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N E U R O S C I E N C E

Recapitulating and reversing human brain 
ribosomopathy defects via the maladaptive integrated 
stress response
Wei Zhang1, Minjie Zhang2, Li Ma1, Supawadee Jariyasakulroj1, Qing Chang1, Ziying Lin1,  
Zhipeng Lu2, Jian-Fu Chen1*

Animal or human models recapitulating brain ribosomopathies are incomplete, hampering development of ur-
gently needed therapies. Here, we generated genetic mouse and human cerebral organoid models of brain ribo-
somopathies, caused by mutations in small nucleolar RNA (snoRNA) SNORD118. Both models exhibited protein 
synthesis loss, proteotoxic stress, and p53 activation and led to decreased proliferation and increased death of 
neural progenitor cells (NPCs), resulting in brain growth retardation, recapitulating features in human patients. 
Loss of SNORD118 function resulted in an aberrant upregulation of p-eIF2α, the mediator of integrated stress re-
sponse (ISR). Using human iPSC cell–based screen, we identified small-molecule 2BAct, an ISR inhibitor, which 
potently reverses mutant NPC defects. Targeting ISR by 2BAct mitigated ribosomopathy defects in both cerebral 
organoid and mouse models. Thus, our SNORD118 mutant organoid and mice recapitulate human brain ribo-
somopathies and cross-validate maladaptive ISR as a key disease-driving mechanism, pointing to a therapeutic 
intervention strategy.

INTRODUCTION
Ribosomopathies are a group of human disorders caused by mutations 
in ribosomal proteins (RPs) or ribosome biogenesis factors (1, 2). Pro-
tein synthesis loss, proteotoxicity gain, and p53 activation are hallmark 
cellular defects in ribosomopathies (3–5). Ribosome biogenesis disrup-
tion is expected to cause a reduction of functional ribosome units cou-
pled with protein synthesis loss, resulting in global and mRNA-specific 
translation dysregulation (2, 3). Meanwhile, ribosome acts as an inte-
grated machine containing hundreds of RPs and ribosomal RNAs 
(rRNAs). Loss of one ribosome biogenesis factor generates a large num-
ber of orphan RPs and rRNAs (4, 6), which overload the cellular degra-
dation systems, leading to the proteotoxic stress. Our understanding of 
protein synthesis loss and proteotoxicity gain in ribosomopathies re-
mains incomplete, which hampers the development of mechanism-
based targeting strategies.

Ribosome biogenesis is a fundamental housekeeping process, 
which is universally required for mRNA translation and protein syn-
thesis in all cells (2, 7). Individual ribosomopathies preferentially 
affect specific tissue types, such as bone marrow–derived cells and 
skeletal tissues. Brain development requires highly sophisticated 
regulations in cell fate, neural progenitor cell (NPC) proliferation 
and differentiation, neuronal morphology, and synaptogenesis (8, 
9). Adding another layer of complexity is that human brain under-
goes an evolutionary expansion in development due to the primate-
enriched outer subventricular zone (oSVZ) (10). Human induced 
pluripotent stem cells (hiPSCs) and hiPSC-derived brain organoids 
provide a platform for experimentally addressing early human neu-
rodevelopmental processes associated with neuropsychiatric disor-
ders in a relevant genetic and cellular context (10–12). The rapid 
proliferation and growth of NPCs in early development generate a 

temporarily high level of demand for transcriptional output and 
protein synthesis (13, 14). Temporal changes in protein synthesis 
have been observed in the developing cerebral cortex (14–16). De-
spite the progress made thus far, our understanding of the regulation 
and function of ribosome biogenesis in the brain, particularly in the 
context of human brains, remains limited.

The integrated stress response (ISR) is activated by a wide range of 
pathophysiological stress conditions, leading to the inhibition of glob-
al protein synthesis. The converging point for diverse stress stimuli 
that activate ISR is the phosphorylation of the α subunit of eukaryotic 
translation initiation factor 2 (eIF2α) on serine-51 (17, 18). This phos-
phorylation converts eIF2 from a substrate to its competitive inhibitor 
of eIF2B, the key regulator of protein synthesis initiation. Recently, it 
has been reported that ribosomopathy-associated mutations trigger 
proteotoxic stress, which is marked by the up-regulation of eIF2α. 
Meanwhile, this eIF2α up-regulation acts as the mediator of ISR, 
which is proposed to provide cytoprotective roles because it contrib-
utes to the limitation of the proteotoxic stress caused by RP deficiency 
(4). However, severe stress due to its increased intensity or duration 
can convert ISR’s cytoprotective roles to pathologically maladaptive 
functions, which have not been investigated in ribosomopathies. 
Overall, the long-term roles of ISR and their implications for thera-
peutic interventions in ribosomopathies remain largely unknown.

SNORD118 belongs to the family of small nucleolar RNAs 
(snoRNAs), a class of small RNA molecules that guide chemical 
modifications of rRNAs (19–21). SNORD118 encodes the box C/D 
snoRNA U8 that is required for rRNA maturation (22, 23). U8 loss 
impairs the cleavage of pre-rRNA and rRNA processing and modi-
fication leading to ribosome biogenesis defects (24, 25). SNORD118 
mutations in humans cause ribosomopathies with purely neurolo
gical manifestations, including severe developmental delay and de-
fects in cerebral white matter, which can impair cognitive and motor 
functions (26, 27). These disease-associated changes are generally 
recessive loss-of-function compound heterozygous or homozygous 
mutations (27). Here, we have generated the first genetic mouse and 
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human cerebral organoid models of SNORD118 ribosomopathies. 
SNORD118 mutations caused protein synthesis loss and proteotoxic 
stress leading to NPC fate and brain developmental defects. These 
defects were mechanistically linked with the maladaptive ISR acti-
vation in brain. Significantly, pharmacological targeting this mal-
adaptive brake of protein synthesis by small-molecule 2BAct can 
mitigate all evaluated brain ribosomopathy-like defects in cerebral 
organoid and mouse models. Therefore, our genetic mouse and or-
ganoid models cross-validate maladaptive ISR as the key disease 
driving mechanism of ribosomopathies, pointing to a therapeutic 
intervention strategy.

