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SUMMARY

Although embryonic brain development and neurodegeneration have received considerable 

attention, the events that govern postnatal brain maturation are less understood. Here, we identify 

the miR-29 family to be strikingly induced during the late stages of brain maturation. Brain 

maturation is associated with a transient, postnatal period of de novo non-CG (CH) DNA 
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methylation mediated by DNMT3A. We examine whether an important function of miR-29 during 

brain maturation is to restrict the period of CH methylation via its targeting of Dnmt3a. Deletion 

of miR-29 in the brain, or knockin mutations preventing miR-29 to specifically target Dnmt3a, 
result in increased DNMT3A expression, higher CH methylation, and repression of genes 

associated with neuronal activity and neuropsychiatric disorders. These mouse models also 

develop neurological deficits and premature lethality. Our results identify an essential role for 

miR-29 in restricting CH methylation in the brain and illustrate the importance of CH methylation 

regulation for normal brain maturation.

Graphical abstract

In brief

Non-canonical CH methylation mediated by DNMT3A during neuronal maturation has been 

recently shown to be critical for brain homeostasis. Swahari et al. identify a key player that is 

critical for regulating CH methylation: the microRNA miR-29. Failure of miR-29 to regulate the 

expression of Dnmt3a leads to severe neurobehavioral consequences.

INTRODUCTION

Although there is considerable knowledge surrounding brain development (e.g., 

neurogenesis, neuronal migration, and postmitotic differentiation), less is known about how 

the brain matures after this period and how brain homeostasis is maintained throughout 

adulthood. During brain maturation, widespread changes in synaptic connectivity are evident 

(Jiang and Nardelli, 2016; Stiles and Jernigan, 2010), and perturbations of synaptic 

development or maturation can result in severe neurobehavioral sequelae as seen in autism 

spectrum disorders (ASD), epilepsy, and schizophrenia (Bourgeron, 2015; Forsyth and 

Lewis, 2017; McTague et al., 2016; Toga et al., 2006).
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MicroRNAs (miRNAs), which have the potential to post-transcriptionally silence hundreds 

of genes, are already known to modulate neurodevelopment (Petri et al., 2014; Sun and Shi, 

2015) and neurodegeneration (Abe and Bonini, 2013; Juźwik et al., 2019). Accordingly, 

specific miRNAs that regulate neuronal activity and synaptic function in established neurons 

have been identified (Dubes etal., 2019; Edbauer et al., 2010; Schratt et al., 2006; Siegert et 

al., 2015). However, whether there are miRNAs that are selectively induced and functionally 

important during postnatal brain maturation is unknown.

Several recent studies have identified a critical period during postnatal mammalian brain 

development during which there is a dramatic increase in the methylation of the neuronal 

genome at non-canonical (non-CG) CH sequences (Chen etal., 2015; Gabel et al., 2015; Guo 

et al., 2014; He and Ecker, 2015; Kinde et al., 2015; Lister et al., 2013; Mo et al., 2015; Xie 

et al., 2012). This period of de novo CH methylation (where H = A, C, T) starts at birth and 

persists for 1–4 weeks in mice and 1–15 years in humans (Lister et al., 2013). During this 

maturation stage, deposition of these methyl-CH (mCH) marks have been hypothesized to 

regulate neuronal diversity by fine-tuning gene transcription across the genome (Chen et al., 

2015; Luo et al., 2017; Rizzardi et al., 2019; Stroud et al., 2017).

CH methylation is catalyzed by the DNA methyltransferase DNMT3A (Gabel et al., 2015; 

Guo et al., 2014). The time course of mCH deposition in postnatal neurons is tightly 

controlled such that the level of DNMT3A that are elevated during early brain maturation 

sharply decline several weeks after birth (Feng et al., 2005; Lister et al., 2013). This 

decrease in DNMT3A results in a cessation in the deposition of additional mCH and may be 

essential for proper brain maturation (Lister et al., 2013). The importance of strict control of 

CH methylation is emphasized by the association of mutations in DNMT3A, as well as in 

the methyl-binding proteins that bind to mCH (e.g., MeCP2 and the MBD family), with 

devastating disorders of postnatal brain development, including ASD, epilepsy, and 

intellectual disability (Gigek et al., 2016; Liu et al., 2018a, 2018b; Lombardi et al., 2015; 

Tatton-Brown et al., 2014; Yuen et al., 2016). However, the mechanisms that control the 

repression of DNMT3A expression to regulate CH methylation during postnatal brain 

development have not yet been identified, and the consequences of unrestricting this critical 

period of CH methylation remain unclear.

