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Significance

Neocortical folding (i.e., 
gyrification) is a fundamental 
evolutionary mechanism allowing 
the expansion of cortical surface 
area and increased cognitive 
function. Increased gyrification 
has been correlated with 
intelligence across species but 
has been difficult to study 
molecularly in non-gyrated 
animal models. Here we identify 
a role for TMEM161B in human 
gyrification, establishing cellular 
polarity and structural integrity 
of radial glial fibers of the 
developing brain.
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TMEM161B encodes an evolutionarily conserved widely expressed novel 8-pass trans-
membrane protein of unknown function in human. Here we identify TMEM161B 
homozygous hypomorphic missense variants in our recessive polymicrogyria (PMG) 
cohort. Patients carrying TMEM161B mutations exhibit striking neocortical PMG 
and intellectual disability. Tmem161b knockout mice fail to develop midline hem-
ispheric cleavage, whereas knock-in of patient mutations and patient-derived brain 
organoids show defects in apical cell polarity and radial glial scaffolding. We found 
that TMEM161B modulates actin filopodia, functioning upstream of the Rho-GTPase 
CDC42. Our data link TMEM161B with human PMG, likely regulating radial glia 
apical polarity during neocortical development.

TMEM161B | gyrification | CDC42 | knock-in crispant mice | patient-derived brain organoids

Gyrification (i.e., folding) of the mammalian cerebral cortex remains one of the most 
fascinating phenomena of developmental neuroscience and evolution, regulated by cellular, 
genetic, and mechanical determinants. Cortical folding is characterized by the alternation 
of bulges (gyri) and fissures (sulci) of the cortical mantle, which in the primate mature 
brain, display remarkable periodicity of ~1.5 cm over the entire surface (1, 2). While 
discrete gyral and sulcal functions remain unclear, folding allows for dramatic increase in 
surface area, correlated with presumed cognitive function (3).

Polymicrogyria (PMG) is one of the classical types of malformations of cortical devel-
opment showing an excessive number of tightly packed folds. PMG typically shows gyri 
more closely spaced than 1.5 cm apart. PMG can be localized to certain lobar regions or 
impact the entire cortex (4), often associated with defects in cellular lamination and 
leptomeningeal integrity (5). Prior studies associated PMG with defects in cortical pat-
terning (GPR56, and RTTN), cell specification (EOMES), DNA repair (NHEJ1), neuronal 
migration (TUBB family genes) or tight junctions (OCLN), but most cases remain without 
molecular cause (6).

Radial glial cells (RGCs) are a population of highly polarized progenitors giving rise to 
neurons and glia (7). Their uniform radial orientation provides both the source of pro-
genitor neurons as well as a scaffolding system that bridges between the apical surface and 
the pial basement membrane to support the migration of daughter cells required for 
cortical expansion (8–10). The regulation and maintenance of this system is under control 
of multiple cytoskeletal factors including the Rho GTPase CDC42 pathway regulating 
actin at the apical surface (11, 12).

Transmembrane protein 161B (TMEM161B), and its paralog TMEM161A, are highly 
evolutionarily conserved 8-pass transmembrane proteins of unknown function. The 
TMEM161 family arose early in eukaryotes, duplicating in vertebrates. Both paralogues 
are expressed widely in most cell types (13, 14). A recent report indicates localization to 
the cell membrane of excitable cell types to regulate cardiac rhythm in fish and mouse 
(14). However, functions in human remain unknown.

Results

Biallelic TMEM161B Mutations in Human Cortical PMG. In our recessive PMG cohort, we 
identified four families with affected children showing nearly identical neocortical PMG 
(Fig. 1 A and B and Table 1). Brain imaging in each showed dramatic symmetrical PMG, 
without a clear lobar or regional predominance (Fig. 1B and SI Appendix, Fig. S1 A–P). 
Whole-exome sequencing of one or both affected members in each family revealed a likely 
pathogenic variant in TMEM161B (SI Appendix, Table S1), segregating with recessive 
inheritance. Families I and II showed a homozygous missense c.949C>T; p.W317R. 
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Families III and IV showed a homozygous missense c.254T>G; 
p.L85R. All variants occurred in residues that were fully conserved 
in sequenced vertebrates and occurred on blocks of homozygosity 
(Fig. 1 C and D and SI Appendix, Table S2).

