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Abstract

Precise regulation of embryonic neurodevelopment is crucial for proper structural organization and functioning of the adult
brain. The key molecular machinery orchestrating this process remains unclear. Anaplastic lymphoma kinase (ALK) is an
oncogenic receptor-type protein tyrosine kinase that is specifically and transiently expressed in developing nervous
system. However, its role in the mammalian brain development is unknown. We found that transient embryonic ALK
inactivation caused long-lasting abnormalities in the adult mouse brain, including impaired neuronal connectivity and
cognition, along with delayed neuronal migration and decreased neuronal proliferation during neurodevelopment.
scRNA-seq on human cerebral organoids revealed a delayed transition of cell-type composition. Molecular characterization
identified a group of differentially expressed genes (DEGs) that were temporally regulated by ALK at distinct developmental
stages. In addition to oncogenes, many DEGs found by scRNA-seq are associated with neurological or neuropsychiatric
disorders. Our study demonstrates a pivotal role of oncogenic ALK pathway in neurodevelopment and characterized
cell-type-specific transcriptome regulated by ALK for better understanding mammalian cortical development.
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Introduction

The proper development of the mammalian neocortex is criti-
cally dependent upon a series of highly orchestrated complex
events, including proliferation and differentiation of neural pro-
genitor cells, neural migration, and maturation. Any defect of
these processes may lead to neurological and mental disorders
such as microcephaly, intellectual disability, and schizophrenia
(Kaindl et al. 2010).

ALK is a receptor-type protein tyrosine kinase encoded by
ALK that was originally identified as an oncogene in anaplastic
large cell lymphomas. It was found to fuse with the nucle-
ophosmin (NPM) gene in non-Hodgkin’s lymphoma (Morris et al.
1994) and with the echinoderm microtubule-associated protein-
like 4 (EML4) gene in nonsmall-cell lung cancer (NSCLC) (Soda
et al. 2007). In addition, ALK can be over-activated through point
mutations within the kinase domain leading to neuroblastoma
(Chen et al. 2008; George et al. 2008; Janoueix-Lerosey et al. 2008;
Mossé et al. 2008; Pugh et al. 2013). ALK-mediated oncogenesis
has subsequently been found in a wide range of cancer types
and been intensively studied in the past two decades (Chiarle
et al. 2008; Hallberg and Palmer 2013, 2016). Several specific
small molecular inhibitors (e.g., crizotinib and ceritinib) against
ALK have since been developed and are being routinely used to
treat ALK-related cancers, including neuroblastoma, the most
common form of cancer in infants and the third-most common
in children (Maris et al. 2007).

However, despite the abundant knowledge on ALK in tumor
transformation and cancer treatment, its physiological roles,
particularly in the context of mammalian brain development,
remain poorly understood. In the Drosophila, ALK and its ligand
Jelly belly (Jeb) can efficiently protect neural progenitor growth
in the brain against the reductions in amino acids and insulin-
like peptides during nutrient restriction, which was proposed
as a brain-sparing mechanism that may share some regula-
tory features with the starvation-resistant growth programs of
mammalian tumors (Cheng Louise et al. 2011). Similarly, ALK
homologs have been found in Zebrafish and shown to play
important roles in development (Yao et al. 2013). In mice, ALK
is specifically but transiently expressed in the nervous systems
during embryonic stages (Iwahara et al. 1997), indicating an
important role in mammalian neurodevelopment. Studies on
Alk knockout mice showed that ablation of ALK resulted in
altered spatial memory, improved novel object-recognition and
increased basal dopaminergic signaling in adult mice (Weiss
et al. 2012). However, it is unknown whether the behavioral
abnormalities manifested in adult mice are caused by impaired
brain development or by the lack of ALK signaling in the adult
brain per se in these mice.

To rectify this problem, here we used clinically administered
ALK inhibitor ceritinib and shRNA knockdown to manipulate
ALK activity in mice, human cerebral organoids and neural
progenitor cells (NPCs). Our results show that the transient
inactivation of ALK during embryonic development profoundly
affects NPC proliferation and survival, neuronal migration in
mice and organoids, and cortical thickness, brain morphology,
and behaviors in adult mice. To gain mechanistic insights, we
employed single-cell RNA-sequencing (scRNA-seq) on human
cerebral organoids to unbiasedly dissect the cell composition
and transcriptional heterogeneity. We found that, after transient
ALK inactivation, more cells were entrapped at the radial glial
cell (RGC) stage, indicating a delayed developmental course from
NPCs to neurons. Surprisingly, unbiased analysis show that the

same set of differentially expressed genes (DEGs) were oppo-
sitely regulated in RGCs and proliferating NPCs. Most of these
DEGs are prominent oncogenes, but are previously unknown
to play a role in neurodevelopment, such as the inhibitor of
DNA-binding proteins (IDs), claudin 5 (CLDNS5) and pro-melanin
concentrating hormone (PMCH). In addition to these oncogenes,
we found that ALK also regulates a group of DEGs that are asso-
ciated with neurological and neuropsychiatric diseases, such
as cerebellin-1 precursor (CBLN1), PAX6, Purkinje cell protein
4 (PCP4), solute carrier family 2 member 1 (SLC2A1) and tran-
sient receptor potential cation channel subfamily M member 3
(TRPMS3). Overall, our results provide compelling evidence sup-
porting a crucial role of oncogenic ALK pathway in mammalian
cortical development.

