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SUMMARY
Mutations in human nonsense-mediated mRNA decay (NMD) factors are enriched in neurodevelopmental
disorders. We show that deletion of key NMD factorUpf2 in mouse embryonic neural progenitor cells causes
perinatal microcephaly but deletion in immature neurons does not, indicating NMD’s critical roles in progen-
itors. Upf2 knockout (KO) prolongs the cell cycle of radial glia progenitor cells, promotes their transition into
intermediate progenitors, and leads to reduced upper-layer neurons. CRISPRi screening identified Trp53
knockdown rescuing Upf2KO progenitors without globally reversing NMD inhibition, implying marginal
contributions of most NMD targets to the cell cycle defect. Integrated functional genomics shows that
NMD degrades selective TRP53 downstream targets, including Cdkn1a, which, without NMD suppression,
slow the cell cycle. Trp53KO restores the progenitor cell pool and rescues the microcephaly of Upf2KO
mice. Therefore, one physiological role of NMD in the developing brain is to degrade selective TRP53 targets
to control progenitor cell cycle and brain size.
INTRODUCTION

A cell’s transcriptomic identity is shaped as much by RNA decay

as by transcription. Little is known about the contribution of regu-

lated mRNA decay to neurogenesis. Nonsense-mediated mRNA

decay (NMD) has emerged as an essential and understudied

post-transcriptional regulatory mechanism. Originally conceptu-

alized as a surveillance pathway, NMD degrades nonsense

mRNAs harboring premature termination codons (PTCs) that

result from DNA mutations or aberrant pre-mRNA processing.

Recent studies show that NMD factors can target normal

physiological mRNAs without PTCs.1,2 Therefore, in addition to

ensuring transcript quality, NMD factors modulate mRNA stabil-

ity to fine-tune transcript abundance.

Genes involved in the biochemical regulation of NMD are

implicated in neurodevelopmental diseases. The mammalian

core NMD machinery includes UPF1, UPF2, UPF3A, UPF3B,

SMG1, SMG5, SMG6, SMG7, etc.3–5 In the current working

model, UPF1 assembles with UPF2, UPF3A/B, and target
Neuron 1
mRNA to form a complex, which recruits endonuclease SMG6

and exonucleases to degrade mRNAs.6–10 Copy-number vari-

ants of Upf2, Upf3a, and Smg6, as well as Upf3b null mutations,

are significantly enriched in patients with autism and intellectual

disability.11–14 Therefore, NMD factors play an important role in

brain development.

How NMD influences brain development remains elusive.

In vitro neural stem cell (NSC) differentiation models suggested

NMD’s involvement in neurogenesis but arrived at different con-

clusions about NMD’s functional roles. Upf3b knockdown in

NSC was first reported to increase proliferation and reduce dif-

ferentiation in vitro,15 but a separate study found that knock-

down of Upf3b or Upf1 promoted NSC differentiation.16 Subse-

quent studies showed that NSC expressing defective Upf3b or

depleted Upf3b differentiated poorly.17,18 These differences

may be due to the variability of in vitro systems. In light of the

complexity and dynamics of neural progenitors and lineage

progression during brain development, the role of NMD in neuro-

genesis needs to be characterized in vivo using intact animals.
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Although transcriptional controls of progenitor cell fate have

been extensively studied, little is known about the contribution

of regulated mRNA decay. Apical radial glial cells (RGCs) are

the primary cortical progenitor cells residing within the ventricu-

lar zone (VZ) of the developing neocortex.19,20 During early cor-

ticogenesis, a thin layer of neural epithelial stem cells undergoes

proliferative mitosis to expand the progenitor cell pool and

generate RGCs. Many RGCs switch to differentiative divisions

producing a self-renewing RGC and a lineage-restricted inter-

mediate progenitor cell (IPC).21,22 Murine IPCs are the major

transit-amplifying progenitors localized in the subventricular

zone (SVZ) and often produce two immature neurons.19,23,24

Virtually all RGCs and IPCs are positive for transcription factors

PAX6 and TBR2, respectively.25,26

The underlying transcriptomic changes for lineage transitions

(e.g., RGC-to-IPC) have become more accessible,27–34 but their

regulation remains largely unknown. Transcriptional potency,

indicated by histone modifications (H3K4me3 and H3K27me3)

at promoter regions, is not always predictive of gene expression

differences associated with neuronal lineage progression.35

This implies that post-transcriptional mechanisms, e.g., mRNA

decay, are essential to finetuning cell-type-specific transcrip-

tomes and regulating neuronal lineage transitions.

In addition to lineage progression, regulation of progenitor

cell division is critical to brain development. Cell-cycle ana-

lyses, clonal lineage tracing, and mathematical modeling

show that most neural progenitors undergo a defined number

of cell cycles during neurogenesis.36–38 The finite develop-

mental time window implies a tight regulation of cell cycle

length in RGCs to ensure normal development, as a longer

cell cycle leads to fewer divisions and fewer total neuronal

outputs (aka, microcephaly). Whether and how the neural pro-

genitor cell cycle is influenced by mRNA decay pathways re-

mains to be determined.

In this study, we thoroughly characterized the role of NMD for

progenitor cell maintenance and differentiation during in vivo

neurogenesis. Because germline deletions of Upf1, Upf2,

Upf3a, Smg1, and Smg6 are lethal between E7.5 and E12.5 in

mice,39–42 we generated an Upf2 conditional knockout (cKO)

allele in the mouse developing brain. UPF1 has molecular activ-

ities other than functioning in NMD, and mammalian UPF3 has

two homologs, UPF3A and UPF3B.6 Therefore, Upf2cKO is a

genuine model to study the genetic necessity for NMD.

RESULTS

Upf2 conditional KO in neural progenitors leads to
microcephaly in mice
Upf2 is highly expressed in the brain comparedwith other tissues

(Figure S1A). Its expression is even higher in embryonic brains

than in postnatal and adult brains (Figures S1B and S1C). We

also found that UPF2 expression is comparable in primary neural

progenitor cells (NPCs) and primary immature neurons

(Figures S1D and S1E). The expression pattern suggests that

Upf2 plays an important role in early brain development.

To study Upf2 function in cortical neurogenesis, we bred the

Upf2fl/fl mouse line with multiple widely used neural-restricted

Cre lines to generate the Upf2cKO mouse models (Figure 1A).
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First, we bred Upf2fl/+ Emx1-Cre mice with Upf2fl/fl mice to

generateUpf2fl/fl Emx1-Cre (Emx1-Upf2cKO)mice that removed

Upf2 from the forebrain NPCs.43,44 Although the Emx1-Cre

line also directs Cre recombinase activity to glial progenitor

cells of the pallium,43 during embryonic neurogenesis, these

forebrain NPCs (also known as RGCs in vivo) mainly give rise

to cortical excitatory neurons. The Emx1-Upf2cKOmice showed

a substantial reduction in cortex size and thickness at birth

compared with their littermate controls with shrunk ventricles

(Figures 1B–1E). By contrast, the striatum area appeared normal

(Figures 1C and 1F). We quantified the absolute number of

NeuN+ neurons per 200-mm-width bin and found a significant

decrease in P0 Emx1-Upf2cKO cortices (Figures 1G and 1H).

Therefore, the microcephaly is due to fewer neurons. Consistent

with the observation that UPF2 depletion in the Emx1-Cre line

affects the lineage of excitatory neurons, the decreased relative

expression in NEUROD2 and increased relative expression in

GAD67 were observed in the mutant cortices, especially at

E17.5, indicating a reduction in excitatory neurons and conse-

quently an increase in the relative proportion of inhibitory neu-

rons (Figures S2A–S2D). The brain weight of Emx1-Upf2cKO

mice at birth decreased significantly, and the animals died within

6 weeks after birth (Figures 1I and S2E), revealing an indispens-

able role for UPF2 in neural development andmammalian organ-

ism survival.

We also deleted Upf2 from newly generated postmitotic

cortical neurons using Nex-Cre mice (Figure 1A). Similar to the

Emx1 line, target genes are deleted in cortical excitatory neu-

rons, but different from the Emx1 line, NPCs are spared in the

Nex-Cre background.45 We confirmed that Cre expression was

exclusive to the cortical plates and undetectable in the PAX6+

progenitor cell region (Figure S2F). Interestingly, Nex-Upf2cKO

exhibited comparable brain weight, cortical thickness, ventricle,

and striatum sizes with no microcephaly (Figures 1B, 1I, and

S2G–S2J). At P0, the UPF2 protein was similarly depleted in

these two genotypes and therefore did not account for the

phenotypic difference between Emx1-Upf2cKO and Nex-Up-

f2cKO (Figures 1J and 1K). Most Nex-Upf2cKO mice died within

6 weeks after birth (Figure S2E), suggesting that UPF2 function in

postmitotic neurons is also crucial to animal survival.

Based on these observations, neonatal microcephaly in

Emx1-Upf2cKO arises from defects in cortical NPCs, and

UPF2 is required for normal NPC function. To confirm this, we

knocked out Upf2 in a broader range of NPCs using the

Nestin-Cre line.46 Upf2fl/fl Nestin-Cre (Nestin-Upf2cKO) mice

consistently showed an overall reduction of brain size at P0

(Figure 1B).

Upf2KO NPCs exhibit slower growth
To study the role of Upf2 in progenitors, we derived primary

cortical NPCs from E14 Nestin-Upf2cKO embryos. The neuro-

spheres from E14 Nestin-Upf2cKO embryos were substantially

smaller compared with those from wild type (WT) (Figure 2A).

The CellTiter-Glo Luminescent assay showed that the cell

growth of Upf2cKO neurospheres from 24 to 120 h after plating

was much slower compared with WT (Figure 2B). Because of

insufficient cells for further passage (Figures S3A and S3B), we

derived Upf2fl/fl neurospheres for monolayer cultures, followed
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Figure 1. Upf2cKO in neural progenitors leads to impaired cell growth and microcephaly

(A) Schematic of multiple Cre recombination systems to generate Upf2 conditional KO mice during brain development.

(B) Images of P0 Emx1-, Nestin-, and Nex-Upf2cKO brains with their littermate controls. The dotted lines indicated the forebrains in each Upf2cKO.

(C) Images of P0 Emx1-Upf2cKO brains and littermate controls with DAPI staining. The white rectangle showed the cortex thickness (scale bars, 500 mm on the

left and 50 mm on the right).

(D–F) Quantification of P0 Emx1-Upf2cKO cortical thickness (D), ventricle area (E), and striatum area (F) in (C) (n = 4; N = 2–3 sections per group, two sides per

section).

(G) Representative images of NeuN staining in P0 Emx1-Upf2cKO cortices and their littermate controls (scale bars, 50 mm).

(H) Quantification of the number of NeuN+ cells per 200 mm bin in (G) (n = 4; N = 2 images per section and 3–4 sections per sample).

(I) Brain weights of p0 Emx1- and Nex-Upf2cKO with their littermate control mice (nC = 25, nEmx1-KO = 11, nNex-KO = 6).

(J) Western blotting of UPF2 protein expression in P0 Emx1-Upf2cKO and Nex-Upf2cKO cortices and their littermate controls.

(K) Quantification of UPF2 expression in (J) (nC = 8, nEmx1-KO = 6, nNex-KO = 3).

See also Figures S1 and S2.
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Figure 2. Upf2KO neural progenitor cells exhibit slower growth by inducing cell cycle defects

(A) Nestin-Cre-induced Upf2cKO significantly impaired the growth of cortical neurospheres.

(B) CellTiter-Glo luminescent assay performed in E14.5 Nestin-Upf2cKO neurospheres and their littermate controls (data are analyzed by two-way ANOVA; n = 4).

(C) UPF2 protein in Upf2fl/fl NPCs was completely removed after Cre lentivirus infection compared with control groups.

(D–K) The expression level of NMD isoforms and genes showed an upregulation after Upf2KO in vitro. In Upf2KO NPCs, the NMD isoforms (denoted as ‘‘N_’’) of

Psd95 (D),Hnrnpl (E), Tra2b (F), and Ptbp2 (G), and other NMD targets such asGadd45b (H),Gadd45g (I), Pdrg1 (J), and Atf4 (K) showed a significant upregulation

(n = 3).

(L) Upf2fl/fl NPCs with Cre expression had cell growth defects compared with mock and GFP lentivirus control (data are analyzed by two-way ANOVA; n = 4).

(M–P) Upf2KO NPCs showed cell proliferation defects following EdU labeling. Compared with mock (M) and Ctrl group (N), iCre-infected (O) NPCs had less

percentage of S-phase cells after 30 min pulse labeling of 10 mM EdU in (P) (n = 6).

See also Figure S3.
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by Cre-IRES-GFP lentivirus infection to delete Upf2 or GFP lenti-

virus as a control (Figure 2C).

We also verified the Upf2KO-induced NMD inhibition by

showing that the NMD isoforms of Psd95, Hnrnpl, Tra2b, and

Ptbp247,48 were all substantially upregulated, whereas the cor-
4 Neuron 112, 1–20, July 3, 2024
responding non-NMD isoforms barely or modestly changed

(Figures 2D–2G). Other reported NMD targets Gadd45b,

Gadd45g, Pdrg1, and Atf4 also significantly increased

(Figures 2H–2K).49–52 These NMD substrates were also signifi-

cantly upregulated in E17.5 Emx1-Upf2cKO mouse cortices
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(Figures S3C–S3J). Upregulation across all the target genes

both in vitro and in vivo shows a clear NMD inhibition.

