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ABSTRACT The primary cilium is an essential organelle mediating key signaling activities, such as sonic hedgehog signaling.
The molecular composition of the ciliary compartment is distinct from that of the cytosol, with the transition zone (TZ) gated the
ciliary base. The TZ is a packed and organized protein complex containing multiple ciliopathy-associated protein species.
Tectonic 2 (TCTN2) is one of the TZ proteins in the vicinity of the ciliary membrane, and its mutation is associated with Meckel
syndrome. Despite its importance in ciliopathies, the role of TCTN2 in ciliary structure and molecules remains unclear. Here, we
created a CRISPR/Cas9 TCTN2 knockout human retinal pigment epithelial cell line and conducted quantitative analysis of
geometric localization using both wide-field and super-resolution microscopy techniques. We found that TCTN2 depletion
resulted in partial TZ damage, loss of ciliary membrane proteins, leakage of intraflagellar transport protein IFT88 toward the
basal body lumen, and cilium shortening and curving. The basal body lumen occupancy of IFT88 was also observed in
si-RPGRIP1L cells and cytochalasin-D-treated wild-type cells, suggesting varying lumen accessibility for intraflagellar transport
proteins under different perturbed conditions. Our findings support two possible models for the lumen leakage of IFT88, i.e., a tip
leakage model and a misregulation model. Together, our quantitative image analysis augmented by super-resolution micro-

scopy facilitates the observation of structural destruction and molecular redistribution in TCTN2™

anistic understanding of TZ-protein-associated ciliopathies.

INTRODUCTION

The primary cilium serves as a hub mediating key signaling
activities, including sonic hedgehog (Shh) signaling and
PDGFa-signaling (1,2). It is a rod-shaped organelle origi-
nated from the mother centriole-converted basal body
(BB). The backbone of the BB is a ring-shaped arrange-
ment of nine microtubule triplets of ~180 nm diameter
and 500 nm length, forming a highly sophisticated protein
complex from the proximal end to the distal end and
from the outer region to the lumen (3-6). The ciliary
axoneme is nucleated from the distal end of the BB with
nine microtubule doublets as its backbone (3,7). It is
enveloped by the ciliary membrane, forming a cylindrical
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organelle at a diameter of ~240 nm and a length of
~2-5 um. The microtubules of the BB and a large portion
of the cilium are glutamylated, which is responsible for
the regulation of microtubule severing (8); the microtubules
of most of the cilium are acetylated, protecting microtu-
bules from mechanical fatigue and increasing bending
rigidity (9).

Ciliogenesis is initiated by the recruitment of key
elements to the distal end of the BB, where the distal ap-
pendages (DAPs), including their associated proteins
CEP164, SCLT1, and FBF1 (3,10), are located. Molecular
motors, intraflagellar transport (IFT) proteins, ciliogenesis
initiation kinase TTBK2, ciliary pocket protein EHDI,
and ciliary vesicles are recruited to this region, prompting
the removal of negative regulators such as CP110 capped
at the centriole distal end. The transition zone (TZ) is then
formed at the ciliary base interfacing the cytosol and the
ciliary compartment (11,12). IFT is a bidirectional transport
driven by molecular motors essential to carrying precursors
for ciliogenesis (13,14).
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The TZ is another highly organized protein complex with
Y-shaped linkers (Y-links) observed in electron microscopy
(EM) bridging the axoneme and the ciliary membrane
(15-27). CEP162 is an axoneme-associated protein local-
ized at the ciliary base important for TZ assembly (28).
RPGRIPIL serves as a core component essential for
anchoring Meckel syndrome (MKS) and nephronophthisis
(NPHP) modules (24). CEP290 is essential for Y-link for-
mation and serves as a central assembly factor of the
MKS module (26,29). Tectonic 1 (TCTN1) and Tectonic 2
(TCTN2) regulate ciliogenesis and Shh signaling
(19,20,30,31). TZ localization of MKS1 and TMEM®67 re-
quires TCTN1, which also interacts with the NPHP module
(19,32). Both TCTN1 and TCTN2 mutations result in
the absence of ARL13B and the reduced abundance of
smoothened (SMO) under SMO agonist treatment in cilia.
Several TZ proteins have been shown to establish a diffusion
barrier to regulate ciliary entry and exit (24,33-36). IFT pro-
teins, axonemal precursors, receptors, ion channels, and
other signaling molecules all have to pass through the TZ
to enter the ciliary compartment for proper ciliogenesis
and signaling (14,37). Specifically, ciliary localization of
Shh signaling molecules, such as SMO, is affected by TZ
mutation (19,21,30,38,39). We have mapped the molecular
architecture of the TZ, showing that RPGRIPIL and
CEP290 are close to the axoneme; TMEMG67 and TCTN2
are close to the ciliary membrane, whereas MKS1 is likely
in between (40).

Super-resolution imaging of the TZ by others and us has
shown the molecular architecture of the TZ protein complex
(27,40-42). Rings of TZ proteins were found disrupted with
super-resolution imaging when RPGRIPIL was mutated
(27). Localization of IFT88 relative to the TZ has also
been shown by others and us (27,40). We have shown two
different IFT88 distribution patterns under different growth
conditions (43), illustrating the dynamic characteristics of
IFT proteins. Despite the abovementioned studies, detailed
effects on molecular distributions, such as IFT protein local-
ization as well as axonemal structural feature, remain
elusive. Specifically, will damage of the TZ structure cause
axonemal structural collapse, traffic jams, or structural
breaks? Would IFT proteins maintain their molecular distri-
bution when the TZ malfunctions? It will be important to
see the changes of IFT protein localization when the TZ is
damaged to better understand the roles of TZ proteins.

