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Schizophrenia (SCZ) is a neuropsychiatric disorder with aberrant expression of multiple genes.
However, identifying its exact causal genes remains a considerable challenge. The brain-specific
transcription factor POU3F2 (POU domain, class 3, transcription factor 2) has been recognized

as a risk factor for SCZ, but our understanding of its target genes and pathogenic mechanisms

are still limited. Here we report that POU3F2 regulates 42 SCZ-related genes in knockdown

and RNA sequencing experiments of human neural progenitor cells (NPCs). Among those
SCZ-related genes, 7R/M8 (Tripartite motif containing 8) is located in SCZ-associated genetic
locus and is aberrantly expressed in patients with SCZ. Luciferase reporter and electrophoretic
mobility shift assays (EMSA) showed that POU3F2 induces 7R/M8& expression by binding to

the SCZ-associated SNP (single nucleotide polymorphism) rs5011218, which affects POU3F2
binding efficiency at the promoter region of 7R/MS&. We investigated the cellular functions of
POU3F2and TRIMS as they co-regulate several pathways related to neural development and
synaptic function. Knocking down either POU3F2 or TRIMS8 promoted the proliferation of NPCs,
inhibited their neuronal differentiation, and impaired the excitatory synaptic transmission of NPC-
derived neurons. These results indicate that POU3F2regulates TR/IMS8 expression through the
SCZ-associated SNP rs5011218, and both genes may be involved in the etiology of SCZ by
regulating neural development and synaptic function.

Introduction

Schizophrenia (SCZ) is a highly heritable psychiatric disorder with complex pathogenic
mechanisms that are not fully understood?. Several leading hypotheses have been aimed

at its etiology. Two of these are based upon the disruption of neural development and
synaptic function, proposing that abnormal neural structure, function, and connectivity are at
fault? 3. Genetic studies also support such theories, associating SCZ with widespread gene
dysregulations. Indeed, large scale genome-wide association studies (GWAS) have identified
hundreds of genes linked to SCZ4. Dozens of these SCZ-related genes, such as GLT8D1,
MIR-137, and CACNAIC, affect neural development and synaptic functions®. However,
for most of these risk genes, little is known about their functional relationship to SCZ and
even less about their coordinated function.

SCZ is likely caused by many genes with small effects, but their collective interactions form
a functional regulatory network that magnifies their effects considerably®. Several regulatory
genes act as hub genes regulating their targets within the network, such as transcription
factors, microRNAs, and long non-coding RNAs® 9:10. |n a previous study, we constructed
a gene coexpression module underlying SCZ risk using 394 brain samples from patients
with SCZ and healthy controls®. We found brain-specific transcription factor POU3F2to

be one of the key regulators co-expressed with many genes within the SCZ-related module.
POUBS3FZ2is expressed primarily in the central nervous system and has an essential role in
brain developmentl. However, the target genes of POU3F2and their relationship with SCZ
remain largely unknown.

Findings from several studies support the role of POU3F2in SCZ etiology. POU3F2
involves neuronal functions that favor the neurodevelopmental hypothesis of SCZ. For
example, POU3F2 regulates layer production and cortical neuron migration in the
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developing neocortex!: 12 while POU3F2-deficient mice exhibit impaired hippocampal
neurogenesis!3. Further, GWAS and brain imaging analyses have identified SCZ-related
brain activity affected by POU3FZ4. Additionally, POU3F2 expression is found to be
aberrantly increased in patients with SCZ in three independent RNA-seq datasets!®. While
such convergent evidence supports POU3F2 as a contributor to the risk for SCZ, knowledge
of the pathogenic mechanism of POUS3FZ2is meager. Identifying POU3F2targets and
associated cellular functions may further clarify its pathogenic mechanism within SCZ.

We hypothesize that POUSF2 affects neurodevelopment and synaptic functions by
regulating its co-expressed genes. To test this hypothesis, we first identified the co-expressed
genes of POU3F2for those with expression affected by POU3F2 knockdown in NPCs.
Among these POU3F2targets, we selected 7R/ME as a promising SCZ-related gene for
downstream studies. 7R/M8&is an E3 ubiquitin ligase and best known for its role in

cell proliferation and immune responsel® 17, To interpret the regulatory mechanisms of
POU3F2-regulated 7R/M8expression, we investigated SCZ GWAS SNPs located in the
TRIMS8 promoter region. Lastly, to study the impact of POU3F2and TRIMS on neural
development and synaptic function, we studied several cellular phenotypes associated with
the expression changes of POU3F2and TRIMS8in neural cells.

SCZ-related target genes of POU3F2 identified in NPCs

From a gene coexpression module constructed in our previous study®, we identified genes
whose expression levels were affected by POU3F2. The module contained 545 protein-
coding genes (Table S1). We wanted to determine if any of these genes were being
regulated by POU3F2 using a cellular model. We first characterized the human induced
pluripotent stem cells (iPSCs) and differentiated them into NPCs (Supplementary Fig. 1).
Next, we performed POU3FZknockdown in the NPCs through lentiviral transduction and
observed that 3,421 genes were changed significantly by RNA-seq analysis (false discovery
rate (FDR) q < 0.05, Table S2), with 1,961 of them were upregulated and 1,460 were
downregulated (Fig. 1A). Of the 3,421 genes with expression changes, 60 overlapped with
the 545 module genes and had a consistent direction of alteration in the POU3F2 knockdown
and coexpression analyses (enrichment P =9.1e-4; Fig. 1B, Table S3).

To explore whether these 60 POU3F2-regulated genes are also risk genes for SCZ, we
examined three published lists of SCZ candidate genes (Table S4) and performed gene
enrichment analysis. The first gene list, obtained from the SZDB (schizophrenia database),
contained 2,752 genes assembled from the Psychiatric Genomics Consortium (PGC) GWAS
study, the sherlock integrative analysis, and a study of genes affected by copy number
variations8. The second list consisted of 106 genes with SCZ-associated rare variants that
were selected from our published study®. The third list had 4,096 differentially expressed
protein-coding genes from PsychENCODE data (FDR g < 0.05; SCZ n = 559; Control n
=936)19. A total of 6,235 SCZ candidate genes resulted from combining these three gene
lists. Enrichment analysis identified 42 out of the 60 POU3F2-regulated genes from the
6,235 SCZ-related genes (enrichment £ = 2.1e-5; Fig. 1C, Table S5). Functional enrichment
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analysis showed that the 42 genes were significantly enriched in the development of neural
cells and the central nervous system (FDR q < 0.05; Fig. 1D).

