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Despite growing demand for truly naive imaging, label-free observation of cilium-related structure
remains challenging, and validation of the pertinent molecules is correspondingly difficult. In this study,
in retinas and cultured cells, we distinctively visualized Rootletin filaments in rootlets in the second
harmonic generation (SHG) channel, integrated in custom coherent nonlinear optical microscopy
(CNOM) with a simple, compact, and ultra-broadband supercontinuum light source. This SHG signal
was primarily detected on rootlets of connecting cilia in the retinal photoreceptor and was validated
by colocalization with anti-Rootletin staining. Transfection of cells with Rootletin fragments revealed
that the SHG signal can be ascribed to filaments assembled from the R234 domain, but not to cross-
striations assembled from the R123 domain. Consistent with this, Rootletin-depleted cells lacked SHG
signal expected as centrosome linker. As a proof of concept, we confirmed that similar fibrous SHG
was observed even in unicellular ciliates. These findings have potential for broad applications in clinical
diagnosis and biophysical experiments with various organisms.

© Modern microscopy was developed with a great deal of assistance from molecular spectroscopy, which pro-

© vides distinct image contrast resulting from the interactions of molecules with light!. Fluorescence micros-

. copy is among the most popular imaging methods for biological studies. In particular, in immunofluorescence
microscopy, the combination of target-specific antibodies and fluorescent probes confers exquisite specificity and
unprecedented sensitivity. However, many fluorescent labels perturb bioactive molecules such as signaling pep-
tides, metabolites, and structural proteins, and these perturbations can distort experimental results. Moreover,
label-free medical diagnostics is favorable to achieve the minimally invasive procedure. Thus, label-free molecular
contrast with spectroscopic specificity is ultimately indispensable for biological and medical imaging.

A novel approach for label-free imaging, coherent nonlinear optical microscopy (CNOM), has recently
emerged as a powerful molecular imaging tool that can detect non-fluorescent species in live cells or tissues.
Coherent interactions of molecules with radiation give rise to in-phase signal radiation from the irradiated mol-
ecules. The total signal radiation is thus the vector sum of these in-phase signal radiations, leading to amplifi-
cation of the signal by several orders of magnitude?®. A well-established CNOM technique is second harmonic
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generation (SHG) microscopy*®. SHG is a frequency-doubling nonlinear optical process, which originates from
coherent interaction of laser pulses with organized ensembles of non-centrosymmetric targets with significant
hyperpolarizability*®. Also widely used are coherent Raman scattering (CRS) microscopy, such as coherent
anti-Stokes Raman scattering (CARS)'*!}, and stimulated Raman scattering (SRS)!>!* microscopy, which provide
molecular contrast through the characteristic vibrational frequencies of specific chemical bonds. In contrast to a
fluorescence process, coherent interactions do not require direct photoexcitation; consequently, CNOM does not
require any fluorophores and can provide label-free molecular images.

In addition to label-free imaging capability, CNOM methods have unique inherent advantages for naive imag-
ing. (1) High sensitivity. Due to the coherent summation of signal radiation, CNOM boosts signal intensity to
achieve highly sensitive imaging and provide natural endogenous image contrast. Moreover, because CNOM
does not require photoexcitation of molecules, it conserves incoming energy and preserves the coherence of inci-
dent laser radiation. (2) Non-toxicity. CNOM does not suffer from phototoxic effects or photo-bleaching, both
of which are often critical for one- and multi-photon excitation fluorescence microscopy. (3) Spatial resolution.
Due to its nonlinear optical properties, the signal is restricted to the focal volume (~1pm?), resulting in inherent
three-dimensional sectioning capability. (4) Background free. Since the wavelength of the signal is different from
(typically shorter than) those of the incident laser, there is no unwanted background (Fig. S1). (5) Multimodality.
Owing to recent advancements in supercontinuum (SC) generation technology'4, ultra-broadband excitation has
been achieved in CNOM, which enables us to launch unique and multi-color nonlinear optical processes such as
multiplex sum frequency generation (SFG)">, third-order sum frequency generation (TSFG)'6, and CARS as well
as monochromatic SHG and third harmonic generation (THG) (See also Fig. S1). These methods are complemen-
tary to one another, and their utility is further increased by integrating them into a multimodal microscopic unit.

