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Dysregulation of early neurodevelopment is implicated in macrocephaly/autism disorders. However, the mecha-
nism underlying this dysregulation, particularly in human cells, remains poorly understood. Mutations in the small
GTPase geneRAB39b are associated with X-linkedmacrocephaly, autism spectrum disorder (ASD), and intellectual
disability. The in vivo roles of RAB39b in the brain remain unknown.We generatedRab39b knockout (KO)mice and
found that they exhibited cortical neurogenesis impairment, macrocephaly, and hallmark ASD behaviors, which
resembled patient phenotypes.We also producedmutant human cerebral organoids that were substantially enlarged
due to the overproliferation and impaired differentiation of neural progenitor cells (NPCs), which resemble neuro-
developmental deficits in KOmice.Mechanistic studies reveal that RAB39b interacts with PI3K components and its
deletion promotes PI3K–AKT–mTOR signaling in NPCs of mouse cortex and cerebral organoids. The mTOR ac-
tivity is robustly enhanced in mutant outer radial glia cells (oRGs), a subtype of NPCs barely detectable in rodents
but abundant in human brains. Inhibition of AKT signaling rescued enlarged organoid sizes and NPC overprolifer-
ation caused by RAB39b mutations. Therefore, RAB39b mutation promotes PI3K–AKT–mTOR activity and alters
cortical neurogenesis, leading to macrocephaly and autistic-like behaviors. Our studies provide new insights into
neurodevelopmental dysregulation and common pathways associated with ASD across species.
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Autism spectrum disorders (ASDs) are genetically and
phenotypically heterogeneous diseases. Several hundreds
of autism-associated sequence and structural variants
have been identified (Berg and Geschwind 2012; O’Roak
et al. 2012). Functional study of rare variants is a valuable
approach to understand disease mechanisms and identify
convergent molecular pathways in autism (Berg and
Geschwind 2012; Willsey et al. 2013). Macrocephaly/au-
tism disorder represents a subset of ASDs coupled with

enlarged brain volumes in affected individuals. These
brain overgrowth could be due to enlarged brain volume
(Courchesne et al. 2003; Shen et al. 2013; Sacco et al.
2015), increased cortical thickness (Zielinski et al.
2014), or increased cortical surface areas, which occur at
perinatal or early postnatal stages before the first clinical
behavior signs (Ohta et al. 2016; Hazlett et al. 2017). Ex-
cess cortical neuron numbers and abnormal cortical
patches in young postmortem ASD brains suggest that
developmental dysregulation may play a pivotal role in
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ASD pathogenesis (Courchesne et al. 2011; Stoner et al.
2014). Gene expression alteration in postmortem ASD
brains implicates neurodevelopmental genes involved in
cell cycle progression, proliferation, and neuronal differ-
entiation (Chow et al. 2012). Characterization of ASD pa-
tient iPSCs and brain organoids has revealed altered
proliferation, differentiation, and growth of neural progen-
itor cells (NPCs) (Mariani et al. 2015; Marchetto et al.
2017; Schafer et al. 2019). Functional genomics, genetic,
and epidemiological studies have also pointed to early
neurodevelopmental deficits in the etiology of neuropsy-
chiatric disorders including ASD and intellectual disabil-
ity (ID) (Willsey et al. 2013; Casanova andCasanova 2014).
Collectively, these observations support the emerging
concept that macrocephaly/autism is a progressive disor-
der of brain development, which is characterized by a cor-
tical surface area hyper-expansion perinatally, brain
overgrowth early postnatally, and ultimately the emer-
gence of autistic social deficits (Ernst 2016; Piven et al.
2017; Courchesne et al. 2019).
Prenatal neurodevelopmental abnormalities in ASD are

poorly understood due to limited access of human brain
tissues (Piven et al. 2017; Courchesne et al. 2019). Thema-
jority of current research approaches cannot examine the
abnormal neurodevelopmental processes in patients be-
fore their clinical phenotypes. Human induced pluripo-
tent stem cells (iPSCs) and iPSC-derived brain organoids
provide a platform for experimentally addressing early hu-
man neurodevelopmental processes associated with neu-
ropsychiatric disorders in a relevant genetic and cellular
context (Lancaster et al. 2013; Wen et al. 2014; Bershteyn
et al. 2017; Di Lullo and Kriegstein 2017). Human brain
organoids can recapitulate gene expression, neuronalmor-
phology and organization, and functional properties in the
developing human brain (Lancaster et al. 2013; Qian et al.
2016). This species-specific ex vivo model is particularly
valuable for macrocephaly/autism research because the
human cerebral cortex exhibits a dramatic increase in cor-
tical size and complexity during evolution (Rakic 1995). A
primate-enriched neurogenic area, named the outer sub-
ventricular zone (oSVZ), is located basal to the classic
SVZ. The oSVZ neural progenitors, including transient
amplifying IPCs and outer radial glia cells (oRGs), are con-
sidered to contribute to the majority of upper-layer neu-
rons (Lewitus et al. 2013; Pollen et al. 2015). Although
IPCs are conserved between humans and mice, oRGs are
abundant in human cerebral cortex but rare in rodent cor-
tex (Wang et al. 2011). Multiple lines of evidences suggest
that abundant oRGs and their robust proliferation capaci-
ty are critical for evolutionary expansion of cortical size
(Reillo et al. 2011; Nonaka-Kinoshita et al. 2013).
Complementary to studies of human brain organoids,

investigation of genetically modified mouse models re-
main an essential strategy to dissect the pathogenesis of
ASD, with strengths in circuit and behavioral studies
(Nestler and Hyman 2010; Silverman et al. 2010). This ap-
proach is enabled by the identification of risk genes linked
with ASD. One such gene is RAB39b, which encodes a
GTPase belonging to the RAS-like GTPase superfamily.
RAB39b is an X-linked gene and mapped to the distal

Xq28 locus. Loss of functions of RAB39b mutations lead
to macrocephaly, ASD, ID, epilepsy, and early-onset Par-
kinson disease (Giannandrea et al. 2010; Wilson et al.
2014; Mata et al. 2015; Mignogna et al. 2015; Ciammola
et al. 2017; Woodbury-Smith et al. 2017). We previously
identified RAB39b as a downstream GTPase associated
with a C9orf72/Smcr8-containing complex, which acts
as a guanosine diphosphate-guanosine 5′-triphosphate
(GDP-GTP) exchange factor (GEF) for RAB39b (Yang
et al. 2016). In vitro studies suggest that RAB39b regulates
synapse formation and function, α-synuclein levels, and
the expression of genes involved in brain development
(Giannandrea et al. 2010; Wilson et al. 2014; Mignogna
et al. 2015). To investigate the in vivo roles of RAB39b
in the brain, we generated Rab39b hemizygous male
loss-of-function mice (referred to here as Rab39b−/y due
to its X linkage). Rab39b−/y knockout (KO) mice present
with macrocephaly and autism-like behaviors. To model
human neurodevelopmental dysregulation, we generated
RAB39b mutant cerebral organoids, which are substan-
tially enlarged due to the impaired differentiation and
overproliferation of NPCs. Mechanistic studies revealed
thatRab39b deletion promotes PI3K–AKT–mTOR signal-
ing, inhibition of which rescued enlarged organoid sizes
and NPC proliferation caused by RAB39b mutations.
Our studies provide new insights into neurodevelopmen-
tal dysregulation and common pathways inRAB39b-asso-
ciated macrocephaly/autism disorders.

Results

Rab39b−/y KO mice exhibit macrocephaly

We used two CRISPR–Cas 9 guide RNAs (gRNAs) target-
ing of C57BL/N6 oocytes to delete exon 2, which is the
major Rab39b exon (Fig. 1A). PCR assay identified three
independent founder lines (Fig. 1B). Sequence analyses of
the lower bands confirmed that all three lines contain
the deletion of the major exon 2 of Rab39b gene (Fig.
1C). Mutant carrier lines were crossed with wild-type
(WT) C57BL/6N mice. Heterozygous mice were bred
more than three generations before subsequent experi-
ments, and multiple litters from these three founder lines
were used for the experiments to reduce the potential off-
target events.
Rab39b is an X-linked gene. Male patients carrying

RAB39b mutations exhibit robust macrocephaly/autism
phenotypes (Giannandrea et al. 2010; Wilson et al. 2014;
Woodbury-Smith et al. 2017). Therefore, we first focused
on Rab39b−/y KO male mice. Western blot analyses con-
firmed the absence of Rab39b protein in brain lysates of
mutant mice (Fig. 1D). Rab39b KO mice were viable and
fertilewith indistinguishablemorphology from littermate
controls. We examined body weights and brain sizes at
postnatal day (P) 20, since macrocephaly is a hallmark
trait in patients with RAB39b mutations (Giannandrea
et al. 2010;Woodbury-Smith et al. 2017).Rab39b deletion
in mice resulted in a mild enlargement of the brain (Fig.
1E), which was consistent with increased brain weights
in these mice (Fig. 1G, P = 0.0281). Whereas body size
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appeared normal, Rab39b KO mice had a slightly de-
creased body weight (Fig. 1H, P= 0.0352), which contrib-
utes to increased brain-to-body weight ratios (Fig. 1I, P =
0.0426). A slight increase of brain weight was detected
as early as embryonic day (E) 18.5 inmutantmice (Supple-
mental Fig. S1A–C). We performed Nissl staining (Fig. 1J),
and found no significant changes in the cortical thickness
(Fig. 1K,L, P> 0.05). Rab39b deletion resulted in a slight
but significant increase in hemisphere length and overall
cerebral cortex areas (Fig. 1M,N, P= 0.021, P= 0.031).
Next, we performed similar studies in homozygous
KO female mice. Rab39b deletion led to an increase in
brain weight (Supplemental Fig. S1D,F, P= 0.017) and
brain-to-body weight ratio (Fig. 1E,H, P= 0.0154), and a
decrease in body weight (Fig. 1G, P= 0.0378). Nissle
staining revealed an increase in hemisphere length and
cortex area without significant alterations in cortical
thickness in mutant female brains (Supplemental Fig.
S1I–M, P< 0.05). Therefore, Rab39b hemizygous male
and homozygous female mice exhibited consistent
brain phenotypes. Together, these results suggested that
Rab39b−/y KO mice recapitulate macrocephaly pheno-
types in patients.