Materials and Methods
Animals

The mice were housed under a standard 12-h light/dark cycle,
21+2 °C condition with food and water provided ad libitum.
All the procedures used for this study were approved by the
animal care committees at research institutes of Shanghai Men-
tal Health Center and Southeast University, China. For experi-
ments involving timed-pregnancy, mice were mated overnight
and females were checked daily for the presence of seminal
plugs, noted as embryonic day 0.5 (EO.5).

Magnetic Resonance Imaging

In vivo magnetic resonance imaging (MRI) was performed on
a horizontal 7T MR scanner (Bruker BioSpin). During imaging,
mice were positioned in an animal holder (Bruker BioSpin). Mice
were anesthetized with isoflurane (induction, 4%; maintain,
1.5%) with medical oxygen via vaporizer. Respiration was moni-
tored with a pressure sensor and the respiration was maintained
at 50-70 breaths/min. Mice were recovered within 5 min after
imaging.

In vivo T2-weighted images were obtained using a two-
dimensional turbo spin-echo sequence with the following
parameters: repetition time=3000 ms, echo time=42 ms,
acquisition matrix =256 x 256, field of view=23x20 mm,
number of slices =18, slice thickness =0.7 mm.

In vivo diffusion tensor imaging (DTI) of the mouse brains
was obtained using an echo-planar imaging (EPI) sequence
using the following parameters: repetition time=2000 ms,
echo time=23 ms, field of view (FOV)=18 x 15 mm, acqui-
sition matrix =128 x 128, number of slices=10, slice thick-
ness =0.8 mm. Five reference images and 30 different diffusion
directions were acquired with b value of 1000 s/mm?.

Preprocessing of the DTI data was performed using the
brain’s diffusion toolbox of FMRIB Software Library (FSL)
(Behrens et al. 2003). Eddy current correction was first performed
to enable the images at different directions aligned. Diffusion
tensor fitting was then performed using DTIFIT. Two scalar
maps, including fractional anisotropy (FA) and mean diffusivity
(MD), were calculated to measure the anisotropy and diffusivity
(Kong et al. 2014). Colored FA maps were achieved by color coding
the scalar FA maps with red, green, and blue colors to signify the
left-right, ventral-dorsal, and caudal-rostral directions of water
diffusion, respectively. Regions of interest covering the upper
layers of the cortex were manually delineated using T2 and FA
images using the ITK snap software (Wedeen et al. 2008). Whole
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brain deterministic tractography was performed using diffusion
toolkit with the interpolated streamline algorithm (Yushkevich
et al. 2006). The threshold of FA was set to 0.2 and the angle
threshold was set to 35°.

NPC Cell Culture

CNS-type NPCs were generated from human ES cells (H9, pas-
sages 25 to 35, Wicell Agreement No. 16-W0060). Briefly, H9 cells
were previously cultured in complete mTeSR1 medium (STEM-
CELL), and then plated on to plates coated with laminin. On Day
0, the cells were cultured in STEMdiff neural induction medium
(STEMCELL) plus 10 pM Y-27632, with daily full medium change.
The culture was passaged when it reached approximately 80%-
90% confluence (typically days 6-9). The NPCs were remained
in STEMdiff Neural Progenitor Medium (STEMCELL). They were
treated with ceritinib, TAE or vehicle at 70% confluence.

Cerebral Organoid Culture

Cortical organoid differentiation was generated based on the
previously established protocol (Lancaster and Knoblich 2014)
with several modifications. Briefly, hESCs were detached with
Dispase (1 U/mL, Gibco) to form embryoid bodies (EBs) in suspen-
sion in neural induction medium (NIM) containing DMEM/F12
(Gibco), N2 supplement (1:100; Gibco) and NEAA (1:100; Gibco)
for 7 days. Half of the media were changed every 2-3 days and
primitive neuroepithelial was induced. To generate organoids,
EBs with a diameter of 500-600 pm were transferred to Matrigel
(Corning) droplets. To culture organoids, droplets were trans-
ferred to 6-well plate in NIM supplemented with B27 (1:50) and
maintained in NIM with media half changed every 3-4 days.
After 1 month, organoids were seen to begin to exhibit neu-
ronal differentiation. At the end of each experiment, organoids
were processed for immunohistochemical analysis. For treat-
ment experiments, 200 nM ceritinib was applied for 2 h, followed
by medium change. The treated organoids were maintained in
routine medium half changed every 3-4 days.

