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Abstract

Project Code : RSA5980078

Project Title : Characterization of ciliary transport: assessment of overall structure of ciliary
pore complex and ciliary barrier of T.thermophila

Investigator : Puey Ounjai, Department of Biology, Faculty of Science, Mahidol University

E-mail Address : puey.oun@mahidol.edu

Project Period :

Cellular communication is an important factor that control cell fate. The reception and distribution
of signal in eukaryotic cell often involved a unique organelle called cilium. However, the control
mechanism for cilia formation is still unclear. In this research, we thus exploited biochemical and
biophysical approaches to characterize the dynamic nature of ciliogenesis in eukaryotic organism
including T. thermophila and C. reinhardtii. We proposed a two-step model of ciliogenesis. (l) the
growth of the axonemal structure and the maturation of the distal tip complex. The three
dimensional structure of the ciliary distal tip provided unique insights on the site of protein complex
that regulate the activity of IFT machinery, the transport complex responsible for protein trafficking
in and out of ciliary compartment. Furthermore, in order to advance our understanding regarding
the impact of microenvironment in the fate determination of stem cell, we established a protocol
to isolate the intact extracellular matrix from highly regenerative animal, freshwater flatworm.
Recellularization revealed that the ECM structure could support the survival of microinjected stem
cells. Proteomic characterization and RNAI screening identified a few proteins of ECM that are
important not only in tissue homeostasis but also organ regeneration. This work lays foundation

for a better understanding of the mechanism of fate determination of stem cells.

Keywords: ciliogenesis, cilia, microenvironment, extracellular matrix



Executive summary

Cilium is a cellular projection protruding out from the cell membrane of almost all animal cell
types. Not only it is implicated in the cellular motility but also in the sensing of external
environmental cues. Due to its essential role in cellular communication, cilium is extremely
important for proper organ development and the maintenance of organ functionality. Defects in
cilium function can cause myriad of severe non-communicable diseases so-called ciliopathies
which include early onset retina degeneration, polycystic kidney disease, etc.

There are two major kinds of cilia, motile and non-motile. The structure of motile cilia is based
on the “9+2” arrangement of 9 microtubule doublets and (usually) 2 microtubule singlets. The
sliding of microtubule doublets against each other driven by the dynein motors provide motility of
the organelle. Primary cilia, on the other hand, are non-motile and are proposed to be implicated
in sensing of chemical cues and act as cellular antenna. In any case, the motile cilia have also
been shown to be involved in various chemical and mechanical signaling processes.

In order to advance understanding of ciliary permeation and scrutinize the mechanism of
ciliogenesis, our aim was to elucidate the structure of the ciliary pore complex using cryogenic
electron microscopy. Unfortunately, due to unexpected shortage of the microscope time, we have

to take the indirect routes to characterize the dynamic of ciliary formation.

Project 1: Characterization of ciliary growth dynamics and 3D structure of ciliary distal tip complex
To characterize the growth dynamics of the ciliary structure, the deciliation protocols suitable for
extraction of cilia from different organisms were developed and the recovery of ciliary length were
determined. Using negative stain electron microscopy, the shape of complex distal tip of different
ciliary structure were visualized. We developed an algorithm to classify and identify different
stages of the ciliary tip maturation based on the tip structure. To our surprise, at least 2 steps in
the ciliogenesis was identified (1) the regrowth of ciliary axoneme to a proper length and (lIl) the
maturation of ciliary distal tip.

Cryo-electron tomographic reconstruction revealed the first overall 3D architecture of ciliary distal
tip. Based on the reconstruction, we suggested that the proposed locations of the remodeling
complex for intraflagellar transport (IFT) complex need to be revised. Further attempt has been
conducted to established a method to deciliate and purify the ciliary structure from animal model,
planarian. We found that treatment with low percentage of ethanol could relatively well deciliate
the animal without killing them. Such approach could be further developed as a method for

characterization of ciliogenesis in animal.

Project 2: Isolation and characterization of microenvironmental factors from planarians
In order to further characterize the effect of external factors in determining cell fate, we further
developed a method to isolate and characterize the extracellular matrix (ECM) in animal with high

regenerative potency, freshwater planarians. An ECM-body can be successfully isolated. The



cell-free scaffold appears translucent yet it contains all the internal features, resembling the
structure of intact planarian. Furthermore, microinjection suggested that ECM-body can be utilized

as biomimetic scaffold for cell culture as it may support survival of injected neoblasts.

Objectives (revised)

1) To characterize the dynamic or ciliary regrowth using electron microscopy and computer vision.
2) Determination of the three-dimensional structure of the ciliary distal tip.

3) Establishment of a method for characterizing microenvironmental effect in animal model with

high regenerative ability.

Methodology

Project 1: Characterization of ciliary growth dynamics and 3D structure of ciliary distal tip complex
Cell Culture & Animal Culture:

T. thermophila strain B8026 and SB711 were grown in either PPYS or modified Neff's media. To
prepare cells for cilia isolation, stock culture cells were inoculated in SSP media and allowed to
grow for 24 h at 30°C, with shaking. The volume of SSP media was then increased eight-fold
and cells were cultured for another 24 h under these conditions. Cells were then spun down at
700xg and then transferred to an equal volume of starvation media (10 mM Tris-HCI, pH = 7.5)
and cultured for 18 to 20 h before deciliation.

C. reinhardfii algae, strain CC-137+ were cultured in TAP media at room temperature. A light/dark
cycle of 18 h/6 h was used. Cells were grown to approximately 1x10° cells/ml, and approximately

150 ml of cells were used for each deciliation.

T. thermophila Cilia Isolation:

To ensure that cilia from the same sample were at the same stage of growth, an initial deciliation
was performed. It was determined through pilot studies that cells deciliate most completely using
a modified version of the dibucaine method (Thompson et al., 1974). Briefly, cells were spun
down at 600xg for 7 minutes and re-suspended in half of their growth volume of starvation media,
and dibucaine-HCI was added to a concentration of 300 uM for a 5-minute incubation. Then,
fresh starvation media was added to double the volume immediately before pelleting cells at
1200xg for 5 minutes. The deciliated cells were suspended in the original volume of fresh
starvation media for the regrowth period. After allowing the cilia to regrow for a specified time
between 35 minutes and 6 h, the second deciliation was performed. The second deciliation was
identical to the first deciliation, except the dibucaine concentration was 450 uM. After the 5-minute
dibucaine-HCI incubation, glutaraldehyde was added to 0.025% and EGTA was added to 0.5 mM
for a 30 s incubation. Then, an equal volume of 4% sucrose in ice-cold starvation media was
added to dilute the dibucaine, and all subsequent steps were performed at 4°C. The sample was

centrifuged at 1550xg for 7 minutes to pellet cell bodies. The supernatant was recovered and



centrifuged at 1550xg for 7 minutes again. The supernatant was recovered and centrifuged at
17,000xg for 40 minutes to pellet cilia. The final pellet containing isolated cilia was suspended in

a minimal volume of starvation media for plunge-freezing.

Chlamydomonas reinhardfii Flagella Isolation:

Due to the fact that C. reinhardfii could not survive the dibucaine deciliation method, so the pH-
shock method was employed for the first deciliation (Craige et al., 2013). Briefly, cells were
centrifuged at 600 g for 5 minutes and re-suspended in one-tenth their growth volume in fresh
TAP media, and acetic acid was used to rapidly drop the pH from neutral to 4.5 for 60 s. Then,
the media’s pH was rapidly neutralized with aqueous KOH. Fresh TAP media was added to
double the volume, and cells were pelleted before resuspension in fresh TAP media. After
allowing the cilia to regrow for a specified time between 35 minutes and 3 h, the second deciliation
was performed using the dibucaine method, with the following modifications. The cells were
concentrated to one-eighth the original volume in modified HMES buffer (10 mM HEPES, 5 mM
MgSO,, 0.5 mM EGTA, and 2% sucrose, pH = 7.4), plus 0.025% glutaraldehyde, and 625 uM
dibucaine was used for deciliation. The cilia were isolated in the same manner as the

Tetrahymena, except the final centrifugation was at 31,000xg for 30 minutes.

Negative Staining Electron Microscopy:

Preparation of isolated cilia for negative staining TEM observation was carried out using 400-
mesh copper grids with a thick, continuous carbon coating that had been glow-discharged for 60
s immediately before sample deposition. A 3.0 ul aliquot of specimen was applied to the grid for
90 s. The specimen was blotted, and 1% uranyl acetate was applied to the grid for 90 s. The
grid was then blotted and allowed to dry for at least 1 h before transferring into a JEOL-JEM1400
electron microscope operating at 100 keV. For each of the areas of interest, the z-height was
adjusted to eucentric position before taking images to ensure magnification accuracy.

Micrographs were taken at 8000X magnification and were analyzed using ImageJ.

Analysis of ciliary tip region diameter:

The analysis of the tip region of isolated cilia in negatively stained micrographs was
performed using a set of custom-written Java programs. A detailed description is provided in the
supplementary material. Briefly, micrographs were contrast-inverted and then bandpass-filtered
to enhance the cilium’s edge contrast. Then, a polyline was drawn along the central axis of each
cilium, starting from the absolute tip, and a width-determination program generated a diameter
profile. An interpolating polynomial curve of degree six was fit to the diameter profile, and the
location where the slope decreased below 0.0532 (equivalent to a 1.5° incline on each side) is
used to define the position separating the mature full diameter region with the cilium tip region of

an increasing dimeter (shown as the arrows in Figure 2). Then potential lengths were reported.



From these potential lengths, the cilium’s tip region length was measured by determining which
potential length agreed with the original micrograph. Parameters for the best-fit curves were
determined using the nonlinear least-squares Marquardt-Levenberg algorithm implemented in
Gnuplot. With the above strategy, a set of Java programs were written as a plug-in package for

Imaged (Schneider et al., 2012) and used for this analysis.

Characterization of developing cilia and ciliary tip regions:

In order to characterize ciliary development using the length of the entire cilium and the length of
the tip region, average lengths of these features were plotted as functions of time. The ciliary tip
region measurements appeared to exhibit the following characteristics: the ciliary tip region
started at length zero, and it then sequentially reached a local maximum, an inflection point, and
asymptotically approached a final length. Based on these conditions, a curve of best fit was
determined using a quotient of two trinomials of the form (ax*3+bx"2+cx)/(dx*3+ex"2+fx+g). From
these curves, the local maxima and horizontal asymptotes were determined. In order to
characterize the length of the entire cilium as a function of time, we fit our data to the solution to

the differential equation described in (Marshall and Rosenbaum, 2001).

Cryo-EM sample preparation:

Preparation of isolated cilia for cryo-EM observation was carried out using 300-mesh copper grids
with a thin, continuous carbon coating that had been glow-discharged for 30 s immediately before
sample preparation. A 2.5 pl aliquot of 0.1% poly-L-lysine (w/v in water) was applied to the grid
for 1 minute. The grid was blotted, and subsequently washed twice in water. Then, water was
applied to the grid a third time, and the grid was loaded into the Gatan CryoPlunger3. The grid
was blotted, and a 2.5 pl aliquot of cilia specimen that had been mixed 3:1 with 15 nm gold
particles was applied to it for 20 s. Then, single-side blotting was used to blot the grid for 6.0 s
before plunging into liquid ethane at -174°C. The frozen grids were stored in liquid nitrogen until
loaded into a JEOL-JEM3200FSC/PP electron microscope. Data were acquired using either a

CCD camera or a Gatan K2 Summit direct-electron detector.

Cryo-ET data collection and processing:

All electron tomographic tilt series data sets were collected using SerialEM (Mastronarde, 2005)
with a tilt increment of 2 or 3 degrees. The JEM-3200FSC was operated at 300 keV with zero-
loss energy filtering, slit width 24 eV. The pixel size on the specimen was 0.36 nm and the total
electron dose was about 70 e-/A2. Images were recorded at a target underfocus between 4 and
8 um on a K2 Summit direct-electron-detection camera (Gatan, Pleasanton, CA) with 5 to 8
frames per second during an exposure time of 1 to 1.5 sec. Frame alignment was carried out

with the “Unblur & Summovie” package (Brilot et al., 2012; Campbell et al., 2012; Grant and



Grigorieff, 2015). Tomographic reconstruction was carried out using Etomo/IMOD (Kremer et al.,
1996)

Scanning electron microscopy:

Tetrahymena samples collected from different time points of regrowth after deciliation were fixed
by 1% glutaraldehyde and placed in pre-processed aluminum carriers from the M. Wohlwend
GmbH, Engineering office. Before adding 7efrahymena cells, the carriers were carbon coated
and glow discharged (two minutes) followed by treatment of poly-L-lysine coating to increase cell
attachment. The Tefrahymena cells in the carriers were subjected to a six-step gradient
dehydration of ethyl alcohol (10%, 20%, 40%, 70%, 90%, and 100%) followed by critical-point
drying using Samdri-795 with a 15 minutes purging process. Afterwards, the samples in the carrier
were fixed on conductive stubs with silver glue and gold-coated for 45 seconds using a
CRESSINGTON Sputter Coater. SEM images were captured at 2kx, 5kx, and 10kx magnifications
using Secondary Electrons Secondary lons detector of a ZEISS NEON 40EsB High Resolution

Dual Beam Scanning Electron Microscope.

Project 2: Isolation and characterization of microenvironmental factors from planarians

Animal culture:

D. japonica and local Thai planarians were maintained in an autoclaved spring water tank at room
temperature (24 °C) and were fed with chicken liver twice a week. Autoclaved spring water was
changed a couple hour after feeding to prevent water spoiling. S. mediterranea was maintained
in 1X Montjuic salt solution, as described previously for a classical static culture procedure
(Newmark and Sanchez Alvarado 2000).

Planarian ECM isolation:

Seven-days starved animals, 0.3-1.0 cm in size, were collected from the tank. This protocol was
designed for 20 planarians. Planarians were terminated and stabilized by gently dropping them
one at a time into the stabilization solution. The plate containing planarians in stabilization solution
was incubated at 4 °C for 1 hr without shaking. After stabilization, the solution was replaced with
40 ml of decellularization solution | for 18 hr at 4 °C. To ensure complete decellularization, the

solution was replaced with 40 ml decellularization solution Il for 2 hr at 4 °C.

Scanning electron microscopy:

Planarian ECM sample were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate pH 7.2
at 4 °C and washed with 0.1 M sodium cacodylate buffer pH 7.2 at 4 °C. Next, ECM were fixed
with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 hr at 4 °C. The samples were

next washed with 0.1 M sodium cacodylate buffer pH 7.0 at 4 °C. Worms were dehydrated by



soaking in a series of concentrations of ethyl alcohol at 30%, 50%, 70% 80%, 90% and 95% for
15 min each, at 4 °C. Finally, absolute ethyl alcohol was used to replace the last 95% ethyl
alcohol solution at 4 °C. A residual ethyl alcohol was removed using critical point drying (CPD).
The samples were mounted on stubs with double-coated conductive carbon tape. Specimen was
coated with Pt-Pd for 4 min using ion sputter before observing under JSSM-6510 Series Scanning

Electron Microscope (JEOL, Japan). The sample were visualized using Hitachi SU8000.

Nuclear visualization:

Isolated extracellular matrices as well as intact animals are transferred into 24-well plate. A
coverslip was added at the bottom of each well. Worms were treated with 5% N-Acetylcysteine
for 10 min at RT to terminate them and, wash away excess mucus. The samples were fixed in
0.8% formaldehyde (Sigma-Aldrich, MO) for 1 hr at 4 °C. The samples were rinsed twice with
PBST, which is PBS supplemented with 0.3% Triton X-100 (Sigma-Aldrich, MO). Samples were
then incubated for 2 hr in a permeabilizing solution composed of 1X PBS and 0.5% Triton X-100
at 4 °C and then rinsed thrice with PBST prior to be stained with 1:400 DAPI solution (Invitrogen,
Carlsbad, CA). The samples were then incubated in PBST in darkness for 1 hr at room
temperature. Stained specimen was then washed 5 times in PBST, for 5 min each. The samples
were then incubated in 80% glycerol for 30 min at 4 °C. Finally, samples were transferred and
mounted using 80% glycerol on a clean glass slide. DAPI-stained samples were visualized using
an Olympus BX53 fluorescent microscope (Olympus, Singapore). For the samples stained with
Hoechst 33342, the samples were fixed with 4% paraformaldehyde, 5% methanol, PBS for 20
min, followed by double washing in PBST, for 10 min each. Subsequently, the solution was
replaced with 1:2000 Hoechst 33342 in 1xPBS and incubated for 10 min. The samples were

observed under Fluoview FV3000 confocal laser scanning microscope (Olympus, Singapore).