Behavior phenotypes in Rab39b KO male mice

Male patients with RAB39b mutations displayed autism
spectrum disorder (ASD) and intellectual disability (ID)
(Giannandrea et al. 2010; Woodbury-Smith et al. 2017).
Therefore, we conducted a battery of behavioral assays us-
ing a cohort of male mice around 2 mo of age. An open
field assay was performed to evaluate overall movement
and anxiety. Rab39b KO and WT mice spent similar
amounts of time in the center of the test device (Fig. 2A,
11WT, 14 KO, P = 0.0702), and had slightly increased trav-
el distances (Fig. 2B, 11WT, 14 KO, P= 0.0415), suggestive
of no obvious deficits in anxiety and mobility.

Behaviors related to ASDwere examined using a collec-
tion of social and repetitive behavior assays (Crawley
1999; Sukoff Rizzo and Crawley 2017). The percentage
of time spent with the novel mouse cage was larger than
that with an empty cage, which met the criteria of soci-
ability in this assay for both WT (Fig. 2C, n= 14, P <
0.0001) and KO (Fig. 2D, n= 15, P< 0.0001) male mice.
Similarly, Rab39b KO and WT mice had more direct
interaction time with the novel mouse (Fig. 2E, n= 14,
P< 0.0001) compared with the empty cage (Fig. 2F, n= 15,
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Figure 1. Rab39b−/ymousemodels exhibitmacrocephaly phenotypes. (A) Schematic diagramofmouseRab39b genewith corresponding
guide RNAs 1 and 2 (gRNA1 and gRNA2 in red). (B) PCR genotyping identified three independent founders fromCRISPR–Cas9-mediated
deletion of Rab39b in mice. (C ) Sequencing results confirmed the deletion of the region between gRNA1 and gRNA2. (D) Western blot
analyses of Rab39b protein expression in mouse cortex. β-Actin served as the control. (E) Dorsal views of P20 mouse brains. Black dots
outline brain surfaces. Scale bars, 1 mm. (F ) Representative images of P20 mice. Scale bars, 0.5 cm. (G–I ) Quantification of P20 wild
type (n =8) and mutant (n= 6) in brain weights (G), body weights (H), and relative ratios of brain to body weights (I ). (J) Representative co-
ronal sections of P20 WT and Rab39b−/y brains with Nissl stain. Arrows represent thickness at 30%, 70%, and 90% distance from the
dorsal midline. Scale bars: 300 µm. (K–N) Quantification of WT (n =4) and mutant (n =4) cerebral cortex in their thickness at 30%
(K ) and 70% (L), relative hemisphere length (M ), and relative cortex area (N). All data are presented as mean±SEM from six sections of
individual mice. Statistical analyses were performed with nonparametric Mann-Whitney test. (∗) P< 0.05; (∗∗) P <0.01; (n.s) represents
no significant difference detected.
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P< 0.0001). Therefore, sociability appeared normal in the
mutantmice.Next,wemeasured socialmemory, inwhich
a new stranger mouse (S2) was placed into the empty cage
and a previous stranger mouse (S1) became the familiar
one. WT mice spent more time with S2 compared with
S1 (Fig. 2G,n= 14,P = 0.0058). In contrast, therewasno sig-
nificant difference detected in the percentage of time that
mutant mice spent with S1 or S2 (Fig. 2H, n = 15, P =
0.241). WT mice spent more direct interaction time with
S2 than S1 (Fig. 2I, n= 14, P= 0.0058), whereas Rab39b
KO mice had equal amount of direct interaction time
with S1 and S2 (Fig. 2J, n= 15, P > 0.05). Therefore,
Rab39b KOmice exhibited social memory deficits.
To assess repetitive behaviors, we used two common

behavioral paradigms including self-grooming and marble
burying tests. Time spent in grooming was not sig-
nificantly different between WT (n= 14) and Rab39b KO
(n= 15) mice (Fig. 2K, n= 0.1115). Mutant mice buried
similar numbers of marbles compared with WT controls

(Fig. 2L, 10 WT, 15 KO, P= 0.1208). These results suggest
that Rab39b KO mice displayed no substantial repeti-
tive behavior deficits. We next examined their motor co-
ordination and balance using an accelerating (5–40 rpm
in 5 min) rotarod test. Mice were given five trials per
day, with an intertrial interval of 20 min, for four consec-
utive days. A decreased trend of latency to fall was detect-
ed in mutant mice at days 3 and 4, and there was no
significant difference detected between WT and mutants
(Fig. 2M, 10 WT, 15 KO), suggesting that mutant mice
had normal motor coordination and balance. Because pa-
tients carrying RAB39B mutations displayed intellectual
disability (Giannandrea et al. 2010; Woodbury-Smith
et al. 2017), we examinedmotor learning, which can be as-
sessed by the number of trials needed to reach the maxi-
mal latency to fall on an accelerating rotarod assay
(Lalonde et al. 1995). WTmice exhibited an increase in la-
tency to fall over the course of four consecutive days, indi-
cating active motor learning. In contrast, Rab39b KO

E FBA C D

I

K L M

JG H

Figure 2. Rab39b−/y mice exhibit deficits in social memory and motor learning. (A,B) Open field test was performed on 2-mo-old male
mice to measure time spent in center (A) and the total distance traveled (B). (C–F ) Three-chamber task was performed to measure soci-
ability by quantifying the percentage of time the subject mouse spent in the area with a stranger mouse or empty chamber, and quantify
the direct interaction time between the subject mouse with the stranger mouse or empty chamber. (G–J) Three-chamber task was per-
formed to measure social memory by quantifying the percentage of time the subject mice spent in the area with the previously stranger
(S1) and new stranger (S2)mouse, and quantifying the direct interaction times between the subjectmouse, S1 and S2. (K ) Quantification of
the time spent self-grooming. (L) Quantification of marbles buried in the repetitive behavior test. (M ) Accelerating rotarod test was per-
formed on 2-mo-old male mice to examine their latency to fall on four consecutive days. All data are presented as mean±SEM
using numbers (n) of mice as indicated. Statistical analyses were performed with nonparametric Mann-Whitney tests. (∗) P <0.05;
(∗∗) P <0.01; (∗∗∗) P <0.001; (∗∗∗∗) P <0.0001; (n.s) no significant difference detected.
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mice exhibited no significant improvements on days 2 and
3 (Fig. 2M; individual days 2, 3, and 4 were compared with
day 1). Together, these results suggest that Rab39b KO
mice developed socialmemoryandmotor learning deficits.

Rab39b deletion impairs cortical neurogenesis
in the developing brain

To investigate the causes underlying enlarged brain sizes
inRab39bmutantmice, we examined neurogenesis at dif-
ferent developmental stages. We used Cux1 to label layer
II–IV neurons, andCtip2 andTbr1 tomark layer V–VI neu-
rons in the cerebral cortex. Wheras no significant differ-
ences detected at E14.5 (Supplemental Fig. S2A–D),
Tbr1-positive cells were slightly increased in E16.5 mu-
tant cortex (Supplemental Fig. S2E,F, P= 0.0111), and
both Tbr1- and Ctip2-positive cells were increased in
E18.5 mutant cortex compared with WT controls (Fig.
3A–C, P = 0.021, P= 0.0497). The Cux1-positive cells
were significantly increased in P20 but not E18.5 mutant
cerebral cortex (Fig. 3D,E, P= 0.0349). The distribution of
these layer markers was normal, however, suggesting
that the layer organization was not disrupted by the
Rab39b deletion. Therefore, we concluded that Rab39b
deletion leads to an increase in the numbers of neurons
at different layers, which is consistent with the macroce-
phaly phenotypes.

