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ABSTRACT Super-resolution (SR) microscopy has been used to observe structural details beyond the diffraction limit of
~250 nm in a variety of biological and materials systems. By combining this imaging technique with both computer-vision algo-
rithms and topological methods, we reveal and quantify the nanoscale morphology of the primary cilium, a tiny tubular cellular
structure (~2—6 um long and 200-300 nm in diameter). The cilium in mammalian cells protrudes out of the plasma membrane
and is important in many signaling processes related to cellular differentiation and disease. After tagging individual ciliary trans-
membrane proteins, specifically Smoothened, with single fluorescent labels in fixed cells, we use three-dimensional (3D) single-
molecule SR microscopy to determine their positions with a precision of 1025 nm. We gain a dense, pointillistic reconstruction
of the surfaces of many cilia, revealing large heterogeneity in membrane shape. A Poisson surface reconstruction algorithm gen-
erates a fine surface mesh, allowing us to characterize the presence of deformations by quantifying the surface curvature. Upon
impairment of intracellular cargo transport machinery by genetic knockout or small-molecule treatment of cells, our quantitative
curvature analysis shows significant morphological differences not visible by conventional fluorescence microscopy techniques.
Furthermore, using a complementary SR technique, two-color, two-dimensional stimulated emission depletion microscopy, we
find that the cytoskeleton in the cilium, the axoneme, also exhibits abnormal morphology in the mutant cells, similar to our 3D
results on the Smoothened-measured ciliary surface. Our work combines 3D SR microscopy and computational tools to quan-
titatively characterize morphological changes of the primary cilium under different treatments and uses stimulated emission
depletion to discover correlated changes in the underlying structure. This approach can be useful for studying other biological
or nanoscale structures of interest.

INTRODUCTION

Revealing the three-dimensional (3D) nanoscale membrane
structure of biological cells in both a noninvasive and pre-
cise manner remains a challenging problem. Structural com-
ponents that define the cell outer morphology have been
examined using various conventional fluorescence micro-
scopy methods (1,2), but the resolution is ultimately limited
by diffraction (~250 nm). Super-resolution (SR) fluores-
cence microscopy circumvents the diffraction limit by either
imaging and localizing a sparse set of single molecules
(SMs) separated in time (3—5) or by shrinking the effective
excitation point-spread function (PSF) via stimulated emis-
sion depletion (STED) microscopy (6-8). The relatively

Submitted October 5, 2018, and accepted for publication November 28,
2018.

*Correspondence: wmoerner @stanford.edu
Editor: Joseph Falke.
https://doi.org/10.1016/j.bpj.2018.11.3136
© 2018 Biophysical Society.

This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

noninvasive nature of optical microscopy can then be uti-
lized for nanoscale structural analysis.

The first technique, SM SR microscopy, requires the
structure of interest to be densely labeled with a fluorophore
that has at least two states with distinct emissive (on-off)
properties, and this mechanism is crucial to force sparsity
in each imaging frame (9). Active control of the labels
can be achieved either optically (e.g., illumination with a
near-UV light source for photoactivation) (10—13) or non-
optically (e.g., label reacting with a nearby ligand in a
reversible fashion to induce blinking) (14-16). Each mole-
cule is then fitted with a mathematical function that deter-
mines its position with a precision that scales as ~1/ VN,
where N is the number of photons detected, and the loca-
tions are eventually merged together to create a recon-
structed image with an enhanced resolution of typically
~20-40 nm for fluorescent protein labels, with improved
precisions for small-molecule emitters providing more
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photons. However, determining 3D position information is
difficult because of the standard PSF being symmetric about
the focal plane and only observable over a relatively small
axial range (~500 nm) compared to typical structures of in-
terest (17). To address these issues, recent developments in
PSF engineering have made it possible to encode depth in-
formation within the PSF shape of the SM emitter, including
astigmatism (18), multiplane (19), 4Pi (20), and Fourier
domain manipulation (21-26). In particular, the double-he-
lix (DH) PSF allows for 3D SM localization because indi-
vidual emitters appear as two spots on the camera, which
revolve around one another in different z-positions, and
thus the angle between the two lobes encodes z information
over a relatively large axial depth of field (~2 um) (27). The
DH-PSF is generated by moving the camera away from the
intermediate image plane by four focal lengths f and then
placing an optical phase mask in the collection path equidis-
tant between two lenses of focal length f, referred to as a 4f
system (28). This technique has been used to study nanohole
arrays across large fields of view (29), protein localization
patterns within bacteria (30-32), and organelles inside
mammalian cells (33).

