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Cilium formation and regeneration requires new protein synthesis, but the underlying
cytosolic translational reprogramming remains largely unknown. Using ribosome
footprinting, we performed global translatome profiling during cilia regeneration in
Chlamydomonas and uncovered that flagellar genes undergo an early transcriptional
activation but late translational repression. This pattern guided our identification of
sphingolipid metabolism enzymes, including serine palmitoyltransferase (SPT), as
essential regulators for ciliogenesis. Cryo-electron tomography showed that ceramide
loss abnormally increased the membrane-axoneme distance and generated bulged cilia.
We found that ceramides interact with intraflagellar transport (IFT) particle proteins
that IFT motors transport along axoneme microtubules (MTs), suggesting that
ceramide-IFT particle-IFT motor—-MT interactions connect the ciliary membrane with
the axoneme to form rod-shaped cilia. SPT-deficient vertebrate cells were defective in
ciliogenesis, and SPT mutations from patients with hereditary sensory neuropathy dis-
rupted cilia, which could be restored by sphingolipid supplementation. These results
reveal a conserved role of sphingolipid in cilium formation and link compromised
sphingolipid production with ciliopathies.
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Cilia are conserved organelles that power cell motility (where they are often termed
flagella) and perceive environmental signals (1-3). Defects in cilium formation or func-
tion cause at least 35 types of diseases, collectively termed ciliopathies, ranging from
primary ciliary dyskinesia to situs in versus (1). Cilium regeneration has received addi-
tional attention at this challenging time of the COVID-19 pandemic. A temporary loss
of smell or anosmia resulting from olfactory cilia dysfunction becomes evident as a
common symptom of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
A study using early transmission electron microscopy of the nasal mucosa from a
coronavirus-infected patient revealed that olfactory cilia loss represented one of the
most striking ultrastructural abnormalities (4). The observed intermediate and short
cilia in the recovering patients implied that cilia regeneration might correlate with smell
restoration (5).

Like other regeneration processes, cilium regeneration requires the signaling path-
ways and protein machinery that build the organelle during cilium formation (2, 3, 6).
Systematic surveys have identified more than 1,000 flagella-associated proteins that
assemble cilia and perform ciliary motility and signaling (7, 8). A pioneering study
with Chlamydomonas described that cycloheximide, which blocks eukaryotic transla-
tional elongation, inhibited flagellar regeneration after amputation, indicating that new
protein synthesis in the cytoplasm is vital for flagellar regeneration (9). Although cilio-
genesis relies on the cytoplasmic protein machinery, we know little about how noncili-
ary proteins act outside cilia to promote cilium formation or regeneration.

Cilia consist of a specialized membrane surrounding an axoneme composed of dou-
blet microtubules (MTs) that originate from the basal body (10-12). The axoneme
protrudes from the plasma membrane and elongates for 5 to 10 pm with a diameter of
~300 nm. Cilia, or flagella, are evolutionarily conserved organelles that develop in
diverse organisms ranging from Chlamydomonas to mammals (6, 13). In addition to
Chlamydomonas, other well-established cilia models include the Caenorbabditis elegans
amphid and phasmid cilia, mouse inner medullary collecting duct IMCD?3) epithelial
cells, and zebrafish lateral line neuromasts and olfactory placode (14-16). Previous
research has been dedicated to understanding how membrane lipids regulate ciliary sig-
naling (2, 11, 17). Sdll, it remains a mystery regarding how membrane lipids interact
with ciliary proteins to form and maintain cilia with rod-like morphology. The sphin-
golipid ceramide localizes in the Chlamydomonas flagella and the primary cilia of
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Significance

Using ribosome profiling of cilia
regeneration in green algae
Chlamydomonas, we uncovered
that ciliary genes undergo an early
transcriptional activation and late
translational suppression, the
pattern of which guided

us to identify serine
palmitoyltransferase (SPT) as an
essential regulator for ciliogenesis.
We found that SPT-product
ceramides interact with
intraflagellar transport particle
proteins, connecting the ciliary
membrane with the axoneme, a
bundle of microtubules and
associated proteins forming the
core of cilia. SPT mutations from
patients with hereditary sensory
neuropathy disrupted cilia, which
could be rescued by sphingolipid
supplementation, implying an
effective therapeutic strategy.
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murine ependymal cells, and pharmacological inhibition of cer-
amide synthesis blocks flagellar regeneration (12, 18, 19). These
studies postulate that ceramides regulate ciliogenesis by activat-
ing cytosolic glycogen synthase kinase-3 or preventing activa-
tion of HDACG via cytosolic aPKC and AurA, arguing that the
contribution of ceramide to ciliogenesis is independent of the
ciliary membrane (18).

Because protein synthesis is restricted to the cytoplasm, cilio-
genesis requires the selective import and transport of ciliary pro-
teins out to the tip by intraflagellar transport (IFT), a MT-based
transport event. The MT plus-end motor protein kinesin-2 drives
the anterograde movement of IFT particles, delivering ciliary pre-
cursors to the distal tip to elongate cilia, and the cytoplasmic
dynein-2 mediates retrograde IFT, recycling the anterograde IFT
machinery and ciliary turnover products (2, 6, 17). IFT particles
move between the ciliary membrane and axoneme, but their asso-
ciation with the ciliary membrane is unclear.

Early transcription studies reveal the transcriptional pattern of
ciliogenesis (8, 20-23), but RNA sequencing (RNA-Seq) is inade-
quate to describe which messenger RNAs (mRNAs) are translated
into proteins. By contrast, ribosome footprint sequencing (Ribo-
Seq) measures translation. Ribo-Seq studies have been conducted
in Chlamydomonas (24-26). However, cells with intact cilia rather
than cells that regenerate cilia were used. Thus, it remains unknown
how nascent proteins are translated to reassemble cilia. By perform-
ing global translatome profiling of Chlamydomonas flagellar regener-
ation, we identified enzymes catalyzing sphingolipid biosynthesis
as crucial regulators for cilium formaton. We showed that ciliary
ceramides interact with IFT particles that IFT motors transport
along axoneme MTs, revealing a motile lipid—protein complex
that connects the ciliary membrane with the axoneme and is
essential for cilium formation and morphology.