To determine whether the increased neuronal numbers
are derived from the expansion of NPC pool, we used Pax6
and phospho-histone 3 (p-H3) to label apical neural pro-
genitor cells (APCs) and mitotic cells in the ventricular
zone and subventricular zone (VZ/SVZ) of embryonic
day 14.5 (E14.5) mouse brains (Fig. 3F). Coronal sections
positioned similarly along the rostral–caudal axis were an-
alyzed by immunohistochemical (IHC) staining methods.
There was no significant difference detected in the num-
bers of Pax6-positive APCs between WT and mutants
(Supplemental Fig. S2G,H). In contrast, the percentage of
p-H3- and Pax6-double-positive cells out of the total
number of Pax6-positive cells was significantly increased
in mutants compared with WT controls (Fig. 3G, P <
0.0001). Next, we examined the intermediate progenitor
cells (IPCs) labeled by Tbr2 (Fig. 3H). We used coronal ce-
rebral sections obtained from similar positions on the
rostral–caudal axis from E14.5 brains. The numbers of
Tbr2-positive IPCs were significantly increased in the
VZ/SVZ regions of mutant brains (Fig. 3I, P = 0.0017).
Lastly, we examined Sox2 (Fig. 3J), which labels both
APCs and IPCs, and found that Sox2-positive NPCs
were significantly increased in mutant cortex (Fig. 3K,
P= 0.0127). Together, these results suggested that
Rab39b deletion results in an increased NPC pool.

Increased p-H3-positive NPCs could be due to an en-
hancement of cell proliferation or mitotic arrest. To dis-
tinguish these two possibilities, we performed BrdU
(bromodeoxyuridine/5-bromo-2′-deoxyuridine) labeling
studies at E14.5 (Fig. 3L). We conducted IHC staining us-
ing coronal sections at matched rostral–caudal axis posi-
tions. There was a significant increase in the percentage
of BrdU-positive cells out of total cells in the VZ/SVZ re-

gions of E14.5mutant brains (Fig. 3M, P= 0.0161), suggest-
ing an increased cell proliferation rate in the mutant
cerebral cortex. Next, we examined cell cycle exit of
NPCs in the developing cerebral cortex. BrdU was
administrated at E13.5 pregnant dams followed by IHC
staining analyses after a 20-h pulse. Ki67 was used to label
all cycling cells in the VZ/SVZ regions, such that
BrdU+Ki67− cells represent NPCs exiting the cell cycle
(Fig. 3N). There was a significant decrease in the percent-
age of BrdU+Ki67− cells out of total BrdU-positive cells
(Fig. 3O, P= 0.0004), indicating decreased cell cycle exit
of NPCs. We examined BrdU+TuJ1+ colabeled cells (Fig.
3N), and found that they were significantly decreased in
mutants (Fig. 3P, P= 0.0039), which further supports that
mutant NPCs delay their cell cycle exit and neuronal dif-
ferentiation. Together, these results suggested that
Rab39b deletion results in an increased proliferate rate
and a decrease in cell cycle exit of NPCs, which in turn
lead to the expansion of NPC pool.

RAB39b mutant cerebral organoids model human
macroocephaly

To investigate RAB39b’s functions in human brain devel-
opment, we turned our attention to human pluripotent
stem cells (hPSCs) and cerebral organoids (Lancaster
et al. 2013; Qian et al. 2016). To delete the human
RAB39b gene, we generated mutant PSC lines using the
CRISPR/Cas9 approach (Ran et al. 2013). The editing effi-
ciency of gRNA was validated by a T7 endonuclease I as-
say. We generated two independent hPSC clones, which
were derived from induced PSCs or human embryonic
stem (hES) cells, including a 4-bp deletion in exon 1 and
a 5-bp deletion in exon 2 (Fig. 4A). All of these mutations
resulted in a frameshift and led to premature stop codon
generation. Western blot confirmed the absence of
RAB39b protein in mutant human PSCs (Fig. 4B).

To model RAB39b gene mutation-associated human
macrocephaly, we used a cerebral organoid culture sys-
tem. Dual Smad signaling inhibitors were used in neural
induction medium to enhance neuroepithelial expansion
(Kadoshima et al. 2013). Embryoid bodies (EBs) were added
into droplets of Geltrex to enhance complex tissue forma-
tion, followed by the growth in a spinning bioreactor to fa-
cilitate oxygen exchange and nutrient absorption (Zhang
et al. 2019). To directly compare RAB39bmutant and iso-
genic controls in organoid formation, equal numbers
(∼9000 starting cells) of dissociated single PSCs were
used to generate EBs, which resulted in no differences in
morphology or surface areas at culture day 12. We ana-
lyzed week 4 cerebral organoids and found that RAB39b
expression was absent in mutants, and RAB39b was
ubiquitously expressed in all cell types in the control orga-
noids (Fig. 4C). Week 4 organoids exhibited transparent
and neuroepithelial loop structures that persisted at
week 6; the overall organoid sizes gradually increased
over time (Fig. 4D). By week 4, RAB39b mutant cerebral
organoids were substantially larger in sizes than controls
(Fig. 4D; Supplemental Fig. S3A–C). Quantification analy-
ses showed that RAB39b deletion resulted in a significant
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increase of the organoid surface area at weeks 4, 6, and 8
(Fig. 4E, P< 0.0001, P = 0.0008, P= 0.0154).
To confirm that the enlarged organoid sizes were due to

the absence of RAB39b proteins, we performed rescue
studies.RAB39b control andmutanthumanPSCswere in-
fected by lentivirus expressingWTRAB39b-GFP followed
by the generation of stable cell lines for the cerebral orga-
noid culture. Western blots confirmed the overexpression
of RAB39b protein in the PSC-derived human NPCs (Sup-
plemental Fig. S3D). Analyses of week 6 organoids re-
vealed that enlarged sizes of mutant organoids were

rescued by adding back RAB39b proteins (Fig. 4F,G, P=
0.0104, P = 0.0018), whereas RAB39b overexpression in
control organoids did not cause a significant size change.
These results suggested that the increased size of mutant
cerebral organoids was due to loss of function of RAB39b.

Rab39b deletion increases proliferation and expansion
of NPCs

The expansion of the primate cortex in our evolutionary
history has been attributed to increased duration and
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Figure 3. Altered cortical neurogenesis in Rab39b−/ymice. (A,B,D) Confocal microscope images of cerebral cortex sections stained with
antibodies against Tbr1 (red), Ctip2 (green), and Cux1 (red). Hoechst stains nuclei. Scale bars: 20 µm. (C,E) Quantification of Ctip2-, Tbr1-,
and Cux1-positive cells out of total cells from the area surrounded by white dotted lines in A, B, and D. (F,H,J) Representative images of
cerebral cortex sections stained with antibodies against Pax6 (purple), p-H3 (green), Tbr2 (red), and Sox2 (green). The right panels are en-
largement of boxed areas in left panels. Areasbelowwhite lines in the right panels represent ventricular zone (VZ) and subventricular zone
(SVZ). Scale bars: left, 100 µm; right, 50 µm. (G,I,K ) Quantification of the percentage of p-H3-positive cells out of total Pax6 positive cells
(G), Tbr2-positive cells out of total cells in the VZ/SVZ (I ), and Sox2-positive cells out of total cells in the VZ/SVZ. (L) Representative
images of cerebral cortex sections stained with antibodies against BrdU (green) after 0.5-h pulse. Hoechst stains nuclei. Scale bars,
50 µm. (M ) Quantification of the percentage of BrdU-positive cells out of total cells in the VZ/SVZ. (N) Representative images of cerebral
cortex sections stained with antibodies against Ki67 (red) plus BrdU (green), or BrdU (green) plus TuJ1 (red). BrdU was administrated at
E13.5 followed by a 20-h pulse. Hoechst stains nuclei. The right panels are fromboxed areas in left panels.White arrowsmark BrdU+Ki67−

or BrdU+TuJ1+ cells. Scale bars: left, 100 µm; right, 10 µm. (O,P) Quantification of the percentage of BrdU+Ki67− and BrdU+TuJ1+ cells per
total number of BrdU+ cells in the examined areas. Error bars represent SEM of nine sections from three independent experiments (n=3).
Statistical analyses were performed with nonparametric Mann-Whitney tests. (∗) P<0.05; (∗∗) P<0.01; (∗∗∗) P<0.001; (ns) no significant
difference detected.
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number of NPC divisions (Kornack and Rakic 1998),
whichmay explain the substantial enlargement ofmutant
human cerebral organoid sizes versus the mild macroce-
phaly phenotypes in mice with Rab39bmutations. To in-
vestigate themechanisms underlying the enlarged sizes of
RAB39b mutant cerebral organoids, we analyzed their
neurogenesis. By combing apical neural progenitor mark-
ers PAX6/SOX2, IPC marker TBR2, and the deep-layer
cortical marker Ctip2, we focused our analyses on VZ-,
SVZ-, and CP-like regions. IHC staining was performed
using antibodies against SOX2 (Fig. 5A). We quantified
the relative thicknesses of SOX2-positive VZ layers
according to published methods (Zhang et al. 2019). Stat-
istical analysis showed that mutant organoids had a sub-
stantial increase of SOX2-positive VZ thickness at
weeks 4, 6, and 8 (Fig. 5B, P=0.0471, P<0.0001, P=0.008),
suggesting an increase of the NPC pool in the mutant
organoids.