Dnmt3a is known to be targeted by several miRNAs. For example, miR-370 and miR-495 

regulate Dnmt3a expression during embryonic development and stem cell differentiation (Qi 

et al., 2013; Yang et al., 2014), and miR-132 and miR-143 modulate Dnmt3a expression in 

neurodevelopmental disorders and nerve injury, respectively (Miller et al., 2012; Xu et al., 

2017). Additionally, miR-29 regulates Dnmt3a expression in multiple situations including 

embryonic development, cancer, and other pathologies. In particular, in the context of the 

nervous system, miR-29-regulated Dnmt3a expression has been associated with neuronal 

differentiation (Xi et al., 2017), tumorigenesis (Xu et al., 2015), and ischemic injury (Pandi 

et al., 2013). However, whether the downregulation of Dnmt3a following the critical period 

of CH methylation during postnatal brain maturation is regulated by miRNAs is unknown.

Here, we conducted an unbiased screen to identify miRNAs that are specifically induced 

during postnatal brain maturation. We found all three members of the miR-29 family to be 
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highly induced during this period. Conditional deletion of all three miR-29 members in the 

brain resulted in the dysregulation of DNMT3a and CH hypermethylation that was 

associated with severe neurological dysfunction and premature lethality. Using a novel 

Dnmt3a mouse model, we then precisely assessed the direct consequences of disrupting the 

targeting of Dnmt3a by miR-29 in vivo. Our results identify miR-29 as an essential regulator 

of CH methylation via its targeting of Dnmt3a and define the importance of restricting CH 

methylation to a critical period during brain maturation.

RESULTS

miR-29 is the most upregulated miRNA during postnatal brain development

To screen for miRNAs that are induced during brain maturation, we examined the mouse 

cerebellum, because the timeline for cerebellar postnatal development is well defined. 

Cerebellar granule neuron precursors undergo rapid proliferation and complete their 

differentiation into cerebellar granule neurons by postnatal day 18 (P18) (Hatten and 

Roussel, 2011).Thus, we probed for miRNAs that are differentially expressed between 

young (P18) and adult (P250) cerebellum. We found that the most upregulated miRNAs in 

the adult belonged to the miRNA-29 (miR-29) family, which were strikingly increased ∼50-

to 70-fold (Figure 1A; Table S1). The miR-29 family consists of three members—miR-29a, 

miR-29b, and miR-29c—that are expressed from two genomic loci: miR-29ab1 and 

miR-29b2c (Kriegel et al., 2012). Quantitative PCR analysis for miR-29b, which is 

expressed from both loci, confirmed that miR-29 expression was markedly increased during 

late cerebellar maturation (Figure 1B). This increase in miR-29b expression is even more 

evident in the cortex where the expression of miR-29 is very low during the embryonic 

period (between E13.5 and P0) but increases substantially postnatally (Li et al., 2014) 

(starting at P7, Figure 1C). Importantly, although miR-29b shows the highest fold induction, 

all three miR-29 family members were markedly induced during postnatal cortical 

maturation (Figures 1D–1F), as seen in the cerebellum (Figure 1A).

miR-29 expression in the brain is essential for normal postnatal development

To examine whether miR-29 is functionally important during brain maturation in vivo, we 

generated mice that were floxed for both alleles of miR-29. Specifically, miR-29ab1f/f and 

miR-29b2cf/f mice were crossed together such that all three members of the miR-29 family 

could be deleted in the presence of a Cre recombinase. Mice deleted for miR-29, either 

globally (with CMV-Cre-expressing mice; miR-29CMV) or selectively in the brain (with 

Nestin-Cre-expressing mice; miR-29Nestin), were born at the expected Mendelian ratio, 

appeared normal at birth, and were indistinguishable from wild-type (WT) littermate 

controls at postnatal day 10. However, starting at 10 days, the miR-29 knockouts began to 

exhibit retarded growth, with all mice dying by 45 days of age (Figures 1G–1J and S1A–

S1D). Partial deletion of miR-29 from either locus also resulted in lethality by 150 days 

(Figure S1E). Importantly, consistent with the finding that miR-29 is not expressed during 

the stages of early brain development, complete deletion of miR-29 in either the miR-29CMV 

or miR-29Nestin mouse brains did not result in noticeable apoptosis or gross developmental 

brain malformations at P30 (Figures S1F and S1G).
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Deletion of miR-29 in the brain elicits severe neurobehavioral abnormalities

Partial inactivation of miR-29ab1 was previously shown to result in motor dysfunction 

