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The outer segments (OS) of rod and cone photoreceptor cells are
specialized sensory cilia that contain hundreds of opsin-loaded
stacked membrane disks that enable phototransduction. The bio-
genesis of these disks is initiated at the OS base, but the driving
force has been debated. Here, we studied the function of the pro-
tein encoded by the photoreceptor-specific gene C2orf71, which is
mutated in inherited retinal dystrophy (RP54). We demonstrate
that C2orf71/PCARE (photoreceptor cilium actin regulator) can in-
teract with the Arp2/3 complex activator WASF3, and efficiently
recruits it to the primary cilium. Ectopic coexpression of PCARE and
WASF3 in ciliated cells results in the remarkable expansion of the
ciliary tip. This process was disrupted by small interfering RNA
(siRNA)-based down-regulation of an actin regulator, by pharma-
cological inhibition of actin polymerization, and by the expression
of PCARE harboring a retinal dystrophy-associated missense mu-
tation. Using human retinal organoids and mouse retina, we ob-
served that a similar actin dynamics-driven process is operational
at the base of the photoreceptor OS where the PCARE module and
actin colocalize, but which is abrogated in Pcare™" mice. The ob-
servation that several proteins involved in retinal ciliopathies are
translocated to these expansions renders it a potential common de-
nominator in the pathomechanisms of these hereditary disorders.
Together, our work suggests that PCARE is an actin-associated pro-
tein that interacts with WASF3 to regulate the actin-driven expan-
sion of the ciliary membrane at the initiation of new outer segment
disk formation.
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hotoreceptor cells in the neural retina of vertebrates are

postmitotic, neuroepithelial cells that are highly polarized
and compartmentalized (1-3). The apical phototransductive
outer segment (OS) resembles a highly modified primary sensory
cilium and is connected to the biosynthetic compartment, the
inner segment (IS), by a narrow microtubule-based connecting
cilium (CC) that is homologous to the transition zone (TZ) of a
primary nonmotile cilium (4, 5). The replacement of aged
damaged molecular OS components requires renewal by a spe-
cialized refurbishing mechanism. Daily, ~10% of the rod pho-
toreceptor’s opsin-loaded disks (6) are shed at the apical OS tip,
and phagocytized by the adjacent retinal pigment epithelium
(RPE) cells, while the same amount of new membrane disks are
generated and restacked at the OS base, ensuring photoreceptor
homeostasis. The canonical mechanism behind the onset of the
formation of new disks was initially proposed (7) and recently
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established (8) to be evagination and subsequent expansion of
the ciliary plasma membrane at the compartment where the CC
enters the OS base. Actin was proposed to be a critical factor in
this, after a branched actin network was observed at the site of
evagination initiation over three decades ago (9, 10), and in-
hibition of actin polymerization interfered with this process (11).
Despite these observations, detailed molecular insights into the
dynamics or regulation of this actin-driven membrane evagina-
tion process have remained elusive.

We set out to identify the molecular disease mechanism of a
progressive subtype of inherited retinal dystrophy, autosomal
recessive retinitis pigmentosa type 54 (RP54) that is caused by
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The photoreceptor outer segments are primary cilia, modified
for phototransduction by incorporation of stacked opsin-
loaded membrane disks that are continuously regenerated.
This process is disrupted in several types of inherited retinal
dystrophy, but the driving force remained unclear. We show
that C2orf71/PCARE (photoreceptor cilium actin regulator), as-
sociated with inherited retinal dystrophy subtype RP54, effi-
ciently recruits the Arp2/3 complex activator WASF3 to the
cilium. This activates an actin dynamics-driven expansion of the
ciliary tip, resembling membrane evagination in lamellipodia
formation. Colocalization of this actin dynamics module to the
base of the outer segments, and absence thereof in Pcare™~
mice, suggests PCARE-regulated actin dynamics as a critical
process in outer segment disk formation.
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mutations in C2orf71 (12, 13). Using an affinity capture ap-
proach, we identified a number of proteins potentially interact-
ing with C2orf71, either directly or indirectly. These included
basal body/centriole-associated proteins, microtubule-associated
proteins, and, intriguingly, also several proteins involved in the
nucleation and assembly of actin filaments (F-actin). We have
proposed to rename C2orf71 as PCARE, which stands for
“photoreceptor cilium actin regulator,” as our study indicates
that this protein plays an important role in delivering actin-
associated components to the base of the photoreceptor OSs
to regulate the initial development of OS disks.

Results

PCARE Is a Ciliary and Actin-Associated Protein. PCARE is pre-
dominantly expressed in the retina (12) and encodes a 140-kDa
ciliary protein that is predicted to be myristoylated and palmi-
toylated at its N terminus (SI Appendix, Fig. S14) (13). These
posttranslational modifications promote stable attachment to
membranes and are critically important in ciliary translocation
(14). PCARE does not contain any highly conserved functional
domains, but several structural protein sequence motifs are
predicted, including a tentative actin-binding motif (SI Appendix,
Fig. S14). Evaluation of the localization of full-length and three
subfragments (SI Appendix, Fig. S14) of PCARE in ciliated
human telomerase reverse transcriptase immortalized RPE cells
(hTERT RPEL1) (SI Appendix, Fig. S24) showed that both full-
length PCARE and the N-terminal fragment 1 (PCARE-F1;
amino acids [aa] 2 to 449) localize to the basal body and axo-
neme of the primary cilium. The middle fragment 2 (PCARE-F2;
aa 450 to 900) localizes to the cytosol, where it appears to induce
and/or decorate cellular cytoskeletal filaments. Costaining with

fluorescent phalloidin indicated that these filaments are actin-
based (SI Appendix, Fig. S2B). The C-terminal fragment 3
(PCARE-F3; aa 901 to 1,289) that contains a predicted nuclear
localization signal mainly localizes to the nucleus, although some
axonemal staining was also observed (SI Appendix, Fig. S2A).