10x Genomics scRNA-seq and Analysis

Organoids were washed twice with cold PBS, then incubated
with Accutase (STEMCELL) at 37 °C for 30 min. Gentle trituration
was performed every 10 min. 40-pm cell strainer was used to
obtain single-cell suspension. Accutase was removed by cen-
trifugation and cells were washed three times with PBS and
resuspend in ice-cold culture media. The single-cell suspension
(concentration: 1000/pL; viability: above 90%) was processed to
prepare single-cell master mix following the manufacturer’s
instructions (Chromium Single Cell 3’ Library & Gel Bead Kit v2).
The amplified cDNA was optimized by enzymatic fragmentation
and size selection prior to library construction. The single-cell
libraries were sequenced on a Hiseq Xten system (Illumina). The
data were quantified using the Cell Ranger Single-Cell Software
Suite (version 2.2.0) and aligned to the human reference genome
(hg38) using STAR with default parameters. Cells were consid-
ered valid only when genes were more than 200 and contain less
than 10% mitochondrial genes. Dimensionality reduction of the
data was performed by RunCCA. After tSNE, cell clusters were
made based on Louvain algorithm. The DEGs were identified by
the Seurat bimod test (Seurat2.3.4, P value <0.05 and log2 fold
change >0.585) and then GO and KEGG pathway enrichment
were analyzed.
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Fluorescence-Activated Cell Sorting

For NPCs cell cycle analysis, cells were incubated with ACCU-
TASE (STEMCELL) for 5-10 min at 37 °C, washed with PBS and
fixed with 70% ethanol. After incubation at —20 °C overnight, the
cells were stained with Propidium (Beyotime) according to the
manufacturer’s instructions. For cell apoptosis analysis, NPCs
were collected and directly stained using the Annexin V-FITC
Apoptosis Detection Kit (Vazyme) according to the manufac-
turer’s instructions. Samples were analyzed using a BD FACSCal-
ibur flow cytometer and CellQuest Pro Software.

Intracerebroventricular Injection
and In Utero Electroporation

Pregnant mice at E14.5 were anesthetized by i.p. injections
with a PBS solution containing 7% chloral hydrate (7 pl/g).
Then the uterine horns were exposed by a caudal ventral
midline incision (1.2-1.5 cm). For ICV drug injection, each uterine
horn was exteriorized carefully and ceritinib (Selleck, 1 pL of
1 pg), TAE (Selleck, 1 pL of 1 pg) or attenuated DMSO together
with the dye Fast Green (Sigma) was injected into the lateral
ventricle by a micropipette. For in utero electroporation (IUE), the
plasmid (1-2 pg/pl) mixed with Fast Green was microinjected
into the lateral ventricles of E14.5 mouse embryos followed
by five electric pulses (35 V, 5 pulses; 50 ms on, 950 ms off;
Gemini Twin Wave Electroporators, BTX). After the injection and
electroporation, the uterus was replaced within the abdomen
and the incisions were sutured. Small hairpin RNA constructs
were cloned into the pGenesil-1 vector. Sequences for Alk small
hairpin RNA constructs were: shRNA1, CGGAGGATATATAG-
GTGGCAA; shRNA2, CCCGAACGTCAACTATGGTTA; shRNA3,
CCGGGATATTGCTGCTAGAAA.

Statistical Analysis

All the averaged data in the graphs were stated as mean 4+ SEM
and statistically evaluated by Student’s t-test for comparisons
of two groups, or one-way ANOVA for comparisons of more than
two groups followed by Dunnett’s test. P < 0.05 was considered as
significant (*P < 0.05, **P < 0.01, ***P < 0.001). Mean + SEM values,
statistical parameters and sample n are included in respective
figure legends.

Data and Materials Availability

All data presented in this study are available from the corre-
sponding authors upon request. The scRNA-sequencing dataset
is available online in the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov). The GEO accession
number is GSE132105.

Results

Transient Embryonic ALK Inactivation Induces
Abnormal Brain Morphology and Neuronal
Connectivity

To probe the potential role of ALK in mammalian cortical devel-
opment, we inhibited embryonic ALK activity and examined the
consequences of this manipulation in adult mice. Our results
showed that ALK gene transcription was largely restricted to
the central nervous system in developing fetuses (Supplemen-
tary Fig. 1A). At this stage, ALK expression is observed in the


https://www.ncbi.nlm.nih.gov
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab058#supplementary-data

3914 | Cerebral Cortex, 2021, Vol. 31, No. 8

ventricular and subventricular zone (VZ and SVZ) of the cortex
(Vernersson et al. 2006), where the neural progenitors reside and
proliferate. For this reason and in order to specifically inactivate
ALK in the fetuses without affecting maternal conditions, we
adopted an approach (Choi et al. 2016) that directly injected ALK
inhibitors ceritinib (Marsilje et al. 2013) and TAE (Galkin et al.
2007) in utero into the ventricles of embryonic 14.5 (E14.5) mouse
fetuses (Supplementary Fig. 1B,C). The amount of ALK inhibitors
was determined by effective inhibition of ALK signaling path-
way, as indicated by significantly reduced phosphorylation level
of Akt, a key effector molecule downstream of ALK (Chiarle et al.
2008; Hallberg and Palmer 2013), and significantly increased the
active cleaved-caspase3 (Supplementary Fig. 1D-F), an indicator
of enhanced apoptosis following ALK inhibition. Injection of
1 pg ceritinib showed effective inhibition and minimum rates of
miscarriage, so we chose to use 1 pg ceritinib in the following
experimentation. To determine the time course of transient
ALK inhibition and recovery, we probed p-Akt and C-caspase3
protein levels in embryonic brain lysates prepared at 0, 2, 5, and
12 h after 1 pg ceritinib injection (Supplementary Fig. 1G-I). p-
Akt recovered at 12 h after injection. In early postnatal days
(e.g., P1-P14), the body size of pups with embryonic ALK inac-
tivation was noticeably smaller than the age-matched control
mice, but by postnatal day 90 (P90), this difference diminished
(Supplementary Fig. 1).