By mapping the mutations onto the predicted protein structure 
with “Alpha Fold,” we found TMEM161B p.L85R mutation fell 
in the first extracellular domain, whereas p.W317R fell within the 
sixth transmembrane domain, and both mutations were predicted 
“damaging” by MutationTaster2021 (SI Appendix, Fig. S1 Q–S) 
(15, 16). Lysates of primary dermal fibroblast cell lines from both 
affected members of Family I showed substantially reduced 
TMEM161B protein levels on western blot compared to the father 
(SI Appendix, Fig. S1 T and U). These results together suggest the 
loss of TMEM161B impacts neocortical development and folding 
in humans.

TMEM161B Mutations Disrupt Apical Tight Junctions in Early-
Stage Human Brain Organoids  (BOs). Public databases indicate 
TMEM161B expression across most tissues, including brain (SI 
Appendix, Fig. S2A). We accessed published human fetal brain 
single-cell RNAseq data, and found widespread expression, 
including in SOX2+ RGC, NEUROD6+ immature neurons, DLX1+ 
interneuron progenitors, and HOPX+ outer RGC (SI Appendix, 
Fig. S2 B–G) (17).

We next generated iPSCs using standard methods from fibro-
blasts from father (obligate mutation carrier), both affected mem-
bers of Family I, and a second unrelated healthy control, then 
derived BOs (SI Appendix, Fig. S2 H–J) (18, 19). Parent and 
control early day in vitro (DIV) 28 BOs showed typical neural 

rosettes consisting of central apical tight junctions and circumfer-
ential layers of SOX2+ progenitor RGC encased by TUJ1+ imma-
ture neurons (18, 20). We found obvious gross abnormalities in 
BOs from both patients as early DIV28, with bulbous “tags” 
appended to one or both sides in every BO analyzed, never 
observed in father or control BOs (Fig. 2A and SI Appendix, Fig. 
S2K). Sectioning patient organoids showed these tags were typi-
cally cell-sparse regions surrounded by TUJ1+ fibers (Fig. 2B), 
suggesting TMEM161B is required for BO surface integrity.

We also found patient BOs showed dramatic disorganization 
of rosettes at DIV28, where the typical radially oriented polarity 
of SOX2+ RGC’s surrounding an apical lumen instead showed 
seemingly random polarity, without a clear apical lumen (Fig. 2 
C–H and SI Appendix, Fig. S2K). The overall disorganization pre-
cluded a careful assessment of rosette number and density, but 
subjectively these appeared fewer in number, suggesting a role for 
TMEM161B in rosette organization through regulation of apical 
lumen formation. To test this, we stained for ZO-1, an apical 
tight-junction marker. We found absence of ZO-1+ signals from 
the rosette lumen in nearly every patient BOs examined (Fig. 2 
I–K and SI Appendix, Fig. S2K). These results suggest a defect in 
apical junction formation leading to defective BO surface 
integrity.

Late-Stage TMEM161B Mutant BOs Show Irregular Radial Glial 
Fiber Scaffolding. CTIP2 marks deep-layer cortical neurons and 
is one of the first markers of neurons generated from SOX2+ 
progenitors (21). At DIV 52 of BOs differentiation, control 
organoids showed CTIP2+ cells uniformly surrounded the 

Fig. 1. Biallelic mutations in TMEM161B cause polymicrogyria. (A) Pedigrees I to IV. Double line: consanguinity. Square: male; Circle: female; filled: affected; hash 
line: deceased. Families I and II, as well as III and IV, share identical homozygous missense mutation c.949C>T (p.W317R) and c. 254T>G (p.L85R) respectively. 
(B) Brain imaging (midline sagittal: Top, axial: Bottom) for affected A1 to A8 showing symmetrical excessive cortical folding (arrows). (C) TMEM161B protein 
domains and predicted topology (NP_001275936.1). Blue: transmembrane domains. Orange: extramembrane domains. Red: Location of patient mutations. 
Top: extracellular; Bottom: intracellular. (D) Mutated residues across vertebrate evolution showing conservation in all noted species. Red: mutant amino acid.
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Table 1.  Clinical features of eight patients from four families with PMG
Family I Family II Family III Family IV