An alternate SR microscopy method, STED microscopy
(6-8), requires two laser beams that work in concert to
shrink the effective PSF of the excitation spot in a confocal
scanning configuration. The excitation beam is focused to a
diffraction-limited spot onto a sample and pumps the mole-
cules into the first electronic excited state. A second over-
lapping depletion beam at longer wavelengths is shaped
optically into a donut with a dark center, selectively forcing
emitters that lie at the edge of the excitation spot to produce
far-red stimulated emission light that is filtered out. In this
way, only the fluorophores at the very center of the donut
undergo normal fluorescence emission, which yields an im-
aging resolution better than the diffraction limit. Images are
generated by scanning the coaligned laser beams over the
region of interest (34,35). This technique has been used
to examine nitrogen-vacancy centers (36), neurons (37),
centriole proteins (35,38,39), the ciliary transition zone
(40), and many other structures and proteins at a high reso-
lution (41,42).

In this work, we employed both imaging techniques to
study the primary cilium in cells, which is a tubular structure
~2-6 um long and ~200-300 nm in diameter. The overall
structure is based on the axoneme (43), a column of ninefold
symmetric microtubule doublets running through the center
of the cilium. The cilium is covered by the ciliary mem-
brane, an extension of the plasma membrane, which has a
distinct protein-lipid composition compared to the rest of
the cell (44). This nonmotile, antenna-like sensory organelle
is essential for facilitating proper signal transduction, cell-
to-cell communication, and proper regulation of cell divi-
sion in mammalian cells (45,46). Impaired ciliary function
leads to a collection of human diseases termed “ciliopa-
thies” with a broad range of pathologies of various sever-
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ities including polydactyly (multiple digits), cystic kidney
disease, obesity, and retinal degeneration (47). One reason
these debilitating diseases arise is due to impaired expres-
sion of intraflagellar transport (IFT) complexes, which is a
family of proteins that move components required for con-
structing the cilium up and down along the structure (48).
When IFT is functioning incorrectly, cilia are often found
completely missing or misshapen when observed using fluo-
rescence or electron microscopy (EM) (49-52). Although
recent studies using SR microscopy have elucidated the
distribution of a plethora of proteins residing within the
primary cilium (35,53-55), there remains a need for quanti-
tative approaches to characterize the ciliary membrane
shape.

Here, we describe a method for revealing and quanti-
fying the membrane structure of the primary cilium using
a combination of SR microscopy techniques and com-
puter-vision algorithms. In mouse embryonic fibroblast
(MEF) cells, we genetically express and label a crucial
transmembrane ciliary protein smoothened (SMO) with a
bright fluorophore, add a blinking buffer for stochastic
optical reconstruction microscopy (STORM) (56), and
perform 3D SM SR using the DH-PSF with a precision
of 10-25 nm. Our processed 3D molecular positions of
SMO are then fed into the Poisson surface reconstruction
(PSR) algorithm, which produces 3D triangulated surface
meshes representing the shape of each primary cilium
membrane. Computing the mean (H) and Gaussian (K) cur-
vature provides a quantitative picture of the surface shape
at a high resolution. Upon impairment of the retrograde
transport machinery through genetic modification or treat-
ment, the narrowing and bulging near the tip of the cilium
is more severe. Surface information allows us to calculate
the Willmore energy (Wg) (57) as an appropriate metric
for measuring its overall characteristic shape and shows a
significant increase in our mutant cells. Furthermore,
when imaging primary cilia in IFT25 mutant cells using
two-color two-dimensional (2D) STED microscopy, we
observe fluorescently labeled a-tubulin spanning the entire
primary cilium and, in some cases, occupying the bulging
ciliary membrane at the tip, features that we did not find in
wild-type (WT) MEF cells. By combining SR fluorescence
microscopy and quantitative surface meshing, this method
of shape analysis may be used to study a broad range of
nanoscale tubular structures in a more quantitative and pre-
cise way.