PCARE Interacts with Microtubule-, Centrosome-, and Actin-Associated
Proteins. We used PCARE as a bait in protein—protein interaction
screens to identify potential physical links to known biochemical
pathways. Screens for binary retinal interactors of PCARE and its
three subfragments were carried out using the yeast two-hybrid
(Y2H) system (SI Appendix, Table S1). Assessment of the result-
ing 41 candidate interactors revealed six proteins that are known
to be associated with the centriole(s) of the centrosome and/or the
ciliary basal body, of which three are known to be involved in
retinal ciliopathies, that is, OFD1, CEP290, and CEP250 (15).
Other interacting proteins are also microtubule-associated, like
the dynactin subunits DCTNI1/p150-glued and DCTN2/p50
dynamitin, PCM1, NINL, and KNSTRN. In addition, three
components of microtubule-based kinesin motors (KIF20A,
KLC2, and KLC4) were found to be associated with PCARE.
Importantly, an interaction with one of the key proteins involved
in activating actin dynamics was identified, the WAVE regulatory
complex (WRC) member WAVE3/WASF3 (Wiskott-Aldrich
syndrome protein family member 3) (16). The WRC binds to
and, upon activation by, for example, Rac GTPase (17), promotes
actin nucleating activity of the ubiquitous ARP2/3 complex,
thereby driving the formation of a dynamic branched F-actin
network (18). Next to WASF3, five other proteins with different
roles in actin dynamics were identified as putative PCARE
interactors (SI Appendix, Fig. S1B and Table S1). For WASF3,

Table 1. Proteins identified in mass spectrometry (TAP) and Y2H experiments with PCARE
Gene Gene
symbol PCARE_Y2H_preycountPCARE_TAP_expcount symbol PCARE_Y2H_preycountPCARE_TAP_expcount
WASF3 8 3 OGFOD3 ND 4
DCTN2* 1 2 PITRM1 ND 4
PCM1* 9 1 UFM1 ND 4
IFFO1 2 1 VASP ND 4
KIF20A 2 1 ABCB10 ND 3
CDR2* 89 ND ABHD12 ND 2
FILIP1L 1 ND ACTR3B ND 2
AKAP9 10 ND ARPC1IA ND 2
ANKHD1 6 ND ARPC1B  ND 2
DCTN1* 3 ND ARPC2 ND 2
ACTN1 2 ND ARPC4 ND 2
CCDC150 2 ND BAG3 ND 2
CEP295 2 ND BAG4 ND 2
EMILIN3 2 ND cs ND 2
GOLGA3 2 ND ELL ND 2
IL411 2 ND FBXO17 ND 2
KANSL1 2 ND FBXW11 ND 2
NINL* 2 ND GALNT2 ND 2
SPTBN2 2 ND HSD17B10 ND 2
SPTBN5 2 ND LCLAT1 ND 2
TAX1BP1 2 ND NIPSNDPA ND 2
ENAH ND 5 PFN2 ND 2
ACTR3 ND 4 PIPAK2C ND 2
ARPC3 ND 4 PPP1R9B ND 2
SRPRA ND 2

Proteins shown were identified in PCARE TAP and Y2H, or in Y2H only, with >2 clones, or identified in <5 similar TAP
experiments from a total of 217 different bait proteins (43). Bold denotes proteins associated to actin dynamics; italics
denote proteins associated to microtubules; ND, not detected.

*Potentially nonspecific positives in Y2H library screens, based on common affinity to unrelated baits in 50 in-house Y2H

experiments.
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two-directional coimmunoprecipitation experiments revealed that
the main interacting region was delineated to the N-terminal
PCARE F1, while PCARE F2 also had some residual binding
of this protein (SI Appendix, Fig. S2 C and D). These fragments
also colocalized with WASF3 (SI Appendix, Fig. S2E).

To further explore the PCARE interactome, we performed
tandem affinity purification (TAP) of Strep-II/FLAG tagged full-
length PCARE expressed in HEK293T cells. Potentially inter-
acting proteins were subsequently identified by mass spectrom-
etry (MS) (Dataset S1). Although limited overlap is generally
observed in Y2H and TAP MS data (19), five proteins, DCTN2,
KIF20A, IFFO1, PCM1, and WASF3, were found to potentially
interact with PCARE in both the Y2H and the TAP assay (Ta-
ble 1). Moreover, the three functional protein modules we
identified by the Y2H assays could also be distinguished in this
experiment: a microtubule-associated module (7 proteins), a
centrosome/basal body module (12 proteins), and 18 proteins
that are known to play diverse roles in de novo F-actin network
assembly. This actin module includes most members of the ARP2/
3 complex that initiates actin polymerization, namely, the actin
assembly regulator ENAH, the actin capping/severing protein
gelsolin, the actin cytoskeleton restructuring factors profilin 1 and
2, myosin regulatory subunits 12A and 12B, the actin bundling
protein LIMA1, the actin bundling and membrane-associating
protein filamin A, and several chaperonins (SI Appendix, Fig.
S1B and Dataset S1).