RESULTS
Cerebral organoid models reveal reduced neurons and 
organoid sizes due to SNORD118 mutations
SNORD118 mutations cause severe developmental delay including 
brain growth retardation (26, 27). To establish human cerebral organ-
oid models, we generated SNORD118-mutant hiPSCs using CRISPR-
Cas9 approach. While homozygous knockout (KO) of hiPSC lines 
cannot be obtained due to early lethality, we produced three indepen-
dent heterozygous mutants hiPSC lines that carry 16– or 6–base pair 
deletion (fig. S1A). SNORD118 encodes U8 snoRNA, and quantita-
tive polymerase chain reaction (qPCR) results showed that the ex-
pression level of U8 was reduced in mutant cell lines (fig. S1B), which 
mimics U8 down-regulation in patients (26, 27). To model human 
brain development, we generated and characterized SNORD118+/− 
heterozygous cerebral organoids with isogeneic controls. At weeks 4 
and 6, there were no differences between control and SNORD118+/− 
cerebral organoids, while at week 8, SNORD118+/− cerebral organ-
oids showed a smaller size and significantly reduced surface areas 
compared to controls (Fig. 1, A and B). To investigate the cellular ba-
sis of reduced organoid sizes, we performed immunohistochemical 
(IHC) staining and examined T-Brain-1 (TBR1)–labeled layer V-VI 
neurons and Special AT-rich sequence-binding protein 2 (SATB2)–
labeled layer II-V neurons (28). There is a significant decrease in 
TBR1- and SATB2-positive neurons in the ventricular zone (VZ)/
SVZ–like regions of SNORD118+/− organoids compared to controls 
(Fig. 1, C to F). These results suggest that SNORD118 is required for 
neuron production during human brain development. To investigate 
how SNORD118 disease mutations affect human brain development, 
we focused on homozygous *5C>G point mutations, which occur 
repeatedly in patient families (26, 27). We combined single-stranded 
oligodeoxynucleotides (ssODNs) with CRISPR-Cas9 complex to in-
troduce disease-specific mutation into hiPSCs and generated homo-
zygous SNORD118*5C>G point mutations, which contain C to G 
changes in the 3′ extension region of SNORD118. The DNA sequence 
of three independent lines confirmed SNORD118*5C>G homozygous 
mutations. We then generated SNORD118*5C > G homozygous mutant 
cerebral organoids with isogeneic controls. Whereas no difference 
was detected in week 4 organoids, SNORD118*5C>G mutant cerebral 
organoids showed a smaller size at 6- to 8-week-old ages with signifi-
cantly reduced surface areas (Fig. 1, G and H). IHC staining showed 
that TBR1-positive layer V-VI and SATB2-positive layer II-V neu-
rons were significantly decreased in the SNORD118*5C>G homo-
zygous mutant cerebral organoids (Fig.  1, I to L). Together, we 
established cerebral organoid models of SNORD118 mutations and 
revealed a decrease in neuron production, which mimics patient 
brain growth retardation symptoms.

Ribosomopthy hallmark cellular defects lead to reduced 
NPCs in SNORD118-mutant cerebral organoids
Brain growth retardation could be caused by the disruption of NPCs 
and is modeled by cerebral organoids (11, 29). To investigate the 
causes of reduced neurons and organoid sizes, we focused on NPCs 
with SNORD118*5C>G homozygous mutations, which are more dis-
ease relevant compared to heterozygous mutations. Paired box pro-
tein Pax-6 (PAX6) and TBR2 were used to label apical neural 
progenitor cells (APCs) and intermediate neural progenitor cells 
(IPCs), respectively. There is a significant decrease in the percentage 
of PAX6-positive APCs and TBR2-positive IPCs in the VZ/SVZ-like 
regions of SNORD118*5C>G mutant cerebral organoids compared to 
isogenic controls (Fig. 2, A to D). Therefore, there is a significant 
reduction of NPC numbers in mutant cerebral organoids compared 
to controls.

Cell cycle progression is frequently disrupted in affected tissues 
in ribosomopathies (2). To study the causes of reduced NPCs in mu-
tant organoids, we used phospho-Histon 3 (p-H3) to label mitotic 
cells and found that SNORD118*5C>G mutations cause reduced p-
H3–postive NPCs, which are marked by SRY-Box Transcription 
Factor 2 (SOX2) (Fig. 2, E and F). Bromodeoxyuridine (BrdU) in-
corporation assay and Ki67 staining showed that there is a signifi-
cant decrease in the percentage of BrdU- and Ki67-positive cells in 
mutant cerebral organoids (Fig.  2, G and H). Therefore, NPCs in 
SNORD118*5C>G cerebral organoids exhibited a reduction in cell 
proliferation, which is a typical cellular defect commonly found in 
vulnerable cell types in ribosomopathies. SNORD118 mutation-
mediated proliferation reduction also explains the reduced numbers 
of NPCs and neurons leading to smaller cerebral organoid sizes. Ri-
bosomopathy studies across different tissues and disease models 
showed that ribosome biogenesis disruption activates p53 signaling, 
which, in turn, causes cell cycle arrest and apoptosis. Therefore, we 
examined p53 and found a significant increase in the percentage of 
p53-positive cells in the VZ/SVZ-like regions of mutant cerebral or-
ganoids (Fig.  2, I and J). Cleaved Caspase 3 is used for detecting 
early stages of apoptosis. To examine the consequence of sustained 
p53 activation, we performed IHC staining of Caspase 3 and found 
a significant increase in Caspase 3–positive cells in the mutant cere-
bral organoids compared to controls (Fig. 2, K and L).

The activation of p53 is expected to increase levels of cell cycle 
inhibitor p21, which binds to and inhibits cyclin-dependent kinases 
(CDKs). By inhibiting CDKs, p21 prevents the phosphorylation of 
proteins involved in the cell cycle, leading to a cell cycle arrest at G1-
S or G2-M checkpoint (30). Therefore, we focused on p21 as the cell 
cycle arrest marker and found a significant increase in the percent-
age of p21-positive NPCs labeled by SOX2 within the VZ/SVZ-like 
regions of mutant cerebral organoids (Fig. 2, M and N). To investi-
gate which cell cycle phase has been arrested, we turned to our hu-
man iPSC-derived NPCs in vitro. We synchronized NPCs using 
nocodazole treatment (31), followed by nocodazole withdrawal to 
allow them to restart the cell cycle (fig. S1C). There was a reduction 
in Ki67-, Ethynyl deoxyuridine (EdU)–, and p-H3–positive cells 
and an increase in p21-positive cells in mutant iPSC-derived NPCs 
(fig.  S1, D and E). To identify the arrested phase, we conducted 
propidium iodide staining based on the distinct DNA content asso-
ciated with each cell cycle phase. There were no significant differ-
ences in the percentage of G0-G1 phase cells between control and 
mutant NPCs. Whereas S phase population was reduced in mutant 
NPCs, the G2-M phase cells were increased in mutants compared to 
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Fig. 1. Cerebral organoid models reveal reduced neurons and organoid sizes with SNORD118 mutations. (A) Bright-field images of control and SNORD118+/− cere-
bral organoids at 4, 6, and 8 weeks. Scale bar, 1 mm. (B) Quantification of surface areas of control and SNORD118+/− cerebral organoids. N = 26 to 30 organoids from three 
independent lines. (C and E) Immunofluorescent staining for TBR1 (red) or SATB2 (green) in control and SNORD118+/− cerebral organoids. Scale bars, 50 μm. (D and 
F) Quantification of TBR1- or SATB2-labeled neurons in cerebral organoids. N = 36 cortex-like structures from 12 organoids of three independent lines. (G) Bright-field 
images of control and SNORD118*5C>G homozygous mutant cerebral organoids at 4, 6, and 8 weeks. Scale bar, 1 mm. (H) Quantification of surface areas of control and 
SNORD118*5C>G homozygous mutant cerebral organoids. N = 31 to 39 organoids from three independent lines. (I and K) Immunofluorescent staining for TBR1 (red) and 
SATB2 (green) in cerebral organoids. Scale bars, 50 μm. (J and L) Quantification of TBR1- and SATB2-labeled neurons in cerebral organoids. N = 30 cortex-like structures 
from 12 organoids of three independent lines. All data are represented as means ± SEM calculated with Student’s t test. ns, not significant, **P < 0.01, ***P < 0.001, and 
****P < 0.0001.
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controls (Fig. 2, O and P). Thus, G2 cell cycle arrest occurs in mutant 
NPCs. Together, SNORD118*5C>G homozygous mutations cause p53 
signaling activation, cell cycle arrest, and apoptosis in NPCs, which 
leads to reduced NPCs. Our SNORD118*5C>G mutant cerebral or-
ganoids recapitulate typical cellular defects in ribosomopathies, re-
sulting in brain growth retardation.