MATERIALS AND METHODS
Antibodies and siRNA

Primary antibodies used in this study include anti-ARL13B (ab136648, 1:500
dilution), acetylated tubulin (AcTub, ab24610, 1:1000 dilution), SMO
(ab38686, 1:500 dilution), EHD1 (ab109311, 1:500 dilution), TCTN2
(ab119091, 1:200 dilution), CEP290 (ab84870, 1:200 dilution), IFT88
(ab42497, 1:200 dilution) (Abcam, Cambridge, MA), TMEM67 (13975-
1-AP, 1:200 dilution), IFT88 (13967-1-AP, 1:200 dilution), MKS1 (16206~
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1-AP, 1:100 dilution), RPGRIPIL (55160-1-AP, 1:200 dilution), NPHP4
(13812-1-AP, 1:200 dilution), CP110 (12780-1-AP, 1:200 dilution), FBF1
(11531-1-AP, 1:500 dilution), IFT 144 (ab13647, 1:100 dilution) (Proteintech
Group, Chicago, IL), CEP164 (sc-240226, 1:200 dilution; Santa Cruz
Biotechnology, Santa Cruz, CA), GAPDH (2118s, 1:2000 dilution), $-actin
(3700 s, 1:2000 dilution) (Cell Signaling Technology, Danvers, MA),
polyglutamylated tubulin (GT335, AG-20B-0020-C100, 1:1000 dilution;
AdipoGen, San Diego, CA), CEP162 (HPA030170, 1:500 dilution),
TTBK2 (HPAO18113, 1:1000 dilution) (Sigma Aldrich, St. Louis, MO),
and SCLT1 (a gift from Bryan Tsou, Sloan Kettering Institute (10), 1:200
dilution).

Synthetic small interfering RNA (siRNA) oligonucleotides were ac-
quired from Dharmacon (ON-TARGETPlus SMART pool siRNA; Thermo
Fisher Scientific, Waltham, MA). The 19-nucleotide siRNA sequences
targeting TCTN2 corresponded to 5'-TCACGCTCCAGTCTTCCGT-3,
5'-TGAGTCGCTTGTATTAATG-3', 5-TCGTTCTTGGTATAGTTCC-3,
and 5'-TTTCGAGCCAGCCATCACT-3". The 19-nucleotide siRNA se-
quences targeting RPGRIP1L corresponded to 5'-TTAATCGGAACCAG-
TATTC-3', 5-TCATTAACTAGCCGTATTA-3', 5'-TAATTCTATCCTGCA
GCTC-3', and 5'-ATCCACGAAAGATACCTTC-3'. The 19-nucleotide
siRNA sequences targeting scrambled sequences corresponded to 5'-TTAG
TCGACATGTAAACCA-3, 5'-TCACACAACATGTAAACCA-3', 5'-TCA
GAAAACATGTAAACCA-3', and 5'-TAGGAAAACATGTAAACCA-3,
which were used as negative controls.

Cell culture and transfection

The hTERT human retinal pigment epithelial cells (RPE1, CRL-4000;
American Type Culture Collection, Manassas, VA) were maintained in
Dulbecco’s modified Eagle medium/F-12 (1:1) medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin.
To induce ciliogenesis, cells at 70% confluence were starved with the
FBS-free medium for 48 h. Transiently exogenous overexpression of full
length TCTN2 and depletion of endogenous TCTN2 and RPGRIP1L pro-
teins were achieved by introducing pBudCE4.1-TCTN2 plasmid and
siRNA, respectively, with Lipofectamine 3000 and RNAIMAX reagents
according to the manufacturer’s suggestion (Thermo Fisher Scientific). Per-
manent expression of various truncated TCTN2 proteins in TCTN2-KO
RPE] cells was performed using a tetracycline-inducible lentiviral expres-
sion system with pLVX-tight-puro vector (Clontech, Mountain View,
CA). For the cytochalasin D (Cyto D, 200 nM) treatment, cells that have
been starved for 28 h were subject to Cyto-D-containing FBS-free medium
for 20 h.

CRISPR/Cas9-mediated genome editing of RPE1
cells

Editing of the TCTN2 locus in RPEI cells was achieved through coexpres-
sion of the Cas9 protein with TCTN2-targeting guide RNA (gRNA) (44).
The sequence (5'-GGTGGAAGAGAGGTCTGGAC-3') of the gRNA-tar-
geting site of TCTN2 was obtained using the E-CRISP tool (45). Primer
pairs carrying the target sequence were annealed and extended to generate
a 100 bp double-strain DNA fragment using Phusion DNA polymerase
(New England Biolabs, Ipswich, MA). TCTN2 gRNA expressing plasmid
was created by incorporating the amplicon into an Aflll-linearized gRNA
cloning vector (plasmid #41824; Addgene, Cambridge, MA; deposited by
G. Church) using the Gibson assembly approach (New England BioLabs),
as described previously (44). For cotransfection, the resulting gRNA clon-
ing vector and Cas9-expressing plasmid (plasmid #41815; Addgene; depos-
ited by G. Church) were complexed with jetPRIME reagent (Polyplus
Transfection, New York, NY) and added to RPE1 cells at 80% confluence.
Pure TCTN2 knockout (KO) cell lines were then established through clonal
propagation from single cells, which lost the TCTN2 protein expression
validated by immunofluorescence and immunoblotting with anti-TCTN2



antibody. To validate the mutation of the TCTN2 genomic locus of the KO
lines, the gRNA-targeted region was cloned into plasmid pBudCE4.1
(Thermo Fisher Scientific) and subjected to Sanger sequencing. FBF1
KO RPEI lines were acquired as described previously (46).