(Papadopoulou et al., 2015; Roshan et al., 2014). Thus, we examined the behavioral deficits 

of brain-selective miR-29-deleted mice (P30–P40). Loss of miR-29 in the brain led to ataxic 

movements and motor deficits, including hindlimb clasping as well as deficits in wire 

hanging and rotarod tests (Figures 2A, 2B, S2A, and S2B). These mice also demonstrated 

many features seen in mouse models of neurodevelopmental disorders. For example, the 

miR-29Nestin mice exhibited repetitive, excessive self-grooming behavior by 20 days of age 

that led to facial hair loss and self-inflicted ulcerative skin lesions (Figures 2C and 2D; 

Video S1). Additionally, these mice were hyperactive in open field analyses with an increase 

in the total distance traveled as well as greater fine movements, a measure of stereotypic 

behavior (Figures 2E and S2C). miR-29Nestin mice also spent significantly more time in the 

center region of the open field, suggesting a loss of cautionary avoidance of a novel open 

area (Figure 2F). The miR-29Nestin mice displayed impaired sensorimotor gating in an 

acoustic startle test (Figure S2D). Importantly, we observed spontaneous seizures in a subset 

of these mice that subsequently led to their death. Thus, we examined whether miR-29-

deficient mice were more susceptible to kainic acid-induced seizures. All miR-29Nestin mice 

underwent tonic-clonic seizures and died within 25 min after kainic acid injection, while 

none of the WT mice sustained seizures or died with the same dose of kainic acid (Figures 

2G, 2H, and S2E). Together, these findings show that loss of miR-29 leads to numerous 

neurobehavioral abnormalities, including an increased risk of seizures.

miR-29 deficiency results in the downregulation of many neuronal genes

To gain insight into the specific pathways affected in the miR-29-deficient mice, we 

conducted an RNA sequencing (RNA-seq) analysis of WT and miR-29Nestin cortices and 

found 2,823 annotated genes to be differentially expressed (false discovery rate [FDR] <0.1) 

(Figure 3A; Table S2). As expected from the knockout of a miRNA, many genes were 

upregulated. Indeed, an unbiased query identified miR-29 as the miRNA predicted to target 

the largest number of upregulated genes in this gene set (e.g., of the 1,346 upregulated 

genes, 245 genes are predicted direct targets of miR-29) (Figure 3B; Table S2). Rather 

unexpectedly, however, miR-29 deletion also resulted in the downregulation of a similarly 

large number of genes (1,477 genes downregulated) (Figure 3A; Table S2). Importantly, a 

pathway analysis revealed that, unlike the upregulated genes, the downregulated genes were 

most significantly associated with many neuronal functions, including axon guidance and 

synaptic transmission (Figures 3C , 3D, and S3A; Table S2). This set of downregulated 

genes is also associated with a variety of neuropsychiatric disorders such as autism, 

schizophrenia, and epilepsy, consistent with the observed behavioral deficits (Figures 3E and 

S3B; Table S2). These results suggest that the genes downregulated in the miR-29-deficient 

brains, which are unlikely to be direct targets of miR-29, are associated with the 

neurological dysfunction observed in the miR-29Nestin mice.
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miR-29-deficient brains have increased DNMT3A expression and CH hypermethylation of 
neuronal genes

To determine how miR-29 deficiency could result in reduced neuronal gene expression, we 

examined whether any of the direct targets of miR-29 could modulate gene transcription. 

Among the top ten upregulated genes in the miR-29-deficient brains was the DNA 

methyltransferase Dnmt3a (Table S2), which can epigenetically regulate gene expression. 

Dnmt3a expression is known to be tightly regulated in the postnatal brain where it is induced 

at birth and then sharply declines several weeks later (Feng et al., 2005; Lister et al., 2013). 

However, the mechanisms that repress DNMT3A expression have not yet been identified. 

Interestingly, the marked increase in miR-29 starting at P20 coincides with the selective and 

sharp decrease in Dnmt3a expression that occurs during this period (Figures S4A–S4C) 

(Feng et al., 2005; Lister et al., 2013). Dnmt3a is known to have multiple evolutionarily 

conserved miR-29-binding sites in its 3’ UTR (Figure S4D) and has been shown to be 

targeted by miR-29 (Fabbri et al., 2007; Pandi et al., 2013; Xu et al., 2015). Consistent with 

the upregulation of Dnmt3a detected by RNA-seq in miR-29Nestin cortex, we found the 

DNMT3A protein to be markedly elevated in multiple brain regions of the miR-29-deficient 

mice at P40, a stage at which WT brains have already reduced DNMT3A (Figures 4A–4D).