Snord118-mutant mice display ribosomopathy-like defects
To investigate Snord118 functions in vivo, we generated a conditional 
KO (cKO) mouse line carrying floxed alleles of Snord118 (fig. S2A). To 
investigate Snord118 functions in NPCs during brain development in 
vivo, we used EMX1-Cre line to drive Cre expression that begins at em-
bryonic (E) 9.5 in the NPCs of dorsal neocortex (32), as evidenced by 

Fig. 2. Ribosomopathy hallmark cellular defects lead to reduced NPCs in SNORD118-mutant cerebral organoids. (A and C) Immunofluorescent staining of PAX6 and 
TBR2 in control and SNORD118*5C>G homozygous-mutant cerebral organoids. Scale bars, 50 μm. (B and D) Quantification of PAX6- and TBR2-labeled NPCs in cerebral or-
ganoids. (E and G) Immunofluorescent staining of p-H3 (red) and SOX2 (green), as well as BrdU (green) and Ki67 (red), in cerebral organoids. Scale bars, 50 μm. (F and H) 
Quantification of the percentage of p-H3;SOX2-, BrdU-, or Ki67-positive cells in cerebral organoids. (I and K) Immunofluorescent staining of p53 (red), SOX2 (green), or 
Caspase 3 (green) in cerebral organoids. Scale bars, 50 μm. (J and L) Quantification of p53- or Caspase 3–positive cells in the cortex-like structure of cerebral organoids. 
(M) Immunostaining of p21 (pink) and SOX2 (green) in human iPSC-derived cerebral organoids. Scale bar, 50 μm. (N) Quantification of the percentage of p21-positive cells 
in cerebral organoids. For all organoids. N = 35 to 37 cortex-like structures were obtained from 12 organoids, originating from three independent cell lines. (O) Cell cytom-
etry analysis of cell cycle for NPCs. (P) Quantification of individual cell cycle phase. All data are represented as means ± SEM calculated by Student’s t test. *P < 0.05, 
***P < 0.001, and ****P < 0.0001.
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the exclusive expression of tdTomato in the neocortex of EMX1-Cre, 
Ai14 mice (fig. S2B). EMX1-Cre;Snord118f/+ male mice were crossed 
with Snord118f/f females, followed by the analyses of age-matched lit-
termate wild type (WT), EMX1-Cre;Snord118f/+ heterozygous (HET), 
and EMX1-Cre;Snord118f/f homozygous (HOM) mice at E14.5. There is 
a dose-dependent reduction of brain weights in Snord118 HET and 
HOM KO brains compared to WT controls (Fig. 3, A and B). Similarly, 
the whole embryo weights are correspondingly reduced in heterozy-
gous and homozygous mutants (fig.  S2, C and D). Nissl-staining of 
E14.5 embryonic brains showed that EMX1-Cre;Snord118f/+ heterozy-
gous mice exhibited a significantly reduced cortex thickness, which is 
more severe in homozygous mutants (Fig. 3, C and D). All mutant mice 

were born normally with an expected Mendelian ratio, but the homozy-
gous mutant mice cannot survive more than one month. Our analyses 
at postnatal day 20 (p20) showed that mutant mice have smaller brain 
sizes and body weights compared to WT controls in a dose-dependent 
manner (fig. S3, A to D). The Nissl staining of sagittal sections of p20 
mouse brains showed that the homozygous KO mice lack most of the 
neocortex, hippocampus, and corpus callosum (fig.  S3E). Therefore, 
Snord118 mutations lead to brain growth defects in mice in vivo.

To determine the cellular basis of mutant brains, we performed 
IHC staining and examined NPCs in E14.5 embryonic brains. Com-
pared to WT controls, EMX1-Cre;Snord118f/+ heterozygous mice 
displayed a significant decrease in the percentage of Pax6-positive 

Fig. 3. Generate and characterize mouse models of Snord118 ribosomopathy. (A) Dorsal views of E14.5 control, EMX1-Cre;Snord118f/+ heterozygous (HET) and EMX1-
Cre;Snord118f/f homozygous (HOM) mutant mouse brains. Scale bar, 1 mm. (B) Quantification of brain weights. N = 6 to 9 mice per group. (C) Nissl-staining of coronal 
sections of cerebral cortex. Scale bar, 200 μm. (D) Quantification of cerebral cortex thickness. n = 4 mice per group. (E and G) Immunofluorescent staining of Pax6 or Tbr2 
in mouse cortex at E14.5. Scale bars, 50 μm. (F and H) Quantification of the percentage of Pax6-positive APCs and Tbr2-positive IPCs in mouse cortex. n = 5 mice for each 
group. (I and K) Immunofluorescent staining of BrdU, as well as p-H3 and Pax6 in mouse cortex. Scale bars, 50 μm. (J and L) Quantification of the percentage of BrdU- or 
p-H3;Pax6–positive cells in mouse cortex. n = 5 mice for each group. (M, O, and Q) Immunofluorescent staining of p53 (red) and Sox2 (green), p21 (pink) and Sox2 (green), 
as well as Caspase 3 (green) and Sox2 (red) in E12.5 mouse cortex. Scale bars, 50 μm. (N, P, and R) Quantification of the percentage of p53-, p21-, or Caspase 3–positive 
cells in mouse cortex. n = 3 or 5 mice for each group. All data are represented as means ± SEM calculated by one-way analysis of variance (ANOVA) with Tukey’s post hoc 
tests or Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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APCs and Tbr2-positive IPCs, which are more severe in homozygous 
mutant mice (Fig. 3, E to H). To determine the causes of reduced 
NPCs, we examined cell cycle progression and cell proliferation. 
BrdU was used to monitor G1-S phase transition. There was a sig-
nificant decrease in the percentage of BrdU-positive NPCs in the 
VZ/SVZ regions in heterozygous and homozygous mutant brains 
(Fig. 3, I and J). The percentage of p-H3–positive APCs labeled by 
Pax6 was also reduced in mutant mice in a dose-dependent manner 
(Fig. 3, K and L). The p53 signaling is aberrantly up-regulated in the 
cerebral cortex of Snord118 homozygous mutant embryonic brains 
(Fig.  3, M and N). We used p21 as a cell cycle arrest marker and 
found a significant increase in p21-positive NPCs labeled by Sox2 in 
mutant VZ/SVZ compared to controls (Fig.  3, O and P). Conse-
quently, there is a significant increase in the percentage of Caspase 
3–positive cells in the VZ/SVZ regions of homozygous mutant em-
bryonic brains (Fig. 3, Q and R). Thus, Snord118 KO mouse models 
exhibited NPC loss due to ribosomopathy-like cellular defects, in-
cluding p53 activation, cell cycle arrest, and apoptosis.