TRIM8 stood out as an SCZ candidate gene among the 42 SCZ-related genes

We prioritized the genes that have been identified as associated with an increased risk for
SCZ among the 42 target genes using GWAS and gene expression data. PGC identified
TRIMS, NCAN, and Clorf54as SCZ candidate genes in a GWAS study using a cohort of
36,989 cases and 113,075 controls®. The other 39 genes were identified in studies of rare
variants and differential expression from smaller study samples® 19, TR/MS8, NCAN, and
Clorf54 were selected for further analysis as they were identified in a well-powered study.
We found that 7/R/M8was located in the most significant GWAS locus (ranking the third
locus, GWAS p = 6.198e-19). NCAN and Clorf54 followed far behind ranking as 47t and
48t |oci, respectively (GWAS p = 3.634e-10; p= 4.487e-10). Furthermore, PsychENCODE
data showed that 7R/M8 expression increased in the brain tissues of patients with SCZ
compared with controls (SCZ n = 559; control n = 936; differential expression p=0.016),
whereas NCAN and Clorf54 expression were not significantly altered!®. Therefore, we
selected 7R/M8for further study.

Three SCZ SNPs may mediate POU3F2-regulated TRIM8 expression by disrupting POU3F2

binding

Although RNA-seq results showed that 7TR/M8 expression decreased after POU3F2
knockdown, POU3F2-specific mechanisms for regulating 7/R/M8& expression and its
association with SCZ remain unknown. SCZ-related genetic variants are frequently located
in non-coding regions, such as in promoter and enhancer regions?. These variants regulate
gene expression and generate gene expression quantitative trait loci (eQTL)20. Furthermore,
SCZ-related variants can affect gene expression by disrupting transcription factor binding??.
Therefore, we hypothesized that SCZ-related variants in the regulatory region of 7R/IME
influence its expression by affecting POU3F2 binding.

To identify the POU3F2 binding-disrupting SNPs associated with 7R/M8 expression, we
first identified POU3F2 binding sequences within the 6kb upstream region of 7R/IM& (Table
S6), referencing the JASPAR database?2. We then identified brain eQTL SNPs of 7TR/M&
within this 6kb genomic region using Brain eQTL Almanac (BRAINEAC) data from the
UK Brain Expression Consortium (Table S7)23. Combining these results, we identified two
eQTL SNPs (rs5011218 and rs11191359) that were co-localized with the predicted POU3F2
binding sites, and another eQTL SNP (rs4146428) which was near the predicted site

(Fig. 2A). Data from the Lieber Institute for Brain Development (LIBD)?4 also confirmed
rs5011218 and rs4146428 to be 7TR/IMEeQTL signals in the dorsolateral prefrontal cortex
(FDR g = 0.0027 for both SNPs, Fig. 2B).

To study the regulatory activity of these three SNPs (rs5011218, rs11191359, and
rs4146428), we annotated them using the Encyclopedia of DNA Elements (ENCODE)
data as summarized in the University of California Santa Cruz (UCSC) Genome Browser
website25, Graphical results showed that these three SNPs were covered by H3K27AC and
DNasel hypersensitivity signals, indicating regional high transcriptional activity (Fig. 2C).

Mol Psychiatry. Author manuscript; available in PMC 2021 October 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ding et al.

Page 5

We then tested the direct interaction between POU3F2 and the three SNPs. ChlP-seq data
from the ENCODE project revealed that POU2F2 binds to the site surrounding rs4146428
in B-lymphocyte cells (Fig. 2C). POU3F2 and POU2F2 have a similar core binding motif
within the POU domain. Therefore, POU3F2 could also bind to this site. Considering

that POU3F2 is a brain-specific transcription factor and that SCZ-related SNPs confer
their effects mainly in the brain, we downloaded POU3F2 ChlIP-seq data from NPCs26,
The analysis revealed ChIP-seq peak signals overlapping these three SNPs sites (Fig. 2C),
indicating their direct interaction with the POU3F2 protein.

Finally, we found that the three SNPs described above are associated with SCZ. These
three SNPs were included in the PGC-reported set of SCZ GWAS SNPs having a 99%
probability of containing SCZ causal variants* (rs5011218 GWAS P =3.7e-9, rs11191359
GWAS P =2.5e-8, rs4146428 GWAS P =2.8e-8, Fig. 2A). All three SNPs were in linkage
disequilibrium (non-random association of alleles at multiple loci, r2 > 0.6) with the SCZ
index SNP rs7907645 (GWAS P=1.3e-11, Fig. 2A). Data from BRAINEAC showed that
the index SNP rs7907645 was also an eQTL SNP of 7R/M8in the occipital cortex (P=
6.2e-3, Fig. 2A).

POU3F2 promoted TRIM8 expression, and SNP rs5011218 modulated this regulation by
altering POU3F2 binding efficiency

To verify that POU3F2 positively regulates 7R/MS8 expression, we performed transient
transfection assays to alter POU3F2 expression using POU3F2 overexpression plasmid or
small interfering RNA (siRNA). POU3F2 overexpression in NPCs significantly increased
mMRNA expression of 7R/M8 (P < 0.01, Fig. 3A) and TRIM8 protein expression (P <

0.01, Fig. 3C). Conversely, POU3F2 knockdown significantly decreased 7R/M8 mRNA
expression (P < 0.001, Fig. 3B) and lowered 7R/MS8 protein expression (P < 0.001, Fig.
3D). These results were consistent with the RNA-seq analysis, confirming that POU3F2is a
positive regulator of 7R/M8& expression in NPCs.

Next, we tested what regulatory effects the different alleles of the three SNPs (rs5011218
A>C, rs11191359 A>T and rs4146428 G>A) have on TR/IMS8expression using the dual-
luciferase reporter assay. We first cloned the regulatory element of 7R/M& containing

the reference alleles of three SNPs (rs5011218 A, rs11191359 A, rs4146428 G, Table

S8) into luciferase reporter vectors. To see the effects of POU3F2 protein on the activity
of the constructed vector, we then co-transfected the reporter vectors and the POU3F2
overexpression vector into NPCs. The results suggested that POU3F2 significantly increased
the luciferase activity of the reporter vector through the regulatory element containing the
reference alleles (P <0.001, Fig. 3E). We then mutated the three reference alleles to test
the regulatory effects of the alternative alleles. We found that the C allele of rs5011218,
the T allele of rs11191359, and the A allele of rs4146428 each significantly inhibited the
POUS3F2-induced upregulation respectively (< 0.001, Fig. 3E).

