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Materials and Methods

Research subjects

We used standard methods to isolate genomic DNA from peripheral blood of the affected
children and family members. Informed consents were obtained from all participating
families and the studies were approved by the Casa Sollievo della Sofferenza, and the
University of California, San Diego.

Genetic mapping

Genome wide linkage was performed using a 5K Illumina Linkage IVb mapping panel
and analyzed with easyLinkage-Plus software. Multipoint LOD scores were calculated
using Allegro version 1.2¢c where parameters were set to autosomal recessive with full
penetrance and disease allele frequency of 0.001.

Mutation screening

Bioinformatics strategies involved design of primers to amplify 1643 of the 1667
potential JBTS2 target amplicons from 25 individuals (2 affected and both parents from
each of 7 families) resulting in 100% sequence coverage at 1x and 80% sequence
coverage at 2x using bidirectional Sanger-based sequencing. The resultant 82,150
sequence reads were annotated according to filters to exclude (1) any polymorphism
heterozygous in an affected, (2) any polymorphism reported as homozygous in dbSNP,
(3) any polymorphism homozygous in both parents and affected. From this data, we
identified TMEM138 mutations in all remaining JBTS2 families. To test for additional
TMEM138 mutations in a cohort of 460 individuals with JBTS, we applied high-
resolution melting using a LightCycler 480 (Roche Applied Science), with the same
TMEM138 primers and optimized PCR conditions. Mutations were validated by Sanger
sequencing. All mutations segregated properly according to a single recessive disease
mode. All mutations were excluded in 200 Central Asian (predominantly Pakistani and
Egyptian) and 200 European (predominantly British) individuals, as well as a cohort of
96 ethnically diverse individuals by Sanger sequencing or high-resolution melting
followed by Sanger sequencing. Two mutations were seen in more than one family,
correlating with their country of origin, each observed on a shared haplotype. No
TMEM216-mutated patients had mutations in TMEM138, or vice versa, suggesting
independent mutational events. The phenotype associated with TMEM138 mutations is
characterized by the presence of the MTI and extreme variability of other ciliopathy
features that is characteristic of the JBTS2 locus (Table S1).

Bioinformatics

Genetic location is based on Human Genome Browser build hg18 of the human genome.
Genetic locations for the other genomes were obtained from UCSC Genome Browser and
Ensemble web site (Table S2-3) (1). The conserved genomic regions (>50% sequence
similarity) were searched using mVISTA, ECR browser, and PhastCons of UCSC
genome browser (2-4). Possible regulatory elements were searched using VISTA
Browser and ENCODE Regulation database through UCSC Genome Browser (5, 6). To
predict the protein structure of TMEM 138, Phobius and TMHMM web-based tools were




used (7). The sequence alignment of TMEM 138 and TMEM 17/ TMEMS80/TMEM216
was performed with the Geneious program (http://www.geneious.com). Pairwise
alignments of TMEM138 and TMEM216 were performed using EMBOSS-Align and
BLAST. GeneCards microarray data was obtained from http://www.genecards.org.

Phylogenetic analysis

Phylogenetic analysis was conducted in order to examine the relationships of the TMEM
proteins. The identified TMEM138, TMEM216, TMEMS80, and TMEM 17 proteins were
aligned by clustal W using BioEdit Sequence Alignment Editor (8). The aligned
sequences were manually trimmed on the N- and C-terminal ends to remove weak or
ambiguous alignments. Phylogenetic analysis was performed using MEGA4 (9). We used
default settings for the Neighbor-Joining method (JTT Matrix model). To estimate the
reliability of the phylogenetic tree, bootstrap analysis was performed with 500 replicates
of full heuristic searches.

Cloning
Full-length TMEM138 was cloned into the pcDNA3.1 vector and then shuttled into

mCherry-, EGFP- and Flag-containing vectors (all tags on C-terminus of TMEM138).
Mutations were introduced into TMEM138-pEGFP-N3 by QuikChange mutagenesis
(Stratagene). The TMEM138 open reading frame was also cloned into pCS2+ vector to
make RNA for injection into zebrafish embryos. TMEM216 related plasmids have been
described previously (10). Zebrafish orthologs of human TMEM138 (XM 001333589)
and TMEM216 (XM _678677) was cloned into the pcDNA3.1 and then shuttled into
EGFP- and mCherry-containing vector respectively. Myc-TRAPPC9 and RFX4-Flag
were gifts from Dr. Ferro-Novick (11) and Dr. Peterson (12), respectively.

Cells, antibodies, and other reagents

IMCD3, COS7, hTERT-RPE, HEK293T, and ZF4 (zebrafish embryonic fibroblasts) cells
were grown in DMEM or DMEM-Ham’s F12 supplemented with 10% (vol/vol) fetal
bovine serum (FBS) at 37 °C or 30 °C (for ZF4) in 5% CO2. Patient fibroblasts were
maintained in MEM supplemented with 20% (vol/vol) FBS. Normal, non-diseased
control fibroblasts were from ATCC. Mouse antisera specific to TMEM138 and
TMEMZ216 were raised against the peptide sequence CYFYKRTAVRLGDPHFYQDS
(131-150aa) and MLPRGLKMAPRGKRL (1-15aa) respectively by A&G
Pharmaceutical Inc. Rabbit anti-TMEM?216 antibody has been described (10). Primary
antibodies used were mouse anti-EGFP antibody (Covance MMS-118R); mouse or rabbit
anti-FLAG (Sigma-Aldrich); mouse anti-a-tubulin, (Sigma-Aldrich); mouse anti-
glutamylated tubulin (GT335) (13); rabbit anti-ADP-ribosylation factor-like 13B
(Arl13b) (14); rabbit anti-Cep290 (15); rabbit anti-y tubulin (Sigma-Aldrich); rabbit anti-
detyrosinated alpha tubulin (glu-tubulin) (Millipore); mouse anti-early endosome
antigenl (EEA1) (BD Bioscience); mouse anti-GM 130 (Abcam); rabbit anti-LAMP2
(Abcam); MitoTracker (Molecular Probes). Secondary antibodies were Alexa-Fluor 488-,
Alexa-Fluor 594- and Alexa-Fluor 568- conjugated goat anti-mouse IgG and goat anti-
rabbit IgG (Molecular Probes), and horseradish peroxidase—conjugated goat anti-mouse
and goat anti-rabbit (Dako). Nocodazole was purchased from Sigma-Aldrich.




Biochemical assays

Constructs encoding wild-type or mutants of tagged (EGFP or flag) TMEM138 were
transfected into 293T cells. Cells were lysed after 36-48 h and samples analyzed by
protein blotting with a-EGFP (1:500), a-TMEM138 (1:1000), a-FLAG (1:2000). Whole-
cell extracts were prepared from healthy control and patients fibroblasts in 100-mm tissue
culture dishes and analyzed by protein blotting with a-TMEM?216 (1:1000) antibody.
Normalized loading levels or transfection efficiency were confirmed by blotting with a-
tubulin (1:2,000) or the co-transfection with pTK B-gal (1:10 ratio) and subsequent 3-gal
assay respectively.

Transfection and siRNAs

For transfection with plasmids, cells at 70-80% confluency were transfected using
Lipofectamine 2000 (Invitrogen). Cells were incubated for 24-36 h before lysis or
immunostaining. For RNA-interference knockdown in IMCD3, hTRET-RPE, and COS7
cells, siRNAs (Table S7 and Fig. S19) were designed against different regions of the
human and mouse TMEM138 and TMEM216, human TRAPPC9, p115, and COG1
human RFX1 to 5. siGENOME Non-Targeting siRNA pools (Dharmacon) were used as
scrambled siRNA controls. Individual siRNAs (20 nM) or siRNA pools (total 60 nM)
were transfected into each cells at 30-40% confluency using Lipofectamine 2000
RNAiIMAX (Invitrogen). Further assays were carried out 36-48 h after transfection. For
the complementation experiments, the cells were co-transfected with an empty or
expression vector that expresses myc-TRAPPC9* and then immunostained 36-48 h later.
The vector myc-TRAPPC9* contains three silent mutations (2558T to G, 2559C to T,
2561C to A) in the CDS region where siRNA1 against human TRAPPCO9 targeted.