Family number/
Patient ID II-1 II-2 II-1 II-2 II-1 II-3 II-1 II-2

Mutation p.W317R p.W317R p.W317R p.W317R p.L85R p.L85R p.L85R p.L85R

Gender F M F F F F F M

Origin Egypt Egypt Egypt Egypt Egypt Egypt Egypt Egypt

Consanguinity + + + + + + + +

Weight at birth (kg) 3 3.25 3 2.9 3 3.1 2.5 3

Length at birth (cm) 50 49 49 48.5 47.5 47 46 50

HC at birth (SD) −0.5 −0.6 −0.5 −0.9 −1.5 −1.2 −1.2 −0.8

HC at last examina-
tion (SD)

−4.5 −3.8 −3.2 −3.0 −4.5 −3.5 −4.0 −3.3

Age at diagnosis (m 
or y)

3 y 2 m 1 y 7 m 2 y 7 m 4 y 1 y 5 m 9 m 10 m

Hypertonia + + + + + + + +

Intellectual disability profound profound severe moderate severe moderate profound severe

Autistic-like behavior − − − − − + − −

Death (if yes,  
age m or y)

− − − − − − 1 y 4 m −

Age at last examina-
tion  
(m or y)

6 y 8 m 5y 7 y 10 m 2 y 10 m 4 y 5 m 2 y 2 m 1 y 3 m 1 y

Gross motor
(normal/delay/

absent)

Delayed 
(cannot 

sit)

Delayed 
(cannot 

sit)

Delayed  
(sit with 
support)

Delayed 
(sit with 
support)

Delayed 
(cannot 

sit)

Delayed 
(sit with 
support)

Delayed 
(cannot sit)

Delayed 
(cannot sit)

Fine motor
(normal/delay/

absent)

Delayed 
(cannot 

hold 
objects 
or use 
hands)

Delayed 
(cannot 

hold 
objects 
or use 
hands)

Delayed (can-
not hold 

objects or 
use hands)

Delayed 
(cannot 
hold ob-
jects and 
feel self)

Delayed 
(cannot 
hold ob-
jects and 
feel self)

Delayed 
(cannot 
hold ob-
jects and 

feed
self)

Delayed 
(cannot 
hold ob-

jects or use 
hands)

Delayed 
(cannot 
hold ob-

jects or use 
hands)

Language
(normal/delay/

absent)

Absent Absent Absent Absent Absent Absent Absent Absent

Social
(normal/delayed /

absent)

Delayed 
(interacts 
with oth-
ers and 
knows 

parents)

Delayed 
(interacts 
with oth-
ers and 
knows 

parents)

Delayed 
(interacts 

with others 
and knows 

parents)

Delayed 
(inter-

acts with 
others 

and knows 
parents)

Absent 
(does not 
interact or 
recognize 

family)

Absent 
(does not 
interact or 
recognize 

family)

Absent 
(does not 
interact or 
recognize 

family)

Absent 
(does not 
interact or 
recognize 

family)

Seizures

Onset 3 m 2 y 4 m 4 m 3 m 5 m 5 m 4 m

Type GTC GTC Severe myo-
clonic

Severe my-
oclonic

Severe my-
oclonic

Severe my-
oclonic

Myoclonic, 
tonic

Myoclonic, 
tonic

Frequency seizures 
per day

3/d 1/d 1/d 4/d 3/d 3/d 5-10/d 1/d

Therapy Valproate, 
Leveti-

racetam, 
Clonaze-

pam

Leveti-
racetam

Valproate, 
Leveti-

racetam, 
Topiramate

Valproate, 
Leveti-

racetam

Valproate, 
Leveti-

racetam

Valproate, 
Leveti-

racetam

Valproate, 
Leveti-

racetam, 
Clonaze-

pam

Leveti-
racetam

Other systemic findings

Ophthalmic – – – – – – Megalo-
cornea

Megalo-
cornea

Cardiovascular – – – – – – – –

Respiratory – – – – Recurrent 
chest 

infection

– Recurrent 
chest 

infection

–
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laminar-like unit structures derived from rosettes. In patient BOs, 
these were seemingly randomly and diffusely distributed, while 
the overall number of CTIP2+ cells was not statistically different. 
(Fig. 2 L–O and SI Appendix, Fig. S2K). These BO phenotypes 
suggest a defect in laminar-like unit structure formation.

