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YTHDF3 modulates the Cblin1 level by recruiting
BTG2 and is implicated in the impaired
cognition of prenatal hypoxia offspring

Likui Lu,"%¢ Yajun Shi,¢ Bin Wei," Weisheng Li,® Xi Yu," Yan Zhao,” Dongyi Yu,* and Miao Sun'->’.*

SUMMARY

The "Fetal Origins of Adult Disease (FOAD)" hypothesis holds that adverse factors during pregnancy can
increase the risk of chronic diseases in offspring. Here, we investigated the effects of prenatal hypoxia
(PH) on brain structure and function in adult offspring and explored the role of the N6-methyladenosine
(m®A) pathway. The results suggest that abnormal cognition in PH offspring may be related to the dysre-
gulation of the m°®A pathway, specifically increased levels of YTHDF3 in the hippocampus. YTHDF3 inter-
acts with BTG2 and is involved in the decay of Cbin1 mRNA, leading to the down-regulation of Cbin1
expression. Deficiency of Cbin1 may contribute to abnormal synaptic function, which in turn causes cogni-
tive impairment in PH offspring. This study provides a scientific clues for understanding the mechanisms of
impaired cognition in PH offspring and provides a theoretical basis for the treatment of cognitive impair-
ment in offspring exposed to PH.

INTRODUCTION

The embryonic phase is a critical and sensitive period in one’s development, during which both genetic and environmental factors have a
significant impact on fetal growth and development. Changes in the maternal environment may alter the intrauterine condition, potentially
causing subtle insults to the fetus and promoting increased lifetime disease risk and disease acceleration during childhood and later in life.
David Barker first proposed the “Fetal Origins of Adult Disease (FOAD)"” hypothesis in the 1990 s based on large numbers of epidemiological
investigations. For example, Barker et al. found that low birth weight (a surrogate marker of poor fetal growth and nutrition) is associated with
an increased risk of cardiovascular disease in adulthood.” The FOAD hypothesis holds that events during early development have a profound
impact on one's risk for the development of future adult disease.” The formulation of the FOAD hypothesis has drawn considerable attention
to the adverse intrauterine environment and its impact on adult disease. At the present, extensive research carried out by a large number of
researchers lends credence to the FOAD concept. For example, many epidemiological studies on humans have demonstrated a link between
adverse prenatal and neonatal environments and the occurrence of various health issues in offspring during their adult years,”” including
abnormalities in neurological function.>” However, epidemiological studies may be confounded by extraneous factors, so more evidence
is needed to confirm the reliability of the FOAD hypothesis.

In humans, prenatal hypoxia (PH) is one of the most common adverse conditions in pregnancy. An ever-increasing amount of research
has demonstrated that PH could affect the development and function of many organs, including the heart,'” lung,"" kidney,'? liver'® and
brain,'""® eventually lead to the pathogenesis of many chronic diseases in adults. The brain is particularly vulnerable to hypoxia, and a
growing body of evidence in humans and animals suggests that PH can result in aberrant hippocampus formation and function in offspring,
leading to cognitive impairment and neurological disorders.'®'® However, the mechanism by which PH causes cognitive impairment in
offspring is still not fully understood.

Previous researches have revealed that cognitive failure is closely associated with synaptic malfunction or a lower number of synapses, "~
but the precise biochemical process underlying these alterations remains obscure. Cerebellin 1 (CbIn1) is abundantly expressed in granule
cells of the cerebellum and is essential for cerebellar synaptic integrity and plasticity.”” After release from parallel fibers (PFs), CbIn1 will bind
to its postsynaptic receptor, glutamate receptor delta2 (GluD2), and plays a crucial role at PF-Purkinje cell synapses. Prior research has
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demonstrated that CbIn1is primarily responsible for cerebellar function.”” It has been shown, however, that Cbln1 signaling is also engagedin
non-motor processes in adult mice. For example, Otsuka et al. found that CbIn1 in the forebrain and cerebellum mediated specific aspects of
fear conditioning and spatial memory, respectively.”* Meanwhile, numerous studies have validated that Cbin1 mRNA was also expressed
outside the cerebellum,”?® suggesting that CbIn1 may also play a pivotal role in other brain regions. Above all, despite its major role in motor
coordination and learning, it is unknown whether and how CblIn1 regulates cognitive functioning, particularly in the PH model.

Epigenetic dysregulation, which modifies gene expression in the brain, is suggested as one of the critical pathophysiology underpinnings
of aging and neurodegeneration. N6-methyladenosine (m®A) is the most prevalent internal epigenetic modification of eukaryotic mRNA, and
is responsible for maintaining the stability of mammalian mRNA.?* The brain contains very rich m®A modifications, and studies have confirmed
that m®A alterations are intimately linked to neurodevelopmental and neuropsychiatric diseases.”’ *” In mammalian cells, m®A is generated in
the nucleus by METTL3/METTL14/WTAP, a multicomponent methyltransferase complex, and is removed by demethylase FTO and/or
ALKBH5.%* At the present, the molecular mechanisms of how m®A exerts its regulatory functions on mRNA metabolism in species ranging
from yeast to mammals are still poorly understood. Accumulating evidence suggests that m®A primarily affects the stability,”" splicing,*
or translation®® of the modified RNA mainly by recruiting particular m°A reader proteins. The YTH domain-containing proteins (such as
YTHDF1, YTHDF2, and YTHDF3) were the first m®A reader proteins discovered® and provided a mechanistic basis for understanding the ef-
fects of m®A in mRNA metabolism. Although some studies revealed a unified model of m®A function in which all m®A-modified mRNAs are
subjected to the combined action of YTHDF proteins,* previous studies reported that each of the three YTH domain-containing proteins has
a different effect on méA—containing mRNAs: YTHDF1 promotes translation, YTHDF2 promotes degradation, and YTHDF3 functions in both
ways.”"**% Therefore, given the association of m®A modifications with various neurological diseases, it is warranted to investigate whether
the YTH domain-containing proteins have been altered in the brain of PH model, as well as their role in the fate regulation of the nervous
system function-related genes.

The stability of MRNA has emerged as a crucial aspect of eukaryotic gene expression regulation. Usually, eukaryotic mRNAs are protected
by a 5'-cap structure and a 3'-poly-adenine (poly(A)) tail. Upon receiving a degradation signal, the RNA molecule follows one of the subse-
quent processes: the deadenylation-dependent decay pathway that starts with the shortening of the poly(A) tail and with the removal of the
5'-cap structure and the endonuclease-mediated decay pathway that is initiated by internal cleavage of the RNA or ARE (AU-rich element in 3’
UTR) sequence-dependent mRNA decay pathway.”” Among these pathways, the vast majority of mMRNAs in eukaryotes were subjected to the
deadenylation-dependent degradation process. The molecules involved in the deadenylation-dependent decay pathway mainly include the
carbon catabolite-repression 4-Not (CCR4-NOT) deadenylase complex, the B cell translocation gene/transducer of ERBB2 (BTG/Tob) family
and poly(A)-binding protein (PABPC).**~"° Notably, the CCR4-NOT deadenylase complex and the BTG/Tob family also play a role in the
degradation of m®A-containing mRNAs. For instance, Du et al. reported that YTHDF2 is implicated in the degradation of m®A-containing
mRNAs by the direct recruitment of the CCR4-NOT deadenylase complex.*’ Moreover, molecules involved in deadenylation-dependent
decay pathways sometimes need to act synergistically. A previous study has demonstrated that the deadenylase activities of both Caf1
and its CCR4 partner are required for BTG2-induced poly(A) degradation.*” The aforementioned findings demonstrate that deadenylation
is essential for the regulation of gene expression. In addition, plentiful studies have illustrated that deadenylation-related molecular changes
are associated with the occurrence of neurological diseases.”*** Therefore, the changes in the deadenylation-dependent decay pathway in
the PH model and its roles in the development of cognitive impairment require further investigation.

