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Figure S1. Rescue of BBS7, BUBR1 [BUB1B], and KIF7 shRNA mediated effects in 
the developing cerebral cortex. BBS7, BUBR1 [BUB1B], and KIF7 shRNAs disrupted 

distinct aspects of progenitor development, neuronal migration, and axon growth. 

Expression of human BBS7, BUBR1, or KIF7 (which are not targeted by murine 

shRNAs) rescued the respective shRNA phenotypes. (A-D) Proliferating GFP+/PH3+ RG 

progenitors in VZ (arrow) in control cortices (A). (B-C) In contrast, knockdown of BUBR1 

(B) and KIF7 (C) resulted in significantly reduced proliferation of RG progenitors (D). 

Expression of human BBS7 or KIF7 rescued the shRNA phenotypes (B’, C’, D). (E-H) 

Co-labeling with anti-GFP, BrdU and Tbr2 antibodies indicates that knockdown of 

BUBR1 (F) and KIF7 (G) resulted in reduced percentage of Tbr2+ cells (Tbr2+/GFP+ 

[open arrowhead]) and mitotic progenitors (BrdU+/GFP+[arrow], Tbr2+/BrdU+/GFP+[filled 

arrowhead]; H). (F’, G’, H) Expression of human BUBR1 or KIF7 rescued these defects. 

(I, J, J’) BBS7 shRNA disrupted VZ organization (J), which was rescued with BBS7 (J’). 

(K-N) GFP+ neurons express shRNAs against BUBR1 (L), BBS7 (M), and KIF7 (N) do 

not migrate normally. shRNAs were electroporated at E14.5 and cortices were analyzed 

at E18.5. (L’, M’, N’) Rescue of migration defects with BUBR1, BBS7 and KIF7. (K’’-M’’) 

Quantification of GFP+ cell position in the developing cortical wall. (O-R). Altered 

multipolar neuronal branching in BBS7 (P) and KIF7 (Q) shRNA expressing cortices, 

rescued with human BBS7 (P’) and KIF7 (Q’), respectively (R). Red arrowheads (O-Q) 

indicate processes. (S-U) GFP+ neurons expressing shRNA against BBS7 (T) and KIF7 

(U), display midline crossing defects (arrowhead, T, U) in the developing cerebral wall. 

(T’, U’) Rescue of crossing defects with human KIF7 and BBS7, respectively. (V-Z) 

Neurons expressing KIF7 (W) shRNAs display significantly reduced total non axonal- 

neurite length and branching. (X’) KIF7 rescue of shRNA effect. Quantification of 

average apical neurite number (Y) and total length (Z). Data shown are mean ± 

SEM. *P<0.05 (Student's t-test). Number of brains/ group= 4. Scale bar: A-G, 12.5µm; I-

J, 42µm; K-N, 67µm; O-Q, 9µm; S-U, 125µm; V-W, 15µm. CP, cortical plate; IZ, 

intermediate zone; SVZ, subventricular zone; VZ, ventricular zone. 
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Figure S2. Ciliopathy gene deficiency and neuronal migration. (A-M) E14.5 

embryonic cortices were electroporated and the position of GFP+ neurons in the 

development cerebral cortex were analyzed at E18.5. Representative images are 

shown (also see Table 5). AHI1, ALMS1, BBS1, BBS4, BBS9 [TRIM32], BBS11, 

BUBR1 [BUB1B], IFT80, KIF7, NPHP1, TCTN2 and TMEM216 shRNAs significantly 

retarded neuronal migration in different ways as compared to control shRNA. Arrows [D, 

E, H, I] indicate branched leading processes. Arrowhead [L] indicates misoriented 

leading process. (A’-M’) Quantification of GFP+ cell position in the developing cortical 

wall (E18.5). Number of brains/ group= 4. Scale bar, A-C, E, G-I, K, M, 80µm; D, J, F, L, 

68µm. 

 

Figure S3 

 
Figure S3. Effect of ciliopathy genes on neuronal identity. (A-G) GFP+ neurons 

were co-labeled with antibodies to Cux1 (layer II/III; A-C), Ctip2 (layer V; A-C), and Tbr1 

(layer VI; E-G). Even though aberrantly migrating BBS1 (B) or NPHP1 (C) shRNA 

expressing neurons expressed Cux1 and were ectopically localized away from the 

emerging layers, the percentage shRNA expressing (GFP+) neurons that co-labeled 

with Cux1 (GFP+/Cux1+), Ctip2 (GFP+/Ctip2+), or Tbr1(GFP+/Tbr1+) was not altered 

compared to control (D, H). (B’, C’) Higher magnification images of outlined areas in (B) 



 
 

and (C) show ectopically localized neurons are Cux1(arrowhead), but not Ctip2 (open 

arrowheads) positive. (E’-G’) Higher magnification images of outlined areas in E-G show 

GFP+ neurons are not Tbr1 positive. (D, H) Quantification of the percentage of 

GFP+/layer marker+ neurons. No significant changes were observed, indicating shRNA 

expression affected migration and placement but not neuronal identity. Data shown are 

mean ± SEM. *P ≥ 0.05 (Student's t-test). Number of brains/ group= 4. Scale bar: A-C, 

90µm; E-G, 85µm. 
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Figure S4. Developmental expression of ciliopathy genes. The expression patterns 

of the tested ciliopathy genes in mouse cerebral cortex [E14.5 

(http://www.eurexpress.org/ee/)98 and P56 (http://www.brain-map.org)]99 and human 

neocortex (http://hbatlas.org)100 (B-C). (A) In mouse, BUBR1, IFT80, and KIF7 show 

enriched expression in the proliferative zones at E14.5 (A, red asterisk), consistent with 

our observation that BUBR1, IFT80 and KIF7 are regulators of progenitor proliferation. 

In humans, the expression of BUBR1, TMEM216 and IFT80 gradually declined from 

early embryonic stages till perinatal stage, consistent with their role in progenitor 

proliferation100,101,102. Thus, both mouse and human expression data support our results 

indicating that BUBR1, TMEM216, IFT80, and KIF7 are regulators of cortical progenitor 

development. In human neocortex, the expression of TCTN2 and TUB show gradual 

increase from early to mid fetal stages, corresponding to the time window during which 

neuronal migration occurs100,101,102. This pattern TCTN2 and TUB expression is 

consistent with their detected role as regulators of neuronal migration. Further, human 

transcriptome trajectories suggest that the majority of the BBS genes, BBS1, BBS2, 

BBS3 [ARL6], BBS5, BBS6 [MKKS], BBS7, BBS9, BBS10, BBS11 [BUB1B], and 

BBS12 have widespread and relatively stable expression pattern during neocortical 

development, consistent with our results indicating that these BBS protein members 

play multiple roles during cerebral cortical formation. 