Among CNOMs, SHG microscopy provides unique image contrast due to its even (second)-order nonlinear
optical susceptibility. As described earlier, the key harmonophores for SHG signals are highly polarizable and
have well-ordered non-centrosymmetric molecular organizations or structures with SHG-active molecules®. To
date, collagens'’, mitotic spindles®, contractile filaments in muscle®, muscle myosin'®, and axons'® have been used
as endogenous harmonophores to visualize specific molecular structures. However, the SHG-active structures
reported to date generally constitute large architectures either insider or outside of cells. Smaller cytoskeletal
organelles have not yet been studied in this manner.

The cilium, a tiny protrusion from cell surface, is a biologically important organelle that functions as a cellular
‘antenna™®’. This structure is commonly based on a microtubule-based axoneme originating from the distal tips of basal
body, analogous to the mother centriole?!. The clinical importance of cilia in vivo has been recognized since the mid-
1990s. Hereditary dysfunctions of cilia cause a spectrum of morphological and mental disorders, named ciliopathies,
with complex symptoms including retinopathy, situs inversus, polydactyly, kidney disease, mental retardation, and
obesity*>-%. These disorders are primarily the consequence of failure to sense diverse extracellular signals and transduce
them into cellular responses via cilia, supporting the idea that cilia play important roles in signal transduction.

A cilium in a cultured diploid cell is observed as an immotile single protrusion, termed a “primary cilium,”
first described in the 19th century?. The primary cilium has distinct kinetics that are the inverse of the cell divi-
sion cycle: it is assembled only during cellular quiescence, but does not grow during cell cycle progression?®-.
The molecular mechanisms underlying these kinetics have been partially elucidated®-*2.

The ciliary rootlet, on which we focus in this study, is an anatomical structure first discovered in 1880%; it
consists of a fibrous cytoskeletal organelle that links the base of the cilium to the cell body, indicating a role in
structural assurance and signal mediation. Across species, rootlet ultrastructure consists of filaments with dis-
tinct cross-striations at intervals of 50-70 nm>3. Recently, a molecular cloning and genetic approach identified
Rootletin, a novel coiled-coil protein, as a structural component of the ciliary rootlet in murine retinal photore-
ceptor cells®. Genetically Rootletin-depleted mice, which lack rootlets, exhibit photoreceptor degeneration and
impaired mucociliary clearance in multi-ciliated trachea over time, consistent with the function of Rootletin in
providing long-term structural support for the cilium?.

Rootletin is functionally conserved across species. The Caenorhabditis elegans Rootletin orthologue, CHE-
10, also supports cilia®”. In Drosophila melanogaster, Root is the sole orthologue of mammalian Rootletin and
C-Napl. Root mutants also lack ciliary rootlets and exhibit impaired neuronal response to mechano- and che-
mosensation, including negative geotaxis, taste, touch, and sound>®%*. Thus, Rootletin is thought to be engaged
in general sensory perception, structurally supporting the cilium or mediating mechano- and chemosensation.

Independently, Rootletin was also detected in cultured cells*, in which it forms centriole-associated fibrous
structures. In particular, depletion of Rootletin by small interfering RNA (siRNA) results in centrosome split-
ting, indicating that Rootletin filaments contribute to establishment of centrosome cohesion before mitosis.
Overall, Rootletin filaments contribute not only to supporting sensory cilia but also to centrosome integrity in
cultured cells, increasing their value as research targets and the demand for naive imaging.

We successfully performed selective imaging of ciliary rootlet-composing Rootletin filaments, in retina in
frozen sections of a rat eye, in cultured cells, and even in unicellular ciliates, using the SHG channel equipped on
our multimodal CNOM. Transfection of exogenous Rootletin fragments revealed that the SHG signal could be
ascribed to filaments assembled from the Rootletin R234 domain. Consistent with this, Rootletin-depleted cul-
tured cells lacked the SHG signal on centrosomes, where endogenous cellular Rootletin forms filaments involved
in centrosome cohesion. Thus, we validated the SHG signal from endogenous Rootletin filaments, which has
broad potential for use in clinical diagnosis and biophysical experiments even in distant species.