In this study, we evaluated the cognitive function in the offspring of the PH group and explored the role of the m®A pathway in this process.
We present evidence that YTHDF3 is involved in the deadenylation-dependent decay of CbIn1T mRNA by directly interacting with the BTG2,
ultimately resulting in the decrease of Cbin1. Reduced expression of CbIn1 could lead to impaired synaptic function, potentially contributing
to cognitive deficits in the offspring.

RESULTS

Impaired spatial learning and memory in PH offspring

The PH model was generated by placing pregnant mice into a chamber with reduced oxygen concentration at 10.5% from GD 12.5 to GD
17.5. Since intrauterine hypoxia can lead to intrauterine growth restriction, the birth weight of the offspring can be used to reflect whether
the PH model is successfully established. As shown in Figure 1A, the birth weight of newborns in the PH group reduced dramatically
(p < 0.001), indicating that the PH model was successfully constructed. In order to determine the link between PH and cognitive function,
we assessed spatial learning and memory in the offspring via MWM tests. The male offspring in the PH group showed longer latency to the
platform than the Ctrl group despite showing normal athletic ability (Figures 1B and 1C, p < 0.05; Figures STA-S1D), suggesting that their
spatial learning was impaired. In the space probe trial, offspring in the PH group failed to remember the platform location and exhibited
fewer platform crossings (Figures 1D and 1F, p < 0.01) and less time spent in the target quadrant (Figures 1E and 1F, p < 0.001), indicating
spatial memory deficits.

Moreover, to further confirm the relationship between PH and the learning and memory of the offspring, we performed step-through tests
and NOR text. The results of the step-through test revealed that offspring in the PH group have more error times than offspring in the Ctrl
group (Figure 1G, p <0.01), suggesting defects in memory acquisition, although spending the same amount of time reaching the dark cham-
ber for the first time (Figure TH). Consistent with the preceding findings, offspring in the PH group spend less time exploring new objects than
the Ctrl group during NOR testing (Figure 11, p < 0.05). The findings presented above provide some support for the hypothesis that PH expo-
sure is associated with cognitive deficits in the offspring, but the underlying mechanism needs more investigation.
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Figure 1. Impaired spatial learning and memory in PH offspring

(A) Birth weight between the two groups (Ctrl, n = 20; PH, n = 20).

(B) Learning curves of Ctrl (black, n = 12) and PH (red, n = 12) offspring in MWM tests with hidden platform.

(C) Representative swimming paths of Ctrl and PH offspring in the positioning navigation trial of MWM test.

(D) Platform crossing number of two groups (Ctrl, n = 12; PH, n = 12) in MWM probe test.

(E) Target quadrant time of two groups (Ctrl, n = 12; PH, n = 12) in the MWM probe test.

(F) Representative swimming paths of Ctrl and PH offspring in MWM probe test.

(G) Error times during the retention trial in step-through tests (Ctrl, n = 10; PH, n = 10).

(H) The time that mice in two groups (Ctrl, n = 10; PH, n = 10) took before initially entering the dark chamber (the step-through latency).
(I) Time exploring novel object during the test session (percentage) in NOR tests (Ctrl, n = 9; PH, n = 9). Data are shown as mean + SEM. *, p < 0.05; **, p < 0.07;
*** p < 0.001; ns, no significance.

Impact of PH on synaptic function-related genes

In the mouse brain, the hippocampus is a crucial area for spatial learning and memory. Nissl staining was used to determine the number of
hippocampus neurons. Qualitative analysis of Nissl| staining results revealed notably fewer Nissl-stained neurons in the hippocampus of PH
offspring compared to Ctrl offspring (Figures STE and S1F, p < 0.05), indicating neuronal impairment in the offspring exposed to PH, and this
may lead to cognitive impairment in offspring. In addition, the densities of dendritic spines were notably lower in PH offspring than in Ctrl
offspring (Figures S1G and STH, p < 0.05), also suggesting a potential alteration in neuron functions. To systemically investigate the mech-
anism underlying the cognitive impairment in prenatal hypoxia, we performed RNA sequencing (RNA-seq) analysis on Ctrl and PH offspring.
We found that prenatal hypoxia had profound effects on the gene expression landscape in the hippocampus (Figure 2A). Intriguingly, the
majority of differentially expressed genes (DEGs) were down-regulated and were enriched in synaptic transmission and synaptic plasticity
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Figure 2. Impact of prenatal hypoxia on the gene expression landscape in the hippocampus

(A) Heatmap shows differentially expressed genes (DEGs) between the Ctrl and PH groups.

(B) Treemap of gene ontology (GO) Biological Process (BP) terms for DEGs, with the size of boxes corresponding to the number of DEGs associated with the GO
category.

(C) Treemap of GO Cellular Component (CC) terms for DEGs, with the size of boxes corresponding to the number of DEGs associated with the GO category.
(D) Treemap of GO Molecular Function (MF) terms for DEGs, with the size of boxes corresponding to the number of DEGs associated with the GO category.
(E) Treemap of Kyoto Encyclopedia of Genes and Genomes (KEGG) terms for DEGs, with the size of boxes corresponding to the number of DEGs associated with
the KEGG category.

(F) The mRNA level of CbinT in the hippocampus from two groups (Ctrl, n = 5; PH, n = 5).

(G and H) The protein level of CBLN1 in the hippocampus from two groups (Ctrl, n = 6; PH, n = 6). Data are shown as mean + SEM. **, p < 0.01; ***, p < 0.001.

(Figures 2B-2E). Further analysis revealed that the Cbin1 gene (traditional synapse organizer) declined most dramatically among DEGs in
response to PH, and RT-gPCR corroborated the down-regulation of the CbinT gene (Figure 2F, p < 0.01), which further validated the reliability
of transcriptome-wide RNA-seq data. Consistent with the transcriptional changes, the protein level of CBLN1 was also reduced in PH
offspring (Figures 2G and 2H, p < 0.001).

Given that the CbIn1 gene is essential for synaptic function, we evaluated the synaptic markers SYN and PSD95 in the hippocampus of
offspring in two groups to determine whether PH altered synapse formation. As shown in Figures 3A-3C, both PSD95 and SYN levels
were significantly decreased in PH offspring than in Ctrl offspring, suggesting abnormal synaptic function upon PH condition. Previous studies
have shown that abnormal cognitive function is strongly associated with synaptic dysfunction or decreased synapse number.'” ' The above
results suggest that the cognitive impairment of offspring in the PH group may be related to abnormal synaptic function in the hippocampus,
however, the underlying mechanism needs to be further explored.