SNORD118-mutant NPCs exhibit ribosome biogenesis and 
protein synthesis defects coupled with proteotoxicity
To investigate mechanisms underlying neurological defects in 
SNORD118 ribosomopathy, we first examined U8 expression levels in 
hiPSC-derived cells, which were characterized by individual cell type 
markers (fig. S4, A to E). Our qPCR analysis showed that U8 is highly 
expressed in NPCs and cortical neurons compared to iPSCs, endothe-
lial cells, pericytes, and microglia (Fig. 4A). This is consistent with phe-
notypes in mutant cerebral organoid and mouse models, which guide 
our mechanistic studies towards NPCs. Next, we attempted to identify 
its direct targets using our recently developed noncoding RNA target 
identification approach, named psoralen analysis of RNA interactions 
and structures (PARISs) (33). PARIS is a psoralen crosslinking-based 
method for high-throughput mapping of RNA duplexes in living cells 
at genome-wide levels with near base pair resolution (fig. S4F) (33). 
PARIS data revealed eight alternative conformations of U8 defined as 
Stemloops 1 to 8 (SL1 to SL8) in iPSC-derived NPCs (fig. S4G). The 
U8 target analysis showed that U8 binds to the 3′ end of the 28S rRNA 
as well as U13 snoRNA and SNORD115 via base paring in human 
NPCs (fig. S4, H to J). To validate PARIS results, we synthesized U8 
antisense oligonucleotides to pull down U8 in iPSC-NPCs, followed 
by qPCR analysis. In addition to 28S, U8 is confirmed to interact with 
U13, U35A, and SNORD115 (fig. S4I).

The finding that U8 binds to 28S rRNA and other snoRNAs, key 
components in ribosome biogenesis, prompted us to examine rRNA 
maturation in SNORD118-mutant cells. We isolated RNAs from control 
and SNORD118*5C>G mutant hiPSC-derived NPCs followed by RNA 
electrophoresis in agarose. The quantification of the 28S:18S ratio 
showed that there is a reduced 28S rRNA in mutant NPCs compared to 
controls (Fig. 4, B and C), suggesting of rRNA maturation defects caused 
by SNORD118 mutations. To measure rRNA synthesis, we performed a 
5-ethynyl uridine (5-EU) incorporation assay (34). The intensity of 
5-EU was decreased in mutant NPC nucleolus marked by Nucleophos-
min 1 (NPM1) in vitro (Fig. 4, F and G). We also observed an in vivo 
reduction of 5-EU intensity in HET mouse cortex compared to WT 
cortex; 5-EU reduction is more pronounced in HOM than HET 
mouse cortex (Fig. 4, H and I). Thus, nucleolar transcriptional activ-
ity and rRNA synthesis are impaired due to SNORD118*5C>G muta-
tions. The rRNA biogenesis impairment is expected to disrupt 
ribosome functions in protein synthesis. To measure protein synthesis, 

we performed O-propargyl-puromycin (OPP) incorporation assay, in 
which OPP acts as an analog of puromycin that enters the acceptor site 
of ribosomes and is incorporated into nascent polypeptides that can be 
detected by a click chemistry reaction (35). Control hiPSC-derived 
NPCs have a robust fluorescently labeled OPP, whose intensity is sig-
nificantly reduced in SNORD118*5C>G mutant NPCs (Fig. 4, D and E). 
Therefore, SNORD118 directly binds to rRNA and its loss in NPCs leads 
to impaired rRNA biogenesis and protein synthesis.

To investigate p53 activation mechanisms, we turned to RPL5/11–
Mouse double minute 2 homolog (MDM2)–p53 signaling pathway. 
MDM2 is an E3 ubiquitin ligase and a suppressor of p53. When ribo-
somal biogenesis is impaired, extra RPs RPL5 and RPL11 bind to and 
sequester MDM2 leading to a reduced p53 suppression, resulting in 
p53 activation (36, 37). Our immunoprecipitation of MDM2 found 
that there was an increased binding of RPL5 and RPL11 to MDM2 and 
a decreased binding between MDM2 and p53 in SNORD118*5C>G 
mutant NPCs (Fig. 4, J and K). Dysfunctions of ribosome biogenesis 
factors could result in aberrant ribosome assembly and the accumula-
tion of orphan RPs, which elicit proteotoxic stress (4, 6). Proteotoxic 
stress promotes the phosphorylation of eIF2 at serine-51 of the α sub-
unit (eIF2α), triggering the ISR and leading to the decrease of global 
protein synthesis (17). Therefore, we used p-eIF2ɑ to mark proteo-
toxic stress and observed that its intensity is significantly increased in 
SNORD118*5C>G mutant hiPSCs-derived NPCs compared to controls 
(Fig. 4, L and M). In addition to 2D culture NPCs, we next examined 
3D cerebral organoids and similarly found that p-eIF2ɑ is up-regulated 
in SNORD118*5C>G mutant cerebral organoids (Fig.  4, N and O). 
Therefore, SNORD118 mutations activate RPL5/11-MDM2-p53 path-
way and cause proteotoxic stress in addition to protein synthesis loss, 
which collectively lead to reduced proliferation in NPCs.

Small-molecule 2BAct mitigates ISR activation and 
ribosomopathy-like cellular defects in SNORD118 
mutant NPCs
Now, there are no effective treatments available for ribosomopathies. 
Our SNORD118 mutant NPCs provide a large number of experimen-
tal materials with typical ribosomopathy-like cellular phenotypes, 
including protein synthesis loss, proteotoxicity, and p53 activation. 
Therefore, we used SNORD118-mutant human iPSC-derived NPCs 
and performed cell-based small-molecule screen for reversing prolif-
eration defects in mutant NPCs. On the basis of published studies, we 
selected those chemical compounds that potentially affect ribosome 
biogenesis and nucleoli functions, including 2BAct (38), MCL-186 
(39), bromosporine (40), nicotinamide (41), tideglusib (42, 43), PFI-
1 (44), YM201636 (45), cilostazol (46), leucine (47), and prostetin 
(48). Our initial EdU assay–based cell proliferation screen identified 
2BAct, MCL-186, and cilostazol, which significantly increased the 
proliferation of SNORD118*5C>G-mutant NPCs (Fig.  5, A and B). 
2BAct is an improved version of small-molecule ISRIB (for ISR 
inhibitor) with highly selective, central nervous system (CNS)–
permeable, and orally active features. It has been reported that 2BAct 
and ISRIB can repress ISR by dampening the up-regulation of p-
eIF2ɑ (49–51), which occurs in our mutant NPCs. The effects of 
2BAct on ribosomopathies have not been examined. Therefore, we 
focused on 2BAct for the downstream analyses.