PCARE Colocalizes with Actin-Associated Proteins at the OS Base.
Given the strong link between PCARE and WASF3, we next
evaluated their localization within the retina. Immunofluores-
cence staining of PCARE and its interactors WASF3 and
a-actinin (ACTN1) in human retina showed staining in the area
of the CC (Fig. 1). Costaining with centrin-3 that marks the ax-
oneme of the CC and the daughter centriole showed that all
three proteins localized at the site of initiation of OS disk mor-
phogenesis in the apical CC region of photoreceptors, where
F-actin colocalized with WASF3. The three proteins (PCARE,
WASEF3, and ACTN1) also localized to the base of the CC and
the daughter centriole (Fig. 1). Evaluation of the actin dynamics
module in retinae of 1-mo-old Pcare™~ mice that develop early-
onset retinal degeneration (20) showed that the expression of
WASF3 and F-actin within the CC region was reduced when
compared to that of wild-type (WT) retinae, while the CC itself
remained present, as indicated by the staining of the axonemal
marker polyglutamylated tubulin (GT335) (Fig. 2 A-C). To
validate the localization of PCARE within mouse photoreceptor
cells, a construct encoding human PCARE was injected and
electroporated into neonatal mice. Subsequent analysis con-
firmed the expression of PCARE at the base of the OS disks,
although no obvious staining at the basal body was observed
(Fig. 2D). Unfortunately, the antibody directed against human
PCARE that we generated, as well as the one previously used by
Kevany et al. (20), does not seem to effectively recognize en-
dogenous mouse PCARE, at least not in conventional immu-
nohistochemistry or Western blot analysis (SI Appendix, Fig. S3).
In contrast, the antibody did show a clear and specific signal in
immuno-electron microscopy (immuno-EM) which further vali-
dated and specified our findings (Fig. 2 E and F and SI Appendix,
Fig. S3). High-resolution localization analysis of PCARE in
mouse photoreceptors revealed that PCARE decorates the mi-
crotubules of the apical region of the CC, and extends to the first
nascent disks of the OS base (Fig. 2F). Furthermore, it localizes
to the ciliary basal body (Fig. 2E’) and the daughter centriole
(Fig. 2F), while some more dispersed signal around the basal
body and in the IS could also be observed (Fig. 2E”). This signal
was completely absent from Pcare™~ mice, in addition to a more
general absence of properly stacked OS disks and disrupted ISs
(Fig. 2F). Additional immuno-EM images, from sections stained
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with either the homemade PCARE antibody or the one previously
used by Kevany et al. (20), showed a consistent staining at these
different locations (SI Appendix, Fig. S4 A and B, quantified in S/
Appendix, Fig. S4D), while, again, no signal was detectable in ul-
trathin sections of all 27 photoreceptors analyzed from Pcare™~
mice (SI Appendix, Fig. S4C).

PCARE Recruits WASF3 to the Ciliary Tip and Induces Membrane
Expansion. To further study the importance of our findings, we
first evaluated the localization of ectopically expressed PCARE
and several of its putative interactors. For the majority of them,
their intracellular localization in ciliated hTERT RPE1 cells did
not obviously change upon coexpression of PCARE (SI Appen-
dix, Fig. S5). ARP3 and SPATA7, however, as well as the TZ
marker RPGRIP1L, were also detected along the ciliary axo-
neme after coexpression with PCARE (SI Appendix, Fig. S5).
Interestingly, the localization changed dramatically for the
ARP2/3 complex activating factor WASF3 (Fig. 3 A-G). In the
absence of PCARE, which is not endogenously expressed in
these cells, WASF3 associates to F-actin in the vicinity of the
nucleus, and not in the cilium (Fig. 3 C and D). When PCARE
was coexpressed, however, it efficiently recruited WASF3 and
translocated it into the cilium (Fig. 3 E and F), where actin fil-
aments could be identified (Fig. 3F). Intriguingly, this induced
the formation of a ciliary membrane expansion, with some var-
iation in shape and size (Fig. 3 E’ and F”). This process was not
cell-type specific, as it could also be detected in murine ciliated

PCARE
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PCARE CEN3

WASF3
F-actin
ACTN1

BB &3 4o CEN3
WASF3  F-actin ACTN1
WASF3 CEN3 CEN3 Merge CEN3
Fig. 1. PCARE colocalizes with actin-associated proteins at the base of

photoreceptor OSs. Localization of PCARE, WASF3, ACTN1, and F-actin in a
human donor retina. (A) PCARE localizes at the tip of the CC, counterstained
with anti-centrin-3 (CEN3), at the basal body (BB) and the adjacent daughter
centriole (dC). (B) The same localization pattern is observed for the actin-
associated proteins WASF3, ACTN1, and F-actin, which is summarized in the
schematic diagram of the corresponding area of a rod photoreceptor. (Scale
bars: [A] Upper, 25 um, and Lower, 1 um; [B] 1 pm.)
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IMCD3 cells (SI Appendix, Fig. S6). Several intermediate stages
of this process could be observed, suggesting a progressive ex-
pansion over time at the ciliary tip (Fig. 3 E-G). A more detailed
evaluation of several confocal planes of a cell ectopically coex-
pressing PCARE, WASF3, and the centrosomal/basal body
protein DCTN2, another potential PCARE interactor, further
demonstrated that docking of the module at the ciliary tip ini-
tiates the ciliary membrane expansion (SI Appendix, Fig. S7).
Finally, to study the localization of endogenous PCARE and
WASEF3 in the developing human photoreceptor cells, induced
pluripotent stem cell (iPSC) technology was applied. Stem cells
derived from a healthy individual were differentiated toward
three-dimensional retinal organoids, and stained for PCARE
and WASEF3 at different stages during development. As shown in
Fig. 3H, both proteins appear to be present at the developing