Next, to examine sustained alternations in the brain mor-
phology, we used a small animal 7-T MRI scanner and conducted
DTI of the P50 brains exposed to the embryonic ALK inactivation.
This approach allowed us to examine the spatial arrangement
and structural integrity of major white matter tracts in the brain.
The T2 weighted images showed that the cortical thickness
between ceritinib and vector groups was significantly different.
The mouse brain in ceritinib group was smaller in size and the
cortex was much thinner than the control group, while other
areas of the brain showed no significant differences (Fig. 1A-C).
We then analyzed the DTI images using ITK SNAP and diffusion
toolkit to construct a tractography of adult brain depicting the
fiber orientation (Fig. 1D). Diffusion tensor was calculated at
each voxel along with the axial diffusivity (AD), radial diffusivity
(RD), MD and FA. The data showed that while the AD, RD, or
MD was unaltered, the FA significantly decreased (Fig. 1EF) and
the percentage of different fiber orientations were changed.
The rostral-caudal direction fibers (green) increased and supe-
rior-inferior direction fibers (blue) decreased in ceritinib group
mice (Fig. 1G). Moreover, the maximum length (Fig. 1H) and track
count of the nerve fibers (Fig. 1I) were both reduced in the
ceritinib group. These data show that the projection fibers and
brain connectivity were altered by the ALK inactivation during
embryonic development.

Embryonic ALK Inactivation Leads to Anxiety-like
Behaviors and Cognitive Impairment in Adult Mice

We next assessed the functional consequences of the transient
embryonic ALK inactivation by performing behavioral tests on
adult mice. We first used an open field test to evaluate locomotor
activity and found that although there were no differences
in total travel distance and speed, the ceritinib group showed
significantly fewer entries to and spent less time in the center
area of the open field arena (Fig. 2A-E), exhibiting anxiety-like
behaviors. To further test this possibility, we used an elevated
plus maze test and found that mice in the ceritinib group spent
significantly more time in the closed arms (Fig. 2F-H). We then

conducted a marble burying test and found that while control
mice generally buried three to six marbles, the ceritinib group
buried more than seven marbles (Fig. 2I). In the tail suspen-
sion test (TST), control and ceritinib groups performed similarly
(Fig. 2J). Next, to assess the cognitive ability, we used a novel
object recognition task and showed that while the control mice
spent more time with the novel object, the ceritinib mice did
not show any preference towards the novel object over the
familiar object, suggesting impairment in object recognition
memory (Fig. 2K-M). Together, these behavioral data provide
strong evidence indicating an essential role of ALK activity in
brain development.

Embryonic Neuronal Progenitor Cell Proliferation
Requires ALK

To gain insights into the mechanism underlying the defects seen
in the adult mice, we examined the functions of ALK activity in
embryonic mouse brain. After ICV injection of ceritinib at E14.5,
we prepared cryosections of the fetal brain on E15.5. Immunohis-
tochemical analysis showed that the cortex was thinner and the
lateral ventricle was larger in the ceritinib group (Supplementary
Fig. 2A-C). Co-staining of Ki67, a marker for various cell cycle
phases of actively proliferating NPCs, and BrdU (Supplementary
Fig. 2D) showed that the number of proliferating NPCs (BrdU™
and Ki677) significantly decreased and more cells exited the
cell cycle (BrdU* and Ki677) in ceritinib group (Supplemen-
tary Fig. 2E-H). The number of Sox2* radial progenitors and
Tbr2* intermediate progenitors was also significantly decreased
(Supplementary Fig. 2I-K), although the ratio of intermediate
progenitors and radial progenitors was comparable between the
two groups (Supplementary Fig. 2L), suggesting unaltered cell
differentiation. Therefore, we conclude that ALK is necessary for
neuronal progenitor proliferation and survival in the developing
mouse cerebral cortex.