Results

Truly label-free CNOM visualizes hierarchical structures of retinal layers, highlighting novel fil-
amentous layers defined by SHG.  Because the neural retina has a highly organized multilayered structure
that is attractive as a model for self-patterning and self-driven morphogenesis*!, we thoroughly visualized rat
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Figure 1. Truly label-free penta-modal CNOM visualizes hierarchical structures of retinal layers,
highlighting novel SHG-indicated filamentous layers. Spectroscopic imaging was performed with fixed

rat retina using our custom microscope. (a) A collection of label-free images of SHG (green) and CARS

at 2860 cm ! (red) and 1570 cm™! (blue), showing the distributions of harmonophores, lipid, and DNA,
respectively. Note the unexpected filamentous layer in the middle of the SHG image. (b) Representative image
of retinal layers by H&E staining with the indicated anatomies. OS, IS, and ONL correspond to outer segment,
inner segment, and outer nuclear layer, respectively. (c) Representative spectra of SHG for image reconstruction
(spot (i) in (a)). (d) Representative retrieved spectra of CARS at the positions of (ii) and (iii) in (a). Right,
higher magnification of left at 1800-800 cm™". Because raw CARS spectra were distorted due to interference
between vibrationally resonant and non-resonant coherent signals, we used the maximum entropy method
(MEM) to retrieve the raw CARS spectra to Im[x®] spectra corresponding to the conventional spontaneous
Raman scattering spectrum. (e) Schematic of a photoreceptor highlighting the internal filamentous structures
connecting cilia and ciliary rootlets. Parentheses indicate marker antibodies. Bar, 20 pm. Color scales indicate
intensity (a.u.) or amplitude (a.u.).

retinal layers using SHG (2w;), THG (3w,), and multiplex SFG (w, +w,), TSFG, and CARS channels of CNOM
setup shown in Fig. S2a (Fig. 1 and Fig. S3). The samples were frozen sections of a rat eye. The data were origi-
nally obtained as point-by-point spectra at each position within the sample (Fig. 1¢,d) and then reconstructed
as images (Fig. 1a). Notably, SHG provided high contrast in the upper part of the image (Fig. 1a, left end; SHG).
The upper SHG image most likely corresponds to sclera, which is mainly composed of collagen, a well-known
harmonophore in living tissue®. Nevertheless, the most striking finding was another SHG-positive “filamentous”
layer in the middle of the image. The SHG signal intensity from the “filamentous” layer was very weak, which
was about 1/1000 of that from sclera. To address the molecular origin of this harmonophore, we compared SHG
with other modes of CNOM (Fig. 1a,d). Complementarily, the CARS image at 2860 cm ™! (CH, stretch vibrational
mode), corresponding to lipids, exhibited high contrast around the outer segment (OS). This most likely corre-
sponds to the distribution of disc membranes in the photoreceptor layer, which is filled with stacks of lipid-rich
disc membranes containing the visual pigment molecules*2. Also, the CARS image at 1570 cm™! (purine ring
stretch due to adenine and guanine), corresponding to the distribution of nucleic acid, exhibited high contrast
around the nuclei at the outer nuclear layer. These multimodal CNOM images effectively showed the hierarchical
structures of retinal layers as merged images (Fig. 1a) and were consistent with the results of hematoxylin-eosin
(H&E) staining (Fig. 1b). It should be emphasized that the sample used in Fig. 1a was not H&E stained, but was
instead visualized in a label-free manner. Together with the histological aspects, we concluded that this novel
SHG reveals filamentous structures that are oriented inside photoreceptor cells; more precisely, these structures
are connecting cilia or ciliary rootlets (Fig. le).

Retinal SHG corresponds to photoreceptor ciliary rootlet. To address the origin of the filamen-
tous SHG in retina, we compared it with possible filaments indicated by marker staining using the experimen-
tal setup shown in Fig. S2b. Acetylated (ac)-tubulin and Rootletin are markers of connecting cilia and ciliary
rootlet, respectively (Figs 1e and 2)*. Using standard microscopy, immunostaining with anti-ac-tubulin and
anti-Rootletin successfully revealed different layers (Fig. 2a). By utilizing our custom-made nonlinear optical
microscope with SHG and two-photon excitation fluorescence (TPEF) modes using 775 nm excitation (Fig. S2b),
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Figure 2. Retinal SHG corresponds to photoreceptor ciliary rootlets. Fixed rat retina was immunostained
with the indicated marker antibodies, followed by superimposed observations with DeltaVision as a standard
(a) or custom-built multimodal microscope equipped for SHG and additional TPEF modes using 775 nm
excitation to detect Alexa Fluor 488 immunofluorescence (b). (a) Ac-tubulin (red) and Rootletin staining
(green) are well separated by standard microscopy, marking two distinct filamentous layers: photoreceptor
connecting cilia and ciliary rootlet, respectively. See also the schematic in Fig. le. (b,c) Superimposition of SHG
signal (green) and TPEF-detected single marker staining (red). Note that the SHG signal corresponds to the
Rootletin staining, indicating ciliary rootlet, but not to ac-tubulin staining, indicating connecting cilia. DAPI
(blue) was used as a nuclear marker. Bars, 10 um. Color scales indicate intensity (a.u.).