A Pcare**

photoreceptor cilium at 120 days of differentiation. From day
150 onward, the expression became more apparent at the tip of
the cilium, and expansions of the tip started to appear. This was
even more evident at day 180 of differentiation, where both
PCARE and WASF3 were found to be present at these expan-
sions. Together, our data suggest that PCARE and WASF3 co-
operate in the remodeling of ciliary membranes, not only in
transfected cells but also in cells with endogenous expression
levels of all components participating in this process, as shown in
the developing retinal organoids.

Actin- and Tubulin-Associated Proteins Localize to the Ciliary Tip
Expansions. Evaluation of the constitution of the expansions
in ciliated hTERT RPEI cells by immunofluorescence showed
that they contain all tested core components of the potential
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photoreceptors show mislocalization of WASF3 and F-actin, disorganized OS disk membranes, and reduced ISs. (A and B) In Pcare

~'~ mouse

retinas, WASF3 and F-actin show a reduced expression and mislocalize from the distal part of the CC. The schematic diagrams show the corresponding areas of
rod photoreceptors. (C) Quantification of WASF3 and F-actin expression in WT or Pcare™~ mice along the CC from the basal to the distal part. (D and D’)
Localization of WT NTAP-PCARE in mouse photoreceptor cells following in vivo electroporation, visualized at (D) low resolution and (D’) high resolution.
FLAG-tagged WT PCARE (green) is localized to the junction between the Rp1-labeled axoneme (Ax, blue) and the Ush2A-labeled CC region (purple). (E and F)
Immuno-EM localization of PCARE in Pcare™* and Pcare™~ mouse photoreceptors. (E, E', and E”) In WT animals, PCARE localizes to the photoreceptor OS at
the tip of the CC (asterisks) associated with nascent disks (arrows) and the centrioles of photoreceptors. (F, F/, and F”) The prominent labeling of the OS base in
Cis absent in Pcare™~ photoreceptors. (Scale bars: [A and B] Upper, 10 pm, and Lower: 0.5 um; [E] 300 nm; [D and D’] 2 um; [D”] 0.5 pm; [E” and E”] 150 nm; [F]
300 nm; [F and F’] 150 nm.) All animals were 1 mo old. ONL, outer nuclear layer.
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Fig. 3. Formation of ciliary expansions upon ectopic coexpression of PCARE and WASF3, as well as in retinal organoids. (A) The primary cilium of a non-
transfected hTERT RPE-1 cell stained with an antibody against F-actin demonstrates absence of polymerized actin along the ciliary axoneme. (B) Ectopic
expression of PCARE in hTERT RPE1 cells shows localization of PCARE (green) at both the ciliary base and axoneme, and faint presence of F-actin (red) inside
the primary cilium, stained with ARL13B (purple). (C) Ectopically expressed WASF3 is absent from the primary cilium, and (D) localizes to the cell nucleus,
where it recruits F-actin. (E) Coexpression of PCARE-FLAG and HA-WASF3 generates translocation of the latter from the nucleus into the cilium. (') An
expansion or bulging of the ciliary plasma membrane was observed in a number of PCARE-FLAG and HA-WASF3 double transfected cells. (F and F’) Double
transfected cells with PCARE-FLAG and HA-WASF3 strongly recruit F-actin into normal and expanded cilia (Left). Schematic diagrams illustrate the observed
localizations (overlap of all colors indicated in orange) (Right). (G) Cells were transfected with plasmids expressing FLAG-WASF3 and PCARE-FLAG and stained
4 h after transfection with antibodies directed against ARL13B (red), WASF3 (green), and PCARE (blue). At this point, there is accumulation of the proteins
PCARE and WASF3 at the ciliary base and tip. (E-G) Schematic diagrams of cilia (Right) illustrate the observed localizations (overlap of all colors indicated in
orange). (H) Human iPSCs were differentiated into retinal organoids, fixed, and cryopreserved at day 120, 150, or 180. Cryosections were stained with an-
tibodies directed against polyglutamylated tubulin (GT335, red) to mark the photoreceptor cilium, and PCARE (Left) or WASF3 (Right). PCARE and WASF3
form a ring structure on the axoneme and tip of the photoreceptor cilium, which evaginates at day 180 to start forming OSs. (Scale bars: 10 um [Left]; 5 pm
[other images].)
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PCARE-associated actin dynamics module we identified in our
affinity screens: ENA/VASP (SI Appendix, Fig. S84) and the Rho
GEF kinase kalirin (SI Appendix, Fig. S8B), that is known to affect
the actin cytoskeleton and is a RACI activator (21). RAC1 was not
identified in our affinity screen but is known to activate the WRC
(22), and was also present at the expansions (SI Appendix, Fig. S8C).
Coexpression of PCARE, WASF3, and the ARP3 protein, a member
of the ARP2/3 complex and involved in activation of the branched
F-actin network (23), did confirm colocalization of these proteins and
F-actin throughout the expansion (SI Appendix, Fig. S8D). Evaluation
of the localization of markers of the ciliary microtubule axoneme,
acetylated tubulin (SI Appendix, Fig. S94), and polyglutamylated
tubulin (SI Appendix, Fig. S9B) upon ectopic coexpression of PCARE
and WASF3 showed a partial colocalization, which was also the case
for the intraflagellar transport protein IFT88 (SI Appendix, Fig. SOC)
and lebercilin/LCAS (SI Appendix, Fig. SOD).