DNMT3a is particularly relevant in the context of brain maturation, because it plays an 

essential role in de novo methylation of the neuronal genome at non-canonical (non-CG) 

sites (Chen et al., 2015; Gabel et al., 2015 Guo et al., 2014; He and Ecker, 2015 Kinde et al., 

2015; Lister et al., 2013 Mo et al., 2015; Xie et al., 2012). Our observation that DNMT3a 

levels remain elevated in the miR-29-deficient brains led us to examine whether sustained 

DNMT3A levels cause persistent CH methylation. Indeed, whole-genome bisulfite 

sequencing analysis on P40 WT and miR-29Nestin mice revealed that, although there was no 

increase in CG methylation, loss of miR-29 in the brain led to a striking increase in CH 

methylation within gene regions (Figure 4E; Table S3). The most prominent increase was 

observed at CA and CT sites and, to a lesser extent, at CC sites (Figures S4E–S4G).

Although hypermethylation is generally believed to result in gene downregulation (Luo et 

al., 2016; Moore et al., 2013), recent studies point to a more complex relationship between 

gene methylation and expression (Keown et al., 2017; Lavery and Zoghbi, 2019; Rizzardi et 

al., 2019). In our model, although both the upregulated and downregulated genes were CH 

hypermethylated upon loss of miR-29 expression, there was a small but significant increase 

in CH hypermethylation in the downregulated genes compared to upregulated genes in the 

miR-29Nestin cortex (Figure 4F).

Mice with selective disruption of miR-29 binding to Dnmt3a 3’ UTR have neurological 
deficits

Our results with the miR-29-deleted mice underscore the importance of miR-29 in brain 

maturation and, specifically, its function in restricting the critical period of CH methylation 

in the maturing brain potentially via its ability to target Dnmt3a. However, in addition to 

Dnmt3a, miR-29 has multiple gene targets, several of which are also upregulated in the 

brains of miR-29-deleted mice (Table S2). To identify the consequences of disrupting the 

ability of miR-29 to target only Dnmt3a, we developed a novel knockin mouse model in 
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which five binding sites of miR-29 in the 3’ UTR region of Dnmt3a were mutated (hereafter 

referred to as Dnmt3ami5 mice) (Figure 5A). In these mice, miR-29 should still be able to 

inhibit all of its target genes except Dnmt3a. Consistent with our expectation that miR-29 

directly restricts Dnmt3a expression during brain maturation, we found that Dnmt3ami5 mice 

selectively express higher levels of DNMT3A (Figures 5B–5D).

Dnmt3ami5 mice were born at the expected Mendelian ratio and appeared indistinguishable 

from WT controls at birth and during the early postnatal period. However, Dnmt3ami5 mice 

had a reduced lifespan, albeit at a later time point compared to the miR-29Nestin mice 

(median survival of 14 months) (Figure 5E). The Dnmt3ami5 mice at these late stages 

displayed severe dermatitis, which did not appear to be due to excessive grooming (Figures 

S5A and S5B). Although Dnmt3ami5 mice seem normal at P40, they begin exhibiting 

hindlimb clasping at ∼1 year of age (Figures 5F and 5G). Interestingly, during this 1 year 

time frame, although these mice did not exhibit overt hyperactivity, they showed increased 

susceptibility to kainic acid-induced seizures and death as seen in the miR-29Nestin mice 

(Figures 5H, 5I, and S5C).

Dnmt3ami5 mice exhibit downregulation and CH hypermethylation of genes associated 
with neurodevelopmental disorders

To confirm that the Dnmt3ami5 mice had increased DNMT3A activity, we quantified CH 

methylation in the cortex of WT and Dnmt3ami5 mice. As observed with miR-29Nestin mice, 

there was no difference in CG methylation, but a marked increase in CH methylation within 

genes in Dnmt3ami5 mice (Figures 6A and S6A–S6C; Table S4). To examine the 

consequences of CH hypermethylation, we conducted an RNA-seq analysis of cortical 

samples from WT and Dnmt3ami5 mice. As expected from a mouse model designed for 

miR-29 to selectively target Dnmt3a, fewer differentially expressed genes (109 

downregulated and 34 upregulated genes, FDR <0.1) were observed in the Dnmt3ami5 

compared to the miR-29Nestin cortex (Figure 6B; Table S5). However, it is interesting to note 

that the Dnmt3ami5 cortex had disproportionately more downregulated genes. These 

downregulated genes exhibited a significant increase in CH methylation as compared to the 

upregulated genes, a feature that was also seen in the miR-29Nestin cortex (Figure 6C). A 

pathway analysis revealed that many of the genes that were downregulated in the cortex of 

Dnmt3ami5 mice were associated with neuronal functions or signaling (Figure 6D; Table 

S5). Interestingly, as seen in the miR-29Nestin cortex, these genes were also associated with 

neurodevelopmental disorders including mental retardation, bipolar disorder, schizophrenia, 

epilepsy, and ASD (Figure 6E; Table S5).

miR-29 controls a set of genes associated with neuronal activity via DNMT3A in the brain