MATERIALS AND METHODS
Cell culture

MEF cells were generated, which stably express SMO proteins with an
extracellular SNAP tag (SNAP-SMO) and Pericentrin-YFP (PACT-YFP)
as a basal marker. Cell lines used were 1) WT: SMOf/f, SNAP-SMO,
PACT-YFP and 2) IFT25: IFT25~'~, SNAP-SMO, PACT-YFP, as described
in (58).



Cellular conditions

The following cellular conditions were used: 1) WTgs5, WT cell line
treated with 100 nM SMO agonist (SAG) for 4 h; 2) WT;JZG, WT cell line
treated with 100 nM SAG for 4 h, then treated with 10 uM ciliobrevin D
(cb) for 1 h; 3) IFT25y,4,4, IFT25 knockout cell line not treated with any
agonist at all; 4) IFT25546, IFT25 knockout cell line treated with 100 nM
SAG for 4 h.

Sample preparation for 3D SR microscopy

MEEF cells are first labeled with Benzylguanine-Alexa647 (S9136S; NEB,
Ipswich, MA), then fixed with 4% paraformaldehyde, and finally treated
with a quenching solution of 10 mM NH,4CI. The samples are washed 3 x
with 1x phosphate-buffered saline (PBS) (pH 7.4), then either imaged
immediately or stored at 4°C up to 1 week before being discarded.

3D SM microscopy imaging

Experiments are performed on a customized inverted microscope (IX71;
Olympus, Tokyo, Japan), where our sample is mounted on a piezoelectric
stage (PI-Nano, Irvine, CA) and is in contact with an oil-immersion objec-
tive (100x, 1.4 numerical aperture, UPLanSAPO; Olympus). New imaging
buffer is added for each primary cilium imaged (1-2 h), which consists of
glucose oxidase (G2133; Sigma-Aldrich, St. Louis, MO), catalase from
bovine serum (C100; Sigma-Aldrich), 100 mM Tris-HCl (pH 8.0)
(15568025; Thermo Fisher Scientific, Waltham, MA), 10% (w/v) glucose
solution (49139; Sigma-Aldrich), 140 mM g-mercaptoethanol (M6250;
Sigma-Aldrich), and H,O (Nanopure, Waltham, MA) (56). We locate one
primary cilium and image SNAP-SMO-Alexa647 and PACT-YFP using
the 641 nm (Coherent Cube, 100 mW; Coherent, Santa Clara, CA) and
514 nm (Coherent Sapphire, 100 mW) lasers, respectively. When we place
the cilium at the center of the field of view, the DH-phase mask is carefully
placed at the Fourier plane in our 4f system (Fig. S1). The DH-phase mask
has the effect of optically splitting the standard PSF into two lobes in which
the midpoint determines its x, y position, whereas the angular orientation
provides z information, which is separately calibrated (see Supporting Ma-
terials and Methods). To begin imaging, the intensity of the 641 nm laser
(1-5 kW/ecm?) is increased, the collection of labels is allowed to bleach
down until SM concentrations are achieved, and imaging frames are re-
corded in the presence of blinking. Over the next hour, irradiation from a
secondary 405 nm (Obis, 100 mW) laser is used to maintain photoblinking
labels at suitable densities. Red fluorescent fiducial beads are also imaged
simultaneously several microns away from the cilium to correct for sample
drift. Detected fluorescence is recorded using a silicon electron-multiplying
charge coupled device camera (DU-897U-CSO-#BV; Andor Xion, Belfast,
UK) at a speed of 20 frames/s (50 ms/frame) with an electron-multiplying
gain of 200 and further analyzed using the easyDHPSF program, which is
freely available online (59).

Meshing

Using MeshLab (ISTI-CNR, Pisa, Italy), we apply the PSR algorithm to our
3D data to create a triangulated surface as described in the Supporting Ma-
terials and Methods. The results are exported in a “*.ply” file format, which
is used to plot our 3D mesh in MATLAB (The MathWorks, Natick, MA)
and for our curvature analysis.