YTHDF3 up-regulated in PH offspring

Epigenetic modifications influence gene expression in the brain and are a crucial pathophysiological basis of aging and neurodegenerative
disorders. Among them, m®A is the most common reversible modification inside eukaryotic mRNA, which mainly regulates gene expression
by affecting the metabolism of MRNA. A large number of studies have shown that the brain is rich in m®A modification, and the change of m®A
modification is closely related to neurodevelopment and neuropsychiatric diseases.”’ >’ Consequently, we hypothesize that PH may lead to
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Figure 3. Hypoxia-induced reduced synaptic function in vivo

(A, B, and C) The protein level of PSD95 and SYN in the hippocampus from two groups (Ctrl, n = 6; PH, n = 6).

(D and E) The protein level of YTHDF3 in the hippocampus from two groups (Ctrl, n = 6; PH, n = 6).

(F) Ythdf3 mRNA expression in the hippocampal tissues from two groups (Ctrl, n = 5; PH, n = 5). Data are shown as mean + SEM. *, p < 0.05; **, p < 0.01; ***,
p < 0.001.

alterations in m®A modification in the hippocampus, thereby influencing the expression of cognition-related genes and resulting in cognitive
impairment in offspring. In this study, we examined the expression of genes involved in the m®A regulation by RT-qPCR (Figures S2A-S2H).
Results indicated that both the protein (Figures 3D and 3E, p < 0.001) and mRNA (Figure 3F, p < 0.01, Figure S2H, fold change >1.5) level of
YTHDF3 were significantly increased in the PH group compared to the Ctrl group, suggesting that YTHDF3 may contribute to the cognitive
impairment upon PH condition. However, it remains to be determined whether YTHDF3 is involved in regulating the expression of cognition-
related genes and synaptic function during PH.

Co-regulation of YTHDF3 and CBLN1 induced by hypoxia in vitro

In order to confirm the association between hypoxia and synaptic function, N2a cells were treated with 3% O, for 12 h in the chamber to mimic the
context of hypoxia in vitro. Consistent with the results mentioned above, the protein level of CBLN1 (Figures 4A and 4B, p < 0.05) was reduced
significantly in the hypoxia (HY) group compared with the control (Ctrl) group, while the protein level of YTHDF3 was up-regulated in the HY
group than in the Ctrl group (Figures 4A and 4C, p < 0.01). Moreover, as shown in Figures 4D-4F, the synaptic markers PSD95 and SYN were
decreased both in protein level (p < 0.01 and p < 0.01, respectively) and mRNA level (p < 0.05 and p < 0.05, respectively) in the HY group
than in the Ctrl group. These results are consistent with the observed changes in vivo. Apart from this, to investigate the roles of CBLN1 in syn-
aptic function, we knocked down the CbinTin N2a cells and found that synaptic markers PSD95 and SYN decreased significantly (Figures 4G—4l,
p < 0.01), illustrating that CBLN1 might play an important role in synaptic function. Combined with the most obvious down-regulation of Cbin1
gene expression in the hippocampus, we speculate that the change of CbIn1 expression has a strong correlation with the generation of offspring
phenotypes. Therefore, the molecular mechanism underlying the altered expression of the CbInT gene will be investigated later in discussion.

m®A-methylomes in two groups

To gainmore insight into the role of m®Ain regulating genes related to synaptic function, we first examined whether the m®A levels changed under
PH condition. Dot blot assay revealed reduced m®A abundance in the hippocampus of the PH offspring compared with Ctrl offspring (Figure 5A).
Then we performed the MeRIP-seq in two groups. As shown in Figure 5B, the m®A sites were significantly enriched at start codons, CDS, stop
codons, and 3’ UTRs in two groups. This is consistent with previous reports,*” indicating that the sequencing results are very reliable. In addition,
the highly overrepresented m®A RRACH (R = G/A, H=U/A) motif identified using the HOMER algorithm in both PH group and Ctrl group further
proved the successful enrichment of méA-modified mRNA (Figure 5C), because RRACH motifis also the most common conserved motifin the méA
modified region.”® To understand the function of méA in the brain, we performed gene ontology (GO) enrichment analysis on mRNAs with
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Figure 4. Co-regulation of YTHDF3 and CBLN1 induced by hypoxia in vitro

(A, B, and C) Protein level of CBLN1 and YTHDF3 in N2a cells after being treated with 3% O, for 12 h (Ctrl, n = 6; HY, n = 6).

(D and E) Protein level of PSD95 and SYN in the N2a cells after treatment with 3% O, for 12 h (Ctrl, n = 6; HY, n = 6é).

(F) PSD95, and Syn mRNA expression in the N2a cells after being treated with 3% O, for 12 h (Ctrl, n = 3; HY, n = 3).

(G, H, and I) Representative western blots result of PSD95 and SYN from CbinT knockdown N2a cells (siNC, n = 6; siCblIn1, n = 6). Data are shown as mean + SEM.
*, p <0.05; **, p <0.01.

different level m®A-containing peaks in two groups and found that they were involved in various processes, including nervous system develop-
ment, neuron to neuron synapse and postsynaptic specialization (Figure 5D). In addition, further Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis indicated that differed m®A-modified mRNAs were enriched in glutamatergic synapse and axon guidance pathways (Figure 5E).
And interestingly, the m®A-containing peak of CbinT mRNA shrank remarkably in PH group compared with the Ctrl group (Figure 5F), and the méA
sites were located at the 3'UTR of CbIn1 mRNA, suggesting that m°A modification may contribute to the regulation of CbinT expression.

CbIn1 is an important target gene of YTHDF3

Given that m®A may contribute to the regulation of Cbin1 expression, we investigated whether YTHDF3 (a known m®A reader) can regulate
Cbln1 expression levels by recognizing m®A sites on CbinT mRNA using the RNAct database (http://rnact.crg.eu/). We identified many genes
(namely YTHDF3-binding genes) that can interact with the YTHDF3 protein. Interestingly, the Cbin1 gene is the only one overlapping between
YTHDF3-binding genes and DEGs in RNA-seq (Figure S3A), which strongly suggests the interaction between YTHDF3 protein and Cbin1
mRNA. This result was further confirmed by RIP-gPCR, as we found that YTHDF3 was especially associated with CbIn1 transcripts in the hip-
pocampus (Figures 5G and 5H, p < 0.01).

To further investigate the association between YTHDF3 and CbIn1 gene, N2a cells were transfected with Ythdf3 siRNA. After 48 h, the
protein was isolated for immunoblot analysis. We first determined the efficiency of gene knockdown by immunoblot analysis. As shown in
Figures 6A and 6B (p < 0.05), the protein level of YTHDF3 was significantly reduced when the N2a cells were transfected with Ythdf3 siRNA.
And then, we found that knockdown of Ythdf3 substantially increases the protein level of CBLN1 (Figures 6A and 6C, p < 0.05), PSD95
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Figure 5. CbIn1 is an important target gene of YTHDF3

(A) Representative dot blot images showing m®A abundance in two groups.

(B) Distribution of high-confidence m®A-containing peaks across the length of mRNA in two groups (Ctrl, red line; PH, blue line).

(C) Binding motif identified by HOMER with m®A-containing peaks in two groups.