Distinct Retinal Ciliopathy Proteins Modify the Structure of the Ciliary
Expansions. Interestingly, we observed that the ciliary marker
ARLI13B (Fig. 3 A-F) and the ciliary TZ marker RPGRIP1L (S/
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Appendix, Fig. S8 B and C) also localized to the expansions.
Mutations in these two proteins cause the retinal ciliopathy
Joubert syndrome, and genes encoding several of the other
identified putative PCARE interactors have also been found
to be mutated in ciliopathies. Upon ectopic coexpression
of PCARE and WASF3, we identified that several of these
proteins are cotranslocated into the ciliary tip expansions,
similar to RPGRIP1L and ARL13B. These include the basal
body protein OFD1 (SI Appendix, Fig. S10B) and the pro-
teins SPATA7 (SI Appendix, Fig. S10C) and lebercilin/LCAS
(SI Appendix, Fig. S9D) that normally localize to the ciliary
compartment. Two potential PCARE interactors of the cen-
trosomal/basal body module that we tested, DCTN2 (SI Appendix,
Fig. S74) and CEP250 (SI Appendix, Fig. STB), however, were not
translocated to the ciliary expansions and remained at the cil-
iary basal body. Not only were OFD1 and SPATA? efficiently
translocated to the expansion structures, their coexpression also
further increased their size, on average, 40%, compared to
those found when overexpressing only PCARE and WASF3 (S7
Appendix, Fig. S10).

0 T T T
Untreated LatB  CytoD

Non-targeting  Actr2

Actr2

Non-targeting

Fig. 4. The size of PCARE and WASF3-mediated ciliary expansions is decreased by actin poisons and knockdown of Arp2. (A) Representative images of three
different sizes of ciliary expansions in ciliated stable IMCD3-PCARE cells transfected with 3xHA-WASF3. Cells are stained with antibodies directed against
PCARE (green), WASF3 (red), and GT335 (purple, ciliary marker). (B) Representative images of phalloidin staining in stable IMCD3-PCARE cells transfected with
3xHA-WASF3 that were either untreated or treated with 1 pM Cytochalasin D (CytoD) or 1 pM Latrunculin B (LatB). Phalloidin staining (red) is used as a
positive control in order to evaluate the efficiency of the actin poisons. (C) Quantification of the area of the WASF3 signal as a measure of expansion size is
represented for each cilium per condition, and revealed a statistically significant decrease in size for cells treated with CytoD and LatB (untreated vs. LatB:
***P value < 0.0001, n = 40; for untreated vs. CytoD: ***P value < 0.0001, n = 40). The mean and SD of each condition is indicated in red. (D) Western blot
(Left) and graph (Right) of Arp2 expression in IMCD3 cells transfected with nontargeting or Actr2 siRNA pools. A significant decrease in Arp2 expression was
observed after Actr2 knockdown (***P value < 0.0001). (E) Evaluation of the area of the WASF3 signal as a measure of ciliary expansion size in cells treated
with siRNA pools shows a significant decrease in expansion size in Actr2 knockdown cells (nontargeting vs. Actr2: ***P value < 0.0001, n = 80). The mean and
SD of each condition is indicated in red. (Scale bar: [A] 1 um; [B] 5 pm.)