In situ hybridization in human embryos

Human embryos were collected from terminated pregnancies using the mefiprestone
protocol in agreement with French bioethics laws (94-654 and 04-800). Embryos were
fixed in 11% formaldehyde, 60% ethanol and 10% acetic acid, embedded in paraffin and
sectioned at 5 um. TMEM216 riboprobes used were those described previously (10).
Primers for TMEM138 (TMEM138F HIS: TCGAAGGTGACCTCTTGTCA,
TMEM138R_HIS: TCTGTCCCAGGCTAAAGGAA) were selected on the 3 prime end
of the cDNA for PCR amplification on human DNA to be used as template for generating
the riboprobes, as described previously (16). Sections were hybridized with a
Digoxygenin labeled probe at 70°C overnight, and digoxygenin was detected with an
anti-DIG-Fab’ antibody (Roche) at 1:1000.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assay was performed as described (17) with
minor modifications. The cross-linked chromatins (first 2mM DSG and then 1%
formaldehyde) in hTERT-RPE cells were sheared to ~300-500 bp fragments with a
Bioruptor UCD-200TM (Diagenode). The crosslinked adducts extracts were pre-cleared
with Precelaring Matrix F (Santa Cruz Biotech) and subsequently incubated with 1-2 ug
rabbit I[gG or RFX4 antibodies (18) overnight at 4 °C and followed by Sepharose A beads
for 2 hr. After extensive washing of the beads, DNA-proteins complexes were eluted and
crosslinking was reversed overnight at 65 °C. After DNA purification with QIAquick




spin column (Qiagen), real-time qPCR was performed. Primer sets: RE1 #1(F:
CAGACAAGGTTGCAGAAAAGC, R:AGGCTCTTTGACTCCCCAAT), RE1 #2 (F:
CCTAAAATTCTAGAGTACGGAGAACC, R:GGGCAATGCTTGGATTCTTA), RE2
#1(F:CCAGTATGCAACCCCATTTC, R:-TAGTTGCGTGACTTGCCTTG), RE2 #2
(F:-TCAAGCCTGTGCTTGTCTTG, R: AGCTCCAATGAAGCCTTGTC), Intergenic
control (F:AAAGAGGCGGACAGATGAGA, R: TGCTTCAGTGTGCCTTTGAC)

Immunofluorescence and confocal microscopy

IMCD3, COS7, patient fibroblasts, or hTERT-RPE cells were seeded eight-well
microscope chamber slides and fixed in cold methanol (10 min at 4°C) or 4% (vol/vol)
paraformaldehyde (10 min at room temperature) depending on antigens. Primary
antibodies and Alexa 488- or Alexa 594- or Alexa 647- conjugated secondary antibodies
(Molecular Probes) were applied for 1 h at room temperature. Cells were viewed using a
Deltavision deconvolution microscope (100x objective, 1025x1025 resolution with 4x
digital magnification for high resolution images) (Applied Precision). For 3D
reconstruction, confocal images with Z-stacks were obtained using a Nikon Eclipse
TE2000-E system, controlled by EZ-C1 3.50 (Nikon) software. 3D images were
processed using Volocity imaging software (PerkinElmer).

Live cell imaging

Cells were seeded at ~30% confluency on eight-well Lab-Tek chambered coverglass
(Nunc) and transfected with plasmids or siRNAs for 24 h. Images were acquired for 3-
Smin with ~3s interval using an Olympus IX70 microscope and a cooled charge-coupled
device system with temperature and CO; control. For FRAP (Fluorescence recovery after
Photobleaching), TMEM216-GFP expressing cells were exposed to the maximum
strength of light source for 20min and photobleaching of GFP was confirmed before the
acquisition of images for 30min with 30s interval. Acuquired images were deconvolved
using Deltavision system (Applied Precision). Numbers of individual vesicles and
tethered vesicles were measured using Volocity imaging software (PerkinElmer).

Immunoelectron microscopy

Immuo-EM method has been described previously (11). In brief, 293T cell were
transfected with TMEM138-flag or -EGFP and TMEMZ216-flag or -EGPF for 24h and
were fixed by adding 4% freshly prepared formaldehyde. Cells were stored until further
processing in 1% formaldehyde at 4°C. Processing of cells for ultrathin cryosectioning
and immunolabeling according to the protein A-gold method. The cell pellet was
solidified on ice and cut into small blocks. For cryoprotection, blocks were infiltrated
overnight with 2.3 M sucrose at 4°C and then mounted on aluminum pins and frozen in
liquid nitrogen. To pick up ultrathin cryosections, a 1:1 mixture of 2.3 M sucrose and
1.8% methylcellulose was used. Anti-flag antibody and anti-EGFP antibody were diluted
1:50-1:100. Multiple grids dual-labeled for tagged TMEM138 and TMEM216 were
examined and quantitated by electron microscopy. The number of gold particles
associated with vesicles and vesiculotubular structures was measured.

Gene expression analyses with quantitative real-time PCR




For the relative quantification of gene expression, we used quantitative real-time PCR for
the standard curve method. We collected total RNA from cells and representative tissues
of zebrafish and mouse using RNeasy Mini kit (Qiagen). Total RNA (300ng) was
reverse-transcribed using the Superscript IlII first-strand cDNA system (Invitrogen). PCR
analysis of cDNA was performed primers (Table S7) specific for human or mouse and
zebratish TMEM138 and TMEM216, human RFX1 to 5, human TRAPPC9 , p115 and
COGL1 after optimization to eliminate primer-dimers and subsequent confirmation by
analysis of amplimer dissociation curves after a quantitative PCR run. Each reaction was
run in triplicate. Amplimer levels were quantified continuously with the SYBR green
Master (Roche) using LightCycler480 instrument (Roche). f-actin (for mouse and
human), 36B4 (for mouse), or Rpl13a (for zebrafish) RNA were amplified for
normalization.

Identification of ciliary-defect phenotypes in zebrafish

To knock down tmem138 or tmem216 (10) in wild-type or Tg(cmlc2:egfp, a
myocardium-specific transgenic reporter line) zebrafish, morpholinos (MO) (Table S7) or
control oligonucleotide (Gene Tools) was microinjected (1-6ng) into one- to two-cell-
stage embryos, obtained from natural spawning of wild-type (AB) zebrafish lines (for
gross morphology and gastrulation) or Tg(cmlc2:egfp) zebrafish (for determining L/R
axis of heart). The mRNA encoding full-length human TMEM138 or TMEMZ216 was co-
injected. 3-5 days after fertilization, the morphological phenotypes of morphants were
quantified under bright-field microscopy on the basis of ciliary defects (hydrocephalus,
pericardial effusion and curved or kinked tail) or embryonic-lethal phenotypes.
Morphants at the 9-10 somite stage were scored live according to previously described
objective criteria.

RNA in situ hybridization and morphometric analyses

Embryos were fixed at the 9-10 somite stage in 4% paraformaldehyde, hybridized in situ
with krox20, pax2, and myoD riboprobes according to standard procedures, and flat-
mounted for morphometric analyses (n=8-10 embryos/injection batch). Images were
captured at 8x magnification on a Nikon AZ100 stereoscope and analyzed with NIS
Elements software




SOM text

Coordinated expressions of adjacent TMEM138 and TMEM216 mediated by non-coding
intergenic region

We found two candidate REs, RE1 and RE2 with conserved DNasel hypersensitive sites
located in the dips surrounded by H3K4 monomethylation (H3K4mel) peaks (19),
suggesting that DNA binding factors might regulate the transcription of these two genes
(Fig. STA-B). Regulatory factor X (RFX) paralogues binding to symmetrical X-box DNA
elements are known to transcriptionally regulate genes necessary for ciliary formation
(12, 20), and we found that the REs contained X-box consensus sequence motifs (Fig.
S7B). Using knockdown, overexpression, and chromatin immunoprecipitation
experiments, we further found that among the five known mammalian RFXs, RFX4
serves in transcriptional activation, associating with RE2 to mediate coordinated
expressions of TMEM138 and TMEM216 (Fig. S7C-E).

TMEM138 and TMEMZ216 vesicles differentially associate with cilia-targeted proteins

Meckelin, a ciliary protein required for ciliogenesis was reported to interact with
TMEM216 (10). Among other ciliary proteins, CEP290, controlling flagella protein
content and crucial for ciliary formation, is known to localize at the transition zone and
pericentriole matrix of cilia where TMEM 138 is localized but where TMEM216 is
adjacent (Fig. 3B and Fig. S9C) (15, 21), making it a good candidate for TMEM138
cargo. We indeed found that CEP290 specifically localized with TMEM 138 vesicles
(Fig. S13A), but not TMEM216. This data suggests that that TMEM138 and TMEM216
mark two distinct but linked vesicle pools, each associated with unique cilia-targeted
proteins.

TRAPPII mediates tethering of TMEM138 and TMEM216 vesicles crucial for ciliary
assembly

Among potential tethering proteins related to tethering of Golgi vesicles, TRAPPC9 (a
core subunit of TRAPPII complex) is uniquely known to be mutated in a recessive human
disease, and phenocopies some aspects of Joubert syndrome including cerebellar
affection and mental retardation, making it a good candidate for linking the two TMEM
proteins (22). We genetically tested each of these potential tethering proteins using
siRNAs. We found that the siRNA disruption of TRAPPC9 de-tethered the two vesicular
pools (Fig. 4A and Fig. SI5A; Movie S7-10). As expected, this resulted in defects of
ciliary assembly (Fig. S14C and Fig. S15B). Then, we tested whether the TRAPPII
complex localizes where both TMEMs meet using aTRAPPC10 antibody, another core
subunit of TRAPPII complex known to interact with TRAPPC9 (11). We found that
TRAPPCI10 overlaps where TMEM 138 and TMEM216 signal is adjacent, as one might
expect from a tethering protein, suggesting that TRAPPII or components thereof mediate
tethering of TMEM 138 and TMEM216 vesicles (Fig. S16). Our findings suggest that
TRAPPII mediated tethering of TMEM138 and TMEM216 is crucial for ciliary
assembly.