Results

Translatome Profiling during Chlamydomonas Flagellar
Regeneration. Chlamydomonas cells form flagella that are virtu-
ally identical to human motile cilia. The axoneme of flagella
usually contains one pair of singlet MTs surrounded by nine
outer doublet MTs organized in a circle, and the selective
import and transport of ciliary proteins out to the tip is medi-
ated by IFT (Fig. 14). To monitor the global translational
changes during flagellar regeneration, we collected the cells of
the synchronized Chlamydomonas before deflagellation (non-
treated [NT]) and during regeneration at 15, 30, 60, and 90 min
to generate libraries for Ribo-Seq and RNA-Seq (Fig. 1B and O).
Our RNA-Seq and Ribo-Seq measurements show high reproduc-
ibility (S7 Appendix, Fig. S1A). Samples during flagellar regenera-
tion are separated from controls on principal component analysis
plots (SI Appendix, Fig. S1B). Sequenced ribosomal footprints
display a three-nucleotide periodicity, indicating that they are
protected by actively translating ribosomes (S/ Appendix, Fig.
S10). The correlation coefficient for the overall transcriptional
and translational levels in cilia regeneration was about 0.57 (87
Appendix, Fig. S1D). This suggests that similar to yeast, mam-
malian cells, and plants (27-29), changes at the transcriptional
and translational levels during cilia regeneration in Chlamydomonas
are not fully correlated. We also noticed that ribosome biogenesis-
related genes were translationally up-regulated immediately during
cilia regeneration (S/ Appendix, Fig. S1E). Cycloheximide inhibited
cilia regeneration after amputation, indicating that new protein
synthesis is vital for cilia regeneration (9). Thus, during cilia regen-
eration, the ribosome-related genes are translationally up-regulated
before translating other proteins, which agrees with the notion that
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the synthesis of the translational apparatus is regulated at the
translational level (30). From Ribo-Seq data, we inferred protein
synthesis for 13,276 genes, ~11 times more than ciliary proteins
previously identified by mass spectrometry (MS) from the puri-
fied flagella that comprise only a subset of the cellular proteome
(7) (Fig. 1D and Dataset S1). Several early ribosome profiling
studies from Chlamydomonas (24-26) provided valuable informa-
tion for understanding microRNA or chloroplasts but not cilia,
likely because these studies prepared Chlamydomonas with intact
flagella rather than ones with regenerating cilia.

Early Transcriptional Activation and Late Translational Repression
of Flagellar Genes during Regeneration. To dissect the transla-
tional and transcriptional changes during flagellar regeneration,
we compared the ribosome profile, RNA level, and translational
efficiency (the ratio of normalized Ribo-Seq and RNA-Seq reads
per transcript) of postdeflagellation (15, 30, 60, and 90 min)
with those before deflagellation (NT). The flagellar genes which
are annotated from the Chlamydomonas Flagellar Proteome Pro-
ject (chlamyfp.org) in the Chlamydomonas flagellar proteome
study with frequent updates (7) were used for the flagellar gene
database in our study. We found that the annotated flagellar
genes’ RNA levels are most activated at 15 min postdeflagellation
(81 Appendix, Fig. S2A and Dataset S2), which is consistent with
early transcriptome studies (8, 20-22). If transcriptional activa-
tion is the primary driver for flagellar regeneration, an increase in
ribosome-protected fragments (RPFs) should parallel RNA
up-regulation in ciliary genes. Conversely, if translational activa-
tion is the leading cause, the RPF increase should be more prom-
inent than RNA. We observed significant RNA activation of
ciliary genes compared to other genes at 15 and 30 min postde-
flagellation, a rapid phase of flagellar regeneration (Fig. 1£ and F
and ST Appendix, Fig. S2B and ©), with corresponding increases
in RPFs. Intriguingly, at 60 and 90 min after amputation, the
slow step of flagellar regeneration, we detected a statistically sig-
nificant decrease in translational efficiency without an apparent
reduction in corresponding RNA levels (Fig. 1£ and F and S/
Appendix, Fig. S2B and C). These results indicate that ciliary
genes undergo transcriptional activation in parallel with active
translation in the early rapid flagella regeneration phase, followed
by late translational repression.

To further analyze ciliary gene transcription and translation,
we clustered them into three categories using a hierarchical clus-
tering algorithm based on changes of mRNA and RPFs (Fig. 24
and S7 Appendix, Fig. S3A). We observed that 61.2% of ciliary
genes were transcriptionally activated at 15 and 30 min but were
translatonally repressed at 60 and 90 min (Fig. 2B and Cand S/
Appendix, Fig. S3B), including genes that encode outer arm
dynein, inner arm dynein, radial spokes, central pair apparatus,
dynein regulatory complex, and IFT (Fig. 2D and Dataset S2).
Cluster I revealed a characteristic transcriptional and translational
pattern of ciliary gene during regeneration. The other ciliary
genes encoding components in the centriole, membrane, and
transition zone partially fell into the other two clusters: Cluster 11
accounted for 17.5%, which were not transcriptionally induced
and were only translationally activated during cilia regeneration,
whereas cluster III accounted for 21.3%, which were transcrip-
tionally activated but translationally repressed (Fig. 2B-D and
Dataset S2).

Sphingolipids Regulate Ciliogenesis in C. elegans. We sought
to identify novel regulators of ciliogenesis from genes that display
the early transcriptional activation and late translational repres-
sion during flagellar regeneradon. We found that 135 genes
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exhibit this pattern, but their ciliary roles have not been well
documented (Fig. 2E, SI Appendix, Fig. S3C, and Dataset S3).
Next, we searched for their homologs in C. elegans and humans
and identified 32 as evolutionarily conserved (Fig. 2F and
Dataset S3). The accessibility of the C. elegans mutant animals
carrying mutations of the corresponding homologs facilitated us
to determine their roles in ciliogenesis rapidly. Dye-filling defects
(Dyf) indicate the failure of C. elegans to contact with their envi-
ronment and suggest aberrant ciliary structure or function (31).
By performing a visual screen for ciliary defects, we uncovered
that 5 out of 18 examined mutant strains were Dyf, and four
encode enzymes crucial for sphingolipid metabolism (S Appendix,
Fig. S3D). Next, we conducted a systematic survey of sphingoli-
pid biosynthesis genes in C. elegans ciliogenesis. Out of 18 exam-
ined viable C. elegans mutant animals in sphingolipid metabolism

PNAS 2022 Vol. 119 No.31 2201096119

genes (hollow bars).

(32), 15 developed the Dyf phenotype, albeit at the mild pene-
trance, which might prevent the previous forward genetic screens
from isolating them (Fig. 34 for genes labeled in red). Neverthe-
less, by introducing a green fluorescent protein (GFP)—tagged cili-
ary marker IFT52/OSM-6::GFP into 13 mutant strains, we
found that these Dyf animals indeed developed markedly short-
ened cilia (Fig. 3Band Q).

We focused on serine palmitoyltransferase (SPT), which cata-
lyzes the first and rate-limiting reaction of de novo sphingolipid
biosynthesis by condensing L-serine and palmitoyl-coenzyme A
to 3-oxosphinganine (33). The C. elegans SPT holoenzyme con-
tains the common SPTL-1 subunit and SPTL-2 or its isoform
SPTL-3 (32, 34). We performed mRNA-Seq of the C. elegans
sptl-1(0k1693), sptl-2(0k2753), and sptl-3(0k1927) mutant alleles

to characterize their RNA defects caused by molecular lesions. In
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Fig. 2. Ciliary gene clusters and novel ciliary regulators. (A) A global view of fold changes of mRNA and RPFs of ciliary genes at 15, 30, 60, and 90 min after
flagellar regeneration. Shown is the result of hierarchical clustering (S/ Appendix, Fig. S3A) of both mRNA and RPF data. Columns are genes, and rows are
time points. The total signal is normalized per column to allow the comparison of patterns. (B) Pie charts of different categories of ciliary genes: 61.2% of
the genes are transcriptionally activated at 15 and 30 min but translationally repressed at 60 and 90 min (cluster 1), 17.5% of the genes sustain translation-
ally repressed all the time (cluster Il), and 21.3% of the genes maintain transcriptionally repressed but translationally activated after flagellar regeneration
(cluster Il). (C) The timing of the mean log2-fold change of RNA-Seq (green, Left axis), Ribo-Seq (gray, Left axis), and transcriptional efficiency (TE; blue, Right
axis) is plotted for three ciliary cluster genes. (D) Histograms show the frequency distribution of various ciliary genes in three clusters. The sum of the three

bars of each ciliary gene class is equal to 1.

