the cilia of an
epithelial cell line and those of photoreceptor cells. The opsin movement was comparable to
that of IFT88, and impaired when KIF3A was depleted. The present study therefore provides
evidence from live cell analysis that the conserved heterotrimeric kinesin-2/IFT motor
system is required for the transport of opsin along the ciliary plasma membrane.
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Fig 1.

Localization of RHO and kinesin-2/IFT proteins in cilia of hnTERT-RPEL cells. (A, B)
Fluorescence micrographs of cells transiently transfected with RHO-EGFP (A) and IFT88-
YFP (B). (C, D) Immunofluorescence micrographs, showing endogenous heterotrimeric
kinesin-2, as indicated by KAP3 labeling (C), and homodimeric kinesin-2, as indicated by
KIF17 labeling (D). Adjacent panels show immunfluorescence of acetylated a-tubulin, a
cilium marker (red), and colocalizations shown as shifted overlays. Nuclei were stained with
DAPI (blue). Scale bars = 10m.
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Fig 2.

FRAP of RHO and IFT88 in cilia of nTERT-RPEL1 cells. (A) Cells cotransfected to express
either RHO-EGFP with ARL13B-mCherry or IFT88-YFP with ARL13B-mCherry.
ARL13B-mCherry was used as a live-cell cilium marker; right panels show shifted overlays.
Scale bar = 5pum. (B) Images illustrating fluorescence recovery of RHO-EGFP and IFT88-
YFP in the distal cilium. Pre, Pre-bleach; Post, recovery 3 minutes after photobleaching.
Scale bar = 1 pum. (C, D) Examples of plots of normalized fluorescence recovery in the
distal cilium vs time.
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Fig 3.

Reduction in FRAP of RHO-EGFP in the cilium of hTERT-RPEL1 cells, following knock
down of K/F3A. (A) Fluorescence image of hTERT-RPEL cells, showing expression of
RFP, 2 days after transfection with Kif3ashRNA. RFP was coexpressed with the ShRNA,
and used as a reporter to indicate which cells were likely expressing sShRNA. Cells
expressing high levels of RFP (e.g. arrowheads) were used for FRAP analysis. Scale bar =
10 pm. (B) Example of a plot of normalized fluorescence recovery vs time for RHO-EGFP
in the distal cilium of cells expressing K/F3A#2 or scrambled shRNA. (C) Bar graph of the
measured half-times, ¢/, for recovery of RHO-EGFP in the presence of WT or reduced
levels of KIF3A (n=27 for scrambled; n=21 for KIF3A#1;, n=27 for KIF3A#2, p<0.01 for
scrambled vs K/F3A#2, indicated by asterisk).
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Fig 4.

FRAP of RHO-EGFP in cilia of mouse rod photoreceptor cells. (A) Fluorescence
micrograph of a retinal explant from a P10 RHO-EGFP;Rpe65~~ mouse. The main image
views the retina as a flatmount (looking down on the fluorescent ROSs). The other images
show z-axis reconstructions along the regions indicated by the red lines. OS, outer segments;
CB, cell body region. Scale bar = 18 um. (B) Fluorescence and DIC images of a single rod
photoreceptor cell in a retinal explant from a P13 RHO-EGFP mouse. The arrows indicate
the region immediately below the base of the outer segment. This region is the location of
the connecting cilium and was targeted for FRAP studies of RHO-EGFP. Scale bar = 1 pum.
(C) Fluorescence image of a cryosection of retina of a P10 RHO-EGFP:Rpe65~7~ mouse,
showing RHO-EGFP (green) and DAPI staining of nuclei (blue). Scale bar = 10 pm. (D-G)
FRAP using retinal explants from RHO-EGFP;Rpe65~~ mice. (D, F) FRAP of two different
locations of a rod photoreceptor: the connecting cilium (D) and the distal region of the ROS
(F). Images illustrate RHO-EGFP prior to the photobleach (Pre), and immediately after
(Bleach) or 3 minutes after (Post). Scale bars for D and F = 3 um. (E, G) Plots of normalized
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fluorescence recovery vs time. FRAP experiments were performed on 42 rod photoreceptor
cells from 10 different RHO-EGFP;Rpe65~ retinas.
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Fig5.

Reduction in FRAP of RHO-EGFP in the connecting cilium of K732~ mouse rod
photoreceptor cells. (A) Example of plot of normalized fluorescence recovery vs time for
RHO-EGFP in the connecting cilia of Kif3a™* and Kif3a™~ rod photoreceptors (full
genotypes: RHO-EGFA(KI); Rpe65~~;RHO-Cre* and RHO-

EGFAKI); Rpe65™~Kif3a oX/flox. pHO-Cre*, respectively). (B) Bar graph of the measured
half-times, 15, for recovery of RHO-EGFP in Kif3a** and Kif3a™~ rod photoreceptors.
Kif3a™*,Cre* represents RHO-EGFA(KI);: Rpe65~~RHO-Cre* (i.e. lacking the floxed gene,
but with the Cretransgene). Measurements of #;,,were 11.2 +1.7,11.4 + 2.7, and 37.4 £ 6.8
secs, for Kif3a** (n=42), Kif3a™*;Cre* (n=10), and Kif3a™~ (n=24), respectively
(p<0.0001 for Kif3a™* vs Kif3a™~, p<0.01 for Kif3a**,Cre* vs Kif3a™~, p=0.96 for
Kif3a®™* vs Kif3a**,Cre?).
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