(D) Representative Gene Ontology (GO) terms of the biological process, cellular component, and molecular function categories enriched in transcripts with
different m®A-containing peaks. Gene ontology (GO) analysis was performed using the DAVID bioinformatics database. GO classification for cellular
component, biological process, and molecular function were performed with default settings.

(E) Bubble chart for representative Kyoto Encyclopedia of Genes and Genomes (KEGG) terms enriched in transcripts with different level m®A-containing peaks.
(F) m®A abundance on Cbln1 mRNA in Ctrl or PH hippocampus was plotted by the IGV. Blue and purple colors show the m®A signals of input samples from two
groups, while red and green stand for signals of IP samples from two groups. The range of signals in all groups was normalized to a 0~1.58 scale. At the same
position, the m®A peaks of the IP group over the input group were recognized as the genuine m®A level. Blue blocks above indicated the sites where the m®A level
differed between two groups (the nucleotide sequence of the méA level differed regions were shown later in discussion), and the most remarkable location were
highlighted with a scarlet pane.

(G) Relative enrichment of CbInT mRNA associated with YTHDF3 protein was identified by UV-RIP assays using anti-IgG and anti-YTHDF3 antibodies. The IgG
group was a negative control to preclude nonspecific binding. Data are shown as mean + SEM, n = 2.

(H) Agarose gel electrophoresis results by using RT-gPCR products from UV-RIP assays. The product (CbIn1) location was highlighted with a red dotted box. Data
are shown as mean + SEM. **, p < 0.01.

(Figures 6D and 6E, p < 0.05), and SYN (Figures 6D and 6F, p < 0.05). Moreover, the CbinT mRNA expression was upregulated after the knock-
down of YTHDF3 (Figure 6G, p < 0.01). These results imply that YTHDF3 regulates the expression of Cbin1 gene and may affect its fate deter-
mination in cells, and is critical for regulating synaptic function. In contrast, overexpression of Ythdf3 could lead to a remarkable decrease in
the expression of CBLN1, PSD95, and SYN (Figure S4).

It is well established that YTHDF3, a well-known m®A reader, may play a critical role in accelerating the metabolism of m®A-containing
mRNAs.* Accordingly, we performed an mRNA stability assay to measure the half-life of Cbin1 mRNA after the knockdown of Ythdf3. Interest-
ingly, the knockdown of Ythdf3stabilized the Cbin1 transcripts (Figure 6H, p < 0.01), suggesting that YTHDF3 may partly regulate the expression of
CblinT atthe transcriptional level by destabilizing the Cbin1 transcripts, however, the specific molecular mechanism needs to be further explored.

YTHDF3 regulates Chin1 mRNA stability in an m®A-dependent manner

Combining analysis of our MeRIP-seq data (Figure 5E) with the potential m®A sites of the Cbin1 gene predicted by the SRAMP database
(http://www.cuilab.cn/sramp, Figure S3B and S3C), we identified a very high-confidence m®A site (location at chr8: 88,196,620, GRCm39/
mm39) in the 3'UTR of CblInT transcript. Moreover, this site shows remarkable conservation across species (Figure 7A). Hence, we construct
a luciferase reporter gene by inserting the 3'UTR sequence, which was shown in Figure 5E, into the pmirGLO vector (Figure 7B). CbIn1-3’UTR
mutant was directly synthesized by replacing the A (Adenosine) with C (Cytosine) in the m®A motif (Figure 7C). Additionally, we found that
overexpression/knockdown of Ythdf3 had no effect on the mutant Cbin1-3'UTR luciferase activity (Figures 7D and 7E) but had a significant
impact on the wild-type CbIn1-3'UTR luciferase activity (Figures 7D and 7E, p < 0.01 and p < 0.01, respectively). These data indicate that
YTHDF3 regulates Cbin1 expression through an m®A-dependent manner.
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Figure 6. YTHDF3 determines Cbin1 fate by regulating transcript stability in vitro

(A, B, and C) Western blot was performed to analyze the level of YTHDF3 and CBLN1 in the N2a cell line after treatment with siYthdf3. siNC, negative control, n =
6; siYthdf3, Ythdf3 knockdown, n = 6.

(D, E, and F) Representative western blots result of PSD95 and SYN from Ythdf3 knockdown N2a cells. siNC, negative control, n = 6; siYthdf3, Ythdf3
knockdown, n = 6.

(G) RT-gPCR results of CbIn1 expression from Ythdf3 knockdown N2a cells. siNC, negative control, n = 6; siYthdf3, Ythdf3 knockdown, n = 6.

(H) Representative mRNA profile of CbIn1 at 0-, 2-, and 4-h time points after actinomycin D (5 pg/mL) treatment (h.p.t.) in NC (negative control, n = 6) and siYthdf3
(Ythdf3 knockdown, n = é) group. Data are shown as mean + SEM. *, p < 0.05; **, p < 0.01.

YTHDF3 destabilizes CbInT mRNA by recruiting BTG2

As a m°A reader, YTHDF3 can regulate the stability of CbinT mRNA when it binds to the m®A modification site on Cbln1T mRNA. However,
YTHDF3 may not directly induce mRNA degradation; therefore, the mechanism of how YTHDF3 regulates the stability of CbIn1T mRNA re-
quires more investigation. Given that the deadenylation-dependent decay pathway is a predominant way of regulating mRNA stability.
Then we examined the expression of molecules participating in deadenylation pathway in vivo and in vitro, and the results showed that
the mRNA expression of Cnot4, Cnot7, Btg1and Btg2 notably increased in the hippocampus of PH offspring compared with the Ctrl offspring
(Figures 8A and 8B). Because study has shown that CNOT7, BTG1 and BTG2 can form a complex and play a role in regulating gene expres-
sion,”” so follow-up experiments mainly focus on Cnot?7, Btg1 and Btg2 genes. Additionally, consistent with the results in vivo, the mRNA level
of Btg1 and Btg2 also increased significantly in N2a cells treated with 3% O, (Figure 8C, p < 0.05 and p < 0.01, respectively). However, the
mRNA level of Cnot7 remained unchanged. Moreover, immunoblot analysis confirmed that the protein level of BTG2 increased significantly in
PH offspring than in Ctrl group (Figures 8D and 8E, p < 0.05), while the protein level of CNOT7 remained unchanged (Figures 8D and 8F).
Regrettably, due to the poor quality of the BTG1 antibody, the results are not shown. Therefore, we investigated the role of BTG2 in the regu-
lation of CbInT mRNA stability.
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Figure 7. YTHDF3 regulates CbIn1 mRNA stability in an m®A-dependent manner

(A) Conservation of a very high-confidence m®A site in the 3'UTR of CblIn1 transcript, and the m®A site location was highlighted with a sky blue background.
(B and C) Graphical explanation for the construction of luciferase reporters. The wild-type or mutant (m®A motif mutated) sequence of CbIn1-3'UTR was inserted
into a pmirGLO vector between Firefly and Renilla elements. Relative luciferase activity was computed by the ratio of Firefly and Renilla luciferase values.

(D and E) Relative luciferase activity of N2a cells transfected with the CbIn1-wild type or -mutated construct was measured, with normal or altered the expression
of Ythdf3. Data are shown as mean + SEM. **, p < 0.01; ns, no significance.