ALK is Essential for Neuronal Migration

To determine the cortical destination of surviving neuronal pro-
genitor cells, we examined the effects of ALK knockdown in the
developing mouse brain using shRNA, with enhanced GFP (EGFP)
as the reporter. We first confirmed the knockdown efficiency of
the shRNA constructs targeting ALK in cultured mouse N2a cells
(Supplementary Fig. 3B) and confirmed their specificity by mea-
suring mRNA levels of leucocyte tyrosine kinase (LTK), a receptor
tyrosine kinase (RTK) closely related to ALK (Supplementary Fig.
3C). We then used the more efficient shRNA construct (ShRNA#2)
for in utero electroporation (IUE) at E14.5 and analyzed the
cortical cells at E17.5 (Fig. 3A). Strikingly, in mice electroporated
with the shRNA plasmid, significantly fewer EGFP* cells were
found in the upper layers of the cortex than in mice express-
ing the control vector shRNA (Fig. 3B-D). We also analyzed the
distribution of the BrdU™ cells in mice injected with the ceri-
tinib at E14.5 and found that BrdU* cells at E17.5 in the upper
layers were significantly reduced (Fig. 3EF). Similar results were
observed when the brain was analyzed at PO (Supplementary
Fig. 4). Layer-specific markers showed that the early-born Tbhri+
neurons were not affected by ceritinib at E14.5, whereas the
late-born Brn2™ neurons were dramatically decreased (Fig. 3G-I).
This selective effect on the late-born neurons may be due to
the fact that the ceritinib treatment was performed at E14.5,
and at this time, the migration of the Tbr1* neurons may have
already completed. Together, these data show that ALK is not
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Figure 1. fMRI analysis of neuronal connectivity in the adult brain. (A) Different layers of T2 weighted whole brain images of P50 mice exposed to a single embryonic
ICV injection of vehicle or ceritinib. Scale bars, 0.5 cm. (B) Summary graph showing decreased brain sizes and (C) decreased cortical thickness (boxed areas in A) in
the P50 ceritinib group. (D) Fiber tractography images of adult mouse brains. The color schemes are: red, left-right; green, ventral-dorsal; and blue, caudal-rostral. (E)
Average diffusivity (AD, RD, and MD) of major white matter tracts. (F) Fractional anisotropy (FA) of major white matter tracts. (G) Summary results showing percentage
of different fiber orientations in adult brains. (H) Summary results showing decreased length of nerve fibers in adult brains. (I) Summary results showing decreased
track counts of nerve fibers in adult brains. Data are presented as mean 4 SEM. n=3 and four independent experiments in vehicle or ceritinib groups, respectively.
Statistical significance was determined by unpaired Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.

only important for progenitor cell proliferation but also neuronal
migration in developing mouse cortex.

Next, we asked whether the abnormal NPC proliferation and
neuronal positioning observed during embryonic development
can sustain to the adult brain. To address this question, we
immunolabeled the cortical sections of the P60 brain with layer-
specific markers. As shown in Figure 3J-L, the superficial layer
Brn2* neurons were significantly reduced, so were the layer
V Ctip2* neurons (Fig. 3M-0), whereas the number of layer
VI Tbr1* neurons remained unaltered in the ceritinib brains
(Fig. 3P,Q). In addition, the total number of BrdU* (labeled

during E14.5-E15.5) cells was reduced (Fig. 3R). These results
were consistent with those observed in E17.5 brains. There-
fore, the effects of transient embryonic ALK inactivation
are long lasting and may be accountable for the abnormal
brain microstructure, anxiety-like behaviors, and cognitive
impairments manifested in the adult mice.