To identify the causes of increased NPC pool in mu-
tant organoids, we examined cell cycle progression. We
analyzed p-H3- and SOX2-positive NPCs in the VZ/
SVZ regions (Fig. 5C), and found a significant increase

in the percentage of p-H3-positive cells out of the total
number of SOX2-positive cells in weeks 4, 6, and 8 mu-
tant organoids (Fig. 5D, P= 0.0288, P= 0.0014, P =
0.0011). To determine whether the p-H3 accumulation
was due to increased cell proliferation or mitotic arrest,
we performed BrdU pulse experiments (Fig. 5E). There
was a significant increase in the percentage of BrdU-pos-
itive cells in the VZ-like regions of the mutant cerebral
organoids in weeks 4, 6, and 8 (Fig. 5F, P = 0.0036, P =
0.0058, P= 0.0001). Ki67 IHC staining revealed that mu-
tant cerebral organoids displayed an increased percent-
age of cycling cells in the VZ (Fig. 5E–G, P= 0.0024, P=
0.0166, P= 0.0054). To determine the cell-autonomous
role of RAB39b in NPC proliferation, we examined 2D-
cultured NPCs differentiated from iPSCs. There was a
significant increase in the percentage of p-H3-positive
cells out of total NPCs (Fig. 5H,I, P= 0.0014). Similar to
cerebral organoids, the percentages of S-phase NPCs
(BrdU pulse) and total cycling NPCs (labeled by Ki67)
were also significantly increased due to RAB39b muta-
tions (Fig. 5J,K, P= 0.0041, P = 0.0016). Together, these re-
sults suggest that RAB39b deletion leads to increased
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Figure 4. RAB39b deletion results in enlarged cerebral organoid sizes. (A) CRISPR/Cas9-mediated gene editing of human RAB39b locus
in pluripotent stem cells (PSCs), resulting in a 4-bp depletion in exon 1, or 5-bp deletion in exon 2. Each of these deletions resulted in ab-
lation of RAB39b proteins due to premature mature stop codons. (B) Western blot analysis confirmed the absence of RAB39b protein in
mutant PSCs. (C ) Confocal imaging of cerebral organoid sections stainedwith antibodies against SOX2 (purple) and RAB39b (green). Scale
bars: left, 75 µm; right, 1 µm. (D) Representative images of cerebral organoids atweeks 4, 6, and 8. Scale bars, 0.5mm. (E) Quantification of
2D surface areas of cerebral organoids. (F ) Representative images ofweek 6RAB39bmutant organoidswith orwithout rescue by lentivirus
expressing RAB39b-GFP. Scale bars, 1 mm. (G) Quantification of 2D surface areas of control and mutant cerebral organoids. Error bars
represent SEM of four independent differentiation experiments containing numbers of organoids as indicated. Statistical analyses were
performed with nonparametric Mann-Whitney tests. (∗) P<0.05; (∗∗∗) P <0.001.
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NPC proliferation and numbers, resulting in enlarged
organoid sizes.

Transiently delayed NPC differentiation and increased
neuronal production in mutant organoids

Changes to the G1-S phase transition influence the bal-
ance between proliferation and differentiation of NPCs
(Lange et al. 2009). The duration and number of NPC divi-
sions are thought to have been enhanced to accommodate
the evolutionary expansion of the neocortex in primates
compared with rodents (Kornack and Rakic 1998), which
is linked with cell differentiation kinetics. Our studies
above suggested that our mutant organoids exhibited al-
tered cell cycle kinetics. Therefore, we reasoned that the
increased NPC proliferation in mutant organoids could
be connected to changes in their differentiation propensi-
ty. To test this hypothesis, we examined cell differentia-

tion in mutant organoids. Consistent with published
studies (Qian et al. 2016; Li et al. 2017), week 4 organoids
exhibited robust NPC differentiation, reflected by the ex-
pression of neural differentiation markers MAP2, TuJ1,
and DCX, while SOX2-positive NPCs were surrounded
by differentiated neurons (Fig. 6A,B). In contrast,
RAB39b mutant organoids exhibited minimal staining
of MAP2, TuJ1, and DCX (Fig. 6A,B). Quantification con-
firmed a significant decrease in signal intensities of these
neuronal markers (Fig. 6C, P= 0.0349, P= 0.0206, P=
0.0022). These results suggest that RAB39b deletion
may cause a transient delay of NPC differentiation in mu-
tant organoids. We reasoned that less differentiated cells
could be due to delayed cell cycle exit of NPCs in the mu-
tant organoids. To test this hypothesis, we used a 24-h
BrdU pulse to label a subset of NPCs and followed their
cycling status by combining the Ki67 and BrdU staining
(Fig. 6D). BrdU+Ki67− cells represent the population
of NPCs that exist in the cell cycle in VZ/SVZ-like
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Figure 5. RAB39b deletion increases proliferation and expansion ofNPCs. (A) Confocal imaging of week 4 organoid sections stainedwith
antibodies against SOX2 (green). Hoechst stains nuclei. Scale bars, 20 µm. White dotted lines mark VZ, SVZ, and cortical plate (CP)-like
areas. (B) Quantification of SOX2-positiveVZ thickness in organoids. (C ) Representative imaging of week 6 organoid sections stainedwith
antibodies against p-H3 (red) and SOX2 (green). Regions below the bottom white dotted lines represent VZ/SVZ-like regions. Hoechst
stains nuclei (blue). Scale bars, 20 µm. (D) Quantification of the percentage of p-H3+ cells out of total SOX2+ cells in VZ/SVZ. (E) Repre-
sentative imaging of week 6 organoid sections stained with antibodies against BrdU (0.5 h; red) and Ki67 (green). Areas below the white
dotted lines represent VZ-like regions, respectively. Hoechst stains nuclei (blue). Scale bars, 20 µm. (F,G) Quantification of the percentage
of BrdU+ andKi67+ cells in VZ regions. (H,J) Representative imaging of 2D culture humanNPCs stainedwith antibodies against p-H3 (red),
BrdU (green), and Ki67 (purple). Hoechst stains nuclei. Scale bars, 25 µm. (I,K ) Quantification of the percentage of p-H3+, BrdU+, or Ki67+

cells out of total cells. Error bars represent SEMof results from four independent sets of cerebral organoids. (∗) P <0.05; (∗∗) P< 0.01; (∗∗∗) P<
0.001, Mann-Whitney tests.
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regions. Quantification revealed that the percentage of
BrdU+Ki67− cells was significantly reduced in mutant
organoids (Fig. 6E, P = 0.0339), suggesting a decrease in
cell cycle exit of NPCs. To follow the long-term fates of
BrdU-labeled NPCs, we pulsed week 4 organoids with
BrdU for 48 h, followed by the IHC staining at week 6
(Fig. 6F). We found a significant increase in BrdU+DCX+

neurons in mutant compared with control organoids
(Fig. 6G, P< 0.0001), suggesting that increased NPCs ulti-
mately turned into differentiated neurons despite their
transient delays in cell cycle exit.

To further investigate the consequence of the increased
neual differentiation, we examined IPCs and neurons in
the CP-like regions of week 6 organoids. The CP is adja-
cent and superior to the TBR2 regions and can be identi-
fied by Ctip2 expression. We used Tbr2 to label IPCs,

and Ctip2 to mark deep layer neurons in order to define
the SVZ and CP-like regions in the organoids. There was
a significant increase in the percentage of Tbr2-positive
cells in the SVZ-like regions in the mutant organoids
(Fig. 6H,I, P= 0.0011). In addition, mutant organoids ex-
hibited an increased percentage ofCtip2-positive deep lay-
er neurons (Fig. 6H,J, P= 0.0366, P = 0.0412). Next, we
examined Tbr1-positive deep layer neurons, and upper
layer neurons labeled by CUX1 and SATB2 in week 12
organoids (Fig. 6K; Supplemental Fig. S3E). RAB39b dele-
tion resulted in a significant increase in the output of up-
per and deep layer neurons (Fig. 6L, P= 0.0184, P < 0.0001;
Supplemental Fig. S3F, P= 0.0061). Together, these results
suggested that RAB39b deletion caused a transient delay
of NPC differentiation and an ultimately increased output
of neuronal production in the cerebral organoids.
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Figure 6. Delayed differentiation of NPCs and neural overproduction in RAB39b mutant organoids. (A,B) Representative imaging of
week 4 organoid sections stained with antibodies against SOX2 (green), MAP2, (purple), TuJ1 and DCX (red). Scale bars: A, 75 µm;
B, 10 µm. (C ) Quantification of relative intensities ofMAP2, TuJ1, andDCX. (D) Representative imaging of week 4 brain organoid sections
stained with antibodies against BrdU (24 h; green) and Ki67 (red). Hoechst stains nuclei. White arrowheads mark BrdU+Ki67− cells. Scale
bars, 20 µm. (E) Quantification of the percentage of BrdU+Ki67− cells out of total BrdU+ cells. (F ) Confocal imaging of week 6 organoid
sections stained with antibodies against BrdU (green) and DCX (red). White arrows indicate BrdU+DCX+ cells. Scale bars, 20 µm. Week
4 organoids were administrated with BrdU for 48 h, followed by the experiments at week 6. (G) Quantification of the percentage of
BrdU+DCX+ cells out of total BrdU+ cell. (H) Representative imaging of week 6 organoid sections stained with antibodies against Ctip2
(green) and Tbr2 (red). Hoechst stains nuclei. Scale bars: 20 µm. (I,J) Quantification of the percentage of Tbr2+ and Ctip2+ cells out of total
cells in the examined areas. (K ) Representative imaging of week 12 organoid sections stained with antibodies against CUX1 (red) and
SATB2 (green). Hoechst stains nuclei. Scale bars: 20 µm. (L) Quantification of the percentage of CUX1- and SATB2-positive cells out of
total cells in the examined areas. Error bars represent SEM of results from four independent sets of cerebral organoids. Statistical analyses
were performed with nonparametric Mann-Whitney tests. (∗) P <0.05; (∗∗) P <0.01.
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RAB39b regulates PI3K–AKT–mTOR signaling