(E) The timing of the mean log2-fold change of RNA-Seq (green, Left axis), Ribo-Seq (gray, Left axis), and transcrip-

tional efficiency (TE, blue, Right axis) is plotted for genes with a similar regulation pattern to ciliary genes cluster I. (F) The Venn diagram shows the overlap
between genes in (E) with orthologs in C. elegans and genes in E with orthologs in Homo sapiens. A schematic overview of the screening strategy is on the right.

agreement with removing the 5’-untranslated region of sp#-1, the
0k1693 allele reduced the sp#-1 mRNA level, indicating a weak
loss-of-function allele (S/ Appendix, Fig. S3E). The lesions in the
sptl-2(0k2753) and sptl-3(ok1927) mutants almost entirely trun-
cate their aminotransferase motifs, which suggest that they may
be severe loss-of-function alleles (SI Appendix, Fig. S3E). In line
with the redundant biochemical activity between SPTL-1/-2 and
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SPTL-1/-3 (32, 34), we successfully generated the viable spzl-I;
sptl-2 or sptl-1; sptl-3 double mutant animals but failed to create
the sptl-2; sptl-3 double mutants. Because sphingolipids are essen-
tial for embryonic development (35), the viable SPT mutant
alleles are either partial loss-of-function (sp#/-1) or have functional
redundancy (sp#-2 and sp#-3), resulting in mild ciliary defects
(Fig. 30).
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Fig. 3. Sphingolipid metabolism genes regu-
late ciliogenesis. (A) Schematic of the C. elegans
orthologs of the sphingolipid metabolism path-
way. Mutations of genes in red but not in blue
cause ciliary defects. Genes in gray have not
been examined due to the lack of mutant
strains. (B) Amphid (Top, the C. elegans head
sensory organ that contains chemosensory
neurons forming sensory cilia at the dendritic
endings) and phasmid (Bottom, C. elegans tail
sensory organ) cilia in WT and sphingolipid-
related mutants were labeled with IFT52/0SM-
6::GFP. Arrowheads indicate the ciliary base
and transition zone; arrows denote the junc-
tions between the middle segment (m.s.) and
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We performed electrospray ionization MS in C. elegans SPT
mutants to quantify the total ceramide levels, a crucial product
from sphingolipid metabolism (36). The ceramide amounts in
sptl-1 and sprl-2 single-mutant or sp#l-1; sptl-2 double-mutant
animals were significantly lower than wild-type (WT) animals
(Fig. 3D). To determine the ciliary ceramide level, we used
immunofluorescence with anticeramide antibodies to stain the
WT and sp#-2 mutant animals whose cilia were marked with
GFP-tagged IFT-52/OSM-6. While we detected the ceramide
in all the examined WT cilia, 31% of sp#/-2 mutant animals
did not show an apparent ceramide signal within cilia (S7 Appendix;
Fig. S3F, n = 15 or 16 for WT or sp#/-2 animals, respectively).
These results collectively indicate that sphingolipid metabolic
enzymes regulate ciliogenesis and suggest an involvement of
ceramides in this process.

Sphingolipids Regulate Ciliogenesis in Chlamydomonas. To
address how the ciliary ceramides regulate cilium formation
mechanistically, we aimed to perform cryo-electron tomo-
graphy (cryo-ET) and biochemical experiments, for which
Chlamydomonas flagella are advantageous. Immunofluorescence
with anticeramide antibodies detected the ciliary localization of
ceramides, which was effectively reduced by treating cells with
the de novo sphingolipid biosynthesis inhibitor (Fig. 44 and
SI Appendix, Fig. S4A). Myriocin reduced the fraction of cili-
ated cells and cilium length in a dose depedent manner and
sphingolipid mixture partially restored them (Fig. 4B). Follow-
ing yellow fluorescent protein (YFP)-labeled IFT46 motility in
myriocin-treated algae cells, we found that the velocities of
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retrograde but not anterograde IFT were reduced in a dose-
dependent manner (Fig. 4C and D), indicating that ciliary
ceramides specifically promote IFT-dynein motility. Sphingoli-
pid biosynthesis enzyme genes undergo a similar translational
pattern to ciliary genes (87 Appendix, Fig. S4B), and myriocin
treatment blocked ciliogenesis (Fig. 4B) and caused defective
phototaxis (S/ Appendix, Fig. S4C). In agreement with early
studies (18), these findings demonstrate the crucial roles of
ceramides in Chlamydomonas flagellar assembly and function.

Ceramide Loss Increased the Membrane-Axoneme Distance
and Caused Bulged Cilia. To examine the flagella structure, we
employed differential interference contrast microscopy to show
that myriocin treatment caused algae cells to form short flagella
with bulges (Fig. 4F and F). Using a fluorescence lipid dye,
Dioc6(3), we confirmed short and bulged flagella formation in
myriocin-treated cells (SI Appendix, Fig. S5A and B). The puri-
fied flagella from myriocin-treated algae became more bulbous
at room temperature for 90 min than WT (S Appendix, Fig.
S5Cand D). The 300-nm thickness of the Chlamydomonas fla-
gella allows structural analysis of flagella in close-to-native con-
ditions using cryo-ET (37). We observed 8 out of 18 examined
flagella from myriocin-treated cells developing bulbous flagella
(Fig. 54 and B and S/ Appendix, Fig. S5E), consistent with
light microscopy results. At the ultrastructural level, nine dou-
blets symmetrically distribute and surround two singlet MTs in
WT flagella (Fig. 5C and Movie S1); however, myriocin treat-
ment caused doublet MTs to spiral into the axonemal lumen
(Fig. 5D and Movie S2), revealing an impaired nine-fold
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symmetry of axonemal MTs. In the bulbous flagella, the dis-
tance between the plasma membrane and axonemal MTs
abnormally increased to more than 500 nm (Fig. 5F and F, S/
Appendix, Fig. S5F, and Movies S1 and S2), which indicates
that ceramide loss impaired the connection between the ciliary
membrane and axonemal MTs.

Ceramides Bind to IFT Particles. To understand whether and
how the ciliary membrane interacts with axonemal MTs via
ceramides, we performed immunoprecipitation experiments with
biotin-linked ceramide immobilized streptavidin agarose beads
and used biotin immobilized streptavidin agarose beads as a con-
trol according to the manufacturer’s instructions (Fig. 64). Using
the lysate from purified Chlamydomonas flagella, we isolated
potential ceramide binding proteins and subjected them to MS
analysis (Fig. 64 and S/ Appendix, Fig. S5G). We found that cer-
amide beads but not the control beads pulled down IFT particle
components (Fig. 6B, SI Appendix, Fig. S5H, and Dataset S4).
We confirmed the ceramide-IFT particle interaction using West-
ern blots (Fig. 60). Given that the IFT motor protein transports
IFT particles along axonemal MTs, we propose that the ceramide—
IFT particle-IFT motor—MT association forms a physical con-
nection between the ciliary membrane and axoneme (Fig. 6D).
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Although such a lipid—protein complex is mobile and undergoes
dynamic changes at the ciliary base and tip, invariant IFT speeds
and high frequency of IFT events (2) in both anterograde and
retrograde directions allow the complex to be constant along the
entire flagella, thereby stabilizing the ciliary membrane—axoneme
connection.

