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Figure S1. Tmem231 and B9d1 are required for ciliary localization of membrane proteins. Tmem231 (A) and B9d 1 (B) wild-type and mutant MEFs stained
for Tub” (blue), ytubulin (red), DNA (gray), and either Adcy3, Arl13b, Inpp5e, or Ift88 (green). Bar, 10 ym. Adcy3, Arl13b, and Inpp5e fail to localize
to cilia in Tmem231 and B9d 1 mutant MEFs, whereas Ift88 remains unaffected. (C) Quantitation of the percentage of positive (green) and negative (purple)
cilia from A and B. At least 10 cilia were scored per sample. (D) Cilia in the mutant MEFs are modestly longer than those of wild-type MEFs. (E) Tmem231

and B9d 1 mutant MEFs ciliate less frequently than Tmem231 and B9d1 wildtype MEFs. Error bars represent the 95% confidence interval. *, P < 0.05, as
measured by Student's t test with Welch’s correction.
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Figure S2. B9d1 and Tmem231 are required for MKS complex assembly. Ciliary TZ in B9d1 (A) and Tmem231 (B) wild-type and mutant MEFs stained for
Tub”© (blue), ytubulin (red), DNA (gray), and either B9d1, Tmem231, Mks1, Tmemé7, Rpgrip1l, or Nphp1 (green). Bar, 10 ypm. Tmem231 and B9d1 re-
quire each other for TZ localization. Mks1 and Tmemé7 fail to localize to the ciliary TZ in the absence of B9d1 or Tmem231. (C) Quantitation of the per-
centage of positive (green) and negative (purple) cilia from A and B. At least 10 cilia were scored per sample.
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Figure S3. TMEM231 is conserved in ciliated organisms. ClustalW alignment of TMEM231 protein sequences reveals conservation of residues across di-

verse ciliated organisms. Residues highlighted in red indicate those mutated in OFD3 or MKS.

TMEMZ231 organizes the transition zone



A A3472

¢.373C>G, |:|11 102 c.241C>T, NTDMGS 80399 MKS-692
p.P125A (h) p.L81F (h) C.373C>G,| F———-> 373CG,
p.P125A p.P125A c.373C>G, | c.544C>T,
' : p.P125A (h) | p.Q182* (h)
21 22 23 24 | | | 5
c.373C>G, z.P125A (h) C.241CT>T, p.L81F (h) 0'31730>G 0.P125A (H) ¢.373C>G, p.P125A (h) c.544C>T, p.Q182* (h)
v E 2 5 P/A L L PIA L K Qr P
21

Fetus Fetus [\ \, A\ ann| TAAAMVAAN
240\ VAN AN Pat e Pat |\ A\ AL a\an

1
A/\/\ Mat Mat /\/\/\/\/\/\/\
12
D MKS-79 E MKS-947/948
O0———o0 MKS-1163
¢.269A>T, [ ¢.373C>G, €.664+4A>G (h) €.373C>G, O——0
p.N9OI (h) | p.P125A (h) p.P125A(h)  c.664+4A>G (h)| No DNA
: Py -
c-269A>T, p-N9OI () c.373C>C, p.P125A () 6o444p>G () c.373C>G, p.P125A (h) <
I g ) s €.664+4A>G (H) c.664+4A>G (H)
JIC AAC CGG LT ccc cIg LAC Gotgag CI1 Ccc cig o
F__ NI R L_PA "L N V — PA T AMC gotase
Fetus INAVAV AN pAAANANNFetus 1 IanaAnNanl e nflon /\/r;/\/V\N\N\/‘
Pat /\/\/\/\/\/\/\/\ Fetus 2 /\/\/\/\/\/\/\A /\/\/\ Fetus 2
Mat WA AW BANRAAAAN  Pat [Aaana) Aan/\ann pat AW W)
Mt /\/\/\/\A/\/\ A/\/\/\
MKS-855 MKS-374 MKS-43
O=——0
No DNA | No DNA c.693delC, .664+4A>G (h c.664G>A, C.664G>A,
p.1232Sfs*13 (h) p.V222l (h) p.V222I (h)
* A |
cl 664+4A>G :.EH) ¢.693delC, p. I2328£s 1T1C3T h) c.664+4A>G (h) 664G>A, p.V2221 (H) c.664G>A, p.v222! (H)
2 A
Aﬁgegtgag AAC CgC AITC Aﬁgsgtgag A%ﬁﬁegégt
Fetus |\ A ANAAN Fetus (\\W\Naaan| [Aasn Fetus 1
WT [ AAAAAN Pat |\ \WAAaanaal PAAAAAN Pat
Mat [\AAAANAAN NAAAANAN Mat
J GEF1200207
c.646G>C, | ¢.439-1G>C (h)
p.A216P (h) K
A c. 664+4A>G p. Val222fs*21
¢.646G>C, p.A216P (h) ¢.439-1G>C (h)
GTGA e AGQGT AG