  



 
 

Supplemental Tables 
 

Table S1. shRNA library of ciliopathy genes  

Gene  Protein 
family 

Protein 
complex 

 

Ciliary 
localization 

Ciliary function Associated 
ciliopathy 

Brain 
expression 

Brain abnormalities in 
humans 

AHI1  ND ND Basal 
body/Centrosome1 

Ciliogenesis, ciliary-
dependent WNT 

signaling2 
JBTS Yes 

Cerebellar vermis 
hypoplasia, deepened 
interpeduncular fossa, 

elongated superior 
cerebellar peduncles 
cortical heterotopias, 

polymicrogyria3,4 

 

CEP41 Polyglutamylase 
enzyme ND Basal 

body/Centrosome5 
Glutamylation in the 

ciliary axoneme5 JBTS Yes  

BBS1 BBS 

BBSome6,7 
Basal 

body/centrosome, 
cilium6,7 

Ciliogenesis6,7, ciliary 
GPCR trafficking8,9 

BBS Yes 

Frontal cortical 
dysplasia, microcephaly, 

cortical and cerebellar 
atrophy, cortical 

heterotopias, 
polymicrogyria10 

BBS2 BBS BBS, MKS Yes 

BBS4 BBS BBS, MKS Yes 

BBS5 BBS BBS Yes 

BBS7 BBS BBS Yes 

TTC8 
(BBS8) BBS BBS Yes 

BBS9 BBS BBS Yes 

ARL6 
(BBS3) 

BBS, small 
GTPase ND 

Basal 
body/centrosome1

1 

Ciliary localization of 
BBSome11, ciliary 
GPCR trafficking8 

BBS Yes 

MKKS 
(BBS6) 

type II 
chaperonin 
superfamily 

type II 
chaperonin  

Basal 
body/centrosome1

2 
BBSome assembly12 

BBS, MKS, 
MKKS Yes 

BBS10 BBS Yes 

BBS12 BBS Yes 

TRIM32 
(BBS11) 

E3 Uniquitin 
ligase ND 

Basal 
body/centrosome1

3, cytoplasma 
ND BBS Yes 

MKS1 
(BBS13) 

Tripartite motif 
protein  

NPHP-
JBTS-MKS, 
Transition 

Transition zone14-

16, basal body, 
Cilium (TMEM216, 

Ciliogenesis 
centrosome and 
ciliary membrane 

BBS, MKS Yes 
Cerebellar vermis 

hypoplasia, deepened 
interpeduncular fossa, 



 
 

TMEM67 
(MKS3) 

Tetraspan 
transmembrane 

protein 

zone 
complex14-16 

 

CEP290) 
 

composition14-18, 
ciliary signal 

transduction18 
 

BBS, MKS, 
JBTS Yes 

elongated superior 
cerebellar peduncles, 
cortical heterotopias, 

polymicrogyria3,4,17,19-22 

TMEM216  
Tetraspan 

transmembrane 
protein 

JBTS, MKS Yes 

CEP290 
(BBS14) BBS 

BBS, MKS, 
JBTS, NPH, 
LCA, SLS 

Yes 

CC2D2A 
(MKS6) BBS MKS, JBTS Yes 

TCTN2 Tectonic family MKS, JBTS Yes 

NPHP1 Nephrocystin 
family 

JBTS, NPH, 
SLS Yes 

RPGRIP1L 
(NPHP8) RPGRIP1 family MKS, JBTS Yes 

B9D1 B9D family MKS Yes 

ALMS1 ND ND 
Basal 

body/Centrosome2

3,24 

Ciliogenesis, cilium-
dependent PCP 

signaling23,24 
ALST Yes 

Enlarged ventricle, gray 
and white matter 

atrophy, brain lesions25 

BUB1B 
(BUBR1) BUB family ND 

Basal 
body/Centrosome2

6 

Ciliogenesis26 
 PCS27 Yes 

Microcephaly, brain 
hypoplasia, corpus 
callosal agenesis, 

enlarged forth ventricle 
and posterior fossa, 

cerebellar vermis 
hypoplasia, 

hydrocephalus28 

IFT80 IFT IFT-B Cilium Shh signal 
transduction29 ATD29 Yes 

Cerebellar vermis 
hypoplasia, deepened 
interpeduncular fossa, 

elongated superior 
cerebellar peduncles3,30 

KIF7 Kinesin family IFT-A Basal body, cilium Shh signal 
transduction31,32 

HLS2, ACLS 
JBST Yes Hydrocephalus, corpus 

callosal agenesis31 

OFD1 ND ND 
Basal 

body/Centrosome3

3 
Ciliogenesis33 OFD Yes 

Intracerebral cysts, 
corpus callosal 

agenesis, cerebellar 
agenesis, porencephaly, 

pachygyria and 
heterotopias, 

hydrocephalus, cerebral 
or cerebellar atrophy, 

and berry aneurysms34,35  

TUB Tubby family ND Basal 
body/Centrosome 

Ciliary GPCR 
trafficking8,9,36,37 Obesity Yes Brain atrophy38 



 
 

FTO 

2-oxoglutarate- 
dependent 
nucleic acid 

demethylases 

ND ND 
Cilia maintanence and 

ciliary dependent 
WNT signaling39 

Obesity Yes 

AHI1, Abelson helper integration site 1; ALMS1, Alstrom syndrome 1; ARL6, ADP-ribosylation factor-like 6; B9D1, B9 protein domain 1; BBS, Bardet–Biedl 
syndrome; BUB1B, BUB1 mitotic dheckpoint serine/threonine kinase B; BUBR1, Bub1-related protein; CC2D2A, coiled-coil and C2 domain containing 2A; 
CEP 41, Centrosomal protein 41; FTO, fat mass and obesity associated; IFT80, intraflagellar transport 80 homolog (Chlamydomonas); KIF7, Kinesin family 
member 7; MKKS, McKusick-Kaufman syndrome; MKS, Meckle Syndrome; NPHP, Nephronophthisis; OFD1, Oral-facial-digital syndrome 1; RPGRIP, retinitis 
pigmentosa GTPase regulator interacting protein; TMEM, transmembrane protein; TRIM32, tripartite motif containing 32; TTC8, tetratricopeptide repeat 
domain 8; TUB, tubby bipartite transcription factor; ACLS, Acrocallosal syndrome; ALST, Alstrom syndrome; ARPKD, autosomal recessive polycystic kidney 
disease; JATD, Jeune asphyxiating thoracic dystrophy; HLS2, Hydrolethalus syndrome 2; JBTS, Joubert syndrome; LCA, Leber congenital amaurosis; MKS, 
Meckel-gruber syndrome; MKKS, McKusick-Kauffman syndrome; NPH, nephronophthisis; PCS, Premature chromatid separation; SLS, Senior-Loken 
Syndrome; ND, not defined.  