Beclin 1 and Vps34 are core components of the class III
phosphatidylinositol 3-kinase (PI3K) complex, which reg-
ulates autophagy and membrane trafficking. RAB39b and
its homolog RAB39a have highly sequence similarity,
and RAB39a has been shown to interact with class III
PI3K component Beclin 1 in cell lines (Seto et al. 2013).
To investigate RBA39b’s functional mechanisms, we test-
ed whether RAB39b interacts with class III PI3K compo-
nents. Coimmunoprecipitation (co-IP) studies revealed
that RAB39b interacted with neither Beclin 1 nor Vps34
(Supplemental Fig. S4A). Consistently, there were no
autophagy defects in RAB39b mutant NPCs, as reflected
by normal expression levels of LC3 and p62 that act as
makers of autophagosomes and autophagy function, re-
spectively (Supplemental Fig. S4B).
Class I PI3K and its downstream AKT–mTOR signaling

acts as a common biological pathway that gives rise to au-
tism-related disorders when disrupted (Huber et al. 2015;
Enriquez-Barreto and Morales 2016; Winden et al. 2018).
Class I PI3K consists of a 110-kDa (p110α or p110β) catalyt-
ic subunit and an 85-kDa (p85α) regulatory subunit. We
reasoned that RAB39b might regulate PI3K–AKT–mTOR
signaling.To test thishypothesis,weattempted to identify
RAB39b’s interactions with components in this pathway.
Co-IP studies inN2Acell line showed thatRAB39b associ-
ated with p85α and p110α (Fig. 7A). RAB39b belongs to the
RAS-like GTPase superfamily (Mignogna et al. 2015). The
constitutively active form of RAB39b (RAB39bQ68L) ap-
pears to have a stronger association with p85 compared
with the dominant negative one (RAB39bS22N) (Supple-

mental Fig. S4C). RAB39b failed to interact with the other
components of PI3K–AKT–mTOR pathway, including
p110γ, Akt1, andAkt3 (Supplemental Fig. S4D). To further
validate these interactions, we generated stable iPSC lines
with the lentivirus-mediated expression of Flag-tagged
WT (RAB39bWT), RAB39bQ68L, and RAB39bS22N. These
iPSC lines were differentiated into NPCs followed by co-
IP analyses. Again, we found that RAB39b associated
with p85α and p110α inNPCs (Supplemental Fig. S4E). To-
gether, these results suggested that RAB39b interactswith
PI3K components.
AKTactivation occurs downstream fromPI3K signaling

(Fruman et al. 2017). To determine whether RAB39bmu-
tations disrupt PI3K signaling, we examined AKT signal-
ing in NPCs using antibodies against phosphorylated
AKT (pAKT at Ser473), a marker of AKT activation (Man-
ning and Cantley 2007). Western blot analyses showed a
significant increase in the expression level of pAKT in
mutant NPCs in normal culture, under starvation condi-
tions, and in response to FGF stimulation conditions
(Fig. 7B). The expression levels of AKT and pERK re-
mained unchanged in all three conditions, suggesting
the specificity of pAKT up-regulation (Fig. 7B). AKT sig-
naling regulates cellular responses through multiple
downstream effectors, including activation of mTOR
pathway and inhibition ofGSK-3β signaling (Fig. 7C;Man-
ning and Cantley 2007; Chen et al. 2015). We used phos-
phorylation of S6 (pS6 at Ser240/244 or Ser235/236) and
GSK-3β (pGSK-3β at Ser9) to monitor the activation of
the AKT–mTOR and AKT–GSK-3β axes, respectively.
There was a significant increase in the expression levels
of pS6 in the mutant NPCs in normal culture, under
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Figure 7. RAB39b regulates PI3K–AKT–
mTOR signaling. (A) Coimmunoprecipita-
tion (co-IP) analysis revealed that WT
(Rab39bWT), constitutively active
(Rab39bQ68L), and dominant-negative
(Rab39bS22N) Rab39b interact with p85α
and p110α in N2A cells. (B) Western blot
analysis showed that RAB39b deletion in-
creases the pAKT signaling activity in mu-
tant human NPCs in normal culture (NC),
under starvation conditions, and in re-
sponse to FGF stimulation conditions. (C )
Diagram of the PI3K-AKT downstream
GSK-3β and mTOR signaling pathways.
(D) RAB39b deletion results in the up-regu-
lation of mTOR signaling, reflected by in-
creased pS6 (S240/244) and pS6 (S235/236)
expression levels in human NPCs in nor-
mal culture (NC), under starvation condi-
tions and in response to FGF stimulation
conditions. (E) The constitutively active
RAB39bQ68L decreases pAKT and pS6
(S240/244) expression levels in human
NPCs. Actin serves as the loading controls.
(F ) Quantification of pAKT and pS6 (S240/
244) expression levels in experiment E. Er-

ror bars represent SEM of results from three independent experiments. Statistical analyses were performed with nonparametric Mann-
Whitney tests. (∗) P<0.05; (n.s) no significant difference detected.
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starvation conditions, and in response to FGF2 stimula-
tion, whereas the phosphorylated and total GSK-3β levels
appeared unchanged (Fig. 7D).

To investigate whether RAB39b is sufficient to inhibit
PI3K–AKT–mTOR activity, we turned our attention to
RAB39bWT and RAB39bQ68L (RAB39b-overexpressing)
human NPCs. Whereas no substantial changes were de-
tected in RAB39bWT expression cells, constitutively ac-
tive RAB39bQ68L significantly decreased the expression
of pAKT and pS6 (Ser240/244) (Fig. 7E,F, P< 0.05). Next,
we examined RAB39b loss-of-function NPCs with domi-
nant-negative RAB39bS22N expression, and detected an
up-regulation of pAKT and pS6 (Ser240/244) (Supplemen-
tal Fig. S4F,G). These results suggest that activation or in-
hibition of RAB39b GTPase activity is sufficient to
decrease or increase AKT–mTOR signaling, respectively.
Together, these results support the notion that RAB39b
deletion promotes PI3K–AKT–mTOR signaling activity,

which may enhance the NPC proliferation and lead to
macrocephaly.

AKT–mTOR activation mediates the enhanced NPC
proliferation and organoid sizes

To validate the in vitro finding of AKT–mTOR signaling
up-regulation in vivo, we examined E14.5 cerebral cortex
using pS6 as the readout. As reported in previous studies
(Poduri et al. 2012), the expression of p-S6 was enriched
in mitotic NPCs, which are labeled by phospho-Vimentin
(p-VIM) staining (Fig. 8A). Therefore, we quantified p-S6-
positive mitotic NPCs and found that the percentage of
p-S6-positive mitotic NPCs out of total mitotic NPCs
was significantly increased in mutant mouse cerebral cor-
tex (Fig. 8B, P = 0.0007). Next, we performed similar stud-
ies in the cerebral organoids. As reported in published
studies (Li et al. 2017), p-S6 expression was enriched in
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Figure 8. AKT–mTORsignaling up-regulationmediatesNPCoverproliferation and organoid enlargement. (A,C ) Representative imaging
of E14.5 cerebral cortex (A) or week 4 organoid (C ) sections stained with antibodies against p-S6 (red) and p-VIM (green). Hoechst stains
nuclei (blue). The right panels are enlargements of boxed areas in leftmost panels. White arrowheads mark NPCs with the colocalization
of p-S6 and p-VIM. Scale bars: left panels, 10 µm; other panels, 20 µm. (B,D) Quantification of the percentage of p-S6;p-VIMdouble-positive
cells out of total p-VIM cells in the examined areas. (E) Representative week 4 organoids from iPSCs of control and mutants with or with-
out infection of lentivirus expressing dominant-negative AKT (GFP). Scale bars, 0.1 mm. (F ) Quantification of 2D surface areas of cerebral
organoids. (G) Representative imaging of cerebral organoids with or without AKT inhibitor MK-2206. Scale bars, 0.2 mm. (H) Quantifi-
cation of 2D surface areas of cerebral organoids. (I ) Representative imaging of week 12 cerebral organoid sections stained with antibodies
against pS6 (red) and SOX2 (green). White arrows represent pS6+SOX2+ cells. Scale bars, 20 µm. (J) Quantification of the number of
pS6+SOX2+ cells out of total SOX2+ cells in different bins as indicated in experiment I. (K ) Representative imaging of week 4 organoid
sections stained with antibodies against SOX2 (green), p-H3 (red), and Ki67 (red). Scale bars, 20 µm. (L) Quantification of the percentage
of p-H3+ cells out of total SOX2+ cells. (M ) Quantification of the percentage of Ki67+ cells out of total cells in areas surrounded by white
dotted lines inK. Error bars represent SEMof results from independentmice (n =3) or organoids (n=4). Statistical analyses were performed
with nonparametric Mann-Whitney test. (∗) P <0.05; (∗∗) P<0.01; (∗∗∗) P< 0.001; (ns) no significant difference detected.
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the VZ/SVZ-like regions in the cerebral organoids (Fig.
8C). The percentage of p-S6-positive mitotic NPCs (la-
beled by p-VIM) was significantly increased in mutant
organoids (Fig. 8D, P= 0.0061). Together, these results
suggest that RAB39b deletion leads to up-regulation of
PI3K–AKT–mTOR signaling activity in mice and in cere-
bral organoids.
Outer radial glia cells (oRGs) are essential for the evolu-