We found that theUpf2KONPCs grew slower with significantly

smaller cell numbers (Figure 2L). The effect was detectable as

early as 72 h after lentivirus infection and further amplified at

96 and 120 h. The growth defect could be caused by increased

cell death, slowed proliferation, or both. Using the Annexin

V/7AAD flow cytometry assay, we found an indiscernible differ-

ence in the percentage of dead or apoptotic cells between iCre

lentivirus-induced Upf2KO and control NPCs (Figures S3K–

S3N). Therefore, the deletion of UPF2 did not induce obvious

cell death in NPCs. NMD factors were dispensable for embryonic

stem cell viability, and their germline mutant mice survived until

mid-embryogenesis,39–42 supporting our result that cell death

and cell-cycle arrest are not the default cell fates after NMD

inhibition.

The growth defect of Upf2KO NPCs was therefore due to

slowed division or lengthening of the cell cycle. We used the

Click-iT 5-ethynyl-2’-deoxyuridine (EdU) kit to detect the percent

of EdU+ NPCs after 30 min EdU pulse labeling. Both the Mock

and Ctr groups had close to 37% EdU+ NPCs (Figures 2M, 2N,

and 2P), but the Cre-infected group had only 21.6%

(Figures 2O and 2P). By contrast, the G0_G1 phase cells in-

crease by�14% (Figure 2P). These data confirmed the cell cycle

defects in Upf2KO NPCs with a defect in the G1-to-S transition.

Cell-cycle defects in Upf2KO neural progenitors in vivo

To investigate the progenitor cell defects in vivo, we examined

cortical RGCs in multiple embryonic stages of Emx1-Upf2cKO

brains and found a gradual reduction in PAX6+ RGC numbers

over time (Figures 3A and 3B). The in vivo reduction in RGC is

consistent with the in vitro growth defect of NPCs. To examine

the cell cycle defect, we injected pregnant mice with bromodeox-

yuridine (BrdU) at E17.5 when RGC numbers clearly decreased.

After 1.5 h, Emx1-Upf2cKO neocortices exhibited a 43% reduc-

tion in the number of BrdU+ cells (Figures 3C and 3D), consistent

with the in vitro observation and further suggesting a defect in the

G1-to-S transition. We stained cells with Ki67, a marker of cycling

cells. The percentage of cycling cells among RGCs (Ki67+PAX6+/

PAX6+) exhibited no difference between WT and Emx1-Upf2cKO

(Figures S4A and S4B). We also performed the cell cycle exit

assay by injecting EdU into the pregnant dam at E14.5 and found

no difference in the percentage of Ki67�EdU+/EdU+ at E15.5

(Figures 3E and 3F). Therefore,Upf2KORGCs do not prematurely

exit the cell cycle, and their lower proliferative potential is due to an

increase in cell cycle length.

To quantitatively determine the total cell cycle length (TC) and

the S phase length (TS) of cortical RGCs in vivo, we conducted

EdU cumulative labeling (Figure 3G).53–55 The percentages of

EdU+ RGCs plotted against cumulative labeling time points

gradually increased until reaching a plateau (representing the to-

tal proportion of cycling progenitors, or P). Because the plateau

means all cycling cells are already labeled, the time to reach the

plateau (x) approximates the time it takes for a cell at the cusp

of S/G2 to pass through G2, M, and G1 phases and reenter the

S phase (i.e., TC � TS or TG2+M+G1).

We found that the total proportion of cycling RGCs, or P, was

nearly 100% in both WT and Upf2cKO, consistent with the Ki67
labeling (Figures S4A and S4B). In WT neocortices, it took 14.0 h

after the first EdU injection for all cycling RGCs to be labeled by

EdU (indicated by the black arrow in Figure 3H); however, this

duration lengthened to 26.5 h in UPF2-deficient cortical RGCs

(indicated by the red arrow in Figure 3H). Note that this duration

time in Upf2KO RGCs was inferred by the trend line because the

proportion of cycling RGCs had not reached the plateau. We

then calculated the values of TS and TC to be 9.9 and 23.9 h

for WT RGCs, and 18.2 and 44.6 h for Upf2KO RGCs (Figure 3I).

The values of TS and TC for (TBR2+PAX6�) IPCs were 2.2 and

28.6 h for WT IPCs, and 2.7 and 40.2 h for Upf2KO IPCs

(Figures S4C and S4D). Taken together, UPF2-deficient cortical

progenitors exhibited prolonged cell cycle length at E15.5 in vivo

and were significantly reduced at E17.5.

RGC-to-IPC lineage defects in Upf2cKO mice and the
transcriptomic impacts of NMD during RGC lineage
transition
Because Upf2cKO affected NPC division, we asked whether it

also influenced cell lineage progression and found a gradual

increase in the percentage of TBR2+ IPCs in UPF2-deficient

cortices (Figures 4A and 4B). The substantial increases in the ra-

tios of (TBR2+%)/(PAX6+%) at E15.5 and E17.5 indicated a pre-

cocious differentiation from RGCs to IPCs (Figure 4C). To further

trace the RGC lineage in vivo, we examined the output of GFP+

progeny 2 days after delivering GFP-expressing plasmids along

the lateral ventricle wall at E14.5 (Figures S4E and S4F). The per-

centage of PAX6+GFP+ RGCs among GFP+ cells was higher in

UPF2-deficient cortices due to the prolonged cell cycle progres-

sion. We also observed more TBR2+GFP+ IPCs in Upf2cKO

cortices, consistent with the precocious RGC-to-IPC transition

(Figures S4F and S4G).

To determine the transcriptomic impacts of NMD on lineage

transition in vivo, we performed mRNA-seq of neocortices

from E13.5 Emx1-Upf2cKO and their control littermates (Fig-

ure S5A). The E13.5 neocortex is composed of mostly RGCs

and IPCs and fewer neurons compared with later developmental

stages. Differentially expressed genes (DEGs, fold change [R2

or%0.5], false discovery rate (FDR)% 0.05, andmeeting expres-

sion thresholds, Figure S5B), either direct or indirect NMD tar-

gets are operationally termed NMD-dependent genes. Upregu-

lated genes include Dll3 and Insm1, which reinforces RGC

division to produce IPCs.56–58 Interestingly, neither Tbr2 (Eomes)

nor Neurog2 known to promote the switch were changed (Fig-

ure S5C).59,60 Similarly, some IPC markers increased expres-

sion,56 whereas others did not. Therefore, NMD selectively in-

hibits some but not all genes linked with the IPC fate.

To understand how NMD inhibition influences RGC lineage

transitions (RLTs), we first dissected the transcriptome changes

associated with the normal temporal RGC lineage progression:

the RGC-to-IPC vs. the early RGC-to-late RGC transitions (Fig-

ure 1A). The daughter (late) RGC is intrinsically different from

the mother (early) RGC because RGCs gradually change their

competence and produce progeny of different fates. We

analyzed published single-cell RNA sequencing (scRNA-seq)

data from E11, E13, E15, and E17 mouse embryonic cortices.29

After transcriptomically defining cell clusters of RGCs, IPCs, and

neurons based onmarkers (Pax6, Sox2; Tbr2; Tbr1, Tubb3, etc.),
Neuron 112, 1–20, July 3, 2024 5
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Figure 3. UPF2-deficient RGC exhibited defective proliferation with prolonged cell cycle progression
(A) Immunostaining of PAX6 in E13.5, E15.5, and E17.5 Emx1-Upf2cKO cortices and their littermate controls (scale bars, 100 mm).

(B) Quantification of the percentage of PAX6+ cells in (A) (n = 3–4; N = 3–4 images per section, 2–3 sections per sample).

(C) Immunostaining of BrdU (1.5 h labeling) in E17.5 Emx1-Upf2cKO cortices and their littermate controls (scale bars, 100 mm).

(D) Quantification of the percentage of BrdU+ cells in (C) (n = 4; N = 3–4 images per section, 2–3 sections per sample).

(E) Representative images of EdU (24 h labeling) co-staining with Ki67 in E15.5 Emx1-Upf2cKO cortices and their littermate controls (scale bars, 50 mm on the

upper and 10 mm on the lower).

(F) Quantification of the cells exiting the cell cycle labeled by Ki67�EdU+ and calculation of the percentage of Ki67�EdU+ in total EdU+ cells in (E) (n = 5; N = 2

images per section, three sections per sample).

(G) Schematic of cumulative EdU labeling for the experiments in (H) and (I).

(H) Proportion of EdU-labeled RGCs (EdU+PAX6+ TBR2�) after cumulative EdU labeling for 0.5, 3.5, 6.5, 9.5, 12.5, 15.5, 18.5, 21.5, and 24.5 h in Emx1-Upf2cKO

cortices (red) and the littermate control (black). The data are presented as the mean of two to six brains per time point, and for each brain, four 100-mm bins were

quantified in each section, and three sections were quantified in total. The color-coded arrows indicated the time point at which the percentage of labeled RGCs

reached a plateau (TC� TS). The value of R-squared was larger than 0.95 in both groups, and the formula was used to calculate the cell-cycle phases (TC and TS).

(I) Table of cell-cycle phases (TC and TS) calculated from (H) in E15.5 Emx1-Upf2cKO cortices and their littermate controls.

See also Figure S4.
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Figure 4. Cell lineage defects in Upf2cKO mice

(A) Immunostaining of TBR2 in E13.5, E15.5, and E17.5 Emx1-Upf2cKO cortices and their littermate controls (scale bars, 100 mm).

(B and C) Quantification of the percentage of TBR2+ cells in 100-mm bin and (TBR2+%) / (PAX6+%) in E13.5, E15.5, and E17.5 Emx1-Upf2cKO cortices and their

littermate controls (n = 3–4; N = 3–4 images per section, 2–3 sections per sample).

(D) A scatter plot shows differentially expressed genes (DEGs) between IPC and RGC or between late RGC and early RGC. Differential expression values of DEGs

(in either x or y axis) between two conditions (log2(CPM1 + 1)�log2(CPM2 + 1)) are plotted on the differentiation x axis (E13IPC�E11RGC, E15IPC�E13RGC, and

E17IPC�E15RGC, respectively) vs. age y axis (E13RGC�E11RGC, E15RGC�E13RGC, and E17RGC�E15RGC, respectively). Gene expression values were

downloaded from GSE107122. For each gene, their gene expression fold change in Upf2cKO (log2(TPMKO + 1) �log2(TPMCtr + 1)) was color coded.

(E) Immunostaining of layer markers SATB2 and TBR1 in E17.5 Emx1-Upf2cKO cortices and their littermate controls (scale bars, 50 mm).

(F) Quantification of the percentages of SATB2+ cells and TBR1+ cells in 100-mm bin of E17.5 Emx1-Upf2cKO cortices and their littermate controls (n = 6; N = 2–3

images per section, 2–3 sections per sample).

(G and H) To estimate the production of layer VI neurons (TBR1+EdU+), layer II-V neurons (SATB2+EdU+), and layer V neurons (CTIP2+EdU+) inUpf2cKO cortices,

pregnant mice were injected with EdU (100 mg/kg) at E14.5 and analyzed at E17.5. Representative confocal images were shown (G; scale bars, 50 mm), and

quantification of EdU+ cells with different layer markers was shown in (H) (n = 5; N = 2 images per section and 3 sections per group).

See also Figures S4–S6.

ll
Article

Neuron 112, 1–20, July 3, 2024 7

Please cite this article in press as: Lin et al., Epistatic interactions between NMD and TRP53 control progenitor cell maintenance and brain size, Neuron
(2024), https://doi.org/10.1016/j.neuron.2024.04.006



ll
Article

Please cite this article in press as: Lin et al., Epistatic interactions between NMD and TRP53 control progenitor cell maintenance and brain size, Neuron
(2024), https://doi.org/10.1016/j.neuron.2024.04.006
we derived DEGs between IPCs and RGCs, which represent the

RGC-to-IPC transition (the differentiation axis), and between

RGC clusters of different ages representing the early RGC-to-

late RGC transition (the age axis). We plotted the differentiation

signals of these genes by these two axes (Figure 4D). Some

genes exhibit a larger fold change in the differentiation compared

with the age axis, whereas others show a larger fold change in

the age compared with the differentiation axis. We term all these

genes collectively as RLT genes.

NMD’s impact on RGC transcriptomes was mapped onto

these two transitions: the RGC-to-IPC and the early RGC-to-

late RGC. We tested whether the RLT genes are mis-regulated

in Emx1-Upf2cKO and found that NMD-dependent genes are

significantly more enriched in the differentiation axis (Figure 4D,

each gene is color coded by its fold change in Upf2cKO). The

enrichment of NMD-dependent genes on the differentiation

axis was significant at E11.5, E13.5, and E15.5 (p value =

1.1 3 10�31, 7.9 3 10�20, and 2.0 3 10�19, respectively), sug-

gesting that this NMD dependency is continual and intrinsic to

the RGC-to-IPC transition. Importantly, the upregulated genes

in the Upf2cKO (brown dots in Figure 4D) tend to be IPC genes

(i.e., upregulated in IPC vs. RGC). Therefore, the direction of

these differentiation signals agrees with that NMD inhibits the

RGC-to-IPC transition.

By contrast, fewer NMD-dependent genes were detected

along the age axis, suggesting that NMD has a less regulatory

action in the transition from early RGCs-to-late RGCs. The

NMD regulatory direction did not correlate with the age direction.

In summary, NMD regulation in RGC mainly restrains its transi-

tion to become IPC and exerts a nondirectional influence on

the early-to-late RGC transition.