The apical junction phenotypes suggested there may be defects 
in radial glial fiber integrity. We thus stained BOs at DIV52 with 
BLBP, a radial glial fiber lipid-binding protein, and SOX2 to label 
radial glial nuclei (22). Control BOs showed regularly spaced fibers 
oriented perpendicularly to the apical surface, whereas patient 
organoids showed scant discontinuous fibers with seemingly ran-
dom orientation (Fig. 2 P–S). These findings suggest TMEM161B 
plays roles in establishing the radial glial scaffold.

Tmem161b Mutations Function as Hypomorphic Alleles 
In  Vivo. To understand the role of TMEM161B in  vivo, we 
generated mouse models by knockin (KI) of both patient 
mutations and compared results with loss of function (LOF) 
alleles, using CRISPR-based gene editing to produce F0 (i.e., 
first-generation founder) “crispant” mice. An injection of 
76 zygotes for each allele yielded mice homozygous for each 
patient mutation (L85R/L85R and W317R/W317R), biallelic 
LOF alleles (LOF/LOF) as well as compound heterozygous 
(L85R/LOF, W317R/LOF) (Fig.  3A and SI Appendix, Fig. 

S3A). A total of 24 mice were successfully edited to carry 
homozygous L85R, and 24 homozygous W317R with 
genotypes confirmed by Sanger sequencing (Fig.  3B and  
SI Appendix, Table S3). All F0 mice were harvested at embryonic 
day 18.5 (E18.5), and therefore survival, behavior, and 
transmission of mutations were not assessed.

Most striking was a craniofacial malformation in over half of 
LOF/LOF mice, with a “beaked” snout, microcephaly, jaw defects, 
and reduced retinal pigment (SI Appendix, Fig. S3B and  
Table S3). This phenotype most closely matches what has been 
called murine “otocephaly” complex, consisting of agnathia, eye 
defects, and holoprosencephaly (HPE) (23). Neither KI/KI,  
KI/LOF,+/KI nor +/LOF showed this phenotype, suggesting KI 
alleles are less severe than LOF. The other half of the LOF/LOF 
mice showed either completely absent cranium or normal appear-
ance, possibly attributable to mosaicism or off-target CRISPR 
effects. However, there were no other gross malformations evident 
in the body or limbs, suggesting specificity of CRISPR targeting.

Tmem161b KI Mice Show Disorganized Radial Glial Fibers. We 
noted no gross brain defects in any genotype except LOF/LOF, 
which showed the absence of the midline longitudinal fissure 
separating the two hemispheres in approximately 60% (11/18). 
This finding was consistent with partially penetrant HPE, also part 

Family I Family II Family III Family IV
Family number/
Patient ID II-1 II-2 II-1 II-2 II-1 II-3 II-1 II-2