Supplemental Figures
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Fig. S1 TMEM216 mutation negative Joubert syndrome (JBTS) families, which link to
JBTS2 locus. (A) Axial brain MRI of a 1-year-old affected female (MIT-656) with a
TMEM138 mutation (p.A126T) shows the pathognomic ‘molar tooth’ sign (red arrow)



indicating cerebellar malformation in JBTS. (B) Pedigrees of 6 JBTS families negative
for TMEM216 mutations and their linkage plots used in this study are shown. Double bar
indicates documented consanguinity. Male=square, Female=circle, Termination of
pregnancy=triangle, Hashed line=deceased. LOD score plots present chromosome along
x-axis and multipoint pLod along y-axis, as calculated by Allegro v1.2¢c. Note peak on
chromosome 11 in all families.
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Fig. S2 Genetic heterogeneity at JBTS2 locus and homozygous deleterious mutations of
TMEM138. (A) Real-time qPCR of patient fibroblasts (MTI-656) and (B) Western blot
analysis of whole lysates shows that TMEM216 mRNA and protein expressions are
intact, implying the genetic heterogeneity at JBTS2 locus. Lysates from pcDNA3.1-
TMEMZ216 expressing HEK293T cells were used as a positive control. (C) Missense and
splicing mutation sites of TMEM138 found in JBTS2 linked families are evolutionary

10



conserved residues. (D) Shown is a protein blot of whole lysates of HEK293T cells
transfected with a cDNA encoding wild-type TMEM 138 or one of the missense
mutations found in affected individual. Proteins levels were measured by densitometer.
o-tubulin blot and (-gal assays (co-transfection with pTK B-gal at 1:10 ratio) were used
for normalization of loading and transfection efficiency, respectively. Note that
TMEM138 p.HI96R resulted in the production of ~40% of wild-type protein level.
*p<0.05 (vs WT by one-way ANOVA with Bonferroni posttest, n=4)
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Fig. S3 Synteny of intergenic sequences between TMEM138 and TMEM216 using ECR
Browser. The conservation profiles of human in comparison with chimpanzee, monkey,
mouse, cow, dog, opposum, and anolis (submitted sequences based on coordinates of
TMEM138 and TMEMZ216 homologs) are shown. Each line represents an ungapped
alignment with the vertical height indicating the nucleotide identity. Pink bars of every
layer show evolutionary conserved regions. Conserved alignment is red: intergenic
region, green: transposons and simple repeats, yellow: UTRs, and blue: coding exons.
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Fig. S4 TMEM138 and TMEM216 protein homologs. The schematic picture shows
conserved protein regions (white regions: <50% sequence similarity to human) and

percent protein homology to human (Table S4-6). DM: TMEM17 superfamily domain.
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Fig. S5 Phylogenetic trees of TMEM138 and TMEM216 based on amino acid
sequence. (A) TMEM138 tree shows that TMEM138 is well conserved throughout
species and that the TMEM138 proteins are orthologous. (B) Phylogenetic tree shows
TMEM216 and TMEMSO are duplicated from TMEM17 and all consist of the same
family sharing a transmembrane 17 superfamily domain. Relationships among the
TMEM216 proteins indicate that the proteins are direct orthologs, i.e. there is no
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evidence of gene duplication creating paralogous proteins. Scale bar represents the
average number of substitutions per amino acid residue. Confidence measurements from
bootstrap analysis (500 iterations) are shown in nodes of trees. 216, TMEM216;
17,TMEM17; 80,TMEMS80; 138, TMEM138.
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Fig. S6 Coordinated expression of adjacent TMEM138 and TMEM216. (A)
Representation of recovered TMEM138 isoform clones (n=48) from 20 gw human fetal
brain cDNA. Single major isoform (NM_016464) was identified and encoded a predicted
protein of 162 aa. (B) GeneCards Database(23) of human gene expression profile shows
similar expression patterns of TMEM138 and TMEM216 in representative tissues. The
correlation coefficient of represented gene pairs suggests that the expression patterns of
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TMEM138 and TMEMZ216 in human tissues are highly correlated, compared to TMEM67,
another known JBTS causative gene (24). (C) Similar expression patterns of TMEM138
and TMEM216 based upon in situ hybridization in human embryonic tissues. TMEM138
antisense (a-d), TMEMZ216 antisense (e-h) and sense TMEM138 control probes (i-1). At
4gw, transverse sections show that TMEM138 as well as TMEM216 are ubiquitously
expressed within embryonic tissues (nt: neural tube, h: heart primordium) (a, e, and 1). At
S5gw TMEM138 and TMEM216 expression became more intense particularly in neural
tube (nt), dorsal root ganglia (drg), mesonephros (mn), gonadal ridge (go) and limb bud
(b-d and f-h). (D) Real-time qPCR of TMEM138 and TMEMZ216 mRNA in tested tissues
of mouse and zebrafish indicates that the average correlation coefficient in mouse
(r=0.984) compare to those of zebrafish (r=0.386). *p<0.05 (by Student’s t-test, three
independent experiments)
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Fig. S7 Coordinated expressions of adjacent TMEM138 and TMEM216 mediated by non-
coding intergenic region. (A) UCSC genome browser shows possible regulatory elements
(REI and RE2) in the non-coding intergenic region, which are evolutionarily conserved
and DNasel hypersensitivity clusters. The shading is proportional to the maximum signal
strength observed in any cell line. (B) RE1(~200bp) and RE2(~400bp) located in the dips
surrounded by H3K4 monomethylation (H3K4mel) peaks contain X-box consensus
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sequences for regulatory factor X (RFXs) binding. (C) Real-time qPCR in human ciliated
cells (WTERT-RPE) shows that among five RFX genes (RFX1-5), the knockdown of
RFX4 induced the coordinated decrease of transcriptional expression of both TMEM138
and TMEM216 gene. *p<0.05 (vs Non-target by one-way ANOVA with Bonferroni
posttest, n=4) (D) Real-time qPCR in human ciliated cells ('TERT-RPE) shows
knockdown of RFX4 and overexpression of RFX4-flag induced the coordinated decrease
or increase of transcriptional expression of both TMEM138 and TMEMZ216 gene,
respectively. *p<0.05 (vs Non-target or pFlag by Student’s t-test, n=3-4). (E) ChIP assay
in hTERT-RPE shows RFX4 binding to RE2 was enriched. #1 and #2 indicate two
different primer sets of each genomic region. Non-specific intergenic region between
RE1 and RE2 was used as a negative control. * p<0.05 (vs IgG by one-way ANOVA
with Bonferroni posttest, n=3).
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Fig. S8 Knockdown of TMEM138 and TMEM216 in IMCD3 cells causes short cilia and
defects in ciliogenesis (defined as having cilia <1 pm long). * p<0.05, **p<0.01 (vs Non-
target by one-way ANOV A with Bonferroni posttest, n=60-70). Scale bars, Sum.
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Fig. S9 Adjacent localization of TMEM138 and TMEM216 in IMCD?3 and ciliated COS7
cells. (A) Western blot analysis of whole lysates from pcDNA3.1-TMEM138, pcDNA3.1-
TMEM138-flag, and empty vector transfected HEK293T cells and (B) immunostaining of
endogenous Tmem138 in Tmem138 knockdown IMCD3 cells (with shorter cilia) show
specificity of generated mouse polyclonal TMEM138 antibody. The protein size of
human TMEM138 is ~18kDa. (C) In IMCD?3 cells, endogenous Tmem138 or Tmem216

21



were stained for cilia (Arl13b) or cilia plus centrosome (GT335), indicating the
localization of Tmem138 in the ciliary axonem/basal body and Tmem?216 in the basal
body, respectively. Double labeling shows adjacent vesicular pattern of Tmem138 and
Tmem216. A: ciliary axoneme, T: transition zone, and B: basal body. (D) hTMEM138-
EGFP and hTMEMZ216-mCherry expressing COS7 cells show non-overlapping but
closely adjacent vesicular patterns of surrounding the centrosome (y-tubulin). (E) After
4h serum starvation, COS7 cells (>80-90% of confluence) were stained with ciliary

markers (Arl13b and GT335), indicating that 40-50% cells display evidence of cilia. The
side view (corresponding to the white box in XY plane view) of cilia in nuclear-labeled

cells was shown. Boxes show insets at high power. Scale bars, (B), (C), and (E), Sum.
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Fig. S10 Subcellular localizations of TMEM138 and TMEM216. Immunostaining in
TMEM138-flag or TMEM216-flag expressing COS7 cells with various intracellular
organelle markers including Golgi apparatus (GM130), microtubule (a-tubulin),
mitochondria (Mitotracker), early endosome (EEA1), and late-endosome (Lamp2).
TMEM proteins showed Golgi patterns (A) (also see Fig. S11) and aligned with
microtubules (B). However, mitochondria, early-endosome, late-endosome marker did
not overlap with TMEM138-flag and TMEM216-flag (C). Boxes show insets at high
power. Scale bars Sum.
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Nocodazole - Nocodazole +