Immunofluorescence labeling and imaging

Cells grown on poly-L-lysine-coated glass coverslips were fixed for 10 min
with ice-cold methanol or 4% (w/v) paraformaldehyde in phosphate-buff-
ered saline (PBS) depending on the suggested conditions for each antibody.
Fixed cells were permeabilized for 10 min in PBS containing 0.1% Triton
X-100 (PBST) and blocked with 3% (w/v) bovine serum albumin in PBST.
Subsequently, cells were incubated with primary antibodies diluted in the
blocking solution for 1 h at room temperature, followed by washing with
PBST three times. Fluorescently labeled secondary antibodies were then
carried out in blocking buffer for 1 h at room temperature. After three
washes with PBST, cell nuclei were stained with Hoechst 33342 (Thermo
Fisher Scientific) in PBS. Finally, the coverslips were washed with PBS
and mounted on microscope slides with VECTASHIELD mounting me-
dium (Vector Laboratories, Burlingame, CA). Cell imaging was performed
using an epifluorescence microscope (IX81; Olympus Corporation, Tokyo,
Japan). All statistical analyses in figures were reported as mean * SD
except Fig. 1 G, where the box and whisker plot was used to show the
median and 10-90 percentile values.

Super-resolution imaging and analysis

dSTORM (direct stochastic optical reconstruction microscopy) imaging
was performed on a modified inverted microscope (Eclipse Ti-E; Nikon,
Tokyo, Japan). Two excitation lasers (OBIS 637 LX 140 mW, Coherent,
Santa Clara, CA; and Jive 561 150 mW, Cobolt, Solna, Sweden) and an acti-
vation laser (OBIS 405 LX 100 mW; Coherent) were merged and homog-
enized (Borealis Conditioning Unit, Spectral Applied Research, Toronto,
Canada) before focused on the back aperture of an objective (100x 1.49
NA Apo total internal reflection fluorescence; Nikon). A perfect focusing
system (Nikon) was utilized to stabilize the z axis position. The excitation
lights were operated at an intensity of ~3 kW/cm? for efficient conversion
of the fluorophores to the dark state. A weak 405 nm light (~W/cm?) was
used to activate a fraction of the fluorophores returning to the excited state.
The fluorescence signals emitted from individual fluorophores were filtered
and imaged onto an electron-multiplying charge-coupled device (Evolve
512 Delta; Photometrics, Tucson, AZ). 10,000-20,000 sequential images
were acquired with an exposure time of 20 ms. Fiducial markers (Tetra-
speck; Thermo Fisher) coated on samples were recorded for postcorrection
of drifting. Individual single-molecule peaks were then real-time detected
using a MetaMorph super-resolution module (Molecular Devices, Sunny-
vale, CA) based on a wavelet segmentation analysis. For two-color imag-
ing, a sequential recording was performed by first imaging Alexa Fluor
647, followed by Cy3B. The super-resolution data were cleaned with a
Gaussian filter with a radius of 0.8—1 pixel.

During the acquisition of dSTORM imaging, samples were incubated in
an imaging buffer containing Tris-HCI/NaCl buffer at pH 8.0 and an
oxygen-scavenging system consisting of 60—100 mM mercaptoethylamine
at pH 8.0, 0.5 mg/mL glucose oxidase, 40 ug/mL catalase, and 10% (w/v)
glucose (Sigma-Aldrich). Lateral position drift was compensated by align-
ing fiducial markers with ImageJ, and the chromatic aberration between
Alexa 647 and Cy3B channels was corrected with a homemade algorithm
relocating each pixel of a 561 nm image to its targeted position in the
647 nm channel.

To compare the longitudinal distribution of IFT88, SCLT1 was used as a
reference to align each image. To determine the lateral width of the IFT88
distribution, the lateral profile was extracted at each longitudinal position
and then fitted either by a Gaussian function or a double Gaussian mixed
model. The width indicated in the data set was estimated based on the
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full width at half-maximum (FWHM) of a single Gaussian distribution,
i.e., 2.354c¢ (c, SD), for a single peak distribution or the effective FWHM
of a mixed Gaussian function, 2.354(c1+c2)/2 (cl and c2, SDs), for a
two-peak pattern.

To measure the curvature of cilia, a segment of a cilium proximal of the
maximal curved region was fitted with three arbitrary points that passed
through the midline of the cilium. The maximal curvature k was then calcu-
lated according to a three-point fitting circle with a radius of 1/k. To
estimate the tapering angle, each cilium image was first straightened with
Image]J (straighten function), and the angle was defined by the two bound-
aries of GT335 signals.