we found that the SHG is well colocalized with Rootletin, but not with ac-tubulin staining (Fig. 2b,c). Thus, the
retinal SHG corresponds to ciliary rootlet.

SHG is ascribed to the Rootletin R234 domain which assembles into filaments. To further
address the intra-molecular and structural origin of the SHG, we performed domain analysis in transfected cells
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(Fig. 3). Referring to a previous report in mouse®, we introduced a variety of humanized Rootletin fragments
expression vectors into cells that built up different structures. Cells expressing full-length Rootletin contained
filaments with periodic cross-striation at the electron-microscopic level, in accordance with endogenous
Rootletin filaments (Fig. 3a). Similarly, R1, R123, and R234 fragments were also introduced in cells; however, in
immunofluorescence analyses, only cells expressing R234 displayed a filamentous pattern similar to that of cells
expressing the full-length protein (Fig. 3b,c). When we compared TPEF and SHG using our custom microscope,
we found that the SHG was prominent on filaments assembled from R234, but not on aggregates formed from R1
or R123 (Fig. 3d,e). Since the SHG intensity (Ig;) shows quadratic dependence with respect to the amount of
molecular emitters within the focal volume, we used the ratio of the SHG amplitude (/I ) to the TPEF inten-
sity of anti-Myc to analyze data quantitatively as shown in Fig. 3e.

These results are possibly correlated to the molecular structure of Rootletin. In our electron microscopic data,
overexpressed R123 and R234 corresponded to different structures: cross-striation and filament, respectively
(Fig. 3f). According to the literature®®, R123 is composed of two domains, (1) globular R1 domain that does not
contribute to the formation of filaments and (2) R23 as a partially deleted rod domain; R234 is devoid of the
globular R1 domain but retaining the entire rod domain that corresponds to filament formation. Therefore, we
consider that the supra-molecular organization of the R123 fragment, indicated as cross-striation, is mainly due
to globular R1 domain and is different from filaments assembled from R234 entire rod domain, which gives rise
to different SHG intensity. In more detail: R1 aggregate was SHG-negative, and R123 cross-striation also made
little contribution to the SHG. By contrast, only longitudinal R234 filaments contribute to SHG. Consequently, we
could attribute the SHG of Rootletin to the filamentous ultrastructure assembled from the R234 domain (Fig. 3g).

SHG induction shows quantitative agreement with the density of R234 filaments. Next, we
performed the quantitative assessment of the R234-induced SHG (Fig. 4). We utilized the R123 fragment as a
dominant-negative mutant for filament assembly, as described in a previous report®. As expected, Myc-R234-
assembled filaments became blurred by combined expression with FLAG-R123 fragments (Fig. 4a). Using our
custom microscope (Fig. S2b), we also found that SHG was decreased by the co-expression, compared to the
amount of Myc-R234 expression (Fig. 4b,c). Electron microscopy revealed that Myc-R234 filaments contain-
ing FLAG-R123 became sparser than Myc-R234 assembled alone, with respect to both number and intensity
(Fig. 4d-f). Combined expression restored closely spaced Rootletin filaments like those shown in Fig. 2a, assem-
bling filaments with cross-striation possibly originating from the R123 domain, indicating mutual complemen-
tation. It should be noticed that the changes of molecular organization and alignment of Myc-R234 filaments
due to FLAG-R123 can give rise to strong difference in the detected SHG signal intensity, even if the structural
change is small. It means that SHG can be used as a sensitive probe to investigate structural changes in the scale
of sub-micrometer and micrometer. Based on these quantitative assessments, we conclude that the SHG can be
ascribed to a filamentous ultrastructure assembled from R234 domains, but not to unassembled monomeric
R234 jtself. Complete assignment and determination of the filament diameter could be performed by absolute
measurement of SHG signals*.