Finally, we studied the direct interaction between POU3F2 protein and the SNPs using
EMSA. While the three SNPs all showed allelic effects in luciferase reporter assays,
rs4146428 was not located within the predicted POU3F2 binding sites (Fig. 2A). Therefore,
we studied the impact of rs5011218 and rs11191359 on POU3F2 binding by designing
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several different probes for EMSA assays (table S9). We observed two shifted bands for
rs5011218, suggesting that POU3F2 bound to the designed probes containing either the
A or C allele (Fig. 3F). Moreover, POU3F2 protein had higher affinity for the A allele
than the C allele. This observation explains the luciferase reporter results for rs5011218,
in which the vector carrying allele A showed increased reporter activity. For rs11191359,
no direct interaction between POU3F2 protein and the corresponding probes was detected
(Supplementary Fig. 2).

POU3F2 and TRIM8 expressions peaked in the prefrontal cortex during early
developmental stages

POU3F2and TRIMBS expression patterns were assessed in human tissues using GTEx
(genotype-tissue expression) data?’, and we found that both POU3F2and TRIMS are widely
expressed in various brain regions (Supplementary Fig. 3A and Supplementary Fig. 3B). In
addition, spatiotemporal expression data from SZDB (schizophrenia database) showed that
the MRNA expression levels of POU3F2and TRIMS8 gradually increased and then peaked
during the early developmental stages of the prefrontal cortex (fetal and infant stages;
Supplementary Fig. 3C). These data suggest that POU3F2and TRIMS8 may have a role in
brain development.

POU3F2 and TRIM8 co-regulated several signaling pathways associated with neural
development and synaptic functions

To further understand the functional roles of POU3F2and TRIMS8implicated in SCZ, we
performed pathway enrichment analysis of their co-regulated genes. A total of 1040 genes
were significantly changed after 7R/M8&knockdown in NPCs (FDR q < 0.05, Table S10).
Genes totaling 600 were upregulated, and 440 downregulated (Supplementary Fig. 4A).
When comparing RNA-seq data from 7R/M8and POU3FZ2 knockdown NPCs (Table S10
and Table S2), we found an overlap of 548 genes with consistent alteration direction in

the two lists (Supplementary Fig. 4B, Table S11). Compared with the 6235 SCZ-related
genes we collected (Table S4), 202 out of the 548 common genes were significantly
enriched in the 6,235 SCZ genes (enriched £< 0.001, Table S12). The 548 POU3FZ2 and
TRIMS co-regulated genes were used in pathway enrichment analysis by Ingenuity Pathway
Analysis (IPA) software. We identified many significantly enriched pathways related to
neural development and synaptic functions, such as synaptic long-term depression, Wnt/p-
catenin signaling, and axonal guidance signaling (enrichment £ < 0.05; Supplementary Fig.
4C, Table S13).

POU3F2 and TRIM8 regulated NPC proliferation by affecting the cell cycle

Based on gene expression pattern and pathway enrichment analysis, we investigated the
functional effects of POU3F2and TRIM8knockdown on cell proliferation. To examine the
specificity of our POU3F2or TRIM8shRNAs, we used three different ShRNAs to transfect
the NPCs and obtained RNA-seq data from each (Fig. 1A and Supplementary Fig. 4A).

We then compared the gene expression signatures produced by these shRNAs, according to
the previous study?®. Pearson correlation analysis showed that the expression levels of each
gene from various RNA-seq data were highly correlated (Pearson Correlation Coefficient
(PCC) > 0.98, P< 0.001; Supplementary Fig. 5). It means that these sShRNAs produce the
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same gene expression signatures, so the probability of an off-target effect was fairly low
since off-target effects are typically random and are not reproducible. We then selected

one of the shRNAs to knock down POU3F2and TRIMSE expression, independently, in
NPCs. Lentivirus encoding shRNA against POU3F2 (shPOU3F2-C) significantly decreased
endogenous POU3F2 expression, and 7TR/IMS expression was also significantly decreased
(respectively by 51%, P< 0.001 and by 43%, P < 0.001; Fig. 4A and 4B). However, TRIM8
SshRNA (sh TR/IM&-C) decreased TRIMS expression by 59% (P < 0.001; Fig. 4B) but had no
effect on POU3FZ2 expression (P> 0.05; Fig. 4A). We also significantly upregulated 7R/IME
expression in the POU3FZ knockdown cell line to determine if we could functionally rescue
the phenotype changes in POU3F2 knockdown cells. ( TRIME increased by 51%, P< 0.001;
Fig. 4B).

We then studied the effects of expression changes of POU3F2and TR/MS&on cell
proliferation using EdU (5-ethynyl-2’-deoxyuridine) staining and CCK-8 (cell counting
kit-8). With EdU staining, POU3F2and TRIME knockdown significantly increased the ratio
of EdU-positive cells (dividing cells) compared to control, respectively (increased by 39.8%
and 36%, respectively, £< 0.001 for both; Fig. 4C and 4D). We also observed that 7TR/IME
overexpression reversed the increased ratio, induced by POU3FZ knockdown (decreased by
31.5%, P<0.001; Fig. 4C and 4D). With the CCK-8 assay, we observed that silencing
POU3F2or TRIMSincreased the number of cells significantly at day 5 (P < 0.001; Fig. 4E),
and overexpressing 7R/M8& produced the opposite effect in POU3F2Z knockdown NPCs (P <
0.01; Fig. 4E). Here we also performed the CCK-8 assay in another NPC line from StemCell
Technologies. The result of this clone was the same. POU3F2and TRIME knockdown
significantly increased the number of cells at day 5, and 7R/M& overexpression reversed the
proliferation rate in POU3F2 knockdown NPCs (P < 0.001; Supplementary Fig. 6).

To study how POU3F2and TRIMEknockdown promote cell proliferation, we performed
cell cycle analyses. Flow cytometric analysis showed that POU3F2 or TRIMS8 knockdown
significantly decreased the proportion of NPCs in G1 phase respectively, compared with
the control (P < 0.001 for both, Fig. 4F and 4G). In contrast, the proportion of cells in

S and G2 phases significantly increased after reducing POU3F2 or TRIMSE expression in
NPCs (P < 0.001 for both, Fig. 4F and 4G). These suggest that POU3F2and TRIME
knockdown promote cell transition from the G1 phase to the S and G2 phases. Finally, we
found that 7R/M8& overexpression in POU3F2 knockdown cells significantly reversed the
cell proportion of each phase (P < 0.001, Fig. 4F and 4G).