Fig. S11 The localization of TMEM216 with Golgi apparatus surrounding the base of
cilium. (A) After 20uM of nocodazole treatment for 1h to disassemble Golgi apparatus
complex in TMEM138-GFP and TMEM216-mCherry expressing COS7 cells,
TMEM216 co-localized with Golgi marker (GM130) and TMEM 138 was adjacent to
GM130 in the same cell. TMEM216-mCherry was pseudo-colored as green. (B)
Endogenous Tmem216 in IMCD3 cells localized to Golgi apparatus (GM130). (C) The
3D reconstruction of confocal images in hTRET-RPE cell shows that the base of primary
cilia (Arl13b) is embedded by Golgi complex (GM130). Boxes show insets at high
power. Scale bars Sum.
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Fig. S12 TMEM138 and TMEM216 marked two distinct vesicular pools moving toward
primary cilia. (A) Immunoelectron microscopy analysis in TMEM138-GFP and
TMEM216-flag expressing HEK293T cells showing TMEM 138 and TMEM216 are on
adjacent but unique vesicles. Two 12nm gold particles (green arrows) tagging a
TMEM138 containing vesicle are adjacent but not overlapping with six 6nm particles
(red arrows) tagging TMEM216. Quantification from vesicles with two or more particles
shows predominance of a single TMEM. **p<0.001(vs Single by Student’s t-test,
n>270). (B) In COS7 cells producing primary cilia (Fig. S9E), live cell imaging and
fluorescence recovery after photobleaching (FRAP) show that TMEM216-tagged vesicles
move toward the centrosome (Centrin2, the central part of the basal body) and the
accumulation of GFP signal around it, indicating that the net flux of vesicles is toward the
centrosome (Movie S1 and S2). Arrows indicate existing or newly emerging vesicles that
move toward the centrosomal marker. (C) Notably, TMEM 138 and TMEM216 show
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adjacent vesicles that moved together in a hand-in-hand fashion (Movie S3), consistent
with adjacent vesicular movements in other ciliated cells (WTERT-RPE) (Movie. S4).
Arrows indicate examples of vesicles moving in a hand-in-hand fashion. Boxes show
insets at high power. Scale bars, Sum.

26



5i Tmem216

Fig. S13 Tmem138 and Tmem216 vesicles differentially associate with Cep290. (A)
Visualized endogenous Cep290 together with cilia plus centrosomal marker (GT335),
indicating the pericentrosomal location of Cep290 in IMCD3 cells. Cep290 has
overlapping localization with Tmem138, whereas it is adjacent to Tmem216. (B) The
knockdown of Tmem216, but not Tmem138 disrupts the trafficking of Cep290 to the base
of cilia. Tmem138 is not necessary for Cep290 trafficking. Scale bar (A) and (B) Sum.
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Fig. S14 Functional relatedness of TMEM138 and TMEM216. (A) Live cell imaging in
TMEM138-GFP expressing COS7 shows that TMEM216 knockdown severely disrupts
TMEM138 vesicular movements. Arrows indicate vesicles moving toward the
centrosomal marker (Movie S5-6). (B) Immunostaining of Tmem138 in IMCD cells
show that Tmem?216 knockdown severely disrupts Tmem138 vesicular trafficking to the
primary cilium. Arrows indicate intact or disrupted cilia. (C) In hTERT-RPE cells,
knockdown of TRAPPC9 disrupted ciliogenesis induced by 24h serum starvation and
largely rescued by myc-TRAPPC9* (see materials and methods). ** p<0.01, ***p<0.001
(by one-way ANOVA with Bonferroni posttest, n=90-110). Scale bars, (A) to (C), Sum.
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Fig. S15 Effect of p115 and COGL1 versus TRAPPC9 knockdown on TMEM138 and
TMEM216 vesicular tethering and ciliogenesis. (A) Live cell imaging shows that
knockdown of p115 and COG1 do not significantly affect vesicular tethering of
TMEM138 and TMEM216 in transfected COS7 cells (Movie S9 and 10). (B) In hTERT-
RPE cells, knockdown of p115 and COG1 do not significantly affect ciliogenesis induced
by 24h serum starvation. Both effects were prominently disrupted following TRAPPC9

knockdown.
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Fig. S16 TRAPPII localizes where TMEM138 and TMEM216 vesicles are adjacent.
Endogenous TRAPPCI10 (blue), a major subunit of TRAPPII, was stained in TMEM138-
GFP (green) and TMEM216-mCherry (red) expressing COS7 cells. Images of each pair
of colors presented. Merged image showed that white signal are strong at sites where
green (TMEM138) and red (TMEMZ216) vesicles adjacent, indicating that TRAPPC10
overlays the adjacency of TMEM138 and TMEM216. Scale bar, Sum.
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Fig. S17 Defects of L/R heart axis in tmem138 and tmem216 morphants. Injection of
MOs in Tg(cmlc2:egfp) zebrafish embryos shows more severe L/R patterning defects of
heart in tmem216 morphants than tmem138 (>50 embryos each condition).
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Fig. S18 Analysis of tmem138 and tmem216 morphants. (A) Injection of translation-
blocking antisense morpholinos (MO) to tmem138, tmem216, or double in wild-type
(AB) zebrafish embryos caused ciliary phenotypes including hydrocephalus (only in
tmem216 morphants), pericardial effusion, kinked tail, and lethality at 3 days post
fertilization in a synergistic and dose-dependent manner. (B) tmem138 or tmem216
morphant phenotypes were mostly rescued by co-injection of RNA encoding human
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TMEM138 or TMEM216. Trans-rescues showed that tmem138 morphants were largely
rescued by TMEM216 RNA, whereas TMEM138 RNA did not effectively rescue tmem216
morphants (especially, hydrocephalus phenotypes). Trans-rescues by cognate human
RNA showed some functional redundancy of TMEMZ216 in tmem138 morphants but not
vice versa. “Partial rescue” means any remaining of weak ciliary defect phenotypes (i.e.
mild curved tail). (>50 embryos each condition). (C) At early stage of zebrafish embryos
(9-10 somites), MO-based suppression of tmem138 or tmem216 give rise to similar
gastrulation defects quantified based on previously described objective criteria. Class I,
shortened body axis, small anterior structures, broad somites; Class II, severely shortened
anterior-posterior axis, small anterior structures, severely broadened somites with kinking
of the notochord. Representative lateral (top panels) and dorsal (bottom panels) views of
live embryos are shown. n=55-81 embryos/injection batch with masked scoring, repeated
twice with similar results. (D). Whole embryo flat mounts hybridized in situ with a
cocktail of krox20, pax2, and myoD riboprobes. Morphometrics demonstrate phenotypic
defects in two different axes of development. w, width spanning the lateral ends of the
fifth appreciable somites counted from the anterior end of the embryo; 1, length of the
notochord as indicated by adaxial cell labeling; w/l, ratio of measurements is indicated,
n=8-10 embryos/injection batch. P-values denoted as * (P<0.01) or *** (P<0.0001).
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Fig. S19 The knockdown efficiencies of multiple individual or pooled siRNAs used in
this study. Using real-time qPCR, the mRNA expressions of targeted genes including

mouse or human TMEM138/216 (A), human TRAPPC9/p115/COG1 (B), human RFX1-5

(C) were measured 36-48h after multiple individual or pooled siRNA transfections in
IMCD3 (mouse) and hTERT-RPE(human) cells. n=3-4
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Table S1. Clinical and molecular data from TMEM138 mutated families

Family data Clinkcal data Forels it
Nucleotide Protein
Faunily Aapeisen) Drigin s Eye Fidrey  Liwer  Other changpes mutation
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MO0 17 yeard il Arb T, DA OhA NPH - - ANTG HaER
Fetus{Fy Ec
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*Hieclel Synchame ftis.
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Table S2. Chromosomal locations of TMEMZ216 and TMEM138 homologs

Supplemental Table 2. Chromosomal locations of TMEM216 and TMEM138 homologs

Species Locations*

TMEMI3S Homo sapiens Chr11:61.129,856-61,136,678
Macaca mulatta Chr14:12,714,652-12,718,678
Mups musculns Chr19:10,645,646-20,649,857
Monodelphis domestica Chr¥:299 444,527-299 450 474
Anaolis carolinensis GL343235.1:838 946-844 877
Xemopus (Silurana) tropicalis ~ GL17294.2:1,079,78-1,085.419:-1
Danio rerin Cha25:3,928.447-3,937,250

TMEAM216 Homo sapicns Chr]1:61,159,865-61,166,323
Macaca nlatta Chr14:12,690,211-12,698,031
Muos muosculns Chr19:10 624 956-10,630,728
Monodelphis domestica Chr5:299.453,299-219, 455 465
Analis carolinensis GL343235.1:852,576-854,425
Xenopus (Silurana) tropicalis ~ GL174277.1:1,296-2,573:1
Danio rerio Chr14:216,112 867-26,120-163