The miR-29Nestin mice exhibited a complex phenotype associated with the aberrant 

expression of a large set of genes, some of which were unexpectedly downregulated. In 

order to identify the specific role played by DNMT3A in this phenotype, we compared the 

genes differentially expressed in the cortex of miR-29Nestin mice with those deregulated in 

the cortex of Dnmt3ami5 mice. Among the differentially expressed genes in the Dnmt3ami5 

cortex, there was a substantial overlap between the downregulated genes in Dnmt3ami5 and 

miR-29Nestin cortex (Figure 7A). The 55 commonly downregulated genes also exhibited a 
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strong correlation in CH methylation levels between both models (Figure 7B). Interestingly, 

many of these genes have important neuronal functions including Gabrb3 (GABA receptor), 

Kcnv1 (K+ channel), Nlgn1 (Neuroligin 1), and Nrxn1 (Neurexin 1) (Figure 7C). A pathway 

analysis showed that the commonly downregulated genes are associated with neuronal 

functions, including neurotransmission and synaptic signaling (Figure 7D; Table S6). 

Importantly, these downregulated genes are also associated with many neuropsychiatric 

disorders such as autism, epilepsy, and schizophrenia (Figure 7E; Table S6). Thus, the loss 

of miR-29 or the selective inability of miR-29 to target Dnmt3a resulted in the CH 

hypermethylation and downregulation of a critical set of neuronal genes that are important 

for establishing normal brain homeostasis.

DISCUSSION

Our results highlight the induction of miR-29 as an event that is crucial for multiple aspects 

of brain maturation. We found that miR-29, which is induced several hundred fold in the 

postnatal brain, was not essential for embryonic brain development but was crucial for 

postnatal brain maturation and homeostasis. Failure to express miR-29 resulted in severe 

consequences, including hyperactive behaviors, susceptibility to seizures, and premature 

lethality. Consistent with our observations, dysregulation of miR-29 is associated with 

psychiatric disorders such as schizophrenia and bipolar disorder (Geaghan and Cairns, 2015; 

Tonacci et al., 2019). Additionally, reduced expression of miR-29 is observed in multiple 

contexts of brain dysfunction including ischemia (Khanna et al., 2013; Pandi et al., 2013) 

and neurodegenerative disorders such as Alzheimer’s (Hébert et al., 2008; Lei et al., 2015) 

and Parkinson’s disease (Bai et al., 2017; Margis et al., 2011). Interestingly, reducing the 

levels of miR-29 in neurons of the turquoise killifish resulted in metabolic stress and aging 

(Ripa et al., 2017). Together, these results indicate that high levels of miR-29 in the postnatal 

brain are essential for the maintenance of heathy brain function.

The exact mechanisms that regulate the expression of the miR-29 family genes in the brain 

either during normal development or in neurodevelopmental disorders are unclear. Although 

all three miR-29 family genes are induced during brain maturation, our observation that 

miR-29b is disproportionally unregulated suggests that mechanisms controlling miRNA 

biogenesis (e.g., processing, stability), in addition to transcriptional upregulation, are likely 

implicated. For example, changes in miRNA biogenesis machinery (DGCR8 and DICER1) 

are thought to result in altered miRNA expression in the brains of patients with 

schizophrenia (Beveridge et al., 2010; Santarelli et al., 2011), temporal lobe epilepsy 

(McKiernan et al., 2012), and in 22q11.2 microdeletion carriers (Stark et al., 2008). These 

observations are interesting, because DGCR8 and DICER1 appear to differentially affect the 

expression of the three miR-29 family members in postmitotic neurons (Babiarz et al., 

2011).

Although brain maturation is recognized as a period during which experience can fine-tune 

neuronal activity, the epigenetic mechanisms by which this is achieved are just starting to 

become uncovered. A major clue has come from recent studies, which found that the early 

postnatal maturing brain undergoes non-canonical CH methylation mediated by DNMT3A 

during a critical period (Chen et al., 2015; Gabel et al., 2015; Guo et al., 2014; He and 
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Ecker, 2015; Kinde et al., 2015; Lister et al., 2013; Mo et al., 2015; Xie et al., 2012). 

However, exactly how DNMT3A expression is regulated and the consequences of 

unrestricted CH methylation were unknown. Our results identify miR-29 as a key regulator 

of CH methylation during brain maturation via its ability to target Dnmt3a. Mice in which 

miR-29 is either deleted or unable to target Dnmt3a, sustain elevated levels of DNMT3A in 

the mature brain, resulting in hypermethylation at CH sites. Although DNMT3A can 

mediate both CG and CH methylation, we did not observe any changes in levels of CG 

methylation at the gene regions or at CpG islands (data not shown) in these mice, a finding 

that is consistent with the observation that DNMT3A primarily mediates CH methylation 

during brain maturation.