Corral-Serrano et al. PNAS | May5,2020 | vol. 117 | no.18 | 9927

GENETICS


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903125117/-/DCSupplemental

Inhibition of Actin Remodeling Pathways Affects the Expansion
Formation. To better quantify the degree of membrane expan-
sions in ciliated cells, a stable IMCD?3 cell line expressing WT
PCARE was generated using the Flp-In system (24). Ciliary lo-
calization of PCARE, similar to that observed upon single
transfection of h"TERT RPEI cells (Fig. 3B and SI Appendix, Fig.
S11), as well as the ability to form expansions upon transient
expression of WASF3 in these cells, was confirmed via immu-
nocytochemistry. The size of these expansions varied between
cells, most probably due to the different degree of WASF3 ex-
pression following transient transfection (Fig. 44 and SI Ap-
pendix, Fig. S12). Subsequently, we employed this stable cell line
to validate that actin dynamics are involved in the formation of
these expansions. For this, we treated the cells with two actin
polymerization inhibitors, namely, cytochalasin D, which pre-
vents polymerization of the barbed/plus ends of actin filaments
(25), and latrunculin B, which sequesters G-actin monomers and
thereby prevents its polymerization (26). Using a treatment
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regime (in terms of time and concentration) that did not affect
general cellular processes, but did show a loss of actin poly-
merization (Fig. 4B), transient coexpression of WASF3 together
with either of the two compounds resulted in a significant re-
duction of expansion size (Fig. 4C). In addition, we also studied
whether down-regulation of one of the components driving the
nucleation of actin would affect the formation of the expansions.
Treatment of the stable IMCD3 cell line with small interfering
RNA (siRNA) targeting Actr2 (the mouse ortholog of ARP2)
resulted in a reduction of more than 80% of ARP2 protein
(Fig. 4D). When comparing the size of the expansions formed
following transient expression of WASF3 combined with either
nontargeting siRNAs or the ones targeting Arp2, again, a clear
reduction in the average size of the expansions was observed
following knock-down of Arp2 (Fig. 4F). The fact that the re-
duction in size was less prominent compared to that observed
using the pharmacological inhibitors is most likely explained by
the residual Arp2 expression.
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Fig. 5. RP-associated PCARE missense mutation p.(I1201F) impairs ciliary expansion. (A and A’) Localization of p.(1201F) mutant NTAP-PCARE (PCARE-1201F) in
mouse photoreceptor cells following in vivo electroporation, visualized at (A) low-resolution (4) and (A’) high resolution. FLAG-tagged mutant PCARE (green)
is localized to the junction between the Rp1-labeled axoneme (Ax, blue) and the Ush2A-labeled CC (purple). (B—F) The hTERT RPE1 cells were cotransfected
with plasmids expressing FLAG-tagged WASF3, and either WT PCARE or p.(1201F) mutant PCARE fused to HA. (B) Western blot analysis of cell lysates
transfected with HA-tagged WT or mutant PCARE, stained with anti-HA antibody (Upper). Tubulin was stained for normalization purposes (Lower). (C and D)
Cells were stained with antibodies recognizing PCARE (green), WASF3 (red), and polyglutamylated tubulin (GT335, purple). To compare the cilia transfected
with WT PCARE (WT) to mutant PCARE (I201F), we categorized the different phenotypes in type | (extensive ciliary tip expansion), Il (small expanded tip), or llI
(regular cilium, no obvious expansion) structures. (E) Cells transfected with mutant PCARE contain more type Il cilia than WT transfected cells. (F) Quanti-
fication of the area of the expansions is represented for each measured cilium, and shows that cells transfected with the 1201F mutant present cilia with
smaller expansion areas than the WT: (n = 37), p.1201F (n = 34), ***P value < 0.0001. (Scale bars: [A’] 2 um; [A”] 0.5 pm; [C and D] 2 pm.)
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Mutant p.(1201F) PCARE Alters the Formation of Expansions. To in-
vestigate the pathophysiology underlying PCARE-associated
RP54, the p.(I201F) missense mutation (13) was introduced in-
to PCARE. First, a construct encoding p.(I201F) mutant
PCARE was injected and electroporated into neonatal mice.
Similar to the expression of WT PCARE (Fig. 2D), p.(I1201F)
mutant PCARE was localized at the base of the OS in mouse
photoreceptor cells (Fig. 54), suggesting that this mutant protein
can still be translocated to its proper location. To study the
ability of p.(I201F) mutant PCARE to form ciliary membrane
expansions, hTERT RPEI1 cells were transfected with either WT
or p.(I201F) mutant PCARE. Western blot analysis revealed
that, in agreement with previous results (13), the p.(I201F)
mutant PCARE protein appears to be less stable compared to
the WT protein (Fig. 5B). Coexpression of WT or mutant
PCARE with WASF3 showed that, although p.(I201F) mutant
PCARE still translocated to the ciliary axoneme, there were
clear differences in the size and the number of expansions
formed by WT vs. mutant PCARE (Fig. 5 C-F), most probably
due to the reduced levels of the unstable mutant protein. To
analyze these differences in more detail, we classified the dif-
ferent cilia phenotypes of cotransfected cells into three types:
type I (large, extended expansion), type II (small expansion), and
type III (no expansion) (Fig. 5 C and D). Three independent
evaluations of these cilia were performed in a total of 40 cilia for
the WT condition and 41 cilia for the mutant condition (Fig. 5E).
The majority of the cilia (~79% of the total for the WT and
~65% for the mutant) presented some degree of expansion.
Importantly, cells transfected with WT PCARE contained pre-
dominantly cilia with the large, extended expansions (type I, 56%
on average) compared to the PCARE p.(1201F) mutant (16% on
average). Moreover, the area of the expansions was significantly
reduced when mutant PCARE was expressed, compared to the
WT (Fig. 5F).