 
  



 
 

Table S2. Other ciliopathy genes  

Gene  Protein 
family 

Protein 
complex 

 

Ciliary 
localization 

Ciliary function Associated 
ciliopathy 

Brain 
expression 

Brain abnormalities in 
humans 

ARL13B Arf like small 
GTPases ND Cilium 

Cilia maintanence, 
ciliary signal 

transduction40 
JBTS Yes 

Cerebellar vermis 
hypoplasia, deepened 
interpeduncular fossa, 

elongated superior 
cerebellar peduncles3 

CSPP1 Centrosomal 
protein ND Basal body and 

axoneme 
Ciliary length and 

ciliogenesis41 JBTS Yes 

TMEM138 
Tetraspan 

transmembrane 
protein 

ND Transition zone 
and cilium 

Ciliogenesis 
centrosome and 
ciliary membrane 
composition14-18, 

ciliary signal 
transduction18,42 

JBTS Yes 

TMEM237 
Tetraspan 

transmembrane 
protein 

ND Transition zone Ciliogenesis, WNT 
signaling JBTS Yes 

INPP5E Lipid 5-
phophotase ND Cilium 

Cilia maintanence, 
ciliary signal 

transduction43 
JBTS Yes 

NPHP2 Nephrocystin 
family 

Transition 
zone complex Transition zone 

Ciliogenesis 
centrosome and 
ciliary membrane 
composition14-18, 

ciliary signal 
transduction18 

 

NPHP, SLS Yes 

Cerebellar vermis 
hypoplasia, enlarged 

fourth ventricle44,45 

NPHP3 Nephrocystin 
family 

Transition 
zone complex 

Transition zone 
 

NPHP, MKS, 
SLS Yes 

NPHP4 Nephrocystin 
family 

Transition 
zone complex 

Transition zone 
  NPHP, SLS Yes 

NPHP5 Nephrocystin 
family ND Basal body Ciliogenesis46 NPHP, LCA, 

SLS Yes 

NPHP7 
Nephrocystin 
family, Glis2 

family 
ND Basal body Ciliary signal 

transduction47 NPHP Yes 

NPHP9 Nephrocystin 
family ND Basal body Ciliary signal 

transduction48 NPHP Yes 

ATXN10 Ataxin family Transition 
zone complex 

Transition zone 
 

Ciliary signal 
transduction45 

NPHP, 
spinocerebellar 

ataxia 
Yes 

CEP83 Centrosomal 
protein ND Basal body Ciliogenesis49 NPHP Yes Hydrocephalus49 

C5orf42 ND ND ND ND50 OFDVI, JBTS Yes 

Elongated superior 
cerebellar peduncle, 
thin corpus callosum, 

cortical atrophy50 



 
 

SCLT1 ND ND Basal body Ciliogenesis51 OFDIX Yes 

Microcephaly, corpus 
callosal agenesis, 

pachygyria, cerebellar 
vermis agenesis51 

TBC1D32 TBC1 domain 
family ND Basal body Ciliogenesis51 OFDIX Yes 

PKD1 Polycystin family ND Cilium Ciliary signal 
transduction52 PKD Yes 

Brain aneurysms53 PKD2 Polycystin family ND Cilium Ciliary signal 
transduction52 PKD Yes 

PKHD1 Fibrocystin ND Cilium Ciliary signal 
transduction PKD Yes 

DNAHC5 Dynein protein 
family 

Motor protein 
complex Cilium Cilia maintanence PCD Yes Hydrocephalus54 

DNAI1 Dynein protein 
family 

Motor protein 
complex Cilium Cilia maintenance55 PCD Yes ND 

CEP120 Centriolar protein ND Basal body Ciliogenesis56 JATD Yes 

Cerebellar vermis 
hypoplasia, deepened 
interpeduncular fossa, 

elongated superior 
cerebellar peduncles, 

ventricle dilatation3,30,57 

NEK1 NIMA-related 
kinase ND Basal body Ciliogenesis, cilia 

maintenance PKD, SRP58,59 Yes 

DYNC2H1 Dynein protein 
family 

Motor protein 
complex Cilium Cilia maintenance JATD, SRP58,60 Yes 

IFT139 IFT IFT-B Transition zone 
and cilium 

Ciliogenesis, Shh 
signal transduction61 JATD, NPH Yes 

CENPF Centromere 
protein family 

Centromere-
kinetochore 

complex 
Centrosome Ciliogenesis Microcephaly62 Yes 

Microcephaly, 
cerebellar vermis 

hypoplasia, corpus 
callosal agenesis 

KATNB1 Katanin family 
Microtubule-

severing 
complex 

Centrosome Ciliogenesis Microcephaly63 Yes Microcephaly, thinning 
of corpus callosum63 

IFT88 IFT IFT-B Basal body and 
cilium 

Ciliogenesis, Shh 
signal transduction, 

mitotic spindle 
orientation 

Anosmic64 Yes ND 

AIPL1 LCA ND Cilium ND LCA65 No ND 

LCA5 LCA ND Basal body and 
cilium 

Ciliary protein 
transport LCA65,66 No ND 



 
 

GUCY2D Guanylate 
cyclase ND Cilium ND LCA65 No ND 

NMNAT1 Adenylyl 
transferase 1 ND ND ND LCA65 No ND 

RD3 Retinal protein ND Photoreceptor 
cells Protein transport LCA65 No ND 

RDH12 Retinol 
dehydrogenase  ND Photoreceptor 

cells ND    LCA65,67 No ND 

RPE65 
Retinoid 

isomerohydrolas
e 

ND Retinal pigment 
epithelial cells ND LCA65 No ND 

LRAT Lecithin retinol 
acyltransferase ND Retinal pigment 

epithelial cells ND LCA65 No ND 

IMPDH1 IMP-
dehydrogenase ND Photoreceptor 

cells ND   LCA65,68 Yes 

Absent septum 
pellucidum, cerebellar 
vermis hypoplasia69 

CRX 
Cone-rod 
homeobox 

protein 
ND Eye ciliary 

margin ND   LCA65,70 Yes 

TULP1 Tubby like 
protein 1 ND Photoreceptor 

cells 
Photoreceptor protein 

transport  LCA65,71 Yes 

KCNJ13 

Inwardly 
rectifying 

potassium 
channel family of 

protein 

ND Photoreceptor 
cells ND  LCA65,72 Yes 

CRB1 The Crumbs 
family 

The Crumbs 
complex Basal body Cilia maintenance  LCA65,73 Yes 

MERTK Tyrosine kinase ND Retinal pigment 
epithelial cells ND         LCA65 Yes 

SPATA7 LCA ND Retina ND         LCA65,74 Yes 

RPGRIP1 

GTPase 
regulator 

interacting 
protein 

ND Photoreceptor 
cells ND         LCA65 Yes 

POC1B Centriolar protein ND Basal body Ciliogenesis75 LCA, JBTS, PKD Yes 

Cerebellar vermis 
hypoplasia, deepened 
interpeduncular fossa, 

elongated superior 
cerebellar peduncles 

CCDC28B 
(MGC1203) 

Coiled coil 
domain- 

containing 
protein 

ND Basal body 
Ciliogenesis, ciliary 

length regulation and 
signal transduction 

BBS Yes 
Frontal cortical 

dysplasia, 
microcephaly, cortical 

and cerebellar atrophy, 
cortical heterotopias10 

IFT172 IFT IFT-B Transition zone 
and cilium 

Cilioary protein 
transport, 

ciliogenesis76 
BBS Yes 



 
 

IFT27 IFT IFT-B Transition zone 
and cilium 

Cilioary protein 
transport, 

ciliogenesis77 
BBS Yes 

BBIP1 ND BBSome Basal body BBSome complex 
assembly78 BBS Yes 

CYS1 Cystin ND Cilium ND ARPKD Yes Brain aneurysms53 

KIF11 Kinesin family ND Cilium Ciliary signal 
transduction79 Microcephaly Yes Microcephaly 

KIF14 Kinesin family  ND Cilium Ciliary signal 
transduction79 Microcephaly Yes Microcephaly 

KIF2A Kinesin family ND Cilium Ciliary signal 
transduction79 Microcephaly Yes Microcephaly 