Roles of Ceramide in Mouse and Zebrafish Cilia. Cilia are evo-
lutionarily conserved organelles. Model organisms, including
Chlamydomonas reinhardtii, C. elegans to mammalian cells, and
zebrafish, have been widely used to study cilium formation and
model ciliopathies (14-16). To test whether ceramide has a con-
served role in mammals, we examined whether ceramides enter
cilia in mouse IMCD?3 cells and zebrafish lateral line neuromasts
and olfactory placode. Immunofluorescence with anticeramide
antibodies detected the ciliary localization of ceramides in mouse
IMCD3 cells and the zebrafish olfactory placode and lateral line
neuromasts (Fig. 7A4). By blocking ceramide generation with myr-
iocin or ceramide synthase inhibitor fumonisin B1 (FB1), we
showed that ceramide reduction inhibited cilium formation in
the zebrafish olfactory placode and dramatically shortened cilium
length in the lateral line neuromasts (S/ Appendix, Fig. S6A-C).
Likewise, incubating IMCD3 cells with either drug significantly
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Fig. 5. Ceramide loss disrupted the membrane-axoneme interaction.
(A-D) Longitudinal (A and B) and cross-section (C and D) cryo-ET analysis of
the cilia in WT and cell treated by 5 Nm Myr. Representative images of fla-
gella longitudinal sections in A and B and cross-sections in C and D (Movies
S1 and S2). (Scale bars, 100 nm.) (E and F) Magnified views of longitudinal
section cryo-ET micrographs and the model below (Movies S1 and S2).
(Scale bar, 50 nm.)

reduced the fraction of ciliated cells or truncated cilia, which was
partially restored by supplementing the medium with the sphin-
golipid mix containing ceramide (Fig. 7B and (). Consistent
with the pharmacological results, small interfering RNA silencing
of sptlel and sptle2 genes in IMCD3 cells reduced ciliation and
cilium length (Fig. 7B and D and SI Appendix, Fig. S6D). These
results reveal that ceramide plays a conserved role in cilium for-
mation in vertebrates.

Human SPT Mutations Affect Cilium Formation. Multiple muta-
tions in the human SPTLCI subunit of SPT lead to hereditary
sensory neuropathy type I (HSAN1), a common degenerative
disorder of peripheral sensory neurons (38, 39). We wondered
whether HSAN1-associated mutations in SPTLCI affected cil-
ium assembly. We studied three missense mutations (C133W,
C133Y, and V144D) in SPTLCI that occurred on conserved
amino acid residues (Fig. 7E). SPTLC1 mutation inheritance
mode is autosomal dominant, and transgenic mice overexpress-
ing the C133W mutation developed an HSAN1-like phenotype
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(40, 41). To assay the effects of these mutations on ciliogenesis,
we transfected the SPTLC1 mutants to IMCD3 cells. The trans-
fected cells strikingly reduced the ciliation and cilia length,
which could be rescued by supplemented sphingolipids (Fig. 7F
and G). To examine the impact of these mutations in C. elegans,
we introduced the C133W and C133Y variations in the sp#/-1
gene’s corresponding location. By expressing them under the
control of a ciliated neuron-specific promoter, we found that
both SPTL-1 mutations reduced the ciliary length, whereas the
transformation of the WT sp#/-I gene at the same DNA concen-
tration did not cause any ciliary defects (S7 Appendix, Fig. SOE
and F). These results show that HSAN1-associated mutations
in SPT disrupt cilium formation in mammalian cells and
C. elegans.

Discussion

In summary, systematic translatome analyses of flagellar regener-
ation guided us to discover the function of sphingolipid metabo-
lism enzymes in ciliogenesis. Focusing on SPT genes, this study
provides an example of how global translatome profiling facili-
tates the discovery of novel ciliary regulators acting from the
cytoplasm. We revealed an evolutionarily conserved role of
ceramides in ciliogenesis and that abnormal sphingolipid produc-
tion by mutations in patients with hereditary sensory neuropathy
(HSN) disrupted ciliogenesis, linking ceramides to ciliary disor-
ders. We provide evidence that the interaction between ciliary
ceramides and IFT particles moved by IFT motor proteins on
axonemal MTs connects the ciliary membrane with axonemes,
crucial for generating and maintaining cilia with the characteris-
tic rod-like morphology.

Compared to other systematic approaches such as proteome
or transcriptome datasets (7, 20), Ribo-Seq results provide
large-scale protein translational information about the previ-
ously uncharacterized cytoplasmic events during cilium forma-
tion and regeneration. Ribo-Seq data illustrate the translational
status for 92% of the annotated protein-coding genes in the
Chlamydomonas genome during flagellar regeneration (Dataset
S1). The number of genes in the Ribo-Seq dataset is 11 times
greater than that from MS-based ciliary protein identification
(Fig. 1D and Dataset S1). The higher throughput is likely
because some abundant ciliary proteins (e.g., tubulin or axone-
mal dynein) hinder the detection of lower-expressed proteins
by MS and because many proteins that are vital for cilium for-
mation do not necessarily localize in cilia. Future studies can be
fruitful by characterizing the ciliary roles of other genes that
undergo similar transcriptional and translational changes during
flagellar regeneration.

We know relatively little about pathways outside cilia to pro-
mote cilium assembly compared to extensive ciliary protein
studies. Considering that cilium regeneration starts from a cell
that loses its cilium under stress or disease conditions, the most
upstream is that the cell senses the ciliary loss or dysfunction
and communicates with the nuclei to turn on the transcription
program to recover cilia. Other intracellular processes involve
translation regulation of ciliary proteins and biosynthesis of cili-
ary lipids. From this point of view, cytoplasmic regulators of
cilium formation and regeneration are perhaps equivalently
vital to well-characterized ciliary proteins. We speculate that
some cytosolic molecules may not be required for ciliogenesis
during development but may promote the restoration of cilium
structure and function during patient recovery from diseases
such as SARS-CoV-2 infection.