Immunoblotting

Whole cell extracts were prepared by lysing cells with radio immunoprecip-
itation assay lysis buffer (50 mM Tris-HCl at pH 7.4, 150 mM NaCl, 0.25%
deoxycholic acid, 1% NP-40, 1 mM EDTA) after PBS washing. Final
10 mM phenylmethylsulfonyl fluoride and 1x Halt protease/phosphatase
inhibitor cocktails (Thermo Fisher Scientific) were freshly added into radio
immunoprecipitation assay lysis buffer before use. After vortex, lysates
were centrifuged at 14,000 x g for 15 min to remove debris. Protein con-
centration was determined by a DC Protein Assay kit (Bio-Rad, Hercules,
CA). Protein samples were boiled in 1 x Laemmli loading buffer (Bio-Rad)
supplemented with 10% 2-mercaptoethanol, resolved with sodium dodecyl
sulfate polyacrylamide gel electrophoresis gel, and transferred onto the pol-
yvinylidene fluoride membrane. The membrane was blocked with 5%
nonfat dry milk before hybridization with primary antibodies, followed
by horseradish-peroxidase-conjugated secondary antibodies. Protein sig-
nals were detected using Luminata Crescendo Western horseradish perox-
idase substrate (Millipore, Billerica, MA).

We used the lysates from both TCTN2 siRNA-treated and wild-type
TCTN2 overexpressed RPE1 cells to verify the TCTN2 antibody specificity
in the immunoblotting analysis. The result allowed us to screen TCTN2 KO
mutants using the immunoblotting assay with the TCTN2 antibody.

Transmission EM

RPE1 cells grown and starved on Aclar film (Electron Microscopy Sci-
ences, Hatfield, PA) were fixed with solution containing 4% paraformalde-
hyde and 2.5% glutaraldehyde with 0.1% tannic acid in 0.1 M sodium
cacodylate buffer at room temperature for 30 min. After postfixation with
1% 0Os04 in sodium cacodylate buffer for 30 min on ice, the cell blocks
were dehydrated in a graded series of ethanol and infiltrated/embedded in
EPON&I2 resin (Electron Microscopy Sciences). The resin blocks were
incised on a microtome (Ultracut UC6; Leica, Wetzlar, Germany) to
generate serial sections with ~90 nm thickness. Samples were stained
with 1% uranyl acetate and 1% lead citrate and examined on a transmission
EM (Philips CM100; Field Electron and Ion Company, Hillsboro, OR).

RESULTS

CRISPR/Cas9 KO of TCTN2 partially damages
the TZ

To understand the role of TCTN?2 in the formation of human
primary cilia, we used CRISPR/Cas9-mediated genome
editing to generate an in-frame deletion of TCTN2 in
RPEL1 cells. No TCTN2 signal was observed in immuno-
stained images of the 7TCTN2-deficient mutant, or
TCTN2~/~ (Fig. 1 A), and immunoblotting also confirmed
the effectiveness of the TCTN2 KO (Fig. S1 A). A sequence
analysis showed a single-base frame shift, resulting in
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premature stop and a mutated 7CTN2 homogenous allele
that encoded a truncated TCTN2 comprising a 595 amino
acid deletion and a 46 amino acid insertion at the C-terminal
end (Fig. S1 B).

TCTN2~'~ RPEI cells showed a reduced ciliation fre-
quency after 48 h of serum starvation (Fig. | B). Among
the ciliated population, TMEM67 and MKS1 were absent
in TCTN2~/~ cells, whereas RPGRIP1L, NPHP4, and
CEP290 remained in their ciliary base localizations
(Fig. 1, A and C). That is, the TZ was partially damaged
when TCTN2 was depleted, which was consistent with the
previous findings in TCTNI™’~ mouse embryonic fibro-
blasts (MEFs) (19). Considering this partial damage on
the TZ structural framework that we obtained using super-
resolution microscopy (40), it was suggested that depletion
of the membrane-vicinal TCTN2 only locally destabilized
the transmembrane protein TMEMG67 and a middle region
(presumably Y-link-associated) MKS1 but did not extend
the damage to axoneme-vicinal CEP290 and RPGRIPIL.
A surprising finding was that acetylated tubulin (AcTub)
could not be observed in TCTN2 "~ cilia (Fig. 1 D), suggest-
ing that the acetylation process might be abolished by the
TZ damage.

TCTN2 is required for the homeostasis of ciliary
membrane proteins

Besides the impaired TZ, ciliary localization of membrane
proteins including ARL13B (a small GTPase important
for cilia formation (47,48)), SMO (an Shh-signaling-associ-
ated receptor (49)), and EHD1 (a ciliary pocket protein
important for ciliogenesis in the early stage (50)) was also
defective (Fig. 1 A). No ARLI13B-enriched cilium was
found in TCTN2~~ mutants (Fig. | C). Similarly, the
SMO signal was very dim and considered absent in the
axoneme of TCTN2 " cilia upon SMO-agonist-stimula-
tion. About 20% of the ciliated cells in the wild-type
(WT) RPEI showed retained EHD1 in mature cilia after
48 h starvation. However, almost no EHD1-positive cilia
were observed in the TCTN2™~ cells. Previous studies
showed that EHDI is a direct binding partner of SMO and
cotraffics with SMO into the developing primary cilia
(51). Together with these observations, it is indicated that
depletion of TCTN2 might lead to suppressed Shh response
by impairing localization and enrichment of ciliary mem-
brane proteins. Thus, TCTN?2 is required for the homeosta-
sis of ciliary membrane proteins.