Previous study has shown that the m®A reader protein YTHDF2 can participate in the degradation of m®A-modified mRNA by directly re-
cruiting the CCR4-NOT deadenylase complex.*’ Therefore, to explore the molecular mechanism by which YTHDF3 functions as a modulator
of mRNA stability, we screened for the interaction between YTHDF3 and BTG2 using co-immunoprecipitation (co-IP) assays. As shown in Fig-
ure 8G, YTHDF3 co-immunoprecipitated with BTG2, suggesting that BTG2 may be responsible for the YTHDF3-mediated destabilization of
CbIn1 mRNA. In addition, further analysis demonstrated that the knockdown of BTG2 could partially inhibit the down-regulation of Cbin1

expression caused by the overexpression of YTHDF3 (Figures 8H-8K), which further proves that BTG2 is essential for YTHDF3 to exert its reg-
ulatory function on CblInT expression.

DISCUSSION

In the present study, by addressing the questions at the in vivo, cellular and molecular levels and the successful construction of the PH model,
we provide a comprehensive approach to understanding the mechanisms linking m®A modification to programmed synaptic dysfunction in
offspring following PH. The data show that under PH conditions, YTHDF3 was significantly increased in the hippocampus of offspring in the PH
group, and it regulated the stability of CbinT mRNA by binding to the m®A modification site on the CbIn1 gene and further recruiting the
deadenylation regulator BTG2, which eventually led to the down-regulation of Cbin1 gene expression. CBLN1 deficiency can result in aber-
rant synapse function and subsequently cognitive impairment in PH-exposed offspring.

Human clinical studies and preclinical animal models support the notion that maternal stress during pregnancy can resultin brain development
issues in the fetus.”®*? In humans, chronic fetal hypoxia is one of the most prevalent consequences of complicated pregnancy, and it may be
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Figure 8. YTHDF3 destabilizes CbiIn1T mRNA by recruiting BTG2

(A and B) The expression levels of CCR4-NOT deadenylase complex (Cnot2, Cnot3, Cnot4, Cnot7, Cnot8, Cnot10), BTG/Tob family members (Tob1, Tob2, Btg1,
Btg2, Btg3), Parn and Rhau in the hippocampus from two groups (Ctrl, n = 2; PH, n = 2).

(C) The expression levels of Cnot7, Btg1, and Btg2 in N2a cells treated with 3% O, for 24 h (Ctrl, n = 3; HY, n = 3).

(D, E, and F) The protein level of BTG2 and CNOT?7 in the hippocampus from two groups (Ctrl, n = 6; PH, n = 6).

(G) YTHDF3 antibody, and control IgG antibody were used for immunoprecipitation of the mouse hippocampal tissue. YTHDF3-interacting proteins were
examined by western blotting with anti-BTG2. The representative images were shown.

(H, 1, J, and K) The protein level of YTHDF3, BTG2, and CBLN1 in N2a cells after being treated with siBTG2 and Ythdf3-OE. Data are shown as mean + SEM. *,
p < 0.05; **, p < 0.01; *** p < 0.001; ns, no significance.

detrimental to the development and health of offspring.”>* Moreover, Shen et al. reported that antenatal hypoxia increased the susceptibility of
Alzheimer's disease (AD) in the offspring of 5xFAD mice.”" Similarly, we also discovered diminished cognitive performance in PH offspring through
MWM, NOR, and step-through tests, however, the process requires further investigation. The hippocampus, which is required for spatial and
episodic memory, is disrupted early in AD. Previous studies have demonstrated that the hippocampus is susceptible to the influence of hypox-
ia.”>" Therefore, chronic fetal hypoxia may contribute to the pathogenesis of cognitive impairment by damaging the function of the hippocam-
pus. Later Niss| staining results showed that the Nissl bodies in the hippocampal tissue of offspring in the PH group were significantly reduced,
indicating that PH can lead to hippocampal neuron damage in adult offspring, which may be related to the cognitive impairment of offspring.

Synapse loss has been shown to be strongly associated with the cognitive impairment phenotype of AD.”*® In this study, we consistently
found that synaptic function-related molecules SYN and PSD95 decreased remarkably in the hippocampus of PH offspring through biological
methods. These results suggest that hypoxia during pregnancy leads to abnormal synaptic function in the hippocampus. Importantly, previous
studies have shown that adverse stress during pregnancy, including PH-induced synapse loss, is closely related to the occurrence of fetal or
postnatal neurological diseases.””*° Moreover, in the present study, the hypoxic treatment was performed on the pregnant mice from the
GD12.5 to the GD17.5, and this time window is a critical period of brain development (such as neurogenesis, synaptogenesis).' Thus, all of
the above evidence suggests that PH leads to cognitive impairment in adult offspring, which is associated with the abnormal synaptic function
in the hippocampus. However, the specific molecular biological mechanism of synaptic function loss needs to be further explored.

Previous studies suggested that Cbin1 has an essential effect on synaptogenesis and is necessary for maintaining normal synapses. Cblin1
dysfunction is sufficient to cause a severe reduction in the number of synapses.®” Here, we found that Cbin1 mRNA decreased significantly in
the hippocampus of PH offspring via RNA-seq analysis and RT-gPCR. Although the functions of CbIn1 in the cerebellum have been described
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extensively, more evidence suggests that CbIn1 has an impact on the hippocampal function. Otsuka et al. reported that spatial learning and
fear conditioning were abrogated in forebrain-predominant CblIn1-null mice.* In addition, Seigneur et al. investigated the function of cer-
ebellins (including CbIn1, CbIn2, and Cbln4) throughout the brain outside the cerebellum, they found that CbIn1/2 double KO (dKO) aging
(6-month-old) mice exhibited an obvious decrease in hippocampal synapse density.** More interestingly, a lab from Keio university designed
a synthetic synaptic organizer protein CPTX (containing structural elements from CblIn1), and found that CPTX can restore synaptic functions
and spatial and contextual memories in mouse models for AD.** Notably, we found that synaptic markers PSD95 and SYN decreased signif-
icantly after the knockdown of Cbin1. These results indicated that Cblin1 is likely to contribute to the PH offspring’s behavior deficits. However,
the precise process responsible for the alteration of Cbin1 is not yet completely understood.