5-EU incorporation assay showed that 2BAct significantly im-
proves rRNA synthesis, evidenced by an increased 5-EU intensity in 
2BAct-treated SNORD118*5C>G-mutant NPCs (Fig. 5, C and D). To 
verify 2BAct’s effects on p-eIF2α in NPCs, we applied 2BAct to 
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Fig. 4. Protein synthesis and proteotoxicity defects in SNORD118-mutant NPCs. (A) RT-PCR analysis of the expression levels of U8, encoded by SNORD118. (B and C) Agarose 
gel analysis of control and SNORD118*5C>G homozygous mutant NPCs, followed by the 28S:18S ratio measurements. (D) Representative images of fluorescently labeled O-
propargyl-puromycin (OPP) in hiPSC-derived NPCs. White Arrowheads represent OPP incorporated into the cells. Scale bar, 10 μm. (E) Quantification of the relative OPP intensity. 
(F) 5-ethynyl uridine (5-EU) (red)–labeled iPSC-derived NPCs were costained with nucleolar marker NPM1 (green). Scale bar, 20 μm. (G) Quantification of the relative intensity of 5-EU 
in NPCs. (H) 5-EU incorporation in mouse embryonic cortex (E12.5) of WT, EMX1-Cre;Snord118f/+ heterozygous (HET), and EMX1-Cre;Snord118f/f homozygous (HOM). Scale bar, 
50 μm. (I) Quantification of the relative intensity of 5-EU in mouse NPCs. N = 3 mice. (J) Immunoprecipitation (IP) of control and SNORD118*5C>G iPSC-derived NPCs with MDM2 
pull-down, followed by immunoblots for p53, RPL5, and RPL11. IgG, immunoglobulin G. (K) Quantification of blot intensities. N = 3 biological repeats. (L and N) Immunofluorescent 
staining of p-eIF2α staining in 2D NPCs or 3D cerebral organoids. Scale bars, 10 μm. (M and O) Quantification of p-eIF2ɑ intensity. N = 5 in (M) and = 29 cortex-like structures from 
12 organoids of three independent lines in (O). All data are represented as means ± SEM calculated by Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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SNORD118*5C>G-mutant NPCs followed by immunostaining. 2BAct 
treatment significantly mitigated p-eIF2α intensity in mutant NPCs, 
which is nearly close to the levels in the control cells (Fig. 5, E and F). 
The p-eIF2α down-regulation is expected to release the global protein 
synthesis brake from ISR activation (17). OPP assay showed that the 
reduced protein synthesis in mutant NPCs is increased after 2BAct 
treatment (Fig. 5, G and H). It has been suggested that ribosomopathy 
defects are derived from ribosome loss and impaired protein synthesis, 
leading to disrupted mRNA translation and apoptosis (2, 3). Therefore, 
to examine the functional significance of reversed protein synthesis by 

2BAct treatment, we examined p53 activation in SNORD118-mutant 
NPCs with or without 2BAct treatment. Immunostaining showed that 
2BAct treatment significantly reduced the percentage of p53-positive 
cells in the SNORD118*5C>G mutant NPCs (Fig. 5, I and J). Sustained 
p53 activation leads to cell apoptosis. Consistently, 2BAct treatment 
markedly reduced the percentage of Caspase 3–positive cells in mutant 
NPCs (Fig. 5, K and L). Together, these results suggest that p-eIF2α–
mediated ISR activation is maladaptive, rather than cytoprotective, in 
SNORD118*5C>G-mutant NPCs; ISR inhibition by 2BAct mitigates ri-
bosomopathy hallmark defects.

Fig. 5. 2BAct mitigates ribosomopathy-like cellular defects in mutant human iPSC-derived NPCs. (A) Representative images of EdU assay for small-molecule screen-
ing. Scale bar, 50 μm. (B) Quantification of the percentage of EdU-positive cells in control and treatment groups. PIF, prolactin inhibitory factor. (C) 5-EU (red) and NPM1 
(green) staining in control and SNORD118*5C>G iPSC-derived NPCs with or without 2BAct treatment. Scale bar, 20 μm. (D) Quantification of the relative intensity of 5-EU. 
(E) Immunofluorescent staining of p-eIF2a. Scale bar, 20 μm. (F) Quantification of the relative p-eIF2a intensity. (G) Representative images of OPP assay. White arrowheads 
indicate the positive signals of OPP incorporated in the cells. Scale bar, 20 μm. (H) Quantification of relative OPP intensity. (I and K) Immunofluorescent staining of p53 and 
Caspase 3. Scale bars, 50 μm. (J and L) Quantification of the percentage of p53- and Caspase 3–positive cells. All data are represented as means ± SEM calculated by one-
way ANOVA with Tukey’s post hoc tests or Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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2BAct mitigates neuronal fate and organoid growth defects 
in SNORD118-mutant cerebral organoids
To investigate the importance of 2BAct-mediated mitigation of ribo-
somopathy defects on brain development, we turned our attention to 
cerebral organoids. 2BAct were added to human iPSC-derived cells at 
the embryonic body (EB) stages during the generation of cerebral or-
ganoids (Fig.  6A). Then, 8-week-age organoids were examined and 
surface area analyses showed that 2BAct treatment can significantly 
increase the size of SNORD118*5C>G-mutant cerebral organoids, which 
are smaller than control organoids (Fig. 6, B and C). To investigate the 
cellular mechanisms underlying the increased organoid size by 2BAct 
treatment, we used Ki67 to label all cycling cells followed by the analy-
ses of VZ/SVZ-like cortical regions in the organoids. IHC staining 
showed that there is a significant increase of Ki67-positive cells in mu-
tant organoids after 2BAct treatment (Fig. 6, D and E). We then used 
BrdU to mark G1-S transition cells and found that 2BAct treatment 
rescued BrdU+ cell reduction in the mutant organoids (Fig. 6, D and 
E). In parallel, we used p-H3 staining to label mitotic cells and found 
that 2BAct can significantly increase the percentage of p-H3–positive 
cells, which are reduced in mutants compared to control organoids 
(Fig. 6, F and G). To investigate how restored NPC behaviors by 2BAct 
affect neuronal production, we examined cortical layer neurons. Con-
sistent with rescuing effects on NPC proliferation, 2BAct treatment 
significantly increased TBR1-positive neurons in mutant cerebral or-
ganoids (Fig. 6, H and I). Together, these results suggest that 2BAct is 
functionally important and can partially rescue neuronal cell fate and 
growth defects in SNORD118*5C>G cerebral organoids.