Cellular SHG is derived from Rootletin filaments. Finally, we evaluated the Rootletin-induced SHG in
cultured cells. Rootletin forms centriole-associated fibrous structures that contribute to the establishment of cen-
trosome cohesion before mitosis®*. Consistent with this, knockdown of Rootletin resulted in centrosome dissoci-
ation, accompanied by the loss of Rootletin signals (Fig. 5a,c). Next, we examined the specimen under our custom
microscope, with centrosome marking (Fig. 5b). In control cells, a distinct SHG was observed in the vicinity of
unseparated centrosomes; however, in Rootletin-depleted cells, this SHG disappeared from the phenotypic split
centrosome (Fig. 5b,d,e). Thus, we concluded that the centrosomal SHG is most likely derived from Rootletin
filaments involved in centrosome cohesion.

Then, we again challenged to expand this utility of SHG-specificity toward unicellular ciliates. Fortunately, we
found that a lot of fibrous SHG were observed even in Tetrahymena thermophila, most likely indicating kinetodes-
mal fibers as an analogous to Rootletin filaments (ref. 45, Fig. 5f). Thus, it is convincing that SHG-specificity of
cellular Rootletin filaments enables naive imaging with universal conservation.

Discussion

In this study, we discovered distinct SHG that detects Rootletin filaments in tissues and cultured cells. This con-
cept can be expanded to unicellular ciliates. This conclusion was reached not only by observing endogenous
Rootletin (Fig. 2) but also by introducing exogenous truncated mutants, demonstrating that filaments assembled
from the Rootletin R234 domain are the ultrastructure responsible for the SHG (Figs 3 and 4). Also, knockdown
cells confirmed that Rootletin was specific to the centrosomal SHG (Fig. 5). Besides, due to characteristic of SHG
imaging and Rootletin itself, following items should be discussed.

We investigated the assembled structures of filaments by polarization SHG microscopy using harmonophores
as probes. Figure S4a shows the SHG image of retinal layers and its polarization dependence. We analyzed the
SHG signal of collagen fibrils in sclera (top) and Rootletin filaments in photoreceptor cells (middle). The SHG
signal intensity was strongly dependent on the angle (o) between the incident laser polarization and the orienta-
tion of the filamentous structures. The results (Fig. S4b) show that the polarization dependences of collagen and
Rootletin clearly differed. Collagen gave an SHG signal maximum around 0 and 180 degrees, consistent with a
previous report*®. On the other hand, Rootletin gave a maximum around 45 and 135 degrees, similar to that of
myosin®. Since Rootletin is close to myosin in the phylogenetic tree® from public protein databases, this result
could be reasonable. It implies that Rootletin filaments could form assembled structures similar to myosin, i.e.,
tail-tail structures.
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filaments with periodic cross-striation at the electron-microscopic level, like endogenous Rootletin filaments.
(b) Schematic diagram of humanized and Myc-tagged Rootletin deletion mutants: R1, Globular head domain;
R2-4, rod domains. See also ref. 35. (c) Each human deletion mutant assembles a distinct architecture, as
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correlation of SHG with filament assembled from R234 domain. TPEF (green), SHG (red). (e) Quantitation of
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R1, aggregates with high electron density; R123, massive cross-striation; R234, densely packed filaments.
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(d) Electron micrograph depicting ultrastructural alteration due to FLAG-R123 co-expression: (left) pure

R234 formed packed filaments; (right) FLAG-R123 co-expression resulted in formation of more widely

spaced filaments with additional cross-striations, similar to the case of full-length Rootletin (Fig. 3a). (e and f)
Quantitation of filaments in (d), as both intensity (e) and number (f) note the correlation to SHG in ¢. Bars, 10 pm
in (aand b), and 100nm in (d). Error bars represent s.e.m. *P < 0.05 in (c), ****P < 0.001 in (e and f). N=35, 30,
and > 28 in (c,e and f), respectively. Color scales indicate intensity (a.u.).
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Myc-tagging enabled definition of Rootletin-containing filamentous unit. In a previous study using the
R234 domain, the GFP tag potentially compensated for the R1 globular domain, enabling assembly into intact
Rootletin filaments with cross striations®. In our case, Myc-tagged R234 assembled packed filaments that had
no cross-striations (Fig. 3f) and were sensitive to forced spacing by FLAG-R123 cross-striations, which enabled
a quantitative assessment (Fig. 4). As shown in Fig. 4b, perturbed Myc-R234 filament formation exhibited less
SHG intensity than expected from the Myc intensity. This indicates that a great deal of Myc-R234 monomer
that does not form filaments is released by this perturbation. Since the SHG signal is boosted through coherent
buildup inside filaments, the signal intensity is sensitive to the molecular organization and alignment of filaments.
Consequently, the SHG most likely originated from the ultrastructurally recognized filamentous structure, but
not from free R234 monomers.