Although the FOAD concept has been largely accepted, the precise biological process underlying it remain elusive. Currently, the most
well-known mechanism associated with FOAD hypothesis is the epigenetic mechanism, which is also regarded as the foundation of the FOAD
hypothesis.®> " m°A modification is the most common chemical modification found in eukaryotic mRNA in recent years.® Research have
demonstrated that m®A modification controls gene expression via influencing intracellular mRNA metabolism, including mRNA stability
and translation.*” Importantly, studies have shown that m®A modification is highly enriched in the brain,’%’" suggesting that it may play
an important role in the nervous system. For example, accumulating evidence shows that m®A modification is dramatically involved in the
pathogenesis of multiple neurodevelopmental®”’*~’* and neuropsychiatric disorders,””™’® including AD.**”?° Previous studies suggested
that m®A-containing mRNA transcripts tend to be less stable after recognizing by m®A reader YTHDF2 alone®’ or together with YTHDF3.%
Here we found that the level of YTHDF3 increased significantly in PH offspring. Meanwhile, through high-quality MeRIP-seq analysis, we found
that the m®A peak of CbIn1 in 3'UTR shrank remarkably in the hippocampus of PH offspring compared with Ctrl offspring, suggesting that
CbIn1 mRNA may be regulated by m°A modification. The reasons for the differential methylation observed may including: 1) increased in
mCA eraser YTHDF3 which leads to increased Cblin1 degradation following hypoxia, and the decreased levels of mMRNA may be accompanied
by corresponding decreases in methylation levels; 2) Hypoxia can affect the methylation level by affecting the function of methylase or de-
methylase ®%° Therefore, we hypothesized that the reduction of Cbin1 might be due to the up-regulation of YTHDF3 in the PH model. Inter-
estingly, CbIn1 was significantly increased in Ythdf3knockdown N2a cells in vitro. Meanwhile, SYN and PSD95 also increased in Ythdf3 knock-
down N2a cells. Further study showed that the stability of CbIn1 transcript also increased in YTHDF3 deficiency N2a cells, suggesting that
YTHDF3 serves to regulate the stability of CbinT mRNA at the post-transcriptional level. Mechanistically, further analysis combing
MeRIP-seq data and SRAMP database showed a conservative m®A site in the 3'UTR of the Cbin1 transcript. Dual-luciferase reporter assay
showed an essential effect of this site in the process of YTHDF3-induced decay of CbInT mRNA. The above results confirmed that the
m®A modification site in the 3'UTR region of the CbIn1 gene is crucial for YTHDF3 to exert its regulatory effect, that is, YTHDF3 negatively
regulates the expression of the Cbin1 gene in an m®A-dependent manner. However, as an m°A reader protein, YTHDF3 may not directly
lead to mRNA degradation, so the mechanism of how YTHDF3 regulates the stability of CbinT mRNA needs further investigation.

A previous study has demonstrated that expedited poly(A) shortening is crucial for the decay of m®A-containing RNAs, and deadenylases are
responsible for accelerated deadenylation.”’ CCR4-NOT deadenylase complex and BTG/Tob family are the most critical members involved in
regulating the deadenylation-dependent mRNA decay. For example, Du et al. discovered that YTHDF2 directly interacts with CNOT1 to desta-
bilize m®A-containing transcripts.”’ In addition, Liu et al. showed a parallel function of YTHDF2 and YTHDF3 for somatic reprogramming through
different RNA deadenylation pathways.®* In this study, we found that the level of BTG2 increased remarkably in the hippocampus of PH offspring
and N2a cells treated with 3% O,. Further investigation through co-immunoprecipitation analysis showed YTHDF3 co-immunoprecipitated with
BTG2. Moreover, the knockdown of BTG2 can partially reverse the reduction of Cbin1 gene expression by YTHDF3 overexpression. The above
findings indicated that the deadenylation regulator BTG2 was involved in the regulation of CbIn1 gene expression by YTHDF3.

In summary, our study found that YTHDF3 destabilizes Cbln1 mRNA in an m®A-dependent manner through direct interaction with BTG2.
CbIn1 dysfunction-induced abnormal synaptic function may contribute to the cognition impairment of PH offspring. Our study links m®A mod-
ifications with the post-transcriptional regulation of the CbIn1 expression and provides a direction for finding effective therapeutic strategies
for treating synaptic dysfunction caused by PH.

Limitations of the study

In addition, previous study has confirmed that YTHDF3 can also regulate the translation of mRNA.®> However, this study focuses on the regulation

of CbInT mRNA stability by YTHDF3. Therefore, whether YTHDF3 regulates the translation of the CbIn1 gene still needs further research.
This study found that BTG2 is involved in the regulation of Cbin1 gene expression by YTHDF3. However, as a deadenylation regulator,

BTG2 needs to regulate the activity of deadenylation enzyme to finally exert its effect. Therefore, the mechanism by which YTHDF3 recruits

BTG2 to exert its effect may still need further exploration.
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Dual-Luciferase Reporter Assay Kit Vazyme Cat.No:DL101-01
Niss| staining kit Solarbio Cat.No:G1436
TruSeq PE Cluster Kit v3-cBot-HS lllumia Cat.No:PE-401-3001
Deposited data

Raw and analyzed data This paper GEO:GSE249147

Experimental models: Cell lines

Neuro-2a (N2a) cell line

Procell Life Science & Technology Company

Cat.No:CL-0168

Experimental models: Organisms/strains

C57BL/6J
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Oligonucleotides

siRNA targeting sequence: Ythdf3 This paper N/A
sense: GCAGUGGUAUGACUAGCAUTT

Antisense: AUGCUAGUCAUACCACUGCTT

siRNA targeting sequence: Cbin1 This paper N/A
sense: GGUGAAAGUCUACAACAGATT

Antisense: UCUGUUGUAGACUUUCACCTT

siRNA targeting sequence: Btg2 This paper N/A
sense: GGACGCACUGACCGAUCAUTT

Antisense: AUGAUCGGUCAGUGCGUCCTT

siRNA targeting sequence: Negativecontrol (NC): This paper N/A
sense:UUCUCCGAACGUGUCACGUTT

Antisense:ACGUGACACGUUCGGAGAATT

Recombinant DNA

pcDNA3.1-Ythdf3 Sangon Biotech N/A
pcDNA3.1 vector Sangon Biotech N/A
pmirGLO-Cbln 3'UTR Wild type GenePharma Company N/A
pmirGLO- Cbln 3'UTR Mutant GenePharma Company N/A
Software and algorithms

Bio-Rad CFX96 PCR System Bio-Rad N/A
UVP Bio-imaging system EC3 apparatus GE Healthcare N/A
ANY-maze system Stoelting Company N/A

Rotarod apparatus
ImageJ software

GraphPad (Prism 8.4.2)

Anhui Zhenghua Biologic Apparatus Facilities
National Institutes of Health

GraphPad

Cat.No:ZH-600B
https://ImageJ.nih.gov/ij/
http://www.graphpad.com

Other

NC membrane
UV light

Nitrocellulose filter membrane

Pall Corporation
www.yunhoe.com

Merck Millipore

Cat.No:66485
Cat.No:UVPL-4
Cat.No:HATF00010

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Miao Sun

(miaosunsuda@163.com)

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data: Raw and analyzed sequencing data have been deposited at Gene Expression Omnibus (GEO, accession number: GSE249147) and are

publicly available as of the date publication. Accession number is listed in the key resources table.
Code: This paper does not report original code.

Other items: Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Animals

All procedures relating to animal care and treatment were performed according to the guidelines set by the Animal Resource Committee of
Soochow University. Mice were sacrificed after anesthesia with sodium pentobarbital (30 mg/kg, ip).

The C57BL/6J mice were obtained from the Experimental Animal Center of Soochow University. Pregnancy was confirmed by detect-
ing vaginal mucus plugs, and the morning of sighting a vaginal plug was denoted as day 0.5 of pregnancy [gestational day (GD) 0.5].
Pregnant mice were randomly divided into the control (Ctrl) group and prenatal hypoxia (PH) groups. The PH model was induced in
pregnant mice by exposing them to a low oxygen environment of 10.5% from GD 12.5 to GD 17.5, whereas the control group was
kept in a normal oxygen chamber with 21.0% oxygen concentration.?®” Once the modeling period was complete, the pregnant
mice were transferred back to a normal environment and allowed to give birth naturally. After weaning, male and female offspring
were housed in separate cages. All the mice were housed five per cage on a 12:12 h light/dark cycle at 22 + 1°C with free access to
food and water.