We also performed snRNA-seq from an E15.5 Emx1-Upf2cKO

mouse cortex and control littermate (Figure S5D). We examined

the cell-cycle phase distribution among RGCs and found that the

M/G1 phase increased from 40.98% in WT to 66.81% in Emx1-

Upf2cKO. The S-phase RGCs decreased from 22.93% in WT

to 13.37% Upf2cKO (Figure S5E). Among the proliferating

NPCs, Pax6-, Top2a-, or Nes-expressing RGCs were uniformly

decreased in the Upf2cKO (Figure S5F). IPC marker-expressing

cells show variable changes by distinct markers.

Reduced upper-layer neurons in Emx1-Upf2cKO mice
We examined whether neurogenesis was affected in Emx1-

Upf2cKO mice. During development, cortical neural progenitors

alter their cell competence and producewaves of distinct projec-

tion neurons that migrate radially toward the pial surface in an

‘‘inside-out’’ manner (Figure 1A). As a result, early-born neurons

reside in the lower layers, whereas late-born neurons form

the upper layers. Interestingly, we observed little difference in

TBR1+ layer VI deeper layer neurons but a significant decrease

in SATB2+ layer II–V neurons in E17.5 Emx1-Upf2cKO neocorti-

ces (Figures 4E, 4F, S6A, and S6B).

The reduction in SATB2+ neurons arose from a deficiency in

neural progenitors. In Nex-Upf2cKO mice, where Upf2 was

knocked out right after mitosis, the number and lamination of

SATB2+ and TBR1+ neurons were not affected (Figures S6C–

S6E), indicating that the neuronal defects in Emx1-Upf2cKO

cortices originate from the deficiency in neural progenitors.
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Taking all the data, we reasoned that slower RGC division and

increased RGC-to-IPC transition collectively reduce the RGC

pool in Emx1-Upf2cKO mice over time. Because late RGCs

(E15 and onward) are more reduced compared with early

RGCs (before E15) in Upf2cKO (Figures 3A and 3B), upper-layer

neurons are more affected in the mutant. The reduction of

upper-layer neurons explains the microcephaly of Emx1-Up-

f2cKO mice.

An alternative hypothesis is that progenitor cells preferentially

commit the lower-layer neuron fate rather than the upper-layer

neuron fate. The delayed switch in competence amplified the

reduction in the RGC pool to generate even fewer upper-layer

neurons. To test this, we compared WT and Emx1-Upf2cKO

for their neuronal outputs regarding the laminar fate. We labeled

cycling progenitors with EdU (100 mg/g body weight i.p.) at E14.5

and measured the number and distribution of neuronal subtypes

(TBR1, SATB2, and CTIP2) among EdU+ cells in the cortical plate

3 days afterward. In the Emx1-Upf2cKO cortex layer II–V

SATB2+ neurons and layer V CTIP2+ were significantly reduced

among EdU+ neurons (Figures 4G and 4H). Importantly, layer

VI TBR1+ neurons did not increase at the cost of upper-layer

neurons but decreased slightly, although statistically insignifi-

cantly. Therefore, Upf2KO progenitors do not delay the change

in their competence from lower-layer neuron fate to upper-layer

neuron fate. The absence of a substantial change in cell fate

competence is consistent with prior transcriptomic analyses

that NMD exerts an uncoordinated influence on the early-to-

late RGC transition (Figure 4D).

CRISPRi screening identified genetic modifiers of
Upf2KO NPC growth defect
To identify genetic modifiers rescuing the growth defects, we

conducted CRISPRi screening in the Upf2fl/fl NPC model.

Because Upf2KO mostly upregulates target genes, a cell fitness

screen with CRISPRi knockdown would identify functional effec-

tors whose induction by Upf2KO accounts for the cell prolifera-

tion defect. This CRISPRi screen would also reveal genetic sup-

pressors that neutralizeUpf2KO’s effects. We thought screening

regulators of gene expression would have a better success. We

therefore generated a customized library of 3,600 sgRNAs tar-

geting the transcription start sites (TSS) of 720 transcription

factors, epigenetic factors, and RNA-binding protein genes (Fig-

ure S7A). The hits from primary NPC screens would be more

relevant.

We first infected Upf2fl/fl NPCs with dCas9-Krab lentivirus

to construct the dCas9-Krab-expressing stable NPC lines.

Different NPC lines were compared for their CRISPRi efficiency

with the Tag Red Fluorescent Protein 657 (TagRFP657) valida-

tion system (Figures S7B and S7C).61 Two NPC lines with the

highest efficiencywere selected for the final screens. For the final

screens, the sgRNA library was infected at <20% positive rate

(Figures S7D and S7E).61 Cells were then infected with Cre lenti-

virus to induce Upf2KO or with GFP lentivirus as a control.

Because Upf2KO NPCs proliferated slower than residual

uninfected cells in the Cre virus group, we added additional

Cre virus from 48 to 72 h to assure high KO efficiency over

time. Principal-component analysis (PCA) of sgRNA distributions

showed that experimental groups separated well, and the two
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(A) PCA analysis showed reproducibility between

two dCas9-KRAB-expressing Upf2fl/fl NPC cell lines

and clear separation among experimental groups.

(B) MAGeCK score plot showed multiple hits iden-

tified in CRISPRi screening, including Trp53.

(C) Validation of CRISPRi screening hits in Cre-in-

fected dCas9-KRAB-expressing Upf2fl/fl NPC cell

lines (n = 3–9).

(D) Upf2 Trp53dKO showed a clear cell growth

rescue compared with Upf2KO, whereas Trp53KO

alone did not clearly affect cell proliferation (data are

analyzed by the two-way ANOVA; n = 4).

(E) Possible mechanisms for Trp53 depletion

rescuing Upf2KO-induced cell growth defect.

(F) UPF1 eCLIP-seq showed no signal enrichment

in Trp53, including the 30UTR. Scale represents

reads per million (RPM) mapped to the Trp53.

(G) Upf2 Trp53dKO had a similar expression

profile of the NMD targets compared withUpf2KO

(n = 3).

(H) Trp53 and NMD co-regulated genes that in-

hibited cell growth in Upf2KO NPCs.

See also Figures S7 and S8 and Table S2.

ll
Article

Please cite this article in press as: Lin et al., Epistatic interactions between NMD and TRP53 control progenitor cell maintenance and brain size, Neuron
(2024), https://doi.org/10.1016/j.neuron.2024.04.006
NPC lines yielded similar results (Figure 5A). The major variance

was explained by PC1 (98.57%), under which the Cre-LV groups

(aka, Upf2KO) were well separated from the GFP-LV and Mock

groups.

Comparing the Cre-LV and GFP-LV groups,62 genes with an

increased sgRNA frequency (log2FC > 0.6) and a FDR < 20%

in the Cre-LV group were considered potential hits. With

FDR < 0.2%, Trp53 and Tada3 were identified as the top two

hits. At FDR < 2%, Atm and Gemin2 emerged as other two hits.

With FDR < 20%, Brd9, Snrpa, Snrnp48, Wdr61, Gtf3c5, and

Dpy30 appeared as additional rescue genes (Figure 5B;

Table S2). TADA3 was reported as a binding protein of

human TP53 and could enhance the activity of the p53 pathway.63

Ataxia telangiectasia mutated (ATM) kinase is also known to

activate TP53.64–66 These top three hits were linked to the p53
pathway. We selected two sgRNAs per

gene fromour top seven hits for verification

(Table S2). Compared with the sgLucifer-

ase control, top hits Trp53 and Tada3

showed the most efficient rescue of the

NPC growth (Figure 5C). Two sgRNAs of

Atm, Gemin2, and Snrnp48 showed mod-

erate rescue effects. Among all, Trp53 ap-

peared as the most attractive hit for further

investigation.

Trp53KO rescues Upf2KO-induced
growth defect
Next, we bred Trp53fl/fl withUpf2fl/fl mouse

line and used their F1s to produce Trp53fl/fl

Upf2fl/fl mouse lines, from which we

derived primary Upf2fl/fl Trp53fl/fl NPCs

from E14 neocortices. We then infected
Upf2fl/fl Trp53fl/fl NPC lines with Cre lentivirus to simultaneously

knock out Upf2 and Trp53 and monitored their growth. Both

Upf2 Trp53dKO NPCs and Trp53KO NPCs grew significantly

more than the Upf2KO groups (Figure 5D). We performed EdU la-

beling inUpf2 Trp53dKONPCs and found the percentage of EdU+

NPCs among all NPCs was similar between Upf2 Trp53dKO

NPCs and control groups, suggesting that this rescue was due

to the normalization of cell cycle progression (Figures S8A–S8D).

How does Trp53KO rescue Upf2KO-induced growth defect?

One possibility is that Trp53 is a downstream target of Upf2 (Fig-

ure 5E). However, UPF1 enhanced cross-linking immunoprecipi-

tation and high-throughput sequencing (eCLIP-seq) in NPCs

(see below) did not detect Trp53 mRNA as the NMD target (Fig-

ure 5F). We detected no change in TRP53 proteins in Upf2KO

NPCs (Figures S8E–S8G). Furthermore, Trp53 mRNA expression
Neuron 112, 1–20, July 3, 2024 9
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was not changed inUpf2cKO cortices in vivo (Figure S8H). There-

fore, there is no evidence to support Trp53 as a direct target of

UPF2 responsible for the growth defect of Upf2KO NPCs.

Could TRP53 depletion bypass UPF2 deletion to restore NMD

activity in NPCs (Figure 5E)? We checked the known NMD tar-

gets in Upf2 Trp53dKO NPCs and found that they remained as

elevated as in Upf2KO NPCs (Figure 5G). Therefore, Trp53KO

did not globally reverse the NMD inhibition to rescue Upf2KO.

These data suggest that the Trp53 activity intersects with NMD

regulation in controlling the NPC cell cycle (Figure 5H). They

also imply that most NMD targets have a marginal effect on

the cell cycle.

The intersection between NMD regulation and TRP53
targets in NPCs
We examined the transcriptomic changes in neural progenitors

using scRNA-seq and scored cells by 688 signature genes asso-

ciated with each cell-cycle phase: M/G1, G1/S, S, G2, and

G2/M.67 Only six of the 688 signature genes for cell-cycle phase

classification were differentially expressed inUpf2KONPCs, sup-

porting this approach to classify cell state. We delineated phase-

dependent NMD regulation and found 105, 88, 86, 72, and 74 up-

regulated genes (details in STAR Methods) in M/G1, G1/S, S, G2,

and G2/M, respectively, totaling 138 nonredundant genes (Fig-

ure 6A; Table S3). Most genes were commonly upregulated in

all five cell-cycle phases. Interestingly, 28 genes were uniquely

upregulated in the M/G1 phase, 5 in G1/S, 4 in G2, 2 in S, and 2

inG2/M. The commonly upregulated genes also exhibited a larger

magnitude of expression changes in the M/G1 phase compared

with other phases (Figure 6B), suggesting that gene expression

in M/G1 is the most affected by NMD inhibition. In contrast to

the 138 upregulated genes, only 9 were downregulated, and all

were in the M/G1 phase (Figure 6B). This is consistent with Upf2

and NMDmainly functioning to degrade RNA. These data support

a model in which gene upregulation in the M/G1 phase affects

Upf2KO cells’ transition from the M/G1 phase to the S phase.

More Upf2KO NPCs are stalled in the G0_G1 phase and fewer

entered the S phase (Figures 2M–2P). Randomly selected upregu-

lated genes were validated in vivo (Figures S9A–S9C).

Gene Ontology (GO) analysis of these 138 upregulated genes

showed significant enrichment of the p53 transcriptional gene

network (Figure 6C). Another significant GO term is ‘‘positive

regulation of programmed cell death.’’ Because Trp53 and its

targets were known to be implicated in apoptosis, this GO

term reflected the overrepresentation of the Trp53 signaling

pathway. Note that cell death was not apparent in Upf2KO

NPCs (Figures S3K–S3N).

To determine the direct target of the NMD pathway, we per-

formed UPF1 eCLIP-seq in NPCs (Figures S9D and S9E). The

UPF1 binding sites in primary NPCs were enriched in the

30UTR and the de novo motif analysis found ‘‘CCC’’ enriched in

peaks (Figures S9F and S9G), consistent with previously

published UPF1 eCLIP-seq data in immortalized cell lines.68–70

Overlapping 4,146 eCLIP hits (Figure 6D and Table S4) with

the upregulated DEGs in Upf2KO progenitors identified 78

high-confidence NMD-targeted genes (Figures S10A–S10J).

The top GO term of these genes was the p53 signaling pathway

(Figure 6E).71
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We checked whether the CRISPRi hits were direct NMD tar-

gets. The Trp53 gene is not bound by UPF1 (Figure 5F). Except

Atm passing the threshold (�log10(p value) > 5) and Gemin2

with a mild (�log10(p value) = 2.59) enrichment, Tada3, Brd9,

Snrpa, and Snrnp48 did not show peaks of UPF1 eCLIP signals

(Figures 5F and S11). Therefore, the CRISPRi hits are more likely

genetic modifiers rather than direct effectors of NMD inhibition in

regulating NPC division.

Because Trp53KO rescued cell growth defects of Upf2KO

progenitors, we reasoned that functional effectors of Upf2KO

could be identified by comparing the transcriptomes of WT,

Upf2KO, and dKO NPCs using bulk mRNA-seq (Figure S12A).

We compared gene expression levels in Upf2KO and WT sam-

ples: 355 were upregulated (fold change R 2, FDR % 0.05),

and 78 were downregulated (fold change % 0.5, FDR % 0.05)

(Figure S12B). Next, we determined which mis-regulated genes

were reverted by comparing Upf2 Trp53dKO and Upf2KO

(Figure S12C).