Interestingly, CH hypermethylation occurred in both the downregulated and upregulated 

genes, although the levels of CH methylation were higher in the downregulated genes. These 

results indicate that, although CH methylation is an important factor in the downregulation 

of gene expression, it alone does not seem to be sufficient to predict whether a specific gene 

will be upregulated or downregulated. For example, downregulation of some genes (e.g., 

those coding for a transcriptional repressor), may have secondary effects that increase the 

expression of their target genes despite their methylation status. Alternatively, some 

hypermethylated genomic regions may be more efficient at recruiting the gene repression 

machinery at the expense of other hypermethylated genomic regions, leading to different 

outcomes on gene expression.

CH methylated DNA is recognized by MeCP2, a protein that primarily functions to mediate 

transcriptional repression of neuronal genes. Consequently, genes that are methylated at CH 

sites during brain maturation are preferentially reduced with MeCP2 duplication (Chen et 

al., 2015; Gabel et al., 2015). Interestingly, mice overexpressing MeCP2 develop multiple 

neurological abnormalities that are also similar to the defects observed in our miR-29-

defcient and Dnmt3ami5 mice, including seizures, as well as premature death (Collins et al., 

2004). The fact that both MeCP2-overexpressing mice and miR-29-deficient mice appear 

normal at birth but then progressively deteriorate illustrates the essential role that these 

molecules play selectively during brain maturation. Consistent with this, we observed a 

substantial overlap between the genes downregulated by removal of miR-29 and the gene 

upregulated in MeCP2 null mouse models (Figure S4H; Table S7). The relevance of 

regulating CH methylation and fine-tuning neuronal gene expression in humans is 

underscored by the fact that both the loss or duplication of MeCP2 result in Rett syndrome 

or intellectual disability, respectively (Lavery and Zoghbi, 2019; Lombardi et al., 2015).

The striking importance of miR-29 in brain maturation is emphasized by the fact that the 

miR-29-deficient mice exhibited complex behavioral phenotypes. This collection of 

phenotypes is likely due to the dysregulation of a large number of genes in the miR-29-

deficient mice. The Dnmt3ami5 mice that we generated have, however, allowed us to focus 

specifically on the consequences of CH hypermethylation that result from the inability of 

miR-29 to target Dnmt3a alone. Interestingly, the Dnmt3ami5 mice have more downregulated 

than upregulated genes, and these genes have an important role in neuronal activity and are 

associated with many neurodevelopmental disorders. As anticipated, not all of the 

phenotypes observed in the miR-29Nestin mice were seen in the Dnmt3ami5 mice. However, 
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the genes downregulated in both models are important for neurotransmission and synaptic 

signaling and associated with ASD, epilepsy, mental retardation, and schizophrenia. 

Interestingly, both mouse models have increased susceptibility to seizures, a condition that is 

frequently associated with these disorders (Frye et al., 2016; Hagerman et al., 2017; Hüfner 

et al., 2015). In contrast, the behavioral phenotypes selectively observed in the miR-29Nestin 

mice, which also reflect brain maturation abnormalities, are likely a consequence of the gene 

dysregulations that are unique to these mice.

Together, these results identify an essential function of miR-29 in brain maturation through 

its ability to target multiple pathways. Specifically, we show that miR-29 is a key regulator 

of DNMT3A-mediated CH methylation during brain maturation, also highlighting the 

importance of restricting CH methylation during a critical window for sustaining normal 

functions in the mature brain.

STAR ★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Mohanish Deshmukh 

(mohanish@med.unc.edu).

Materials availability—All unique reagents generated in this study are available from the 

Lead Contact without restriction.

Data and code availability—The accession numbers for the sequencing data reported in 

this paper have been deposited in Gene Expression Omnibus (GEO): GSE140163, 

GSE157841.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal handling and experiments were carried out in accordance with the National 

Institutes of Health Guide for Care and Use of Laboratory Animals and as approved by the 

Animal Care and Use Committee of the University of North Carolina (UNC).

Mice were housed 2-5 per cage in a 12 h light, 12 h dark cycle. Food and water were 

provided ad libitum. Cohorts were composed of animals of both sexes, aged as indicated in 

figure legends. Control mice (wild-type) were wild-type littermates of mutant mice.

The miR-29ab1f/f, miR-29b2cf/f mice were generated in the 129/SvEv background. The 

Dnmt3ami5 knock-in mice were in the C57BL/6J background.