tionary expansion of the human brains (Noctor et al.
2007). Multiple regulators of PI3K–AKT–mTOR pathway
are specifically enriched in the oRGs, including the p-S6 (a
canonical readout of mTOR activation), in comparison
with other NPCs such as APCs and INPs (Nowakowski
et al. 2017). Human radial glial cells exhibited elevated ac-
tivation of mTOR signaling compared with those of other
primates and rodents (Pollen et al. 2019).Wehypothesized
that oRGs may be particularly vulnerable to the RAB39b
deletion-mediated activation of mTOR signaling. To test
this hypothesis, we examinedmTOR effector p-S6 expres-
sion in SOX2-labeled radial glia cells in the outer SVZ as
in published studies (Pollen et al. 2019). We first con-
firmed that the majority of SOX2-positive cells were cola-
beled by oRG marker PTPRZ1 (Supplemental Fig. S5A).
We quantified pS6 levels in equal bins across VZ/SVZ
and outer SVZ regions (Supplemental Fig. S5B–D). Results
showed that RAB39b deletion significantly increased the
percentage of pS6-positive oRG cells in cerebral organoid
(Fig. 8J).
To investigate whether AKT–mTOR activation is re-

sponsible for the enlarged organoid sizes, we performed
rescue studies by inactivating AKT signaling. Human
iPSCs were transduced with lentivirus expressing domi-
nant-negative AKT followed by the generation of cerebral
organoids (Fig. 8E). Quantificaton results showed that the
inhibition of AKT activity significantly reduced mutant
organoid sizes (Fig. 8F). Next, we used pharmacological
approaches by treating day 12 cultured cells with
MK-2206 (100 nM), a highly potent and specific inhibitor
of AKT activation (Hirai et al. 2010; Ji et al. 2017). Where-
as a high concentration of inhibitors was detrimental to
cellular growth, lower concentrations of MK-2206 al-
lowed the generation of human cerebral organoids with
morphology and sizes comparable with those of DMSO-
treated controls (Fig. 8G,H). Quantification results
showed that MK-2206 treatment restored the mutant
organoid surface areas to control levels (Fig. 8G,H); the
mTOR activity, monitored by p-S6, was also rescued by
MK-2206 (Fig. 8I,J; Supplemental Fig. S5B–D). Next, we
examined MK-2206’s rescuing effects on cellular behav-
iors. MK-2206 treatment reduced NPC proliferation, re-
flected by the decrease of p-H3-positive NPCs labeled by
SOX2 inmutant cerebral organoids (Fig. 8K,L). Ki67 stain-
ing results showed that MK-2206 restored the cycling
cells (labeled by Ki67) to control levels (Fig. 8K,M), which
may contribute to the rescued cerebral organoid sizes.
Together, these results suggested that RAB39b deletion
led to the upregulation of PI3K–AKT–mTOR signaling
activity, which was responsible for the overproliferation
of NPCs and ultimate overgrowth of mutant cerebral
organoids.

Discussion

Through creating the first genetic mouse and organoid
models for RAB39b-associated macrocephaly/autism,
here we discovered RAB39b-dependent dysregulation of
cortical neurogenesis due to aberrant activation of PI3K–
AKT–mTOR signaling, which contributes to macro-
cephaly and autistic-like behaviors. Our studies provide
new insights into the mechanisms of neurodevelopmen-
tal dysregulation and common pathways associated with
macrocephaly/autism disorders across species.

Rab39b KO mouse models behavioral deficits in
macrocephaly/autism disorders

Consistent with the predicted effects of loss of function of
RAB39b mutations in human genetic data, our Rab39b
null mouse model exhibited deficits in social memory
and motor learning, which partially recapitulated patient
ASD/ID phenotypes (Giannandrea et al. 2010; Woodbury-
Smith et al. 2017). OurRab39bKOmice displayed similar
autism-like behaviors to those seen in the mutant mouse
model of Chd8 (Platt et al. 2017), mutations of which are
strongly associated with ASD. Despite its enrichment in
neurons, Rab39b appears to be ubiquitously expressed in
the different regions of the brain. These observations raise
the question of howmutation of a ubiquitously expressed
gene leads to selective behavior deficits. A potential possi-
bility is that certain cell types and brain regions are partic-
ularly vulnerable to the functional loss of Rab39b. Future
studies should identify which cell type(s) or brain region(s)
are particularly sensitive to the loss of function of Rab39b,
resulting in specific behavior deficits.

Early neurodevelopmental dysregulation in
macrocephaly/autism disorders

Our studies provided new insights into neurodevelopmen-
tal dysregulation associated with macrocephaly/autism,
which supports the emerging notion thatASD is a progres-
sive disorder of brain development. ASD represents a spec-
trum of genetically and phenotypically heterogenenous
diseases. It is unclear which neurodevelopmental process-
es are disrupted by individual mutations, and how these
disruptions ultimately contribute to ASD pathophysiolo-
gy. We found that RAB39bmutations result in overprolif-
eration and differentiation deficits of NPCs in both
organoids and mice, which is consistent with what has
been observed in patient iPSCs and animal models carry-
ing differentASDmutant genes (Mariani et al. 2015;Gom-
pers et al. 2017; Marchetto et al. 2017). Excess NPC
proliferation is expected to generate a larger than normal
number of neurons. Indeed, Rab39b KO mice exhibited
an increase in different layer neurons as well as macroce-
phaly reflected by an increase in hemisphere length and
cortical surface area, which is consistent with reported
brain overgrowth in macrocephaly/autism patients
(Hazlett et al. 2011; Zielinski et al. 2014; Ohta et al.
2016). The proliferation of Pax6-positive NPCs is en-
hanced, which is coupled with increased Tbr2-positive
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IPCs resulting in the expansion of progenitor pools in mu-
tantmice.We detected an increase in Tbr1/Ctip2-positive
neurons at E18.5 but not E14.5 mutant mouse brains. The
Cux1-positiveneuronswere increased atP20butnotE18.5
mutantmice. These results suggested that deep layer neu-
rons could be still generated at later time points, and the
increase of upper layer neurons was manifested at later
developmental stages in Rab39b mutant mice, which is
consistentwith the transient delayof cell cycle exit ofmu-
tant NPCs. Future studies should determine how Rab39b
deletion changes NPC differentiation dynamics in the de-
veloping brain.

RAB39b mutation-associated macrocephaly appears
more severe in mutant organoids than that in KO mouse
models, which highlights the strength of cerebral organo-
ids in modeling early human neurodevelopment. Why
might RAB39b deletion generate more severe develop-
mental phenotypes in human than mouse models? One
reason might be that the oRG neural progenitors are
abundant in the human cerebral cortex but not in that
of mice; they are highly proliferative, resulting in their
progenitor contribution to the majority of upper layer
neurogenesis (Lewitus et al. 2013; Pollen et al. 2015).
The expansion of oRGs in human organoids due to
RAB39b mutation may lead to the promotion of neuro-
genesis output specifically in the human cerebral cortex
in comparison with that of mice. This is supported by a
more pronounced increase in NPC pool and upper layer
neurons in mutant organoids than that in mutant mice,
which could explain the dramatic size disparity between
mutant and control organoids relative to the mild macro-
cephaly seen in mice upon RAB39b deletion. One caveat
for this comparison is that developmental timing is not
comparable between mutant organoids and mutant
mice. It will be informative to perform side by side com-
parisons between mouse and human cerebral organoids
without or without Rab39b deletion.