KIF5C Kinesin family ND Cilium Ciliary signal 
transduction79 Microcephaly Yes Microcephaly 

EVC Ellis van Creveld 
syndrome protein EVC complex Cilium Ciliary signal 

transduction EVC Yes 

Hypoplastic ventricle 
and hydrocephalus80 

EVC2 Ellis van Creveld 
syndrome protein EVC complex Cilium Ciliary signal 

transduction EVC Yes 

RTTN ND ND Basal body81 Cilia maitenance81   PMG81 Yes Polymicrogyria, lateral 
ventricle dialatation81 

AIPL1, Aryl hydrocarbon receptor interacting protein-like 1; ARL13B, ADP-ribosylation factor-like protein 13B; ATXN10, ataxin10; BBIP1, BBsome interacting 
protein 1; C5orf42, chromosome 5 open reading frame 42; CCDC28B, Coiled coil domain- containing protein 28B; CENPF, Centromere protein F; CEP83, 
centrosomal protein 83kDa; CEP120, centrosomal protein 120kDa; CRB1, Crumbs family member 1; CRX, Cone-rod homeobox protein; CSPP1, centrosome 
and spindle pole associated protein 1; CYS1, Cystin 1; DNAHC5, dynein, axonemal, heavy chain 5; DNAI1, dynein, axonemal, intermediate chain 1; DYNC2H1, 
dynein, cytoplasmic 2, heavy chain 1; EVC, Ellis van Creveld syndrome; EVC2, Ellis van Creveld syndrome 2; GUCY2D, Guanylase cyclase 2D;  IFT27, 
intraflagellar transport 27; IFT88, intraflagellar transport 88; IFT139, intraflagellar transport 139;  IFT172, intraflagellar transport 172; IMPDH1, IMP (inosine 5’-
monophosphate) dehydrogenase 1; INPP5E, Inositol polyphosphate-5-phosphatase; KATNB1, katanin p80 subunit B1; KCNJ13, potassium inwardly-rectifying 
channel, subfamily J, member 13; KIF11, Kinesin family member 11;  KIF14, Kinesin family member 14;  KIF2A, Kinesin family member 2A;  KIF5C, Kinesin 
family member 5C; LCA5, Leber congenital amaurosis 5; LRAT, lecithin retinol acyltransferase (phosphatidylcholine--retinol O-acyltransferase); MERTK, c-mer 
proto-oncogene tyrosine kinase; NEK1, NIMA (never in mitosis gene a)-related kinase 1; NMNAT1, nicotinamide nucleotide adenylyltransferase 1; NPHP, 
Nephronophthisis; PKD, Polycystic kidney disease; PKHD1, Polycystic kidney and hepatic disease 1; RD3, Retinal degeneration 3; RTTN, rotatin; SCLT1, 
sodium channel and clathrin linker 1; SPATA7, spermatogenesis associated 7; TBC1D32, TBC1 domain family, member 32; TMEM, transmembrane protein; 
RPE65, Retinal pigment epithelium-specific protein 64kDa; RPGRIP1, retinitis pigmentosa GTPase regulator interacting protein 1; ARPKD, autosomal 
recessive polycystic kidney disease; BBS, Bardet–Biedl syndrome; JATD, Jeune asphyxiating thoracic dystrophy; JBTS, Joubert syndrome; LCA, Leber 
congenital amaurosis; MKS, Meckel-gruber syndrome; MKKS, McKusick-Kauffman syndrome; NPH, nephronophthisis; PCD, Primary ciliary dyskinesia; PKD, 
Polycystic kidney disorder; PMD, Polymicrogyria; SLS, Senior-Loken Syndrome;  SRP, Short-rib-polydactyly syndrome; ND, not defined.  

 
  



 
 

Table S3. Human MRI phenotypes associated with ciliopathy gene mutations 

Gene Human MRI phenotypes 

AHI1 Molar tooth sign (MTS), cortical polymicrogyria, cerebellar vermis hypoplasia, corpus callosal agenesis4 

ALMS1 Enlarged ventricle, gray and white matter atrophy, brain lesions25 

ARL13B Molar tooth sign (MTS), cerebellar vermis hypoplasia, elongated superior cerebellar peduncle82,97 

ATXN10 Cerebral atrophy45 

BBS2 Cerebral ventricular dilatation, neuronal ectopias83 

BBS4 Cerebral ventricular dilatation, neuronal ectopias, corpus callosal agenesis83 

BBS6 Corpus callosal hypoplasia83 

BUBR1 Microcephaly, brain hypoplasia, enlarged forth ventricle and posterior fossa, cerebellar vermis hypoplasia26 

C5orf42 Molar tooth sign (MTS), enlarged superior cerebellum peduncle, cortical atrophy, thin corpus callosum50 

CC2D2A Molar tooth sign (MTS), cerebellar vermis hypoplasia, thickened superior cerebellar peduncle22 

CEP41 Molar tooth sign (MTS), cerebellar vermis hypoplasia, thickened superior cerebellar peduncle5 

CEP120 Molar tooth sign (MTS), hydrocephalus, cerebellar hypoplasia56 

CEP83 Hydrocephalus49 

CEP290 Molar tooth sign (MTS), thickened and maloriented superior cerebellar peduncles and cerebellar vermis 
hypoplasia21 

CSPP1 Molar tooth sign (MTS), thickened and maloriented superior cerebellar peduncles and cerebellar vermis 
hypoplasia, occipital encephalocele, cortical heterotopia41 

FTO Brain atrophy38 

INPP5E Molar tooth sign (MTS), cerebellar vermis hypoplasia, elongated superior cerebellar peduncle84 

KATNB1 Microcephaly, enlarged lateral ventricles, thinning of corpus callosum, simplified gyri63 

KIF7 Molar tooth sign (MTS), hydrocephalus, corpus callosal agenesis, deep interpeduncular fossa and stretched 
cerebellar peduncles31 

KIF14 Cerebral hypoplasia, cerebellar hypoplasia, corpus callosal agenesis, cerebellar vermis agenesis79 

MKS3 Molar tooth sign (MTS), malformation of the posterior fossa, with severe vermis hypoplasia or vermis aplasia, 
global cerebellar hypoplasia associated with subtentorial cystic dilatation of the cisterna magna85 

NPHP1 Inferior vermis hypoplasia, molar tooth sign (MTS), elongated superior cerebellar peduncle86,87 

NPHP8 Molar tooth sign (MTS), occipital encephalocele, anencephaly88 

OFD1 Corpus callosal agenesis, hippocampal hypoplasia, interhemispheric cysts, periventricular heterotopia, molar 
tooth sign (MTS), cerebellar vermis hypoplasia35 

POC1B Molar tooth sign (MTS), cerebellar vermis hypoplasia75 

RTTN Polymicrogyria81 

SCLT1 Corpus callosal agenesis, microcephaly, inferior cerebellar vermis agenesis, pachygyria51 

TBC1D32 Corpus callosal agenesis, microcephaly, inferior cerebellar vermis agenesis, pachygyria51 

TCTN2 Molar tooth sign (MTS), cerebellar vermis aplasia45 

TMEM237 Molar tooth sign (MTS), cerebellar vermis hypoplasia, elongated superior cerebellar peduncle, posterior 
encephalocele, abnormal shaped forth ventricle89,90 