Neoblast isolation and microinjection:

Planarians were cut into 3-4 fragments using a clean scalpel. The fragments were then
soaked in Holtfreter’s solution diluted in distilled water. The fragments were further subjected to
physical mincing and treatment with 0.25% trypsin for several minutes at 20°C. Cells were
dissociated by gentle pipetting up and down several times. The dissociated cells were filtered
through a 35 [Am pore size cell strainer and 20 JAm nylon net filter to remove tissue fragments.
Single-cells suspension was stained with Dye Cycle (Invitrogen, Carlsbad, CA) for 30 min at room
temperature. Flow cytometric analysis was performed using a BD FACS Melody Cell Sorter
(Becton-Dickinson, Franklin Lakes, NJ). X-ray-sensitive neoblast cell or X1 fraction were isolated
and utilized in a microinjection. X1 cells (1x10°) could be temporarily maintained in 24-well plates
in 1 ml culture medium on a rotary shaker at 20 °C in CO2 incubator. The cells were collected
by centrifugation at 300xg for 7 min. Aggregated cells (10 JAI) were drawn into a capillary glass

of the injector. ECM was placed firmly on a black sterile filter paper for the injection. The cells



were then injected into posterior and anterior parts of a pharynx. After the injection, ECM was
transferred gently into a LCDM and expanded-potential stem cells medium cocktail (EPSCM,
Yang et al. 2017) and cultivated at 24 °C in a CO2 incubator.

Proteomics analysis:
Isolated ECM-body was subjected to digestion including alkylate reduction and the treatment with
PNGaseF Lys-C/Trypsin. Mass spectrometer was performed by Q-Exactive Plus (QE+). Peptide

and protein identification was analysed using ProLuCID DTASelect software pagkage.

RNAI food preparation

The workflow for RNAIi screening was illustrated in Figure 3.4. One planarian was expected to
ingest 1 [l of food in one feeding. In the experiment, 130 [l of food was produced to sustain
three feeding cycles. Firstly, bacteria expressing the plasmid containaing the region for dsRNA
synthesized under T7 promoter was incubated overnight at 37 °C in 5 ml of 2xYT with kanamycin
and tetracycline. For large-scale RNAi food preparation, the 2xYT bacterial culture was scaled
up to 30 ml. After overnight incubation, 30 ml of fresh 2xYT with kanamycin and tetracycline was
prepared in 50 ml conical tubes. Bacteria solution was aliquoted in 3-4 ml and seeded into 30 ml
of fresh 2xYT with Kan and Tet. The 50 ml tube was incubated at 37 °C for 1 hr or until OD600
value of medium reached 0.5-0.8. Isopropyl B-D-1-thiogalactopyranoside (IPTG) at the final
concentration of 1 mM was added into the tube to activate dsRNA synthesis for 2 hr. After 2 hr
of incubation with IPTG, the tube was centrifuged at 4,000 xg for 6 min to bring down the bacterial
pellet. The residual 2xYT medium was removed and aspirated to prevent food rejection by the
planarians. Next, liver mixture was prepared by dissolving 2 volume of liver puree into 1 volume
of planarian water. Food colouring was added to a puree (1 M of food coloring per 30 U of
mixture). The coloured liver puree was added to the bacteria pellet. It was critical to mix the liver
puree and bacterial pellet thoroughly since it could affect RNAi knockdown efficiency. RNAI food

was aliquoted into microtubes and kept in -80 °C prior to feeding.

Homeostasis and regeneration assays

In order to assess a phenotype of RNAI planarians, two approaches were used: homeostasis and
tissue regeneration assays. Briefly, a homeostasis assay aimed to investigate whether the gene
targeted by RNAi was involved in tissue homeostasis without any injury or amputation. Moreover,
it was used for studying tissue turn-over in planarian resulting from neoblast cellular activities,
such as proliferation or apoptosis. For the homeostasis assay, the worm was observed for couple
days after the last feeding of RNAIi. Any signs of dysregulated body plane or of lysis were
considered as a defect phenotype. Defects also included the topology of the epithelial surface on

the dorsal side. Appearance of lump(s), disintegration, color changing, or morphology distortions



were also considered a defect phenotype. Ultimately, worms that showed no sign of responses
to any poking or disturbance would be considered as dead.

A regeneration assay aimed to investigate whether the RNAi-targeted gene was involved in the
tissue regeneration process, including wound healing, or in the cellular activities of neoblasts,
such as proliferation, migration, differentiation, or apoptosis. Planarians were observed for 1, 3,
5 7,9, 11, and 14 day after sagittal amputation. Any signs of incomplete or lack of a newly
regenerated tissue (blastema) were considered a defect phenotype. Moreover, absence of eye
spot and/or pharynx were included as well. Besides, lump, disintegration, color changing, or
morphology distortion were also considered defects. Eventually, worms that showed no sign of
responses to any poking or disturbance would be considered dead. A number of defective
planarians based on the homeostasis and regeneration assays were recorded and the graph of
survival rates was constructed. There were at least three biological replicate analyses for each

RNAi-targeted gene in the survival determination experiment.

Irradiation of the animal
Two to four millimeters sized planarians were starved for 7 days prior being subjected to gamma
ray irradiation in GammacCell 40 Exactor irradiator for 1,250 for sub-lethal exposure or 6,000 rad

for lethal exposure.

Whole-mount /n situ hybridization (WISH):

Planarians were treated with 5% N-acetyl cysteine (NAC) in 1X PBS solution for 5 min at RT.
NAC is a mucolytic reagent that both terminate a worm and remove mucus from the worm surface.
NAC was replaced with a fixative solution (4% formaldehyde in 1XxPBST, 0.5% Triton X) for 1 hr
at RT. The fixative was removed, and worms were rinsed twice with PBST (0.5% Triton X) for 10
min each. PBST was replaced with a 50% methanol solution for 10 min at RT. Next, 50%
methanol was removed, and the worms were rinsed twice with 100% methanol for 10 min each
at RT. Samples were stored in 100% methanol at -20 °C prior to use. On the next day, 100%
methanol was replaced with 50% methanol for 5 min at RT. 50% methanol was replaced with
PBST (0.5% Triton X) for 10 min at RT. PBST was replaced with bleach solution under a light
directly for 90 min at RT. Worms then were rinsed twice with PBST (0.5% Triton X). PBST was

replaced with Proteinase K solution (2 Hlg/ml) for 10 min at RT. Proteinase K solution was
replaced with 4% fixative solution for 10 min at RT. Fixative solution was removed and the
samples were rinsed with PBSTx (0.5% Triton X) twice for 10 min each at RT. The samples were
incubated in 1:1 PBSTx : Prehyb solution for 2 hr at 54 °C. Prehybe solution was replaced with
riboprobe mix for 16 hr at 54 °C (1 ml of hyb solution / 1[I of riboprobe). Samples were then
washed intensively several times with hyb solution (0.5% Triton X) three times for 20 min at 54°C.
Samples were then washed with 1:1 wash solution (0.5% Triton X) : 2x SSC (0.1% Triton X)
three times for 20 min at 54°C and with 2x SSC (0.1% Triton X) three times for 20 min at 54 °C.



Samples were washed with 0.2x SSC (0.1% Triton X) three times for 20 min at 54 °C. Lastly,
samples were washed with MABT buffer three times for 20 min each at 54 °C. Then, samples
were blocked with 5% horse serum plus 0.5% Roche western blocking reagent in MABT for 2 hr
at RT with rocking. The samples were incubated with the appropriate antibody overnight at 4 °C
(Anti-DIG-AP 1:3000 in 5% horse / 0.5% Roche western blocking reagent in MABT). Samples
were washed 6 times in MABT for 2 hr at RT. The samples were incubated in AP buffer for 1-2
min following with incubation in EQ buffer for 10 min and DEV buffer + NBT/BCIP until the signal
appeared. The reaction was stopped by rinsing with 1X PBS twice. Samples were fixed with 4%
fixative solution in PBST (0.3% Triton X). The background was cleared by incubating in 100%
ethanol. Samples were replaced with 50% ethanol in 1x PBST for 5 min. The solution was
replaced with 1X PBS until the worm sank. Lastly, the sample was mounted in 80% glycerol for

visualization.

Results

Project 1: Characterization of ciliary growth dynamics and 3D structure of ciliary distal tip complex
Tips of growing cilia display a morphological progression during development

To investigate ciliary development, 7efrahymena were deciliated using the dibucaine-HCI method,
and cells recovering their cilia at different time points were examined using scanning electron
microscopy. We found that cilia exhibit diverse tip region morphologies throughout their
development.

Tetrahymena cilia exhibit several distinct morphological features as they develop. During the
initial phase of ciliary regrowth, cilia are typically less than two microns in length, and they have
a hemi-capsule morphology as they emerge from the ciliary pocket (Fig. 1a-c and 1g-i). In
agreement with previous studies(Rannestad, 1974), somatic cilia regrow uniformly along rows
following a complete deciliation event. There is also a period of rapid growth between 10 and
135 minutes. As early as 20 minutes after deciliation, the distal ciliary region begins to extend a
pointed tip (Fig. 1c and 1i). This ciliary tip region extension coincides with elongation of the whole
cilium (Fig. 1d-e and Fig.1j-k). At later time points, ciliary tip regions exhibit shorter lengths (Fig.
1f and Fig.1l). Proximal to this tip region, the cilia appear to be of constant diameter. Taken
together, these observations suggest that the tip region undergoes a consistent remodeling
process as the cilium develops. However, resolution limits and variations in three-dimensional
orientations of the ciliary tips make it difficult to characterize this dynamic morphology
systematically using scanning electron micrographs. In order to view developing ciliary
ultrastructure in detail, we expanded these studies using negative-staining transmission electron

microscopy.
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Fig 1 Structural dynamic of cilia development after deciliation from 5 to 240 min (A-F). The expand

views of cilia from (A-F) are shown in (G-I) respectively.



The ciliary tip diameter profile progressively transitions during cilium development

To validate and further characterize this time-dependent morphological transition, we used
negative-staining EM on re-growing cilia isolated from T7efrahymena (Fig 2). The micrographs
provided sufficient morphological detail for a quantitative description of ciliary ultrastructural
features. Typical morphological features of the growing cilium include a thin diameter at the distal
end, followed by a region of increasing diameter, until the cilium reaches full-width (Fig. 2a -2g).
It appears that the ciliary region intermediate to the absolute tip and the point of full width is a
developing zone lacking the full complement of axonemal components. Portions distal to the
mature regions are considered part of the ciliary tip region.

In order to define the transition point between the developing zone and the mature regions
objectively, we designed a systematic method and composed a set of customized Java programs
as a plug-in package for Imaged (Schneider et al., 2012), as briefly described in the method
section. An explanation of the theory and implementation of this method is summarized in the
supplemental text. Using this method, the length of the developing region can be defined
objectively, and the progress of the tip region’s development can be described based on the
length of the developing regions at the tip. Fig 2 shows representative isolated cilia (Fig. 2a-29),
along with their processed images (Fig 2a’-2g’), diameter profiles (Fig. 2h-2n), and derivative
plots (Fig. 20-2u). The arrows in panels indicate the end of the ciliary tip region, as defined above.
This quantitative measure clearly shows that the length of the ciliary tip region changes over the
8 h regrowth period. In the beginning of cilia growth, the length of the ciliary tip region elongates
and reaches its maximum length after around 135 minutes of regrowth (Fig. 2d). After this
maximum length is reached, the ciliary tip region slowly decreases in length until the cilia exhibit
short-tipped morphologies (Fig. 2f and 2g). This development process takes place over the course
of several hours, with the stable, short-tipped morphologies being present around 5 hours after
the initial deciliation.

From these profiles, differences in diameter trends become clearer. In general, cilia with the
longest tips (such as those shown at 60, 135, and 180 minutes) had very thin extensions (Fig.
2c-2e); oftentimes cilia with tip regions around two microns had diameters as thin as 75 nm. In
ciliary tip regions with these very narrow extensions, a bulging of the very distal portion was
occasionally visible, apparently due to the FTC. Meanwhile, cilia with shorter tip regions (such as
those shown at 35 and 300 minutes) typically displayed wider, though still thinner than full-width,
tip regions. In agreement with typical ciliary diameters, all cilia had full diameters between 200
nm and 300 nm, suggesting that negative staining produced minimal artifacts affecting ciliary
diameter. In all of the isolated cilia, the FTC was clearly seen, indicating that the flagellar tip
complex assembles at the distal ciliary tip region within 20 minutes of ciliary re-growth, and that
the FTC persists throughout the cilium’s lifetime. Lastly, many ciliary diameter profiles exhibited
a stepped appearance. This could potentially be due to uneven termination of axonemal MTDs

in the tip region.
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Fig 2 Different morphological ultrastructure of the distal ciliary tips. The arrows in both images
indicate the beginning of the tip region. The algorithm can be used quite successfully in identify

the stage of growth of cilia distal tip regions.



In order to determine whether these observed morphological characteristics are conserved among
protists, isolation and width profile determination experiments were replicated using re-growing
cilia from C. reinhardtii. Overall, Chlamydomonas exhibited a similar trend of the ciliary tip region
growing in length before decreasing in length. However, Chlamydomonas cilia did not typically
exhibit diameters below 100 nm, and the tip regions were typically less than 20% of the total
ciliary length. Therefore, Chlamydomonas cilia exhibit a similar, though less dramatic, tip region

growth trend.

Development of the ciliary tip region continues after the cilium reaches full length

Previous investigations into ciliogenesis primarily studied length of the entire cilium during the
elongation phase and/or cell motility(Hadley and Williams, 1981; Jarvik and Rosenbaum, 1980;
McVittie, 1972; Rannestad, 1974; Rosenbaum et al., 1969). In order to consider tip region
development in the context of the growing cilium’s length, we determined both the average ciliary
tip length and the average length of the entire cilium at different times of regrowth.

The method described above was used to measure the average length of the ciliary tip region
from at least 27 cilia isolated at different time points for each cell type. As shown in Fig. 3, the
ciliary tip regions of both Tefrahymena and Chlamydomonas initially extend outwards reaching a
maximum length of over 2 microns at 135 minutes for 7efrahymena (Fig. 3a) and a maximum
length of 1.3 microns at 150 minutes for Chlamydomonas (Fig. 3c). After the tip region reaches
its maximum length, it decreases in length until it asymptotically approaches 1070 nm in
Tetrahymena and 680 nm in Chlamydomonas. Based on the rate of change, in both species, it
takes approximately six hours to reach full, mature tip length. The results of these flagellar
regeneration kinetics experiments on the full length of both Tetrahymena and Chlamydomonas
cilia closely follow previously reported trends (Hadley and Williams, 1981; Rosenbaum et al.,
1969). We find that in both species, an initial, rapid growth rate is followed by a plateau phase,
in which cilium length remains constant. Furthermore, the full-length of cilia isolated from both
Tetrahymena and Chlamydomonas followed previously modelled regeneration kinetics (Marshall
and Rosenbaum, 2001). T7efrahymena cilia reach a full length of 6.5 microns, while
Chlamydomonas cilia reach a full length of 10.7 microns.

Upon comparison of the ciliary tip region and whole cilium length profiles, it becomes clear that
tip region development and maturation continue long after the cilium has reached full length.
Although the whole cilium grows to full length slightly after one hour after deciliation, it takes
approximately six hours for the ciliary tip region to establish a stable length. The time scale of

this process is much longer than polymerization rates of tubulin on MTDs (Binder et al., 1975).
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Fig 3 Reciliation rate and cilia maturation of 7efrahymena and Chlamydomonas.

Fig 4 Different morphological ultrastructure of the distal ciliary tips. The arrows in both images
indicate the beginning of the tip region. The algorithm can be used quite successfully in identify

the stage of growth of cilia distal tip regions.



Structural features of the growing cilium tip

Conventional EM has revealed the tip structure of mature T7efrahymena cilia (Dentler, 1980;
Dentler and Rosenbaum, 1977; Gaertig et al., 2013), in which the longest portion is the central
pair microtubule singlets capped by a ball-shaped FTC resembling a post-light, and the central
pair complex is surrounded by 9 microtubule doublets forming a cylindrical configuration. At the
distal ends of the microtubule doublets, the complete A-tubule extends farther and is stabilized
by a globular protein complex that links to the ciliary membrane by fibrous proteins known as
distal filaments. We performed an electron tomographic study on the cilium tips of re-growing cilia
to better understand the tip structure in the regrowth phase.