Musculoskeletal Hypertonia Hypertonia Hypertonia Mild Hyper-
tonia

Spastic Hypertonia Spastic Hypertonia

Genitourinary – – – – – – – Micropenis
Investigations

CPK level (mg/dl) 96 140 125 98 58 90 80 112

Other metabolic 
findings

Normal Normal Normal Normal Normal Normal Normal Normal

VEP/ERG Normal Normal Normal Normal Normal Normal n/a Normal

EMG Normal Normal Normal Normal Normal Normal Normal Normal
MRI

Image diagnosis General-
ized PMG

General-
ized PMG

Generalized 
PMG

General-
ized PMG

General-
ized PMG

General-
ized PMG

Generalized 
PMG

Generalized 
PMG

Cobblestone 
lissencephaly

– – – – – – – –

Hydrocephalus – – – – – – – –

Encephalocele – – – – – – – –

Dandy-Walker 
malformation

– – – – – – – –

Corpus callosum 
defects

– – – – Thin 
corpus 

callosum

Thin 
corpus 

callosum

Thin corpus 
callosum

Thin corpus 
callosum

Brain stem 
anomalies

– – – – – – – –

Cerebellar anomalies Mild vermi-
an hypo-

plasia

- - - Mild vermi-
an hypo-

plasia

Mild vermi-
an hypo-

plasia

- Mild vermi-
an hypo-

plasia
Retrocerebellar cysts + – – – - + – –

Other Dilated 
lateral 

ventricles

Dilated 
lateral 

ventricles

Dilated later-
al ventri-

cles

Dilated 
lateral 

ventricles

Dilated 
lateral 

ventricles

Dilated 
lateral 

ventricles

Dilated 
lateral 

ventricles

Dilated 
lateral 

ventricles
Legend: CPK: creatinine phosphokinase; EMG: electromyogram; ERG: electroretinogram; GTC: generalized tonic seizures; PMG: polymicrogyria; SD: standard deviation; VEP: visual evoked 
potentials.
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of the otocephaly phenotype (Fig. 3C and SI Appendix, Table S3) 
(23, 24). KI/KI showed a similar appearance to wildtype, again 
suggesting missense alleles are hypomorphic.

We next performed SATB2 immunostaining to label upper-layer 
neurons across the allelic series. WT mice showed SATB2 expres-
sion restricted to upper layers as expected (Fig. 3D) (25). For both 
patient variants, we found SATB2+ cells were partially misposi-
tioned to progenitor layers in the KI/KI conditions (i.e., bin 5 to 
6) (Fig. 3 E–G), with similar phenotypes observed in the KI/LOF 
conditions (SI Appendix, Fig. S4 A and B). In LOF/LOF, we 
observed a thinner cortex with mispositioned SATB2+ cells across 
most layers excluding layer I (SI Appendix, Fig. S4 C and D).

To test for defective radial glia scaffold seen in BOs, we again 
stained for BLBP. For both variants in KI/KI conditions, we found 
brains showed discontinuous BLBP fibers spanning from apical 
surface to pia, indicating a role for Tmem161B in radial glial fiber 
integrity (Fig. 3 H–J and SI Appendix, Fig. S4 E–H) (26).

TMEM161B Mediates Actin Filopodia (AF) through Rho-GTPase 
CDC42. From the BioGrid protein interaction database, we found 
TMEM161B is predicted to interact with several actin-regulators and 
G-protein coupled receptors functioning in cytoskeletal pathways 
(SI Appendix, Fig. S5A and Table S5) (27). To assess potential roles 
in cytoskeletal function, we expressed Flag-tagged TMEM161B in 
heterologous cells. Transfected cells showed TMEM161B tagged 
protein localized predominantly to the cell membrane. Additionally, 
transfected cells showed prominent spikes protruding radially from 
the cell membrane (Fig. 4 A and B), reminiscent of AF. We thus 
co-stained with phalloidin to label F-actin and found apposed 
co-localization (Fig. 4B). These results were confirmed by forced 
expression in wildtype human neural precursor cells (hNPCs) (SI 
Appendix, Fig. S5 B–E). These results suggest TMEM161B localizes 
to the cell membrane to regulate AF formation.

To assess whether TMEM161B variants influence the AF phe-
notypes, we introduced these mutations by site-directed mutagenesis 

Fig. 2. Patient BOs show impaired apical junctions and glial scaffolding. (A) Patient BOs derived from FI-II-1 and FI-II-2 iPSCs carrying p.W317R show multiple 
bulbous cyst-like tags (arrows) compared to unaffected controls at days in vitro (DIV) 28. FI: Family I. (Scale bar: 1 mm.) (B) TUJ1 and DAPI stain of cyst-like 
structures from A at DIV28 show cell sparse region with occasional bridging TUJ1 fibers (B1 to B2). (Scale bar: 400 µm.) (C–H) Loss of neural rosettes organization 
in patient BOs at DIV28, stained for SOX2, TUJ1 and DAPI. FI-I-1(Ctrl) shows well-spaced rosettes (magenta) surrounded by TUJ1 immature neurons, whereas 
mutant shows disorganized rosette-like structures, with TUJ1 restricted to distal regions. (F–H) Zoom-in panels of single neural rosettes. Bar: 100 µm in F1-H1, 
F2-H2, 200 µm in F–H, and 400 µm in C–E. (I–K) Loss of apical junctions (AJs) in patient BOs at DIV28. FI-I-1 (Ctrl) shows spherical ZO-1+ zone representing AJs, 
not apparent in patient BOs. Bar: 200 µm. (L–N) Loss of lamina-like structures in patients BOs at DIV52, stained for CTIP2 (deep layer marker) and DAPI. (L1-N1) 
Zoom-in panel of lamina-like structure single unit, derived from single rosette. Bar: 400 µm. (Zoom-in scale bar: 200 µm.) (O) Quantification of percent of CTIP2+ 
cells per field. n.s. not significant, numbers of DAPI as reference; n = 12 includes three BOs from different biological replicates and 4 image regions from each 
section. Multiple t test followed by a Šidák multiple-comparison test correction measured significance. (P–R) Impaired BLBP+ radial glial fibers in patient BOs 
at DIV52. FI-I-1 (Ctrl) shows AJs (arrowhead) emanating multiple radial fibers (orange arrowheads), whereas mutant shows AJs as well as disorganized BLBP+ 
fibers. P1-R1: Single fluorescence channel showing disrupted BLBP staining. P2: SOX2+ cell (red) apparently adhered to BLBP+ radial glia. (Scale bar: 200 µm.) (S) 
Quantification of BLBP+ fibers per field. n = 12 includes three BOs from different biological replicates and four image regions from each section. Multiple t test 
followed by a Šidák multiple-comparison test correction determined significance. ****P < 0.0001.
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into the full-length cDNA, then compared phenotypes. As expected, 
patient mutations showed a statistically significant abrogation in AF 
formation, suggesting impaired TMEM161B-induced AF (Fig. 4 
C–E and SI Appendix, Fig. S5F).