METHOD DETAILS

Generation of knock-out and knock-in mice—The miR-29ab1 and miR-29b2c floxed 

alleles were generated by the Duke Transgenic Mouse Facility by homologous 

recombination and genomic targeting. An 827 bp or an 817 bp genomic segment containing 

respectively, miR-29a and miR-29b1, or miR-29b2 and miR-29c, were amplified from 129/

SvEv mouse genomic DNA. To amplify the long arm (LA) and short arm (SA), a BAC clone 
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(RP24-248C11 for miR-29ab1 and RP23-465H4 for miR-29b2c) was used as PCR template. 

miR-29ab1 or miR-29b2c gene segments and their corresponding LA and SA were cloned 

into the PGKneoF2L2DTA targeting vector. After verification for the absence of mutation, 

targeting vectors were linearized by SacII (New England BioLabs) restriction enzyme 

digestion and were used for microinjection of ES cells from 129/SvEv-B6 mice. ES cells 

were positively selected in neomycin-containing medium, and successful genomic targeting 

was confirmed by PCR. Animals were bred and maintained in the SPF facility managed by 

Duke University Division of Laboratory Animal Research. All animal procedures were 

approved by the Duke University Institutional Animal Care and Use Committee.

The above mice were bred to generate mice floxed at both genomic loci (miR-29ab1f/f, 

miR-29b2cf/f mice). Deletion of miR-29 was carried out by crossing the above mice with 

various Cre recombinase lines including CMV-Cre and Nestin-Cre (Jackson Laboratories, 

#006054 and #003771) to obtain miR-29CMV and miR-29Nestin knock-out mice.

The knock-in mouse with five miR-29-binding sites mutated in Dnmt3a 3’ UTR (Dnmt3ami5 

mice) was generated by the UNC Animal Models Core Facility by CRISPR/Cas9 nuclease 

technology. CRISPR guide RNAs were designed to cut at miR-29-binding site 1 and 

miR-29-binding site 5 (target sequence miR-29-1: ACATCCCGACTTCATAA; target 

sequence miR-29-5: GAGGAATTAGCACCAGCT). A donor vector with approximately 1 

kb homology arms flanking the 2909 bp region encompassing the 5 miR-29-binding sites, 

all mutated from TGGTGCT to CACGGCT, was generated. Guide RNAs, Cas9 protein and 

donor vector were injected into C57BL/6J mouse embryos. Founders were screened for 

homologous integration of the five mutated miR-29-binding sites.

Small RNA sequencing and analysis—Total RNA was extracted from P18 and P250 

wild-type CD-1 mouse cerebellum using miRNeasy kit (QIAGEN, #217004). Libraries were 

prepared using a modification of the TruSeq protocol. Briefly, 1 μg total RNA was ligated to 

3 pmol of 3′ linker using T4 RNA ligase 2. RNA size fractions corresponding to 35-70 

nucleotides (insert plus linker) were isolated on gel and ligated to 3 pmol of 5′ linker. 

Products were reverse transcribed, PCR amplified to mid-log phase, and size isolated. 

Libraries were barcoded using indexed 5′ linkers before single end sequencing at the High 

Throughput Genomic Sequencing Facility at UNC Chapel Hill on an Illumina HiSeq 2000 

(50 cycles). Small RNA sequencing reads were processed using miRquant (Baran-Gale et 

al., 2013). MiRquant is a small RNA-sequencing pipeline that involves trimming, alignment 

to the mouse genome (mm9), miRNA and iso-miRNA assignment of the reads according to 

miRbase annotations (v18), quantification and normalization to reads per million reads 

mapped, and differential expression analysis. The filter applied included only those miRNA 

for which reads per million (RPM) was > 50 in the P250 sample.

RT-qPCR analysis—For miRNA RT-qPCR, total RNA was extracted from mouse cortex 

and cerebellum using miRNeasy kit (QIAGEN, #217004). RNA (10 ng) was reverse 

transcribed using Superscript III reverse transcriptase (Invitrogen) and specific RT primers 

for mature miR-29a, miR-29b, miR-29c and U6 RNA (TaqMan MicroRNA Assays, Applied 

Biosystems). Real-time PCR was carried out with an ABI7500 thermocycler (Applied 
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Biosystems) and relative quantification was estimated using the ΔΔCt method. Sample 

variability was corrected by normalizing to U6 RNA levels.