https://doi.org/10.1073/pnas.2201096119 7 of 12


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201096119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201096119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201096119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201096119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201096119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201096119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201096119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201096119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201096119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201096119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201096119/-/DCSupplemental

w
1

A

Biotinylated ceramide §%) L’
C ,
Ay Streptavidin ‘//7 3
@ Biotin P °T ’
FEX G T +2- © . o
*'i‘ o g iﬂ '8 = ©
o X Beads o9
o e 5 Mooy, Q —
M Beads Raa S ¢ » S
b o& NN BB
¥4 AR &
control beads ceramide beads )
Incubaion with
flagellar lysate Fig. 6. Ceramides bind to IFT particles. (A)
Ceramide spectral counts Schematics isolating ceramide binding pro-
teins by immunoprecipitation using biotiny-
MS WB log10(PSM+1) lated ceramide immobilized on streptavidin
agarose beads for MS and Western blot (WB)
C 5% Input Co-IP D ® analysis, the biotin immobilized streptavidin
70 Input - L0-17 ® agarose beads were used as control beads.
@ p (B) Mass spectrometric analysis of potential
\SO\ ((\\ ,60\ ((\\ o ceramide binding proteins by biotin-linked
000 00@ 000 oe’{b ceramide streptavidin agarose beads using

100
100 !
75 — '. B FTS8 "u@

We identified enzymes in the sphingolipid metabolism as a
set of essential regulators for ciliogenesis. The ciliary lipids
are known for their function in ciliary signaling transduction
(11, 17), but their contribution to building the ciliary structure
was unclear. The chemical perturbation of sphingolipid biosyn-
thesis inhibited flagellar regeneration in Chlamydomonas and
suggested that sphingolipids may regulate membrane polarity at
the early stage of cilium initation (18). Our work shows that
impaired sphingolipid metabolism reduces the ciliary ceramide
level, which increases the ciliary membrane and axoneme dis-
tance and shortens cilia with bulges, revealing a direct contribu-
tion of sphingolipids to ciliogenesis. The loss of ciliary ceramides
reduced IFT-dynein but not IFT-kinesin motility, suggesting
that the ciliary lipid composition might more easily influence
dynein motility. Mechanistic studies addressing the impact of cil-
fary ceramides on dynein motility will require new tools for visu-
alizing lipids, like seeing proteins, in a living cilium.

The HSN patient mutations significantly reduce cilia length
and number in mammalian cells, implying that HSN disease
mutations in SPT might be unidentified molecular lesions that
cause ciliary disorders. The causative link between impaired
sphingolipid metabolism and ciliopathies still awaits further
investigation. Several studies have recently identified mutations
in a ceramide kinase-like gene leading to autosomal recessive
retinitis pigmentosa in patients, mirroring the eye dysfunction
of ciliopathies (42). A congenital pansensory neuropathy and
progressive retinitis pigmentosa were reported in the same patient
(42). Interestingly, mice expressing the SPTLC1(C133W) muta-
tion had a reduced sperm count and motility (40, 41). While
abnormal sphingolipid composition can lead to axonal neuropa-
thy, the defective ciliary structure or function in HSAN1 neurons
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might be an alternative cause for axonal neuropathy. Cilia have
not been linked to this disease, but abnormal cilia formation has
been shown to disrupt axonal projection (43).

Along with our results, these data might offer a glimpse into
the potential role of sphingolipid metabolism in ciliopathies.
Further massive sequencing efforts of the human genome and
disease modeling and functional studies in model organisms
will be required to establish the connection between sphingoli-
pid metabolism and ciliary diseases. The exogenous addition of
sphingolipids partially restored ciliogenesis in cells with
impaired sphingolipid generation (Figs. 44 and B and 7B, C
F, and G), and serine supplementation significantly improved
the sperm count and motility in SPTLC1 (C133W) mutant
mice (40, 41). These findings demonstrate the proof-of-princi-
ple prototypes in which ciliary defects can be restored by
manipulating lipid generation, holding great promise for curing
ciliopathies and accelerating cilia regeneration.

Materials and Methods

Strains and Genetics. S/ Appendix, Table ST summarizes the strains used in
this study. All the plasmids and primers are listed in S/ Appendix, Table S2. All
the animal experiments were performed following governmental and institu-
tional guidelines.

C. reinhardtii (WT strain CC-125) was grown in Tris-acetate-phosphate (TAP)
growth medium with a light/dark cycle of 14:10 h at 20 °C. Chlamydomonas
cells were harvested and resuspended in 10 mM Hepes buffer for 2 h and then
were deflagellated by adding acetic acid to the TAP growth medium to pH 4.5
for 30 s. Sodium hydroxide was rapidly added to neutralize the pH, and cells
were further incubated in the TAP medium (44) and then harvested at 0, 15, 30,
and 90 min.
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Danio rerio WT strain Tiibingen embryos were raised at 28.5 °C. Fish
maintenance followed the institutional animal care and use committee
protocol, with the approval of the Tsinghua University Animal Care and
Use Committee. Whole-mount immunostaining in zebrafish was carried
out based on the standard protocol using the following primary antibod-
ies: antiacetylated o-tubulin antibody (3971, Cell Signaling Technology,
1:500 dilution), anticeramide antibody (C8104, Sigma, 1:100 dilution).
The 24-hours post fertilization WT embryos were treated with 25 uM
myriocin and 250 puM FB1 or dimethyl sulfoxide; after 4 d, they were
collected for the whole-mount immunostaining analysis.

C. elegans strains were raised with Escherichia coli strain OP50 on nem-
atode growth medium (NGM) plates at 20 °C. Adult hermaphrodite worms
were used in live-cell imaging experiments and Dyf assays. Worms at
mixed stages were collected to perform lipid MS and RNA-Seq. All animal
experiments were performed following governmental and institutional
guidelines.

IMCD3 cells were maintained in DMEM/F12 (Invitrogen) containing 10% fetal
bovine serum, 0.3 mg/mL glutamine (Sigma-Aldrich), 100 U/mL penicillin (Invi-
trogen), and 100 U/mL streptomycin (Invitrogen) in a 5% CO,, 37 °C incubator
until reaching confluency.
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Fig. 7. Roles of ceramide in mouse and
zebrafish cilia. (A) Colocalization of ceramide
and acetylated tubulin immunofluorescence
in cilia of mouse IMCD3 epithelial cells and
zebrafish lateral line neuromasts (rosette-like
sensory organs that detect directional water
flow) and olfactory placode (nose, the lateral
edge of the anterior neural plate) (magenta,
acetylated tubulin; green, ceramide; blue,
DAPI). (Scale bar, 5 pm.) (B) Representative
immunocytochemistry images in IMCD3 cells
treated with ceramide biosynthesis inhibitors
(5 pM myriocin, 10 pM FB1) with or without
exogenous 10 uM sphingolipid mixture [sphin-
golipid mix contains sphingosine (C17 base),
sphinganine (C17 base), sphingosine-1-P (C17
base), sphinganine-1-P (C17 base), lactosyl(f)
C12 ceramide, 12:0 sphingomyelin, glucosyl(p)
C12 ceramide, 12:0 ceramide, and 12:0 cer-
amide-1-P] or transferred with sptic? or sptic2
siRNA (green, acetylated tubulin; blue, DAPI)
for 48 h. (Scale bar, 5 pm.) (C) Quantifications
in IMCD3 cells treated with ceramide biosyn-
thesis inhibitors (5 pM myriocin, 10 uM FB1)
with or without exogenous 10 uM sphingolipid
mixture. n = 161 to 179 cells from three inde-
pendent experiments. Values are the mean +
SD combined cell populations. Statistical sig-
nificance was calculated by the Student’s t test
using the means of biological replicates: *P <
0.05; **P < 0.01; ***P < 0.001; and N.S., not
significant. (D) Quantifications in IMCD3 cells
transferred with sptlc1 or sptlc2 siRNA. n =
115 to 200 cells from three independent
experiments. Values are the mean + SD com-
bined cell populations. Statistical significance
was calculated by the Student's t test using
the means of biological replicates: **P < 0.01
and ***P < 0.001. (F) Alignment of sequences
flanking the dominant human diseases-
associated residue C133 and V144 in SPTLC1.
(F) Representative immunocytochemistry images
in IMCD3 cells transfected with SPTLC1 related
mutants (green, acetylated tubulin; magenta,
SPTLC1; blue, DAPI). (Scale bar, 5 pm.) (G)
Quantifications in IMCD3 cells transfected with
SPTLC1-related mutants. n = 90 to 120 cells
from three independent experiments. Values
are the mean + SD combined cell populations.
Statistical significance was calculated by the
Student’s ¢t test using the means of biological
replicates: *P < 0.05; **P < 0.01; ***P < 0.001;
and N.S., not significant.