We next assessed mechanisms by which TMEM161B might 
regulate AF. BioGrid analysis suggested potential interaction with 
several CDC42 effectors, including ZO-1, encoded by TJP1 (SI 
Appendix, Fig. S5G). ZO-1 is essential for the development of 
apical junctions in vivo and in vitro, recruiting CDC42 effector 
kinases to modulate actin protrusions (28). We thus assessed the 
role of CDC42 in TMEM161B-induced AF. Co-expression of 
a constitutively active form of CDC42 (Q61L) showed no sig-
nificant effect on TMEM161B-induced AF. However, a domi-
nant negative form of CDC42 (T17N), incapable of exchanging 
GTP for GDP, significantly abrogated the TMEM161B-induced 
AF (Fig. 4 F–H and SI Appendix, Fig. S5 H–I) (29). Moreover, 
the loss of AF caused by TMEM161B patient mutations was 
partially rescued by co-expression of a constitutively active form 
CDC42 (Q61L) (SI Appendix, Fig. S5 J–L). We conclude that 
TMEM161B likely mediates AF through the regulation of 
CDC42 function.

Discussion

Gyrification mechanisms have been debated for decades, and there 
is still not a generally accepted model for this process during brain 
development. Our study identifies TMEM161B in gyral spacing 
in humans, likely impacting radial glial cell polarity through effects 
on the actin cytoskeleton. In our prior studies involving 33,748 
UK Biobank participants that underwent structural brain MRI 
and genome-wide SNP genotyping, we associated TMEM161B 
(among other variants) with neocortical sulcal depth (P = 9.56 × 
10−14) and cortical surface area (P = 1.28 × 10−7) (30). Whether 
the effect of these SNPs is on TMEM161B expression will require 
further work, but this suggests a role for TMEM161B in cortical 
gyrification both in healthy and diseased states.

We found TMEM161B forced expression leads to abundant 
actin filopodial cell protrusions, likely functioning upstream of 
CDC42, a critical factor involved in cell polarity (31). Taken 
together with the observed defects in apical junctions, the data 
suggests TMEM161B may modulate actin in radial glial progen-
itors. Prior work established critical roles for CDC42 in RGCs. 
Conditional deletion of Cdc42 in RGCs leads to the gradual 