Among 355 upregulated genes, 298 (83.9%) showed insignif-

icant changes between Upf2KO and Upf2 Trp53dKO, indicating

that, at the molecular level, NMD inhibition was not globally

rescued by Trp53KO. On the other hand, 55 Upf2KO-induced

genes were significantly downregulated by Trp53KO (Figure 6F;

Table S5). The top GO terms of these rescued genes pointed to

the p53 regulation network and ‘‘negative regulation of cell

population proliferation’’ (Figure 6G).71 This supports our hy-

pothesis that the intersecting regulation between the p53

pathway and the NMD pathway is suppressing cell proliferation

and division. The downregulation of these genes in the Upf2

Trp53dKO is consistent with the rescue of Upf2KO NPCs by

Trp53dKO.

Overlapping the eCLIP-Seq, Upf2KO/dKO bulk mRNA-seq,

and scRNA-seq results gave five high-confidence effector can-

didates: Cdkn1a, Ak1, Crip2, Phlda3, and Sesn2 (Figure 6H).

The expression of Cdkn1a, Ak1, Phlda3, and Sesn2 in vivo ex-

hibited 2.93-, 1.24-, 2.14-, and 5.44-fold increases in Emx1-

Upf2cKO cortices, respectively (Figures S12D–S12G). All five

genes showed a clear pattern of gene expression upregulation

in Upf2KO, reversion in Upf2 Trp53dKO in vitro (Figures S13A–

S13E), and significantly enriched UPF1 binding signals in their

30UTRs (Figures 7D and S13F–S13I). We further confirmed these

changes by detecting the increased protein levels of AK1 and

SESN2 in Upf2KO NPCs and a decrease in Upf2 Trp53dKO

NPCs (Figures S13J–S13L), consistent with RNA level changes

(Figure S13E).

Cdkn1a is a direct NMD target diminished by Trp53KO to
rescue growth defects of Upf2KO NPCs
Cdkn1a (p21) is one of the most well-defined cell-cycle check-

point genes.72 It negatively mediates G1-to-S and G2-to-M tran-

sitions.73,74 To test whether Cdkn1a was a genuine NMD target,

we first detected the expression levels of Cdkn1a in Upf2KO

NPCs. We found a �6.3-fold increase in Upf2KO NPCs (Fig-

ure 7A). To test whether this induction was caused by transcrip-

tion regulation, we designed RT-qPCR primers to measure the

pre-mRNA expression level of Cdkn1a. We observed a modest

1.75-fold increase, substantially less than the 6.3-fold change

at the mRNA level (Figure 7B).
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Figure 6. Integrated functional genomics identified the intersection between the Trp53 transcriptional pathway and Upf2KO-induced NMD

targets

(A) Cell-cycle phase-dependent gene upregulation in Upf2KO NPCs.

(B) Heatmap showing the magnitude of differential gene expression comparing Upf2KO and WT NPCs. (Cdkn1a gene was highlighted by a rectangular box.)

(C) GO term enrichment analysis of 138 upregulated genes identified p53-related networks.

(D) UPF1 eCLIP-seq data in primary NPC showed fold change of IP/Input (x axis) vs. p value (y axis) of all detected genes. Cdkn1a gene was highlighted by a

rectangular box. Note: genes with �log10(p value) R 100 were clustered along the y = 100 line.

(E) Top enriched GO terms of overlapping genes from eCLIP-seq and scRNA-seq.

(F) Scatter plot showed gene expression fold changes of Upf2KO/WT on the x axis and of Upf2 Trp53dKO/Upf2KO on the y axis. Mis-regulated genes inUpf2KO

NPCs reverted by Trp53KO were labeled in red with Cdkn1a gene highlighted by a rectangular box.

(G) 55 rescued genes by Trp53KO in Upf2KO NPCs were significantly enriched in the p53 regulatory network and inhibition of cell proliferation.

(H) Venn diagram analysis of the eCLIP-seq, Upf2KO/dKO bulk-seq, and scRNA-seq data gave five high-confidence candidates.

See also Figures S9–S13 and Tables S3, S4, and S5.
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If Cdkn1a was targeted by NMD, its mRNA would become

more stable in Upf2KO NPCs, leading to its upregulation.

To test this, we performed the mRNA half-life test for Mock,

Ctrl-LV-infected, and iCre-LV-infected NPCs with actinomycin

D treatment. Compared with Mock (4.8 h) and Ctrl (4.9 h) groups,

Cdkn1amRNA had a clear longer half-life in iCre-LV-inducedUp-

f2KO NPCs (8.9 h) (Figure 7C). Finally, UPF1 eCLIP data showed

a clear signal in the 30UTRof theCdkn1a gene comparedwith the

input (Figure 7D). We therefore concluded thatCdkn1a is a direct

NMD target in primary NPC cells.

To validate the bulk RNA-seq findings, we also measured

Cdkn1a mRNA in Upf2 Trp53dKO NPCs. Indeed, Cdkn1a was

downregulated by �4.5-fold in dKO samples (Figure 7A). Impor-

tantly, in dKO samples, the pre-mRNA level was downregulated

by�4.1-fold, consistent with themRNA level change (Figure 7B).

Therefore, the basally expressed Trp53 in NPCs is necessary for

Cdkn1a transcription, and Trp53 deletion turns off Cdkn1a tran-

scription, which abrogates the functional effect of Upf2KO on

cell division.

To further examine the functional role of Cdkn1a, we tested

the protein level of CDKN1A in Upf2KO and dKO NPCs. With

the UPF2 protein removed (Figures 7E and 7F), Upf2KO

NPCs exhibited a �3.6-fold upregulation of CDKN1A protein

level, whereas dKO NPCs contained only �11% of CDKN1A

proteins (Figures 7E and 7G). Because Cdkn1a is an essential

cell cycle modulator and its upregulation slows or arrests cell

cycle progression,72,75 Cdkn1a, as the direct target of Upf2/

NMD, is possibly the functional effector responsible for the

growth defect of Upf2KO NPCs. To test this, two sgRNAs

were chosen to specifically inhibit the expression of Cdkn1a

(Table S2).76 With RT-qPCR, we confirmed that both sgRNAs

effectively inhibited the expression of Cdkn1a by 4.56-fold

with the sgRNA_i1 and 10.9-fold with the sgRNA_i2 (Figure 7H).

Functionally, compared with sgLuciferase control, Cdkn1a

CRISPRi clearly increased cell growth of Upf2KO NPCs at

120 h after the Cre lentivirus infection (Figure 7I). Importantly,

sgRNA_i2 showed a stronger effect than sgRNA_i1, indicating

a dose-dependent effect.

With these established CRISPRi NPC lines, we also performed

EdU labeling to test whether Cdkn1a knockdown rescued cell

cycle progression in Upf2KO NPCs (Figures S14A–S14L). KD

of Cdkn1a by sgCdkn1a_i1 and i2 on top of Cre-mediated

Upf2KO resulted in 26% to 30.3% of S-phase cells, significantly

higher than those expressing sgLuciferase, demonstrating the
Figure 7. Cdkn1a is a direct NMD target whose upregulation is respon

(A) The expression level of Cdkn1a in Cre-AAV-infected Upf2KO and Upf2 Trp53

(B) The expression level of the Cdkn1a pre-mRNA in NPC samples (n = 4).

(C) Half-life test showed increased stability of Cdkn1a mRNA with Upf2KO (n = 4

(D) UPF1 eCLIP-seq in primary NPCs showed UPF1 binding the 30 UTR of Cdkn

(E–G) Western blots showed CDKN1A protein level in Upf2KO and Upf2 Trp53d

(F) and (G).

(H) RT-qPCR showed two sgRNAs inhibit the expression of Cdkn1a (n = 9).

(I) CRISPRi-mediated Cdkn1a knockdown partially rescued the growth defect in

(J) Strategy to deliver CDKN1A-IRES-GFP or control plasmids into cortical proge

(K) GFP co-stained with CDKN1A and EdU (1.5 h labeling) in both CDKN1A-ove

100 mm in upper and 10 mm in lower images).

(L) Quantification of the percentage of proliferative EdU+GFP+ in total GFP+ in (K

See also Figures S14–S16.
rescue effect of Cdkn1a depletion (Figures S14F and S14I).

The rescue effects on S-phase cells were accompanied by a

similar rescue effect on the G0_G1 phase (Figures S14J and

S14K). Notably, the sgCdkn1a_i2, with a higher CRISPRi effi-

ciency of the two, showed a larger rescue effect.

CDKN1A regulates cell cycle progression in Upf2KO
progenitors
To validate the functional role of Cdkn1a in NPC proliferation, we

insertedCdkn1a-ORF into a pCDH-CB lentiviral backbone to up-

regulate Cdkn1a expression. The EdU+ S-phase NPCs consti-

tute a total population of 9.5% in the Cdkn1a overexpression

group compared with 29.2% in the Ctrl group. The reduction in

S-phase cells was accompanied by a significant increase in

G0_G1 cells (Figures S15A–S15D).

We further test whether the overexpression of exogenous

Cdkn1a can abolish the rescue effects of Trp53KO in Upf2KO

progenitors. We first established Upf2 Trp53dKO NPCs by

infecting Upf2fl/fl Trp53fl/fl NPCs with Cre lentivirus. The dKO

NPCs can proliferate normally (Figure 5D). We then infected

Upf2 Trp53dKO NPCs with Ctrl or Cdkn1a-expressing lentivirus.

With the transduction of Cdkn1a-expressing lentivirus, the

S-phase population was reduced and the G0_G1-phase popula-

tionwas increased. Therefore,Cdkn1a overexpression abolishes

the cell-cycle rescue by Trp53KO (Figures S15E–S15H).

We tested whether CDKN1A upregulation could mimic the cell

cycle defect of Upf2KO RGCs in vivo. We delivered the CDKN1A

expression plasmid into E14.5 WT neocortices through in utero

electroporation (IUE) and 1 day later performed EdU labeling for

1.5 h before collection (Figure 7J). The percentages of

EdU+GFP+ in total GFP+-electroporated cells were measured in

the control group (GFP) and CDKN1A overexpression group

(CDKN1A-IRES-GFP). In Figures 7K and 7L, a significant

decrease was found in CDKN1A-overexpressing GFP+ neural

progenitors, indicating the defective proliferation, mimicking the

effect of CDKN1A upregulation in Upf2KO progenitors in vivo.

We tested whether Cdkn1a loss of function in Upf2KO

affected the cell cycle. We delivered the shCdkn1a plasmid

via IUE into E14.5 embryonic cortices of litters generated by

Upf2fl/fl crossed with Upf2fl/+;Emx1-Cre. We injected EdU at

E16.5, after 1.5 h collected the brain, performed genotyping,

and selected the Upf2fl/fl;Emx1-Cre genotypes for further

analyses (Figures S16A and S16B). In the contralateral cortex

without plasmid electroporation, CDKN1A expression was
sible for the Upf2KO NPC growth defect

dKO NPC samples (n = 8).

).

1a. Scale represents reads per million (RPM) mapped to Cdkn1a gene.

KO NPCs samples (n = 7). UPF2 and CDKN1A expressions were quantified in

Cre-virus-infected Upf2KO NPCs. (n = 9).

nitors via in utero electroporation of WT embryos.

rexpressing group (CDKN1A-IRES-GFP) and control group (GFP) (scale bars,

) (n = 3; 5 sections per group).
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Figure 8. Trp53KO rescues microcephaly, RGC cell number, and cell cycle in Emx1-Upf2cKO mice in vivo

(A) Images of Emx1-Upf2cKO and Emx1-Upf2 Trp53dKO brains at P0.

(B) Brain weights of P0 Emx1-Upf2cKO, Exm1-Upf2Trp53dKO, and Emx1-Trp53cKO with their littermate control mice (nC = 39; nUpf2cKO=11; ndKO = 8;

nTrp53cKO = 13).

(C) Immunostaining of PAX6 in E15.5 Upf2cKO, Upf2 Trp53dKO, and Trp53cKO cortices (scale bars, 50 mm).

(D) Quantification of PAX6+% cells in 100 mm bin of (C) (nC = 9; nUpf2cKO = 4; ndKO = 4; nTrp53cKO = 5; N = 2–3 images per section, 2–3 sections per sample).

(E) Representative immunofluorescent images of EdU with PAX6 and TBR2 in E15.5 Upf2cKO, Upf2 Trp53dKO, and Trp53cKO cortices after cumulative EdU

labeling for 3.5 h (scale bars, 50 mm).

(F) Quantification of EdU+PAX6+TBR2�% in total PAX6+TBR2� RGCs in 100 mmbin of (E) (nC = 7; nUpf2cKO = 3; ndKO = 3; nTrp53cKO = 5;N = 4 images per section, 3

sections per sample).

See also Figure S17.
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evident in the VZ (Figure S16B). In the ipsilateral cortex ex-

pressing shCdkn1a-IRES-EGFP, around 89.5% of GFP+ cells

became CDKN1A negative, confirming the efficiency of knock-

down. To determine the proportion of Upf2KO progenitor cells

labeled by EdU, we quantified the ratio of EdU+ cells to

DAPI+cells in the VZ of the contralateral cortex as a baseline

control. To determine the proportion of CDKN1A-depleted

Upf2KO progenitor cells labeled by EdU, we quantified the ratio

of EdU+GFP+ cells to total GFP+ cells in the ipsilateral VZ. We

found the CDKN1A-depleted GFP+ cells exhibited a significant

increase in the ratio (Figure S16C), showing the knockdown of

CDKN1A partially rescued the proliferation defect in Upf2KO

progenitors in vivo.