Unlike the TZ and ciliary membrane compartments, pro-
tein components of DAPs were unaltered in the TCTN2 ™~
mutants (Fig. 1 A). Localizations of DAP proteins
CEP164 and FBF1 as well as centriolar distal end protein
CEP162 were not influenced by the depletion of TCTN2.
In addition, the ciliogenesis-initiating kinase TTBK2 was
enriched, and the ciliogenesis negative regulator CP110
was absent in the TCTN2 ™/~ mutants; the same result was

TCTN2 Depletion-Induced Ciliary Defects

found in the WT cells. That is, the low ciliation frequency
of TCTN2™~ mutants is not the outcome of impaired cilio-
genesis initiation.

The N-terminal, the DUF1619 domain, and the
C-terminal of TCTN2 are essential for TZ integrity
and ciliary membrane protein retention

To gain insight into the functional domains of TCTN2 con-
trolling TZ protein recruitment and ciliary membrane pro-
tein enrichment, we created multiple TCTN2 fragments
and tested their effects. Protein BLAST search suggests
that human TCTN2 contains a ciliary targeting sequence
in the N-terminal and a cysteine-rich DUF1619 domain.
We created five cell lines with domain variants (DVs) of
TCTN2 stably expressed in the TCTN2 ™ cells to examine
whether they were necessary for TCTN2 functions (Fig. 1
E). Compared to the obvious rescuing effects on the recruit-
ment of ARL13B and TMEMG67 to cilia by expressing full-
length TCTN2, DV1 lacking the N-terminal signal peptide
failed to rescue the reduced ARL13B and TMEMG67 signals
(Fig. 1, F and G). This suggests that the N-terminal signal
peptide is required for proper functions, potentially because
of its signature for ciliary localization of TCTN2. Both DV4
lacking the C-terminal and DV5 lacking the DUF1619
domain were also unable to restore ARLI3B and
TMEMG67 distributions at TCTN2-deficient cilia, suggesting
that the C-terminal and the DUF1619 domain are indispens-
able for normal TCTN?2 functions, similar to their essential
roles for TCTN1 (19). By contrast, both expression of DV2,
which lacks the nonconserved N-terminal segment, and
DV3, which lacks the predicted transmembrane domain,
were able to at least partially recover ciliary localization
of ARL13B and TMEM67 (Fig. 1, F and G). Therefore,
these two segments are not essential for TZ integrity and
ciliary gating. Besides, although the TZ architecture re-
vealed by stimulated emission depletion super-resolution
imaging showed that TCTN2 is in the proximity of trans-
membrane TMEMG67 (40) and that the predicted transmem-
brane domain of TCTN?2 is not essential for TZ localization
of the other transmembrane protein TMEMG67.

TZ destruction results in IFT protein leakage
toward the BB

To see how TCTN2 depletion-induced TZ destruction
affected IFT, we examined the localization of IFT88 in
WTand TCTN2 " cells. By using IFT88 as a cilium marker
to estimate the ciliary length, we found that ciliated
TCTN2™"~ cells had their cilia shorter than those in WT
RPEI1 cells (Fig. 2, A and B). In rare cases, extremely long
IFT88-marked cilia could be observed in TCTN2™"~ mu-
tants. A large population of TCTN2 ™~ cells that grew cilia
possessed a swelling tip of IFT88 (Fig. 2, A and C). The
large variation in ciliary length and the tip accumulation
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shown after aligning the locations of the maximal
intensities of CEP164 as the origin (green line).
The positive direction is the direction toward the
ciliary tip. The result shows a population shift
from the distal site of CEP164 (blue arrowhead)
toward the BB direction upon TCTN2 depletion
(red arrowhead). (H) Profiles show normalized
IFT88 intensities (thin lines) and the average
normalized intensity of all cilia (thick lines). Iy
indicates the CEP164 origin line as described in
(G). The positive direction is the direction toward
the ciliary tip. (/) Relative IFT88 intensities at
1,250 and I_30 are compared to I for each cilium
shown in (H) (***p < 0.001 with unpaired #-test).
To see this figure in color, go online.
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of IFT88 in TCTN2 ™"~ cells were possibly due to aberrant
gating at the TZ.

In close observation of IFT88 distributions, we found a
surprising “tailed” pattern in TCTN2~’ cilia (Fig. 2 D,
arrowheads; Fig. 2 E). Specifically, one could see a
comet-like extension of IFT88 toward the BB in TCTN2 "/~
cells that was absent in WT cells (Fig. 2 D). This unexpected
extension of IFT88 in TCTN2 ™ cells was proximal of the
wide region of IFT88, equivalently the DAP region, suggest-
ing that IFT88 recruited by the DAPs not only had an accu-
mulated tip population but also a BB population. To check
whether the proximal extension of IFT88 was TCTN2 spe-
cific, we examined the IFT88 distributions in other per-
turbed cells. We found a similar IFT88 leakage toward the
BB when knocking down RPGRIP1L, another TZ protein
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essential for supporting other TZ proteins (Fig. 2, E and
F; Fig. S2, A and B) (24). In contrast, in ciliated cells of
CRISPR/Cas9 KO of FBF1, a DAP protein not essential
for ciliogenesis (10), we did not find the same leakage
pattern for IFT88 in the BB (Fig. 2, E and F; Fig. S2, A
and B). Therefore, these results revealed that TZ impairment
by either depleting TCTN2 or RPGRIP1L induced mislocal-
ization of IFT88 toward the BB.