Curvature analysis

We then fit a surface to a “patch” of points, which consists of the first and
second nearest neighbors to each vertex of the mesh (Fig. S4), to the
following form:
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z = f(x,y) = ax® + bxy + cy* + dx + ey,

where its coefficients are used to calculate the mean curvature (H) and
Gaussian Curvature (K) as follows (60):
4ac — b?
3
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We can then calculate the Willmore energy (57) by the following
expression:

Wg = Za[(HI.Z —Ki),

where H;, K;, and a; are the mean curvature, Gaussian curvature, and surface
area of the i™ triangle of the mesh, respectively. The Willmore energy den-
sity is defined as Wg p = Wg/A, where A = a;.

i

Sample preparation for 2D STED

Cell samples are fixed with 4% paraformaldehyde for 15 min at 25°C,
washed with 1x PBS, then immersed in a blocking solution consisting of
0.1% TritonX-100, 1% normal donkey serum (017-000-121; Jackson
ImmunoResearch, West Grove, PA), and 1x PBS for 30 min at 25°C. We
stain our samples with primary and secondary antibodies, targeting
SNAP-SMO with Atto647N and a-tubulin with StarS20SXP.

Two-color 2D STED microscopy

STED images were collected on a bespoke two-color fast-scanning STED
microscope (Fig. S6). Briefly, laser pulses of 750 nm for the depletion beam
and 530 and 635 nm for the excitation beams are scanned along the fast axis
using a 7.5 kHz resonant mirror and along the slow axis using a piezo stage.
Fluorescence is detected through a 0.7 and 0.8 Airy units pinhole (in the red
and green channels, respectively) sequentially on a Si avalanche photodiode
between 550 and 615 nm for the green channel and between 660 and
705 nm for the red channel. The images are acquired using a custom
LabVIEW algorithm running on an field programmable gate array. See Sup-
porting Materials and Methods for details.

RESULTS AND DISCUSSION

3D SR microscopy reveals heterogeneity in
membrane shape

To study the ciliary membrane, we chose the transmem-
brane protein SMO as the labeling target because these pro-
teins are known to move in a largely diffusive manner and be
relatively dense during Hedgehog pathway activation
(58,61,62). Our baseline MEF cells, denoted as WT, were
treated with SAG (63), which activates the Hedgehog
signaling pathway and triggers SMO to localize specifically
to the primary cilium (Fig. 1 a). SMO is conveniently
labeled extracellularly using cells expressing a genetic
fusion to the SNAP tag (SNAP), which reacts with a benzyl-
guanine-derivatized fluorophore, here Alexa647. (It would
also have been possible to label other ciliary membrane pro-
teins such as the somatostatin receptor 3, but we chose SMO
because of the availability of a cell line with permanent
incorporation of the SNAP label.) After SNAP-SMO is
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Labeling and 3D SR imaging of the ciliary membrane. (a) SNAP-SMO proteins, where the SNAP protein is on the extracellular side, are cova-

lently labeled with benzylguanine-Alexa647 along the ciliary membrane, which is usually found near the coverslip surface. PACT-YFP indicates the base of
the cilium, and a nearby bright fiducial is used to correct for spatial drift. (b) Overlaid diffraction-limited images of the SNAP-SMO and PACT-YFP in chem-
ically fixed control MEF cells that were treated with SAG. 3D SR microscopy using the double-helix point spread function (DH-PSF) was performed to
obtain a localization map of SNAP-SMO molecules along one primary cilium, reconstructed as a (c¢) 2D histogram, where the bin size is 20 nm and the color
bar represents the number of localizations per bin, and (d) 3D scatterplot. For SNAP-SMO distributions of other primary cilia, there is evidence of (e) kinking,
(f) bulging, and (f) budding within the same control MEF cells. Scale bars, 1 um. To see this figure in color, go online.

covalently labeled with the Alexa647 fluorophore and
chemically fixed, we first imaged our samples in the pres-
ence of a blinking buffer, using a 641 nm laser to detect a
diffraction-limited image of SNAP-SMO, then used a
514 nm laser to detect PACT-YFP, which is a fluorescent
marker of the primary cilium base (Fig. 1 b). To gain as
much information of the ciliary surface, a longer-than-
normal time (~60 min) is spent imaging blinking labels
for one sample, in which each detected molecule appears
as two spots that both roughly take on the shape of a
Gaussian on our camera. We capture molecules within a
2-um-thick axial range with a high spatial precision and
a relatively large xy area (40 x 40 um), which allows us
to simultaneously image SNAP-SMO and a nearby bright
fiducial marker used to correct for sample drift (Fig. | ¢).
The single emitters produced an average signal of ~8700
photons and a mean background level of ~216 photons/
pixel, yielding a ~10-25 nm spatial resolution with several
thousands of localizations for each cilium (Fig. S2). Our
complete 3D reconstructions, or “point clouds,” reveal lo-
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calizations densely packed within the ciliary membrane in
a near-homogenous fashion (Fig. | d). By looking at cilia
in 3D on many WT MEF cells, we observe a variety of
distinct morphological classes, such as bending, kinking,
bulging, and the occasional budding with a diameter of
~100 nm (Fig. 1 ¢, e, and f). In addition, we also detect a
few SNAP-SMO molecules outside of the primary cilium,
likely on the plasma membrane and not included in our anal-
ysis. Despite the fact that these cells were grown under iden-
tical conditions, the wide range of heterogeneity in shape
from one cilium to another is clearly apparent. Furthermore,
our results demonstrate that the underlying structure of the
primary cilium is not a simple cylinder-hemispheric cap
as it is frequently modeled.