*Chromosomal locations wera obtained from Ensemble Genome Browser



Table S3. Accession numbers of TMEM17, TMEM216, TMEMS80, and TMEM 138

homologs
Species Accession Number
TMEMI7  Homo sapiens NP_9380172
Macaca nmlatta XP 001083080.1
Pan troglodytes XP_001161917.1
Bos teurus NP_001076902.1
Mus mscoles NP_705824.1
Ratius norvegicus NP_001010961.1
Monodelphis domestica XP 001382150.1
Anplis carolinencis XP 003226867.1
Xenopus (Silnrana) tropicalis NP_001013683.1
Diamio rerio NP_001091861.1
Gasicrosious acoleatns ENSGACG00000010954
TMEM21é Homo sapicns NP 001167462.1
Macaca nmlatia NP 001082614.1
Bos taurus XP 8706822
Mus rmsculos NP_0R1074.1
Rutios norvegicus XP 3420211
Monodelphis domestica XP_D01379515.1
Anplis carolinensis XP 003224165.1
Danio rerio XP 6837692
Xenopus (Silurana) topicalis XP_002943747.1
TMEME0?  Homo sapiens NP_777600.2
Pan troglodytes XP_529374.2
Macaca nmbatia XP_001087309.1
Bos tauns NP_001073781.1
Mus rmsculos NP_0R2073.1
Rathim nnivegiom EDMI12023.1
Monodelphis domestica XP_D01379515.1
Anplis carolinensis XP 003214886.1
Xenopus (Silnrana) tropicalis XP_002937534.1
TMEMI38 Homo sapiens NP_057548.1
Pan troglodytes XP 5084742
Macaca mmlatia XP_D0I0E3002.1
Bos teurus NP_001092437.1
Mus rmusculos NP_082687.1
Ratios norvegicus NP 20722
Anolis camlnensis XP_003224179.1
Xenopus (Silurana) tropicalis NP 001008082.1
Danic rerio XP 0013336251
Gazierostens acnleatns ENSGACG00000005406

Caencwhabuitix elegans NP_001022074.1
Drosophila melanogaster NP _608972.1



Table S4. Protein distance of TMEM 138 and TMEM216 homologs

TMEM138 Protein Distance Data

FAA subsfsite® 9% Identity®

Homo sapiens

P. troglodytes 0.019 86
M. mulatta 0.026 e
B. taurus 0.059 b
M. musculus 0.085 n
R. norvegicus 0.093 9
M. domestica 0.203
A. carolinensig 0.164 85
D. rerio 0.414 68
G. acunlaatus 0.462
X. tropicalis 0.396 70

TMEM216 Protein Distance Data

P. troglodytes 0-007 »
H. mlatta 0.015 »
B. taurus 0.079 93
M. musculus p.062 9
R. norveglious 0.071 .
M. domestica 0.272 »
A. carolinensis 0.281 i
D. rerio 0.737 7
G. aculeatus .82 »
X. tropicalis D.677 58

2 Protein similarity based on the JTT mairbx. Number of amino acid substiutions per site.
by Percent aming acid sequence identity based an Blastp searches at NCBI site.



Table S5. The alignment of TMEM 138 homologs

Hono sapi ens

Pan trogl odytes (chinp)
Macaca nul atta (rhesus)
Bos taurus (cow)

Mus rnuscul us(nouse)

Ratt us norvegicus (rat)
Monodel phi s donesti ca( opossum
Anol i s carolinensis
Xenopus tropicalis

Dani o rerio (zebrafish)
G acul eatus1(sti ckl eback)
G acul eat us2(sti ckl eback)
Caenor habditis briggsae
C. el egans

Dr osophi | a nel anogast er

Honmo sapi ens

Pan trogl odytes

Macaca nul atta

Bos Taur us

Mus mnuscul us

Rat t us norvegi cus
Monodel phi s donestica
Anolis carolinensis
Xenopus tropicalis
Danio rerio

Gast erost eus acul eatusl
Gast er ost eus acul eat us2
C. briggsae

C. el egans

D. nel anogast er

Hono sapi ens

Pan trogl odytes

Macaca nul atta

Bos Taurus

Mus muscul us

Rat t us norvegi cus
Monodel phi s donestica
Anolis carolinensis
Xenopus tropicalis
Danio rerio

Gast erost eus acul eatusl
Gast er ost eus acul eat us2
C. briggsae

C. el egans

D. nel anogast er

Hono sapi ens

Pan trogl odytes

Macaca nul atta

Bos taurus

Mus nuscul us

Rat t us norvegi cus
Monodel phi s donestica
Anol i s carolinensis
Xenopus tropicalis
Danio rerio

Gast erost eus acul eatusl
Gast erost eus acul eat us2
C. briggsae

C. el egans

D. nel anogast er

1 10 20 30 40 50 60
I I I I I I

- MLQTSNYSLVLSLQFLLLSYDLFVNSFS- ELLQKTPVI QLVLFI - - - | QDI AVLENI |

- MLQTSNYSLVLSLQFLLLSYDLFVNSFS- ELLQKTPVI QLVLFMCVHI QDI AVLENI |

- MLQTSNYSLVLSLQFLLLSYDLFVNSFS- ELLRKAPVI QLVLFI - - -1 QDI AVLFNI |

- MLQTSNYSLVLSLQFLLLSYDLFVNSFS- ELLRVAPVI QLVLFI - - -1 QDI Al LENI |

- MLQTGNYSLVLSLQFLLLSYDLFVNSFS- ELLRVAPVI QLVLFI - - -1 QDI Al LFNI |

- MLQTSNYSLVLSLQFLLLCYDLFVNSFS- ELLRVAPVI QLVLFI - - -1 QDI Al LFNI |

- MLQTSNYSLVLSLQLVLLLYDLLVNAFS- ELLRSAPWQLVLFI - - - | QDI Al LFNVI
- MLQTSNYSLVLSLQFLLLSFDLFVNSFS- ELLRVAPVI QLVLFI - - - 1 QDI Al LENI |

- MLQPGNYSLVLSLQFLLLLFDLFVNSFS- ELLRDPPVNQLVLFI - - - LQDVG LFAAI V
- MLQTNNYSLVLLI QLALLTFDLFVNSFS- ELLRSAPVI QLVLFI - - - 1 QDI G LENVI

- MLQTGNYSLVLLI QUTLLTYDLFVNSFG- ELLRGAPVI QLVLFI - - - | QDI Al LENVI

- - - QTSNYSLVLLI QLSLLSFDLFVNSFS- ELLRHEPAVQLVLFI - - -1 QDI SI LFNLI

- - - MITSKYPYVLTTQFLM.TI DI FENALS- | LCYGDNMALLLI Y1 - - - LQDTLLI MSSLV
- - - MTSKYPYVLTTQVFM.S| DI LENALG- VLCYGNNMTLLLI Y1 - - - LQDTLLI MSSLV
MKLTLRRYSW/LLFQFALLGVDLFCNAFGPSLARNRLQTAI | LFV- - - TQDALI | AEYLL

61 70 80 90 100 110 120
I I I I I I I

I FLMFENTFVFQAGLVNLLFHKFKGTI | LTAVYFALSI SLHVWWMNLRWK- - NSNSFI WI
| FLMFENTFVFQAGLVNLLFHKFKGTI | LTAVYFALSI SLHVWWIMNL RWK— NSNSFI WI
| FLMFENTFVFQAGLVNLLFHKFKGTI | LTAVYFALSI SLHVWW/INLRWK- - NSNSFI WI
| FLMFENTFVFQAGLVNLLFHKFKGTI | LTAVYFALSI SLHVWWMNLRVK- - NSNCFVWAT
| FLMFENTFVFQAGLVNLLFHKFKGTI | LTSVYLALSI SLHWWMNVRVK- - NSSSFSWI
| FLMFENTFVFQAGLVNLLFHKFKGTI | LTSVYLALSI SLHVWNMNVRVK- - DSSSFRWI
| FLMFENTFVFQAGLI NLLFRKFKGTI | LTAFYLSLSI PLHVWWLNLRWI - - DSKHYVWI'
| FLMFENTFVFQAGLVNLLFHKFKGTI VLSGTYLALSVSFHI W MNLRWR- - SSNYFVWAT
LFLM_.FNTFVFQAGLVSLLCQRFQVTVI LCAVYI ALSI SLHVW. MNLRW— GANRFVWS
I LLMVENTYVFQVGLVSLLLERFRAMLI LSALYLTLSI CFHCVWIMNL RAM - ESNRFVWAT
| LLMVENTYAFQVGLVSLLLERFRALLI FSAVYLTLSI GFHCOW/LNLRWF- - ESNRFVWI
I LLMLENTYVFQ GLVAVLLERFRAALM_SALYLTFSI | LHSW.IMNLRW. - - NTNRFI WI'
LFVSFTATFVFQLGLI HI VLVQFLPTI | MSI FYTFVSI GYHYTSLSSTWED- QTVNI FLE
LFVSFTATFVFQLGLI HI VI FQFLPTVI | SI LYTFVSI GYHYASLSSTWED- RTVNI FIVN
FTLALHSTCVYQVGASHI | LRNCKLFMASI TI YFLLSASQHFW | YQYRQPPEEDGHHWP