We noticed that the IFT88 extension seemed to be
restricted in space and length. To further ascertain the
subciliary localization and distribution of IFT88 extension,
we used DAP protein CEP164 as a longitudinal reference
to evaluate the relative position of the extension. For both
WT and TCTN2 ™/~ cilia, the locations of maximal
CEP164 intensities were aligned as the origin, and the



locations of maximal IFT88 intensities were plotted,
showing longitudinal location differences of IFT88 between
WT and TCTN2 "~ cilia (Fig. 2 G). Normalizing maximal
IFT88 intensities of each cilium, we were able to see similar
trends of molecular distributions among WT cells as well as
among TCTN2 ™"~ cells (Fig. 2 H). IFT88 signals proximal
of CEP164 (longitudinal position at —600 to —200) in
TCTN2 "~ cells were higher than those in WT cells. This
result is consistent with the observation of IFT88 extension
toward the BB in TCTN2~"~ cells. The location of half-
maximal intensity of TCTN2 7~ cilia is ~300 nm proximal
of the origin (x = —300 nm). The intensity ratio of I_30¢/Io,
i.e., the relative intensity between the origin and
x = —300 nm, was another measure to show the statistical
significance of BB leakage of IFT88 in TCTN2 " cells
(Fig. 2 I). According to our previous super-resolution imag-
ing result (40), the distance between the TZ and CEP164 is
around 250 nm. Therefore, to evaluate whether IFT88 accu-
mulation will be observed at the TZ of TCTN2 ', we exam-
ined IFT88 signal at longitudinal position +250 nm (Fig. 2,
H and I). We found a slight trend difference of IFT88 signals
in the region distal of CEP164 (longitudinal position
at 4200 to 4+-600) (Fig. 2 H), although it was statistically
insignificant (Fig. 2 I).

dSTORM super-resolution imaging shows
leakage of IFT88 into the BB lumen at the
TCTN2/~ ciliary base

To further characterize the length and width of IFT88 exten-
sion in TCTN2~~ cells, we used dSTORM to further
resolve IFT88 distributions in detail. We performed dual-co-
lor dSTORM super-resolution imaging of IFT88 and
SCLT1, a DAP protein serving as a longitudinal position
reference, in WT, TCTN2™/~, and FBFI~’~ RPE1 cells.
Consistent with wide-field observation, we found an exten-
sion of IFT88 localization toward the BB in TCTN2 ™ ~: no
such extension was observed in WT and FBFI ™~ cells
(Fig. 3 A). Surprisingly, the width of the IFT88 extension to-
ward the BB in TCTN2 ™~ cells was much smaller than that
of the IFT88 distribution in cilia. To better understand the
location of the narrow extension, we used an EM image
and mapped the characteristic structures including the BB,
the TZ, and the DAPs onto individual super-resolution im-
ages (Fig. 3 A). The overlaid images showed that it was
likely that the IFT88 extension in TCTN2 ™~ cells was
within the BB lumen. To check whether this unexpected
finding was IFT88 specific or applicable to other IFT pro-
teins, we examined the localization of IFT144, one of the
IFT A proteins, using dSTORM. Similarly, IFT144 proteins
also leaked into the BB lumen in some of the TCTN2 '~
RPE1 cells, although the intensity was relatively lower
(Fig. 3 B). We also conducted super-resolution imaging of
IFT88 in si-RPGRIPI1L RPEI cells and found that IFT88
of RPGRIP1L-deficient cells shared a phenotypic localiza-

TCTN2 Depletion-Induced Ciliary Defects

tion of BB lumen occupancy similar to that of TCTN2 ™/~
cells (Fig. 3 C). To examine the average distribution of
IFT88 molecules, we overlaid all dSTORM images from
the same species into one image by aligning the location
of SCLT1 (Fig. 3 D), clearly showing the narrow occupancy
of IFT88 toward the BB lumen in TCTN2™"~ cells. The
intensity profiles along the ciliary central axis illustrated
the IFT88 extension of ~500 nm (Fig. 3 E), which was close
to the length of a mammalian BB. The intensity analysis of
the images in Fig. 3 D in each cross section along the longi-
tudinal direction showed a width of ~100 nm for the IFT88
extension in terms of the FWHM of the intensity in
TCTN2™~ cells (Fi g. 3 F). Furthermore, it showed that
the width of the IFT88 distributed above SCLT1 (longitudi-
nal distance to SCLT1 at 100400 nm) in the cilia of
TCTN2™~ cells was slightly narrower than that in WT
and FBFI " cilia (Fig. 3 F). This may be correlated with
the swelling tip of IFT88, where a large population of
IFT88 molecules is present, possibly because of impaired
retrograde trafficking.