Clinically, degeneration of ciliary rootlets over time is closely associated with visual loss and impaired muco-
ciliary clearance in the trachea®. Although the laser power should be minimized in the future, such label-free
observation of retinal ciliary rootlets has potential, especially for prognosis of late-life blindness; in such patients,
quality of life (QOL) should be carefully considered.

In cell biology, Rootletin has a conserved function mediating ciliary chemo- and mechano-sensing
such research field, exogenous labeling often perturbs endogenous function, but SHG can surpass such potential
artifacts. By increasing sensitivity or decreasing exposure time it may be possible to achieve live imaging.

Furthermore, we found that analogous structures of Rootletin filaments were also SHG-active even in uni-
cellular ciliates (Fig. 5f). Because the proteic components of unicellular Rootletin filaments have low sequence
homology to those of mammalian ones®**, it is intriguing that the distinct SHG-activity depend on rather higher
order structure than sequence homology itself.

By expanding this structural concept, SHG may act as a novel probe for sensors based on their steric prop-
erties and thus has the potential to overcome a major shortcoming of current proteomics, which relies on pro-
tein—protein interactions, or genomics, which is based on one-dimensional sequence similarities. Given that
we and others have detected additional SHG signals during other specific cellular events and in other organ-
isms*’, many SHG-active cellular components and the responding proteins remain to be determined, includ-
ing possible mechano-mediators such as Rootletin. Of course, the combination of polarization dependence and
multimodal CNOM will contribute to higher molecular definition. We are currently embarking on a pioneering
era in next-generation photonics, as applied to histology, molecular cell biology, or cellular engineering, for which
the major challenge is the development of label-free observable substances in multiple organisms.