ALK Promotes Human Neural Progenitor
Cell Proliferation and Survival

Ample evidence suggests only partial correlation of neurodevel-
opment patterns and machinery between rodents and human.
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Figure 2. Embryonic transient ALK inactivation induced anxiety-like behaviors and impaired recognition memory in adult mice. (A) Movement heatmaps of the mice
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total time spent in the center of the open field. (F) Movement heatmaps of the mice in the elevated plus maze test. (G) Time spent in the open arms and (H) the ratio
of time spent in open arms to total time spent in both open and closed arms. (I) Number of marbles buried by vehicle and ceritinib mice. (J) Immobility time in the
tail suspension test. (K) Movement heatmaps of the mice embryonically exposed to vehicle or ceritinib in novel object test. (L) Recognition index showing impaired
preference to the novel object in the ceritinib group. (M) Vehicle but not ceritinib mice showed preference to the novel over the familiar object. All data are presented as
mean + SEM. n= 10 mice per group. Statistical significance was determined by unpaired Student’s t-test (B-E, G-H, -], L); paired Student’s t-test (M). *P < 0.05, **P < 0.01.
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Figure 3. ALK is required for neuronal cortical positioning and adult cortical organization. (A) Image depicting a coronal brain section with the region of interest boxed.
(B) Representative images showing the distribution of EGFP positive cells in E17.5 mouse cortices following in utero electroporation with the pGENESL1-EGFP control or
PGENESL1-ALK shRNA-EGFP plasmid at E14.5. Scale bars, 200 pm (A), 20 pm (B). (C, D) Quantification of EGFP™ cells in VZ/SVZ and 1Z/CP. n=4 independent experiments
per group. (E) Representative images showing the distribution of BrdU* cells in E17.5 mouse cortices following ICV ventricle injections of vehicle or ceritinib at E14.5.
Scale bars, 20 pm. (F) Distribution and quantification of BrdU™ cells in 10 equal bins (VZ 1 to CP 10). n=9 independent experiments per group. (G) E15.5 cortical sections
immunostained for Tbr1, Brn2, BrdU, and DAPI at 24 h post-ICV injections of ALK inhibitor. Scale bars, 50 pm. (H) Statistical result showing normal deep layer neuron
(Tbr1t) number. n=6 independent experiments per group. (I) Statistical result showing decreased upper layer neuron (Brn2¥) number. n=6 independent experiments
per group. (-L) P60 cortical sections immunostained for Brn2 and BrdU (J), Ctip2 and BrdU (K), Tbr1 (L) following ICV ventricle injections of vehicle or ceritinib at E14.5.
Scale bars, 50 pm. (M, N) Quantification of Brn2+ and Brn2+/BrdU cells. (O, P) Quantification of Ctip2t and Ctip2+/BrdU cells. (Q) Quantification of Tbr1™ cells.
(R) Quantification of total BrdU™ cells. n=3 independent experiments in each group. All data are presented as mean + SEM. Statistical significance was determined by
unpaired Student’s t-test (C, D, F, K, L, N, O, Q, R); one-way ANOVA, Dunnett’s test (H, J). *P <0.05, **P <0.01, ***P < 0.001.
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To examine whether the above findings made in mice are con-
served in human neural cells, we first generated hNPCs from
human ES cells and tested the effect of ALK inhibition on these
cells. We observed a drastic reduction of phosphorylation levels
of AKT and JNK (Supplementary Fig. 5), confirming effective
inactivation of ALK signaling. We then treated hNPCs with cer-
itinib or vehicle for 12 h, and immunolabeled the cells with
Ki67. In the ceritinib group, the percentage of hNPCs in cell
cycle (Ki67+ cells) was significantly decreased compared to the
control group (Supplementary Fig. 6A,B). Further analysis using
the Fluorescence Activated Cell Sorting (FACS) showed that the
hNPCs were arrested in the G1/GO phase of the cell cycle in
ceritinib group (Supplementary Fig. 6C-F). In addition, annexin
V/propidium iodide apoptosis assay showed that the percentage
of apoptotic cells was increased in ceritinib group 24 h after the
treatment (Supplementary Fig. 6G-I). These results show that
ALK is required for proliferation and survival of hNPCs.

Roles of ALK in Neurodevelopment are Conserved
in Human Cerebral Organoids

In recent years, cerebral organoids derived from human
pluripotent stem cells that recapitulates the development of
fetal neocortex have been developed for the study of fetal brain
development and for modeling mental illness (Lancaster et al.
2013; Di Lullo and Kriegstein 2017; Ilieva et al. 2018; Levinsohn
and Ross 2018). Therefore, to correlate with human cortical
development, we established cultured cerebral organoids
based on a previously established protocol (Lancaster and
Knoblich 2014) and examined the effects of ALK inactivation
on their growth. Bright-field images indicated that drug
treated early-stage organoids (day 6, Fig. 4A) showed dimmed
appearance and were surrounded by dying neurons (Fig. 4B),
which were confirmed by the increased immunofluorescence
of the activated form of caspase-3 in ceritinib group (Fig. 4C).
Moreover, the organoids treated with ceritinib exhibited striking
morphological abnormalities. Instead of forming a multiple
rosette spheroid like organoids in the control group, they had
less rosettes but with drastically enlarged cavities (Fig. 4D). The
number of Sox2*, Pax6™, and Ki67" cells were significantly
decreased, indicating reduced progenitor cells in ceritinib group
(Fig. 4E-G). These data suggest a conserved role of ALK signaling
in neural proliferation and survival in human cerebral organoids.

To further investigate the role of ALK in cerebral organoid
development, we treated the organoids with ceritinib at a later
stage (day 23), a time when early-born subcortical projection
neurons start to appear. The tissue was then fixed and ana-
lyzed at day 30 (D30) and day 50 (D50) (Fig. 4H). Consistent with
the results obtained from the early-stage ALK inactivation, the
number of neural progenitor cells (Fig. 4I), proliferating NPCs
(Fig. 4J,P) and total new born cells (BrdU™) (Fig. 4K) were signif-
icantly decreased. The VZ/SZV thickness was significantly thin-
ner and the cavity in organoids was larger in drug-treated group
(Fig. 41,0). The number of Tbr1™, early-born neurons in both D30
and D50 organoids was reduced by drug treatment (Fig. 4L,Q). In
addition, the development of late born neurons in D50 organoids
was delayed. In the control D50 organoids, the generation and
migration of Ctip2* neurons appeared to have completed and
numerous Brn2* neurons were seen in the intermediate zone.
However, in the D50 ceritinib group, the Ctip2* neurons were
still found on their migrating route to the cortical plate and
the Brn2* neurons were seen at the VZ/SVZ (Fig. 4M,N), indi-
cating delayed development of these cerebral organoids. Taken

together, our results demonstrate that ALK activity is critical for
normal neurodevelopment in both the mouse brain and human
cerebral organoids, through its profound regulatory effects on
NPC proliferation, survival and neuronal migration.