2D surface fitting captures the ciliary membrane
surface and enables curvature quantification

To extract the complex surface of the ciliary membrane, we
took advantage of the very dense surface-point sampling



(typically ~1000 points per um?) and applied the PSR algo-
rithm in the freely available package MeshLab (64). The
advantages of this algorithm are that it is robust to noisy,
nonuniform point cloud data and outperforms other
commonly used surface-fitting methods (65). We prepared
our data set by first selecting only the points that reside on
the primary cilium, but if the localization density was
sparse, the cilium was not analyzed. Because the algorithm
works best when the underlying surface is topologically
closed, we selected several points near the base of the cilium
to determine a plane of best fit. The point cloud was then
copied and rotated 180° about the plane axis, producing a
rotationally symmetric point cloud made up of two identical
shapes. Using the proper fitting parameters, we then gener-
ated 2D triangular meshes of each primary cilium, providing
us with a clearer picture of the surface (Fig. 2 a). Rather than
having to navigate through a point cloud, we are able to
observe the contours of the surface with greater clarity
from many different perspectives (Videos S1 and S2).
Similar to our SR-reconstructed images, we can better iden-
tify regions of bulging, narrowing, and enlargement along
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FIGURE 2 2D surfaces of the ciliary membrane. MeshLab is used to
create a triangular mesh using the input point cloud for (a) control MEF pri-
mary cilium and (b) IFT25 mutant cell, in which different colored regions
indicate—from left to right—bulging at the tip of the cilium, narrowing,
and then enlargement. Scale bars, 1 um. To see this figure in color,
go online.
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the ciliary membrane, which are prominent features in
IFT25 mutant cells (Fig. 2 b). In addition, the vertices of
the mesh allowed us to obtain the ciliary axis, a centroid
line that spans from the base to the tip of the primary cilium
(Fig. 3). If necessary, surface meshes for WT and mutant
cells can also be 3D printed using standard plastic filament
material, a true 3D representation of the meshes shown in
Fig. 2 (Fig. S3).

To quantify the local shape of the primary cilium, we
decided to use curvature as an appropriate metric. Curvature
(for a 2D curve) is inversely proportional to the radius of an
osculating circle at a point along the curve. In our 3D prob-
lem, 2D cross sections through a point on the surface ori-
ented at different angles will result in a large range of
curvature values. The most important values are the two
principal curvatures, denoted as k; and k,, which are the
minimal and maximal curvature values, respectively. These
two metrics are more meaningful when they are combined
to calculate the mean curvature H, which is expressed as
(ky + k»)/2, and the Gaussian curvature K, which is ex-
pressed as k; X ky (66). These two metrics can be evaluated
along the surface mesh of the primary cilium, which pro-
vides us with a better visualization for how it is shaped
(Fig. 3). A K surface heat map highlights regions of curva-
ture arising from one of the following shapes: 1) sphere, 2)
cylinder, or 3) saddle point. When comparing one cilium to
another with these metrics, it is easy to recognize morpho-
logical differences and locate where regions of unusual or
interesting behavior occur. Further, by measuring the sur-
face area, A, and the length of the cilium, /, we can then
compute an approximate diameter along the shaft of the
primary cilium (Table 1; see Supporting Materials and
Methods). When plotting the values of A and [ cell by cell
in a 2D scatterplot, overall, they follow a linear relationship,
as expected (Fig. S5). None of the diameters are signifi-
cantly different across all four conditions, so we concentrate
in the following on the curvature measures.