121 130 140 150 160 170 180
I I I I I I I

DGLQVLFVFQRLAAVL YCYFYKRTAVRL GDPHFYQDSL - W.RKEFMQVRR- - - - - - - - - -
DG QTLFVFQRLAAVL YCYFYKRTAVRL GDPRFYQDSL - W RKEFMQVRR- - - - - - - - - -

DGLQTLFVFQRLAAVLYCYFYKRTAVRLGDPRFYQDSL- W.RVEFMQVRR- - - - - - - - - -
NGLQTLFVFQRLAAVL YCYFYKRTAVRL GDPRFYQDSL - W RKEFMQVRR- - - - - - - - - -
NGLQTLFVFQRLAAVL YCYFYKRTAVRL GDPRFYQDSL - W RKEFMQVRR- - - - - - - - - -
DGLQTLFVFQRLAAVLYCYFYKRTAI RLGDPRFYQDSL- W.RKEFTQVRS- - - - - - - - - -
DG QTLFVFQRLAAVL YYYFYKRTAVHL GDPRFYQDSL - W RKEFAQVRS- - - - - - - - - -
DGLLALFVLOQRFVAVLYFYYYKRTAL SMGDSRFYHDSL - W RKEFARVRG: - - - - - - - - -
DGLQVLFVFQRI AAVLYYYFYKRTTEYLGDPRL YEDSP- W.RDAFARARQ- - - - - - - - - -
DGLQALFVFOQRTGAVMYYYL YKRTAEYMGDPRL YEDSL - W.REAFARGRQ-
DG QVLFVFQRVASVL YYYL YKRT SEYL GDPRL YEDSP- W.REL FARHERGSPL PKQK

THLLI FFI FHKVI SCI FYSFYKRTALQ SDPKYNSDST- W.REL FI KHMNDKAAKL EARN
GPLLLFFI | HKI VSCVFYAYYKRTALQ SDPKYNSDST- W.REL FI KHMNDKAAKI EART
LGLI ALSVAQRI MBVFYYYSSKSTAL TMADPRFKEEHLDW ADQLGDK- - - - - - - - - - - -
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Table S6. The alignment of TMEMS80, TMEM216, and TMEM 17 homologs

Hono sapi ens 80

Pan trogl odyt es80

Macaca mnul att a80

Bos taurus80

Mus mnuscul us80

Rat t us norvegi cus80
Monodel phi s donesti ca80
Anol i s carolinensis80
Xenopus tropicalis80
Dani o reri 080

Honmo sapi ens216

Pan trogl odyt es216
Macaca nul atta216

Bos taurus216

Rat t us norvegi cus216
Monodel phi s donestica2l6
Anolis carolinensis 216
Xenopus tropicalis216
Dani o reri 0216

Gast erost eus acul eat us216
Honmo sapi ens17

Macaca nul attal?

Pan trogl odyt es17

Bos taurusl?

Mus nuscul usl7

Rat t us norvegi cusl7
Monodel phi s donestical?
Anol i s carolinensisl?
Xenopus tropicalisl?7
Dani o reriol7

Gast erost eus acul eatusl1-17
Gast erost eus acul eatus2-17

Honmo sapi ens80

Pan trogl odyt es80
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--------------------------- MAEGARARGPRGCRDRDGPAGGAGRGSSTVL SS
------------------- MAEGARARGPRGCRDRDGPAGGAGKMAAPRRGRGSSTVL SS

PEWFRGGAESDEAARSVPREQQRTEKTPRRL RKDCRETGAGGAGH EREGPKWRL SSEL SS
--------------------------------------------- MALVGRGKSSWVLSS
------------------------------------------------ MAAHGRQPVL SS
------------------------------------------- M_PRGLKMAPRGKRL SS
QL RARPAPGDHRVPRAGRGAGNPGRFVPVSGSAAL L REPL WQRM_ PRGL KMAPRGKRL SS
-------------------------------------------------- MAPRGKRL SS
-------------------------------------------------- MAPRGKRLSS
-------------------------------------------------- MAPRDKRLSS

................................................ MAAHGRQPVLSS
.............. MEL PDPVRQRL GNFSRAVFS- DSNRTGPESNEGP- - - - - ENEMVSS
............................................. MEQLLDI AENEMVSS
.............. VEL PDPVRQRL GNFSRAVFS- DSNRTGPESNEGP- - - - - ENEM/SS
.............. MEL PDPVRQRL GNFSRTVFS- DSNRTGPEYNEGP- - - - - DNEMVSS
.............. MELPDPVRQRLSNLSLTVFG- DSSRTGPESSDAA- - - - - DNEMVSS
.............. VELPDPVRQRLSNLSLTMFG- DSSRTGPESSEAA- - - - - DNEMVSS
.............. VEL PDPVRERL GNFSRSLFT- DTNRTGPENNSNL- - - - - NNEI VSS
.............. MAL QTPL PPNL RRGL TTFSGSL FVNNKTGDAGAAQVYHPGHAVL SS
.............. MAQAAGVRRQLDSLTRNI FLRDVGRTVPEKSGAP- - LTGDSEVAPS
.............. MDLPEPI RRRL GDFSRTVFV- DQSRTQPSFEEHANFL DONKDVVSS
.............. MDLPDG RKRLEDFSRNVLF- DQSGTRTVARENDTFLPHDKRLLSS
.............. MDLPDAI RKRLEDFSRNVLF- DQSGTRTVARENDTFLPHDKRLLSS
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| | | | | |
VPLQVLFYLSGTYYALYFLATLLM TYKSQVFSYPHRYLVLDLALLFLMS LEAVRLYLG
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VPLOWLFYLSGTYYALYFLATLLM TYKSQVFSYPHRYLVLDLALLFLMGMLEAVRLYLG
----MFYLSGTYYALYFLATLLM TYKGQVFSCPHHYLVLDLALLFLMA LEALRLYLG
LPLQVLLCLSGTYYALYFLATLLLLVYKSQVFTYPHSCLVLDLTLLFLM3 LEAI RLYFG
----M.FHLSGLYSALYFLATLLM VYKSQVFSYPCNCLALDLVLLLLMS LKVAQLYLG
VPLOQWLFHLSGLYYALYFLATLLM VYKSQVFSYPSNCLVLDLVLLLLMA FEVAQLYLG
-------------------------------------------- M.FLYLG El TRl FFG
VPLQ LFYLNGVYYI FYFFAALLM | YKSQVFTYPDNFLTLDLI LLFI MALLETI RLYFG
VPLQVLLYLNI | YYVFYFLATLLM | YKSQVFSYPGSNLALDLCLLFLMSA LEPVRLYLG
TPLQ LFHLNGAWYFAAFFVAEI LMFI YKGVI LPYPCQDNLI LDWLLLLFSGLETLRLFYG
TPLElI LFFLNGAYNATYFLLELFI FLYKGVLLPYPTANLVLDVWM_LLYLA EVI RLFFG
TPLElI LFFLNGAYNATYFLLELFI FLYKGVLLPYPTANLVLDVVM_LLYLA EVI RLFFG
TPLEI LFFLNAWYNATYFLLELFI FLYKGVLLPYPTANLVLDVWM_LLYLA EVI RLFFG
TPLElI LFFLNGAYYATYFLLELFI FLYKG.LLPYPTANLVLDVVM_FLYLGVEVI RLFFG
TPLElI LFFLNGAYYATYFLLELLI FLYKGLLLPYPTANLVLDVVM_LLYLGA EVI RLFFG
-------------------------------------------- M.FLYLG EI TRl FFG
———————————————————————————————————————————— MLFLYLG EVTRI FFG
VSLQ FLYFNAFYFPFWAV/CYVI MLQLKYVLL- - PDYYKFI LWLLI LMSVI EVI RLYLG
TPLQ LFHLNGWYFAAFFVAEI LMFI YKGVI LPYPCQDNLI LDVWLLLLFSGLETLRLFYG
- - - - VLFYLNSWYFAAFYLAEVLMFI YKGNSLPYPSDNLVLDWLLVLFLGLEMLRI FYG
LALQVELYFNTYYFPLWAW/SSI MVLHWKYSI L- - PDYYKFI VI TVI | LI TLI EAI RLYLG
LALQVBLYFENTYYFPLWAWSSI MMLHVKYSI L- - PDYYKFI VI TVI | LI TLI EAl RLYLG
LALQVELYFNTYYFPLWAWSSI MVLHVKYSI L- - PDYYKFI VI TVI | LI TLI EAI RLYLG
LALQVEL YFENTYFFPLWAYSSI MVLQVKYSI L- - PDYYKFI WTI || LI TLI EAI RLYLG
LALQVBLYFNSYFFPLWAWSCI VMLHLKYSI L- - PDYYKFI WTWVI LI TLI EAl RLYLG
LPLQVELYFNSYFFPLWAWSCl VMLHLKYSVL- - PDYYKFI VI TWI LI TLI EAI RLYLG
LALQVELYFNI YFFPFWAVSSI | MLLLKYPVL- - PDYYKFI LVTWI LI TLI EAI RLYLG
LPLQVMLYFNAFYFPFWCLSEG MLQLKFSLL- - PAYNQFLLLSAYLTI TLAEVLRLYLG
VSLQ FLYFNAFYFPFWAVCYVI MLQLKYVLL- - PDYYKFI LVWLLI LMSVI EVI RLYLG
L PLQVEL YFNMAFFPFWA SEVVMLDLKYSAL- - ADYYKFI LI Tl LI VMILI EAI RLYLG
LHL QVSL YFNMAFFPLWA SEAVM_HLKYPAL - - PDYYKFI LVTVLI LMTLI EAl RLFLG
LHLQVEL YFNMAWFFPLWA SEAVMLHLKYPAL- - PDYYKFI LVTVLI LMILI EAl RLFLG