2BAct alleviates brain ribosomopathy defects in mice in vivo
To test in vivo rescuing effects of 2BAc, we crossed EMX1-Cre; 
Snord118f/+ heterozygous males with Snord118f/f homozygous female 
mice and generated neural-specific Snord118 cKO mice (refer to MUT 
mice here). The MUT and littermate WT mice were subjected to ve-
hicle or 2BAct intraperitoneal daily injection from E11.5 to E15.5 
(Fig. 7A). Brain weight analysis at E16.5 showed that 2BAct treatment 
significantly mitigated weight loss of EMX1-Cre;Snord118f/f mutant 
brains (Fig. 7, B and C). Histology analysis confirmed that MUT brains 
exhibited a markedly reduced cerebral cortex thickness, which is par-
tially rescued by 2BAct treatment (Fig. 7, D and E). Consistent with 
cerebral organoid data, these results suggest that 2BAct treatment can 
rescue brain growth defects in Snord118 cKO mice in vivo. To investi-
gate the mechanisms underlying partially restored brain growth by 
2BAct, we first examined how 2BAct influences the proteotoxicity in 
mutant brains by staining p-eIF2α. The IHC staining of cerebral cortex 
showed that 2BAct treatment significantly decreases the percentage of 
p-eIF2α–positive cells in cKO brains compared to vehicle controls 
(Fig. 7, F and G). Next, we examined the ribosomopathy hallmark de-
fect, p53 activation, and found that 2BAct can markedly reduce the 
percentage of p53-positive cells in mutant cerebral cortex (Fig. 7, H 
and I). To further investigate the cellular effects of 2BAc in vivo, we 
performed BrdU labeling experiment and found that reduced BrdU-
positive cells in mutant cerebral cortex were significantly increased by 
2BAct treatment (Fig. 7, J and K). Consistent with increased prolifera-
tion and decreased p53 activation, there is a robust increase in the per-
centage of Pax6-positive APCs in mutant cerebral cortex after 2BAct 

Fig. 6. 2BAct rescues neural cell fate and growth in mutant cerebral organoids. (A) Diagram of using dimethyl sulfoxide (DMSO) or 2BAct to treat cerebral organoids. 
(B) Bright-field images of 8-week control or SNORD118*5C>G cerebral organoids with or without treatment. Scale bar, 1 mm. (C) Quantification of surface areas of cerebral 
organoids. N = 27–32 organoids from three independent batches. (D) Immunofluorescent staining of BrdU (green) and Ki67 (red) in cerebral organoids. Scale bar, 20 μm. 
(E) Quantification of the percentage of BrdU- or Ki67-positive cells in the cerebral organoids. N = 24 to 36 cortex-like structures from 12 organoids in each group. (F) Im-
munofluorescent staining of p-H3 (white) and SOX2 (red) in cerebral organoids. Scale bar, 20 μm. (G) Quantification of the percentage of p-H3;SOX2–positive cells. N = 27 
to 34 cortex-like structures from 12 organoids in each group. (H) Immunofluorescent staining of TBR1 in cerebral organoids. Scale bar, 50 μm. (I) Quantification of the 
percentage of TBR1-positive cells. N = 30 to 36 cortex-like structures from 12 organoids in each group. All data are represented as means ± SEM calculated by one-way 
ANOVA with Tukey’s post hoc tests or Student’s t test. **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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treatment (Fig. 7, L and M). Last, we showed that 2BAct treatment can 
significantly increase the percentage of Tbr2-positive IPCs in mutant 
cerebral cortex (Fig. 7, N and O). Together, these results suggest that 
2BAct can alleviate brain ribosomopathy defects in Snord118 cKO 
mice in vivo.

DISCUSSION
Using our newly generated cerebral organoid and mouse models of 
Snord118 ribosomopathies, we identified maladaptive ISR as the key 
disease mechanism that drives ribosomopathy hallmark defects, in-
cluding protein synthesis loss, p53 activation, and proteotoxic stress. 

Significantly, ISR inhibition by small-molecule 2BAct mitigated all 
evaluated brain defects in both organoid and mouse models of 
Snord118 ribosomopathies, representing a new therapeutic strategy 
for treating ribosomopathies.

We generated the first cerebral organoid and mouse models of ribo-
somopathies due to Snord118 mutations. Snord118 mutations cause 
protein synthesis loss, p53 activation, proteotoxic stress, proliferation 
reduction, and cell death in NPCs, leading to brain growth retardation, 
which recapitulate symptoms in human leukoencephalopathy patients. 
Mouse models have been generated to recapitulate brain ribosomo
pathies such as leukodystrophies associated with mutations in RNA 
polymerase I (Pol I) or Pol III (52, 53). Our and others’ animal models 

Fig. 7. 2BAct mitigates cellular and brain developmental defects in Snord118 ribosomopathy mouse models in vivo. (A) Diagram of 2BAct injection for pregnant 
female mice from E11.5 to E15.5 with one dose (1.0 mg/kg) per day, followed by the embryo dissection at E16.5. (B) Bright-field images of vehicle and 2BAct-treated con-
trol and EMX1-Cre;Snord118f/f mouse brains. Scale bar, 1 mm. (C) Quantification of relative brain weights. N = 3 to 9 mice per group. (D) Nissl staining of brain sections. Dot 
lines indicate the cortex region. Scale bar, 100 μm. (E) Quantification of the cerebral cortex thickness. N = 3 mice in each group. (F) Immunofluorescent staining of p-eIF2a 
in the neocortex. Scale bar, 30 μm. (G) Quantification of relative p-eIF2a intensity in the neocortex. N = 3 mice in each group. (H, J, L, and N) Immunofluorescent staining 
of p53, BrdU, Pax6, or Tbr2 in the neocortex. Scale bars, 50 μm. (I, K, M, and O) Quantification of the percentage of p53-, BrdU-, Pax6-, or Tbr2-positive cells in the neocortex. 
N = 3 mice in each group. All data are represented as means ± SEM with statistical significance assessed by one-way ANOVA with Tukey’s post hoc tests. *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001.
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provide important opportunities for investigating disease mechanisms 
and therapeutic strategies. Human patient-derived SNORD118*5C>G 
homozygous mutations exhibited similar cellular defects as that in 
SNORD118+/− heterozygous mutations, suggesting a loss of function of 
U8 in Snord118 ribosomopathies. Our EMX1-Cre–mediated Snord118 
neural-specific cKO mice developed ribosomopathy phenotypes, 
which resemble Snord118*5C>G homozygous mutant cerebral organ-
oids. Therefore, the neural cell is a key cell type that is selectively af-
fected by Snord118-mediated global disruption of ribosome biogenesis. 
This is consistent with the notion that specific cells are more sensitive to 
global perturbations in ribosome concentration (1, 2). We found that 
Snord118 is highly expressed in NPCs and cortical neurons compared 
to other cell types. Recent studies showed that a dynamic spatiotempo-
ral activity of Pol I subunit is particularly important for neural crest 
cells (54). Together, these studies support a cell type–dependent ribo-
some concentration model for ribosomopathies (7).