To further quantify the cilium’s overall morphology and
how much the surface deviates from a sphere, we calculated
its Willmore energy (Wg), which is expressed by the
following:

Wg = ZCL’(H[2 _Ki)7

where H;, K;, and a; are the mean curvature, Gaussian curva-
ture, and surface area of the it triangle of the mesh, respec-
tively. The intuition behind W is that it is a strictly positive
quantity with a minimal value of 0 when the object is a
sphere. For a surface that is characterized to be morpholog-
ically more complex, which includes being stretched in a
certain direction or severely indented, Wy will take on a
larger value. However, a normal cilium that is unusually
long with a large surface area can have a value of Wy com-
parable to one that is relatively short but very narrow and
bulbous. To offset the variability in surface area and to
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FIGURE 3 Calculating mean and Gaussian curva-
ture along mesh. (@) Mean curvature (H) and (c)
Gaussian curvature (K) are calculated for each vertex
along the mesh for a control MEF cell and displayed
here as heat maps. Each panel is a 90° rotation about
the horizontal axis. The average (b) H and (d) K is
calculated over a 100-nm-wide window that slides
along the ciliary axis in 20 nm steps. (Inset figures)
Yellow lines indicate the measured ciliary axis;
blue points are the vertices of the mesh. Reporting
is mean = SEM. Scale bars, 0.5 um. To see this
figure in color, go online.
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ensure a fairer comparison, we computed the total surface
area of one mesh, A = ) a;, and define here the Willmore

1
energy density Wg p = Wg/A. By calculating this value for
all of our primary cilia, we found it to be a useful metric
for comparing overall shape phenotype.

Altered morphology is detected in cells with
impaired retrograde transport

We characterized the surfaces of our meshes by calculating
their respective H and K profiles, in which large negative
values of K correspond to regions of severe narrowing of
the mesh. WT MEEF cells treated with SAG, WTg,s, ex-

Ciliary Length (um)

hibited a cylindrical structure with a hemispheric cap at
the tip (Fig. 4 a). To see if we could observe a different
phenotype in our WT MEF cells when transport is modified,
we treated them with c¢b and performed 3D SM microscopy.
This small-molecule inhibitor of the motor cytoplasmic
dynein perturbs retrograde protein trafficking within the pri-
mary cilium (67). It has been previously shown that pro-
longed incubation of cells with c¢b leads to complete cilia
loss, but within a 4-h incubation period, cilia are still pre-
sent, although with disrupted retrograde transport (67). As
expected (Fig. 4 b), in cells treated with both SAG and cb,
WT§§G, increased bulging and narrowing were observed.
We examined cells in which IFT25 was genetically
knocked out, which allows SMO to densely accumulate

TABLE 1 Measuring the Length, Surface Area, and Diameter of the Primary Cilium for Different Conditions from 3D SR Imaging
WTsag WIS IFT25popg IFT25546
Number of cells 17 14 16 12
Ciliary length (um) 2.821 = 0.658 2.564 = 0.779 3.170 £ 0.640 3.083 + 0.371
Surface area (um?) 2.403 = 0.631 1.960 = 0.610 2.594 + 0.728 2475 = 0.349
Diameter (nm) 272 + 40 244 + 29 258 + 41 257 = 31

Ciliary length is simply the complete length from the tip to the base of the cilium, summing over the areas of all the triangles is the surface area, and the
diameter displayed is computed from a model assuming the cilium is a cylinder with a hemispheric cap (Fig. S5). Reporting mean = SD.
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to the primary cilium despite the absence of pathway activa-
tion. 3D SM microscopy on many different cilia in untreated
IFT25 cells, IFT25y,4,, shows an altered morphology
(Fig. 4 c¢), similar to the morphological features found in
our WT'S; - cells. In particular, there was a larger proportion
of cells that exhibited a bulbous tip, which was apparent
upon generating the surface meshes. As a related condition,
IFT25 cells treated with SAG, IFT25¢45, should have an
added accumulation of SMO, and these cells showed a
similar phenotype to the IF725 cells without SAG (Fig. 4
d). This suggests that increased bulging effects in the pri-
mary cilium are largely due to the absence of transport com-
plexes and the accumulation of non-SMO proteins rather
than driven strictly by SMO protein accumulation.