To exclude the possibility of off-target effects on NPC proliferation for the ShRNA lentivirus
(shPOU3F2-C and sh TRIMS8-C), we used additional lentivirus shPOU3F2-B and sh TRIM&-
B to study the functional effects of POU3F2and TRIMS& on cell proliferation. The results
for shPOU3F2-B and sh TRIM&-B lentivirus were consistent with the original lentivirus. The
shPOU3F2-B and sh TR/IMS-B lentivirus significantly reduced the expressions of POU3F2
and 7R/M8 compared with controls (decreased by 54% and 49%, respectively, A< 0.001
for both; Supplementary Fig. 7A and 7B). With EdU staining, EdU-positive cells were
significantly increased in POU3F2and TRIMS8knockdown NPCs compared with controls
(increased by 41% and 33%, respectively, P < 0.01 for both; Supplementary Fig. 7C and
7D). With the CCK-8 assay, silencing POU3F2 or TRIMS increased the number of cells
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significantly at day 5 (P < 0.001; Supplementary Fig. 7E). Cell cycle analysis showed that
POU3F2and TRIMS8knockdown both significantly decreased the proportion of NPCs in
G1 phase, compared with the control (P< 0.001, Supplementary Fig. 7F and 7G). The
proportion of cells in S and G2 phases significantly increased after reducing POU3F2 or
TRIMS expression in NPCs (P < 0.01 for both, Supplementary Fig. 7F and 7G). Finally, we
found that 7R/M8& overexpression in POU3F2knockdown NPCs significantly reversed each
cellular phenotype (P< 0.01, Supplementary Fig. 7).

POU3F2 and TRIM8 regulated the neuronal differentiation and excitatory synaptic
transmission

We tested the effects of POU3F2and TRIMS on the differentiation of NPCs to neurons

and astrocytes. Compared to controls cells, POU3FZ2 or TRIMS8knockdown in NPCs
significantly reduced the ratio of Tujl (Neuron specific class Il beta-tubulin, immature
neurons marker)-positive neurons (for POU3F2, P< 0.01; for TRIMS, P< 0.001; Fig. 5A
and 5B). TRIMS8 overexpression rescued the differentiation defect of POU3FZknockdown
NPCs, as confirmed by significantly increased Tuj1-positive neurons (P < 0.01; Fig. 5A and
5B). Unexpectedly, POU3F2and TRIMS8knockdown did not affect the differentiation of
NPCs into astrocytes (Supplementary Fig. 8A and 8B). We quantified the number and length
of neuronal dendrites after differentiating NPCs into mature neurons. Dendrite length and
number were significantly decreased in neurons with lower POU3F2 or TRIMS8 expression
(for POU3F2, P< 0.001 for length and number; for 7TR/MS, P< 0.01 for length and P<
0.001 for number; Fig. 5C, 5D and 5E). Dendrite length and number in POU3F2 knockdown
neurons were rescued by 7R/M8 overexpression (Fig. 5C, 5D and 5E). We also used
another NPC line to study the effects of POU3F2and TRIMS on neuronal differentiation.
This clone also showed that POU3F2 or TRIME knockdown significantly reduced the ratio
of Tuj1-positive neurons, and 7R/MSE overexpression reversed the ratio of Tuj1-positive
neurons in POU3F2 knockdown cells (Supplementary Fig. 8C and 8D).

In addition to neurodevelopmental defects, aberrant expression of SCZ susceptibility genes
often causes the dysfunctions of excitatory synaptic transmission of neurons2% 30, To
examine whether TR/IM8and POUS3F2 cause this dysfunction, we first differentiated wild
type NPCs into mature neurons and then altered the 7R/M8and POUS3FZ2 expression in
the neurons. We then measured the miniature excitatory postsynaptic currents (mEPSCs),
a key indicator of excitatory synaptic transmission. Lentivirus encoding shRNA against
POU3F2 (shPOU3F2-C) significantly decreased endogenous POU3F2 expression, and
TRIMS expression was also significantly decreased in the mature neurons (respectively by
55%, £<0.001 and by 48%, £ < 0.001; Supplementary Fig. 9). However, TRIMEshRNA
(sh TRIM&-C) decreased TRIMS8expression by 58% (£ < 0.001; Supplementary Fig. 9C)
but had no effect on POU3FZ2 expression (Supplementary Fig. 9B). We also significantly
upregulated 7R/IM8 expression in the POU3FZ knockdown neurons to determine if we
could functionally rescue the phenotype changes. ( 7R/M8 increased by 42%, P< 0.001;
Supplementary Fig. 9C). The mEPSCs recorded from POU3F2 or TRIMEknockdown
neurons showed a significant decrease in frequency (for POU3FZ, P< 0.01; for TRIMS, P
< 0.001; Fig. 5F and 5G), but no change in amplitude (Fig. 5F, 5H and 5J), compared to
controls. The decreased frequency in cells with POU3F2and TRIME knockdown is also
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revealed with the rightward shift of the cumulative probability curves (Fig. 51). As expected,
TRIMS overexpression in POU3F2 knockdown neurons significantly restored the frequency
of mEPSCs (P< 0.01; Fig. 5F, and 5G).

To exclude the possibility of off-target effects on neuronal differentiation and synaptic
transmission of shPOU3F2-C and sh TRIM&-C lentivirus, we used shPOU3F2-B and

sh TRIM&-B lentivirus to replicate the functional study. The results of shPOU3F2-B and
sh TRIM&-B lentivirus were consistent with the results of shPOU3F2-C and sh TRIMS-C.
POU3F2or TRIMSknockdown significantly reduced the ratio of Tujl-positive neurons (P
< 0.01 for both; Supplementary Fig. 10A and 10B). Dendritic length and number were
significantly decreased in mature neurons with reduced POU3F2 or TRIMS8 expression
(P<0.01; Supplementary Fig. 10C, 10D and 10E). In addition, mEPSCs recorded from
POU3F2or TRIMS knockdown neurons showed a significant decrease in frequency
(P<0.05; Supplementary Fig. 10F, 10G, and 101), without any change in amplitude
(Supplementary Fig. 10F, 10H, and 10J), compared with controls. Finally, TR/M8
overexpression significantly restored each cellular phenotype in the POU3F2 knockdown
cells (P< 0.05; Supplementary Fig. 10).

Discussion

Our functional study suggests that POU3F2and TRIMSE are involved in the pathophysiology
of SCZ, which is characterized as a disorder of neural development and synaptic function? 3.
Focusing on the regulatory mechanisms of POU3F2-mediated 7R/M8 expression, we found
that two alleles of SCZ-related SNP rs5011218, A and C, showed different binding affinities
to POU3F2. The A allele had greater affinity and promoted 7R/M8 expression more
effectively than the C allele. PGC reported that patients with SCZ have a significantly
higher frequency of the A allele of rs5011218 than healthy controls (P = 9.65e-9; SCZ n

= 33,426, Control n = 32,541)31. Moreover, studies showed that POU3F2and TRIM8have
an abnormally high level of expression in the brain tissue of patients with SCZ1% 19, Based
on these data, we speculate that both increased expression of POU3F2 and the rs5011218

A allele aberrantly stimulate high expression of 7R/M8, which in turn heightens SCZ risk.
These results exemplify how non-coding variants can contribute to SCZ risk by affecting
gene expression.