All behavioral tests were conducted on 2-month-old offspring by an investigator blinded to the progeny group during the light cycle. It
should be pointed out that since several studies have shown that estrogen, estrous cycle, etc. will have a certain impact on the cognitive func-
tion of female mice,®®®” in order to exclude the interference of such confounding factors, all subsequent experiments in this study were con-
ducted on male offspring.

Mammalian cell culture
Neuro-2a (N2a) cell line used in this study was purchased from Procell Life Science & Technology Company (CAS Number: CL-0168) and
grown in medium for N2a cells (CAS Number: CM-0168) consist of MEM (PM150410) + 10% FBS (164210-500) + 1% P/S (PB180120) at
37°C and 5% CO,.

As for the hypoxia model in vitro, N2a cells were treated with 3% O, and 5% CO, at 37°C when N2a cells reached 80% of confluence. After
12 h hypoxia, total RNA and protein were isolated for Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) and immunoblot analysis.

METHOD DETAILS
Morris water maze (MWM)

The MWM was utilized to determine the spatial learning and memory of the offspring in two groups as described previously.” In brief, the
mice were trained to find the underwater platform (26 cm in height and 10 ¢cm in diameter) in a circular pool (46 cm in depth and 120 cm in
diameter). The duration of the experiment was five days, including the positioning navigation trial (PNT, from day 1 to day 4) and the space
probe trial (SPT, day 5). During the PNT period, mice were placed in one of four pool quadrants facing the tank wall, and then a computer
tracking program was started when the animal was released. The video camera system will stop recording when the animal reaches the plat-
form. A trial limit of 1 min is standard, and animals not finding the platform within this time limit were placed on the platform. Each animal was
given four trials per day. On subsequent days, the trials were repeated. With four trials per day, four days (16 trials) is typically sufficient in a
120 cm water maze for the mouse to reach asymptotic performance. Latency to platform, travel distance, and swim speed were recorded. On
day 5, the platform was removed from the pool, and then the animals were placed in a novel start position in the maze (180° from the original
platform position) facing the tank wall. The purpose of the SPT is to evaluate whether or not the animal recalls the location of the platform. The
time of this trial is 1 min, and the number of platform-site crossovers and time spent in the target quadrant (the quadrant where the platform is
located) were recorded. All activities of mice in tests were recorded and analyzed using the ANY-maze system (Stoelting Company, Tokyo,
Japan).

Step-through tests

The step-through test was conducted to evaluate memory acquisition as stated earlier.”’ Briefly, the test included a training trial on the first
day and a retention trial on the second day. The apparatus consisted of a compartment with two chambers (a light chamber equipped with an
illuminator and a dark chamber) and an interconnecting semicircular door. During the training trial, the mice were placed in the light chamber
for 3 min. After the door opened, the mice moved to the dark chamber and received a footshock for 1's, 0.4 mA. During the 5 min retention
trial, the number of mistakes (entering the dark chamber) and the time that the mice took before initially entering the dark chamber (the step-
through latency) were recorded.

Novel object recognition (NOR)

Object recognition tests were carried out in an open field arena measuring 0.3 m long % 0.3 m wide X 0.45 m high, as previously described.””
In brief, animals were trained in a 5 min-long session during which they were placed at the center of the arena in the presence of two identical
objects. Exploratory behavior (amount of time spent exploring each object) was recorded using the ANY-maze system. 4 h after training, an-
imals were replaced in the arena for the test session, in which one of the objects had been replaced by a different (novel) object. Again, time
spent exploring familiar and novel objects was measured. Animals with a total exploration time below 10 s were excluded from NOR tests.
Results are expressed as a percentage of time spent exploring a novel object during the test session and were analyzed using a one-sample
Student’s t test.
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Rotarod test

The rotarod apparatus (Zhenghua, Anhui, China) was used to assess motor coordination. All mice were pre-trained on the rotarod apparatus
to reach a stable performance. The training consisted of two consecutive days. Each day included three separate test trials, and each trial
required the animal to stay on the rotarod for 300 s at 5 rpm. The final test (three trials, each trial lasting 300 s) was performed on the third
day with the rod accelerated from 0 to 40 rpm. Between trials, mice were given at least 30 min of rest to reduce stress and fatigue. The average
time stayed on the rod for three trials (latency), and the drop speed was recorded.

Nissl staining

The whole-brain tissue (4 mice in each group) was placed in 4% paraformaldehyde for fixation. The fixed brain tissue was dehydrated and
transparent through the gradient of alcohol and xylene. Afterward, the brain was embedded in paraffin and sectioned by a microtome. Finally,
the brain slices were stained using a Nissl staining kit (Solarbio, Beijing, China).

Quantitative real-time PCR (RT-qPCR)

Total RNA was extracted from hippocampal tissue or N2a cells using a TRIZOL reagent (15596026, Thermo Fisher Scientific). Then the pu-
rified total RNA (about 1 pg) was reverse-transcribed using the RevertAid First Strand cDNA Synthesis Kit (K1622, Thermo Scientific) ac-
cording to the manufacturer’s instructions. The messenger RNA (mRNA) expression was determined by RT-gPCR using a Bio-Rad
CFX96 PCR System. All measurements were performed in triplicate, and the relative levels of mRNA were normalized for each sample
with the expression levels of the reference gene using the 2722¢T method. Information regarding the sequences of gene-specific primers

is provided in Table S1.

Immunoblot analysis

Hippocampal tissues or N2a cell lines were lysed in RIPA buffer (PO013K, Beyotime) with protease inhibitors (P002, NCM Biotech), then put on
ice cracked for 30 min. After centrifugation at 13,800 g for 30 min at 4°C, the supernatant was extracted, and the protein concentration was
measured according to the instructions of the Detergent Compatible Bradford Protein Assay Kit (P0006C-2, Beyotime). The remaining super-
natant was denatured at 96°C for 15 min and subjected to immunoblot analysis. Protein (20 pg) was loaded to SDS-PAGE gels and transferred
to the NC membrane (66485, Pall Corporation). The membranes were incubated with the antibodies against YTHDF3 (25537-1-AP, Protein-
tech), CBLN1 (ab181379, Abcam), SYN (17785-1-AP, Proteintech), PSD95 (20665-4-AP, Proteintech), TUBULIN (A5107, Bimake), and B-ACTIN
(66009-1-1g, Proteintech) overnight at 4°C. After washing with PBS/Tween Buffer (PS102, Epizyme Biotech), the membranes were incubated
with secondary antibodies (goat anti-mouse for and B-ACTIN, goat anti-rabbit for YTHDF3, CBLN1, SYN, PSD95, and TUBULIN) for 1 h at
room temperature. The protein bands were visualized using enhanced chemiluminescence (ECL) detection system (GE Healthcare, Piscat-
away, NJ, USA). Results were quantified using a UVP Bio-imaging system EC3 apparatus (UVP, Upland, CA, USA).