Our EM study demonstrates that the overall structure of the growing tip is largely similar to the
architecture of the mature cilium tip; however, the more proximal portion of the ciliary tip region
differs from the mature cilium. The growing axoneme’s most distal components are two
microtubule singlets of the central pair complex and a FTC that caps the central pair microtubule
singlets together. Previous studies have used splayed cilia as indications of axonemal
composition in the tip region(Sale and Satir, 1976), and during specimen preparation, isolated
cilia occasionally displayed membrane damage localized to the tip region. This resulted in a
splaying of the tip region’s contents, while the remainder of the cilium remained intact. These
frayed tip regions allowed for easier visualization of the ciliary tip region’s components. Fig. 4a
shows that the zone approximately 50 to 400 nm proximal to the FTC is occupied by the central
pair microtubules and extended A-tubules. Notably, the A-tubules extended into the ciliary tip
region appear undecorated, whereas axonemal spacer proteins (radial spokes and outer dynein
arms) are usually visible under cryo-EM (Kishchenko et al., 2015; Lin et al., 2012; Oda et al.,
2014; Pigino et al., 2011). This observation, along with the absence of B-tubules suggests that
the developing ciliary tip region lacks a full complement of axonemal proteins. While splayed
ciliary tip regions provide clear visualization of the ciliary tip region’s contents, it is possible that
these features could be artifacts caused by membrane disruption.

A more detailed, native state of the developing ciliary tip region was achieved via cryo-ET.
Tomograms of developing cilia allow us to verify that like in the matu(Kishchenko et al., 2015)re
cilium, the FTC is positioned in the most distal region of the cilia, as shown in the cross-section
of a cryo-tomogram of a 3h-regrowth cilium tip (Fig. 4b). At the tip of the growing cilium, the FTC-
capped central pair is surrounded by a set of long microtubule singlets, not the standard nine
doublet microtubules. These singlets are extensions of the MTD’s A-tubule. These microtubule
singlets are visible in the tomogram (Fig. 4b), and they are clearly shown in the frayed tip (Fig.
4a). In the tomogram of Fig. 4b, the B-tubules are over one micron away from the FTC. Lastly,
we observed that the central pair often has a left-handed twist approximately 0.5 microns from

the distal tip region (marked by red lines in Fig 4b).



Project 2: Isolation and characterization of microenvironmental factors from planarians

Deciliation of planarian cilia

In order to develop a new animal model for studying ciliogenesis, we pursued our experiment on
freshwater planarians. All the standard deciliation protocol including dibucaine and pH shock were
utilized in order to induce cellular autotomy in planarians. It was clear that neither of the protocol
could yield effective deciliation of the flatworm (B-D). Treatment with low percentages of ethanol,
however, not only allow a more uniform distribution of deciliated regions. Density analysis clearly
showed the marked decrease in the number of cilia after the treatment. Notably, almost all of the
worms treated with low concentration of alcohol appeared to be survived and could regrow the

cilia back.

Isolation of planarian ECM

The isolation of planarian D. japonica ECM was done using the protocol summarized in Fig 6A.
It was clear that the isolation of ECM from planarian release the translucent scaffold resembling
the shape of the worm (Fig 6B-D). The organ organization inside the worm remained largely
intact (Fig 6C-D). Nuclease treatment of the ECM-body could provide an extra step to remove a
potential small nucleic acid fragments that could remain trapped inside the ECM. The
decontamination of ECM was done with extensive washing in sterile culture media. Upon
incubation of sterile ECM in media for 4 days, the media was still clear with no apparent change
in color (Fig 6F) . PCR based Mycoplasma detection was performed and confirmed that there
was no mycoplasma presented in the isolated ECM-body (Fig 6G). Nuclear staining revealed that
no residual cell was remained inside the scaffold (Fig 6E). We further microinjected X1-sorted
neoblasts into the scaffold The force introduced by microinjection of X1-sorted neoblast into the
scaffold could cause some distortion and/or swelling in the ECM body (Fig 6 H). The nuclear
staining results of the recelluarlzed ECM further consolidated that the ECM could potentially be
helpful house the microinjected cells could remain inside the scaffold for at least 4 days as

shown in Fig 6I-K.

RNAi Screening

73 genes were selected from the proteomic inventory of decellularizing planarians for RNAi
screening. To silence the gene, feeding silencing method was used. The worms were fed every
three days for a total of ten times. Upon the completion of RNAi feeding, planarians were
proceeded cut in homeostasis or regeneration assay.

Based on RNAI screening in homeostasis assay, it was clear that knock down of tolloid-like
protein 1(#/) and kyphoscoliosis peptidase (k) result in aberrant homeostasis (Figure 8). The /-
knockdown worms showed the presence of three streaks lined from an anterior to posterior axis.

Body of the worms was clearly curling along the dark streaks particularly at the posterior part.



Figure 5 effect of different deciliation protocol for isolation of planarian cilia. (a) Marked decrease
in the ciliary structures was observed on the planarian ventral surface after treated with 3%
ethanol. (b) The dibucaine method could cause induced some partial deciliation on the surface.
(c) The ventral surface from pH-shock condition shows the abnormal cilia architecture. (D) expand

view showing the density of cilia before the treatment.



This lead to tube-like appearance at the tail region. Moreover, the posterior surface of the worm
appeared to be relatively rough as indicated with red arrow. Body lesion(s) was clearly present
on the dorsal surface of the ky-knockdown worms as indicated with yellow arrow. Significant
reduction in the body size and motility of planarians was also observed. Notably, 47.22% of ky-
knockdown worms lysed after the completion of RNAI feeding of the program.

Further RNAi screening for pinpointing the gene candidates involved in regeneration
demonstrated that tolloid-like protein 1 (), kyphoscoliosis peptidase (ky) and basement
membrane heparan sulfate proteoglycan (Aspg) (Fig 8). All the animal used as negative control
showed a normal regenerative tissue, indicating with the presence of eye posts on the newly
regenerated tissue with less pigment so-called blastema.

All of the regenerating #/+knockdown worms failed to regenerate blastema, indicated by lacking
of a new, unpigmented tissue at the wounded edge. In addition, the eye spot of regenerating
worms also failed to regenerate as well. Moreover, the planarians bent to form curvy structure
while tail of regenerating planarian was ventrally curled up to form tube like structure similar to
phenotype observed in #fknockdown worms in the homeostasis assay. The dorsal surface of
planarian also appeared to be rough. Although A)-knockdown worms were able to form new
blastemal tissue, the eye spot was failed to form. The Aspg-knockdown worms showed bulging
structure at the pharyngeal position. The blastema of regenerating Aspg-knockdown worm were

well-developed with a normal eye spot.

Determination of RNAi knockdown efficiency
In order to evaluate the efficiency of RNAi based knockdown, quantitative polymerase chain
reaction (QPCR) was conducted. Marked decrease in the RNA level were detected in all the

knockdown experiments (Fig 10).

Determination of neoblast-specific gene expression

The locations of the expression of the selected candidate genes were investigated. The first
question we would love to address was whether our gene candidates could be expressed in an
adult pluripotent stem cell. It has been shown that radiation could be exploited to eradicate all
stem cells from planarians body (Reddien et al. 2005). Therefore, we combined the radiation and
in situ hybridization to identify the locations of gene expression. In /n sifu hybridization experiment,
piwi-1 as was used as a control as this gene was proposed to be the marker for stem cells. The
signal from J/n sifu hybridization of p/wi-7 would disappear after a few days post radiation. In our
case, if the gene candidates express in neoblast, the radiation eradicate or reduce the intensity
of piwi-7in the /n sifu hybridization experiment (Figure 11). The Aspg was found to be expressed
all over the body of planarians in unirradiated animals, especially at the pharynx. The overall
signal of the Aspg expression appeared to be unchanged after a lethal radiation. The expression

of #//was also found to be well distributed in every parts of the worm body and remained the
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Fig 6 Decellularization and recellularization protocols for D. japonica. (A) Cartoon illustration
demonstrating the steps required for decellularization of D. japonica. (B) Untreated D. japonica
(C) isolated ECM body (D) Nuclease treated ECM body (E) Fluorescent nuclear staining revealed
that the ECM-body isolated are acellular. (F-G) The incubation of decontaminated ECM body in
enriched culture media and PCR based mycoplasma detection confirmed that there is no
contaminating microbe in the ECM-body. (H) The delicate structure of ECM-body could be
affected by the force introduced by microinjection (I-K) Recellularized neoblastic cells could
remain in the ECM body for many days, presumably, supported by microenvironment provided
by the ECM body.
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Defect phenotype 0/38 83/83 115/144

Fig 8 Observed defective phenotypes caused by RNAi in homeostasis assay.
The homeostasis defect phenotype of selected candidates from RNAi screening included tolloid-

like protein 1(tll) and kyphoscoliosis peptidase (ky). Red arrow indicates tail curling with rough

surface; yellow arrow indicates tissue lesion. Scale bars represent 500 JAm.
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Fig 9 Observed defective phenotypes caused by RNAi in regeneration assay.
The regeneration defect phenotypes of selected candidates from RNAI screening included tolloid-
like protein 1 (tll), kyphoscoliosis peptidase (ky), and heparan sulfate proteoglycan core protein

(hspg). Yellow arrow indicates rough surface and red arrow indicates the hump-like structure.

Scale bars represent 500 JAm.



same even after the radiation. Finally, Ay was found to be expressed only in the planarian
intestine. After a radiation, similar to the other two selected candidates, the expression pattern of

the ky remained unaltered.

Gene expression during tissue regeneration

Further investigation using combination between series of planarian amputation and in sifu
hybridization were conducted to scrutinize whether the candidate genes of interest are involved
in tissue regeneration processes (Figure 12). Briefly, planarians were amputated sagittally and
collected at 1, 3, 5, 7 and 13 dpa for /n s/fu hybridization. The results confirmed the dispersed
expression of Aspg throughout the planarian body. It was clear that the expression was markedly
intensified at the pharynx of planarian at day 0. Interestingly, at day 1, the pharynx was discharged
from the worm. We found increased expression of Aspg gene at the base area where the original
pharynx used to be. At day 3, global expression was reduced. The expression of Aspg was found
more prominently in the newly formed pharyngeal tissue and persistent throughout the

regeneration process.

Similarly, at day 0, the expression of #/was found to spread throughout the body. Decrease in
expression of f#// was found at day 1. It should be noted that no signal of #/ expression was
detected on the wounded site. At day 3, global expression of #/ surged. the signal reemerged at
the newly regenerated blastema. The expression of #// was persistent particularly at the newly
regenerated blastema from day 7 onward.

The expression of ky took slightly different pattern. It was accumulated in the newly regenerated
blastema especially in the intestine region near the wounded area at day 1 and day 3. At day 7
and day 13, the expression was established at the newly regenerated blastema particularly in the
area that formed the shape resembling regenerating intestine.



RNAI condition

Fig 10 The RNAi knockdown efficiency. The evaluation of RNAi knockdown efficiency of
unamputated planarians by gPCR. The feeding unc-22 (RNAi) was a negative control for RNAI
experiment. Tubulin gene was an internal control for gPCR. Error bars represent standard
deviation. Stars indicate statistically differences. The data were calculated from 3
independent experiments, ANOVA, (* = P<0.05).
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Fig 11 /n situ hybridization of radiated and non-radiated planarians.
/n situ hybridization of gene candidates on unamputated planarian before and 2 days after

irradiation worm. Scale bars represent 500 |lm.
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Fig 12 In situ hybridization of regenerating planarians.
In situ hybridization of gene candidates on sagittal amputated planarians regenerated for 1,
3, 7 and 13 days. Scale bars represent 500 um.



Discussion

Project 1: Characterization of ciliary growth dynamics and 3D structure of ciliary distal tip complex
In this project, we have identified and characterized the development process of the motile ciliary
tip region. The ciliary tip region of motile cilia undergoes a progressive development which
involves an extension of the central pair microtubules followed by extension of the A-tubules of
MTDs and eventually B-tubules on the scale of hours. The morphology of the developing motile
cilia exhibits a characteristic progression. First cilia appear as a hemi-capsule of short length,
and it is likely that the FTC might have not fully assembled at this point, which is consistent with
plastic section studies on early regrowth of Chlamydomonas cilia (Rosenbaum et al., 1969). Then,
developing cilia extend an FTC-capped tip of central pair microtubules. Our SEM study provides
a low-detail view of the cilia when they are still on the cells, and this set the stage for further
studies. Using negative staining electron microscopy, we further characterized this development
based on diameter profiles and lengths of the ciliary tip region, and this gave insight into assembly
characteristics. For the analysis, we developed and provide a set of programs that can easily be
used by others to also measure tip region length. In the negatively stained micrographs, we can
clearly see contrast from individual MTDs, but it is difficult to identify how many there are. The
diameter profiles allow us to determine that these diameters may be as thin as 60 nm, which
may only accommodate one MTD or the central pair. This raised the question of whether the
central pair projects forward, or whether a MTD projects forward. This is answered by our cryo-
EM study, which shows that the central pair leads cilium growth at the tip region.

Previous studies of motile ciliogenesis often measure the full length of cilia, and they generally
considered cilia to be mature once they reach the slow elongation phase. Furthermore, after cilia
reach full length, they continue to exhibit dynamic turnover (Marshall et al., 2005; Marshall and
Rosenbaum, 2001). This balance is known to regulate ciliary length. However, our data suggest
that cilia continue to develop several hours after they reach full length. Therefore, the slow
elongation phase is not just a period of protein turnover and overall length maintenance, but it is
also a period of continued development in the tip region. Furthermore, these investigations give
insight into organelle size regulation because throughout the process of tip region development,
the cilium maintains an essentially constant overall length.

Although the growing motile ciliary tip region is largely similar to the mature axoneme, our cryo-
ET investigations reveal important distinctions in composition and structure between the two. It
is well established that the motile ciliary tip region contains the FTC, which is composed of several
proteins not found in the mature axoneme (Miller et al., 1990; Pedersen et al., 2003). The FTC-
capped microtubule central pair leads the ciliary tip and reaches the full length first before others,
and elongation of the A-tubules of MTDs do not extend beyond the central pair tip. This makes
the FTC-capped microtubule central pair the defining factor or the controller of the maximum
length of the cilia. In our studies, the central pair complexes of the Tetrahymena cilia display a

left-handed twist, in agreement with previous reports that bend propagation during the ciliary beat



drives twisting of the central pair in Chlamydomonas reinhardfii and Paramecium tetraurelia
(Mitchell and Nakatsugawa, 2004; Omoto and Kung, 1980). Our cryo-tomographic study of the
membrane-intact, isolated Tetrahymena thermophila cilia, demonstrates that the central pair
complex also exhibits left-handed twisting, and such twisting is also present in the tip regions
where radial spokes are not mature. This result supports the conclusion that the twist does not
depend on the interactions between radial spoke heads and the central pair(Mitchell and
Nakatsugawa, 2004).

Our structural investigations from cryo-EM of splayed ciliary tip regions and cryo-ET of membrane-
intact ciliary tip regions demonstrate that the ciliary tip region lacks the full complement of proteins
found in the mature axoneme. These differences bear consequences on both ciliary assembly
and IFT train turnaround. The immature ciliary tip region is composed of microtubule singlets,
which are long extensions of the A-tubules from axonemal MTDs. Such structural features provide
important insight into cilium assembly that is involved in IFT. It has been well established that
IFT serves as the primary mechanism for protein transportation across the base and distal ends
of the cilium during both cilium assembly and maintenance. In growing cilia, particularly in the
fast growing stage (the first two hours in Figure 3), the central pair, capped by the FTC, can be
more than a micrometer far away from the distal end of the doublet B-tubule. We know,
anterograde IFT trains rely on kinesin motors walking along the B-tubule of the MTD (Stepanek
and Pigino, 2016). This indicates that normal anterograde IFT may stop far away from the ciliary
tip end. Meanwhile, the central pair and the A-tubules are tightly wrapped by ciliary membrane
as shown in Fig 4b. This means there is limited room for a fast diffusion of large IFT complexes
to the very tip of the growing cilium where the FTC caps the central pair microtubules. Therefore,
it is unlikely that the FTC plays a major role in IFT reorganization and turnover, as previously
hypothesized(Sloboda, 2005).

While anterograde IFT does not directly reach the growing tip ends where the extension happens
for central pair microtubules and singlet A-tubules, diffusion may be required for precursor
proteins to reach the growing tip end of developing central pair and the A-tubules of doublets.
On the other hand, a small restricted space, due to tightly-wrapped ciliary membrane around the
central pair, does not favor a free diffusion of precursor proteins. Therefore, it is unclear how
precursor proteins reach the growing tips of the central pair complex and the A-tubules of the
doublet microtubules.