Discussion

The combination of high-resolution imaging studies with pro-
tein—protein interaction analyses has been shown to be an ef-
fective way to expand our knowledge of cilium function in health
and disease in an iterative way (5, 27, 28). In this study, we took
this approach of investigating the role of PCARE in the photo-
receptor cilium to understand the disease pathogenesis of RP54.
Although PCARE is expressed specifically in the retina (12, 20),
the full-length protein efficiently localizes to the cilium upon
ectopic expression in cultured ciliated cells (i.e., hTERT RPE-1
and IMCD3 cells). PCARE-F1 efficiently localized to the entire
cilium including the basal body, similar to the full-length protein,
which is likely to be regulated by the predicted N-myristoylation
(Gly2) and S-palmitoylation (Cys3) signals present in this frag-
ment. C-terminal PCARE-F3 seems to use its predicted nuclear
localization signal to translocate to the nucleus, although the
relevance of this signal in full-length PCARE is unclear. In-
terestingly, PCARE-F2 contains a predicted actin-binding motif,
and is indeed capable of decorating actin filaments. This matches
our protein—protein interaction data: Besides the identification
of several centrosomal/basal body- and microtubule-associated
potentially interacting proteins that are in line with the ciliary
localization of PCARE, our Y2H screen for binary PCARE
interactors yielded several proteins that have been shown to be
involved in the regulation of the actin cytoskeleton. This process
concerns the dynamic cycling between polymerization and disassembly
of the 42-kDa monomeric, globular actin (G-actin) protein into
filamentous actin (F-actin), and the subsequent formation of
higher-order, branched F-actin networks. This facilitates most
cellular processes that require cell membrane protrusion, con-
traction, and remodeling (29, 30). Most interestingly, we iden-
tified WASF3/WAVE3 as a putative PCARE interactor. This
protein is incorporated into a conserved, heteropentameric
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WRC that activates the Arp2/3 complex for actin filament nu-
cleation and assembly of a branched F-actin network (16). The
WRC is known to activate the Arp2/3 complex specifically in
lamellipodia, ribbon-like flat cell membrane protrusions driven
by actin dynamics that provide cellular motility across a surface
(31). In turn, the Arp2/3 complex activation occurs downstream
of the Rho GTPase family member Racl. Interestingly, Racl can
be activated by the Rho GEF kalirin. Both kalirin and a-actinin,
identified as prey in the PCARE Y2H screen, are proteins with
spectrin-like repeats that allow the interaction with a variety of
substrates (32). The association of PCARE with an extensive
actin dynamics module was further solidified and extended by
our TAP experiments, identifying a further 18 proteins associated
with actin dynamics. These included most members of the Arp2/3
complex (that can be activated by WASF3), the actin assembly
regulator ENAH, and the actin capping/severing protein gelsolin.

As several differentially localized actin-based processes have
been suggested to regulate photoreceptor OS neogenesis and
homeostasis (33), it was important to accurately determine the
location of PCARE in the retina. As its capacity to localize to the
primary cilia of cultured cells already suggested, PCARE was
indeed found at the photoreceptor CC. More precise localization
by immuno-EM determined that PCARE localizes to three
prominent sites: the ciliary basal body, the accompanying
daughter centriole, and a narrow region at the tip of the CC
stalk, directly adjacent to the site of the neogenesis of the first
OS membrane disks. Of note is that some differences in the
PCARE localization were observed when employing different
methods and species. In particular, the homemade antibody di-
rected against human PCARE did not work in conventional light
microscopy of mouse retinal sections, despite the fact that
immuno-EM labeling of mouse retinal sections did show a spe-
cific localization, that was identical with an anti-PCARE antibody
that was previously published (20). To check the localization of
ectopically expressed PCARE in mouse retina, an antibody di-
rected against the FLAG-tag was used, only revealing staining at
the tip but not at the base of the CC, nor in the IS. This difference
with the localization of endogenous PCARE may be caused by the
fact that different antibodies were used, or due to other experi-
mental variations that would require further investigations. Similar
to PCARE, WASEF3 also localized to the three sites around the
CC, while F-actin colocalized with WASF3 at its tip. This latter
finding was particularly exciting, as it directly links to one of the
axioms in photoreceptor cell biology: the observation of a
branched F-actin network at this exact location over 30 years ago,
when the involvement of F-actin in the neogenesis of OS disks was
first suggested (9). This hypothesis was later strengthened by re-
sults of treatment with the actin drug cytochalasin D that pro-
hibited the generation of new disks, but not the (over)growth of
existing ones (11), and by immuno-EM observations that dem-
onstrated the presence of a-actinin at this site (10). We here
demonstrate that ectopic coexpression of PCARE and WASF3 in
cultured ciliated cells, in which PCARE is not endogenously
expressed, efficiently recruits WASF3 from the cytoplasm to the
cilium, where it activates the dynamic formation of an F-actin
network that drives membrane expansion, which causes expan-
sion of the ciliary tip. In addition, both proteins colocalized in
developing OSs, appearing as ciliary membrane expansions at the
tip of the CC stalk in human iPSC-derived retinal organoid cul-
tures (Fig. 3H). These were remarkably similar to the ciliary
membrane expansions induced by coexpression of PCARE and
WASF3, supporting the biological relevance of our model. The
fact that the formation of these expansions can be inhibited by the
F-actin poisons latrunculin B and cytochalasin D (Fig. 4C) con-
firms the involvement of actin in this process. This was further
corroborated by our findings using siRNA-mediated down-
regulation of Arp2 expression (Fig. 4E), one of the proteins in-
volved in actin nucleation. Evaluation of other components
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present in these ciliary membrane expansions, either by colocali-
zation or coexpression, confirmed that they contained all tested
proteins of the actin dynamics module that were identified in our
protein—protein interaction studies (Fig. 6). The translocation of
variable levels of polyglutamylated tubulin, as well as acetylated
tubulin, to the expansions was also observed (Fig. 3 and SI Ap-
pendix, Fig. S9), which may indicate a coupling of (stabilized) mi-
crotubules to actin dynamics at the distal microtubule plus-ends
of the axoneme, analogous to processes at the growth cone
periphery (34).