POU3FZ, TRIMS, and their co-regulated genes appear to form a complex regulatory
network contributing to SCZ. We observed that POU3F2and TR/MS co-regulated genes
enriched in many established neurodevelopmental and synaptic pathways implicated in
SCZ. These pathways include the Wnt/g-catenin, long-term depression (LTD), axonal
guidance, and ephrin receptor signaling pathways (Table S13). The Wnt/p-catenin pathway
is critical in the formation of neuronal circuits by regulating neuronal differentiation,
dendritic development, and synaptic function32. SCZ has previously been characterized by
dysfunction of Wnt/g-catenin signaling pathway33. The LTD pathway is associated with
neuronal connectivity by modulating synaptic plasticity34. Research shows that patients
with SCZ display reduced LTD-like plasticity3°. The axonal guidance pathway ensures the
accurate positioning of axons during synaptic connection and neural circuitry formation3®.
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Ephrin receptor signaling is also involved in many neuronal functions, including axonal
directional guidance, synaptic plasticity, and cell migration3”.

To elucidate the pathogenic mechanisms of POU3FZ2and TRIMS, we studied the cellular
functions of the genes using iPSC-derived NPCs and neurons. iPSCs technology and

the following neural differentiation methods are useful approaches for the in vitro
modeling of SCZ38. Many studies show that iPSC-derived NPCs and neurons carrying
SCZ-related genetic changes exhibit cellular phenotypes similar to those observed in
human postmortem studies and animal models3®-41. By altering POU3F2and TRIMS
expression, we determined that both regulate NPC proliferation by impacting the cell cycle
and that both regulate neuronal differentiation. Abnormalities in cell differentiation and
proliferation have been reported in patients with SCZ42 43, Since bipolar disorder is also

a neurodevelopmental disorder, and POU3F2is located in its genome-wide significant risk
locus**: 45, POU3F2-regulated neural functions might also be related to the etiology of
bipolar disorder. Moreover, POU3F2 or TRIMS8 knockdown reduces excitatory synaptic
transmission. This similar defect of synaptic function has been observed in postmortem and
in vivo studies of patients with SCZ46-48, In this way, our study highlights the possible
cellular and molecular mechanisms for these phenotypes.

Other published findings also associate POU3F2and TRIMEwith neural development and
implicate them in terms of SCZ risk. Children with a mutation in POU3F2 possess varying
degrees of developmental delay and intellectual disability*®: 0. According to two other
studies, children with 7R/M8 mutations also exhibit developmental delays, limited language
development, and abnormalities in brain magnetic resonance imaging®l 52. POU3F2 has
shown influence over neurogenesis with the regulation of neurodevelopmental genes, such
as Deltal, Hes5, and Tbr23 54, Fibroblasts can be directly differentiated into neurons

by POU3F2 overexpression with a combination of other transcription factors®®. Santina

et al. identified several TR/M&-regulated neurodevelopmental and synaptic pathways in
mouse neural stem cells, such as axonal guidance, ephrin receptor, and synaptic long-

term depression pathways®6. 7R/M8is an E3 ubiquitin-protein ligase, and this type of
ligase plays a key role in the developmental pathogenesis of schizophrenia by regulating
synapse plasticity and function®’. For example, the E3 ligase TRAF6 can affect synaptic
transmission by regulating PSD-95 (postsynaptic density protein 95) ubiquitination®8. These
findings support our data showing that POU3F2and TRIMS regulate neural development
and synaptic function. Moreover, TR/M8is involved in immune responses by regulating
TNFa and /L-1/8, and these neurotoxic proinflammatory factors may contribute to brain
volume loss in SCZ5°.

There are many interesting genes from the 42 POU3FZ2targeted gene list yet to be studied,
including PAX6 (paired box 6), NTRKZ (neurotrophic receptor tyrosine kinase 2), NDRGZ2
(N-myc downstream-regulated gene 2 protein), and NCAN (neurocan core protein). The
transcription factor PAX6 has essential functions in early forebrain development89. The
NTRK2 protein was shown to be a receptor for BONF (brain derived neurotrophic factor)
and regulates aspects of neural development, including neurite outgrowth, neuron migration,
and synaptic plasticity®l: 62, NDRG2expressed in different brain regions and involved in
neurite outgrowth and astrocyte differentiation®3: 64, Gene NCAN is expressed mainly in
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nervous system tissue and has effects on cell migration similar to those of POU3FZ5,
Therefore, POU3F2-regulated target genes may contribute to neurodevelopment in various
ways.

Meanwhile, our study bears some limitations. Our validation found only 60 of the 545
genes of the previously constructed coexpression module to be regulated by POU3F2.

The remainder of POU3F2target genes may be missing due to a difference in the cell
types and developmental stages used in the two studies. In our previous work, the gene
expression data for predicting the POU3FZ2 regulatory network was derived from adult
brain tissues containing various neural cell types®, whereas our current study used the
early neurodevelopmental cells (NPCs) to validate POU3F2 regulation. The iPSCs-derived
3D organoids contain multiple neural cell types and can be used to recapitulate complex
features of the brain®6. Therefore, we could select a 3D organoid model to further study gene
regulatory relationships and developmental functions. On the other hand, POU3F2is only
one of the transcription factors in the gene coexpression module, other transcription factors
could regulate remaining target genes.

In summary, our study suggests that POU3FZ2and TRIMS as risk genes associated with SCZ
etiology and SCZ risk variant rs5011218 mediates POU3F2-regulated TR/IMS8 expression.

Materials and methods

Generation of NPCs and differentiation into neurons and astrocytes

Karyotyping

The normal human-induced pluripotent stem cells (iPSCs) were obtained from the

ATCC (#ACS-1011) and cultured in mTeSR1 medium (StemCell Technologies, #05850).
Human iPSCs were differentiated into NPCs using a neural induction medium (StemCell
Technologies, #05835), and NPCs were maintained in Neural Progenitor Medium (StemCell
Technologies, #05833). An additional NPC line (StemCell Technologies, #70901) was
ordered for cell proliferation and neuronal differentiation assays. Neuronal differentiation
was induced by a Neuron Differentiation and Maturation Kit (StemCell Technologies,
#08500, #08510). For astrocyte differentiation, NPCs were plated on Matrigel-coated
culture dish, then incubated in Astrocyte Differentiation and Maturation media (StemCell
Technologies, #08540, #08550).