At the growing tip regions, both the central pairs and the A-tubule are singlet microtubules with
tubulin as the primary component protein. If their extension is simply limited by the available
tubulins that reach the tip region, the singlet A-tubules and the central pair should be of a similar
length. However, our data have demonstrated that central pair microtubules are always longest
at the growing tip with a significant length difference from that of the A-tubules. This indicates the
microtubule growth at the tip is not a simple extension limited by availability of tubulins. The FTC

may play a role in promoting central pair microtubule extension. The time required for ciliary tip



region development is on the scale of hours, which also suggests that tip region development is
not limited by microtubule-doublet polymerization kinetics (Binder et al., 1975). It is unclear at
this moment what the limiting factor is for the maturation of the ciliary tip. Likely factors include
post-translational modification of the microtubule complexes (Schneider et al., 2008; Sloboda,
2009), or the availability of MTD-specific intralumenal microtubule associated proteins(Amos,
2010; Downing and Sui, 2007; Nicastro et al., 2006; Sui and Downing, 2006)

In this study, we discovered that tip regions of growing motile cilia are subject to a process of
development and maturation, which only completes long after a cilium reaches its full length. This
new finding is not species specific, and therefore it is an important complementary knowledge to
what we have known about cilia development. Using a customized program, we analyzed the
morphologies of growing cilia tips at different growth time and clearly revealed the trend of ciliary
tip development and maturation. The trend profiles and the structural information from our electron
tomographic study provided important insight into ciliogenesis and maintenance, that involves

FTC and IFT as summarized in Fig 12.

Project 2: Isolation and characterization of microenvironmental factors from planarians
In order to elucidate the influence of microenvironment in stem cell fate determination in highly
regenerative animal that could be utilized as a model for advancing our understanding of organ
regeneration, a detergent-based decellularization protocol to isolate intact 3D scaffold of ECM
from planarians was established. We found that the addition of stabilization step to cross-link the
structure and terminate the worm
Subsequently, a proteomic profile of planarian ECM was constructed using LC-MS/MS. Mass
spectrometry revealed a complex landscape of planarians ECM including some common ECM
proteins such as collagen, laminin, nidogen, and MMPs. The enrichment of ECM proteins in the
samples was confirmed by volcano plot and gene ontology-enrichment (GO-enrichment)
analyses. The results clearly indicated the enrichment of several ECM proteins including several
types of collagen and many ECM proteins that have been proposed to be involved in tissue
homeostasis and regeneration in planarians. From 73 candidate genes selected from the list for
RNA screening, three genes including heparan sulfate proteoglycan core protein (Aspg), tolloid-
like protein 1 (#/) and kyphoscoliosis peptidase (ky), were found to be crucial for tissue
regeneration since the blastema of amputated # (RNAi) and &y (RNAi) animals were
underdeveloped and an unusual hump appeared in Aspg (RNAi) animals. Moreover, after
sagittally amputating Aspg (RNAI), #/ (RNAi) and ky (RNAI), the survival rate of the regenerating
fragments dramatically dropped.

The three selected genes were further characterized using whole mount /n situ
hybridization (WISH) and single-cell RNA sequencing. The results revealed localization of each
three genes during homeostasis. The Aspg was highly expressed at the pharynx region. While

the #// gene was expressed throughout the body. Ay was only expressed in the intestine.



Furthermore, a WISH time-course on sagittally amputated planarians showed that all three
candidate genes responded to wounding. In addition, a density of H3P positive cells were
augmented in #/ (RNAIi) and ky (RNAi) animal. This suggested that the balance between cell

proliferation and cell death in tissue homeostasis was altered in RNAi animal.

Application

Some protocols developed in this research work has been utilized in the development of a novel
pedagogical design for zoology laboratory classes for undergraduate students for a classroom
with limited setting. In order to mitigate the problem of insufficient numbers of taxidermy specimen
and permanent slides, we developed a time-restricted guided inquiry-based learning to increase

the active engagement of students in the class despite limitation.

The outline of the organization of learning experience is shown in Fig 13.
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Fig 12 Decontamination of the planarian extracellular matrix. (A) 4 days cultivation of planarian
ECM in culture media revealed no bacterial or fungal contamination (B) isolated ECM from a

planarian
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Abstract

Project Code : RSA5980078

Project Title : Characterization of ciliary transport: assessment of overall structure of ciliary
pore complex and ciliary barrier of T.thermophila

Investigator : Puey Ounjai, Department of Biology, Faculty of Science, Mahidol University

E-mail Address : puey.oun@mahidol.edu

Project Period :

Cellular communication is an important factor that control cell fate. The reception and distribution
of signal in eukaryotic cell often involved a unique organelle called cilium. However, the control
mechanism for cilia formation is still unclear. In this research, we thus exploited biochemical and
biophysical approaches to characterize the dynamic nature of ciliogenesis in eukaryotic organism
including T. thermophila and C. reinhardtii. We proposed a two-step model of ciliogenesis. (l) the
growth of the axonemal structure and the maturation of the distal tip complex. The three
dimensional structure of the ciliary distal tip provided unique insights on the site of protein complex
that regulate the activity of IFT machinery, the transport complex responsible for protein trafficking
in and out of ciliary compartment. Furthermore, in order to advance our understanding regarding
the impact of microenvironment in the fate determination of stem cell, we established a protocol
to isolate the intact extracellular matrix from highly regenerative animal, freshwater flatworm.
Recellularization revealed that the ECM structure could support the survival of microinjected stem
cells. Proteomic characterization and RNAI screening identified a few proteins of ECM that are
important not only in tissue homeostasis but also organ regeneration. This work lays foundation

for a better understanding of the mechanism of fate determination of stem cells.

Keywords: ciliogenesis, cilia, microenvironment, extracellular matrix



NI BURANIULRTDY 3

Output 31nlA39n13398f lATUNWIIN &N,

A A a a di v 1 dll dll di = 1 ni
1. HaNUARNHIUNINTITIMIMNIINT@ (zyTarues Taiias Tansas U wdud
BTN Laznin)

Reynolds MJ, Phetruen T, Fisher RL, Chen K, Pentecost BT, Gomez G, Ounjai P, Sui
H, 2018, The Developmental Process of the Growing Motile Ciliary Tip Region.
Scientific Reports. 8(1):7977. doi: 10.1038/s41598-018-26111-2.

Sumranwanich T, Boonthaworn K, Singhakaew S, Ounjai P, 2019, Time-Restricted
Inquiry-Based Learning Promotes Active Student Engagement in Undergraduate
Zoology Laboratory. Journal of Microbiology and Biology Education, 26;20(1). pii:
20.1.2. doi: 10.1128/jmbe.v20i1.1571.

Sonpho E, Wootthichairangsan C, Ishida M, Inoue T, Agata K, Maleehuan A,
Charngkaew K, Chomanee N, Moonsom S, Wongtrakoongate P, Chairoungdua A,
Ounjai P. 2020, ECM-body: A cell-free 3D biomimetic scaffold derived from intact

planarian body. Zoological Science, (in press).

2. mynanwIae s lont
- @eanmaae (Jeertnsanuindeaianszuaanuaulaluigning
LLmﬁ@@i”’mmsw”@uu’m’m’%'smmiaammﬂmjﬁ@iaﬂa@mmﬂaaﬁﬂ’nujﬁvl,ﬁmﬂ
myvnawiselulassmsitledfeonoulianuaulauazandunuaiiieosnuns
§29n4

- @AM @mawamnssewmssawasanniaslng)
aa@mewjuazmﬂﬁﬂﬁw"'@umfummﬂmufmﬁgnﬁﬂﬂﬁwmmiﬁwmiaaulu
#osSpwitfiamasanine smsuindnmluszdudSygnes D7 2 va9
AMAITITIINGT AULANLNFRAS VAINLFBNRAR

3. 5‘%6] (L% NRNUARUW BTN TITIMIndseing mil,auaNaa’meluﬁﬂi:‘*gw’i“ﬁ’lmi
WIRE NNINENDUAT)
International conferences:
Reynolds MJ, Phetruen T, Fisher R, Wu W, Pintercost B, Gomez G, Ounjai P, Sui

H, 2018. The growing of motile cilium tip undergoes a time-dependent



developmental process, ASCB | EMBO 2018 meeting, Philadelphia, PA, USA, Dec
2-6, 2017

Ishida M, Sonpho E, Bagherzadeh R, Kayo H, Ounjai P, Agata K, 2018, The road to
making planarian bodies from the isolated neoblasts by FACS, International

Planarian Meeting, Morgridge Institute for Research, Madison, WI, July 16-20, 2018.

Sonpho E, Wootthichairangsan C, Charngkaew K, Chomanee N, Chairoungdua A,
Ishida M, Inoue T, Agata K, Ounjai P, 2018, Extracellular matrix body: new
approach for studying planarian microenvironment, International Planarian Meeting,
Morgridge Institute for Research, Madison, WI, July 16-20, 2018.

Preprint:

Sonpho E, Wootthichairangsan C, Ishida M, Inoue T, Agata K, Maleehuan A,
Charngkaew K, Chomanee N, Moonsom S, Wongtrakoongate P, Chairoungdua A,
Ounjai P. 2019, ECM-body: A cell-free 3D biomimetic scaffold derived from intact
planarian body. bioRxiv 763714; doi: https://doi.org/10.1101/763714




wuuasUlalasan1s3de (FRruena199InIn 3189 R TUaNY T0))

HeueyLavii RSA5980078 ¥alasanis N1sANwINIsuUEIaSHILTAe: N1sfnwilasasnslnesanves dliary pore
complex wag ciliary barrier 983 Tetrahymena thermophila
Wwmtilasens we. 03 i gula Wl /AP AngInermans unninetdeuding

nsdwii 022015478 nsans 023547161 dwa puey.oun@mahidol.edu

aonuskasy O Unda  liunda

Auadty 7 Aadiuan

Cilia are important organelles that could govern the determination of cell fate through regulation of cellular
communication and microenvironmental signaling. In the original proposal for this work, we aimed to determine
the structure of ciliary pore complex from a model organism, Tetrahymena thermophilia, that would allow us to
scrutinize the three-dimensional structure of the ciliary gatekeeper. The work will provide insights on the regulation
of protein trafficking in and out of the cilia. The understanding of ciliary transport process could lead to a better
understanding of how external signal could have vast effect on cellular behaviors which would be fundamentally

important to understand cell fate determination.

QUszaIAvaIlATING
1. To develop and optimize a method to purify the ciliary component from T. thermophila for structural
analysis.
2. To characterize the dynamic process of ciliary transport through structural and biochemical approaches
using T. thermophila and other model organisms.
3. To advance the understanding of how cell fate determination are influenced by different

microenvironmental factors.

WaN58s (Fu 9 FUeTUHTUTaAUNY NTEUIUNIT HANEN WaznITIToLS)

In the actual work we have to make some modification on the experiment to characterize ciliogenesis. The
experiment was altered to match the facility and the time that we have to work on the project. For this work, we
delineated in detail the dynamic process of ciliary regrowth and revealed for the first time that the distal tip region
undergo maturation during the final stages of ciliogenesis. The 3D structure of the ciliary distal tip complex was
derived using electron cryotomographic reconstruction. The structure also suggested the location of IFT
remodeling complex that control the dynamic of ciliary regrowth at the tip of the cilia as well.

In order to pursue our goal, to gain a better understanding of how microenvironment impact cell fate in animal.
We adopted the protocol that we established for purification of CPC and further optimized it for not only purifying
ciliary component but also intact microenvironmental compartment so-called ECM body from different planarian
models. Isolated ECM was then further characterized for their proteomic content. Despite the fact that the ECM
body clearly displayed remarkable preservation on the gross structure of the important organs of the planarians,
found that the ECM body was enriched in ECM proteins and components confirming the validity of the protocol. In
addition, we also identified a few novel ECM proteins that are important for tissue homeostasis and regeneration
of missing planarian tissues using RNAi screening assay. Preliminary experiment to microinject FACS sorted stem cell

from planarian into the isolated ECM scaffold consolidated that the ECM body prepared with our method could be




used as a 3D scaffold for cell cultivation, and thus providing a unique ECM microenvironment for development of

organoid system and application in tissue engineering.
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Ciliary transport, ciliogenesis, organellar biogenesis, regeneration, extracellular matrix, ECM-body
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Growing Motile Ciliary Tip Region

Matthew J. Reynolds®*?, Tanaporn Phetruen:3, Rebecca L. Fisher!, Ke Chen®?,

BrianT. Pentecost!, George Gomez?, Puey Ounjai® & Haixin Sui®*
Received: 19 January 2018 . Eukaryotic motile cilia/flagella play vital roles in various physiological processes in mammals and
Accepted: 1 May 2018 . some protists. Defects in cilia formation underlie multiple human disorders, known as ciliopathies. The
Published online: 22 May 2018 . detailed processes of cilia growth and development are still far from clear despite extensive studies. In

* this study, we characterized the process of cilium formation (ciliogenesis) by investigating the newly

developed motile cilia of deciliated protists using complementary techniques in electron microscopy

and image analysis. Our results demonstrated that the distal tip region of motile cilia exhibit

progressive morphological changes as cilia develop. This developmental process is time-dependent

and continues after growing cilia reach their full lengths. The structural analysis of growing ciliary tips

revealed that B-tubules of axonemal microtubule doublets terminate far away from the tip end, which

is led by the flagellar tip complex (FTC), demonstrating that the FTC might not directly mediate the fast

turnover of intraflagellar transport (IFT).

Eukaryotic motile cilia/flagella are microtubule-based structures responsible for cellular locomotion and move-
ment of extracellular fluids. In mammals, motile cilia are present in ciliated epithelial tissue of the airway, ovi-
duct, or brain ependyma, and they serve as the tails of sperm cells. Defects in the cilium developmental process
(or so-called ciliogenesis) are associated with medical disorders and dysfunction of related tissues, organs, and
gametes!—. Motile ciliogenesis has been studied for a half a century, primarily through investigations of cilium
length and/or motility as cilia regrow following a deciliation event*~”. During development of the ciliary axoneme,
microtubule bundles exhibit plus-end directed elongation at the ciliary tip region. The mechanism behind trans-
portation of axonemal precursors to the ciliary tip was unclear until the discovery of intraflagellar transport
(IFT)®. The current model for motile ciliogenesis involves a complex coordination of protein trafficking, protein
production, and axonemal assembly®'°. Ciliated cells possess a pool of axonemal precursors localized beneath
the cilium base!!. These precursors can pass through the flagellar pore, and then be transported to the distal end
of the cilium via anterograde IFT, which ensures a continuous growth event at the ciliary tip. Retrograde IFT is
responsible for turnover of proteins at the distal ends of axonemal microtubule doublets (MTDs)'*!3. Even after
cilia reach full length, the IFT process and protein turnover continue at the ciliary tip. A dynamic balancing of
the relative rates of anterograde and retrograde transport controls ciliary length!*!>. A recent study determined
that bi-directional transport on the same microtubule doublet is possible because motor proteins that transport
IFT particles move in trains along different MTD sub-fibers; kinesin motors walk along the B-tubule, and dynein
motors walk along the A-tubule'®. It remains unknown whether this dynamic activity causes structural remode-
ling of the ciliary tip region during ciliogenesis and maintenance.

Although the processes by which axonemal precursors are transported to and from the ciliary tip region have
been elucidated, the events of ciliary tip assembly and the transition from anterograde to retrograde IFT at the
tip region remain unclear. The motile cilium tip has been studied, and its structure was diagrammed, based on
results from negative staining and conventional electron microscopy (EM)". There is an amalgamation of pro-
teins at the tip of growing cilia known as the flagellar tip complex (FTC). The FTC remains enigmatic partially
because few proteins within it have been identified. The proteins that have been identified include the microtu-
bule end-binding protein EB1 and a 97-kDa protein otherwise found exclusively in kinetochores'®'?. The FTC is
proposed to play a role not only in regulation of ciliary beating but also in the transition between anterograde and
the retrograde IFT?. There is evidence to suggest that IFT particles remodel at the cilium tip'*?'. However, no
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Figure 1. Scanning electron microscopy of re-growing motile cilia on deciliated Tetrahymena cells after
different regrowth periods. Deciliated Tetrahymena cells after (a) 5 minutes, (b) 10 minutes, (c) 20 minutes, (d)
60 minutes, (e) 135 minutes, and (f) 240 minutes, respectively. The re-growing motile cilia in the local areas of
(a—f), marked by the rectangles, have been enlarged and displayed in 5 minutes (g), 10 minutes (h), 20 minutes
(i), 60 minutes (j), 135 minutes (k), and 240 minutes (1), respectively. The tip regions of these re-growing cilia
display morphologies from relatively blunt (g and h), to beginning to protrude an extension (i and j), and reach
a maximum at 135 minutes (k). Eventually, the lengths of the tip regions shorten and stabilize.

evidence has been provided to support a direct interaction between the FTC and IFT trains, so whether IFT trains
and the FTC interact to regulate IFT transition remains an open question.