36-38 In

Methods

Custom-made penta-modal coherent nonlinear optical microscopic (CNOM) system. A sche-
matic of our custom-made CNOM'® is shown in Fig. S2a. Owing to recent advances in supercontinuum (SC)
generation technology, our CNOM system has extended to ultra-broadband spectroscopic live cell imaging?®.
The master laser source was a microchip Nd:YAG laser, which is a simple, low-cost, robust, and compact source.
The wavelength, temporal duration, repetition rate, and output average power were 1064 nm, 0.8 ns, 33kHz, and
300 mW, respectively. The output from the laser source was divided in two: one portion was used directly as
the pump (w,) beam, and the other was introduced into a photonic crystal fiber (PCF) to generate SC with a
spectral range from visible to NIR. The laser source and PCF are assembled and packed as an integrated SC laser
source (Leukos, Limoges, France). After passing through several NIR-pass filters, only NIR spectral components
remained; these were used as the Stokes (w,) beam. Both the w, and w, beams were superposed and introduced
into the modified microscope (ECLIPSE Ti-U; Nikon, Tokyo, Japan). The w, and w, beams were tightly focused
onto the sample using a water-immersion microscope objective (CFI Plan Apo 60x NA 1.27; Nikon, Tokyo,
Japan), giving rise to a signal due to nonlinear optical processes. The laser power density at the sample position
was about 10 MW/cm? both for w; and w, laser. The sample was scanned to obtain images using a piezo stage
(LP-200; MadCityLabs, Madison, WI). Owing to the broadband spectral profile of the w, beam, we could obtain
a multiplex CARS signal (2w, — w,) simultaneously for all fundamental vibrational modes in the NIR region.
Moreover, the w, and w, beams also generated other nonlinear optical processes such as SHG (2w,), SFG (w; +w,),
THG (3w,), and TSFG (2w, +w, and w, + 2w,), which ranged from ultraviolet (UV) to the visible region (See also
Fig. S1). It should be noted that all signals were acquired simultaneously using a cost-effective sub-nanosecond
laser source'®*. The signals from the sample were collimated by another microscope objective (Plan S Fluor 40x
NA 0.6; Nikon, Tokyo, Japan) and divided by a dichroic mirror in such a manner that the UV-visible and NIR
signals were separately detected by two sets of spectrometers (polychromator (LS785; Princeton Instruments,
Princeton, NJ) equipped with a CCD camera (PIXIS-BR; Princeton Instruments, Princeton, NJ) and polychroma-
tor (Spectra-Pro320i; Princeton Instruments, Princeton, NJ) equipped with a CCD camera (PIXIS-B; Princeton
Instruments, Princeton, NJ) for NIR and UV-visible, respectively). In this study, penta-modal (CARS, SHG, SFG,
THG, and TSFG) label-free imaging was performed using the sub-nanosecond SC source. The exposure time
for each pixel was 50 ms, and the total image acquisition time was about 34 min for the images with 201 x 201
pixels (Fig. 1). The pixel dwell time in the present study is much longer than that of the typical SHG microscopic
setup using the high repetition-rate laser source (a few ps). In fact, that is the very point that we were able to
detect the very weak SHG signal from Rootletin. As shown in Fig. 3, the signal intensity is about 1/1000 of that
from collagen in sclera. Such a long exposure time is required to obtain the CARS signal with ultrabroad spectral
information. Although the total measurement time for image acquisition is 34 min (Fig. 1) and 85 min (Fig. 2b,c),
our setup is robust and stable enough to obtain multimodal images with high image contrast. The focal volume is
about 0.5pum and 2-3 um in the lateral and axial directions, respectively. The focal volume is large enough to sum
up the coherent signal inside the Rootletin filament, whose diameter is typically in the order of 100 nm.
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Bi-modal (SHG and TPEF) imaging by 775 nm excitation. Because the excitation wavelength of the
original custom-made penta-modal CNOM was >1064 nm, we could not excite typical fluorophores such as
Alexa Fluor 488. In order to achieve simultaneous measurement of SHG and TPEF signals, we incorporated
another pulsed laser source (KATANA LP; Onefive GmbH, Regensdorf, Switzerland) as the w; laser into the exist-
ing penta-modal CNOM (Fig. S2b). Typical wavelength, temporal duration, repetition rate, and output averaged
power were 775nm, 50 ps, 100 kHz, and 75 mW, respectively. As shown in Fig. S2b, the dichroic mirror in the
microscope was just replaced to introduce the 775 nm laser pulses. The laser power density at the sample position
was about 1 MW/cm?. The exposure time for each pixel was 500 ms, and the total image acquisition time was
about 85min (101 x 101 pixels).

Figure S5 shows a spectral profile of immunostained retina at the position of the SHG filament with 775 nm
laser excitation. Two bands were observed: a sharp and intense band at 388 nm, and a broad and weak band
around 520 nm with three peaks (440, 475, and 550 nm), corresponding to SHG and TPEEF, respectively. The
bands around 440 and 520 nm were assigned as TPEF due to DAPI and Alexa Fluor 488, respectively, with which
the tissue had been stained. On the other hand, the band around 475 nm was also observed in a non-stained sam-
ple. Therefore, it was assigned as auto-fluorescence. The existence of autofluorescence was also confirmed using
a hyper-spectral fluorescence imaging system (Nuance; PerkinElmer, Waltham, MA). It should be noted that the
autofluorescence was prominent only for tissue samples; it was weak or almost negligible for cultured cells. We
first decomposed the spectral profile of the TPEF signal into three bands corresponding to DAPI, Alexa Fluor
488, and autofluorescence, and then reconstructed the TPEF images of DAPI and Alexa 488. It should be empha-
sized that such detailed spectral decomposition can be performed using spectroscopic detection.

Cell culture and transfection. COS7 and U20S cells (ATCC, Manassas, VA) were cultured in DMEM
containing 10% fetal bovine serum. They were authenticated by species-specific PCR* or by short tandem repeat
(STR) profiling techniques, respectively. All cell lines were free from mycoplasma contamination, confirmed by
TaKaRa PCR Mycoplasma Detection Set (TaKaRa, Shiga, Japan). Transfection of plasmids or siRNAs transfection
was performed using ViaFect (Promega, Madison, WI) or Lipofectamine RNAiMAX (Life Technologies, Grand
Island, NY), respectively. Tetrahymena thermophila was maintained as a previous report™.