FB1 +
Sphingolipid

C133Y V144D

Measurement of Flagellar Length and Flagellated Cells. Chlamydomonas
cells were fixed with 0.5% Lugol's solution at room temperature and imaged
with an Axio Observer Z1 microscope (Carl Zeiss Microlmaging) equipped with a
100% 1.45 numerical aperture (NA) objective and an EM charge coupled devi-
¢e(CCD) camera (Andor iXon + DU-897DCO0-# BV-500). Images were acquired
with an exposure time of 200 ms by puManager (https://micro-manager.org/)
and processed with ImageJ software. At least 100 cells were counted for each
condition in biological triplicates.

Young-adult C. elegans hermaphrodites were anesthetized with 0.1 mmol/L
levamisole, mounted on 3% agarose pads at 20 °C, and imaged with an Axio
Observer Z1 microscope (Carl Zeiss Microlmaging) equipped with a 100x 1.45
NA objective, an EM CCD camera (Andor iXon + DU-897DC00-# BV-500), and
the 488- and 568-nm lines of a Sapphire CW CDRH USB Laser System with a
spinning-disk confocal scan head (Yokogawa CSU-X1 Spinning Disk Unit). Time-
lapse images were acquired with an exposure time of 200 ms at 0-s intervals by
pManager and processed with ImageJ software. The identical parameters were
used to image the WT and mutant animals.

Phototaxis Assays. Chlamydomonas cells were resuspended with phototaxis
assay buffer (5 mM Hepes, pH 7.4, 1 mM KCl, 0.3 mM CaCly, and 0.2 mM
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ethylene glycol tetraacetic acid) and were activated by red light (A = 620 nm)
for 5 to 15 min before the assays. Two-milliliter cell suspensions (~107 cells/mL)
were transferred to 35-mm Petri dishes and were illuminated from a defined
side with a green light (A = 525 nm, ~1 umol photon-m~2.s~" for 30 min).
All phototaxis experiments were performed 8 h after the light phase began.

Immunofluorescence Staining. Chlamydomonas or IMCD3 cells were fixed
with methanol at —20 °C for 20 min or 4% paraformaldehyde/phosphate-buffered
saline (PBS) for 15 min at room temperature, respectively. Cells were washed three
times with PBS and permeabilized by incubation with 0.5% Triton X-100 in PBS
for 15 min. IMCD3 cells were incubated on ice for 30 min to depolymerize cyto-
skeletal MTs before fixation. Nonspecific binding sites were blocked with 4%
bovine serum albumin (BSA) for 1 h at 37 °C. Cells were incubated with primary
antibodies at 4 °C overnight. The following primary antibodies were used for
immunofluorescence: antiacetylated-tubulin rabbit 1gG (1:1,000, catalog [Cat]
#ab179484, Abcam) and anticeramide mouse IgG (1:100, Cat. #C8104-50TST,
Sigma-Aldrich). Dylight 488 goat anti-rabbit IgG (1:500, Cat. #A23220-1, Abbkine),
Dylight 549 goat anti-rabbit IgG (1:500, Cat. #A23320-1, Abbkine ), Dylight 488
goat anti-mouse IgG (1:500, Cat. #423210-1, Abbkine), and Dylight 549 goat anti-
mouse IgG (1:500, Cat. #A23310-1, Abbkine) were diluted 1:500 in 4% BSA/PBS
and cells were incubated for 1 h at 37 °C. DAPI (Sigma-Aldrich) was used to visual-
ize the nuclei.

Dyf Assay. Young-adult worms were collected randomly into 200 pL dye solu-
tion (Dil 1,17’-dioctadecyl-3, 3, 3’, 3'-tetramethylindo-carbocyanine perchlorate,
Sigma) at working concentration (20 mg/mL), followed by 30-min incubation in
the dark at room temperature. Worms were transferred to NGM plates seeded
with OP50. After 1 h, we examined dye uptake using a fluorescence stereoscope.
Each strain was examined for at least 100 worms in three independent experi-
ments. We examined the mutant alleles of genes pmk-3(0k169), kgb-1(um3);
kgb-2(km16), sek-1(km4), rom-2(0k996), scl-1(ok1185), shw-3(ok1884), sel-
12(0k2078), trxr-2(0k2267), sms-5(0k2498), F15D4.4(0k3200), cca-1(0k3442),
drh-1(0k3495), Y55F3AR 2(0k1737), sms-3(0k3540), spl-2(0k490), and hyl-1(0k976),
and they did not show any dyefiling defect. The mutant alleles of genes
C30F12.2(0k3505), sms-1(0k2399), spth-1(0k1693), sptl-2(0k2753), sptl-3(ok1927),
hyl-2(0k1766), lagr-1(gk327), lagr-1(gk337), asah-2(0k564), asah-1(tm495), sphk-
1(0k1097), cerk-1 (0k1252), asm-1(tm5023), asm-2(tm374¢6), asm-3(ok1744), sms-
2(tm2757), and ttm-5(tm6585) showed a dye-filing defect with penetrance ranging
from 2.6 to 10% from three independent experiments. The WT animals did not
show any dyefilling defects (n > 300). The strain information is provided in S/
Appendix, Table S1.

Lipid Analysis. Unsynchronized WT Bristol N2 or sphingolipid-related mutant
strains were collected and washed three times with M9 buffer. Worm pellets
were subjected to liquid nitrogen three times and thawing followed by fragmen-
tation by 0.5-mm-diameter glass beads using FastPrep-24 (MP Biomedicals).
Total lipids were extracted using a mixture of chloroform and methanol (2:1;
volivol) at 48 °C overnight and then back-extracted with chloroform. The lower
organic phase was collected after centrifugation, washed with the artificial upper
phase (chloroform/methanol/H,0; 3:48:47) once, and dried under nitrogen gas.
Sphingolipidomics analysis by liquid chromatography-tandem MS was per-
formed at the lipidomics facility of Tsinghua University in China. The ceramide
composition was normalized to lipid phosphate.