The karyotyping was performed as previously described®”. Cells were treated with colcemid
(final concentration 0.1 ug/mL) for 4 hours (h) in 37°C incubator. The cells were harvested
using Accutase (StemCell Technologies, #07920) and then incubated with 0.075 M KCI for
10 minutes (min) at 37°C. Cells were then treated with Carnoy fixative. metaphase spreads
were prepared from cells using the airdrying method, followed by the protocol for G binding
using Giemsa stain. The number and structure of chromosomes were examined in twenty
cells.
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Lentivirus infection

ShRNA lentiviruses targeting POU3F2and TRIMS8 were purchased from Origene (#
TL310273V, #TL300821V). The POU3FZshRNA lentiviral particles (# TL310273V)
contain four specific ShRNAs (shPOU3F2-A, shPOU3F2-B, shPOU3F2-C, and shPOU3F2-
D) and one scrambled ShRNA. The TR/M8shRNA lentiviral particles (# TL300821V)

also contain four specific ShRNAs (sh 7TRIMS-A, sh TRIMS-B, sh TRIM&-C, and sh TRIME-
D) and one scrambled shRNA. For RNA-seq analysis, we selected three sShRNAs

to silence POU3F2or TRIMSE expression in NPCs and used the scrambled shRNA

as a negative control. NPCs were infected according to the manufacturer’s protocol
(MOI=20). After 72 h viral infection, cells were treated with puromycin (1pg/ml)

to generate mixed NPCs expressing specific ShRNA sequence. The shRNA sequences

were as following: shPOU3F2-A, 5’ -CCTGTATGGCAACGTGTTCTCGCAGACCA-3’;
shPOU3F2-B, 5'-GGCTCTGGAGAGCCATTTCCTCAAATGCC-3"; sShPOU3F2-C: 5'-
ATGGCGACCGCAGCGTCTAACCACTACAG-3"; shTRIMS-A: 5 -AACCTGAAGCTCA
CCAACATCGTGGAGAA-3’; shTRIME-B: 5'-TAAGATCGGCCACCTGAACTCCAAGC
TCT-3"; shTRIMS-C: 5"-CGCAAGATTCTCGTCTGTTCTGTGGACAA-3’; scrambled
shRNA: 5"-GCACTACCAGAGCTAACTCAGATAGTACT-3". We selected shPOU3F2-C,
shPOU3F2-B, sh TRIMS-C, sh TRIM&-B, and the scrambled shRNA to study the functional
effects of POU3F2and TRIMS. Lentiviral ORF (open reading frame) particle of 7TR/IM&
(Origene, # RC205812L.2V) and control lentivirus (Origene, # PS100071V) were used for
TRIMS overexpression in functional rescue assay.

RNA-seq library preparation and sequencing

Total RNA was extracted from cells using the miRNeasy Mini Kit (217004, Qiagen) and
treated with DNAase. The RNA quality was evaluated by Agilent 2100 Bioanalyzer (Agilent
Technologies). All samples were of high quality having a RIN index of 10. 450ng RNA

per sample was used for library preparation with Illumina TruSeq Stranded Total RNA with
Ribo-Zero Gold Kit following manufacturer protocols. Sequencing was performed using an
Illumina NextSeq500 sequencer.

RNA-seq data and differential expression analyses

An average of 46M paired-end 75bp reads per sample were generated from sequencing.
Raw data in FASTQ format were transferred from the SUNYMAC core facility server.
Sequencing quality was accessed by FastQC v0.11.7 program®8, low-quality bases and reads
were filtered from raw reads by Trimmomatic v0.365% with a Phred score cutoff of 30. The
trimmed reads were mapped to Gencode GRCh38.p12 Release 29 human reference genome
using STAR aligner v2.6.0c’0. Reads mapped to genes were summarized by featureCounts
program in subread v1.6.171. Genes were filtered by CPM (count-per-million) > 1 in at least
two samples, and data were normalized to effective library size by edgeR v3.22.3 program.
Differential gene expression analyses were performed using edgeR72. These RNA-seq data
(GSE143692) has been submitted to the GEO (Gene Expression Omnibus) database.
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Transient transfection of plasmid and small interfering RNA (siRNA)

The human POU3F2 overexpression plasmid (pYr-CMV-Kan2-POU3F2-Flag) was
purchased from Changsha Yingrun Biotechnology (#HO005604). This vector was
engineered to express the complete POU3F2 ORF with an expression flag tag. The
corresponding control plasmid (pYr-CMV-Kan2-Flag) was also purchased from Changsha
Yingrun Biotechnology (VPY0900). POU3FZ siRNA was synthesized by Genepharma,
with the following sequence: 5'-GGCGGAUCAAACUGGGAUU-3’. The control siRNA
sequnece: 5"-UUCUCCGAACGUGUCACGU-3". For plasmid transfection, cells at 80%
confluency in 6-well plates were transfected with 2.5 ug plasmid using Lipofectamine
LTX & PLUS Reagent (Invitrogen). For siRNA transfection, cells at 40% confluency in
6-well plates were transfected with siRNA at a final concentration of 50 nmol/L using
Lipofectamine RNAIMAX Reagent (Invitrogen). After 36 h, we extracted RNA or protein
for expression analyses.

Quantitative Real-time PCR

Total RNA was extracted from cells using the miRNeasy Mini Kit (217004, Qiagen).
cDNA was synthesized using the HiScriptll Q Select RT SuperMix (R223-01, Vazyme),
after which ChamQ SYBR gPCR Master Mix (Q311-01, Vazyme) was used to quantitate
PCR according to the manual. Endogenous housekeeping genes (p-actin or GAPDH) were
used as internal standards. The cycling protocol was completed as follows: 30 seconds at
98°C, followed by 35 cycles of 98°C for 15 seconds and 60°C for 30 seconds. The primer
sequences are listed in supplementary table S14.

Western Blot

Protein isolation was performed with cell lysis buffer (Beyotime, #P0013). Protein
concentration was detected using a Detergent Compatible Bradford Protein Assay Kit
(Beyotime). Proteins were separated by SDS-polyacrylamide gel electrophoresis, transferred
to PVDF membranes, and blocked by 5% milk for 1.5 h. Membranes were incubated

with primary antibodies overnight at 4°C. The following antibodies were used: POU3F2
(1:1000, Cell Signaling Technology 12137), TRIM8 (1:1000, Abcam ab155674), and
GAPDH (1:10000, Sigma G9295). Corresponding secondary antibodies (1:5000, Jackson
ImmunoResearch 111-035-144) were used to bind with primary antibodies at room
temperature for 2 h. Protein bands were detected by chemiluminescence using the BeyoECL
Plus (Beyotime, #P0018S). Relative intensities of the protein bands were quantified by
software ImageJ (https://imagej.nih.gov/ij/).