Trp53KO rescues progenitor cell defects and
microcephaly of Upf2cKO mice in vivo

Given the in vitro rescue, we tested whether Upf2cKO pheno-

types could be rescued by depletion of Trp53 in vivo. Strikingly,
14 Neuron 112, 1–20, July 3, 2024
we found that Emx1-Upf2 Trp53dKOmice did not exhibit micro-

cephaly at birth (Figure 8A). The brain weight of dKO mice was

significantly higher than Emx1-Upf2cKO and in the range of

WT controls and Trp53cKO (Figure 8B). Emx1-Upf2 Trp53dKO

contained PAX6+ RGCs at a similar level to control littermates;

meanwhile, Trp53cKO showed little effect on the number of

PAX6+ RGCs compared with the WT controls (Figures 8C, 8D,

S17B, and S17C). These data are consistent with the notion

that TRP53 depletion reverses the cell cycle defect of Upf2KO

RGCs to prevent neonatal microcephaly. However, the TRP53

KO cannot rescue the survival rate of Upf2cKO mice (Fig-

ure S17A). Therefore, microcephaly is not the major cause of

Emx1-Upf2cKO lethality. Microcephaly by itself is not neces-

sarily lethal.

To verify the cell cycle impact of Trp53KO on Upf2KO RGCs

in vivo, we performed cumulative EdU labeling in E15.5

Upf2 Trp53dKO mice (Figure 8E). The rescue was evident. For

example, at the 3.5 h, EdU-labeled RGCs started to show a
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significant decrease in Upf2cKO, but not in dKO, compared with

the controls (Figure 8F). About 57.5% of PAX6+TBR2� RGCs

were EdU-labeled in dKO, significantly higher than 45.9% in

Emx1-Upf2cKO and comparable to 57.2% in the control or

60.1% in Trp53cKO (Figure 8F). We further estimated the TC
and TS of RGCs in dKO to be 24.9 and 10.8 h, respectively, which

were similar to the control littermates (Figures S17D and S17E).

To further validate that TRP53 loss results in lowering CDKN1A

level, we examined CDKN1A expression in E15.5 dKO brain sec-

tions (Figure S17F). With TRP53 deficiency, the upregulated

CDKN1A signal in Upf2KO progenitors was completely reduced

to a background level. CDKN1A expression in Trp53cKO and the

control groups were both almost undetectable. Taken together,

these data show Trp53KO rescues the cell-cycle defect of

Upf2KO RGC and is sufficient to rescue the neonatal brain size

reduction.

DISCUSSION

In this study, we showed that NMD, a regulated mRNA decay

mechanism known for linking to multiple neurodevelopmental

disorders, shapes the transcriptome and key cell cycle regula-

tors to influence mammalian brain development in vivo. Another

decay pathway mediated by m6Amodification also prolongs the

NSC cell cycle and brain development.77 Inhibition of NMD in

neural progenitors (Upf2cKO) leads to mouse microcephaly

due to the prolonged cell cycle in RGCs. Mechanistically, NMD

post-transcriptionally degrades a subset of TRP53’s transcrip-

tional targets to ensure sufficient progenitor cell divisions during

brain development. Transcriptomic analysis also demonstrated

the impact of NMD inhibition on RGC-to-IPC lineage transition,

suggesting that NMD generally restrains IPC production.

Our studies reveal cell-type-specific phenotypes of NMD

inhibition. Emx1-Upf2cKO reduces RGCs, increases IPCs, de-

creases upper-layer neurons, and does not significantly change

lower-layer neurons. Although Upf2cKO promoted the RGC-to-

IPC transition, it did not increase neuronal output. Therefore,

in intact animals, NMD inhibition does not simply promote or

inhibit differentiation as in culture studies. Altogether our study

shows a novel mechanism of how NMD regulation selectively in-

fluences RGC maintenance and lineage progression to control

neurogenesis.

Post-transcriptional NMD regulation overlaps with
TRP53-dependent transcriptional regulation in
finetuning cell division of NPCs
Human TP53b and TP53g, two minor isoforms following splicing

of exons 9b and 9g, contained PTCs andwere subjected to NMD

regulation.78,79 Themajor isoform TP53a, representing over 90%

of total TP53, was not inhibited by NMD.78 Human exons 9b and

9g are not conserved or found in mouse Trp53 (Figures S17G

and S17H). We did not detect any cryptic exons within mouse

intron 9 in Upf2KO RNA-seq samples either.

Human TP53 exerts some brakes on the cell cycle, and

its removal can promote cell cycle progression, as genes for

cell cycle regulation contain high-affinity binding sites for

TP53.80–82 TP53 regulates the transcriptional level of CDKN1A

by binding to two TP53-responsive sites in the CDKN1A pro-
moter region.83CDKN1AmRNA has one of the shortest half-lives

among TP53 target genes, indicating post-transcriptional con-

trol.84 Our research shows that the nonsense-mediated RNA

decay pathway functions as a crucial yet overlookedmechanism

of Cdkn1a regulation.

Overall, cell cycle lengthening and a longer S phase inUpf2KO

RGCs (Figures 3G–3I) agree with previous reports that the induc-

tion of Cdkn1a is critical for G1 arrest in cell lines.85,86 Impor-

tantly, gene expression in Upf2KO NPCs is most affected in

M/G1, and Cdkn1a is one of the most upregulated genes in the

M/G1 phase (Figures 6A and 6B). As one of the strongest cell-cy-

cle modulators, CDKN1A indirectly controls over 250 cell cycle-

related genes.87 Many DEGs in Upf2KO may be downstream of

CDKN1A upregulation.

By selectively degrading Cdkn1a and other TRP53 transcrip-

tional targets, NMD attenuates TRP53’s influence on the NPC

cell cycle, assuring the correct number of RGC cell divisions

for brain development. Basal TRP53 activity is probably required

in progenitors to maintain genome stability and to induce cell

death upon severe damage. A collateral consequence is the

expression of CDKN1A and other cell cycle checkpoint genes,

which, at certain levels, limit cell cycle progression. The emer-

gence of NMD-regulating Cdkn1a during evolution may have

therefore contributed to the continual expansion of the progeni-

tor cell pool and the increase in brain size in mammals.

Upf2cKOmice show distinct phenotypes compared with
EJC mutants
The core exon junction complex (EJC) is deposited 20–24 nt up-

stream of the exon-exon junction and interacts with UPF2,

providing a mechanistic link to explain the EJC branch of the

NMD pathway.88,89 That is, an mRNA transcript with a PTC

>50 nt upstream of an exon-exon junction is generally targeted

by NMD (aka, the 50-nt rule). The heterozygote mutant mice of

three core EJC components (Magoh, Rbm8a, and Eif4a3) exhibit

defective neurogenesis and microcephaly.90–94 Because EJC

factors play a role in degrading PTC transcripts following the

50-nt rule, NMD inhibition could have underlined the EJCmutant

phenotypes, or maybe not.

We initially suspected that Upf2cKO microcephaly could

have shared a similar cellular phenotype with EJC mutants.

Our subsequent analyses revealed distinct differences between

Upf2cKO and EJC heterozygotes. For example, Magoh+/� pro-

longs mitosis without altering the S-phase length, and because

the M phase consists of a short duration within a cell cycle,94

the overall cell cycle length in Magoh+/� is not much affected.

In contrast,Upf2cKO lengthens the overall cell cycle significantly

and affects the S phase. Second, mitotically delayed Magoh+/�

progenitors tend to produce more neurons,94 but Upf2cKO pro-

genitors do not (Figures 4G and 4H). Third, none of the Magoh,

Rbm8a, or Eif4a3 mutants increased TBR2+ IPCs.92 Magoh het-

erozygote brains actually showed a significant reduction in the

number of IPCs.90 However, Upf2KO promotes the RGC-to-

IPC transition, andmore TBR2+ IPCs are detected in the progen-

itor pool.

Furthermore, haploinsufficiency for core EJC complex com-

ponents generally caused more severe microcephaly pheno-

types compared with the Upf2cKO. The Magoh heterozygotes
Neuron 112, 1–20, July 3, 2024 15
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exhibited microcephaly around E12.5. Under the Emx1-Cre

background, Eif4a3fl/+ and Rbm8afl/+ mice (i.e., conditional het-

erozygotes) showed microcephaly and loss of PAX6+ cells also

as early as E12.5,91,92 butUpf2fl/fl (i.e., conditional homozygotes)

brain size appears largely normal by E15.5. In the Emx1-Up-

f2cKO cortex, the microcephaly only progressively occurs

around E17. The current biochemical model states that EJC

works through UPF2 to affect NMD transcripts. If the phenotypes

of EJC mutants were largely due to NMD defect, Upf2cKO

should have elicited severe phenotypes. Finally, Trp53 deletion

in Upf2KO did not correct NMD targets with a downstream

EJC (Figure 5G). That means RGC can proliferate nearly normally

evenwith inhibition of the EJC branch of NMD targets. Therefore,

the EJC mutant phenotype is likely driven by a more dominant

mechanism compared with NMD.
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Thermo Fisher Scientific Cat#34580
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Upf2 RNA Expression in Mouse Expression Atlas ensmusg00000043241

RNA-Seq of Emx1-Upf2fl/fl E13.5 mouse cortices This paper GSE220460

scRNA-Seq to the CD1 embryonic mouse cortex

of E11.5, E13.5, E15.5 and E17.5

Yuzwa et al.29 GSE107122

Epigenetic library CRISPRi_screen in mouse
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This paper GSE217735

scRNA-Seq of mouse Upf2fl/fl NPCs This paper GSE220461
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Bulk RNA-Seq of Upf2fl/fl and Upf2fl/fl Trp53fl/fl NPCs This paper GSE220459

snRNA-Seq of Emx1-Upf2fl/fl E15.5 mouse cortices This paper GSE253825

Experimental models: Cell lines

HEK 293T cells A gift from Chen lab N/A

Upf2fl/fl NPCs This paper N/A

Upf2fl/fl Trp53fl/fl NPCs This paper N/A

Trp53fl/fl NPCs This paper N/A

Experimental models: Organisms/strains

Upf2 loxp/loxp mice Zheng et al.95 N/A

Upf2 Emx1 conditional knockout mice Lin et al.96 N/A

Upf2 Nex conditional knockout mice This paper N/A

Upf2 Nestin conditional knockout mice This paper N/A

Trp53 loxp/loxp mice The Jackson Laboratory Cat#JAX:008462

RRID:IMSR_JAX:008462

C57BL/6 WT mice The Jackson Laboratory Cat#JAX:000664

RRID:IMSR_JAX:000664

Oligonucleotides

Primers for genotyping, see Table S1 This paper N/A

Primers for RT-qPCR, see Table S1 This paper N/A

Oligos for shRNA, see Table S1 This paper N/A

Oligos for sgRNA, see Table S2 This paper N/A

Recombinant DNA

pCDH-CB empty backbone pCDH-CB was a gift from

Kazuhiro Oka (unpublished)

Cat#72267

RRID:Addgene_72267

pCDH-CB-iCre pCDH-CB-iCre was a gift from

Kazuhiro Oka (unpublished)

Cat#72257

RRID:Addgene_72257

sgLuc_ipUSEPR lentiviral vector This paper N/A

sgTR657_ipUSEPR lentiviral vector This paper N/A

pPAX2 pPAX2 was a gift from Didier

Trono (unpublished)

Cat#12260

RRID:Addgene_12260

pMD2.G pMD2.G was a gift from Didier

Trono (unpublished)

Cat#12259

RRID:Addgene_12259

ipUSEPR lentiviral sgRNA vector This paper N/A

Epigenetic sgRNA library This paper N/A

pCAGIG-CDKN1A This paper N/A

pCAGIG-shCdkn1a This paper N/A

pCDH-CB-Cdkn1a This paper N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/; RRID:

SCR_003070

ImageQuant TL GE Bio-Sciences RRID: SCR_014246

NovoExpress software ACEA Biosciences https://www.aceabio.com/products/

novoexpress-software/; RRID: SCR_024676

NIS-Elements BR4.5 Software Nikon http://www.nikoninstruments.com/

Products/Software/NIS-Elements-

Basic-Research

RRID:

SCR_002776
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ZEN Blue Zeiss https://www.zeiss.com/microscopy/en/

products/software/zeiss-zen.html

RRID:SCR_013672

GraphPad Prism 8 software GraphPad https://www.graphpad.com/scientific-

software/prism/ RRID:SCR_002798

BioRender BioRender https://www.biorender.com

RRID:SCR_018361

eCLIP-Seq codes Yeo lab https://zenodo.org/records/5076591

Custom codes This paper https://zenodo.org/records/10899648

Other

GE Typhoon FLA9000 Biomolecular Imager GE Bio-Sciences N/A

ChemiDoc Bio-Rad Cat#17001401

ECM 830 Electroporation System BTX Cat#45-0052

Varioskan, LUX Thermo Fisher Scientific Type 3020

Immobilon-FL PVDF Membrane Millipore Cat#IPFL00010

Cytosmart Cell counter Corning Cat#6749

NovoCyte Flow Cytometer ACEA Biosciences N/A

C1000 Touch Thermal Cycler Bio-Rad Cat#1851148

Milli-Q Water Purification System Millipore Cat#Z00QSV001

SW41 Ti rotor Beckman Cat#331362

Optima L-90K Ultracentrifuge Beckman Cat#365672

UV Stratalinker 1800 Stratagene Cat#400071

Agilent 2100 Bioanalyzer Agilent Technologies Cat#G2938B

10x Chromium Controller 10x Genomics Cat#1000204
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Sika Zheng

(sika.zheng@ucr.edu).

Materials availability
All the reagents generated in this study are available from the lead contact without restriction or with a completed Materials Transfer

Agreement.