Our study provides mechanistic insights underlying ribosomopa-
thies. First, numerous ribosomopathy studies have confirmed that “ri-
bosome stress” merges on p53 signaling, leading to cell cycle arrest and 
apoptosis (5, 55). However, the upstream regulators of p53 activation 
remain incompletely understood. We demonstrated that p-eIF2α up-
regulation–mediated ISR activation drives p53 signaling, as evidenced 
by the observation that ISR inhibition rescues p53 signaling and cell 
death in mutant cells. This finding echoes the connection between ri-
bosome biogenesis, ribosome quality control, and ISR (56, 57). In par-
allel, there was an increased binding of RPL5 and RPL11 to MDM2 
and a decreased binding between MDM2 and p53 in SNORD118*5C>G-
mutant NPCs. RPL5 and RPL11 bind to and sequester MDM2, leading 
to less p53 suppression, which has been suggested as a critical step in 
p53 activation due to ribosomal biogenesis impairment (36, 37). Our 
finding suggested that SNORD118 mutation–mediated disruption in 
ribosome biogenesis resulted in increased RPL5 and RPL11 binding to 
MDM2. Therefore, less MDM2 are available to suppress p53, leading 
to p53 accumulation and cell apoptosis. Overall, nucleolar surveillance 
via RPL5/11-MDM2-p53 signaling pathway was activated in parallel 
with the ISR in SNORD118-mutant NPCs. Second, we found that ISR 
inhibition can reverse the protein synthesis loss in mutant cells. The 
p-eIF2α up-regulation–mediated inhibition of global protein synthesis 
could be an adaptive compensation response to the aberrant ribosome 
assembly or reduced ribosome numbers due to Snord118 mutations. 
However, the prolonged p-eIF2α up-regulation ultimately becomes a 
pathological event leading to cell death. Restored protein synthesis and 
cell survival by ISR inhibitor 2BAct echoes the importance of ribosome 
and protein synthesis loss in driving ribosomopathy phenotypes (2, 3). 
Third, our results suggest that ISR activation is maladaptive, instead of 
cytoprotective, in ribosomopathies. Our ISR inhibition mitigated all 
evaluated ribosomopathy-like phenotypes in Snord118-mutant organ-
oids and mice at the molecular, cellular, and organ levels. Recent stud-
ies in the Drosophila model of ribosomopathy suggested that ISR plays 
a cytoprotective role (4). The discrepancy between our and Drosophila 
studies could be caused by differences in model systems, gene muta-
tions, experimental tissues, or analyzed timing. Our studies suggest 
that p-eIF2α up-regulation–mediated ISR activation is a key driving 
factor for major ribosomopathy defects, including protein synthesis 
loss, p53 activation, and cell death.

We identified 2BAct-mediated targeting of ISR as a therapeutic 
strategy for treating Snord118 ribosomopathies. So far, there are no ef-
fective therapies to treat ribosomopathies. Nutritional supplements l-
leucine and antioxidants have been used in attempts to mitigate cellular 

defects in ribosomopathies with limited success (58, 59). Here, we 
showed that pharmacological small-molecule drug 2BAct can rescue 
both protein synthesis and proteotoxicity defects and mitigate abnor-
malities of NPC fates and brain development in cerebral organoid and 
mouse models of Snord118 ribosomopathies. 2BAct was selected from 
our small-molecule screening using human iPSC-derived NPCs and 
cerebral organoids. For the first time, our study links 2BAct with ribo-
somopathies. Small-molecule ISRIB (for ISR inhibitor) has been shown 
to provide beneficial effects in a wide range of diseases exhibiting mal-
adaptive ISR (49–51). 2BAct is an improved version of ISRIB, and it 
functions as a highly selective, CNS-permeable, and orally active eIF2B 
activator. 2BAct has demonstrated functions in boosting eIF2B com-
plex activity and in ameliorating ISR (38, 60). Our studies further vali-
dated 2BAct’s effective effects on ISR inhibition in mouse models of 
ribosomopathy in vivo. In addition, we should be cautious when ex-
trapolating the findings from animal models into human diseases due 
to species differences (61, 62), since promising drugs in animals fre-
quently fail in the treatment of human diseases. In this regard, it is en-
couraging to see that our 2BAct treatment mitigated ribosomopathy 
defects in cerebral organoid-based human brain tissues. We anticipate 
that 2BAct could have a broad effect across the range of mutations 
identified in SNORD118 ribosomopathy patient population. The de-
gree of disease phenotype amelioration likely depends on the extent of 
cell and tissue damages in brains at the start of treatment. The brain 
defects, in turn, are determined by the specific SNORD118 mutant al-
leles and disease onset time. Overall, 2BAct represents a potential ther-
apeutic strategy for ribosomopathies by targeting ISR, a maladaptive 
brake on protein synthesis.

MATERIALS AND METHODS
Snord118 cKO mouse generation
The Snord118 flox mouse was generated by Cyagen Biosciences. The 
Snord118 exon was flanked via CRISPR-Cas9 by a loxP-exon-neo-
loxP sequence. Targeted ES cell clones N-1B7 and N-1E9 were in-
jected into C57BL/6 albino embryos, which were then re-implanted 
into CD-1 pseudo-pregnant females. Founder animals were identi-
fied by their coat color, and germline transmission was confirmed by 
breeding with C57BL/6 females and subsequent genotyping of the 
offspring. Three male and three female heterozygous-targeted mice 
were generated from clone N-1B7, and one male and one female 
heterozygous targeted mice were generated from clone N-1E9 as fi-
nal deliverables for this project. The homozygous Snord118 mice 
were mated with neural-specific EMX1-Cre (#005628, the Jackson 
laboratory) to generate cKO mice. All animals were handled accord-
ing to protocols approved by the Institutional Animal Care and Use 
Committee at the University of Southern California.

Human iPSC culture
The human iPSC lines were characterized and obtained from Na-
tional Institute of Neurological Disorders and Stroke Human Cell 
and Data Repository. The hiPSCs were cultured in mTeSR-plus me-
dium (STEMCELL Technologies, 100-0276) and seeded on Geltrex 
(Thermo Fisher Scientific, A1413301)–coating culture dish. The 
hiPSCs were detached from the dish by incubation with ReLeSR 
(STEMCELL Technologies, 05872) for 1 min at room temperature 
(RT) followed by 5 min in a 37°C incubator. The cells were then dis-
sociated into small cell clusters by manual pipetting. The medium 
was changed every other day.



Zhang et al., Sci. Adv. 10, eadk1034 (2024)     2 February 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

12 of 14

Genome editing
The guide RNAs (gRNAs) were designed using the online software 
CHOPCHOP (https://chopchop.cbu.uib.no/) and cloned into pSpCas9 
(BB)-2A-Puro (PX459) V2.0 vector. The gRNA-1: (5′-ATTTGC 
CTGTATCGTCAGGT-3′) was used for the generation of Snord118 
heterozygote KO hiPSCs. The gRNA-2 (5′-ATCGTCAGAAAGAAT 
CAGAT-3′) was used to generate the Snord118*5C>G point mutation 
hiPSCs. Briefly, hiPSCs were treated with ROCK inhibitor Y27632 
(10 μM; Selleckchem) for 24 hours before electroporation. The cells 
were dissociated into single cells using Accutase cell detachment solu-
tion (Millipore, SCR005). A 10 μg of plasmid (with or without 1 μl of 
100 uM ssODN for point mutation) was electroporated into 1.0 × 106 
cells using NEPA21 Electro-Kinetic Transfection Systems, then im-
mediately seeded on Geltrex-coated plates, and cultured in mTeSR-
plus medium containing Y27632 (50 μM) for the first 24  hours. 
Puromycin (0.5 ug/ml) was added to the medium for 2 days selection. 
Then, hiPSCs were maintained in a medium without puromycin until 
colonies emerged. Individual colonies were picked up and expanded. 
PCR products were amplified and subjected to Sanger sequencing to 
identify mutant clones. The ssODN and primers used for hiPSCs ge-
notyping were listed in table S1.