Image Processing and Analysis. We used ImageJ software (https://rsbweb.
nih.gov/ij/) to process images and generate kymographs. The ciliary marker
YFP::IFT46 was used to measure IFT speeds. Separated anterograde and retro-
grade kymographs were generated with the KymographClear toolset plugin in
ImageJ (www.natvu.nl/erwinp/downloads.html) by manually drawing lines
along cilia at the width of 3 pixels. Complete tracks of individual IFT particles
were manually selected and carefully drawn with the KymographClear toolset.

Flagella Isolation. Flagella were isolated from Chlamydomonas cells using the
pH shock method as described previously (45) with a few modifications. Briefly,
WT cells were grown in 8 L of TAP medium until the cell density reached ~5 x
10° cell/mL and the algae cells were harvested and resuspended in 500 mL
of 10 mM Hepes buffer for 2 h. The algae cells were then resuspended with
100 mL of 10 mM Hepes containing 5% sucrose. The pH of the suspension was
quickly lowered to 4.5 for about 30 s by the addition of 0.5 mM acetic acid while
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stirring with a magnetic stirrer. Then 0.5 mM KOH was added to the suspension
to raise the pH to 7.0. The suspension was then transferred to 50-mL polycarbon-
ate tubes for about 35 mL suspension per tube. Then 10 mL of 25% sucrose in
10 mM Hepes was injected into the underlayer of the tubes. Centrifugation at
2,500 x g for 10 min at 4 °C sedimented the cell body through 25% sucrose.
The flagella were in the supernatant which contained 5% sucrose. The superna-
tant was transferred to a new 50-mL tube and underlaid again with 25% sucrose
to remove any remaining cell bodies. The 5% sucrose layer was then transferred
to a new 50-mL tube and centrifuged at 10,000 x g for 10 min. The pellets were
resuspended in HMDEK buffer [20 mM Hepes, pH 7.2, 5 mM MgCl,, 1 mM eth-
ylene diamine tetraacetic acid (EDTA), and 1 mM dithiothreitol (DTT) containing a
complete protease inhibitor mixture from Roche]. For flagellar fractionation, about
100 pL flagella (50 pg/ul) was first incubated with 0.5% igepal for 30 min and
centrifuged at 10,000 x g for 10 min at 4 °C. The supernatant was collected as
the membrane plus matrix fraction for the affinity purification assay.

Labeling Flagella with Fluorescent Dye Dioc6(3). Flagella were stained
using a previously described protocol (46) with a few modifications. The algae
cells were grown in TAP medium until the cell density reached ~5 x 10° cell/mL
and they were harvested and resuspended in TAP medium to a final cell concen-
tration of ~1 x 107 cell/mL Chlamydomonas cells were labeled with Dioc6(3)
(0.05 pg/mL, Invitrogen) for 1 min at room temperature and imaged with an
Axio Observer Z1 microscope (Carl Zeiss Microlmaging) equipped with the 488
and 568-nm lines of a Sapphire CW CDRH USB Laser System with a spinning-
disk confocal scan head (CSU-X1 Spinning Disk Unit, Yokogawa).

Affinity Purification Using Ceramide-Coated Beads. The ceramide pull-
down assay was performed as per the manufacturer's instructions. Briefly, the
exact amount of flagellar lysates was incubated with 100 pL slurry of ceramide-
coated beads (P-BCer, biotin-linked ceramide immobilized streptavidin agarose
beads, Echelon Bioscience) at 4 °C for 3 h under rotary agitation. We chose the
biotin immobilized streptavidin agarose beads (P-B000, Echelon Bioscience) as
the control according to the manufacturer's instructions, although a different
membrane component can be the better control. Igepal was added to the super-
natant at 0.5% of final concentration. Beads were washed four times with cer-
amide binding-washing buffer containing 0.5% igepal. The bound proteins were
eluted by a 2x sodium dodecyl sulfate (SDS) sample buffer and then subjected
to SDS-polyacrylamide gel electrophoresis either for immune blotting or proteo-
mics analysis.

Cell Transfection. Plasmids were transfected into IMCD3 cells using Lipofect-
amine 3000 (Invitrogen) following the manufacturer's instructions. The control
scrambled plasmids and targets were bought from the mouse short hairpin RNA
library from Sigma. During the cultivation period, cells were also incubated with
inhibitors affecting ceramide biosynthesis (20 pM FB1, 5 pM Myrocin), sphingo-
lipid mixture (LM-6005-1Ea, Avanti), or combinations of these reagents. Cells
were shifted from 10% serum to 0.5% serum for 48 h to induce ciliogenesis
before fixation.

Cryosample Preparation. Two-hundred-mesh grids were glow discharged.
Cryo-EM grids were prepared with a Leica EM GP (47). A drop of 4 pl cultured
cells was added to the grid and blotted with filter paper for 6 s, followed by an
immediate plunge-frozen in liquid ethane.

Cryo-ET Data Collection. We collected the cryo-ET data using the Titan Krios
microscope (Thermo Fisher Scientific) operated at a voltage of 300 KV and
equipped with Cs corrector, GIF Quantum energy filter (Gatan), and K3 Summit
direct electron detector (Gatan). The tilt series were recorded from 68° to —68°
with SerialEM software (48). The recording state was at a nominal magnification
of 33,000 in counting mode with a pixel size of 2.656 A"-pixel . Each stack
was exposed for 2.4 s with an exposure time of 0.3 s per frame and recorded as
a movie of eight frames, resulting in the total dose rate of ~2 electrons per A2
for each stack. GIF was set to a slit width of 20 eV. The defocus ranged from —5
to —8 pum. The MotionCor2 program was used to correct the beam-induced
motion (49).

Cryo-ET Reconstruction and Three-Dimensional Model Reconstruction.
Tilt series were aligned with the patch-tracking method in IMOD software (50).
Three-dimensional models were reconstructed with Amira 5.2.2 software.
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Ribosome Profiling and RNA-Seq Libraries Processing. Ribo-Seq libraries
were performed using a previously published protocol (51) with a few modifica-
tions. Briefly, Chlamydomonas cells were flash-frozen and stored in liquid nitro-
gen. The sample pellets were crushed into powder in a mortar filled with liquid
nitrogen. The powdered samples were lysed in 400 uL of lysis buffer containing
20 mM Tris-HCI (pH 7.4) (AM9850G, Invitrogen), 150 mM NaCl (AM9760G,
Invitrogen), 5 mM MgCl, (AM9530G, Invitrogen), 1 mM DTT (43816, Sigma-
Aldrich), 100 pg/mL cycloheximide (C4859, Sigma-Aldrich), 1% Triton X-100
(18787, Sigma-Aldrich), and 25 U/mL Turbo DNase | (AM2238, Invitrogen) at
4°C for 10 min. Then 200 pL of the clarified supematant was used to purify the
RPFs, and 100 pL of the supernatant was used for the total RNA-Seq in parallel.