To further confirm the lumen occupancy of IFT88 in the BB
of TCTN2™"~ cells, we compared the widths of the axonemal
microtubules and IFT88 in detail using a number of localiza-
tion events in dSTORM images. Examining the FWHM of
AcTub occupancy in a WT cilium, we found that the diameter
of the axonemal microtubules was ~170 nm (Fig. 4 A). Based
on EM images, the axonemal diameter of a BB is slightly
larger than that of a cilium (52,53). The FWHM of IFT88 in
a cilium was ~197 nm (Fig. 4 B). That is, statistically,
IFT88 molecules localized in the outer face of the axoneme,
which was consistent with the localization of IFT trains
observed in EM images (e.g., see (54)). In contrast, the
FWHM of IFT88 extension toward the BB in TCTN2 " cells
was ~127 nm (Fig. 4 C), which was smaller than the diameter
of the axonemal microtubules, assuring the lumen occupancy
of IFT88 in the TZ-impaired mutant.

CP110 removal is unaffected in TCTN2 / cells, so
the leakage is not related to CP110 regulation

Capping of the distal end of the mother centriole by CP110
suppresses primary cilium formation (55). Removal of
CP110 cap upon TTBK2 recruitment precedes multiple pro-
cesses required for growing a mature primary cilium (56).
Previous studies show that IFT88 proteins are recruited to
the distal end of the mother centriole before CP110 removal
(57). Accordingly, we hypothesized that the leakage of IFT88
may be caused by unscheduled removal or mislocalization of
CP110 proteins at the TCTN2 " ciliary base. Examining the
localization of CP110, we found that there was no significant
difference in the percentages of one CP110 signal (ready for
ciliogenesis or missing signal) or two CP110 signals (both
mother and daughter centrioles were capped) among noncili-
ated populations in WT and TCTN2 ™~ cells after serum star-
vation (Fig. 5, A and B). That is, TCTN2 KO did not alter the
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in wild-type (WT) cells. A narrow extension of IFT88 toward the BB (pointed by a yellow arrowhead), potentially within the width of the BB axoneme,
is observed in each of these representative TCTN2 '~ cilia. This IFT extension is absent in WT and FBFI ™~ cilia. Inset: an EM image of a WT RPEI1
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figure in color, go online.
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population of CP110 removal. In addition, proximal exten-
sion of IFT88 was only observed in ciliated BBs in
TCTN2™"~ cells. Therefore, our results suggest that the
capping of proteins such as CP110 at the distal end of the
mother centriole may not play a barrier role in preventing
proteins from running into the lumen.

Local TZ structural damage is not the cause of
IFT88 leakage

As shown above, TCTN2 KO resulted in partial structural
damage to the TZ. We thus hypothesized that the IFT leakage
may be caused by the TZ structural damage. To test this
hypothesis, we tried multiple cell perturbations hoping to
find one that could induce the IFT88 extension in WT cells.
Intriguingly, we found that Cyto D treatment, which depoly-
merizes actin and promotes ciliary elongation, triggered
IFT88 extension toward the BB in a small population of cells
(Fig. 5, C and D). We found no change on TCTN2 localiza-
tion after Cyto D treatment (Fig. 5 E), which was consistent
with previous findings that the TZ structure is unaffected by
Cyto D addition (58). This suggests that Cyto-D-induced
IFT88 leakage in the small population of WT cells is not

-200

peak position = 3.8 nm
FWHM = 127nm
n = 3176 points from 7 cilia

of IFT88 in the ciliary compartment. (C) The
-100 0100 FWHM of the width distribution of IFT88 exten-
lateral location (nm) sion toward the BB shows an estimate of
~127 nm in diameter, which is smaller than that
of the axoneme. To see this figure in color, go
online.

200

related to TZ structure. It has been reported that Cyto-
D-induced ciliary elongation is a result of the ciliary recruit-
ment of IFT proteins (Fig. 5 F) (58,59). One possibility would
be that Cyto-D-enriched IFT particles form a roadblock, re-
sulting in an overflow of IFT88 into the BB lumen. In that
case, the TZ structural collapse in TCTN2~~ cells could
have a similar roadblock effect. If there were a roadblock,
there should be an accumulation of IFT88 at the ciliary
base. However, we did not find any intensity difference of
IFT88 at the ciliary base when treating with Cyto D (Fig. 5
G). Meanwhile, transmission EM images did not show
obvious axonemal deformation at the TZ region of the
TCTN2™~ cells (Fig. 5 H), suggesting that at least the
axonemal structure was unaffected. Collectively, even
though TZ is damaged by TCTN2 KO, this damage is not
the major cause of IFT88 extension, as found in Cyto D treat-
ment in which IFT extension also occurs with an intact TZ.

Super-resolution imaging reveals structural
weakening of TCTN2-depleted cilia

To understand the effect of TZ aberration on the global
structure of primary cilia, we performed dSTORM
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(n > 100) is shown. (G) No significant change in IFT88 intensity is observed at the ciliary base upon Cyto D treatment for both WT and TCTN2 ™~ cells,
suggesting no basal accumulation of IFT88 and excluding the traffic jam model for IFT88 leakage (n > 100). (H) Transmission electron microscopy shows no
structural collapse between the axoneme and the ciliary membrane at the TZ (green area), excluding the structural damage model for IFT88 leakage. To see
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super-resolution imaging of GT335, a glutamylated tubulin possessed short and curved cilia when compared to those
marker, to trace the outlines of axonemes for structural of WT cells, suggesting that the ciliary growth and rigidity
geometry analysis (Fig. 6 A). The TCTN2™"" cells clearly were both affected by TZ damage. To better understand the

272 Biophysical Journal 115, 263-275, July 17, 2018



WT

TCTN2-KO

B

WT (whole length) TCTN2-KO

maximum curvature, k (1/um)