Immunocytochemistry

After washing twice with PBS, cells were fixed with 4% formaldehyde for 15 min and
permeabilized with 0.1% Triton X-100 for 10 min at room temperature. After washing
thrice with PBS, cells were blocked in PBS containing 5% BSA for 30 min, followed by
incubation with primary antibodies for 1.5 h at room temperature. Primary antibodies were
as follows: Pax6 (1:100, Santa Cruz sc-32766), Nestin (1:100, Santa Cruz sc-23927), Nanog
(1:200, Cell Signaling Technology 4903), OCT4 (1:200, Cell Signaling Technology 2750),
Tuj1(1:200, Cell Signaling Technology 5568), MAP2 (1:200, Cell Signaling Technology
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8707), and GFAP (1:200, Cell Signaling Technology 3670). After washing twice with
PBS, cells were incubated with fluorescence-labeled secondary antibodies (1:200, Jackson
ImmunoResearch 115-165-003 and 115-545-003) for 1 h at room temperature. Finally, 1
ug/ml DAPI was used for staining the nuclei.

Prediction of POU3F2 binding sites and regulatory SNPs

To identify POU3F2 binding sites and regulatory SNPs located within the regulatory region
of TRIMSE, we downloaded the 6kb upstream regulatory sequences of 7R/M& from the
UCSC website?>. After this, we predicted putative POU3F2 binding sites from these data
using the JASPAR database?2. The relative profile score threshold was 60%. For regulatory
SNPs prediction, we collected all SNPs within the 6kb upstream region of 7R/M& using
the UCSC website. Among these SNPs, eQTL SNPs of 7R/M8were selected for further
analysis using the BRAINEAC database?3.

Dual-luciferase reporter assay

The upstream regulatory region containing the reference alleles of three SNPs (rs5011218,
rs11191359, and rs4146428) was cloned into the PGL3-Basic vector using a One Step
Cloning Kit (Vazyme, C112). This region is 1003 bp and contains the A alleles of rs5011218
and rs11191359 and G allele of rs4146428. The sequence and SNPs information are listed in
table S8. The Fast Mutagenesis Kit V2 (Vazyme, C214) was used for SNP mutation. NPCs
were co-transfected with 500 ng reconstructed vector, 10 ng pRL-TK, and 500 ng POU3F2
overexpression vectors (or empty vectors) in 24-well plates. After 48 h, the activities of
firefly luciferase and renilla luciferase were measured using the dual-luciferase assay kit
(Promega, E1910).

Electrophoretic mobility shift assay

After transient transfection with the POU3F2 overexpression vector for 48 h, nuclear
proteins were extracted from NPCs using NE-PER nuclear reagents (Thermo scientific,
78833). Oligonucleotide probes were designed with corresponding SNPs, flanked by 15

bp, in both a cold and 5” biotinylated form (supplementary table S9). Oligonucleotides
were annealed by heating to 95°C for 5 min with subsequent cooling to room temperature
(5°C/min). POU3F2 antibody (Santa Cruz, sc-393324X) was used to achieve gel supershift.
EMSA was performed with Light Shift Chemiluminescent EMSA Kit (Thermo scientific,
20148). The binding reaction was carried out at 25°C for 30 min with 6 ug of nuclear extract
and 20 fmol of labeled probes. The samples were electrophoresed in a 6% polyacrylamide
gel at 100 V until the bromophenol migrated approximately 3/4 down the length of the

gel. The transfer was completed 200mA for 1.5 h. When the transfer was completed, the
transferred DNA was crosslinked to a nylon membrane. Finally, biotin-labeled DNA was
detected by chemiluminescence.

NPCs proliferation assay

Cell proliferation was assessed using cell counting kit-8 (Beyotime, C0038) and
BeyoClick™ EdU cell proliferation kit (Beyotime, C0075L). For the cell counting kit-8
assay, 2x103 NPCs were seeded into 96-well plates, initially. At various later time points,
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20ul WST-8 was added into each well, which contained 200 ul of media. The plates were
then incubated at 37°C for 4 h before the optical density was measured at 450 nm in a
microplate reader (BioTek). For the EdU staining assay, 1x10% NPCs were plated on 25mm
coverslips and cultured overnight. Next, we removed half of the medium volume and added
an equal volume of the EdU working solution (20uM) to make a final concentration of
10uM. After incubating for 5 h, we used 4% formaldehyde for cell fixation and 0.3%
TritonX-100 for permeabilization. Finally, we performed the EdU detection and DNA
staining using click additive solution and Hoechst 33342.

Cell cycle analysis

We used the cell cycle analysis kit (Beyotime, C1052) for cell staining. Cells were briefly
washed twice in 1X PBS before being fixed overnight in 70% ethanol. On the following day,
cells were stained with a solution of propidium iodide (PI) at 37°C for 30 min after being
washed three times with 1X PBS. Finally, the cells were analyzed using FACScalibur (BD
Biosciences).

Quantification of dendritic length and number

Neurons were stained with MAP2 for dendritic length and number measurements. We

used the NeuronJ program to trace dendrites following the instructions’3. Dendrites were
assigned to clusters, with each cluster comprised of a primary dendrite and all its associated
branches. After tracing was completed and clusters were assigned, a text file containing

the dendritic length and number information was generated. A total of 64 neurons were
measured for each group.

Electrophysiological recordings

We seeded NPCs onto glass coverslips and differentiated them into neurons for 50 days
using a Neuron Differentiation and Maturation Kit (StemCell Technologies, #08500,
#08510) for electrophysiological recordings. We then used the purchased lentivirus
(shPOU3F2-C, sh TRIMS-C, and scrambled shRNA, MOI=20) to alter the gene expression
in the neurons, after which we cultured the neurons for 5 additional days before whole-cell
patch-clamp recordings as previously described®®8. At room temperature, mEPSCs were
recorded at —60 mV. The pipettes were filled with solutions containing (in mM): 130
K-gluconate, 8 NaCl, 10 HEPES, 0.4 EGTA, 2 Mg-ATP, and 0.25 GTP-Tris, pH 7.25.
During the recording, neurons were maintained in the artificial cerebrospinal fluid (ACSF)
bubbled with a mixture of CO2 (5%) and O2 (95%). The ACSF contained (in mM): 121
NaCl, 4.2 KCl, 1.1 CaCl2, 1 MgS04, 29 NaHCO3, 0.45 NaH2P0O4-H20, 0.5 Na2HPO4,
and 20 glucose. Picrotoxin (PTX, 100uM) and tetrodotoxin (TTX, 1 uM) were added to the
ACSF to block GABAA receptor-mediated inhibitory responses and action potential-evoked
synaptic responses, respectively. The Multiclamp 200B and pCLAMP software (Molecular
Devices) were used for signal recording. Data were analyzed by Clampfit 10.7 and Mini
Analysis softwares.
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Statistical Analysis

URLs

Data are expressed as mean + standard deviation (SD) with statistical comparisons
performed using Student’s t-test. Results were considered statistically significant at p<0.05.
P values were adjusted for multiple testing using the Benjamini-Hochberg method. We used
Fisher’s exact test or Chi-square test to assess the significance of gene enrichment analysis,
and image fields were randomly selected under 20X or 40X magnification.