To quantitatively distinguish distinct categories of
morphology, we calculated the curvatures and Willmore en-
ergies adjacent to a constriction. The most significant
constriction occurs at the position of minimal Gaussian cur-
vature K (K,.;,). By computing the average K, K, at the
constriction and on both sides of the position of the K,,,
value, the average curvature is significantly smaller for
each of the three mutant cases compared to the WT condition,
indicating a more severe narrowing near this region (Fig. 5 a).
Furthermore, when calculating Wg p, for every cilium under
the different mutant conditions, the value was on average
higher among IFT25 cells compared to the WT case and
was also higher when WT cells are treated with ¢b (Fig. 5 b).

Our 3D SR methods for quantifying the morphology of
the primary cilium clearly reveal measurable morphological
changes when the retrograde transport machinery is severely

Primary Cilium Nanoscale Morphology

60 80

FIGURE 4 Comparing Gaussian Curvature (K)
heat maps for different representative primary cilia
across all conditions. (a) WTga cells exhibit a cylin-
drical structure with a hemispheric cap. (b) WT§ZG
cells are shown to have a severe narrowing region
near the tip of the cilium, denoted by black
arrows that highlight the red, negative K regions.
(¢c) IFT25p,4, cells also show narrowing near the
tip, whereas interestingly, (d) IFT25g54¢ cells had
narrowing closer to the base of the primary cilium
in a few cells. Heat maps are all on the same scale.
Scale bars, 0.5 um. To see this figure in color,
go online.

impaired in MEF cells, either by genetic knockout of IFT25
or inhibition of dynein-2 function. Our observations are
similar to previous EM-based studies revealing a bulging
tip for primary cilia in cells carrying mutations for ciliary
proteins that are necessary for proper retrograde transport,
including Dnchc2 and THM1 (50,68). Changes in ciliary
membrane morphology can be subtle under certain physio-
logical conditions, but by combining 3D SM microscopy
and existing quantitative methods from differential geome-
try, we were able to reveal and characterize features that
would have been impossible to observe using conventional
microscopy techniques. Although we show IFT25 to have
at the very least an indirect effect on the membrane shape,
the direct mechanism of these structural defects in the
ciliary membrane is a subject of future study.

Characterizing the membrane and axoneme
simultaneously using two-color 2D STED
microscopy

Based on previous studies (69), we hypothesized the
axoneme, a ninefold symmetric microtubule doublet struc-
ture providing the central core of the primary cilium, may
also be altered in our /F725 mutant cells. We observed
both SMO and the a-tubulin component of the axonemal
microtubules using primary and secondary antibodies stain-
ing in fixed MEF cells. To achieve a resolution beyond the
diffraction limit, we utilized STED microscopy, which pro-
vided both a secondary verification of the morphological
changes detailed above and also allowed us to correlate
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FIGURE 5 Quantitatively detecting changes in primary cilia morphology
in MEF cells. When calculating the K ,;, value and the average values in the
two neighboring 100 nm-wide regions, (a) there is a significant decrease in
K in found in mutant cells compared to the control WT MEF cells. (b) Wi,
measures the overall shape of the object and is found to be significantly
higher in mutant cells. Reporting is mean + SEM (dark gray) and
mean * SD (light gray). (**p < 0.01, *p < 0.05). To see this figure in
color, go online.

the relative distributions of SMO and the inner cytoskeleton
of the same primary cilium. Although our axial z resolution
remains diffraction limited, the projection of the additional
fluorophores in z onto the xy plane provides enhanced
brightness along the sides of the cylindrically shaped pri-
mary cilium, whereas the top and bottom surfaces appear
dimmer. With an xy full-width half-maximal resolution of
50-100 nm, we were able to better resolve the spatial distri-
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bution of SMO along the ciliary membrane and obtained an
enhanced resolution of the axoneme in our STED images
compared to the corresponding confocal images (Fig. S7).
In addition, we were able to measure the diameters of the
membrane and the axoneme (Fig. S9), which are consistent
with previous EM studies of the primary cilium (70). We
find that, as expected, the ciliary membrane diameter is
larger than the axonemal diameter by ~25%, but these di-
ameters are not significantly different when comparing
WT to IFT25 cells.