RAB39b regulates the PI3K–AKT–mTOR pathway

ASD exhibits striking heterogeneity in genetics and clin-
ical presentations. Studying rare mutations has proven
to be valuable in identifying common pathways implicat-
ed in autism (Berg and Geschwind 2012; Willsey et al.
2013). Our work has connected RAB39bmutation-associ-
ated macrocephaly/autism with PI3K–AKT–mTOR
signaling, a convergent pathway implicated in ASD pa-
thology across divergent etiologies (Huber et al. 2015;
Magdalon et al. 2017). RAB39b interacts with PI3K com-
ponents p85α and p110α, and its deletion promotes
PI3K–AKT–mTOR signaling activity in humanNPCs, ce-
rebral organoids, and mouse cortex. Inhibition of AKT is
sufficient to rescue the NPC proliferation and organoid
size deficits caused by RAB39b mutations, suggesting
that activation of the PI3K–AKT–mTOR pathway is re-
sponsible for the overproduction of NPCs and macroce-
phaly in RAB39b-associated ASD. Furthermore, our
RAB39bmutant organoid studies revealed human-specif-
ic regulation of PI3K–AKT–mTOR signaling, which has a
high basal level activity in oRGs. The human oRG cells

have enriched expression of several regulators of mTOR
signaling pathway (Nowakowski et al. 2017); human-spe-
cific activators of mTOR pathway exist in oRGs (Pollen
et al. 2019), suggesting that the activity of mTOR signal-
ing has evolved recently in human oRGs. This raises the
possibility that oRG cells could be especially vulnerable
to mutations affecting mTOR pathway (Nowakowski
et al. 2017; Pollen et al. 2019). Indeed, increased PI3K–
AKT–mTOR signaling was detected in SOX2-positive
oRGs and may promote self-renewal/proliferation of
oRGs leading to robust organoid size enlargement in
RAB39b mutant organoids. Recent studies reported
that dysregulation of β-catenin/Brn2 transcriptional cas-
cade leads to increased NPC proliferation and transient
embryonic brain overgrowth contributing to social defi-
cits in adults (Belinson et al. 2016; Marchetto et al.
2017). Therefore, it is possible that embryonic over-
growth due to Rab39b mutations may similarly play
pathological roles in postnatal cognitive behavioral ab-
normalities. Taken together, these studies suggest that
different genetic mutations act on common pathways,
converging on the disruption of NPC proliferation and
differentiation processes and contributing to autistic be-
haviors in adults.

Materials and methods

All animal procedures were approved by the University of South-
ern California Animal Care and Use Committee and were con-
ducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Rab39b knockout mouse generation

Two gRNAs (CCTGTAGTAGGCGCGAGTGA and AAGAGGT
TATCAAATCAGAG) were designed to target exon 2 of mouse
Rab39b.The designed guide RNA andCas9mRNAwere injected
into C57BL/6N zygotes. Fifteen pups were obtained from the zy-
gotes injection and were genotyped. Three of them (one male and
two females) showed large deletion-carrying mutations. Sanger
sequencing showed the mutants were harboring 397-bp deletions
in Rab39b exon 2. This sequence maps uniquely to the targeting
site via BLAST, reducing the likelihood of off-target mutations.
The PCR primers used for genotyping were Rab39b primer-F
(GGACTGTCAGGAATCAGGAACACTAG) and Rab39b prim-
er-R (GCCTAGGAAGAAGGCTCATTTATTATCC).

Cell culture

A human iPSC line was characterized and obtained fromNINDS
Human Cell and Data Repository (NHCDR). H9 human ES cells
were ordered from theWisconsin International StemCell (WISC)
bank. ES cells or iPSCs (referred to here collectively as human
pluripotent stem cells [hPSCs]) were cultured in mTeSRmedium
(Stem cell technologies), and were passaged 5 d onto a new plate
coated with Geltrex (Thermo Fisher Scientific). The hPSCs were
detached from the plate by incubation with ReLeSR (Stem cell
technologies) for 1 min. The cells were then dissociated into
small cell aggregates by manual pipetting. The medium was
changed every day. N2A and 293T cells were obtained from the
American Type Culture Collection (ATCC) and cultured in
DMEM (Life technolgies) supplemented with 10% FBS.
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Generation of RAB39b KO hPSC lines

For genome targeting using Crispr–Cas9 appraoches, gRNAs
were designed using the online software GPP sgRNA Designer
(Broad Institute) and cloned into pSpCas9(BB)-2A-Puro (PX459)
V2.0 vector. Exon1-gRNA (CCATCTGGCTGTACCAGTTC)
and Exon 2-gRNA (CCATCACTCGCGCCTACTAC) were cho-
sen for the generation of RAB39b KO hPSCs. PX459 V2.0 was a
gift from Dr. Feng Zhang’s laboratory (Addgene plasmid
#62988). RAB39b KO hPSCs were generated using a previously
published method (Ran et al. 2013). Briefly, hPSCs were treated
with ROCK inhibitor Y27632 (10 µM; Selleckchem) for 24 h prior
to electroporation. The cells were dissociated into single cells us-
ing Accutase. Three micrograms of plasmids was electroporated
into 8.0 × 105 cells using Amaxa Nucleofector II eletroporator
(Lonza) with human stem cell nucleofector kit 1 (Lonza), then
immediately plated on Geltrax-coated plates and cultured in
mTeSR medium containing Y27632 (50 µM) for the first 24
h. Puromycin (0.5 µg/mL) was added to the medium for 2-d selec-
tion. Subsequently, hPSCs were maintained in medium without
puromycin until colonies emerged. Individual colonies were
picked up and expanded. PCR products were amplified and sub-
jected to Sanger sequencing to identify mutant clones. The prim-
ers were Rab39b-Forward (GTCTACGCGGGGGATTACAG)
and Rab39b-Reverse (TGTTATTGACCGGCCTTCCC).

Human NPC induction and culture

HumanNPC induction from hPSCs was performed as previously
described with minor modifications (Shi et al. 2012). Briefly,
hPSCs were cultured until 80% confluence, and then were pas-
saged into cell aggregates to form embryoid bodies (EBs). These
EBsunderwent suspendedculture for2wkinneural inductionme-
dium,whichconsistedofN2B27mediumsupplementedwithdual
Smad inhibitors SB431542 (10µM) andLDN-193189 (0.1µM;Sell-
eckchem). N2B27 medium was 50% DMEM/F12, 50% Neuro-
basal medium, 0.5% N2 supplement, 1% B27 supplement, 1%
glutamax, 1% penicillin–streptomycin, and 1% NEAA (Thermo
Fisher Scientific).Then EBs were attached to the Geltrex-coated
plates and cultured in neural induction medium containing
20 ng/mLbFGFuntil the neural rosettes emerged.Neural rosettes
were manually picked up and dissociated into individual cells by
Accutase, which were then plated on Geltrex-coated plates. The
NPCs were maintained in N2B27 medium with 20 ng/mL bFGF
and 20 ng/mL EGF, and the mediumwas changed every 3 d.

Generation of cerebral organoids

Cerebral organoids were generated with published protocols with
minor modifications (Lancaster et al. 2013; Zhang et al. 2019).
Two mutant PSC lines were used, including human iPSC line
CR0000010 with the 4-bp deletion in exon 1 and human H9 ES
cell line with the 5-bp deletion in exon 2. The cerebral organoids
were cultured in four different spinning culture bottles (n =4). In-
dividual culture bottle contained 15–25 cerebral organoids, of
which three to four organoids were embedded for sectioning. A
total of eight sections for each organoid and two to three intact
cortical structures from each section was used for the analyses.
The hPSC colonies were dissociated into single cells using Accu-
tase. On day 1, a total of 9000 cells was plated into each well of an
ultralow-attachment 96-well plate (Thermo) for single EB forma-
tion. The EB formation medium consisted of DMEM/F12, 20%
knockout serum replacement, 1% GlutaMAX, 1%NEAA,
50 µM Y27632, and 4 ng/mL bFGF (Perpotech). On day 4, the
EBs were cultured in EB formation medium without Y27632
and bFGF. Starting on day 7, the EBs were cultured in neural in-

ductionmedium for 5 d. The neural inductionmedium consisted
of DMEM/F12, 0.5%N2 supplement, 1%GlutaMAX, 1% nones-
sential amino acids, 1% penicillin–streptomycin, and 10 µg/mL
heparin with dual Smad inhibitors A83-01(1 µM) and LDN-
193189 (0.1 µM). On day 12, the EBs were embedded into Geltrex
droplets (Thermo) and cultured for 4 d in medium containing
50% DMEM/F12, 50% neurobasal medium, 0.5% N2 supple-
ment, 1% B27 supplement without vitamin A, 1% GlutaMAX,
1% NEAA, 1% penicillin–streptomycin, and 2.5 ng/mL human
insulin (Sigma). On day 16, the organoids were transferred to a
spinner flask rotating continuously at 60 rpm and cultured in
N2B27 medium with 2.5 ng/mL human insulin. The medium
was changed every week. For long-term culture (more than 2
mo) of cerebral organoids, we followed a published protocol
(Quadrato et al. 2017). Briefly, 5000 cells were used to generate
EBs. After neural induction andMatrigel embedding, the cerebral
organoids were transferred to the spinner flask and cultured in
N2B27 medium containing 10 ng/mL BDNF. Medium was
changed every week.