   
Functional 

gene 
modules  

Ciliary 
localization Human clinical manifestations^ 

BBSome 
(BBS1, 2, 4, 

5, 7, 8, 9) 
Axoneme Ataxia, rod-cone dystrophy, cerebellar atrophy, corpus callosal agenesis, ventricle 

enlargement, intellectual disabilities 10,45,83,91  



 
 

NPHP1-4-8 
module Transition zone Ataxia, molar tooth sign (MTS), intellectual disabilities15,45,87,92 

NPHP5-6, 
ATXN10  
module   

Basal 
body/Centrosome Ataxia, molar tooth sign (MTS), cerebellar atrophy, intellectual disabilities45,46,88 

MKS1-6, 
TCTN1, 2, 3  

module 
Transition zone Occipital encephalocele, molar tooth sign (MTS), intellectual disabilities14,15,20,45 

AHI1, Abelson helper integration site 1; ALMS1, Alstrom syndrome 1; ARL13B, ADP-ribosylation factor-like protein 13B; 
ATXN10, Ataxin10; BBS2, Bardet-Biedl syndrome 2; BBS4, Bardet-Biedl syndrome 4; BBS6, Bardet-Biedl syndrome 6; BUBR1, 
Bub1-related kinase; C5orf42, chromosome 5 open reading frame 42; CC2D2A, coiled-coil and C2 domain containing 2A; CEP 
41, Centrosomal protein 41; CEP83,  Centrosomal protein 83; CEP120,  Centrosomal protein 120; CEP 290, Centrosomal 
protein 290; CSPP1, centrosome and spindle pole associated protein 1; FTO, fat mass and obesity associated; INPP5E, Inositol 
polyphosphate-5-phosphatase; KATNB1, Katanin p80 subunit B1; KIF7, Kinesin family member 7;  KIF14, Kinesin family 
member 14; MKS3, Meckle Syndrome 3; NPHP, Nephronophthisis; OFD1, Oral-facial-digital syndrome 1; POC1B, POC 
centriolar protein B; RTTN, rotatin; SCLT1, sodium channel and clathrin linker 1; TBC1D32, TBC1 domain family, member 32; 
TCTN2, tectonic family member 2; TMEM237, transmembrane protein 237. ^, Only the clinical manifestations common to 
mutations in all members of the complex are listed.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Table S4. shRNA library of ciliopathy genes 
 

Gene Name Accession No. shRNA constructs Source Knockdown 
efficiency 

AHI1 NM_026203.2 TRCN0000191207 
TRCN0000202060 
TRCN0000190390 
TRCN0000201363 
TRCN0000192100 

GE  
Dharmacon  

Pool1         
Yes (78%) 
Pool 2         
Yes (76%) 

ALMS1 NM_145223.2 TRCN0000183842 
TRCN0000183730 
TRCN0000180565 
TRCN0000183191 

GE  
Dharmacon  

 

Pool1  
Yes (87%) 
Pool 2         
Yes (79%) 

B9D1 NM_013717.2 V3LMM_505274 
V3LMM_505275 
V3LMM_505276 
V3LMM_505277 

GE  
Dharmacon  

Pool1          
No (5%) 
Pool 2          
No (8%) 

BBS1 NM_001033128 V3LMM_449353 
V3LMM_449358 
V3LMM_449357 
V3LMM_449355 
V3LMM_449354 
V3LMM_449356 

GE 
Dharmacon  

Pool1         
Yes (91%) 

Pool 2         
Yes (79%) 

BBS2 NM_026116 TRCN0000177554 
TRCN0000176447 
TRCN0000177437 
TRCN0000182334 

UNC Gene 
Therapy 
Center 

Pool1         
Yes (75%) 
Pool 2        
Yes (82%) 

BBS3 (ARL6) NM_019665 TRCN0000100844 
TRCN0000100842 
TRCN0000100841 
TRCN0000100840 
TRCN0000100843 

UNC Gene 
Therapy 
Center 

Pool1         
Yes (76%) 

Pool 2         
Yes (82%) 

BBS4 NM_175325 V2LMM_88124 
V2LMM_88126 
V2LMM_227338 
V2LMM_88128 
V2LMM_197617 

GE  
Dharmacon  

Pool1         
Yes (81%) 
Pool 2         
Yes (78%) 

BBS5 NM_028284 V2LMM_40947 
V2LMM_38072 
V3LMM_513848 

GE  
Dharmacon  

Pool1         
Yes (87%) 
Pool 2         
Yes (82%) 

BBS6 (MKKS) NM_021527 V2LMM_73798 
V2LMM_66409 
V2LMM_66373 

GE  
Dharmacon  

Pool1          
No (16%) 
Pool 2          
No (22%) 

BBS7 NM_027810.3 V2LMM_54540 
V3LMM_498514 

GE  
Dharmacon  

Pool1         
Yes (76%) 



 
 

V3LMM_498516 
V3LMM_498518 
V3LMM_498517 

Pool 2         
Yes (72%) 

BBS8 (TTC8) NM_029553.3 TRCN0000113210 
TRCN0000113211 
TRCN0000113212 
TRCN0000113213 
TRCN0000113214 

GE 
Dharmacon  

Pool1          
No (34%) 
Pool 2         
Yes (75%) 

BBS9 NM_178415.1 TRCN0000182387 
TRCN0000182069 
TRCN0000178683 
TRCN0000182647 
TRCN0000181485 

GE 
Dharmacon  

Pool1         
Yes (70%) 

Pool 2         
Yes (72%) 

BBS10 NM_027914 V2LMM_99446 
V2LMM_99447 
V2LMM_99445 
V2LMM_99444 
V2LMM_197526 

GE  
Dharmacon  

Pool1         
Yes (70%) 
Pool 2         
Yes (75%) 

BBS11 
(TRIM32) 

NM_053084.2 TRCN0000040832 
TRCN0000040831 
TRCN0000040830 
TRCN0000040829 
TRCN0000040828 

GE  
Dharmacon  

Pool1         
Yes (77%) 

Pool 2        
Yes (83%) 

BBS12 NM_001008502.2 TRCN0000178910 
TRCN0000179579 
TRCN0000179253 
TRCN0000183292 

GE  
Dharmacon  

Pool1         
Yes (90%) 
Pool 2        
Yes (73%) 

BUBR1 
(BUB1B) 

NM_009773.3 sc-37543-SH Santa Cruz Pool1         
Yes (79%) 
Pool 2        
Yes (87%) 

CEP41 NM_031998.2 sc-142283-SH Santa Cruz Pool1         
Yes (83%) 
Pool 2        
Yes (87%) 

CEP290 NM_146009.2 V2LMM_205703 
V2LMM_25106 
V2LMM_23922 

GE 
Dharmacon  

Pool1          
No (26%) 
Pool 2         
No (12%) 

CC2D2A NM_172274.1 TRCN0000181757 
TRCN0000197491 
TRCN0000197895 
TRCN0000178278 
TRCN0000177905 

GE 
Dharmacon  

Pool1         
Yes (76%) 

Pool 2        
Yes (89%) 

FTO NM_011936 TRCN0000183897 
TRCN0000179651 
TRCN0000180978 
TRCN0000178985 

GE 
Dharmacon  

Pool1         
Yes (78%) 
Pool 2        
Yes (79%) 