Data and code availability
d All the deep-sequencing data have been uploaded to the Gene Expression Omnibus repository. The accession numbers of all

sequencing data were listed in key resources table. All non-standardized data will be shared upon request.

d All pipeline code for eCLIP-Seq is available onGitHub at: http://github.com/yeolab/eclip and on Zenodo at: https://zenodo.org/

records/5076591, and all other custom codes used in the study is available on GitHub at: https://github.com/NaotoKubota/

Neuron_Upf2_2024 and Zenodo at: https://zenodo.org/records/10899648.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
Exons 2 and 3 of mouse Upf2 were targeted by inserting two loxP sites separately in introns 1 and 3 (Figure 1A). This Upf2loxp/loxp

mouse line was described before.95 Emx1-Cre+/� (stock number 005628), Nex- Cre+/� (gift from Dr. Iryna Ethell), and Nestin-

Cre+/� (stock number 003771) mice were purchased from the Jackson Laboratory and bred with Upf2loxp/loxp mice to generate

Upf2 conditional KO mice. Trp53loxp/loxp mice (Jackson Laboratory stock number 008462) were used to generate Emx1-

Cre+/�; Upf2loxp/loxp; Trp53loxp/loxp double conditional KO mice (Upf2 Trp53dKO). For time pregnancy, Upf2cKO embryos

were generated by crossing Emx1- Cre+/�; Upf2loxp/+ males with Emx1-Cre+/+; Upf2loxp/loxp females, or Nex- Cre+/�; Upf2loxp/+
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males with Nex-Cre+/+; Upf2loxp/loxp females. Upf2 Trp53dKO embryos were generated by crossing Emx1- Cre+/�; Upf2loxp/+;
Trp53loxp/loxp males with Emx1-Cre+/+; Upf2loxp/loxp; Trp53loxp/loxp females. Embryonic mice of both sexes from E13 to E17 and

newborn mice at P0 were used for in vivo studies. The age of P24, 4M and 20M and embryonic day 16 C57BL/6J female and

male mice (Jackson Laboratory, stock number 000664) were used. Under the observation, no influence of sex was found in

any of those mouse lines. All genotyping primers were listed in Table S1. All mice were maintained and generated for experiments

in accordance with the requirements of the Institutional Animal Care and Use Committees (IACUC) at the University of California,

Riverside.

Generation of Mouse cortical neural progenitor cells
Primary cortical neurospheres and neural progenitor cell culture were performed as described previously.97 Mouse neocortices

(E14.5) were collected and digested in 1x TrypLE Express (Invitrogen/GIBCO, 12-604-021) at 37 �C for 15 to 20 minutes. Neuro-

spheres were cultured in neural stem cell medium containing DMEM-F12 (Invitrogen/GIBCO, 11320033), 1x B27 (Invitrogen /GIBCO,

17504044), 1x GlutaMAX (Invitrogen/GIBCO, 35050061), 20 ng/ml EGF (Peprotech, AF-100-15) and 20 ng/ml b-FGF (Peprotech,

AF-100-18B) for 5 to 7 days in a T25 flask. Then neurospheres were dissociated in 1x TrypLE Express and extendedly cultured

in a T75 flask for another 5 to 7 days. After that, neural progenitor cells were plated on dishes or plates and pre-coated with

50 mg/ml polyornithine (Sigma, P2533) and 1 mg/ml fibronectin (Sigma, F4759) for 2 hours at 37 �C. Cortical neural progenitor cells
are usually passaged twice or thrice to eliminate the clusters before experiments.

E. coli competent cells
NEB 5-alpha competent E. coli (high efficiency) cells were cultured in LB medium at a 37�C shaker incubator, and LB medium was

made by adding 20 g LB Broth (Fisher, BP9722) to 1L of Milli-Q water (adjust pH 7.2) followed by autoclaving for 15 minutes. LB agar

plates were made by adding additional 15 g Agar (Fisher, BP1423) in 1 L of LB medium followed by plating 15 mL per 10 cm dishes,

and E. coli cells were also cultured in LB agar plates at a 37�C incubator.

METHOD DETAILS

CellTiter-Glo Luminescent Cell Viability Assay
This cell growth assay was performed in primary cortical neurospheres of Nestin-Upf2cKO and littermate controls according to the

technical bulletin (Promega). After digestion, the cortical NPCswere plated at 15K in 100 ml media per well using 96-well plate (Falcon

white flat-bottom TC plate). For each biological replicate, three technical replicates were plated at same time. Meanwhile, three con-

trol wells containing medium without cells were plated to obtain a value for background luminescence. Before detection, the plate

and its contents were equilibrated at room temperature for around 30minutes. Then 100 ml CellTiter-Glo reagent was added into each

well and the plate was mixed for 2 minutes on an orbit shaker to induce cell lysis. After the plate to incubate at room temperature

for additional 10 minutes, Varioskan LUX (Thermo Scientific) was used to detect the luminescent signal at 30�C from 24 hours to

120 hours after cell plating.

Mouse Brain Sectioning and Immunofluorescence Staining
Mouse brains were humanely collected at desired stages and fixed in ice-cold 4% paraformaldehyde (PFA, Acros Organics,

AC416785000) for 4-14 hours, depending on embryonic and postnatal stages. Fixed brains were then washed three times with

cold PBS (pH7.4), embedded in 3% agarose gel, and sectioned to 50 to 100 mmwith Vibratome LEICA VT1000 S (Leica). For staining,

brain sections were washed three times with cold 1x PBS, permeabilized with 0.5% Triton X-100 (Electron Microscopy Sciences,

22140) in PBS for half an hour at room temperature, and immersed in blocking buffer (10% donkey serum, 0.5% BSA, 0.3% Triton

X-100 in pH 7.4 PBS) for an hour. Afterwards, the sections were incubated with primary antibodies diluted in the blocking buffer at

4 �C overnight. The primary antibodies were used as follows: rabbit anti-TBR1 (Abcam#ab31940, 1:400), mouse anti-SATB2

(Abcam#ab51502, 1:400), rabbit anti-PAX6 (BioLegend#901301, 1:400), mouse anti-PAX6 (BD Biosciences#561664, 1:100), rabbit

anti-Ki67 (Abcam#ab66155, 1:400), rabbit anti-TBR2 (Abcam#ab23345, 1:400), rat anti-TBR2 (Invitrogen#14-4875-82, 1:200), rat

anti-CTIP2 (Abcam#ab18465, 1:400), rabbit anti-p21 (Abcam#ab188224, 1:400). Then, brain sections were rinsed three times

with PBS containing 0.3% Triton X-100 and incubated with appropriate Alexa Fluor conjugated secondary antibodies (Thermo Fisher

Scientific, 1:1000) at 4 �C overnight on the second day. The next day, nuclei were visualized by incubating for 30 min with 0.2 mg/ml

4,6-diamidino-2-phenylindole (DAPI, Sigma, D9542) in PBS at room temperature. After three rounds of washing, stained sections

were mounted with ProLong Gold Antifade Mountant (Thermo Fisher Scientific, P36930).

Mouse NPCs lentivirus infection and growth curve test
400kUpf2fl/fl, Trp53fl/fl orUpf2fl/fl Trp53fl/fl NPCswere plated into onewell of pre-coated 12-well plates and allowed to grow overnight.

No lentivirus (Mock) 10 ml GFP-LV (UCLA Vector Core, GFP) or FUCGW-Cre (UCLA Vector Core, Cre-LV, Cre) were added to 500 ml

NPC media with 4 mg/ml protamine sulfate (MP Biomedicals, 194729) for 24 hours. 24 hours after the infection, NPCs were dissoci-

atedwith 1x TrypLE Express and replatedwith 200kNPCs perwell to pre-coated 6well plates. Onewell of NPCswas dissociated and

counted every 24 to 120 hours after infection.
e6 Neuron 112, 1–20.e1–e12, July 3, 2024
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RNA purification and quantitative RT-PCR analysis
1 ml of TRIzol (Thermo Fisher, 15596018) was directly added to the cells or cortex tissue to extract total RNA following the manufac-

turer protocol. DNase treatment was performed at 37 �C for 35 min to degrade residue genomic DNA after TRIzol RNA isolation with

1 unit of Turbo DNase (Thermo Fisher., AM2239) per 10 mg total RNA. Following the DNase treatment, RNA was purified again using

phenol-chloroform pH 4.5 (VWR, 97064-744). RNA concentrations were measured using a Nanodrop 2000c. cDNA was synthesized

using 1 mg of DNA-free total RNA. The reverse transcription used 1 ml of 30 mM random hexamers (IDT) and 200 units of Promega

M-MLV reverse transcriptase (Promega, M1705) in a 20 ml reaction following the Promega protocol. The completed 20 ml cDNA

reactions were diluted with 180 ml of nuclease-free H2O (1:9) as the working concentration. RT-qPCR experiments were performed

using a 2x Power SYBR Green PCR master mix (Thermo Fisher, 4368708), following the manufacturer’s protocol. A 10 ml reaction

consisted of 5 ml 2x Power SYBR Green PCR master mix, 0.3 ml of 10 mM forward primer, 0.3 ml of 10 mM reverse primer, and 3 ml

of cDNA. A QuantStudio 6 Real-Time PCR instrument (Thermo Fisher) was used for the RT-qPCR assay. The run program was as

follows: 50 �C for 2 min, 95 �C for 15 s, and 60 �C for 1 min, with the 95 �C and 60 �C steps repeated for 40 cycles. A melting curve

test from 60 �C to 95 �C at a 0.05 �C/s measuring rate was performed after each run for quantity control. All primers were listed in

Table S1.

EdU and BrdU Labeling
Cumulative EdU labeling was performed by intraperitoneal injections of 50 mg/kg EdU (Invitrogen, A10044) in sterile PBS into E14.5

or E15.5 pregnant mice, repeated at 3 hours intervals up to 24 hours. Then E15.5 pregnant mice were collected at the expected time

points indicated in Figure 3. Before dissection, all embryos were transferred to ice-cold 1x Hank’s balanced salt solution (HBSS,

Gibco, 14175145) to stop further incorporation of EdU.

For EdU labeling of 24 hours to test the cell cycle exit, timed pregnant mice were injected intraperitoneally at E14.5 with 100mg/kg

EdU in sterile PBS and then collected 24 hours later. For EdU labeling of three days, timed pregnant mice were injected at E14.5 with

100 mg/kg EdU in sterile PBS and then collected at E17.5. For BrdU (Millipore Sigma, F4759) labeling of 1.5 hours, timed pregnant

mice at E17.5 were injectedwith 50mg/kg BrdU and collected at a defined time point before euthanasia. The embryo-containing uteri

were transferred immediately to ice-cold HBSS to stop further incorporation of EdU or BrdU. Mouse anti-BrdU (Millipore

Sigma#B8434, 1:1000) was used in BrdU immunostaining after the 2M hydrochloric acid (Thermo Fisher, S25358) treatment for

1 hour at room temperature. The staining steps were the same as described before in immunofluorescence staining section.

EdU Staining and Confocal Imaging
After cumulative EdU labeling, E15.5 mouse brains were dissected and fixed with ice-cold 4% PFA for 8 to 10 hours. Vibratome sec-

tions (50–100 mm) were used to detect the incorporated EdU with the Click-iT EdU Alexa Fluor 488 Imaging Kit (Thermo Fisher Sci-

entific, C10337). According to the manufacturer’s protocol, thick floating sections were modified as follows: 30 minutes for each

washing and permeabilization, 60 minutes for Click-iT reaction cocktail incubation, and 90 minutes for the serum blocking. Prior

to imaging, the sections were incubated with primary antibodies such as rabbit anti-PAX6 (BioLegend#901301, 1:400) and rat

anti-TBR2 (Invitrogen#14-4875-82, 1:200) at 4 �C overnight, followed by secondary antibodies as Alexa Fluor 647 donkey anti-rabbit

(Thermo Fisher Scientific, A-315731:1000) and Alexa Fluor 568 goat anti-rat (Thermo Fisher Scientific, A-11077, 1:1000) at 4 �C over-

night. The following day, DAPI stained sections weremounted and ready for the confocal imaging and analysis on Zeiss LSM800with

ZEN Blue software.

Analysis of Cell-cycle Parameters
For the analysis of the RGC population, total RGCs were labeled by PAX6+TBR2� and proliferative RGCs during the EdU labeling

period were labeled by EdU+PAX6+TBR2�. For the analysis of the IPC population, total IPCs were labeled by PAX6�TBR2+ and

proliferative IPCs during the EdU labeling period were labeled by EdU+PAX6�TBR2+. The proportional values of EdU+ nuclei

(EdU+PAX6+TBR2�/PAX6+TBR2� or EdU+PAX6�TBR2+/PAX6�TBR2+) acquired after the various times of cumulative labeling

were used to determine the following cell cycle parameters according to the Excel sheet published by Dr. R. Nowakowski53: the

growth fraction (representing the total proportion of cycling progenitors, or P), TC � TS (the time to reach the growth fraction) and

P*TS/TC (the proportion of proliferating cells labeled by first EdU injection), from which the TC and TS were calculated out.

In Utero Electroporation
In utero electroporation was performed as described previously.96 Briefly, timed-pregnant Upf2fl/+;Emx1+ mice at E14.5 were anes-

thetized by isoflurane and the uterine horns were taken out after intraperitoneal injection of 5 mg/kg Carprofen (Sigma). Approxi-

mately 1-1.5 mg endo-free pCAGIG plasmid mixed with 0.05% Fast Green Dye (Sigma) was microinjected into the lateral ventricles

of embryos using calibratedmicropipettes (VWR International). Five pulses (42V, a duration of 50mswith a 950ms interval) were deliv-

ered parallel to the embryonic anteroposterior axis with forceps-type electrodes. Afterwards, the uterus was taken back in the

abdominal cavity and the wound was sutured. The mouse embryos were collected two days later at E16.5 for staining and analysis.