Immunostaining and immunohistochemical staining

For humanNPC immunostaining, cells were fixed in 4% PFA for
15min at room temperature, washed twicewith PBS, and then in-
cubated with primary antibodies in blocking buffer (2% goat se-
rum, 1% BSA, 0.1% TritonX-100 in PBS) overnight at 4°C
before secondary antibody incubation. Brain organoids were fixed
in 4% PFA for 30 min at room temperature. Brain organoids were
washed three times with PBS, incubated in 30% sucrose solution
overnight at 4°C, and then embedded in O.C.T. solution followed
by dry ice freezing. The frozen organoids were sectioned into 10-
µm-thick slices for immunostaining. We measured SOX2+ ven-
tricular zone (VZ) thickness according to published methods
(Qian et al. 2016) in which measurements were taken at 45° an-
gles to obtain themean value. Histological processing and immu-
nohistochemical labeling of cryosections were performed using
cerebral cortex sections from different stages of embryos as de-
scribed previously (Yang et al. 2016). The primary antibodies
are listed in Supplemental Table 1. The secondary antibodies
usedwere Alexa 488, Alexa 555, and Alexa 647 conjugated to spe-
cific IgG types (Invitrogen Molecular Probes). All of the experi-
ments were repeated at least three times, and representative
images are shown in the individual figures.

BrdU labeling and analysis

E14.5 pregnant mice were injected intraperitoneally with BrdU
(Sigma) at 25 mg/kg body weight. The animals were sacrificed
at 0.5 h after the injection. The embryo brains were dissected
out and fixed in 4% PFA for 1.5 h on ice. Subsequently, the brains
were stored in 30% sucrose overnight and embedded in the
O.C.T. solution. For in vitro labeling, the brain organoids were in-
cubated in the medium containing Brdu (100 µM) for 2 h, then
washedwith PBS and fixed in 4%PFA for 30min at room temper-
ature. The samples were stained with Brdu after sectioning. The
Brdu+ cells were counted in the VZ/SVZ-like region.

Cell cycle exit

Pregnant mice were intraperitoneally injected at E13.5 with
50 mg/kg body weight Brdu. After 20 h, mice were anesthetized
and embryo brains fixed with 4% PFA for 1.5 h on ice. The brain
organoids and NPCs were treated with Brdu (100 µM) for 24 or
48 h and fixedwith 4%PFA for 30min at room temperature. After
sectioning, the samples were costained with BrdU and Ki67. The
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cell cycle exit was determined by the ratio of Brdu+Ki67− cells to
total BrdU+ cells in VZ/SVZ-like region.

RAB39b overexpression vector construction

The vectors pcDNA3.1-RAB39bWT, pcDNA3.1-RAB39bQ68L, and
pcDNA3.1-RAB39bS22N were generated using a site mutagenesis
kit. The Flag tagwas introduced after initiation codonATGof the
RAB39b by PCR. The Flag-tagged RAB39bWT, pcDNA3.1-
RAB39bQ68L, or pcDNA3.1-RAB39bS22N fragement amplified by
PCR were digested with BamHI and AgeI, then inserted into len-
tivirus vector. The lentivirus vector backbone was derived from
LentiCRISPRv2GFP vector, and C-terminal of RAB39b, is linked
to the GFP through P2A in the vector.The LentiCRISPRv2GFP
was a gift from David Feldser (Addgene plasmid # 82416).

Lentivirus production and transduction

To produce lentivirus, a total of 15 µg of Flag-tagged RAB39bWT,
RAB39bQ68L, or RAB39bS22N lentiviral vectors were transfected
into 293T cells together with 6 µg VSVG and 9 µg pspax2 using
using CaPO4 precipitation. The viruses in the supernatant were
collected at 24 and 48 h after transfection, filtered through a
0.45-µm filter, and concentrated via ultracentrifugation. To
transduce hPSCs with lentivirus, hPSCs were cultured inmTeSR
medium containing lentivirus, Y27632 (10 µM) and polybrene (8
µg/mL). After 12 h of infection,mediumwas changed. The hPSCs
were dissociated into singles cells and continue to cultured. GFP
positive clones were picked up and expanded.

RAB39b KO rescue experiment

For RAB39b overexpression rescue experiments, the RAB39b KO
cell lines were overexpressed with Flag-tagged Rab39bWT GFP by
lentivirus infection, followed by the generation of cerebral orga-
noids. For the inhibitor rescued experiment, the PI3K–AKT inhib-
itor MK-2206 (100 nM; Selleck) was added into the medium
starting at day 1 of cerebral organoid generation. The control
group was treated with an equal amount of DMSO. For nonphar-
macologicalmanipulation of the PI3K-AKT singaling, the lentivi-
ral expression plasmid pHRIG-AktDN,which contains dominant
negative Akt1, was used for lentivirus production. The iPS cell
lines were infected by lentivirus followed by the generation of ce-
rebral organoids. pHRIG-AktDN was a gift from Heng Zhao
(Addgene plasmid # 53597)

Western blot analysis

Isolatedmouse cortex and human iPS-derivedNPCswere lysed in
buffers containing 50 mM Tris HCl (pH 8), 140 nM NaCl, 1 mM
EDTA, 10% glycerol, 0.5% NP40, and 0.25% Triton with prote-
ase inhibitor cocktail (Thermo). After sonication, samples were
spun down, and the supernatantswere used for a BCABradford as-
say (Bio-Rad) with the Spectramax iD3 plate reader to assess pro-
tein concentration using a standard curve. Thirty micrograms of
protein was used on a 8%–12% SDS-PAGE using the Western
blotting system (Bio-Rad).

Immunoprecipitation

Flag-tagged RAB39bWT, RAB39bQ68L and RAB39bS22N plasmids
were transfected into N2A cells using JetPRIME (Poly plus trans-
fection). After 48 h, the transfected N2A cells were lysed in RIPA
buffer (150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris at pH 8.0, one tablet protease inhibitor

[Thermo] per 10 mL). Cell debris was pelleted at 15,000 rpm for
15 min at 4°C. For immunoprecipitation, 1–2 mg of supernatants
from the centrifugation of the lysatewas incubatedwith anti-Flag
M2 affinity resin (Sigma) overnight at 4°C, followed by washing
the immunoprecipitates three timeswith lysis buffer. The immu-
noprecipitateswere eluted in SDS-PAGE loading buffer by boiling
for 10 min before Western blot analysis.

Behavioral testing

An open field test was performed using an overhead SMART vid-
eo tracking system (Panlab), which measures distance traveled,
time spent in each zone, and speed. The apparatus consisted of
a gray open top plastic box (w× d×h: 45× 45× 40 cm) divided
into four equal arenas. After a 2-h acclimatization to the behavio-
ral testing room, each animal was placed in the center of the open
field and left undisturbed for 30min. The apparatuswaswiped be-
tween trials with a 70% ethanol solution.
For the rotarod test, an accelerating rotarod (Panlab)was used to

analyzemotor coordination and balance.Mice were trained three
times on the rotarod at 4 rpm for a maximum of 180 sec per day
before testing. During test conditions, we measured the latency
of the mouse falling from the rotating beam while ramping up
the rotation speed, starting at 4 rpm and accelerating to 40 rpm
over each 5-min trial period. Mice were given three trials per
day, with an intertrial interval of 20min. The average time before
falling in the three trials was used to evaluate latency.
For the three-chamber test, a rectangular Plexiglas box (w×d ×

h: 52 × 25×23 cm) was divided into three chambers. In the habit-
uation trial (5 min), empty wire cages (h × d: 12 × 8 cm) that could
provide contact with another mouse were present in the left and
right chambersvisible fromthemiddle chamber. In the sociability
trial (10min), a novelmouse fromsame strain that had never been
observed before by the subject mouse was placed in the wire cage
in the left chamber,whereas nomousewas placed in thewire cage
in the right chamber. For the social memory test, a variant of the
social novelty trial (10min)was conductedwherein another novel
mouse was placed in the wire cage of the right chamber. The test
mouse was placed in the central chamber and allowed to explore
all three chambers for each trail. The time spent in each chamber
was recorded. At the end of each test, all the equipment was
cleaned with paper towels and 70% ethanol.
For themarble burying test, 20 glassmarbles (diameter: 15mm)

were arranged in a symmetrical 4 × 5-cm grid on top of 2- to 3-cm-
deep bedding in a clean standardmouse cage (w×d×h: 27 × 16.5 ×
12.5 cm). Eachmousewas placed in the center of the cage for a 30-
min exploration period and at the end of this period each marble
was scored as buried if two-thirds of its surface area was covered
by bedding.
For evaluation of self-grooming behaviors, each mouse was

placed individually into a standard mouse cage. A front-mounted
camera was placed 1 m from the cages to record the 20-min ses-
sions. The first 10-min period was habituation and was not
scored. Each subjectwas scored for cumulative time spent groom-
ing all body regions during the second 10 min of the session.
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