In our pilot studies on cilia isolated from wild-type Tetrahymena thermophila, we noticed that isolated cilia
displayed at least two distinct morphologies under negative staining EM. It motivated us to hypothesize that the
morphological differences are related to various re-growth stages of the isolated cilia. In the work reported in this
paper, we investigated the re-growing motile cilia from Tetrahymena using scanning electron microscopy and
confirmed that the ciliary tip regions are subjected to morphological changes during ciliogenesis. We isolated
re-growing motile cilia from deciliated Tetrahymena and Chlamydomonas at different time points, and stud-
ied their tip morphology by negative staining EM and a customized set of diameter profile analysis programs.
Our results demonstrate that motile cilia tips display a dynamic, time-dependent morphology during re-growth.
Cryo-electron tomography (cryo-ET) confirmed that these progressive differences are associated with the length
difference between the central-pair microtubules and the growing ends of the MTDs.

Results

Tips of growing cilia display a morphological progression during cilia development. To investi-
gate ciliary formation and development, Tetrahymena were deciliated using the dibucaine-HCl method, and cells
recovering their cilia were examined at different time points using scanning electron microscopy. Tetrahymena
cilia exhibited several distinct morphological features as they developed. During the initial phase of ciliary
regrowth, cilia were typically less than two microns in length, and they had a hemi-capsule morphology as they
emerged from the ciliary pocket (Fig. 1(a-c,g-1)). In agreement with previous studies®, somatic cilia regrew uni-
formly along rows following a complete deciliation event. There was also a period of rapid growth between 10
and 135 minutes.

As early as 20 minutes after deciliation, the distal ciliary region began to extend a pointed tip (Fig. 1¢,i). This
ciliary tip region extension coincided with elongation of the whole cilium (Fig. 1(d,e,j,k)). At later time points, cil-
iary tip regions exhibited shorter lengths (Fig. 1f1). Proximal to this tip region, the cilia appeared to be of constant
diameter. Taken together, these observations suggest that the tip region undergoes a consistent remodeling pro-
cess as the cilium grows. However, resolution limits and variations in three-dimensional orientations of the cilia
made it difficult to characterize this dynamic morphology systematically using scanning electron micrographs.
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Figure 2. Tetrahymena ciliary tip regions remodel during cilia development. Negatively stained, re-growing
cilia isolated from Tetrahymena at specified times are shown above. Electron micrographs of cilia isolated at
various re-growth time before (a-g) and after (a’-g’) contrast inversion and band-pass filtering. The arrows
indicate the end of a cilium’s tip region. (h-n) show the corresponding width profiles for each cilium and an
interpolating best-fit curve. (0—u) show the first derivative plots of these curves. The tip region length is defined
using the best-fit curve’s derivative and a cutoff slope at 0.052, corresponding to a 1.5° angle on both sides.

The growing Tetrahymena ciliary tip region initially increases in length, until it reaches a maximum, then it
decreases in length. Typically, cilia with longer tip regions had thinner diameters at the thinnest points.

We next expanded these studies using negative-staining transmission electron microscopy to view developing
ciliary ultrastructure in greater detail.

The ciliary tip diameter profile progressively transitions during cilium development. We used
negative-staining EM on re-growing cilia isolated from Tetrahymena (Fig. 2) to validate and further characterize
this time-dependent morphological transition. The micrographs provided sufficient morphological detail for a
quantitative description of ciliary ultrastructural features. Typical morphological features of the growing cilium
include a thin diameter at the distal end, followed by a region of increasing diameter, until the cilium reaches
full-width (Fig. 2a-g). It appears that the ciliary region intermediate to the absolute tip and the point of full width
is an immature zone lacking the full complement of axonemal components. Portions distal to the mature regions
are considered part of the ciliary tip region in our analysis.

We designed a systematic method to define the transition point between the immature zone and the mature
regions objectively. This was accomplished using a set of customized Java programs as a plug-in package for
Image]?, as briefly described in the method section. Using this method, the length of the ciliary tip region can be
defined and the progress of the tip growth can be described based on the length of this region. An explanation of
the theory and implementation of this method is summarized in the supplemental text.

Figure 2 shows representative isolated cilia (Fig. 2a-g), along with their processed images (Fig. 2a™-g’), diam-
eter profiles (Fig. 2h-n), and derivative plots (Fig. 20-u). The arrows in panels indicate the end of the ciliary tip
region, as defined above. This quantitative measure clearly showed that the length of the ciliary tip region changes
over the 8h regrowth period. In the beginning of cilia growth, the length of the ciliary tip region elongated
and reached its maximum length after around 135 minutes of regrowth (Fig. 2d). After this maximum length
was reached, the ciliary tip region slowly decreased in length until the cilia exhibit short-tipped morphologies
(Fig. 2£,g). This growth process took place over the course of several hours, with the stable, short-tipped morphol-
ogies being present around 5 hours after the initial deciliation.

From these profiles, trends in tip diameter and length could be ascertained. In general, cilia with the longest
tips (such as those shown at 60, 135, and 180 minutes) had very thin extensions (Fig. 2c—e); oftentimes cilia with
tip regions around two microns had diameters as narrow as 75 nm. In ciliary tip regions with these very narrow
extensions, a bulging of the very distal portion was occasionally visible, apparently due to the FTC. Meanwhile,
cilia with shorter tip regions (such as those shown at 35 and 300 minutes) typically displayed wider, though still
less than full-width, tip regions. In agreement with typical ciliary diameters, all cilia had full diameters between
200nm and 300 nm, suggesting that negative staining produced minimal artifacts affecting ciliary diameter. In all
of the isolated cilia, the FTC was clearly seen, indicating that the flagellar tip complex assembles at the distal cil-
iary tip region within 20 minutes of ciliary re-growth, and that the FTC persists throughout the cilium’s lifetime.
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Figure 3. Maturation of the ciliary tip region continues after whole cilia reach full length. Plots (a and c) display
the mean full lengths of growing cilia, with error bars representing standard deviation, which extend rapidly
during the first phase of growth, reaching a maximum length of approximately 6.5 microns for Tetrahymena
(after about two hours) and 10.7 microns for Chlamydomonas (after about four hours), respectively. Plots (b and
d) show the mean tip region lengths, with error bars representing standard deviation, of growing cilia measured
using our objective method. In both species, the ciliary tip region initially increases in length, with a maximum
of 2020 nm at 135 minutes in Tetrahymena and 1280 nm at 150 minutes in Chlamydomonas (as denoted with an
asterisk) before decreasing in length. The tip region length asymptotically decreases to 1070 nm for Tetrahymena
and 680 nm for Chlamydomonas. Figure S2 displays the ratio of ciliary tip region length to whole cilium length,
which demonstrates that the length percentile of the ciliary region reaches a peak at a growth time of about
135min in both Tetrahymena and Chlamydomonas. Notably, the maturation of the ciliary tip region continues
for over five hours following deciliation, whereas the whole cilium reaches full-length around two hours after
deciliation.

Lastly, many ciliary diameter profiles exhibited a stepped appearance, which may be due to uneven termination
of axonemal MTDs in the tip region.

In order to determine whether these observed morphological characteristics of regenerating Tetrahymena
cilia are conserved among protists, isolation and width profile determination experiments were replicated using
re-growing cilia from Chlamydomonas reinhardtii, as shown in (Fig. S1). Overall, Chlamydomonas exhibited a
similar trend of the ciliary tip region growing in length before decreasing in length. However, Chlamydomonas
cilia did not typically exhibit diameters below 100 nm, and the tip regions were typically less than 20% of the total
ciliary length. Therefore, Chlamydomonas cilia exhibit a similar, though less dramatic, tip region re-growth trend.

Development of the ciliary tip region continues after the cilium reaches full length. Previous
investigations into ciliogenesis primarily studied length of the entire cilium during the elongation phase and/
or cell motility***-*. In order to consider tip region development in the context of the growing cilium’s length,
we determined both the average ciliary tip length and the average length of the entire cilium at different times of
regrowth.

The method described above was used to measure the average length of the ciliary tip region from at least
27 cilia isolated at different time points for each cell type. As shown in Fig. 3, the ciliary tip regions of both
Tetrahymena and Chlamydomonas initially extended outwards reaching a maximum length of over 2 microns at
135 minutes for Tetrahymena (Fig. 3a) and a maximum length of 1.3 microns at 150 minutes for Chlamydomonas
(Fig. 3c). After the tip region reached its maximum length, it decreased in length until it asymptotically
approaches 1070 nm in Tetrahymena and 680 nm in Chlamydomonas. Based on the rate of change, in both spe-
cies, it took approximately six hours to reach full, mature tip length. The results of these flagellar regeneration
kinetics experiments on the full length of both Tetrahymena and Chlamydomonas cilia closely followed previously
reported trends®?*. Based on their respective trend profiles, Tetrahymena cilia reached a full length of 6.5 microns,
while Chlamydomonas cilia reached a full length of 10.7 microns.

Comparing the length profiles for the full length of the whole re-growing cilia (Fig. 3b,d) to that of the tip
region (Fig. 3a,c), the whole cilia display a fast extension phase initially, followed by a plateau growth phase with
minimum elongation of the full length. In contrast, the tip region development and maturation continued long
after the cilia had reached full length. It took approximately six hours for the ciliary tip region to establish a stable
length. During the initial, fast extension phase, the ciliary tip region made up approximately one third of the total
cilium length (Fig. S2). This proportion decreased non-monotonically until stabilizing at a species-dependent
proportion. The time scale of this process was much longer than polymerization rates of tubulin on MTDs?.

Structural features of the growing cilium tip. Conventional EM has revealed the tip structure of
mature Tetrahymena cilia”*”?, in which the longest portion is the central pair microtubule singlets capped by a
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Figure 4. The cryo-electron microscopy of growing ciliary tip region after re-growth for 180 minutes. A
micrograph of a splayed ciliary tip region, shown in (a), suggests that the distal axoneme lacks standard
axonemal components. Tomograms of the ciliary tip region, shown in (b) (a central slice) and (c) (with added
model of the central pair), confirm that the FTC sits on the central pair, and the central pair is physically
constrained by membrane. The central pair twists, is outlined by the model microtubules in blue and yellow
in (c). The MTD A-tubules extend into the ciliary tip region at least 400 nm farther than the B-tubules do. The
distal tip therefore composes only microtubule singlets as marked by the red arrow in (d). These extended
A-tubules are not decorated with axonemal spacer proteins.

ball-shaped FTC resembling a post-light, and the central pair complex is surrounded by 9 microtubule doublets
forming a cylindrical configuration. At the distal ends of the microtubule doublets, the complete A-tubule extends
farther and is stabilized by a globular protein complex that links to the ciliary membrane by fibrous proteins
known as distal filaments. We performed a cryo-EM study on the cilium tips of re-growing cilia to better under-
stand the tip structure in the regrowth phase. Our EM study demonstrates that the overall structure of the grow-
ing tip is largely similar to the architecture of the mature cilium tip; however, the more proximal portion of the
ciliary tip region differs from the mature cilium. The growing axoneme’s most distal components are two micro-
tubule singlets of the central pair complex and a FTC that caps the central pair microtubule singlets together.

Previous studies have used splayed cilia as indications of axonemal composition in the tip region®’, and during
specimen preparation, isolated cilia occasionally displayed membrane damage localized to the tip region. This
resulted in a splaying of the tip region’s contents, while the remainder of the cilium remained intact. These frayed
tip regions allowed for easier visualization of the ciliary tip region’s components. Figure 4a shows that the zone
approximately 50 to 400 nm proximal to the FTC is occupied by the central pair microtubules and extended sin-
glet A-tubules. Notably, the A-tubules extended into the ciliary tip region appear undecorated, whereas axonemal
spacer proteins (radial spokes and outer dynein arms) are usually visible under cryo-EM?**-*. This observation,
along with the absence of B-tubules suggests that the growing ciliary tip region lacks a full complement of axone-
mal proteins.

While splayed ciliary tip regions provide clear visualization of the ciliary tip region’s contents, it is possible
that these features could be artifacts caused by membrane disruption. A more detailed, native state of the growing
ciliary tip region was achieved via cryo-ET. Tomograms of growing cilia allowed us to verify that the immature
ciliary tip region lacks well-organized spacer proteins like those of the mature axoneme, and the FTC is posi-
tioned in the most distal region of the cilium, as marked by the arrow in the longitudinal central section of a
cryo-tomogram of a 3 h-regrowth cilium tip (Fig. 4b). At the tip of the growing cilium, the FTC-capped central
pair is surrounded by a set of long microtubule singlets, not the standard nine doublet microtubules. These sin-
glets are extensions of the MTD’s A-tubule. These microtubule singlets are visible in the tomogram (Fig. 4b), and
they are clearly shown in the frayed tip (Fig. 4a). In the tomogram of Fig. 4b, the B-tubules are separated from the
tip end, where the FTC is located, by over half a micrometer (ranging from 511 nm to 1,029 nm). In addition, we
observed that the central pair has a left-handed twist as shown in the model maps in Fig. 4c.

Discussion

In this study, we identified and characterized the growth process of the motile ciliary tip. Mechanistic similari-
ties in the growth process of the ciliary tip were found in both T. thermophila and C. reinhardtii, indicating that
this process is not species specific. Although the regeneration kinetics of ciliary growth calculated using the
full-length of isolated cilia from both Tetrahymena and Chlamydomonas are consistent with previously modelled
regeneration kinetics'?, in our observation, ciliogenesis contains two main steps: an initial step where the length
of the full cilia undergoes rapid extension, followed by a step of plateau phase growth, in which cilium length
remains almost constant but the tip region continues to develop and mature. Interestingly, the morphology of
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Figure 5. Schematic summary of cilium re-growth following amputation. The previously unidentified
morphological transition of re-growing cilia is diagrammed in (a) (with Adobe Illustrator). First, the re-growing
cilium extends from the ciliary pit with a round-tipped morphology (T ~ 20 min), and the MTDs and central
pair microtubule singlets are all approximately the same length. Then, when the cilium rapidly grows, the
central pair microtubule singlets, capped by the FTC extend farther than the neighboring MTDs (T ~ 60 min
and 135min). After the cilium reaches full length at T ~ 135 min, the ciliary tip region continues to remodel as
the distal axoneme assembles. The proposed molecular mechanism of distal axoneme assembly is shown in (b).
In this model, anterograde IFT trains dissociate at the MTD B-tubule terminus several hundred nanometers
proximal to the FTC and retrograde IFT train assembly occurs on the MTD A-tubules.

the tip region of growing motile cilia exhibits a characteristic progression. During the rapid growth, cilia appear
as hemi-capsules of short length, which is consistent with previous studies on the early regrowth of C. reinhardtii
cilia®. It is likely that the FTC might have not fully assembled at this point. The tip region of motile cilia then
undergoes a progressive structural modification, which involves an extension of the central pair microtubules
followed by extension of the A-tubules of MTDs and eventually the B-tubules, on the scale of hours. To gain a
better understanding of the assembly characteristics, we developed a set of user-friendly programs to measure the
length of the tip region from negative stained images of growing cilia. Diameter profiles and lengths of each ciliary
tip region were determined. In the negatively stained micrographs, we can clearly see contrast from individual
MTDs, but it is difficult to identify how many there are. The diameter profiles allow us to determine that these
cilia tip regions may be as narrow as 60 nm: an enclosed space that can accommodate either only one MTD or just
the central pair. This raised the question of whether the central pair or a MTD projects forward. This question is
answered by our cryo-EM study, which showed that indeed the central pair, not a MTD, leads cilium growth at
the tip region.

Although cilia continue to exhibit dynamic turnover after they have already reached full length, previous
investigations of motile ciliogenesis often measured the full length of cilia, and they generally considered cilia
mature once they reach the slow elongation phase'*!>. Our data, however, suggest that the cilia continue to mature
several hours after they reach full length. Therefore, the slow elongation phase is not just a period of protein
turnover and overall length maintenance, but it is also a period of continued maturation process in the tip region.
The overall morphologic changes and the underlying changes in ciliary architecture are diagrammed in Fig. 5a.
These investigations give insights into organelle size regulation and maturation, because throughout the process
of tip region development, the overall length of a cilium is very well maintained at an essentially constant length.