For CDKN1A overexpression in vivo, 1-2 ml pCAGIG-CDKN1A or pCAGIG plasmid (1 mg/ml) was delivered into the C57BL/6 wildtype

embryos at E14.5. Then one day later the operated mouse was injected intraperitoneally with 50 mg/kg EdU for 1.5 hours before

collecting all embryos. For CDKN1A knockdown in vivo, 1-2 mg pCAGIG-shRNA against mouse Cdkn1a was delivered into the
Neuron 112, 1–20.e1–e12, July 3, 2024 e7
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Emx1-Upf2cKO embryos at E14.5, and then the Upf2cKO embryos were collected two days later at E16.5 after the EdU labeling for

1.5 hours as mentioned before. All embryonic brains were collected and fixed with 4% paraformaldehyde in PBS overnight at 4�C for

further staining and analysis. All animal surgeries were performed in accordance with the protocol approved by the Institutional An-

imal Care and Use Committees (IACUC) at the University of California, Riverside.

RNA Sequencing Libraries Construction
RNA samples for library generation were collected from AAV9-GFP-Cre (Addgene, 105545) inducedUpf2KONPCs and E14.5 Emx1-

Cre Upf2fl/fl mouse cortex. For NPCs samples, 200k Upf2fl/fl or Upf2fl/fl Trp53fl/fl NPCs per well were plated in a pre-coated 6-well

plate. The mock group was set to add the same volume of NPC media, while the Cre group was added with a MOI= 400k in 1 ml

NPC media. 14 hours after the plate and infection, AAV9-contained media was removed and replaced with 2 ml fresh NPC media.

72 hours after the infection, media was removed from the well and 1 ml TRIzol was added to each well for RNA extraction and DNase

treatment. Mouse cortex samples were collected from E14.5 Emx1-Cre Upf2fl/fl mouse cortex and proceeded to RNA extraction as

previously described. All samples passed the QC test in the bioanalyzer analysis with a RIN of at least 9.0.

RNA-Seq libraries were constructed using Illumina TruSeq Stranded Total RNA LT Sample Prep kits (Illumina, RS-122-2101) accord-

ing to the manufacturer protocol. In brief, 2 mg total RNA per sample was input for library construction. Ribosomal RNA and other non-

messenger RNAs were depleted with RNA purification beads, and mRNA was fragmented for first-strand cDNA synthesis. After syn-

thesizing the second strand cDNA, the 3’ end of the dsDNA fragments was adenylated and ready to ligate the individual adaptor index.

DNA fragments were further enrichedwith 15PCR cycles using a PCRprimer cocktail. QC tests were performed to verify the fragments’

size range from 200 to 650bp. Samples with different indices were multiplexed with the same mass before sending for sequencing.

RNA-Seq Analysis
All premade RNA-Seq libraries were sent for sequencing with the HiSeq 4000 platform. Around 150G raw data per lane was obtained

for further analysis. Detailed raw reads number of each sample were listed in Table S6. The raw data were mapped using STAR. The

gene-level read counts for gene g are fXg;1;Xg;2;.;Xg;nxg under condition 1, and fYg;1;Yg;2;.;Yg;nyg under condition 2, where nx and

ny are the sample sizes for the two conditions. To identify differentially expressed (DE) genes, we aggregate reads across samples

under the same conditions: Xg =
Pnx

k = 1 Xg;k and Yg =
Pny

k = 1 Yg;k . Assuming that:

Xg

��ðXg +Yg = mÞ �binomial distribution ðm;pÞ, where p = cxqg;x=ðcxqg;x+cyqg;yÞ; qg;x and qg;y are the mean expression levels un-

der conditions 1 and 2 respectively; cx and cy are the normalization factors. For example, the normalization factor for sample k under

condition 1 is calculated as:

cx;k = mediang˛G

8>>><
>>>:

Xg;k

exp

�� Pnx
r = 1

log
�
Xg;r+1

�
+
Pny
r = 1

log
�
Yg;r+1

����
nx+ny

�� � 1

9>>>=
>>>;
;

where the denominator is the geometricmean of gene-level read counts across all samples under both conditions (1 is added to avoid

zeros, and then subtracted from the final geometric mean). The final normalization factors for the two conditions are: cx =
Pnx

k = 1 cx;k

and cy =
Pny

k = 1 cy;k . Under the null hypothesis:qg;x=qg;y = d. Then p = cxd=ðcxd+cyÞ. Calculate the following probabilities:

Pg;1 = Pqg;x=qg;y = 1:5

�
Xg + Yg = m

�
;

Pg;2 = P
qg;x=qg;y = 1=1:5

�
Xg + Yg = m

�
;

Then the p-value for the 2-fold DE change detection (d=2 or 1/2) is min ð1; 23min ðPg;1;Pg;2ÞÞ. The multiple correction was per-

formed on all the 55,573 genes. The adjustment was on all the p-values obtained from the Binomial test aggregating all reads

from replicates without any gene filtering step. The false discovery rate (FDR) is controlled at 0.05. To select DEG for downstream

analysis, we further required the raw pooled gene-level count should be R 50 and the average TPM R 1 for at least one condition.

Isolation of single nuclei from embryonic cortices for snRNA-Seq
The E15.5 embryonic cortex tissues were dissected out and transferred to a new 15 ml conical tube along with HEB medium (Hiber-

nate A medium containing 1x B27 and 1x GlutaMAX) to cover the tissues. The nuclei isolation was performed according to the 10x

Genomics protocol (CG000124). In brief, tissue was incubated on ice in 3 ml chilled lysis buffer (10 mM Tris-HCl, 10 mM NaCl, 3 mM

MgCl2 and 0.1% Nonidet P40 Substitute) for 4 minutes. Then, 3 ml chilled HEB medium was added to the lysed cells and mixed with

the fire polished silanized Pasteur pipette for around 20 passes. 30 mmMACSSmartStrainer was used to remove cell debris and large

clumps. Next, we centrifuged at 500 rcf for 5 min at 4�C and removed the supernatant without disrupting the nuclei pellet. 3 ml Nuclei

Wash and Resuspension Buffer (1x PBS with 1.0% BSA and 0.2 U/ml RNase inhibitor) was used twice to wash the isolated nuclei.

Finally, we centrifuged at 500 rcf for 5 min at 4�C and resuspended in Nuclei Wash and Resuspension Buffer to a final concentration

of 1200 nuclei per ml in WT and 900 nuclei per ml in Emx1-Upf2cKO.
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Single cell/single nuclei RNA Sequencing Libraries Construction
NPCs were infected with GFP-LV or Cre-LV, as previously described. 72 hours after the infection, NPCs were dissociated with 1x

TrypLE Express and resuspended in 1x PBS with 0.04% BSA (Research Pro. Int., A30075). Concentration and viability tests of

GFP and Cre groups were carried out for both groups, and GFP had 715k NPCs/ml with 91.5% viability, while Cre had 552k

NPCs/ml with 93.2% viability.

Upf2fl/fl NPCs with GFP-LV and Cre-LV infection or single nuclei isolated from embryonic cortices were used for single-cell library

construction (10x Genomics, 1000128). NPCs or single nuclei were loaded into the single-cell chip with a target recovery of 10k cells

into the 10x Genomic Chromium machine. After the 10x program finished, 100 ml GEMs per sample were recovered for GEM-RT in-

cubation. GEM-RT cDNA was further cleaned up and amplified with 12 cycles. Samples were determined as passing the QC with

fragments ranging from 300 to 9,000bp. 20 ml cDNA per sample was used as input for library generation. After the cDNA fragmen-

tation, end repair, and A-tailing, the adapter was ligated for amplification. Different sample indices (indices from 10x index plate or

indices synthesized by IDT) were used for additional 14 PCR cycles. PCR products were cleaned up and size selected, and samples

were determined to pass the QC with a size range from 300 to 600bp. Samples with the same mass were multiplexed and sent for

sequencing.

Single-cell RNA-Seq Analysis
ScRNA-Seq libraries were sequenced on the HiSeq 4000 platform. Around 150G raw data per lane was obtained. Detailed raw reads

number of each sample were listed in Table S6. Cell Ranger (version 5.0.1, reference genome: mm10-2020-A<based on Gencode

vM23, and filtering out pseudogenes, TEC, miRNA etc., a total of 32285 genes) was used to perform alignment, filtering, barcode

counting, and UMI counting for single-cell RNA-Seq. Cell-cycle-phase-specific marker genes (M/G1, G1/S, S, G2, and G2/M)

were obtained fromWhitfield et al.98 Since this study was based onmicroarray mRNA expression profiling of HeLa cells, genemicro-

array probes were converted to Ensembl genes according to the reported NCBI gene (Entrezgene) IDs. Genes with probes assigned

to different phases were removed. Then these human genes were converted tomouse genes according to the ‘‘one-to-one’’ ortholog

information between humans and mice. The cell-cycle genes underwent two filtering steps to remove those that were identified as

phase-specific in HeLa but did not correlate well in our NPC samples: (1) only retain genes exhibiting a positive average correlation

with other genes in the same phase; (2) retain genes exhibiting a larger mean correlation with other genes within the same phase than

the correlation with genes from different phases. For each phase, we averaged the normalized expression levels (log2(CPM+1)) of the

marker genes to define the phase-specific scores of each cell. These scores were then subjected to two normalization steps as pre-

viously described.67 First, for each phase, the scores were Z-transformed across cells. Second, the normalized scores of each cell

were further Z-transformed. The scRNA-Seq data (gene-level UMI counts) for RGCs and IPCs were downloaded from the GEOweb-

site (GSE107122), in which about 19 thousand Ensembl mouse genes were given gene expression values.

The differential expression (DE) analysis for genes between two groups of cells was performed by the Binomial distribution-based

conditional test on the aggregated read counts, targeting a fold change of at least 1.5. The normalization factor was calculated as

each sample’s total UMI count. The Bonferroni corrected P-value (or FDR in the analysis of RGCs and IPCs) for the differential expres-

sion should be% 0.05. To make sure the DE signal was still significant with the consideration of cell-to-cell variation within the same

group, we conducted an additional t-test on the cells with at least one UMI (log2(CPM), at least five cells with UMI for each group) and

required the Bonferroni corrected P-value (or original P in the analysis of RGCs and IPCs)% 0.05. We further required the raw pooled

UMI count should beR 50 and the corresponding CPMR 1 for at least one condition. Selected genes represent those passing the

above threshold in both replicates (DEfmn_10x and DEfmn_IDT).

Apoptotic analysis for Upf2KO NPCs by flow cytometry
Annexin V: FITC Apoptosis Detection Kit I (BD Biosciences, 556547) was used for apoptotic analysis following the manufacturer’s

protocol. In brief, the same mouse NPCs lentivirus infection protocol as the growth curve test was adopted. With the exception

that 10 ml empty backbone-LV (UCLA Vector Core) were used for Ctrl group infection and 10 ml iCre-LV (UCLA Vector Core, iCre)

were used asUpf2KO group. 72 hours after the infection, NPCswere dissociated and cells were resuspended in the 1x binding buffer

with a concentration of 13 10^6 cells/ml. 100 ml NPCs per group were stained with 1 ml 7-AAD (Thermo Fisher, A1310, 1 mg/ml) and

1 ml Annexin V at room temperature for 20 min in the dark. Additional 200 ml 1x binding buffer was added to all samples, and samples

were filtered with 5 ml FACS tubes before FACS analysis using NovoCyte Flow Cytometer (ACEA Biosciences).

Analysis of cell cycle progression by EdU pulse labeling
Click-iT� EdU Alexa Fluor� 488 Flow Cytometry Assay Kit (Thermo Fisher, C10425) was used for cell cycle progression analysis.

Upf2fl/fl,Upf2fl/fl Trp53fl/fl andUpf2fl/fl-sgRNA stable expressed NPC lines were used for cell cycle analysis using the same NPC infec-

tion protocol as the apoptosis analysis. As for cell cycle analysis with lentiviral Cdkn1a overexpression, 10 ml iCre-LV were replaced

with 25 ml Cdkn1a-LV (lab made) to achieve a similar upregulation of Cdkn1a as Upf2KO. 72 hours after the infection, 10 mMEdUwas

added to one well of each group and incubated for a 30 min pulse labeling. All wells were washed with warm 1x PBS and dissociated

with 1x TrypLE Express. After centrifuge, NPCs were washed in the cold 1x PBS with 1% BSA and resuspended in the fixative buffer

at a concentration of 1x 10^6 cells/ml and fixed at 4 �C overnight. The next morning, NPCs were washed cold 1x PBS with 1% BSA

and resuspended in 1x Click-iT saponin-based permeabilization andwash reagent at a concentration of 1x 10^6 cells/ml. NPCswere
Neuron 112, 1–20.e1–e12, July 3, 2024 e9
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incubated in the permeabilization buffer for 15 min. Transfer 50 ml cell suspension to 250 ml Click-iT reaction cocktail (219 ml 1x PBS,

5 ml CuSO4, 1.25 ml fluorescent dye azide, 25 ml reaction buffer additive) and at room temperature for 30 min in the dark. Cells were

washed again with 1x Click-iT saponin-based permeabilization and wash reagent. The DNA content was stained with 1 ml 7-AAD

(1 mg/ml) according to the apoptosis protocol and proceeded to the FACS analysis using NovoCyte Flow Cytometer (ACEA

Biosciences).