 
 

IFT80 NM_026641.2 TRCN0000190083 
TRCN0000193055 
TRCN0000191159 
TRCN0000190186 
TRCN0000191678 

GE 
Dharmacon  

Pool1         
Yes (71%) 
Pool 2        
Yes (77%) 

KIF7 NM_001291222.1 TRCN0000090441 
TRCN0000090439 
TRCN0000116760 

GE 
Dharmacon  

Pool1         
Yes (86%) 
Pool2         
Yes (81%) 

MKS1 NM_017777.3 TRCN0000136854 
TRCN0000138085 
TRCN0000136766 
TRCN0000137356 
TRCN0000137209 

GE 
Dharmacon  

Pool1         
Yes (86%) 
Pool 2        
Yes (73%) 

MKS3 NM_177861 TRCN0000125984 
TRCN0000125985 
TRCN0000125986 
TRCN0000125987 
TRCN0000125988 

GE 
Dharmacon  

Pool1         
Yes (73%) 
Pool 2         
Yes (79%) 

NPHP1 NM_016902.3 TRCN0000192281 
TRCN0000200670 
TRCN0000201440 
TRCN0000190911 

GE 
Dharmacon  

Pool1         
Yes (76%) 
Pool 2        
Yes (82%) 

NPHP8 
(RPGRIP1L) 

NM_173431.2 TRCN0000106076 
TRCN0000106077 
TRCN0000106078 
TRCN0000106079 

GE 
Dharmacon  

Pool1         
Yes (77%) 
Pool 2        
Yes (71%) 

OFD1 NM_177429.3 TRCN0000191091 
TRCN0000191237 
TRCN0000191531 
TRCN0000192215 
TRCN0000191532 

GE 
Dharmacon  

Pool1         
Yes (79%) 

Pool 2        
Yes (73%) 

TCTN2 NM_026486.3 V2LMM_14487 
V2LMM_12203 
V3LMM_473359 

GE 
Dharmacon  

Pool1         
Yes (86%) 
Pool 2        
Yes (74%) 

TMEM216 NM_001277860.1 sc-154446-SH Santa Cruz Pool1         
Yes (75%) 
Pool 2        
Yes (79%) 

TUB NM_021885 TRCN0000034508 
TRCN0000034507 
TRCN0000034506 
TRCN0000034505 
TRCN0000034504 

GE 
Dharmacon  

Pool1         
Yes (79%) 
Pool 2        
Yes (77%) 

 
 
 



 
 

 
Table S5. Quantitative realtime-PCR primers  
 
Gene Name Realtime-PCR primers sequences 
AHI1 Forward: CCGGTGGTCCGCAAAG 

Reverse: GGCGGCTTCTGCTTGGT 

ALMS1 Forward: TCTGGTGCTTGTGATACGAAAGA 
Reverse: AGGCCCGGAGTGAATGTG 

B9D1 Forward: TGCAATGGCTGCAGCAA 
Reverse: CCTGCCCGGTGATCATGA 

BBS1 Forward: GGCTGCGGCGTCTTCA 
Reverse: CATTTAGAATTGGCTTCGTTGCT 

BBS2 Forward: TGAAACTGCGCCACAAAATC 
Reverse: CGTCGTAGCGCCCTATGG 

BBS3 
(ARL6) 

Forward: TTAAAGACAAGCCGTGGCATATT 
Reverse: TCCTGCAGGCCTTCTCCTT 

BBS4 Forward: ACGTGAGGCCTCGCATGTA 
Reverse: GAGTAACGGGCTTTCATCGTTT 

BBS5 Forward: ATCGCAGTGCACAGAGCATA 
Reverse: CAGGTTCACGATCTTGTTGCTTA 

BBS6 
(MKKS) 

Forward: GAATACACGTCTGCCCGTAAGAT 
Reverse: AAGCTCCCGCAAAGGAAAG 

BBS7 Forward: GAAGCAAGCAGAGCCTGATCA 
Reverse: TGATTACATGTGGGACGTCCAT 

BBS8 
(TTC8) 

Forward: GGGCACATAGCTGTGGGAAT 
Reverse: GGGCCAGCCTGAAGCAT 

BBS9 Forward: GCAGCCTCACCCCTCTTACA 
Reverse: AAGTCCGGATGCTCACAGAGA 

BBS10 Forward: CGGTTCTGGGTCTTGTTGAAC 
Reverse: CTGCCGAAGCATCTTAAATGC 

BBS11 
(TRIM32) 

Forward: GGACCTCTTGACGGGAATTTC 
Reverse: CCATCCTCTGGCACATCTTCA 

BBS12 Forward: TTCCTCTTGGATGGCCTCAT 
Reverse: GCCAGGGACTTCAGCACAGT 



 
 

BUBR1 
(BUB1B) 

Forward: GGCCATGTTGTTTGGTACCAGTA 
Reverse: TTCGCTGTGTTGGAGAAGATTC 

CEP41 Forward: CGCTCCCAACTTGGTCCTT 
Reverse: GGTCCAGCCCGTGTAGCAT 

CEP290 Forward: GATGCTGTCATGGACCAGATCA 
Reverse: AGAAGATCCGTGAGCTCTCGAA 

CC2D2A Forward: GGTGGCACGCACCAATG  
Reverse: ACTTACTCCCAGGCTCCTGTATCA 

FTO Forward: TCTCCTAGAATTCCCCACTCATAGA  
Reverse: TTGGGAACTGGGTGCTTCA 

IFT80 Forward: GCTCCCTGGTGCACATCAG 
Reverse: TTGGAGCTGCTCACATACTCATG 

KIF7 Forward: GCCGAGGCAGCCACATC 
Reverse: GCATTCCCTCCCAGAGAGTCT 

MKS1 Forward: CCCCGTGCGCAACCT 
Reverse: TTGCTTGATGTGATTCTTTGCA 

MKS3 Forward: CCTTAAGAGAGAGGCGGAAAATT 
Reverse: CGTCTGCCCATCCGTGTT 

NPHP1 Forward: CCGCCTCTGCCTGTTTGA 
Reverse: ACACGGCTCGAACTGTATGGA 

NPHP8 
(RPGRIP1L) 

Forward: GCAGATGAAAGTGCAGATTGCT 
Reverse: GACTTCGGTTTTGTCTGTAAGATCAG 

OFD1 Forward: GGGCGTGATGCCATGAA 
Reverse: GGGATGACTGCGCTCTCATT 

TCTN2 Forward: TTCCCCCGGCTTTGAAG 
Reverse: GTAACTGGCATCCGCGAAGT  

TMEM216 Forward: GTGCACGTACATCTGTCCTACATG 
Reverse: GCCCAAGAGCCCACCATTA  

TUB Forward: GCCTCCCCTTCTCTGTATTCCT 
Reverse: CACCTGGCATCCTGAAATCC 

  



 
 

 
Table S6. Ciliopathy genes and cortical progenitor development 

 

Gene 
Radial glial 

Scaffold 
organization 

Apical β-
catenin 

enrichment 

Basal 
endfeet 

morphology 

Apical 
endfeet 

morphology 

Changes in % 
of PH3+/GFP+ 

cells (Fold 
basal) 