Although the architecture of the growing motile ciliary tip region is largely similar to the mature axoneme,
our cryo-ET investigations revealed important distinctions in composition and structure. It is well established
that the motile ciliary tip region contains the FTC, which is composed of several proteins not found in the mature
axoneme'®!?. The FTC-capped central pair microtubules appear to push the membrane at the tip of the regener-
ating cilium. The capped central pair reaches the full length before other axonemal microtubules. It is also clear
that the elongated A-tubules of MTDs do not extend beyond the central pair tip. This makes the FTC-capped
central pair microtubule the defining factor or the controller of the maximum length of cilia. In our studies, the
central pair complexes of the Tetrahymena cilia display a left-handed twist, in agreement with previous reports
that bend propagation during the ciliary beat drives twisting of the central pair in Chlamydomonas reinhard-
tii and Paramecium tetraurelia®***. Furthermore, our cryo-tomographic study of the membrane-intact, isolated
Tetrahymena thermophila cilia, demonstrates that central pair complex twisting is also present in the tip regions
where radial spokes are not mature. This result supports the conclusion that the twist does not depend on the
interactions between radial spoke heads and the central pair®.

Our structural investigations from cryo-EM of splayed ciliary tip regions and cryo-ET of membrane-intact ciliary
tip regions of regenerating cilia demonstrated that the growing ciliary tip region lacks the full complement of proteins
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found in the mature axoneme. These differences have consequences for both ciliary assembly and IFT train turnaround.
The immature ciliary tip region is composed of microtubule singlets, which are long extensions of the A-tubules from
axonemal MTDs. Such structural features provide important insights into cilium assembly that involves IFT system. It
has been well established that IFT serves as the primary mechanism for protein transportation across the base and dis-
tal ends of the cilium during both cilium assembly and maintenance. In growing cilia, particularly in the fast-growing
stage (the first two hours in Fig. 3), the central pair, capped by the FTC, can be over a micrometer from the distal end
of the B-tubules of MTDs. We know that anterograde IFT trains rely on kinesin motors walking along the B-tubule of
the MTD'®. Our data indicate that in the growing cilium, the normal anterograde IFT may stop at where the B-tubules
terminates (marked by red arrow in Fig. 4d), far away from the ciliary tip end. Meanwhile, the central pair and the
A-tubules are tightly wrapped by ciliary membrane as shown in Fig. 4b. This means there is limited room for a fast
diffusion of large IFT complexes to the very tip of the growing cilium where the FTC caps the central pair microtubules.
Therefore, it is unlikely that the FTC would play major roles in IFT reorganization and turnover, in contrast to a previ-
ously suggested model?’. The proposed molecular mechanisms of distal axonemal assembly that are most plausible in
the context of our tomographic studies are diagrammed in Fig. 5b.

Diffusion may be required for precursor proteins to reach the growing tip end of the extending central pair
and the A-tubules of MTDs because anterograde IFT does not directly reach the growing tip ends where the
extension happens for central pair microtubules and singlet A-tubules (Fig. 4d). However, the small, restricted
space available, due to the tightly wrapped ciliary membrane around the central pair, does not favor a free fast dif-
fusion of precursor proteins. Therefore, it is unclear how precursor proteins reach the growing tips of the central
pair complex and the A-tubules of the doublet microtubules.

At the growing tip regions, both the central pairs and the A-tubule are singlet microtubules with tubulin as the
primary component protein. If their extension is simply limited by the available tubulins that reach the tip region,
the singlet A-tubules and the central pair should be of a similar length. However, our data have demonstrated that
central pair microtubules are always longest at the growing ciliary tip with a significant length difference from
that of the A-tubules. It could also be possible that the FTC plays a role in promoting central pair microtubule
extension. However, the microtubule growth at the tip is not a simple extension limited by availability of tubulins.
The time required for ciliary tip region maturation is on the scale of hours, which also suggests that tip region
maturation is not limited by microtubule-doublet polymerization kinetics*. The nature of factors limiting the
ciliary tip maturation process is unclear. Likely factors include post-translational modification of the microtubule
complexes®*’, and/or the availability of MTD-specific intralumenal microtubule associated proteins®®-*1.

In this study, we discovered that tip regions of growing motile cilia are subject to a process of structural remod-
elling and maturation, which completes long after a cilium reaches its mature length. This new finding is not
species specific, and therefore it is an important complementary knowledge to what we have known about cilia
generation and maturation. Using a customized set of programs, we analyzed the morphologies of growing cilia
tips at different growth times and clearly revealed the trend of ciliary tip growth and maturation. Cryo-electron
tomographic studies of the growing ciliary tips determined that the growing ends of MTD B-tubules are signifi-
cantly far away from the tip end led by the FTC. The trend profiles and the structural information from our elec-
tron tomographic study provided important insights into the relationship between IFT and FTC in ciliogenesis
and the maintenance of cilia length.

Materials and Methods
Cell culture. Standard Tetrahymena and Chlamydomonas cell culture conditions were followed to main-
tain cell lines and to prepare cells for deciliation. Room-temperature stock cultures of the non-exocytozing
Tetrahymena thermophila strain SB711, a gift from Prof. Eduardo Orias, were grown in modified Neff’s media. To
prepare cells for cilia isolation, stock culture cells were inoculated in SSP media and allowed to grow for 24 h at
30°C, with shaking. The volume of SSP media was then increased eight-fold and cells were cultured for another
24h under these conditions. Cells were then spun down at 700xg and then transferred to an equal volume of star-
vation media (10 mM Tris-HCI, pH=7.5) and cultured for 18 to 20 h before deciliation.

Chlamydomonas reinhardtii algae, strain CC-137+, a gift from Prof. George Witman, were cultured in TAP
media at room temperature. A light/dark cycle of 18/6h was used. Cells were grown to approximately 1 x 106 cells/
ml, and approximately 150 ml of cells were used for each deciliation.

Tetrahymena cilia isolation. To ensure that cilia from the same sample were at the same stage of growth, an
initial deciliation was performed. It was determined through pilot studies that cells deciliate most completely using a
modified version of the dibucaine method*?. Briefly, cells were spun down at 600xg for 7 minutes and re-suspended
in half of their growth volume of starvation media, and dibucaine-HCIl was added to a concentration of 300 uM for
a 5-minute incubation. Then, fresh starvation media was added to double the volume immediately before pelleting
cells at 1200xg for 5 minutes. The deciliated cells were suspended in the original volume of fresh starvation media for
the regrowth period. After allowing the cilia to regrow for a specified time between 35 minutes and 6h, the second
deciliation was performed. The second deciliation was identical to the first deciliation, except the dibucaine concen-
tration was 450 uM. After the 5-minute dibucaine-HCl incubation, glutaraldehyde was added to 0.025% and EGTA
was added to 0.5mM for a 30s incubation. Then, an equal volume of 4% sucrose in ice-cold starvation media was
added to dilute the dibucaine, and all subsequent steps were performed at 4 °C. The sample was centrifuged at 1550xg
for 7 minutes to pellet cell bodies. The supernatant was recovered and centrifuged at 1550xg for 7 minutes again.
The supernatant was recovered and centrifuged at 17,000xg for 40 minutes to pellet cilia. The final pellet containing
isolated cilia was suspended in a minimal volume of starvation media for plunge-freezing.
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Chlamydomonas flagella isolation.  Chlamydomonas cultures could not survive the dibucaine deciliation
method, so the pH-shock method was employed for the first deciliation®. Briefly, cells were centrifuged at 600xg
for 5 minutes and re-suspended in one-tenth their growth volume in fresh TAP media, and acetic acid was used
to rapidly drop the pH from neutral to 4.5 for 60s. Then, the media’s pH was rapidly neutralized with aqueous
KOH. Fresh TAP media was added to double the volume, and cells were pelleted before resuspension in fresh TAP
media. After allowing the cilia to regrow for a specified time between 35 minutes and 3 h, the second deciliation
was performed using the dibucaine method, with the following modifications. The cells were concentrated to
one-eighth the original volume in modified HMES buffer (10 mM HEPES, 5mM MgSO,, 0.5mM EGTA, and 2%
sucrose, pH=7.4), plus 0.025% glutaraldehyde, and 625uM dibucaine was used for deciliation. The cilia were
isolated in the same manner as the Tetrahymena, except the final centrifugation was at 31,000xg for 30 minutes.

Negative staining. Preparation of isolated cilia for negative staining TEM observation was carried out using
400-mesh copper grids with a thick, continuous carbon coating that had been glow-discharged for 60 s imme-
diately before sample deposition. A 3.0 ul aliquot of specimen was applied to the grid for 90s. The specimen was
blotted, and 1% uranyl acetate was applied to the grid for 90s. The grid was then blotted and allowed to dry for at
least 1 h before transferring into a JEOL-JEM1400 electron microscope operating at 100 keV. For each of the areas
of interest, the z-height was adjusted to eucentric position before taking images to ensure magnification accuracy.
Micrographs were taken at 8000X magnification and were analyzed using Image].

Analysis of ciliary tip region diameter.  The analysis of the tip region of isolated cilia in negatively stained
micrographs was performed using a set of custom-written Java programs. A detailed description is provided in
the supplementary material. Briefly, micrographs were contrast-inverted and then bandpass-filtered to enhance
the cilium’s edge contrast. Then, a polyline was drawn along the central axis of each cilium, starting from the abso-
lute tip, and a width-determination program generated a diameter profile. An interpolating polynomial curve of
degree six was fit to the diameter profile, and the location where the slope decreased below 0.0532 (equivalent
to a 1.5° incline on each side) is used to define the position separating the mature full diameter region with the
cilium tip region of an increasing diameter (shown as the arrows in Fig. 2). Then potential lengths were reported.
From these potential lengths, the cilium’s tip region length was measured by determining which potential length
agreed with the original micrograph. Parameters for the best-fit curves were determined using the nonlinear
least-squares Marquardt-Levenberg algorithm implemented in Gnuplot. With the above strategy, a set of Java
programs were written as a plug-in package for ImageJ** and used for this analysis of approximately 900 electron
micrographs of cilia. The diagrams of the tip architecture changes during cilium growth, shown in Fig. 5, were
prepared using Adobe Illustrator (Adobe Systems In., San Jose, CA).

Characterization of growing cilia and ciliary tip regions. In order to characterize ciliary development
using the length of the entire cilium and the length of the tip region, average lengths of these features were plotted
as functions of time. The ciliary tip region measurements appeared to exhibit the following characteristics: the
ciliary tip region started at length zero, and it then sequentially reached a local maximum, an inflection point, and
asymptotically approached a final length. Based on these conditions, a curve of best fit was determined using a
quotient of two trinomials of the form (ax®+ bx? + cx)/(dx® + ex* 4 fx + g). From these curves, the local maxima
and horizontal asymptotes were determined. In order to characterize the length of the entire cilium as a function
of time, we fit our data to the solution to the differential equation described in'®.

Cryo-EM sample preparation. Preparation of isolated cilia for cryo-EM observation was carried out using
300-mesh copper grids with a thin, continuous carbon coating that had been glow-discharged for 30 s immedi-
ately before sample preparation. A 2.5pl aliquot of 0.1% poly-L-lysine (w/v in water) was applied to the grid for
1 minute. The grid was blotted, and subsequently washed twice in water. Then, water was applied to the grid a
third time, and the grid was loaded into the Gatan CryoPlunger3. The grid was blotted, and a 2.5 pl aliquot of cilia
specimen that had been mixed 3:1 with 15nm gold particles was applied to it for 20s. Then, single-side blotting
was used to blot the grid for 6.0's before plunging into liquid ethane at —174°C. The frozen grids were stored in
liquid nitrogen until loaded into a JEOL-JEM3200FSC/PP electron microscope. Data were acquired using either
a CCD camera or a Gatan K2 Summit direct-electron detector.

Cryo-ET data collection and processing.  All electron tomographic tilt series data sets were collected
using SerialEM** with a tilt increment of 2 or 3 degrees. The JEM-3200FSC was operated at 300 keV with
zero-loss energy filtering, slit width 24 eV. The pixel size on the specimen was 0.36 nm and the total electron
dose was about 70 /A2 Images were recorded at a target underfocus between 4 and 8 um on a K2 Summit
direct-electron-detection camera (Gatan, Pleasanton, CA) with 5 to 8 frames per second during an exposure
time of 1 to 1.5sec. Frame alignment was carried out with the “Unblur & Summovie” package*>~’. Tomographic
reconstruction were carried out using Etomo/IMOD*. Bilateral filtering was applied to denoise the reconstructed
tomograms with functions provided in EMAN2 package**.

Scanning electron microscopy. Tetrahymena samples collected from different time points of regrowth
after deciliation were fixed by 1% glutaraldehyde and placed in pre-processed aluminum carriers from the M.
Wohlwend GmbH, Engineering office. Before adding Tetrahymena cells, the carriers were carbon coated and
glow discharged (two minutes) followed by treatment of poly-L-lysine coating to increase cell attachment. The
Tetrahymena cells in the carriers were subjected to a six-step gradient dehydration of ethyl alcohol (10%, 20%,
40%, 70%, 90%, and 100%) followed by critical-point drying using Samdri-795 with a 15 minutes purging pro-
cess. Afterwards, the samples in the carrier were fixed on conductive stubs with silver glue and gold-coated for
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45seconds using a CRESSINGTON Sputter Coater. SEM images were captured at 2 kx, 5kx, and 10 kx magnifica-
tions using Secondary Electrons Secondary Ions detector of a ZEISS NEON 40EsB High Resolution Dual Beam
Scanning Electron Microscope.
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Time-Restricted Inquiry-Based Learning Promotes Active
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Thitinun Sumranwanich!, Kanpong Boonthaworn!2, Sombat Singhakaew'*, and Puey Ounjai"**
'Department of Biology, Faculty of Science, Mahidol University, Bangkok, Thailand 10400,
2Center of Excellence on Environmental Health and Toxicology, Office of Higher Education Commission,
Ministry of Education, Bangkok, Thailand 10400

Organizing a zoology laboratory for an undergraduate course is often a challenge, particularly in a limited-
resource setting, due to the vast variety of topics to cover and the limited numbers of preserved specimens
and permanent slides. In zoology, the class structure generally takes the form of a lecture demonstration
followed by sample exhibition stations. This setting often fails to actively engage the majority of students in
exploring the specimens. Here we propose an alternative organization of a zoology class lab format comprised
of short guided-inquiry, time-restricted lab stations, and a freely structured follow-up project intended to
increase attention and conceptual understanding of the lab topic. The lab is designed in two parts: a 10-min-
ute in-class rotation portion, where small groups of students take turns investigating specimens following
an instructor demonstration, and an after-class group assignment. We implemented the strategy for two
years, and it is clear that our approach significantly increased students’ active engagement in the class. The
time-restricted scheme ensures all students participate despite limited resources, while the guided instruc-
tions keep the students focused on the topic. Furthermore, the team assignment portion, in particular the
media creation aspect, promoted teamwork among group members.
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their life cycle. However, some regions, including Thailand,
have limited resources and access to only limited numbers
of preserved specimens, permanent slides, and microscopes.
Undergraduate zoology laboratory courses in Thailand are
often arranged as a lecture with exhibition stations to cope
with the lack of available learning materials.

In this traditional setting, student instructions are often
provided in the form of a laboratory manual and a laboratory
briefing prior to starting the lab class. After a short briefing,
students are expected to explore the different stations and
complete a lab assignment worksheet, on which they report
individually. Frequently, other activities, such as a lab quiz,
are implemented at the end of class to motivate students to
rigorously explore all the stations. Although this setting has
been widely used in the classroom for decades, it often fails
to engage the majority of students. It was found that despite
the rigorous prelaboratory briefing, students still lacked con-
ceptual and procedural understanding of the topic (1, 2). Some
students were able to develop a conceptual understanding of
how biodiversity, evolution, and taxonomic classification are
interconnected, but this understanding was largely dependent
on the quality of class teaching assistants (TAs) and instructors
(2). These higher-achieving students often gathered around
stations where the TA was present and active, while other
students were at other stations working on their own. Of-
ten, students relied on images of a specimen captured using
a phone or tablet to complete drawing or sketching assign-
ments rather than studying the actual specimen at the station.
Sometimes, they used images from the Internet. This negated
the purpose of the zoological lab class, reducing students’
conceptual understanding of the course material. Moreover,
students also struggled in labs with complex experiments,

Briefing

Rotation

FIGURE I. Strategic time management for the in-class activities.
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becoming mired in procedural details about the experiment
rather than developing a conceptual understanding of the
subject being studied. Finally, when a group project was as-
signed, a few members of the team tended to complete the
report while the rest of the team remained unengaged in the
course content and lab activities.