Enhanced UPF1 CLIP analysis
The protocol we used was in line with the nature protocol published by Yeo lab.99 In brief, 40 million NPCs were dissociated and re-

suspended with 4 ml pre-cold 1x PBS in a 10 cm dish. Place the 10 cm dish on the chilled metal plate with the lid removed and cross-

linked the samples with UV Stratalinker with 400 mJ/cm2. All NPCs were collected and centrifuged, and the pellet was flash frozen

with liquid nitrogen and stored at �80 �C or dry ice until use. Cell pellets were lysed and sonicated in eCLIP lysis buffer (50 mM Tris-

HCl pH 7.4, 100 mMNaCl, 1%NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 1:200 Protease Inhibitor Cocktail III, in RNase/DNase

free H2O). RNAwas fragmented using RNase I (Ambion) andUPF1: RNA complexeswere immunoprecipitated overnight at 4 �Cusing

Dynabeads bound to 2 mg of UPF1-specific antibody (A301-902A). Libraries were also generated from size-matched input (SMInput)

samples representing RNAs from whole cell lysates. The UPF1 IPs were subject to a series of washes (high salt wash buffer: 50 mM

Tris-HCl pH 7.4, 1 M NaCl, 1 mM EDTA, 1%NP-40, 0.1% SDS, 0.5% sodium deoxycholate, in RNase/DNase-free H2O; wash buffer:

20mMTris-HCl pH 7.4, 10mMMgCl2, 0.2%Tween-20, in RNase/DNase-free H2O) followed by FastAP (Thermo Fisher Scientific) and

T4 PNK (NEB) treatment to dephosphorylate the RNA. An adaptor was then ligated to the 3’ ends of the dephosphorylated RNAs

using T4 RNA Ligase 1 (NEB) and UPF1: RNA complexes were separated via gel electrophoresis and transferred to nitrocellulose

membranes. RNA molecules were extracted using Proteinase K (NEB) and SMInput RNA was dephosphorylated and then 3’

adaptor-ligated. All samples were reverse transcribed using Superscript III (Invitrogen) and treated with ExoSAP-IT (Affymetrix) to

remove free primers and unincorporated dNTPs. A DNA adaptor was then ligated to the 3’ ends of the cDNA with T4 RNA Ligase

1 prior to qPCR quantification and PCR amplification using Q5 High-Fidelity 2x Master Mix (NEB). Purified libraries were then

sequenced by Illumina sequencing.

eCLIP reads were processed and trimmed of their unique molecular identifiers and adapters using umi_tools (1.0.0) and cutadapt

(1.14) respectively.100,101 Then, rRNA and repeat element filtering was performed by mapping trimmed reads to RepBase with STAR

(2.7.6).102 Surviving reads were mapped to the mouse genome (mm10) and duplicates were removed. Enriched clusters of reads

(peaks) from the IP dataset were called using CLIPper. Within each peak, reads from each IP were compared to reads from corre-

sponding size-matched input controls to calculate fold enrichment. Peaks were annotated using Mouse Gencode v15. To quantita-

tively determine UPF1 binding sites, we used the binding signal enrichment ratio (RPMIP/RPMInput) across 3’UTRs since the majority

of peaks lay within the 3’UTR. We defined transcripts as high-confidence UPF1 binding genes when the ratio was > 8 [log2(fold

change) > 3] and p-value < 10�5 [Fisher/Chi-square test] (Figure 6D).103

Protein extraction and immunoblotting
All protein samples were extracted with standard RIPA buffer with 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100,

0.1% SDS, 0.2 ml/ml Benzonase Nuclease (EMD Millipore, E1014) and 1x EDTA-free protease inhibitor cocktail (Roche,

11873580001). For NPC samples, cells were washed with cold 1x PBS twice in the 6-well plate. 100 ml of RIPA buffer per

well was added, and NPCs were scrapped to the buffer and then transferred to 1.5 ml Eppendorf tubes. All tubes were rotated

at 4 �C for 1 hour to facilitate the lysis process. Samples were centrifuged at 4 �C for 12,000 rpm, 10 minutes, and all super-

natants were transferred to new tubes. For brain tissues, protein lysis was shaken up and down at 4 �C for 1 hour and then

collected by centrifuging at 14,800 rpm for 20 minutes at 4 �C to get rid of the insoluble residues. Protein concentrations

were determined with a BCA kit.

About 20 to 40 mg total protein per sample was loaded to 12% or 4%–12% SDS-PAGE gels for immunoblotting analysis. With

electro-separated proteins transferred to PVDF membranes, target proteins were probed with primary antibodies in 1x TBST with

5% BSA. Incubated overnight and detected with appropriate Alexa Fluor (Thermo Fisher, 1:1000) or HRP conjugated (Cell

Signaling Technology, 1:5000) secondary antibodies. Images were collected with Typhoon FLA9000 Biomolecular Imager (GE

Bio-Sciences) or ChemiDoc (Bio-Rad, 17001401). The intensities of target bands were quantified with the ImageQuant software

(GE Bio-Sciences). The primary antibodies were used as follows: rabbit anti-UPF2 (gift from Dr. Jens Lykke-Andersen, 1:1000),

mouse anti-CDKN1A (BD Biosciences#556431, 1:1000), rabbit anti-TRP53 (Leica Biosystems#P53-CM5P, 1:500), mouse anti-

GAPDH (Thermo fisher#AM4300, clone 6C5, 1:2000), rabbit anti-GAPDH (Cell Signaling Technology #2118, 1;2000).

Half-life measurement of Cdkn1a mRNA in mouse NPCs
NPCswere infected with Ctrl or iCre lentivirus following the previous procedure. 72 hours after the infection, different groups of NPCs

were treated with 5 mg/ml Actinomycin D (Sigma, A1410) for the indicated time. Cells were collected at 0 hour, followed by 1, 2, 4, 6,

and 8 hour(s) by adding 1ml TRIzol. With the RNA purification and RT-qPCR analysis, the percentage ofCdkn1a left relative to 0 hour

were determined. Take a log10 of these percentages and plot them against time. Linear regression of all collected points, and the

decay rate is the minus slope. The half-life could be calculated with 0.301/the decay rate.
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Lentivirus production with HEK 293T cells
All batches of lentivirus were produced with target plasmid or library plasmid with the pPAX2 (Addgene, 12260) and pMD2.G (Addg-

ene, 12259) packaging plasmids. In brief, 3.4x 10^6 293T cells were plated into one 10 cm dish. The next morning, twomixtures were

made for the transfection. Mixture 1 contained 5.6 mg pPAX2, 5.6 mg pMD2 and 5.6 mg target plasmid in 420 ml 150 mM NaCl, while

mixture 2 contained 51 ml PEI (40 KD, Fisher Scientific, NC1038561) in 204 ml 150 mM NaCl. Mixture 2 was added to mixture 1 and

vortex mixed as the transfection mixture. The final mixture was incubated for 10 minutes before adding to 10 ml culture media.

24 hours after the transfection, PEI-containing media was replaced with 10 ml fresh media. Harvest two batches of viral media at

48 and 96 hours after the transfection. Then, media were combined and centrifuged at 2,000 g for 10 min to remove cell debris.

All supernatants should be filtered with a 0.45 mm filter and centrifuged at 4 �C for 100,000 g, 2 hours. Carefully remove all superna-

tants and resuspend the pellet with pre-cold 1x PBS (V1x PBS/Vviral media = 1/200). Storage all concentrated lentivirus at �80 �C
until use.

Construction of Upf2fl/fl-NPC-dCas9-Krab cells
dCas9-Krab lentivirus was delivered to Upf2fl/fl NPCs following the previously described protocol. 24 hours after the infection, NPCs

from the non-infection control wells and infected wells were seeded into one 10 cm dish each. 48 hours after the infection, all dishes

were treated with 1 mg/ml blasticidin (Thermo Fisher, MT30100RB) selection drug. With the complete cell death of the non-infection

group, NPCs left in the infected group should be dCas9-Krab positive. Replace with fresh blasticidin containing NPC complete media

every 48 hours to remove dead cells until NPCs reach full confluency. NPCs infected with different dosages of lentivirus were

collected for the CRISPRi efficiency test.

Briefly, NPC or NPC-dCas9 cells were infected with the same dosage of sgLuciferase or sgRFP at a�15% infection rate. 72 hours

after the infection, NPCs were dissociated with 1x TrypLE Express, then washed and resuspended with 1x PBS. NPCs were

proceeded to FACS analysis to detect the percentage of RFP+ cells. CRISPRi efficiency was calculated as below:

RatioRFP=Luci =
PercentageNPC sgRNA RFP � PercentageNPC non sgRNA

PercentageNPC sgRNA Luci � PercentageNPC non sgRNA
Efficiency = 1 � PercentageNPC dCas9 Krab RFP � PercentageNPC dCas9 Krab non sgRNA

RatioRFP=Luci 3
�
PercentageNPC dCas9 sgRNA Luci � PercentageNPC dCas9 Krab non sgRNA

�
Two NPC-dCas9-Krab cell lines with the highest CRISPRi efficiency were selected for CRISPRi screening (NPC-dCas9-Krab#5

with 78.8% and NPC-dCas9-Krab#50 with 74.6% KD efficiency).

Epigenetic CRISPR interference (CRISPRi) library screen
For the epigenetics-focused CRISPRi library (Table S2), 3,630 sgRNA sequences targeting the TSS of 720 epigenetic-related genes

were designed using the mouse genome-wide CRISPRi-v2.104 Briefly, guide RNA oligos were synthesized by microarray (Custom

Array) and cloned into the ipUSEPR lentiviral vector (hU6-driven sgRNA co-expressed with EF-1a-driven red fluorescent protein

[RFP] and puromycin-resistance gene) using the BsmBI (NEB) restriction sites.61,105 Lentivirus was produced in HEK293 cells by

co-transfecting the CRISPRi library plasmid with the pPAX2 and pMD2.G plasmids. The library was then delivered into the NPC-

dCas9-Krab cells via lentiviral transduction. Briefly, cells were infected with the library at �15% infection (monitored by flow cytom-

etry for RFP expression; 2 replicates each condition) and selected by 1 mg/ml puromycin (Fisher Scientific, 501414402). 3.6 million

cells from each replicate were collected as theMock group. NPC-dCas9-Krab-sgRNA+ cells were then infectedwith GFP or Cre lenti-

virus as previously described. An additional MOI=400k AAV9-GFP (Addgene, 105530) or AAV9-Cre was added to keep the Upf2KO

pressure at 48 hours post infection. 72 hours after the lentivirus infection, AAV9-containing media was replaced with fresh NPC me-

dia. 120 hours after infection, NPCs were dissociated and counted (Replicate#1: GFP: 13.5 million, Cre: 2 million; Replicate#2: GFP:

17.7 million, Cre: 2 million) for sgRNA detection. The integrated sgRNA in each sample was PCR-amplified from genomic DNA (NEB,

NEBNext Ultra II Q5) using primers DCF01 5’-CTTGTGGAAAGGACGAAACACCG-3’ and DCR03 5’- CCTAGGAACAGCGGTTT

AAAAAAGC-3’ for high-throughput sequencing (NextSeq550, Illumina). To quantify sgRNA reads, nucleotide sequences that

matched the sgRNA backbone structure (5’-CACCG and GTTT-3’) were extracted and mapped to the library sgRNA sequences us-

ing Bowtie2 and then analyzed using the Model-based Analysis of Genome-wide CRISPR-Cas9 Knockout (MAGeCK v0.5.9.3)

algorithm.62

Epigenetic CRISPR interference (CRISPRi) positive hits verification
2 sgRNA of the top 7 genes (Trp53, Tada3, Atm, Gemin2, Brd9, Snrpa, Snrnp48) and Cdkn1a gene were selected for target genes

verification (Table S2). With the sgRNA sequence selected, an additional ‘‘G’’ was added to the 5’ end of the sgRNA (IDT), and

then the sgRNAwas inserted into the ipUSEPR lentiviral sgRNA vector with BsmBI enzyme (NEB). Target sgRNA containing lentivirus

was produced as previously described. NPC-dCas9-sgRNA cell lines were constructed with lentivirus following the previously

described protocol, and then selected with 1 mg/ml puromycin. One cell line of each sgRNA was used for positive hits verification.

A new batch of FUCGW-Cre lentivirus was used for target sgRNA verification. 300k NPC-dCas9-sgRNA cells were plated into
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one well of pre-coated 24 well plates and allowed to grow overnight. No lentivirus (Mock) or 10 ml Cre-LV (Cre) were added to 200 ml

NPC media with 4 mg/ml protamine sulfate for 24 hours. 24 hours after the infection, NPCs were dissociated with 1x TrypLE Express

and replated with�100k NPCs per well to a pre-coated 24-well plate. 120 hours after infection, NPCs were dissociated and counted.

QUANTIFICATION AND STATISTICAL ANALYSIS

We follow standard practices of applying statistical analysis to biological data. Data are presented as mean ± SEM with raw dot

plots. Statistical significance was assessed using the standard two-tailed unpaired Student’s t test between experimental and

control groups. Microsoft Excel (v.14) and Prism (8.0) were used to carry out the aforementioned statistical tests unless otherwise

specified. The significance threshold was set as 0.05 and presented as: p R 0.05, no significant, ‘‘n.s.’’; p < 0.05, ‘‘*’’; p <0.01,

‘‘**’’; p <0.001, ‘‘***’’; p <0.0001, ‘‘****’’. Biological replicate numbers ‘‘n’’ and what they represent can be found in figure legends,

and ‘‘N’’ in figure legends indicates repeat numbers per biological replicate. Data were blindly analyzed without considering

genotypes.
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