For JASPAR database??, http://jaspar.genereg.net/; For BRAINEAC data?3, http:/
www.braineac.org/; For LIBD database??, http://eqtl.brainseq.org/phasel/eqtl/; For UCSC
Genome Browser23, https://genome.ucsc.edu; For GTEX??, https://gtexportal.org/; For
SZDB18, http://www.szdb.org/index.html;

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. POU3F2 regulates SCZ-related genesinvolved in neural development.
(A) Volcano plot of 3,421 differentially expressed genes. NS, not significant; Down,

significantly downregulated; Up, significantly upregulated. A total of six samples were
analyzed (three POU3F2 shRNA: shPOU3F2-A, shPOU3F2-B and shPOU3F2-C; three
controls). (B) 60 coexpression module genes overlapped with the POU3FZ knockdown
gene list. (C) 42 out of 60 POU3F2-regulated genes overlapped with SCZ-related genes.
(D) Results of functional enrichment analysis of POU3F2-regulated SCZ genes using
WebGestalt Toolkit’4,
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Figure 2. POU3F2 may affect TRIM8 expression through three SCZ-related SNPs.
(A) Reference alleles of three SNPs (rs5011218, rs11191359, and rs4146428) are located in
the regulatory region of 7R/MS8. The TRIMS transcription start site is indicated as +1. Each
SNP is marked with an eQTL Pvalue and a SCZ GWAS Pvalue. OCTX, occipital cortex.
(B) LIBD database showed that rs5011218 and rs4146428 are significantly associated with
TRIMS8 expression in the dorsolateral prefrontal cortex (FDR q = 0.0027 for both SNPs).
These eQTLs were identified using 237 samples. (C) The SNPs were located in upstream
regions of 7R/MS8that contains H3K27AC Histone madification, DNase | hypersensitivity
and ChlP-seq signals.
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Figure 3. POU3F2 promoted TRIM8 expression through the regulatory SNP rs5011218.
(A, B) mRNA expression analyses of 7TR/M8by RT-qPCR after POU3FZ2 overexpression

(A) and knockdown (B). Control (A), transfection of control plasmid; POU3FZ2 OE,
POUS3F2 overexpression, transfection of POU3FZ overexpression plasmid; Control (B),
transfection of control siRNA; POU3F2 KD, POU3FZ knockdown, transfection of POU3F2
siRNA. (C, D) Protein expression analyses of 7R/M&by Western blotting after POU3F2
overexpression (C) and knockdown (D). (E) Luciferase reporter assay of the constructed
vectors. FL, Firefly luciferase; RL, Renilla luciferase; PGL-AAG, luciferase reporter vector
containing the reference alleles of three SNPs; NC, negative control, transfection of control
plasmid; PO, POU3F2 overexpression, transfection of POU3F2 overexpression plasmid;
PGL-CAG, the A allele of rs5011218 was mutated into the C allele; PGL-ATG, the A allele
of rs11191359 was mutated into the T allele; PGL-AAA, the G allele of rs4146428 was
mutated into the A allele. N=3 independent biological experiments. For each biological
replicate, we designed three technical replicates. Values represent meanzsd, significance
was determined using Student’s t-test. **P <0.01, ***P <0.001. (F) EMSA results of
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rs5011218. Lane 1: reaction as the negative control; lane 2: biotin-labeled probes (A

allele) plus nuclear proteins; lane 3: excess unlabeled probes displaced binding of biotin-
labeled probes; lane 4: anti-POU3F2 antibody combined with protein/DNA complex; lane 5:
POU3F2 binding efficiency decreased after the A allele was mutated into C allele; lane 6:
binding reaction was totally inhibited after mutating POU3F2 core binding sequences.
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Figure 4. Silencing POU3F2 and TRIM8 promote NPCs proliferation through advancing cell

cycle progression.

(A) POU3FZ2mRNA expression level in four different cell lines. NC, negative control,
infection of scrambled shRNA lentivirus; PO KD, POU3FZ knockdown, infection of
shPOU3F2-C lentivirus; T8 KD, TR/M& knockdown, infection of sh 7R/MS-C lentivirus;
PO KD + T8 OE, POU3FZknockdown plus TR/MSE overexpression, infection of
shPOU3F2-C and TRIMSE overexpression lentivirus; NS, not significant. (B) The mRNA
expression level of TR/IM&in four different cell lines. (C) EdU staining was used to
assess the proliferation ability of NPCs after POU3F2and TRIMS8knockdown. (D) Data
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quantification for (C). (E) Cell proliferation was evaluated by CCK-8 assay in POU3F2 and
TRIMS8 knockdown cells. (F) Silencing of POU3F2and TRIMS8 promoted the cell cycle
progression. (G) Data quantification for (F). **P <0.01, ***P <0.001. Two-tailed Student’s
t-test. Values represent the meanzsd from three independent biological replicates. For each
biological replicate, we designed three technical replicates.
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Figure 5. Suppressing POU3F2 and TRIM8 expression inhibited neuronal differentiation and
excitatory synaptic transmission.

(A) The proportion of cells expressing Tuj1 in relation to total number of cells. 7uyZ,

a marker for staining immature neurons. NC, negative control, infection of scrambled
ShRNA lentivirus; PO KD, POU3F2knockdown, infection of shPOU3FZ-C lentivirus;
T8 KD, TR/MS&knockdown, infection of sh 7R/MS-C lentivirus; PO KD + T8 OE,
POU3F2Zknockdown plus TRIMSE overexpression, infection of shPOU3F2-C and TRIMS
overexpression lentivirus; (B) Data quantification for (A). (C) POU3F2and TRIMS
knockdown affected dendrite development. MAPZ (microtubule associated protein 2), a
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marker for staining neuronal dendrites. DAPI (4’,6-diamidino-2-phenylindole), a standard
DNA staining. (D) Data quantification for dendrite length. (E) Data quantification for
dendrite number. All data are mean + sd from three independent biological replicates. For
each biological replicate, we designed three technical replicates. **P <0.01, ***P <0.001,
two-tailed Student’s t-test. (F) Representative traces of miniature excitatory postsynaptic
currents. (G and H) POU3F2and TRIM8knockdown reduced mEPSC frequency (G)
without affecting mEPSC amplitude (H). 16 neurons were recorded for NC and T8 KD
groups, 17 and 19 neurons were recorded for PO KD and PO KD + T8 OE groups,
respectively. N = 3 independent biological experiments. (I and J) Cumulative probability plot
of the inter-event interval (1) and amplitude (J).
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