To address this lack of engagement, we added an inqui-
ry-based aspect to the lab class. It has been widely shown
that an inquiry-based strategy can help improve student
engagement and increase student performance in different
classroom settings (3—7). The guided inquiry process allows
students to develop their own ideas from different sources
of information, with only a simple guided instruction from
the lab instructor or TA. After each individual develops an
understanding of the topic, ideas and resources are shared
and developed among peers in small groups to promote
student engagement in the activity (8—10). Finally, groups
present their results in various creative ways, such as small
science projects or group presentations (8—10). Despite
some advocacy from the government, the implementation
of inquiry-based learning in science education in Thailand is
still largely limited, even in schools and institutions where
resources are abundant (11). Most inquiry-based approaches
implemented in schools in Thailand are structure-based
(I1). Guided and open inquiries are sometime arranged for
senior undergraduate students in large universities or for
gifted students in well-funded schools. One of the major
concerns in incorporating inquiry-based learning in the
classroom is the lack of supporting facilities (12). Moreover,
this type of learning often takes longer to implement. Our
approach was developed to help maximize the use of limited
resources to increase student engagement using task-based

Questions

Conclusion & Answers
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assignments and a time-restricted guided-inquiry learning
protocol. The tasks were designed to incorporate different
levels of inquiry-based learning from structured to guided
to simple open inquiries. From our observations, the time
restriction significantly helps encourage students to focus
their attention on specimens and class materials and par-
ticipate in the team effort. Our approach appears to not
only help actively engage students with the lab activities
but also promote peer-to-peer communication and team
work. With some modifications, our laboratory design can
be beneficial to similarly sample-limited regions in which
zoological courses are taught.

The strategy was implemented in an undergradu-
ate zoology class of 50 students. Students were in their
sophomore year, ranging from 18 to 20 years old. Each lab
class correlated with a preceding instructor lecture in cor-
responding topics. Students were divided into 10 groups of
five students. Five lab stations were set up to accommodate
two groups (10 students) at each station. A guided inquiry—
based laboratory assignment was designed to require both
in-class activities and after-class activities. Both parts of the
assignment were completed in groups based on the notion
that cooperative learning helps increase the learning perfor-
mance of students (I3, 14). Students worked collaboratively
to collect data and complete the in-class activity, and the
group discussed and developed a presentation idea during
the after-class activity. Often, the presentation incorporated
media such as movies and infographics. Group assignments
were due within two weeks of the lab class.

In-class activities: Time-restricted lab rotation

The guided inquiry—based practical task is designed
based on the key conceptual idea for each topic and includes
a variety of activities to ensure the task is both interesting
and challenging for students (I5). The guided instruction
for in-class activities was planned to train both cognitive
and psychomotor skills. As the average attention span of
students has been reported to be around 10 to |15 minutes,
all the tasks for in-class activities were designed to be com-
pleted within 10 minutes (16). In each task, students were
allowed to collect data using provided specimens at the
station table. An alarm signal was used to remind students
to move to the next station, forcing students in the group
to participate in activities at each station and encouraging
active contribution among the team members. To foster
respect for others and for the materials, students used
two minutes after the alarm signal to clean up and reset
their current station before rotating to the next station.
A question-and-answer session at the end of class enabled
students to discuss, collect more data, and implement criti-
cal thinking on the more challenging aspects of the task.
Sample lab stations are shown in Appendix .

Volume 20, Number |

After-class assignment: Collaborative learning

To foster a group active-learning experience, after-class
assignments challenged the students to scrutinize the prob-
lem and find a way to effectively communicate their ideas to
their peers (8, 14). The in-class team activities were designed
to be different at every station, ranging from drawing to
comparing animal structures and forms to capturing images
for their assignments and answering questions related to the
topics. The after-class assignments combined the in-class
stations with student creativity. Free tools such as “Face-
book live” and “Piktochart” (17) were used to make movies
or infographics to be published online. The format of the
presentation was left open so individual groups could decide
how to present the assignment. Impressively, the students
in the study produced high-quality movies presented in dif-
ferent styles, including conventional voice-narrated shows,
animation, and stop motion. Samples of these movies are
available upon request.

After two years of implementation, our lab strategy
has been found to promote active student engagement in
zoology classes. Students not only learned about the topic,
but were also able to organize themselves to work as a
team. We found that students successfully collaborated and
distributed tasks among themselves within minutes during
the in-class time-restricted challenge. The time-restriction
was essential to encourage contribution from all team
members. Diverse tasks, such as drawing, experiments,
and collecting data for presentations, were used during the
in-class assignments to accommodate the attention span
of the students. Students quickly leveraged online social
tools, including Facebook groups, Line, Google Drive, and
Dropbox, to share resources among the team to complete
the after-class project. The collaborative nature of the as-
signments helped promote team-building skills within the
groups of students. Our approach clearly demonstrated
that the time-restricted guided inquiry could be effectively
implemented in undergraduate zoology laboratory classes
to actively engage students in class activities.

SUPPLEMENTAL MATERIALS

Appendix I: Lab instruction for class about sponges
and Cnidaria (for TAs & instructors)
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Abstract

Extracellular matrix (ECM) plays key roles in shaping fates of stem cells, not only by providing
suitable niche but also by mediating physical and biochemical cues. Despite intensive
investigations on regeneration, the roles of ECM on fate determination of stem cells in animal
with great regenerative potency, such as planarian, remained unclear. Here, we developed a
method to decellularizing and isolating extracellular matrix from planarians. Although the
isolated scaffold appears translucent, it contains all the internal features, resembling the
structure of intact planarian, and which we thus called “ECM-body”. Nuclear staining
demonstrated that ECM-body contains very little or no cell remained. Histological sections
displayed a well-preserved morphological integrity of the specimen. Scanning electron
microscope showed porous surface on ECM-body, potentially suitable for housing cells.
Furthermore, our preliminary experiment suggested that ECM-body can be utilized as
biomimetic scaffold for cell culture as it may support survival of injected neoblasts.
Keywords:

Extracellular matrix, Planarian, Decellularization, Scaffold, Tissue engineering, ECM-body

Introduction

Planarians have been widely utilized for studying regeneration as they are able to
regenerate their body parts within weeks (Agata and Watanabe, 1999; Reddien and Alvarado,
2004; Umesono et al., 2013). Using planarians as models, various processes responsible for
regeneration and development have been thoroughly elucidated (Cebria et al., 2002; Reddien,
2018; Rink, 2013; Umesono et al., 2013). Furthermore, the detailed characterization of stem
cell types as well as genes involved in tissues homeostasis and organ formation in planarians
have also been established (Fincher et al., 2018; Plass et al., 2018; Zeng et al., 2018). It has

been shown that the stemness of adult stem cells require physical interactions between the cells
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and the ECM (Guilak et al., 2009). ECM plays key roles in modulating the dynamic
microenvironment by providing suitable physical habitat for the resident cells, allowing the
cell to develop and differentiate into specialized cells and governing cell to cell
communications through controlled distribution of chemicals and biochemical signals (Frantz
et al., 2010). Therefore, various attempts have been made to create suitable biomimetic 3D
scaffold in order to simulate the microenvironment of ECM, especially for understanding the
complex interaction between the ECM and the stem cells (Gilbert et al., 2006). Indeed, a
method of choice to prepare cell-free ECM is so-called decellularization due to the fact that the
ECM obtained from this method could potentially provide suitable microenvironment for the
cells, offering not only mechanical and physical cues but also some cryptic biochemical signals
that are involved in regulating growth and developmental processes (Schultz and Wysocki,
2009). To date, various protocols have been developed for decellularizing various mammalian
tissue systems (Goh et al., 2013; Mazza et al., 2015; Ott et al., 2008). However, there was only
limited information regarding isolation of ECM of invertebrates (Gambini et al., 2012; Shimizu
et al., 2008). To our knowledge, there is currently no decellularization protocol developed for
planarian tissues.

Here, we established a protocol for preparing intact decellularized ECM, which we
called ECM-body, from freshwater planarians, Dugesia sp. (Thai isolate) and Dugesia japonica
and preliminarily explored the possibility to utilize ECM-body as biomimetic scaffold for 3D
cultivation of planarian neoblasts. Our work offered broad application in investigating the role

of ECM components not only in regeneration but also in stem cell biology.

Materials and Methods

Animals

Zoological Society of Japan
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Freshwater planarian, D. japonica, were maintained in artificial spring water at room
temperature (24 C) and were fed twice a week with chicken liver. Animals were starved for at

least 1 week before experiment.

Isolation of planarian ECM-body

Planarians were terminated and stabilized in stabilization solution composed of 1% Nitric acid,
50 uM MgSO, and 0.8% Formaldehyde. After that, the animals were decellularized in
decellularization solution I composed of 0.08% SDS, EDTA pH 8.0 5 mM, PMSF 1mM, and
Tris-HCI pH 7.6 10 mM for 18 hours. Next, the solution was replaced with decellularization
solution II composed of 0.04% SDS, EDTA pH 8.0 5 mM, PMSF 1 mM, and Tris-HCI pH 7.6
10 mM and incubated for at least 2 hours. Isolated ECM was then washed in wash solution
composed of EDTA pH 8.0 5 mM, PMSF 1 mM, and Tris-HCI pH 7.6 10 mM for at least three
times. ECM was finally stored at 4 C in a freshly prepared washing solution. For the ECM
aimed for cell culture, an additional nuclease treatment was added to remove potential
contamination of small nucleic acid fragments. Afterward, samples were intensively washed
with sterile PBS. Then, samples were cleaned with culture medium supplemented with
antibiotics. Isolated ECMs were kept by submerging them in sterile PBS at 4 C prior to use in
the experiment. Detailed protocol is provided in supplementary file S1 online. The components

of all solutions were indicated in supplementary table S1 online.

Characterization of decellularization efficiency using DAPI staining

DAPI staining was conducted to determine the presence of cells in the ECM- body. At first,
the mucus layer of the worm was removed to enhance the accessibility of the solution. Both
ECM-body and the worm were then fixed in formaldehyde solution. Afterward, the samples

were incubated in permeabilizing solution. After that, the samples were incubated in DAPI
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solution for an hour in the dark. Stained samples were washed to remove the excess amount of
DAPI and submerged in glycerol solution to increase the clarity of the sample. Mounted
samples were observed under fluorescent microscope. Detailed protocol is provided in

supplementary file S1 online.

Histological Characterization
Masson’s trichrome histological staining was conducted to evaluate the internal structure and

general tissue architecture. Detailed protocol is provided in supplementary file S1 online.

Scanning Electron Microscopy

For ultrastructural investigation, both of samples were fixed with Glutaraldehyde and Osmium
tetroxide. Planarians was dehydrated in ethanol whereas ECM-body was dehydrated in acetone.
Subsequently, the samples were proceeded to critical point drying, platinum coating and
mounted on SEM stub. The samples were visualized under scanning electron microscope.

Detailed protocol is provided in supplementary file S1 online.

Fluorometric quantification of DNA and RNA in ECM
The amount of DNA and RNA in the ECM-body were evaluated by nanophotometer and

fluorometer respectively. Detailed protocol is provided in supplementary file S1 online.

Planarian cell dissociation and neoblast microinjection into ECM-body

The preparation of single-cells for fluorescence-activated cell sorting analysis was conducted
as described in Hayashi et al., 2006. X-ray sensitive neoblast cells (X1 population) were
centrifuged and proceeded to injection. Aggregated cells were equally injected into posterior

and anterior of pharynx and incubated in the culture medium at 24°C in CO2 incubator. After
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1 and 3 days post injection, the ECM-body was stained with Hoechst 33342 or DAPI to
visualize in injected cell and observed under confocal microscope (FV1000, Olympus).
Detailed protocols of neoblast sorting and cell injection are stated in supplementary file S1

online.

Results and discussion

Optimization of Decellularization Procedure for Freshwater Planarians — Decellularization is
a technique to prepare three-dimensional biomimetic scaffold for tissue engineering and
microenvironmental studies (Goh et al., 2013; Mazza et al., 2015; Ott et al., 2008; Schultz and
Wysocki, 2009). The goal of successful decellularization is to completely get rid of all the
cellular components while faithfully preserving the intact architecture of ECM as well as other
potential microenvironmental factors.

While the application of decellularization have been tremendously fruitful for tissue
engineering and regenerative research, the decellularization method has not been established
in planarians (Hussey et al., 2018; Kim et al., 2012). It should be noted that current widely
utilized method for investigation of gene function in planarians are only RNA interference and
in situ hybridization (Rouhana et al., 2013). Additionally, proteomics characterization of
planarian ECM has not been experimentally unravelled (Cote et al., 2019). Therefore,
establishment of a protocol for isolating planarian ECM are absolutely essential for the
advancement of regenerative biology research.

To date, various methods have been established for decellularizing mammalian organs (Gilbert
et al., 2006), the decellularization of freshwater planarians was obviously quite challenging
because their bodies are often quickly disintegrated upon the death of animal. Due to the rapid
growth and the ease of cultivation of the animal, we chose to initially optimized a protocol for

whole-body decellularization of planarian using the Dugesia sp. (Thailand isolate).
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Sodium dodecyl sulfate (SDS) has been utilized as an effective agent for removing nuclei from
decellularized tissues (Mecham, 2012), we therefore selected SDS as the first line of
decellularizing agent. Although the resulting ECM-body prepared in this condition appeared
to largely resemble the shape of planarians (Fig. 1A and B), the internal organization of ECM-
body prepared using this method appeared to be less defined. To better preserve the internal
and external 3D organization of planarian, we decided to include a step to stabilize the planarian
body using cross-linking agents such as formaldehyde prior to the decellularization process.
The ECM-body prepared by this improved procedure appeared translucent with well-preserved
internal organ systems of the intact planarians i.e. digestive tract, eye spots and pharynx (Fig.
1A and C). However, it was of our concern as well that fixation need to be applied prior to the
decellularization as structure of decellularized hydra could be maintained to a certain extent
using no fixation (Shimizu et al., 2008). We hypothesized that tissue disintegration may be due
to sensitivity of the live planarians to the treatment with SDS (Hagstrom et al., 2015). Rapid
termination of the worms by chemical fixative may thus minimize the detrimental effect caused
by SDS-induced response and aid preservation of intact ECM.

Albeit fixative treatment stabilize planarian body and aid structural preservation of ECM, the
stabilization process could potentially cause negative impact on the efficiency of cellular
removal, we therefore rescreened the panel of detergents, consisting of Triton X-100, Tween-
20 and SDS, to seek for the most effective decellularizing agent for removing the cell from
stabilized planarian bodies. Although all the selected decellularizing agents were able to
successfully dissolve cellular content from the stabilized worms, cellular removal capability of
SDS-based extraction was still superior in comparison with the other two selected detergents
(Fig. 1D). It should be noted that the internal structure of digestive tract of the worm within 1
hour after treatment with low concentration of SDS (Fig. 1D). Translucent ECM-body

containing clear intact internal structures was achieved within 4 hours (Fig. 1D). To verify the
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cellular removal efficacy of different detergents, the amount of residual DNA in the sample
was determined at various time points during the treatment (Fig. 1E). The results confirmed
that the decrease of residual DNA 0.08% SDS was significant faster than the other two
detergents tested (Fig. 1E). Therefore, SDS was chosen as a detergent of choice for subsequent
decellularization experiment. Choice of detergent is critical for decellularization since it has
been reported that different type of detergent could affect cellular removal efficiency as well
as microstructure of ECM scaffold (Nakayama et al., 2010; Crapo et al., 2011, Vavken et al.,
2009). In any case, the residue of SDS has been reported to often found deposited inside the
decellularized ECM after the preparation process (White et al., 2017). Intensive washing was
implemented after SDS treatment to minimize possible remaining of chemical fixative and

detergent.

Characterization of Acellular Planarian ECM-body - As one of the minimal criteria for
acceptable decellularization is the lacking of visible nuclear material, the ECM-body was
stained with 4',6-diamidino-2- phenylindole (DAPI) (Kapuscinski, 1995). The results
demonstrated that there was no nucleus remained in the isolated ECM (Fig. 1F). However,
weak signals of DAPI can still be observed in the background perhaps from the residual nucleic
acid fragment remained attached to the scaffold. However, agarose gel electrophoresis revealed
no band of remaining genomic DNA (Fig. 1G). Further fluorometric quantification of RNA
also displayed marked decrease in the RNA content in the ECM body (Fig. 1H). Although
nucleic acid left in the structure may be only of negligible amount. It did not escape our
attention that the trace amount of residual nucleic acid may have negative effect on replanted
cells (Nagata et al., 2010).