siRNA knockdown and plasmid transfection

Cells were seeded in 6-well plates. After 24 h, 75 nM siRNA was transfected using GP-transfect-Mate transfection reagent (GenePharma,
China) according to the manufacturer’s instructions. Cells were harvested two days following the initial transfection. Knockdown was validated
prior to all experiments reported in this study by immunoblot analysis. Negative control siRNA from GenePharma was used as control siRNA in
knockdown experiments. Ythdf3 siRNA, Cbin1 siRNA, and Btg2 siRNA were also ordered from GenePharma. Table S2 shows the siRNA se-
quences used in gene knockdown experiments. In addition, Ythdf3 CDS was synthesized by Sangon Biotech Company (Sangon Biotech Co.,
Ltd., Shanghai, China) and inserted into pcDNA3.1(+) Vector using the Hindlll or Xhol restriction sites. 1.5 pg plasmid were transfected into
N2a cells using lipofectamine 2000 (Invitrogen) in overexpression experiments. Overexpression was also validated prior to all experiments
reported in this study by immunoblot analysis.

mRNA stability assay

N2a cell lines were transfected with Ythdf3siRNA. 48 h after the first transfection, actinomycin D (AcD) (5 pg/mL, A1410, Sigma) was added into
the cell culture medium for the indicated times, and the mRNA levels of Cbin1 at each time point (O h, 2 h, and 4 h after the treatment with AcD)
were analyzed by RT-gPCR.

UV-RIP-qPCR

UV-RIP-gPCR was performed as described previously.”” In brief, for the UV-RIP-qPCR, homogenized hippocampal tissues were irradiated with
UV light (400 mJ/cm?, UVPL-4, Suzhou Yunhoe Electronic Technology Co., Ltd.). After centrifuging at 13,800 g at 4°C for 10 min, the hippo-
campal tissues were lysed for 30 min in RIPA buffer (PO013K, Beyotime) supplemented with RNase inhibitors (10777019, Thermo Fisher Sci-
entific) and protease inhibitor cocktail (P002, NCM Biotech). After centrifuging at 13,800 g for 10 min at 4°C, the supernatant was precleared
with 25 uL of Dynabeads Protein G (10003D, Thermo Fisher Scientific) at 4°C for 2 h. Then, the precleared lysate was incubated with 50 pL of
Dynabeads Protein G that was precoated with 4 pg of normal mouse 1gG (sc-2025, SANTA CRUZ) or YTHDF3 antibody (sc-377119, SANTA
CRUZ) overnight. Then the beads were washed five times using RIPA buffer. Finally, RNA was extracted using TRIzol Reagent (15596026,
Thermo Fisher Scientific). The protein-bound RNA was analyzed by RT-gPCR.
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RNA sequencing (RNA-seq)

RNA sequencing was performed by the company (Beijing Nuohe Zhiyuan Technology Co., Ltd). In brief, a total amount of 3 pg RNA per sam-
ple was used as input material for the RNA sample preparations. Sequencing libraries were generated using NEBNext UltraTM RNA Library
Prep Kit for lllumina (NEB, USA) following manufacturer's recommendations and index codes were added to attribute sequences to each sam-
ple. The clustering of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS
(lumia) according to the manufacturer’s instructions. After cluster generation, the library preparations were sequenced on an lllumina Hiseq
platform and 125 bp/150 bp paired-end reads were generated. Follow-up data quality control and analysis were also carried out by the com-
pany (Beijing Nuohe Zhiyuan Technology Co., Ltd). Differentially expressed genes in RNA-seq results is provided in Table S3.

m®A dot blot

Total RNAs were extracted, and the concentrations were adjusted by serial dilution to 100 ng/plL and 250 ng/ulL for one assay. Total RNAs were
denatured at 95°C for 3 min to disrupt any secondary structures. Then, 2 pL of serially diluted RNAs was dropped onto a nitrocellulose filter
membrane (Merck Millipore, HATF00010) and crosslinked by ultraviolet for 1 h. After this, the membrane was washed and blocked in blocking
buffer (5% milk in phosphate-buffered saline with 0.1% Tween 20) for 1 h at room temperature and subsequently incubated overnight at 4°C
with anti-m®A antibody (Proteintech, 68055-1-Ig). After washing twice, HRP-linked secondary antibody was diluted 1:5000 and incubated with
the membranes for 1 h at room temperature and exposed to ECL substrate. The same amount of total RNAs were spotted on the membrane,

stained with 0.02% methylene blue in 0.3M sodium acetate (pH 5.2) for 2 h at room temperature and washed with ribonuclease-free water
for 5 h.

Golgi staining

The brains of mice at 2 months old were dissected and washed in Milli-Q water to remove blood from the surface. The brains were immersed
in a 1:1 mixture of FD solution A:B (FD Neurotechnologies Inc., FD Rapid Golgistain Kit, PK401C) at room temperature for 14 days, followed by
incubation in FD solution C at room temperature and in the dark for 7 days. The brains were then sectioned on a cryostat and mounted on
gelatin-coated slides with FD solution C, dried naturally at room temperature. Staining procedures were followed per the manufacturer’s in-
structions. Spine density was measured on pyramidal neurons that were located in the CA1 region of the dorsal hippocampus.

Methylated RNA immunoprecipitation sequencing (MeRIP-seq)

The RNA m®A was sequenced by MeRIP-seq at Novogene (Beijing, China). Briefly, a total of 2 g RNAs were extracted from the hippocampal
tissue of two groups. The integrity and concentration of extracted RNAs were detected using Agilent 2100 bioanalyzer (Agilent) and simpli-
Nano spectrophotometer (GE Healthcare), respectively. Fragmented RNA (~100 nt) was incubated for 2 h at 4°C with an anti-m®A polyclonal
antibody (Merk Millipore) in the immunoprecipitation experiment. Then, immunoprecipitated RNAs or input were used for library construc-
tion with Ovation SoLo RNA-Seq System Core Kit (NUGEN). The library preparations were sequenced on an lllumina Novaseq or Hiseq plat-
form with a paired-end read length of 150 bp according to the standard protocols. Follow-up data quality control and analysis were carried
out by the company (Beijing Nuohe Zhiyuan Technology Co., Ltd). Importantly, genome used for aligning the transcripts in the MeRIP-seq was
“"GRCm39/mm39".

Dual-luciferase reporter assay

DNA fragment corresponding to CbIn1 3'UTR in this assay was synthesized by GenePharma Company and inserted into pmirGLO vector us-
ing the Sacl or Xhol restriction sites. The CbIn1-3'UTR mutant was also directly synthesized by replacing the A (adenosine) with C (cytosine) in
the m®A motif. All plasmids and mutations were verified by sequencing. 0.15 pg reporter plasmid was transfected into N2a cells in a 24-well
plate using lipofectamine 2000 (Invitrogen) after knockdown or overexpression of Ythdf3. After 24 h, cell extracts were obtained, and Firefly/
Renilla luciferase activities were measured using a Dual-Luciferase Reporter Assay Kit (DL101-01, Vazyme, China).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were expressed as the mean + SEM and analyzed by GraphPad (Prism 8.4.2) software. Statistical analyses were performed via one-
way/two-way analysis of variance (ANOVA) followed by the Bonferroni test or a two-tailed unpaired Student's t test. p values <0.05 were
considered statistically significant. In each graph, otherwise specifically mentioned, ns, no significance; *, p < 0.05; **, p < 0.01; ***,
p < 0.001 vs. control.
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