Changes in % of 
BrdU+/GFP+ 
cells (Fold 

basal) 

Changes in % 
of Tbr2+/GFP+ 

cells (Fold 
basal) 

Changes in % of 
BrdU+/Tbr2+/GFP+ 

cells  
(Fold basal) 

BBS1 Disrupted Normal Disrupted Normal • • • • 

BBS7 Disrupted Normal Normal Normal • • • • 

BBS10 Disrupted Disrupted Disrupted Disrupted • • • • 

BUBR1 Normal Normal Normal Normal ↓ (0.07± 0.07) ↓ (0.19 ± 0.09) ↓ (0.35 ± 0.03) ↓ (0.21 ± 0.12) 

IFT80 Normal Normal Normal Normal ↓ (0.15 ± 0.07) ↓ (0.72 ± 0.03) ↓ (0.72 ± 0.03) ↓ (0.71± 0.18) 

KIF7 Disrupted Normal Normal Normal ↓ (0.26 ± 0.05) ↓ 0.73 ± 0.11) ↓ (0.38 ± 0.08) ↓ (0.41 ± 0.16) 

TMEM216 Disrupted Normal Disrupted Normal ↓ (0.20 ± 0.05)  ↓ (0.50 ± 0.03) ↓ (0.71 ± 
0.05%) ↓ (0.23 ± 0.11) 

No significant changes were observed in AHI1, ALMS1, B9D1, BBS2, BBS3, BBS4, BBS5, BBS6, BBS8, BBS9, BBS11, BBS12, CEP41, CEP290, CC2D2A, 
FTO, MKS1, MKS3, NPHP1, NPHP8, TCTN2, OFD1, and TUB shRNA groups. Data shown are mean (± SEM) fold basal changes. Abbreviations used: •, no 
significant changes; ↓, decreased, p value<0.05 (Student’s t test). Number of embryos/group = 4. Total number of cells analyzed: PH3+/GFP+ [Control (523), 
BUBR1 (678), TEME216 (586), IFT80 (632), KIF7 (602)], Tbr2+/BrdU+/GFP+ [Control (629), BUBR1 (536), TMEM216 (637), IFT80 (579), KIF7 (646)]. Also see 
Figures 2 and 3. Qualitative changes in radial glial morphology were analyzed in 15 serial sections obtained from 4 different embryonic brains. 

 
  



 
 

 
  

Table S7. Ciliopathy genes and neuronal migration 

Gene  Changes in # of 
branches of 

multipolar migrating 
neurons (fold basal) 

Changes in length of 
processes of 

multipolar migrating 
neurons (fold basal) 

Changes in # of 
branches of bipolar 
migrating neurons   

(fold basal) 

Changes in length of 
leading process of 
bipolar migrating 

neurons (fold basal) 

Changes in leading 
process orientation^ 
of bipolar neurons 

(fold basal) 

Altered extent of 
migration* 

AHI1 • • • • • ↓ 

ALMS1 ↓ (0.4 ± 0.02) ↓ (0.17 ± 0.04) • • • ↓ 

BBS1 • • ↑ (2.1 ± 0.24) • Yes (6.7 ± 1.2) ↓ 

BBS4 • • ↑ (1.8 ± 0.7) ↓ (0.45 ± 0.13)  • ↓ 

BBS7 ↑ (2.14 ± 0.03) ↓ (0.28 ± 0.07) • • • ↓ 

BBS9 • • • • • ↓ 

BBS10 • ↑ (2.4 ± 0.37) ↑ (1.7 ± 0.3) • • ↓ 

BBS11 • • • • • ↓ 

BBS12 • • • ↓  (0.42 ± 0.19)  • ↓ 

BUBR1 • • ↑ (1.8 ± 0.2)  ↓ (0.67 ± 0.33)  • ↓ 

IFT80 • • ↑ (1.6 ± 0.3) ↓ (0.29 ± 0.15) • ↓ 

KIF7 ↓ (0.37 ± 0.08) ↓ (0.11 ± 0.06)  • ↓ (0.17 ± 0.11)  • ↓ 

NPHP1 • • • ↓ (0.58 ± 0.24)  • ↓ 

NPHP8 • • ↑ (2.2 ± 0.7)  ↓ (0.51 ± 0.21) Yes (7.3 ± 2.1) ↓ 

TCTN2 • • • • Yes (5.4 ± 1.7) ↓ 

TMEM216 • • • • • ↓ 

TUB • • ↑ (3.1 ± 0.8)  ↓ (0.57 ± 0.13) • ↓ 

Data shown are mean (± SEM) fold basal changes. No significant changes were observed in BBS2, BBS3, BBS5, BBS6, BBS8, MKS1, MKS3, CEP290, 
CC2D2A, B9D1, OFD1, FTO, and CEP41 shRNA groups. Abbreviations used: •, no significant changes; ↑, increased; ↓, decreased, p value<0.05 (Student’s t 
test). Changes in the extent of migration were tested with two-way ANOVA. Number of embryos / group = 4. Number of cells analyzed: number and length of 
multipolar neuronal branches [Control (31), BBS7 (32), KIF7 (36), ALMS1 (25), BBS10 (33)], number and length of bipolar neurites [Control (60), BBS1 (76), 
BBS4 (62), BBS10 (72), BUBR1 (64), IFT80 (63), NPHP8 (61), TUB (60)], leading process orientation [Control (51), NPHP8 (51), TCTN2 (36)], extent of 
migration [Control (749), AHI1 (523), ALMS1 (437), BBS1 (605), BBS4 (645), BBS7 (703), BBS9 (499), BBS10 (721), BBS11 (742), BBS12 (743), BUBR1 
(641), IFT80 (634), KIF7 (690), NPHP1 (633), NPHP8 (589), TCTN2 (625), TMEM216 (712), TUB (596)]. *See Figures 4 (G, H-L) and S1 for quantification of 
migration. ^, % of neurons with mis-oriented leading processes (angle of leading process relative to the pial surface < 75º). 



 
 

 
  

Table S8. Ciliopathy genes, neuronal identity and placement 

Gene  Changes in % of 
GFP+/Tbr1+ 

neurons 

Changes in % of 
GFP+/Ctip2+ 

neurons 

Changes in % of 
GFP+/Cux1+ 

neurons 

Changes in the 
laminar distribution 

of GFP+/Tbr1+ 
neurons 

Changes in the 
laminar distribution 

of GFP+/Ctip2+ 
neurons 

Changes in the 
laminar distribution 

of GFP+/Cux1+ 
neurons  

AHI1 • • • • • Yes (62 ± 2.9%) 

ALMS1 • • • • • Yes (79 ± 9.4%) 

BBS1 • • • • • Yes (29 ± 2.1%)  

BBS4 • • • • • Yes (34 ± 2.7%) 

BBS9 • • • • • Yes (24 ± 3.1%) 

BBS10 • • • • • Yes (39 ± 4.6%) 

BBS11 • • • • • Yes (15 ± 7.3%) 

BBS12 • • • • • Yes (21 ± 2.9%) 

BUBR1 • • • • • Yes (9.3 ± 3.6%) 

IFT80 • • • • • Yes (25 ± 5.2%) 

KIF7 • • • • • Yes (19 ± 3.2%) 