181 190 200 210 220 230 240
I I I I I I I
TRGNLTEAERPLAASLAL TAGTALL SAHFLLWQAL V- - LWADWAL SATLLALHGLEAVLQ

TRGNL TEAERPLAASLAL TAGTALL SAHFLL\WQTL V- - LWADWAL SATLLALHSLEAI LQ
TRGNL TEAERPLAASLAL TAGTAL L SAYFLLWOTLV- - LWADWAL SATLLAL HGLEAVLQ
TTGNLMEAEVPLAASL VL TVGSALL SAYFLLWOTLV- - LRADSAL GAPLLALHGLEAVLQ
TKGNLMEAEVPLAASLAFTAVGGL L SVHFLLWQTL V- - LWWDSVLSTVLLVLHGLEAGLQ
TQGNL TEAEVPLAASLAFTAVSGLL SVHFLLWOTLV- - LWWDSVLSTVLLVLHGLEAGLQ
TKGNLCQRMVPLG SLALTFPSAMVASYYLLLQTYV- - LRLEAVNGTI LLLFCALEVI LE
TKGNLTEDEAPLGFSLVI TAGCVI LSVYFLALQTYV- - LKADVI | NWLLVI YGLEG LQ
TQGNLAEEE! PLGSSLLVTVGNI FLAI YELVMOQTYI - - LRADLI | NI | LLVI YGLEVI LE
VKGNL CQRSLAL FVSVAI LVPCAVLSVYYLLLQTFV- - LRLEFVLNAVLLCFYGFELVLG
TKGNLCQRKVPLSI SVAL TFPSAMVASYYLLLQTYV- - LRLEAI MNG LLFFCGSELLLE
TKGNL CQRKVPL S| SVAL TFPSAMVASYYLLLQTYV- - LRLEAI MNG LLFFCGSELLLE
TKGNLCQRKVPLSI SVALTFPSAMVASYYLLLQTYV- - LRLEAI MNG LLFFCGSELLLE
TKGNLCQRKMPLG SVALTFPSTMVASYYLLLQTYV- - LRLEAI MNSI LLFFCGSELLLE
TKGNLCQRKMPLG SVAL TFPSAMVASYYLLLQTYV- - LRLEAI MNSI LLFFCGSELLLE
TKGNLCORMVPLG SLAL TFPSAMVASYYLLLQTYV- - LRLEAVNGTI LLLFCALEVI LE
SKGNLCQRKVPLAI SLALTFPAAVMAAYYLLLQTYA- - LRLEAI LNAI LLLFYAVELLLG
YSGNL QEKVPELAGFCLLSI LLQLPLLLFLLCDPGLEPLPLERAVHG LTAFLLI Q PI S
VKGNL CQRSLALFVSVAI LVPCAVLSVYYLLLQTFV- - LRLEFVLNAVLLCFYGFELVLG
VKGNL CESSLASCAAL LVLLPCAALAVYFLLLQTYV- - LRLEFI LGAVLLCFYGRELLLG
YVGNL QEKVPELAGFW.LSLLLQLPLI LFLLFNEGLTNLPLEKAI HI | FTLFLAFQWAA
YMGNL QEKVPELAGFW.LSLLLQLPLI LFLLFNEGLTNLPLEKAI HI | FTLFLAFQWAA
YVGNL QEKVPELAGFW.LSLLLQLPLI LFLLFNEGLTNLPLEKAI HI | FTLFLAFQWAA
YMGNL QEKVPELAGFW.LSLLLQLPLI LFLLFNEGLTNLPLEKAVHI | FTI FLTFQWSA
OMGNL QEKVPELAGFW.LSLLLQLPLI LFLLLNDGLRNLPLEKAI HI | FTI FLTFQVI SA
OMGNL QEKVPELAGFW.LSLLLQLPLLLFLLLNEGLKNLPLEKAI HSI FTVFLTFQVI SA
YMGNL QEKVPEL AGFW. LSFLLQLPLI LFLLFNEGLKSQPLERAVHI | FTI FLTLQWLA
YI GNLQEKVPELAGFLLLSLM EVPTVLFI LADMYTLRLPLETAVNLLLLLFLVAEI AAA
YSGNLQEKVPELAGFCLLS! LLQLPLLLFLLCDPGLEPLPLERAVHG LTAFLLI Q Pl S
NAGNL QEKVPELAGFWL L TFLLQFPLI LFQLFNEAVLVQPLERGVHI | LALFI FAEVLFG
YSGNLQEQVPELAGFW.LSI LLOFPLI LFQLFNEAI LI QPLERGVHI VLAI FI LAQALSG
YSGNLQEQVPELAGFW.LSI LLQFPLI LFQLFNEAI LI QPLERGVHI VLAI FI LAQALSG

241 250 260 270 280 290 300

I I I I I I I
VVAI AAFTR: - = - = - = = == = = m = e e o e e e e e et aa s

VVAI AAFTR: =« - == s e mmmmece s s tceeseecennsanannas
T 2

I
Y
VM1 S| FSRANI Y- - - - - e e e e e e e e e e e e e e



Honmo sapi ens 216

Pan trogl odyt es216

Macaca nul atta216

Bos taurus216

Rat t us norvegi cus216
Monodel phi s donesti ca216
Anolis carolinensis 216
Xenopus tropicalis216
Dani o reri 0216

Gast erost eus acul eat us216
Honmo sapi ens17

Macaca nul attal?

Pan trogl odytesl7

Bos taurusl?7

Mus nuscul usl7

Rat t us norvegi cusl7
Monodel phi s donestical?
Anol i s carolinensisl?7
Xenopus tropicalisl?7
Dani o reriol?7

Gast erost eus acul eatus117
Gast erost eus acul eat us217

Honmo sapi ens80

Pan trogl odyt es80

Macaca nul att a80

Bos taurus80

Mus nuscul us80

Rat t us norvegi cus80
Monodel phi s donesti ca80
Anol i s carolinensis80
Xenopus tropicalis80
Dani o rerio80

Honmo sapi ens 216

Pan trogl odyt es216
Macaca nul atta216

Bos taurus216

Rat t us norvegi cus216
Monodel phi s donesti ca216
Anolis carolinensis 216
Xenopus tropicalis216
Dani o reri 0216

Gast erost eus acul eat us216
Honmo sapi ens17

Macaca mnul attal7

Pan trogl odytesl7

Bos taurusl?

Mus nuscul usl7

Rat t us norvegi cusl?
Monodel phi s donestical?
Anol i s carolinensisl?
Xenopus tropicalisl?7
Dani o reriol7

Gast erost eus acul eatus117
Gast erost eus acul eatus217

VLTLAAFSSNVDTI - - - <= === <= = -
VLTLAAFSSVDRI - - - - - - = === - = - -
VLTLAAFSSMDRI - - - == === - = - -
VLTLTAFSSMDR: - - - == == === == - -
M.TLATFSSMVDRI - - = - == === - - - -
VLTLSTFSSI T-- - ---mmmmmmao -
| LTLAAFS- = -« = cwmmscennnnnns
| FALRKATRHLAGRFHLL GDLDGRA- -
VMTI S| FSRANI Y- - - - - - - - - - - -
LLSI YTFSR- - - = <<= == === == -

FL TLRKMVNQL AVRFHL QDFDRL SANRGDVRRVRSC EE] - - - < = = < =< = === = << - - -
FL TLRKMVNQL AVRFHL QDFDRL SANRGDVRRVRSC EE] - - - = - - = = < = == = < = =« - - -
FL TLRKMVNQL AVRFHL QDFDRL SAKRGDVRRVRSCI EE] - - - = - - = = < = == =< = =« - - -
FL TLRKMVNQL ATRFHL QDFDRL SASRGDVRRVRSC EE] - - - < = =« =< = === = << - - -
FL TLKKMVNQL AARFHL QDFDQL SSSSAAVRRVRQCTEEL - - - - - - = = < = == = < = =« - - -
FL TLKKMVNQL AARFHL QDFDQL SASSATGRRARQSSEEL - - - - - - = = < = <= = <= =< - - -
FETLKKMANHL AASFQL QDFDRFDQFSSRDM RAKI STGLENSGHFYL L PAHSPTYTVPT
FRALKHVBKQL AMQFYL KQFEEGVGQTPGDGHKGQMWMGS- - - - - - = = = = == = = = = = - - -

| FALRKATRHLAGRFHL L GDL DGRA- -
FVALRTM/RHTESRFHLRQFHG QELRT
FVTLRDMVRHTGRQFHLRQFD- - - - - -
FVTLRDMRHTGRQFHLRQFD- - - - - -