TCTN2 Depletion-Induced Ciliary Defects

WT TCTN2-KO

WT (near tip)

D
o :
[ ¥
5
~
s §
o ,55 0
[=2) M
5] =
o Hel
£ T
£ iy
g v
s e

WT WT TCTN2-KO
whole length near tip
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0.01 with unpaired #-test). To see this figure in color, go online.

geometry of microtubule bundles, we straightened each
individual cilium computationally (see Materials and
Methods), keeping the width at each cross section un-
changed (Fig. 6 B). Intriguingly, we found that the microtu-
bules of TCTN2 ™~ cilia were tapered more rapidly than
those of WT cilia. That is, when the TZ was impaired, the
parallel extension of axonemal microtubules could not be
maintained, possibly because of the premature termination
of a few of the nine doublets before reaching the ciliary
tip or the lack of molecules that maintain a doublet-doublet
distance. The curvature analysis showed that the maximal
curvature of WT is ~0.06/um, whereas that of TCTN2™/~
is ~0.75/um (Fig. 6 C). Based on elastic approximation in
mechanics of materials (60), curvature is inversely propor-
tional to the flexural rigidity (k = —M/EI, where k is the
curvature, M is the bending moment, and EI is the flexural
rigidity). Assuming similar environmental conditions of
WTand TCTN2 ™" cilia yielding a similar bending moment
in both cases, the bending curvature, which is proportional
to the bending moment, should be independent of the ciliary
length. Thus, the WT cilia are ~12.5 times more rigid than
the TCTN2™~ cilia. As shown above that TCTN2 "~ cilia
were not acetylated, our results support a hypothesis in
which lack of acetylation can possibly lower the flexural
rigidity of cilia, thus increasing ciliary curvature. The
average tapering angle of TCTN2™~ cilia was ~4.27°,
much larger than that of WT cilia, even considering only
the tip segment (Fig. 6, B and D), implying diameter reduc-

tion from ~240 nm at the ciliary base to 200 nm at the loca-
tion 500 nm from the ciliary base, also contributing to the
weakening of the ciliary structure.

DISCUSSION

Here, we reveal defects caused by TCTN2 depletion,
including partial TZ damage, loss of ciliary membrane
protein retention, IFT88 lumen leakage toward the BB, and
ciliary structural weakening. Our findings augment the
understanding of the molecular mechanisms underlying cil-
iopathic phenotypes. Consistent with our molecular architec-
ture mapping of the TZ (40), TCTN2 KO affects the nearby
TMEMG67 and MKSI1 but not the distant molecules such as
RPGRIPIL and CEP290. The loss of ARL13B and SMO
from TCTN2~~ cilia is somewhat expected because of the
membrane vicinity of TCTN2, reflecting its gating function
for membrane proteins. The loss of EHDI, a ciliary pocket
protein, may not be directly related to the membrane protein
gating. It suggests that TZ destruction may have an effect on
cilium-associated endocytic recycling mediated by EHD1.
The absence of AcTubs and the presence of glutamylated tu-
bulins in TCTN2 ™~ cilia suggest different TZ regulation of
these two posttranslational modification processes. Thus,
cilium rigidity is compromised, but microtubule severing
protection is maintained.

The BB lumen occupancy of IFT88 in TCTN2 " cilia is
a large surprise. Although a recent study has used an image
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analysis technique to reveal lumen occupancy of molecular
motors and ciliary precursors (61), to the best of our knowl-
edge, no one has reported a direct observation of IFT mole-
cules in the lumen. Here, we show that IFT88 can reach the
BB lumen in TZ-damaged cilia. In addition, we also demon-
strate the lumen occupancy of IFT88 in WT cilia when treat-
ing with Cyto D. Although it remains unclear whether
ciliary elongation induced by Cyto D can result in local
structural defects, at least we demonstrate that IFT proteins
indeed are able to reach the lumen in WT cells under
specific conditions.

Multiple models may explain this IFT88 extension to-
ward the BB lumen, i.e., improper CP110 removal model,
traffic jam model, structure break model, tip leakage
model, and misregulation model. The finding of unaltered
single and double CP110 populations in nonciliated WT
and TCTN2'~ cells eliminates the improper CPI110
removal model. The leakage in WT cilia with an intact
TZ when treating with Cyto D and the normal structure
shown in EM seem to suggest that even without a struc-
tural break, IFT88 can still reach the lumen. The normal
brightness of IFT88 at the ciliary base of both TCTN2~"~
cells and Cyto-D-treated WT cells suggests that no traffic
jam occurred, rejecting the traffic jam model. A tip leakage
model is possible considering that axonemal tapering
of TCTN2™/~ cilia and abnormal elongation of Cyto-
D-treated WT cilia can both form disorganized microtu-
bule bundles toward the ciliary tip. If asymmetric growth
of different microtubule doublets occurs, it is possible
that the structure is not tight enough to prevent IFT
proteins from leaking into the lumen. It remains unclear
why these IFT proteins leak all the way to the BB lumen,
knowing that some proteins occupy the proximal end of
the BB lumen (e.g., C2CD3 (46)). Misregulation of IFT
protein passage through the TZ is also a possible scenario
for explaining the lumen leakage, although the detailed
process is not easy to picture without more experimental
tests.

SUPPORTING MATERIAL

Two figures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(18)30622-2.
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