Transcriptome Regulation by ALK in Human Cerebral
Organoids Characterized by scRNA-seq

In order to gain mechanical insight into transcriptional changes
subject to the regulation by ALK pathway, we performed scRNA-
seq to dissect the cell composition and transcriptional land-
scapes in human cerebral organoids at 12 days after ceritinib
treatment (Fig. 5A). Using the 10x Genomics method, we ana-
lyzed 12,606 cells pooled from 10 ceritinib-treated organoids and
10,736 cells pooled from eight organoids in the vehicle group.
Hybrid clustering analysis showed that the cell types in the two
groups were indistinguishable since every cluster contains cells
from both ceritinib and vehicle groups (Fig. 5B). Then, we visual-
ized the clusters in a 2D space by t-distributed Stochastic Neigh-
bor Embedding (t-SNE) (Fig 5C,D). The heatmaps in Figure 5E
show gene expression heterogeneity and landscape of different
clusters in the vehicle and ceritinib organoids. Representative
marker genes are highlighted. Based on the marker genes that
most strongly contribute to the clusters, we annotated each
cluster to the cell types including radial glial cells (RGCs, SOX2
dominant), RGCs and intermediate progenitors (IPs, both SOX2
and EOMES positive), proliferating NPCs (Ki67 positive), early-
born neurons (TBR1 and BCL11B dominant) and immature neu-
rons (both SOX2 and TBR1/BCL11B/POU3F2 positive) and then
compared the cell composition of the two groups in annotated
clusters. In consistency with our immunostaining results, tran-
sient ALK inactivation significantly reduced the number of pro-
liferating NPCs and early-born neurons, with more cells being
entrapped at the RGC stage, indicating a delayed development
course from NPCs to neurons in ceritinib organoids (Fig. 5F,G).
The genes that were chronically altered by ALK inhibition
in RGC, proliferating NPCs and immature neurons were
identified and shown in volcano plots (Fig. 6A). Unbiased
analysis identified DEGs that were significantly down-regulated
in response to ALK inhibition in RGCs, including claudin 5
(CLDNS), transthyretin (TTR), inhibitor of DNA-binding proteins
(IDs), Purkinje cell protein 4 (PCP4), transient receptor potential
cation channel subfamily M member 3 (TRPM3), 5-HT2C receptor
(HTR2C), and pro-melanin concentrating hormone (PMCH). Inter-
estingly, in clear contrast to RGCs, this same set of genes was
significantly up-regulated in proliferating NPCs (Fig. 6A). These
results strongly suggest that signaling cascades associated with
these genes may underlie the delayed neurodevelopment in
ceritinib organoids. The distribution patterns of representative
DEGs in different cell type clusters (RGCs, proliferating NPCs,
and immature neurons) were presented in Figure 6B. The GO
category and KEGG pathway enrichment analysis indicate
that in both progenitor cells and cortical neurons, DEGs are
enriched in biological processes such as cell division and
brain development, and signaling pathways such as hedgehog
signaling and hippo signaling are associated with neural
proliferation, differentiation, and neurogenesis (Fig. 6C-F). The
detailed information of DEGs is listed in Supplementary Table 1.

Discussion

Abnormal ALK activity is frequently implicated in various forms
of cancer. As a result, its contribution to oncogenesis and
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Figure 4. Critical role of ALK in the development of human cerebral organoids. (A) Schematic depicting the timeline of ceritinib treatment. About 200 nM ceritinib was
applied for 2 h, followed by medium change. (B) Representative bright-field images of individual human cerebral organoids treated with vehicle or ceritinib from day
6 and collected for immunostaining on day 17. Note the significantly shorter neural extensions derived from the organoids. Scale bars: left, 50 um,; right, 5 pm. (C)
Immunostaining using antibodies against the cleaved caspase-3. (D) Immunostaining using antibodies against Sox2 and Tbr2, Pax6, and Ki67 counterstained with DAPI
in organoids of control and ceritinib groups on day 17. Scale bars, 20 pm. (E-G) Quantification of organoid area (E), Pax61 NPs (F), and Ki67+ dividing cells (G) on control
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underlying mechanisms have been extensively investigated
(Hallberg and Palmer 2013). Over-activation of ALK contributes
to tumor development by activating multiple signaling pathway,
including PI3K-AKT, MEKK2/3-MEKS5-ERKS5, JAK-STAT and MAPK
pathways (Hallberg and Palmer 2013; Hallberg and Palmer

2016). These pathways are also involved in the regulation of
proliferation, differentiation and survival of neural stem cells,
which are key processes essential for normal brain development
(Uzgare et al. 1998; Le Belle et al. 2011; Wang et al. 2012; Schneider
et al. 2013). However, despite the fact that ALK is highly and
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transiently expressed during mouse embryogenesis (Iwahara
et al. 1997), its role in the brain development remains unknown.
In this study, we employed clinically used ALK inhibitors
and shRNA knockdown to transiently inactivate ALK during
embryonic cortical development. We show that ALK activity
is profoundly involved in neural progenitor cell proliferation
and survival, neuronal migration, and cortical development.
Importantly, transient disruption of embryonic ALK activity has
long-lasting effects on brain size, morphology, white matter
microstructure, and anxiety-like behaviors and cognition.