Human NPC generation
The hiPSCs were cultured until 80% confluence and then passaged 
into cell aggregates to form EBs. These EBs underwent suspended 
culture for 2 weeks in a neural induction medium, which is consisted 
of N2B27 medium supplemented with dual Smad inhibitors SB431542 
(10 μM) and LDN-193189 (0.1 μM) (Selleckchem). N2B27 medium 
was 50% Dulbecco’s modified Eagle’s medium (DMEM)/F12, 50% 
neurobasal medium, 0.5% N2 supplement, 1% Gem21 supplement, 
1% GlutaMAX, 0.2% primocin, and 1% nonessential amino acid 
(NEAA;Thermo Fisher Scientific). EBs were attached to the Geltrex-
coated plates and cultured in a neural induction medium containing 
basic fibroblast growth factor (bFGF) (20 ng/ml) until the neural ro-
settes emerged. Neural rosettes were manually picked up and dissoci-
ated into individual cells by Accutase, which were then plated on 
Geltrex-coated plates. The NPCs were maintained in an N2B27 me-
dium with bFGF (20 ng/ml) and epidermal growth factor (20 ng/ml), 
and the medium was changed every other day.

Generation of cerebral organoids
Cerebral organoid generation followed the published protocol with 
minor modifications (29, 63). Briefly, hiPSC colonies were dissoci-
ated into single cells using Accutase. On day 1, a total of 9000 cells 
were plated into each well of an ultralow-attachment 96-well plate 
(Thermo Fisher Scientific) for single EB formation. The EB forma-
tion medium consisted of DMEM/F12, 20% KO serum replacement, 
1% GlutaMAX, 1% NEAA, 50 μM Y27632, and bFGF (4 ng/ml; Pe-
proTech). On day 4, EBs were cultured in an EB formation medium 
without Y27632 and bFGF. On day 7, EBs were cultured in a neural 
induction medium for 5 days. The neural induction medium is con-
sisted of DMEM/F12, 0.5% N2 supplement, 1% GlutaMAX, 1% 
nonessential amino acids, 1% penicillin-streptomycin, and heparin 
(10 μg/ml) with dual Smad inhibitors A83-01(1 μM) and LDN-
193189 (0.1 μM). On day 12, EBs were embedded into Geltrex drop-
lets and cultured for 4 days in a medium containing 50% DMEM/
F12, 50% neurobasal medium, 0.5% N2 supplement, 1% Gem21 
supplement without vitamin A, 1% GlutaMAX, 1% NEAA, 0.2% 
primocin, and human insulin solution (2.5 ng/ml; Sigma-Aldrich). 

On day 16, organoids were transferred to a spinner flask rotating 
continuously at 60 rpm and cultured in an N2B27 medium with hu-
man insulin (2.5 ng/ml). The medium was changed every week.

Real-time qPCR
Total RNAs were extracted using an RNeasy Mini Kit (QIAGEN, 
74104). The reverse transcription was performed using random primers 
and M-MLV Reverse Transcriptase (Promega, M1701). Quantitative 
RT-PCR analysis was performed using Ssofast EvaGreen supermix 
(Bio-Rad) and detected with Bio-Rad CFX96 Optics Module qPCR/
reverse transcription PCR Thermal Cycler. The data were analyzed using 
the comparative CT (2-ΔΔCT) method. The ΔCT was calculated using 
β-actin as the internal control. All experiments were performed with 
three biological replicates. Primer sequences were provided in table S1.

Immunostaining staining
For human NPC immunostaining, cells were fixed in 4% paraformal-
dehyde (PFA) for 15 min at RT, washed twice with Dulbecco's 
phosphate-buffered saline (DPBS), and then incubated with primary 
antibodies in blocking buffer (2% goat serum +1% BSA + 0.1% Tri-
ton X-100 in DPBS) overnight at 4°C before secondary antibody in-
cubation. Cerebral organoids were fixed in 4% PFA for 30 min at 
room temperature. Cerebral organoids were washed three times with 
DPBS, incubated in 30% sucrose solution at 4°C overnight, and then 
embedded in O.C.T. solution followed by dry ice freezing. The frozen 
cerebral organoids were sectioned into 10-μm-thick slices for immu-
nostaining. Histological processing and IHC labeling of cryosections 
were performed using cerebral cortex sections from different stages of 
embryos as described previously. The primary antibodies are listed in 
table S2. The secondary antibodies used were Alexa 488, Alexa 568, 
and Alexa 647 conjugated to specific immunoglobulin G types (Invi-
trogen Molecular Probes).

BrdU labeling and EdU assay
E14.5 pregnant mice were injected intraperitoneally with BrdU 
(Sigma-Aldrich) at 25 mg/kg of body weight. The animals were eutha-
nized 30 min after the injection. The embryo brains were dissected 
out and fixed in 4% PFA for 1.5 hours on ice. Subsequently, brains 
were stored in 30% sucrose overnight and embedded in the optimal 
cutting temperature (OCT) solution. For in  vitro labeling, cerebral 
organoids were incubated in the medium containing BrdU (100 μM) 
for 2 hours in the CO2 incubator at 37°C. Then, cerebral organoids 
were washed by DPBS and fixed in 4% PFA for 30 min at RT. The 
samples were stained with BrdU antibody after sectioning. The BrdU-
positive cells were counted by ImageJ software. EdU assay was per-
formed using the Click-&-Go EdU Cell Proliferation Assay Kit.

OPP incorporation assay
OPP assay was performed using Click-&-Go Plus OPP Protein Syn-
thesis Assay Kits. Briefly, the cells were treated with OPP (20 μM) 
for 20 min, fixed with 4% PFA at RT for 15 min, and then incubated 
with 0.5% Triton X-100 in PBS for 20 min. The OPP was detected by 
the reaction cocktail following the manual. Last, cells were stained 
with Hoechst 33342. The OPP intensity of cells was measured by 
ImageJ software.

Psoralen analysis of RNA interactions and structures
The PARIS was performed following the published method (33). 
Briefly, cells were cross-linked by AMT (Sigma-Aldrich，A4330) and 

https://chopchop.cbu.uib.no/
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were subjected to Stratalink 2400 UV crosslinker for 30 min under 
UV365 nm. The crosslinked RNAs were extracted using TRIzol re-
agent and RNeasy Mini kit (QIAGEN, 74104), according to the manu-
facturer’s instructions. Antisense oligos targeting U8 were designed by 
ChIRP Probe Designer, and the biotinylated oligos were ordered from 
IDT. Streptavidin C1 Dynabeads (Invitrogen, 65002) were used to pull 
down the RNA-probe complex, which were fragmented using Short-
Cut RNase III (NEB, M0245). Then, proximity-ligated RNA fragments 
were subjected to the reverse crosslinking. Then, RNAs were ligated 
with the adaptor followed by the reverse transcription using SSIV (In-
vitrogen, 18090010). The cDNA were circularized by CircLigase II 
ssDNA Ligase and used for library construction and sequencing.
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