42



Table S7. siRNAs, primers, and morpholino antisense oligonucleotides used in this study

siRNAs target sequences
Mouse TMEM138 siRNA#1  5’-GGGUCAUGAACGUGCGAUG
Mouse TMEM138 siRNA#2  5’-AGGUUAGCCUGUAGAGAGA

Mouse TMEM216 siRNA#1  5’-GAACCCAUUUAGUAGUUUA
Mouse TMEM216 siRNA#2  5’-GUGAAAAGUGGUAGGUCGA

Human TMEM138 siRNA#1 5’-CAAAGGAUGCGAAGAGUGA
Human TMEM138 siRNA#2 5’-CAUAUGGACAGAUGGACUU

Human TMEM216 siRNA#1  5’-GGCAAGCAACUCAGCAUAA
Human TMEM216 siRNA#2 5’-CCACAUGCUCCCUGUACGA

Human TRAPPC9 siRNA#1  5’-CGAAAGUUCUCACCACUAA
Human TRAPPC9 siRNA#2  5’-CCUAUUACAGCAAGUAUAA

Human RFX1 siRNA pool (5’-CAACACAGGCGUAUACUGA,
UCACAGAGCUCGACCUCCA,
CCGCACAGAUCAACCAGAU,
CCACGUGGCUCAAGAGGUGQG)

Human RFX2 siRNA pool (5’-UGACACAGGCCAUCCGUAA,
GAACAGCCUACACCUACAA,
GCACAGCACUCCGGAACAG,
GAGAGACGCCGAUCGCUGU)

Human RFX3 siRNA pool (5’-GAACAACAACGUAUCCUUA,
GCGAUACUGUCUAUACCAA,
GUAUAUGGCUAUGAGACAA,
CGAAGAUACACGUCGCUUA)

Human RFX4 siRNA ON-TARGETplus SMARTpool (L-0135577-00-0005, Dharmacon)
Human RFX5 siRNA ON-TARGETplus SMARTpool (L-011103-00-0005, Dharmacon)

Human TRAPPC9 siRNA pool (5’-GCAGACGACUGGAACGAUU,
CGAAAGUUCUCACCACUAA,
CCUAUUACAGCAAGUAUAA,
GAAAGUCAGCAACUAAUCA)
Human p115 siRNA pool (5’-CCAGGGAAGUUAUACGUAA,
AGAAAUUGGUAGAUUGCGA,
GCUCAUAUAUUCAACGUALU,
GUACAAGGAGAGACCGAGA)
Human COG1 siRNA pool (5’-CCAGGAAAUUAAUCGGGUU,
UGAAGGGUCUCGCGGGAAU,
AACCAGAAACAUCGAAACA,
CUGUAUGGUUCAAGUAGUA)

Primers for quantitative real-time PCR
Mouse TMEM138 F  5’- CATGAACGTGCGATGGAAAA
Mouse TMEM138 R 5’- TGTTTGCAGGCCGTTTGTC
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Mouse TMEMZ216 F
Mouse TMEM216 R

Human TMEM138 F
Human TMEM138 R

Human TMEM216 F
Human TMEM216 R

Human TRAPPC9O F
Human TRAPPC9 R

5’- CGTGCTCCGCCTAGAAGCTA
5’- AGCAGCTCTGAGCCACAAAAG

5’- CATCCTGACAGCTGTGTACTTTGC
5’- CGTAAGTTCATGACCCAGACATG

5’- TGCTGCTGCAGACCTACGTACT
5’- CAGAAGAAGAGCAAGATGCCATT

5’- ACGGTTACCATACCACGGTCTTC
5’- TTTATTCCCGGCAGGTTATCC

Human RFX1F 5’- CCCGAGCGGAGTTGGTAAC
Human RFX1 R 5°- TGGAACAGATAAGGCCATGATG

Human RFX2F 5°- TCACCGGCTCCACCAAAT
Human RFX2 R 5°- CCCCCGCTTGAGTCAAAGTA

Human RFX3F 5’- GCCTCCCCAGCGACAAT
Human RFX3 R 5’- TGGACAGACCGTCAGACTTTTG

Human RFX4 F 5’- CCCATGCAGAGCCAGTATCC
Human RFX4 R 5’- TGGAGTGGCCCAGAGATAGC

Human RFX5F 5’- GGCAGGCTCCACCAGCTAA
Human RFX5R  5’- TTGGCATCACTTGCTGTATCCT

Human and mouse b-actin F 5’- GACCCAGATCATGTTTGAGACC
Human and mouse b-actin R 5’- GGCCATCTCTTGCTCGAAGTC

Mouse 36B4 F 5’- GCCAGCTCAGAACACTGGTCTA
Mouse 36B4 R 5’- ATGCCCAAAGCCTGGAAGA

Zebrafish tmem138 F
Zebrafish tmem138 R

Zebrafish tmem216 F
Zebrafish tmem216 R

Zebrafish Rpl13a F
Zebrafish Rpl13a R

5’- CGGAGACCCCAGACTTTACG
5’- GCGCTCTTGCGAAAGCAT

5’- TGGCTTCGAGCTGGTTCTG
5’- AGATGTTGGCCCTGGAAAAA

5’- GTCTGAAACCCACACGCAAA
5’- GCCAACTTCATGGGCCAAT

Translational blocking morpholino antisense oligonucleotide for zebrafish tmem138
5’-GTAGTTATTTGTCTGGAGCATTTCT
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Movie S1. Representative time-lapse sequence of TMEM216-EGFP and dsRed-Centrin2
expressing COS7 cells. TMEMZ216 tagged vesicles (green) move toward and around the
centrosome (red). Images were captured every 3s for 400s . Sacle bar Sum. Selective
images from this movie are presented in Fig. S12B.

Movie S2. Representative time-lapse sequence of the fluorescence recovery after
photobleaching (FRAP) of EGFP in TMEM216-EGFP and dsRed-Centrin2 expressing
COS7 cells. Newly emerging TMEM216 tagged vesicles (green) move toward and
around the centrosome (red). The accumulation of GFP signal around the centrosome is
shown. Images were captured every 30s for 30min. Sacle bar Sum. Selective images from
this movie are presented in Fig. S12B.

Movie S3. Representative time-lapse sequence of TMEM138-EGFP and TMEM216-
mCherry expressing COS7 cells. TMEM138 (green) and TMEMZ216 (red) tagged vesicles
move together in a hand-in-hand fashion. Images were captured every 3s for 120s. Scale
bar Sum. Selective images form this movie are presented in Fig. 3C.

Movie S4. Representative time-lapse sequence of TMEM138-EGFP and TMEM216-
mCherry expressing hTERT-RPE cells. TMEM 138 (green) and TMEM216 (red) tagged
vesicles move together in a hand-in-hand fashion. Images were captured every 3s for
140s. Scale bar Sum.

Movie S5. Representative time-lapse sequence of TMEM138-EGFP and dsRed-Centrin2
expressing COS7 cells after non-target siRNA transfection. TMEM 138 tagged vesicles
move toward and around the centrosome. Images were captured every 3s for 120s (9

frames per second). Scale bar Sum. Selective images from this movie are presented in
Fig. 4A.

Movie S6. Representative time-lapse sequence of TMEM138-EGFP and dsRed-Centrin2
expressing COS7 cells after siTMEM216 RNA transfection. TMEM216 knockdown
disrupts TMEM 138 vesicular movement to the centrosome. Images were captured every
3s for 120s (9 frames per second). Scale bar Sum. Selective images from this movie are
presented in Fig. 4A.

Movie S7. Representative time-lapse sequence of TMEM138-EGFP and TMEM216-
mCherry expressing COS7 cells after non-target siRNA transfection. Non-target siRNAs
do not change ‘hand-in-hand fashion’ movements of TMEM138 and TMEM216 labeled
vesicles. Images were captured every 3s for 120s. Scale bar Sum. Selective images form
this movie are presented in Fig. 4B.

Movie S8. Representative time-lapse sequence of TMEM138-EGFP and TMEM216-
mCherry expressing COS7 cells after siTRAPPC9 RNA transfection. TRAPPC9
knockdown detaches tethered TMEM 138 and TMEM216 vesicles and inhibited
TMEM138 vesicular trafficking. Images were captured every 3s for 120s. Scale bar Sum.
Selective images form this movie are presented in Fig. 4B.
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Movie S9. Representative time-lapse sequence of TMEM138-EGFP and TMEM216-
mCherry expressing COS7 cells after sipl 15 RNA transfection. Images were captured
every 3s for 120s. Scale bar Sum.

Movie S10. Representative time-lapse sequence of TMEM 138-EGFP and TMEM216-
mCherry COS7 cells after siCOG1 RNA transfection. Images were captured every 3s for
120s. Scale bar Sum

Movie S11. Representative time-lapse sequence of tmem138-EGFP and tmem216-
mCherry expressing ZF4 (zebrafish embryonic fibroblasts) cells. Images were captured
every 3s for 120s. Scale bar Sum.
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