The role of ALK in cell proliferation and survival is conserved
among cell types and organisms. In cultured hNPCs derived from
human ESCs, ALK inhibition blocks cell cycle progression and
causes apoptotic cell death. These findings are similar to those
observed in neuroblastoma and other types of cancers with
ALK mutations (Galkin et al. 2007; George et al. 2008; Takezawa
et al. 2011). Second, in both human organoids and the mouse
brain, ALK inhibition reduces NPCs proliferation, survival, and
migration, resulting in defects in cortical organization. These
results are also consistent with previous studies in several other
model organisms, particularly in zebrafish where alk is shown to
be required for neurogenesis in the developing central nervous
system and its close family member DrLtk for iridophore estab-
lishment, proliferation, and survival (Lopes et al. 2008; Yao et al.
2013; Fadeev et al. 2016).

Previous studies using Alk knockout mice showed that the
ablation of ALK leads to enhanced spatial memory (Weiss et al.
2012), improved novel object-recognition, and increased basal
dopaminergic signaling (Bilsland et al. 2007). However, because
ALK is absent in all cells throughout the entire lifespan of
these mice, it would be impossible to attribute these behavioral
alterations to brain development or changes in the adult brain.
Indeed, the Alk knockout mice have been shown to have altered
neurogenesis in the adult hippocampus (Bilsland et al. 2007;
Weiss et al. 2012). Similar problems also apply to studies in
other model systems such as in Drosophila where the behavior
changes cannot be simply attributed to developmental deficits
(Bazigou et al. 2007; Pecot Matthew et al. 2014). In this study,
because the clinically administered ALK inhibitor ceritinib is
used transiently during brain development and ALK signaling
in the adult remains intact, it is rational to conclude that the
behavior defects are caused by impaired cortical development.

Our study also provides molecular insights into the mecha-
nisms by which ALK regulates mammalian brain development.
Using the scRNA-seq analysis, we performed molecular char-
acterization of cell-type-specific transcriptomes regulated by
ALK pathway. Firstly, the results suggest temporally differential
regulation by ALK in neurodevelopment. After transient ALK
inactivation in cerebral organoids, more cells were entrapped at
RGC stage, indicating a delayed (“paused”) development course
from NPCs to neurons. Surprisingly, unbiased scRNA-seq anal-
ysis found that the same group of DEGs were oppositely reg-
ulated in RGCs and proliferating NPCs, including IDs, CLDNS5,
PCP4, TTR, HTR2C, and PMCH. Some are known to be associated
with PI3K-AKT pathway, the main downstream target of ALK.
Thus, our scRNA-seq data outline an ALK-regulated molecular
machinery mediating cell type transition in neurodevelopment.
Some of these DEGs are oncogenes. For example, ID proteins
are recognized as “master regulators” of cancer stem cells and
tumor aggressiveness (Lasorella et al. 2014). Down-regulation of
ID1 impairs the proliferation of breast cancer cells (Swarbrick
et al. 2004). In lung squamous carcinoma cells, claudin subtypes,
including CLDNS5, can suppress G1-S transition. The reduction of

CLDNS, 7, and 18 expression causes sustained phosphorylation
of AKT by reducing its ability to suppress PDK1 and protein
interactions (Akizuki et al. 2017). These results suggest that
the same molecular pathways operating in cancers may also
underlie neuronal proliferation and migration that subject to
ALK regulation.

More importantly, we identified a group of DEGs associated
with neurological or neuropsychiatric diseases, which are
regulated by ALK activity in this study. For instance, DDIT4 and
NFIA in intelligence disability; HTR2C, CBLN1, PAX6, NFIB, and
RTN1 in autism; HIST1IH4C, MEST, and PTN in schizophrenia;
SLC2A1 and TRPM3 in epilepsy. Deficits of these disease-
associated genes differentially contribute to neurological or
psychiatric disorders. HTR2C has been shown to play an
important role in amygdala corticotropin-releasing hormone
neuronal activation in response to anxiety stimuli (Heisler et al.
2007); PAK6 regulates neural stem/progenitor cells and neuronal
functions (Kikkawa et al. 2019); HIST1H4C regulates DNA damage
response and cell cycle control (Tessadori et al. 2017).

Our findings may also have important clinical implications.
As discussed earlier, ALK inhibitors are attractive candidates
for cancer therapy in pediatric patients, e.g., neuroblastoma in
children being one of the most promising indications (Mosse
et al. 2013; Hallberg and Palmer 2016). Based on our results, it
is possible that adverse effects may occur if the drugs are used
for infants or children. While there is no doubt that ALK is an
important therapeutic target for certain cancer treatment, more
considerations may be given to the risk of adverse complica-
tion associated with brain development and functions. Cerebral
organoids derived from human ESCs have been shown to be an
important model to study diseases affecting brain development,
e.g., ZIKA infection (Garcez et al. 2016; Qian et al. 2016). Our
results suggest that cerebral organoids may also be a valid
approach to evaluate potential adverse effects on neurodevel-
opment when developing new therapeutics.

Supplementary Material

Supplementary material can be found at Cerebral Cortex online.
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