For the RPFs, 15 U RNase I (Epicentre, N6901K) was added to 200 pl of the
lysate, and the lysate was incubated with gentle mixing at room temperature for
45 min. To terminate digestion, we added 10 pL SUPERase In RNase Inhibitor
(AM2696, Life Technologies) to the lysate and chilled it on ice. RPFs were
purified by Sephacryl S400 spin column chromatography (27514001, GE Health-
care) and extracted with TRIzol (15596018, Invitrogen) following the manufac-
turer's protocol. The rRNA was depleted using the RiboZero kit (MRZPL1224,
[llumina). The 25- to 35-nt fragments were excised from the 15% urea gel and
eluted in 400 pL RNA gel extraction buffer (300 mM ammonium acetate
[AM9070G, Invitrogen], 0.25% volfvol of 10% SDS [AM9823, Invitrogen], and
1 mM EDTA [AM9260G, Invitrogen]) followed by isopropanol (19030, Sigma-
Aldrich) precipitation. The RNA pellets were resuspended in 10 plL of 10 mM
Tris, pH 8.0, and incubated with T4 polynucleotide kinase (M0201S, New
England Biolabs) at 37 °C for 1 h to dephosphorylate. The dephosphorylated
RNA was ligated with preadenylated linker using T4 RNA ligase 2 (truncated
K227Q, M0351S, New England Biolabs) at 22 °C for 3 h. The ligation products
were reverse transcript by SuperScript 11l at 50 °C for 30 min. The reverse tran-
scription products were added with 1 M NaOH and incubated at 98 °C for
20 min to hydrolyze RNA. The reverse transcription bands were excised from
15% urea gel and eluted in 400 plL DNA gel extraction buffer (300 mM sodium
chloride [AM9070G, Invitrogen]), 10 mM Tris [AM9855G, pH 8.0, Invitrogen],
and 1 mM EDTA [AM9260G, Invitrogen]) followed by isopropanol (19030,
Sigma-Aldrich) precipitation. The purified reverse transcription products were cir-
cularized by CircLigase Il (CL9021K, Epicentre) at 60 °C for 1 h. Deep sequencing
libraries were generated from the circularized products. The amplified PCR
products were excised from 8% polyacrylamide nondenaturing gels and eluted
in 400 pL DNA gel extraction buffer, followed by isopropanol precipitation. The
purified amplificated PCR products were sequenced on an lllumina HiSeq
platform.

Total RNA from the Chlamydomonas cells was isolated with TRIzol (15596018,
Invitrogen) from 100 pL clarified lysate, and the rRNA was depleted using the
RibozZero kit (MRZPL1224, lllumina). The rRNA-depleted total RNA was frag-
mented at 95 °C for 20 min. Deep sequencing libraries were generated in paral-
lel with Ribo-Seq and sequenced on an Illumina HiSeq platform. Total RNA from
C. elegans was extracted from mixed-stage worms with TRIzol. The RNA quality
was assessed on the Agilent Bioanalyzer 2100 system. The samples with an RNA
integrity number > 6 were processed; 50 to 500 ng of total RNA was used for
library preparation using the KAPA RNA HyperPrep Kit (KAPA Biosystems). Library
samples were sequenced on an lllumina HiSeq platform.

RNA-Seq and Ribo-Seq Data Analyses. Ribosome profiling data were proc-
essed using the established methods (51, 52). The 5’ base of the adapter-trimmed
Ribo-Seq reads was removed, which is usually an artifact of reverse transcription.
For removing abundant contamination from digested ribosomal RNA (rRNA) pre-
sent in the libraries, the reads aligned to a collection of rRNA sequences obtained
from GenBank and University of California at Santa Cruz using Bowtie2
were discarded.

For C. reinhardtii data, both Ribo-Seq and RNA-Seq reads were aligned to the
Chlamydomonas v5.5 genome (53), using Tophat (54) guided by Chlamydomo-
nas annotation, JGI v5.5 (Phytozome 10), allowing for two mismatches per read
and unique alignment only. For C. elegans data, RNA-Seq reads were aligned to
ce11/WBcel235 genome assembly using STAR_2.5.1b (55) and an index with
splice junction information from the Ensemble 94 transcriptome annotation.

Read assignment was achieved by HT-Seq (56). Ribo-Seq was calculated for
all genes that passed reads per million reads mapped (CPM) >1 in the coding
sequence (CDS) threshold in two biological replicates. Differential expression
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analysis for transcriptomes and translatomes was achieved using the Bioconduc-
tor package edgeR, based on the negative binomial distributions (57). Transcrip-
tome fold changes for expressed genes were determined using reads assigned
to exons by the gene. Translatome fold changes for protein-coding genes were
measured using reads assigned to CDS by the gene. Translational efficiency is
the ratio of normalized Ribo-Seq and RNA-Seq reads per transcript and log2-fold
change of translational efficiency was calculated for each gene by normalizing
log2-fold change of RPFs to mRNA as reported (51). The nucleotide resolution of
the coverage around start and stop codons, and the 3-nt periodicity of Ribo-Seq
data were analyzed by RiboCode (58). Pearson correlations were used to test for
coregulation between transcriptome and translatome among all translated genes
using CPM. Gene Ontology enrichment analysis was performed with the
Gene Ontology Resource website (geneontology.org/) with Fisher's exact test
(59, 60).

Ciliary Gene Clustering. Hierarchical clustering with Euclidean distance fol-
lowed by single-linkage algorithms was used for classifying ciliary genes, which
was annotated from the Chlamydomonas Flagellar Proteome Project (7) (chlamyfp.
org). Z-scores were used to normalize fold changes of RPFs or mRNA. Z-scores are:
z = (x — mean)/std, which ensures that each row (column) has a mean of 0 and a
variance of 1. Hierarchical clustering and visualization were done using clustermap
function from the Python package seaborn (https://seaborn.pydata.org/). All statisti-
cal analyses were carried out using custom-written Python scripts and the R statisti-
cal language.

Similar Gene Selection and Ortholog Finding. We screened genes with a
similar regulatory pattern to ciliary genes cluster | from the whole genome by
setting the following thresholds and logic operations: Transcription or translation
is up-regulated at least 0.8 log2-fold change at 15 or 30 min and decrease at 60
and 90 min after flagellar regeneration, and translational efficiency is down-
regulated at 60 and 90 min compared to 15 or 30 min. Orthologs were obtained
from OrthoDB(v10) database (61) (https://www.orthodb.org) by searching with
the gene UniProtKB/TrEMBL ID.

Quantification and Statistical Analysis. Two-tailed Student’s t test (Figs. 3 C
and D, 4 B, D, and F, and 7 C, D, and G, and S/ Appendix, Figs. S5 B and D and
S6B) was used to examine significant differences between groups as indicated
in the figure legends. For each group, quantification was represented by the
mean value =+ SD. Statistical significance was determined when the P value was
lower than 0.05 (N.S. indicates not significant). N represents the number of ani-
mals used for Dyf assay (Fig. 3C), the number of animals or cells used for cilium
length quantification (Figs. 3C, 4B, 7 C, D, and G and SI Appendix, Fig. S6B), the
number of animals or cells used for cilium fraction quantification (Figs. 4B and
7€, D, and G), the number of algae used for bulged flagella rate quantification
(Fig. 4F and SI Appendix, Fig. S5B and C), or the number of IFT particles used for
velocity quantification (Fig. 4D).

Data Availability. Ribo-Seq and RNA-Seq data were deposited in Gene Expres-
sion Omnibus (accession no. GSE149844). All other study data are included in
the article and/or supporting information.
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