DNA constructs and siRNAs. Myc-tagged full-length human Rootletin was a gift from Erich Nigg
(Addgene plasmid # 41167)**. In a previous study, R1, R123, and R234-deletion constructs were generated
from mouse Rootletin and GFP-tagged>”; these constructs were thoroughly humanized, and the GFP tag was
replaced with Myc or FLAG to minimize side effects. Rootletin was depleted using siRNAs targeting the following
sequences (Life Technologies, Grand Island, NY): sequence 1 (Sq. 1), 5-GGGAGATTGTCACCCGCAA-3/; Sq.
2,5-GGCCTGCGGCAGCAAATAA-3'. Silencer Select negative control #2 siRNA (Life Technologies, Grand
Island, NY) was used as a negative control.

Antibodies. Antibodies were obtained from the indicated suppliers: goat anti-Rootletin for immunostain-
ing (sc-67824) and mouse anti-Rootletin for immunoblotting (sc-374056; Santa Cruz Biotechnology, CA);
mouse anti-acetylated tubulin (6-11B-1), mouse anti-FLAG (M2), and mouse anti-gamma-tubulin (T3559;
Sigma-Aldrich, St. Louis, MO); mouse anti-Myc (9B11; Cell Signaling Technology, Danvers, MA); and rabbit
anti-Pericentrin 2 (ab4448) and HRP-conjugated anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
ab9385; Abcam, MA). Species-specific secondary antibodies were conjugated to Alexa Fluor 488 or 555 (Life
Technologies, Grand Island, NY). Western blot analyses were performed as described previously*'.

Fixation, immunostaining, and standard fluorescence microscopy. F344/NSIc rats were purchased
from Japan SLC, Inc. (Hamamatsu, Japan). All animal experiments followed the Association for Research in
Vision and Ophthalmology guidelines and were approved by the Animal Care and Use Committees of University
of Tsukuba and Aichi Cancer Center Research Institute. A Rat eye was frozen in liquid nitrogen and cut at 20 pm
on a cryostat, mounted on coverslips (Iwaki Glass Co., Ltd. Tokyo, Japan), air dried, and fixed in 1% formaldehyde
for 15min. Cultured cells were grown on coverslips and similarly fixed, followed by permeabilization with PBS
containing 0.2% Triton X-100 for 15min. For immunostaining, they were blocked with 1% BSA/PBS for more
than 15 min and incubated with primary antibodies for 1h. After being washed with PBS three times, samples
were incubated for 30 min with secondary antibodies. DeltaVision system (GE Healthcare, Seattle, WA) was used
for standard fluorescence images, equipped with a microscope (IX70; Olympus, Tokyo, Japan), Plan Apochromat
60x/1.42 and 100x/1.40 NA oil immersion lenses (Olympus, Tokyo, Japan), and a CCD camera (CoolSNAP
HQ; Photometrics, Tucson, AZ). The images were obtained in Z sections at 0.2 pm intervals, deconvoluted, and
integrated using the soft WoRx software (GE Healthcare, Seattle, WA). Images were taken at room temperature
and further processed using Photoshop Elements 6.0 (Adobe, San Jose, CA) according to the Scientific Reports
guidelines. Conventional hematoxylin and eosin (H&E) staining was performed as described previously®'.

Transmission electron microscopy. COS7 cells cultured on coverslips were fixed with 2% fresh formal-
dehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, for 2h at room temperature. After
washing with 0.1 M cacodylate buffer, pH 7.4, they were postfixed with ice-cold 1% OsO, in the same buffer for
2h. The samples were rinsed with distilled water, stained with 0.5% aqueous uranyl acetate for 2h or overnight at
room temperature, dehydrated with ethanol and propylene oxide, and embedded in Polybed 812 (PolySciences,
Inc., Warrington, PA). After removal of coverslips using ice-cold hydrofluoric acid, ultra-thin sections were cut,
doubly stained with uranyl acetate and Reynolds’s lead citrate, and viewed with a transmission electron micro-
scope equipped with a charge-coupled device camera (JEM-1400 plus; JEOL, Tokyo, Japan).
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Statistical analyses. Results are presented as mean plus s.e.m., as specified in each figure legend.
Significance was calculated by double-tailed t-test using Excel (Microsoft, Redmond, WA). *P < 0.05, **P < 0.01,
*P < 0.005, and ****P < 0.001 were considered as statistically significant differences.
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