NPHP1 • • • • • Yes (59 ± 5.5%) 

NPHP8 • • • • • Yes (11 ± 2.3%)  

TCTN2 • • • • • Yes (6.3 ± 1.1%) 

TMEM216 • • • • • Yes (31 ± 2.9%) 

TUB • • • • • Yes (17 ± 2.6 %) 

No significant changes were observed in BBS2, BBS3, BBS5, BBS6, BBS7, BBS8, MKS1, MKS3, CEP290, CC2D2A, B9D1, OFD1, FTO, and CEP41 
shRNA groups.  Data shown are mean (± SEM). % of neurons in ectopic locations are indicated. Abbreviations used: •, no significant changes, p value ≥ 
0.05, (Student’s t test). Number of embryos/ group = 4. Number of total cells analyzed: GFP+/Tbr1+ [Control (602), AHI1 (453), ALMS1 (564), BBS1 (674), 
BBS4 (756), BBS7 (732), BBS9 (544), BBS10 (642), BBS11 (634), BBS12 (633), NPHP1 (547), NPHP8 (651), TCTN2 (622), TMEM216 (598), TUB (587)], 
GFP+/Ctip2+/Cux1+ [Control (606), AHI1 (467), ALMS1 (521), BBS1 (698), BBS4 (634), BBS7 (634), BBS9 (498), BBS10 (669), BBS11 (603), BBS12 (623), 
NPHP1 (587), NPHP8 (641), TCTN2 (702), TMEM216 (622, TUB (569)]. Also see Figure S2 for quantification. 



 
 

 
Table S9. Ciliopathy genes and post-migratory neuronal differentiation 

Gene 

Changes in 
axonal 

outgrowth 
(fold basal) 

Changes in 
midline 

crossing 

Changes in 
axonal 

fasciculation 

Changes in 
apical neurite 
morphology 

Changes in 
apical neurite 

total  
length (µm) 
(fold basal) 

Changes in # of 
apical neurite 

processes (fold 
basal) 

Changes in # 
of basal 
neurite 

processes 

Changes in 
filopodial 

density (fold 
basal) 

BBS1 • Yes No No • • • • 

BBS5 ↓ (0.64 ± 0.08) Yes Yes No • • • • 
BBS7 ↓ (0.75 ± 0.02) Yes Yes No • • • • 
BBS9 • No Yes Yes ↓ (0.33 ± 0.08) ↓ (0.467 ± 0.03) • ↓ (0.39± 0.06) 
BBS10 • No No Yes ↓ (0.40 ± 0.02) ↓ (0.72 ± 0.02) • • 
BBS11 • Yes Yes Yes ↓ (0.65 ± 0.05) ↓ (0.68 ± 0.02) • ↓ (0.51 ± 0.12) 

BBS12 • Yes Yes Yes ↓ (0.74 ± 0.03) ↓ (0.66 ± 0.03) • ↓(0.28 ± 0.10) 

KIF7 • Yes No Yes ↓ (0.61 ± 0.09) ↓ (0.60 ± 0.03) • • 

NPHP1 • No No Yes ↓ (0.59 ± 0.06) ↓ (0.62 ± 0.03) • ↓ (0.54 ± 0.09) 

TMEM216 • No Yes No • • • • 

No significant changes were observed in ALMS1, AHI1, B9D1, BBS2, BBS3, BBS4, BBS6, BBS8, BUBR1, CC2D2A, CEP41, CEP290, FTO, IFT80, MKS1, 
MKS3, NPHP8, OFD1, TCTN2, and TUB shRNA groups. Data shown are mean (± SEM) fold basal changes. Abbreviation used: •, no significant changes; ↓, p 
value<0.05 (Student ‘s t test). Number of embryos/group = 4. Number of total cells analyzed: axonal outgrowth [Control (156), BBS5 (189), BBS7 (246)], 
number and length of neurites and filopodial density [Control (16), BBS9 (17), BBS10 (15), BBS11 (14), BBS12 (12), KIF7 (12), NPHP1 (19)]. Also see Figure 5 
for quantification. Qualitative changes in midline crossing, axonal fasciculation were analyzed in serial sections obtained from 4 embryonic brains.  

 
  



 
 

Table S10. Ciliopathy gene mutations associated with multiple aspects of human brain development  
 

Gene 

Neural tube 
patterning 

defects 

Embryonic neurogenesis 
defects 

Neuronal 
migration 
defects 

 

Axonal projection defects (decussation) Adult 
neurogenesis 

Encephalocele or 
exencephly 

 

Microcephaly 
 

Cerebellar 
hypoplasia 

Polymicrogyria or 
Heterotopia or 
lissencephaly 

CST SCP Corpus callosum Hippocampal 
dysgenesis 

AHI1   Yes4,93  Yes94,95 Yes4,93 Yes4,93 Yes4,93  

ALMS1*  Yes25     Yes25  

ARL13B      Yes82       Yes82        Yes96  Yes82   

BBS4*   Yes83       Yes83    

BUBR1*  Yes26 Yes26    Yes26  

C5orf42            Yes50 Yes50  

CC2D2A*   Yes22   Yes22 Yes22  

CENPF*  Yes62 Yes62    Yes62  

CEP41   Yes5         Yes5   

CEP120   Yes56   Yes56 Yes56  

CEP290   Yes21   Yes21   

CSPP1     Yes41        Yes41         Yes41        Yes41   

INPP5E   Yes43   Yes43   

KATNB1*  Yes63     Yes63  

KIF7*   Yes31   Yes31 Yes31          Yes31 

MKS3* Yes85  Yes85   Yes85   

NPHP1      Yes86,87      Yes86,87   

NPHP8 Yes88,92    Yes88,92     Yes88,92   

OFD1*         Yes35 Yes35  Yes35 Yes35 Yes35 

RTTN*    Yes81   Yes81  

SCLT1  Yes51       Yes51         Yes51         Yes51 Yes51  

TBC1D32  Yes51       Yes51         Yes51         Yes51 Yes51  

TCTN2   Yes45    Yes45   

TMEM237*       Yes89,90     Yes89,90       Yes89,90   

Abbreviations used: CST, corticospinal tract; SCP, superior cerebellum peduncle; AHI1, Abelson helper integration site 1; ALMS1, Alstrom syndrome 1; 
ARL13B, ADP-ribosylation factor-like protein 13B; BBS4, Bardet-Biedl syndrome 4; BUBR1, Bub1-related kinase; C5orf42, chromosome 5 open reading 
frame 42; CC2D2A, coiled-coil and C2 domain containing 2A; CENPF, centromere protein F; CEP 41, centrosomal protein 41; CEP120, centrosomal protein 
120; CEP 290, centrosomal protein 290; CSPP1, centrosome and spindle pole associated protein 1; INPP5E, Inositol polyphosphate-5-phosphatase; 
KATNB1, Katanin p80 subunit B1; KIF7, Kinesin family member 7; MKS3, Meckle Syndrome 3; NPHP, Nephronophthisis; OFD1, Oral-facial-digital syndrome 
1; RTTN, rotatin; SCLT1, sodium channel and clathrin linker 1; TBC1D32, TBC1 domain family, member 32; TCTN2, tectonic family member 2; TMEM237, 
transmembrane protein 237. *, These gene mutations also cause hydrocephalus.  
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