Fig. 3. Tmem161b patients mutation crispant KI mice show disrupted radial glial scaffolding. (A) Generation of patient mutations knock-in mice. Guide and 
donor oligos targeting exon 4 and 10, respectively (red) to introduce L85R and W317R alleles utilizing non-homologous end joining (NHEJ). In addition, NHEJ 
generated null loss-of-function (LOF) alleles (See SI Appendix, Fig. S3 for details). (B) Sanger sequencing chromatograms of tail genotypes showing homozygous 
KI L85R and W317R variants. (C) CRISPR-F0 (first generation) LOF/LOF mice show fusion of the cerebral hemispheres and cerebellar hemispheres (far Right, 
arrows), consistent with holoprosencephaly. No differences were noted between WT and any of the homozygous KI or compound heterozygous KI at the gross 
level. Black: residual pial hemosiderin from dissection. (D–F) Disorganized cortical lamination in KI/KI mice brain compared to WT. SATB2 mostly marks upper 
layer neurons at E18.5 in WT. Homozygous KI mutants show downward displacement of SATB2+ cells. There was also an increase in number of SATB2+ labeled 
cells counted in Bin 4 to 6 per field. DAPI: nuclei. Bar: 400 µm. (G) Quantification of laminar position SATB2+ labeled cells. n = 3 mice per genotype from eight 
sections. Representative images shown. (H–J) BLBP immunostaining show impaired radial glial fiber organization in KI/KI mice compared to WT. CRISPR-F0 mice 
brain immunostained for BLBP across WT in H, L85R-KI/KI in I, W317R-KI/KI in J. Split panels show BLBP staining in H1 for WT, I1 for L85R-KI/KI, and J1 for W317R-
KI/KI. Zoom in panel shows BLBP staining and schematic in H2 for WT. I2 for L85R-KI/KI. J2 for W317R-KI/KI. Arrows in D–F: SATB2+ cells enriched layers. Arrows 
in H–J: radial fibers. DAPI: nuclei. (Scale bar: 400 µm.)
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disappearance of adherens junctions that impairs the formation 
of radial fibers (11, 12). This is thought to be mediated in part 
through interactions with MARCKS and GSK3 (32, 33). The 
apical junction is also the site of ciliary protrusion in polarized 
epithelia, and in the accompanying paper, Akula et al. (34) 
observed disruption of apical primary cilia in Tmem161b KO 
mice, in line with a role in RGC polarity (35).

TMEM161B protein family first appeared evolutionarily in 
sponges, which lack a nervous system entirely, and together with its 
highly conserved sequence, suggests evolutionarily conserved func-
tions. Thus, we think TMEM161B is less likely to play a direct role 
in gyrification, but rather in cell polarity in metazoan complex tissues 
like brain. Although we could not exclude non-cell autonomous 
functions, forced expression leads to cell-autonomous effects on actin, 
consistent with the cell autonomous roles proposed by Akula et al. 
in the accompanying paper from in utero electroporation studies.

Tmem161b mouse knockouts showed partially penetrant HPE 
and otocephaly, unexpected findings given that none of our 
patients showed midline defects. HPE is thought to reflect require-
ments for Sonic hedge (Shh) and TGF-b signaling at the brain 
midline (36, 37). One potential mechanism may be through 
Cdc42, which has been implicated in a Shh independent form of 
HPE (12). Thus, our data implicating TMEM161B in murine 
HPE may suggest shared mechanisms between the formation of 
the brain midline and cortical gyrification.

Materials and Methods

Materials. The raw exome sequencing files for the four families are available 
at dbGaP accession phs000382.v3.p1, and mutations available at Matchmaker 
Exchange. Human iPSC lines used in the current study were obtained from 

CIRM (CIRM-IT1-06611). All iPSC lines reprogrammed at Cellular Dynamics, 
Inc (Madison, WI) and passed QCs for chromosomal integrity (by SNP microar-
ray), pluripotency (by analysis of gene expression by qPCR of 48 mRNAs) and 
identity confirmation (by genotyping) and tested negative monthly for myco-
plasma. All mice were generated at the Jackson Laboratory Genetic Engineering 
Technology service under the standard animal protocols. MRI GWAS analyses 
made use of the data from participants of the UK Biobank population cohort, 
obtained from the data repository under accession number 27412. The details 
of this analysis and statistical tests are described elsewhere (30). Further infor-
mation and requests for resources and reagents should be directed to and will 
be fulfilled by the Lead Contact, Dr. Joseph Gleeson (jogleeson@ucsd.edu).

Human Subjects. This study was reviewed and approved by the University 
of California San Diego Institutional Review Board operates under Federal-
wide Assurance number, FWA00004495, with protocol IRB 171094X entitled 
“Generating human neuronal models of childhood neurological disorders.” All 
participants and/or their parents/guardians provided written informed consent 
to participate in this study.