For the WT MEF cells, the ciliary membrane and the
axoneme were both found to be cylindrical in shape, and
the axoneme often stopped a few hundred nanometers
before reaching the cilium tip (~60%) (Fig. 6 a). Although
a very small proportion of WT cilia had a bulged membrane
near the tip of the cilium (~20%), the axoneme still did not
extend all the way to the tip (Fig. S8 a). Despite this, the tip
still maintained a semi-hemispheric structure in 2D, which
is consistent with our 3D SR results. In contrast, most of
the IFT25 mutant cells imaged exhibited clear bulging
near the tip of the ciliary membrane, consistent with our
3D SR results. Furthermore, a larger proportion of these
cells had antibody-labeled a-tubulin proteins spanning the
entire primary cilium length and occupying the bulging
ciliary tip (~90%) (Fig. 6 b). Although the images of the
axoneme in some /FT25 mutant cells were found to lose
the normal cylindrical structure near the tip resembling a
large bulge (~20%), it is possible that this region is occu-
pied by monomeric a-tubulin proteins (Fig. S8 b). An un-
likely but alternative explanation is the depletion of IFT25
could also result in lower molecular crowding at the tip,
which makes a-tubulin more accessible to antibodies. Based
on these observations, one may speculate that when IFT25 is
absent, a larger number of ciliary proteins accumulate at the
tip, leading to a bulge in the ciliary membrane. Therefore,
IFT25 clearly plays some role in ensuring that the primary
cilium maintains a normal shape, even though previous
studies show this protein is not required for ciliogenesis.

CONCLUSIONS

We have demonstrated a quantitative approach for interro-
gating the primary cilium morphology in mammalian cells
using SR fluorescence microscopy of a transmembrane pro-
tein of the ciliary surface. By combining 3D SR microscopy
and a meshing algorithm, we obtain high-resolution images
of the ciliary membrane surface, revealing a variety of nano-
scale features. This high-resolution approach has revealed
the existence of bulging and narrowing structural defects
that were not seen in a previous report of diffraction-limited
images of IF725 mutants in MEF cells (70) yet are roughly
consistent with swollen tips reported for /F725 mutant mice
sperm cells (69). Moreover, our analysis indicates sig-
nificant changes in cilia morphology, manifested in our
measurements of H, K, and Wgp. We are also able to
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FIGURE 6 2D STED microscopy reveals structural changes in the axoneme for /F725 knockout cells. SNAP-SMO (SMO) and a-tubulin (aTub) are
stained with Atto647N and Star520SXP-labeled antibodies, respectively, in chemically fixed MEF cells and are subsequently imaged using a two-color
confocal and two-color STED microscope. Yellow double arrows indicate both magnitude shift and direction between the two red and green images.
(a) In control WT MEEF cells, (i—v) the ciliary membrane exhibits a cylindrical shape, whereas the axoneme is frequently observed to not extend to the
tip of the cilia. (if) The dotted line indicates where the axoneme ends. (b) In IFT25 cells, results similar to the 3D SR data are observed, where (i) kinks
and (ii) narrowing of both the ciliary membrane and axoneme are pointed out in white arrows. (iif) Bulging and budding often occurs at the tip, and the
axoneme appears to extend all the way to the tip and (iv) sometimes has an uneven diameter throughout the cilium. (v) Severe swelling of the ciliary mem-
brane and the axoneme is also observed, although this is relatively rare. Scale bars, 1 um. Image contrast within each cell line condition is identical for both

channels. To see this figure in color, go online.

demonstrate that WT cells treated with cb exhibit similar
phenotypes to the /F725 mutant cells. Therefore, impaired
retrograde transport, either as a result of inhibiting retro-
grade motor dynein or due to a genetic deletion of IFT25,
affects the overall shape of the ciliary membrane, primarily
in form of bulging, which is indicative of an underlying
mechanism related to the mobility of cargo in the cilium.
We also resolved the axoneme structure within mammalian
cells by implementing STED microscopy. Notably, the anti-
body-labeled «-tubulin proteins in the /F725 mutant cells
are observed to span the entire primary cilium. This suggests
that IFT25 plays a role in properly maintaining the structure
of the primary cilium, especially near the tip, even though it
is not required for ciliogenesis. Our method for character-
izing the biophysical and morphological properties of the
ciliary membrane can be used to study other nanoscale
structures, such as bacteria or the nuclear envelope, in a
similarly quantitative manner, if the surfaces can be labeled
with suitable dyes for SR microscopy.

SUPPORTING MATERIAL

Supporting Materials and Methods, nine figures and two videos are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(18)
34459-X.
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