c c
9 A
G g U T p

Fetus NAA AN e/ AN VS5 6
Pat|\N N\ AN AW
Mat MANANA 1Ma/ NV

Figure S4. Mutation of TMEM231 is associated with OFD3 and MKS. Pedigree and chromatogram of OFD3- (A) and MKS (B-J)-affected individuals with
recessive mutations in TMEM231 (GenBank accession no. NM_001077418.2). (K) Functional consequences of c.664+4A>G. RT-PCR analysis conducted
on primary skin fibroblasts from MKS-374 shows that the intronic change abolishes the canonical exon 5 splice donor sequence and results in retention of
47 bp of intron 5-6 to produce a premature frameshift p.Val222fsX21. H, homozygous; h, heterozygous; Pat, paternal; Mat, maternal.
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Figure S5. Tmem231 mutant alleles partially rescue Arl13b localization to the ciliary membrane. (A-E) Quantitation of various aspects of the rescue as-
says in Tmem231 wildtype and mutant MEFs, including fluorescence intensity of Arl13b, Tub*®, and y-tubulin, ciliary length, and y-tubulin area. Tub”® in-
tensity is decreased when mutant forms of Tmem231 are transfected, as compared with transfection of wild-type Tmem231. (F) Quantitation of fluorescence
intensity of B9d1 at the TZ/basal body in Tmem231 wild-type MEFs. Error bars represent the 95% confidence interval. *, P < 0.05, as measured by Stu-

dent's t test with Welch's correction.
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Table S1 shows mutations of TMEM231 associated with OFD3 and MKS.

Table S2.  C. elegans strains used

Strain Genotype

PT709 nphp-4(m925)

MX1855 imem-231(im5963)

MX1251 mks-2(nx111)

MX754 mks-5(tm3100)

MX1415 N2; nxEx[tmem-23 1:gfp + Posm-5::xbx-1::tdTomato + rol-6(su1006)]

MX1450 nphp-4; nxEx[tmem-231::gfp + Posm-5::xbx-1::tdTomato + rol-6(su1006]]
MX1470 mks-2; nxEx[tmem-231::gfp + Posm-5::xbx-1::tdTomato + rol-6(su1006)|
MX1471 mks-5; nxEx[tmem-231::gfp + Posm-5::xbx-1::tdTomato + rol-6(su1006)|

YH930 N2; Ex[Posm-5::mks-5::tdTomato + Posm-5::dyf-11::gfp + rol-6(su1006)]
MX1811 tmem-231; nxEx[Posm-5::mks-5::tdTomato + Posm-5::dyf-11::gfp + rol-6(su1006)]
MX1420 N2; nxEx[Pbbs-8::fram-1::tdTomato + Pbbs-8::mks-2::gfp + rol-6(su1006)|
MX1813 tmem-231; nxEx[Pbbs-8::tram-1::tdTomato + Pbbs-8::mks-2::gfp + rol-6(su1006]]
YH237 N2; yhEx142[nphp-1::cfp + che-13::yfp + rol-6(su1006)]

MX1814 tmem-231; nxEx[nphp-1::cfp + che-13::yfp + rol-6(su1006)]

MX1065 N2; nxEx[tmem-17::gfp + Posm-5::xbx-1::tdTomato + rol-6(su1006)]

MX1815 tmem-231; nxEx[tmem-17::gfp + Posm-5::xbx-1::tdTomato + rol-6(su1006]]
JCcB