Cell Culture. HEK293T cells (sex typed as female) and Hela cells (sex typed 
as female) were obtained from ATCC (CRL-11268™) and ATCC (CCL-2™) were 
not further authenticated. Human pluripotent stem cells were from CIRM 
(CIRM-IT1-06611). Patients fibroblast cells were derived from patient skin 
punches under approved IRB (171094X). Human neural progenitor cells (hNPCs) 
were generated from healthy hiPSCs. All cells tested negative for mycoplasma 
monthly. hBOs were generated as previously described (19).

Immunostaining. BOs, Hela and hNPCs fixed, cryosection, and stained as previ-
ously described (19). Overfixed E18.5 mice brains were cryosectioned and stained 
as previously described (38). Images were taken with ZEISS LSM880 Airyscan, with 
post-acquisition analysis in ImageJ-6.

Crispant Mice Generation. Candidate guide RNA sequences were selected 
using software from Benchling, Inc. (www.benchling.com). All RNA sequences 

Fig. 4. TMEM161B modulates AF formation through Rho GTPase CDC42. (A and B) Forced expression of Flag-tagged TMEM161B (green) leads to filopodia formation 
in Hela cells. Co-staining with Phalloidin documents these as AF. Single channel image shows Flag-M2 staining in A1 and B1, Phalloidin staining in A2 and B2. DAPI: 
nuclei; (Scale bar: 20 µm.) (C and D) Forced expression of patient missense mutations shows abrogated AF phenotype compared with WT TMEM161B. C: L85R, D: 
W317R Flag-M2 stained (green) with Phalloidin (red). Single-channel image shows Flag-M2 staining in C1 and D1, Phalloidin staining in C2 and D2. DAPI: nuclei; 
(Scale bar: 20 µm); Orange arrows: actin spikes. (E) Patient mutations show abrogated AF phenotype compared with WT. Quantification of AF per cell shown in 
B–D. n = 12 includes three different biological replicates and four image regions from each section; Multiple t test followed by a Šidák multiple-comparison test 
correction determined significance. **P < 0.01. (F and G) Dominant negative CDC42 abrogates AF induced by TMEM161B forced expression, whereas constitutively 
active CDC42 shows no impact on TMEM161B AF phenotype. Immunostaining of Hela cell cultures co-force expressed with TMEM161B-Flag with CDC42-Q61L or 
CDC42-T17N against anti-Flag-M2 and Phalloidin. Single-channel image shows Flag-M2 staining in F1, Phalloidin staining in F2. DAPI: nuclei; (Scale bar: 20 µm); 
Orange arrows: AF. (H) Quantification of AF shown in B, F, and G. n = 12 includes three different biological replicates and four image regions from each section; 
multiple t test followed by a Šidák multiple-comparison test correction determined significance. **P < 0.01.
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were obtained from Integrated DNA Technologies (IDT). crRNAs were annealed 
with trRNA following IDT Alt-R System protocols. All mouse procedures were 
conducted according to national and international guidelines (AALAC and 
IACUC) and have been approved by JAX Animal Care and Use Committee.

Genomic DNA was extracted from embryonic tail tips and editing sites of the 
Tmem161b genomic loci were PCR amplified using primers listed in SI Appendix, 
Table S4. PCR products were analyzed by Sanger sequencing. The Inference of 
CRISPR Editing deconvolution tool from Synthego (2019. V2.0.) was used.

Transfection, Western Blot, and Cloning. The transfection, western blot, 
and cloning were performed with standard protocols (19). For transfection, 
Lipofectamine™3000 was used according to the manufacturer’s protocol. The 
primers to generate clones are listed in SI Appendix, Table S4.

Quantification and Statistical Analysis. Statistical analysis was performed 
with the GraphPad Prism 9 software. We compared differences in relative 
mRNA expression level, cell numbers by two-way ANOVA followed by a Šidák 
multiple-comparison test. In all statistics, n = 12 includes three from different 
biological replicates and four technical replicates. Multiple t tests followed by a 
Šidák multiple-comparison test correction were used to determine significance. 
****P < 0.0001. Raw quantification data is available in SI Appendix, Table S6.

Data, Materials, and Software Availability. Raw exome sequencing files data 
have been deposited in dbGaP (phs000382.v3.p1). All study data are included 
in the article and/or SI Appendix.
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