Several aspects of our study provide important insights into
the molecular disease mechanisms underlying the disturbed
photoreceptor function observed in not only PCARE-associated
RP but also in several other retinal ciliopathies. First, as we
identified that a missense mutation (p.I201F) in PCARE impairs
the ciliary tip expansions, we propose that the disturbance of
actin dynamics-driven OS disk neogenesis is the underlying
mechanism in PCARE-associated retinal dystrophy. Both the
phenotype of Pcare™~ mice (20) and the absence of WASF3 and
F-actin observed at the tip of the CC stalk of the photoreceptors
in these mice support this hypothesis. Second, WASF3 variants
were identified in a patient with cone—rod dystrophy following
whole-genome sequencing (35). As WASF3 is an interactor of
PCARE, our data suggest WASF3 could be a bona fide retinal
disease gene. Third, several ciliopathy-associated proteins were
translocated to the ciliary tip expansions upon ectopic coex-
pression of PCARE and WASF3. These proteins include IFTS8S,
RPGRIPIL, ARLI13B, SPATA7, and Lebercilin/LCAS. In-
terestingly, the coexpression of OFD1 and SPATA7 significantly
expanded the size of the structures, suggesting a dynamic par-
ticipation of these proteins in the expansion process. RPGRIP1L
was the only protein that clearly translocated from the ciliary TZ
to the ciliary compartment only by PCARE without expression of
WASE3 (SI Appendix, Fig. S5). Finally, the previous detection of
both RPGRIPIL and Lebercilin/LCAS at the apical CC region
of mouse photoreceptors by immuno-EM (36, 37), and the re-
cent discovery of the interaction of the X-linked RP-associated
protein RPGR with gelsolin (38) (which was also present in our
TAP dataset), strengthens the hypothesis that several retinal

ciliopathy proteins play a role in the actin-driven ciliary tip ex-
pansions. Importantly, focused apical actin dynamics was re-
cently shown to be the driving force of the excision of ciliary tips
to precede cilium disassembly (39), and of scission of ectosomes
containing potentially functional signaling molecules (40). The
latter process was also suggested to be conserved and amplified
in photoreceptors to drive OS disk assembly, in close concert
with peripherin to regulate upstream disk morphogenesis (41). Very
recently, these ectosomes were also found to contain PCARE,
WASF3, and several Arp2/3 complex members, and an ArpC3~/~
mouse model confirmed the Arp2/3-dependent lamellipodium-like
actin dynamics mechanism that our results indicate (42). Our data
now provide an attractive concept of how ciliary actin may be de-
livered to the ciliary tip in these actin-regulated processes.

To conclude, we here demonstrate that the protein PCARE,
encoded by the former C2orf71 gene that is mutated in inherited
retinal disease, associates with several ciliary proteins as well as
those that are involved in the regulation of actin. The membrane
expansions that were observed in our cellular coexpression
studies, as well as the localization of the endogenous proteins in
photoreceptor cells and developing retinal organoids, suggests
that PCARE could be involved in the first steps of OS disk
neogenesis by the recruitment of an actin dynamics module to
the ciliary base and the subsequent transfer of this module to the
apical CC region. Most likely, we obtained the identity of only a
subset of the components that are part of this machinery. Further
analysis of the developing Pcare™~ mouse retina by conventional
EM would be needed to address the exact defects in OS for-
mation. We did, however, show that we can model the process of
ciliary tip expansion in cultured mammalian cells by ectopic ex-
pression of PCARE and WASEF3, which allows the future eval-
uation and elucidation of many components that may participate
in this critical step in OS development and homeostasis. Finally,
our study provides unique insights into the accurate delivery and
activation of a multimeric module of actin dynamics regulating
proteins, at a tightly restricted suborganellar site of action by a
single trafficking molecule: PCARE. This expands the already
broad repertoire of the cell to dynamically activate and modulate
filamentous actin networks to drive membrane morphogenesis.
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Fig. 6. Proposed model of ciliary membrane modification by PCARE. (A and B) Expression of exogenous PCARE recruits WASF3 and other modifiers of a
dynamic F-actin network assembly to the primary cilium. PCARE and WASF3 might act as actin nucleation promoting factors, by use of their WH2 domain and
proline-rich region (44), generating expansion of the ciliary tip. This might be independent or complementary to the action of the Arp2/3 complex (45). Some other
potential modifiers are common to the process of lamellipodia formation, such as the Rho-GEF kalirin, an activator of the Rho GTPase Rac1 (46); Rac1, a WAVE
complex activator (22); ENA/VASP (VASP) and profilin, both actin elongation factors (47); and the capping protein gelsolin. (C) This model may be extrapolated to the
photoreceptor cilium, also based on our observations in the developing retinal organoids. We suggest that PCARE is important for the recruitment of actin-associated
proteins to the base of the OSs. These proteins may be relevant for the proper expansion of the photoreceptor ciliary membrane that generates new OS disks.
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Materials and Methods

Details on DNA constructs, Y2H assay, TAP, cell culture, retinal organoid
generation, generation of stable cell lines, siRNA treatment, compound
treatments, coimmunoprecipitation, Western blotting, immunofluorescence,
animals, in vivo electroporation, EM, and statistical analysis are all provided in
SI Appendix, Supplementary Materials and Methods and Table S2.

Data Availability. All analyzed datasets are included in the manuscript and
SI Appendix.
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