To verify the integrity of the ECM architecture, ECM body was stained with Masson’s

trichrome dyes (Goldner, 1938). Histological cross sections at the pharyngeal plane elucidated
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intact organization of fibrous ECM structures similar to that of the untreated worm (Fig. 2 A
and B). Notably, little or no cell were found remained in the scaffold. Using scanning electron
microscopy (SEM), the surface topography of intact worm and isolated ECM-body were
characterized. The results displayed that the dorsal and ventral sides of the planarian body were
easily distinguishable as the former are covered with mucus layer while the latter contains
tremendous ciliature on the surface (Fig. 2C and D). On the contrary, both dorsal and ventral
surfaces of the ECM body displayed similar porous structure. This is in great agreement with
the corresponding three-dimensional fibrous network observed in the histological staining (Fig.
2E). It should be noted that the ECM-body visualized using SEM appeared flattened. This
effect was likely caused by the dehydration during SEM sample preparation. The flattening of
the ECM-body may also suggest that ECM body comprised soft and airy 3D scaffold. Notably,
the observed microstructure was consistent with isolated ECM from jelly fish, suggesting
similarity of the invertebrate tissue microstructures (Gambini et al., 2012). Taken together, this
thus confirmed that our developed protocol did not only effectively remove residential cells
from the worms but also provide faithful preservation of intact internal architecture of cell free

matrix. Our optimized decellularization protocol is summarized in Fig. 3A.

Preliminary Utilization of ECM-body as Three-Dimensional Scaffold — To explore the
potential of utilizing the ECM body as a biological 3D scaffold for replanting of the neoblasts,
we shifted our attention to a well-established helminth model, Dugesia japonica due to the
availability of genomic information and an established protocol for FACS sorting of neoblast
(Kawakatsu et al., 1995). Without any modification, the intact ECM-body from D. japonica
can be similarly prepared using our established procedure (Fig. 3B-C, E). To further reduce the
possible influence from nucleic acid remnants on the behaviour of the replanted cells (Nagata

etal., 2010), the ECM body was further subjected to DNase and RNase treatment. We observed
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that the additional nuclease treatment did not affect overall morphology of the ECM-body (Fig.
3C-D). Although the use of formaldehyde in stabilization solution should kill all the potential
contaminating microbes (Chen et al., 2016), we ensured the suitability of exploitation of ECM-
body as a 3D scaffold in cell culture, the ECM-body was further assayed for bacterial and
fungal contamination by incubating in mammalian cell culture media. As a result, based on the
colour and clarity of the media, no sign of microbial growth was observed after 4 days of
incubation (Fig. 3F). We further tested for mycoplasmas as they have been used as the indicator
for media contamination (Young et al., 2010). PCR based mycoplasma detection assay
validated that the ECM-body prepared with our method was mycoplasma free (Fig. 3G)
(Masters et al., 2000). Finally, in order to set stage for future utilization of the ECM-body in
advancing the study of interaction between planarian stem cell and niche, we performed ex
vivo recellularization of the FACS isolated X1 fraction (FACS sorted S or G2/M phase
neoblasts) from planarians into sterile ECM-body both at the anterior and posterior using
microinjection (Hayashi et al., 2006). Upon injection, some swelling effects were observed at
the sites of microinjection, possibly due to the pressure build up during the microinjection (Fig.
3H). After incubation at 24 C, the microinjected ECM-body were taken out at 1 and 4 post-
injection (dpi) for evaluating the cell retention. Of interest, the Hoechst stain revealed random
distribution of cell and cell clusters in the ECM, suggesting that ECM-body was unlikely to
contain residual fixatives and SDS and was not toxic to the replanted stem cells.

In fact, the ECM-body might be able to support the settlement of neoblast as it could
provide the site for cell attachment (Fig. 31-K). It should be noted that the viability of the seeded
the X1 neoblasts in ECM-body was maintained until the last day of experiment (4 dpi). In any
case, we observed no sign of nuclear fragmentation in the replanted cell, implying that there

was little or no apoptotic event (Fig. 3K) (Toné at al., 2007).
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Because the objective of this work was to develop a protocol for isolating intact ECM
from planarians, we did not characterize neither the proliferation rate nor the apoptotic event
of the recellularized neoblasts. It would be of great interest to determine whether the neoblast
could proliferate and inside the three-dimensional microenvironment of the ECM-body.
Further work should also further be conducted to monitoring the alteration in behaviour of
repopulating cell. Optimization of the culture condition to promote other cellular processes
such as migration, differentiation, stem cell renewal and eventually immortalization of the

neoblast cells in the ECM-body would be greatly beneficial for the planarian community.
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20 Figure Legends and Table Captions

25 Fig. 1. Optimization of planarian ECM-body Isolation. (A) The morphology of untreated
planarians, (B) decellularization without and (C) with stabilization, scale bar = 1 mm (D)

30 Effect of different detergents on decellularization, scale bar = 1 mm (E) Comparison of the
32 DNA removing rate of different detergents during the course of decellularization, error bar
34 indicated standard deviation from 2 independent experiments with 10 planarians per
experiment, ANOVA, (P<0.05). (F) DAPI stained planarian and ECM-body, scale bar = 50
39 um (G) Gel electrophoresis for gDNA (H) Significant reduction in the amount of RNA was
41 detected in the ECM-body, data were calculated from 3 independent experiments, 10

planarians per experiment, ANOVA, (P<0.05).

48 Fig. 2. Integrity of the isolated ECM-body

Masson’s trichrome histological cross sections at the pharyngeal plane of intact planarian (A)
53 and ECM-body (B), scale bars = 50 um. Scanning electron microscopy revealed the surface
55 morphology of intact planarian, dorsal side (C), ventral side (D) and isolated ECM body (E),
57 scale bars = 10 um. The overall shapes of each specimen were shown in the insets, scale bars

in the insets = 500 pm
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Fig. 3. Preliminary recellularization of isolated Dugesia japonica ECM body

(A) A diagram showed overview of the optimized protocol for decellularization of freshwater
planarian. The protocol was optimized using Thai planarian. To further test if our protocol
can be applied to other freshwater flatworms, the decellularization based on this protocol
were conducted on D. japonica (B) D. japonica, (C) D. japonica ECM body isolated using
this protocol (D) Nuclease treated ECM body of D. japonica for cell cultivation. scale bar = 1
mm (E) DAPI stained planarian and ECM-body revealed little or no nucleus remained in the
structure. scale bars = 100 um. (F) The clarity of cell culture media after 4 days of incubation
with ECM-body confirmed decontamination efficiency, arrowhead indicated the position of
added ECM-body (G) Mycoplasma detection using PCR revealed no contamination in co-
culture of ECM-body and NTERA2 cell line. (H) The appearance of ECM-body before and
after microinjection, arrowheads indicated the site of cell injection. (I) DAPI staining of the
PBS injected inside ECM-body. scale bar = 100 um. (J) DAPI staining of the replanted cells
inside ECM-body after 1 day incubation. scale bar = 100 um. (K) Hoechst 33342 staining of
the microinjected cells cultured inside ECM-body at 4 days post infection. scale bar = 100

pm.

Supplementary Table

Table S1: Buffer Recipes used in Planarian Decellularization
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Fig. 1. Optimization of planarian ECM-body Isolation. (A) The morphology of untreated planarians, (B)
decellularization without and (C) with stabilization, scale bar = 1 mm (D) Effect of different detergents on
decellularization, scale bar = 1 mm (E) Comparison of the DNA removing rate of different detergents during
the course of decellularization, error bar indicated standard deviation from 2 independent experiments with
10 planarians per experiment, ANOVA, (P<0.05). (F) DAPI stained planarian and ECM-body, scale bar = 50
um (G) Gel electrophoresis for gDNA (H) Significant reduction in the amount of RNA was detected in the
ECM-body, data were calculated from 3 independent experiments, 10 planarians per experiment, ANOVA,
(P<0.05).
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dorsal side (C), ventral side (D) and isolated ECM body (E), scale bars = 10 um. The overall shapes of each
specimen were shown in the insets, scale bars in the insets = 500 um
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Fig. 3. Preliminary recellularization of isolated Dugesia japonica ECM body
(A) A diagram showed overview of the optimized protocol for decellularization of freshwater planarian. The
protocol was optimized using Thai planarian. To further test if our protocol can be applied to other
freshwater flatworms, the decellularization based on this protocol were conducted on D. japonica (B) D.
japonica, (C) D. japonica ECM body isolated using this protocol (D) Nuclease treated ECM body of D.
japonica for cell cultivation. scale bar = 1 mm (E) DAPI stained planarian and ECM-body revealed little or no
nucleus remained in the structure. scale bars = 100 um. (F) The clarity of cell culture media after 4 days of
incubation with ECM-body confirmed decontamination efficiency, arrowhead indicated the position of added
ECM-body (G) Mycoplasma detection using PCR revealed no contamination in co-culture of ECM-body and
NTERAZ2 cell line. (H) The appearance of ECM-body before and after microinjection, arrowheads indicated the
site of cell injection. (I) DAPI staining of the PBS injected inside ECM-body. scale bar = 100 pm. (J) DAPI
staining of the replanted cells inside ECM-body after 1 day incubation. scale bar = 100 pm. (K) Hoechst
33342 staining of the microinjected cells cultured inside ECM-body at 4 days post infection. scale bar = 100
pm.
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Supplementary Materials and Methods.

Isolation of Planarian Extracellular Matrix (ECM-body)

Seven-day starved planarians were collected from the tank. This protocol was designed for 40
planarians. Planarian was terminated and stabilized once at a time by replacing solution with
stabilization solution (Ingredients of different solutions used for isolating planarians were
listed in supplementary Table S1 online) and incubated at 4 C for 1 hour without shaking.
After the stabilization, the solution was replaced with 40 ml of decellularization solution I for
16-18 hours at 4 ‘C. However, incubation time could be varied depending on the size and
species of planarians. Subsequently, we replaced the solution with 40 ml decellularization
solution II for 2 hours at 4 C. After that, the solution was gently replaced with wash solution
for 20 minutes 3 times in 4 C on a seesaw rocker. After this incubation step, the prepared
ECM-body are ready for characterization using various visualization techniques. In case of
ECM-body aimed to prepare as a biomimetic scaffold for 3D cell culture, additional nuclease
treatment step was added to remove residual nucleic acid fragments contaminated in the
sample. The treatment was incubated for 1 hours at 37 C without shaking. The isolated ECM-
body was subjected to extensive washing in sterile 1X at 4 °C PBS for 5 times, 10 minutes
each. The sample was agitated gently on a seesaw rocker. The solution was washed with
LCDM and EPSCM (Yang et al., 2017) supplemented with antibiotic for at least 3 times for
10 minutes each and incubated at 24 C on a seesaw rocker. Isolated ECM- body were

maintained in sterile PBS at 4C prior to use in the experiment.

Nucleus Staining by DAPI and Hoechst 33342

Isolated extracellular matrix as well as intact animals were transferred into 24- well plate. A

coverslip was added at the bottom of each well. The worm was treated with 5% N-
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Acetylcysteine for 10 minutes at room temperature to terminate the worm and wash away all
the excess mucus. The samples were fixed in 0.8% formaldehyde (Sigma) for 1 hour at 4 C.
The samples were rinsed twice with PBSTx, or PBS supplemented with 0.3% Triton X-100
(Sigma). Samples were then incubated for 2 hours in a permeabilizing solution composed of
1X PBS and 0.5% Triton X-100 at 4 C, and then rinsed thrice with PBSTx prior to stain with
1:400 DAPI solution (Invitrogen). The samples were then incubated in PBSTx in dark
condition for 1 hour at room temperature. Stained specimen was then washed 5 times in
PBSTx, for 5 minutes each. The samples were then subjected to incubating in 80% glycerol
for 30 minutes at 4 C. Finally, samples were transferred and mounted using 80% glycerol on
a clean glass slide. DAPI stained sample was visualized under Olympus BX53 fluorescent
microscope (Olympus, Singapore). For the samples stained with Hoechst 33342, samples
were fixed with 4% paraformaldehyde, 5% methanol, PBS for 20 minutes, followed by
double washing in PBSTx, for 10 minutes each. Subsequently, the solution was replaced with
1:2000 Hoechst 33342 in 1xPBS and incubated for 10 minutes. The samples were observed

under Fluoview FV3000 confocal laser scanning microscope (Olympus).

Masson’s trichrome staining

Specimen was fixed in 1% Nitric acid, 50 uM MgS0O4 and 0.8% formaldehyde overnight.
Then, the ECM was dehydrated in the serial dilution of acetone (Fisher Scientific) while the
dehydration of planarian was done in dilution series of ethanol. Dehydrated samples were
further incubated in 1, 4-Dioxane (Fisher Scientific) for 30 minutes. The samples were
embedded in the paraffin thrice for 20 minutes each. The paraffin block was trimmed at a
thickness of 5 um using ultramicrotome (Leica Biosystems). The sections were proceeded by
a routine protocol for trichrome staining, which is good for staining muscle fiber, collagen,

cytoplasm and nucleus staining.
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Ultrastructure of planarian extracellular matrix

To prepare sample for observation under scanning electron microscope, ECM of planarian
were collected and fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate pH 7.2 at 4°C
and washed with 0.1 M sodium cacodylate buffer pH 7.2 at 4 'C. Next, ECM were fixed with
1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 hour at 4 C. After that, the
samples were washed with 0.1 M sodium cacodylate buffer pH 7.0 at 4 C. Worms were
dehydrated by soaking in series of concentration of ethyl alcohol which were 30%, 50%, 70%
80%, 90% and 95% for 15 minutes each, at 4 ‘C. After the samples are in 95% ethyl alcohol,
absolute ethyl alcohol was used to replace the solution at 4 C. The residual ethyl alcohol was
removed using critical point drying (CPD). The samples were mounted on stubs with double-
coated conductive carbon tape. Specimen was coated with Pt-Pd for 4 minutes using ion

sputter before observing under JSM- 6510 Series Scanning Electron Microscope (JEOL).

Fluorometric Quantification of DNA and RNA in Extracellular Matrix

Nucleic acid material remained in extracellular matrix were quantified using fluorometric
method. Commercial kit (Bio Basic Canada Inc.) was utilized to extract DNA from the ECM
sample in comparison with the intact planarian. The concentration of DNA was determined
by nanophotometer (Implen, Germany). For RNA detection, RNA was extracted all ECM and
intact planarian using Trizol reagent (Invitrogen). After extraction, the RNA was resuspended
in mild base water. The concentration of RNA was determined by QFX Fluorometer

(DeNovix).

Planarian Cell Dissociation and Neoblast Microinjection
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Planarian was cut into 3-4 fragments by clean scalpel. The fragments were then soaked in
Holtfreter’s solution diluted in distilled water. The fragments were further subjected to
physical mincing and treatment with 0.25% trypsin for several minutes at 20 C. The cells
were dissociated by gentle pipetting up and down several times. The dissociated cells were
orderly filtered through a 35 um pore size cell strainer and 20 um nylon net filter to remove
tissue fragments. Single-cells suspension was stained with Dye Cycle (Invitrogen) for 30
minutes at room temperature. Flow cytometric analysis was performed using a BD FACS
Melody Cell Sorter (Becton-Dickinson). X-ray-sensitive neoblast cell or X1 fraction were
isolated and utilized in the microinjection. 1x103 X1 cells could be successfully temporarily
maintained in 24-well plate in 1 ml culture medium on a rotary shaker at 20 C in CO,
incubator. The cells were collected by centrifuge at 300 g for 7 minutes. 10 ul of aggregated
cells were drawn into capillary glass of the injector. ECM-body was placed firmly on the
black sterile filter paper for the injection. The cells were then injected into the posterior and
anterior parts of the pharynx. After the injection, ECM-body was transferred gently into

culture medium and cultivate at 24 °C in a CO, incubator.
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Solution

Stabilization solution I

Page 28 of 26

Final concentration

Nitric acid (Merck) 1%
MgS04 (Merck) 50 uM
Formaldehyde (Sigma-Aldrich) 0.80%
Decellularization solution I

Sodium dodecyl sulfate, SDS (Sigma) 0.08%
EDTA pH 8.0 (Vivantis) 5mM
PMSF (Calbiochem) 1 mM
Tris-HCI pH 7.6 (Biorad) 10 mM
Decellularization solution II

Sodium dodecyl sulfate 0.04%
EDTA pH 8.0 5mM
PMSF 1 mM
Tris-HCI pH 7.6 10 mM
Wash solution

EDTA pH 8.0 5mM
PMSF 1 mM
Tris-HCI pH 7.6 10 mM
Nuclease solution

1000 U DNase I (Promega) 24 ul
DNase I buffer (Promega) 60 ul
100,000U/ml RNase T (Thermo Scientific) 10 ul

Up to 6 ml by Milli-Q water
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