Alternatively, total RNA was extracted from mouse cortex with TRI reagent. Tissues were 

homogenized in TRI reagent (Zymo Research), RNA was separated with chloroform and 

precipitated with an equal volume of isopropanol. Total RNA (1 μg) was poly-adenylated 

with recombinant Poly(A) Polymerase (1.2 U per 20 μl reaction) for 1 h at 37°C. RT-PCR 

reactions were performed using High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems) with a poly(A) adaptor PCR primer 

(GCGAGCACAGAATTAATACGACTCACTATAGGTTTTTTTTTTTTVN) (adapted from 

Biggar et al., 2014). Real-time PCR reactions were run using microRNA-specific forward 

primers (mir-29b: TAGCACCATTTGAAATCAGT), a universal reverse primer 

(GCGAGCACAGAATTAATACGAC) and Power Up SYBR green master mix (Applied 

Biosystems) on a QuantStudio 3 thermocycler (Applied Biosystems). Relative quantification 

was estimated using the ΔΔCt method and U6 (U6 Forward: 

CGCTTCGGCAGCACATATAC; U6 Reverse: AAAATATGGAACGCTTCACGA) to 

normalize each miRNA relative level.

For analysis of Dnmt1, Dnmt3a and Dnmt3b mRNA, cDNA libraries were prepared using 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) from total RNA (1 

μg) extracted from mouse cortex and cerebellum with TRI reagent. Primers were designed 

using the NCBI primer designing tool. The following primers were used: mGapdh forward: 

TGTGTCCGTCGTGGATCTGA; mGapdh reverse: CCTGCTTCACCACCTTCTTGA; 

mDnmt1 forward: CATGCTGCTTCCGCTTGC; mDnmt1 reverse: 

CTTTCCAAGTCTTTGAGCCGCC; mDnmt3a forward: GCTTTGGCATTGGAGAGCTG; 

mDnmt3a reverse: GCTTCTCCACACACACCACT; mDnmt3b forward: 

GCTTGTGCCAGACCTTGGAA; mDnmt3b reverse: GTCTCCCTTCATTGTTTCCTGA. 

Real-time PCR reactions were performed with Power Up SYBR green master mix (Applied 

Biosystems) on a QuantStudio 3 thermocycler (Applied Biosystems). Relative quantification 

was estimated using the ΔΔCt method and Gapdh to normalize each mRNA relative level.

Mouse behavioral analysis: hindlimb clasping—Adult mice, when suspended by the 

tail, extend their four limbs in anticipation of contact. Instead, mice with defects in various 

brain regions (i.e., cerebellum, basal ganglia, and neocortex) and the spinal cord display 

hindlimb clasping toward the abdomen. Each mouse was tail suspended for 90 s and 

monitored by video recording.

Grooming—Subject were placed and left undisturbed in a new standard mouse cage. Mice 

were recorded on video and repetitive self-grooming was measured over 30 minutes and 

expressed as the percentage of time spent grooming.

Open field test—Exploratory activity in a novel environment was assessed by a 60 min 

trial in an open field chamber (41 cm x 41 cm x 30 cm) crossed by a grid of photobeams 

(VersaMax system, AccuScan Instruments). Counts were taken of the number of 

photobeams broken during the trial in 5 min intervals, with separate measures for total 

distance traveled and fine movements (the repeated breaking of the same set of photobeams). 
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Time spent in the center region of the open field was measured as an index of anxiety-like 

and risk-taking behavior.

Acoustic startle test—This procedure is based on the reflex whole-body flinch (startle 

response) that follows exposure to a sudden noise. Measures are taken of prepulse inhibition, 

which occurs when a weak pre-stimulus leads to a reduced startle in response to a 

subsequent louder noise. Subjects were tested with a SR-Lab system (San Diego 

Instruments). Mice were placed in a small Plexiglas cylinder within a larger, sound-

attenuating chamber. The cylinder was seated upon a piezoelectric transducer, which 

allowed vibrations to be quantified. The chamber included a ceiling light, fan, and a 

loudspeaker for the acoustic stimuli. Background sound levels (70 dB) and calibration of the 

acoustic stimuli were confirmed with a digital sound level meter (San Diego Instruments). 

The test began with a 5 min habituation period, followed by forty-two trials. There were 

seven different types of trials: no-stimulus trials, trials with acoustic startle stimulus alone 

(40 ms; 120 dB), and trials in which a prepulse stimulus (20 ms; either 74, 78, 82, 86, or 90 

dB) occurred 100 ms before the acoustic startle stimulus. The levels of prepulse inhibition at 

each prepulse sound intensity was calculated as 100 - [(response amplitude for prepulse 

stimulus and startle stimulus together / response amplitude for startle stimulus alone) x 100].

Wire-hang test for grip strength—At the start of the test, subjects were placed on a 

large metal cage lid. The lid was gently shaken to induce the mouse to grip onto the metal 

grid. The cage top was then flipped over, and latency for the mouse to fall from the lid was 

recorded during the 60 s test.

Rotarod test—Subjects were tested for motor coordination and learning on an accelerating 

rotarod (Ugo Basile, Stoelting Co.). On a first test session, mice were given three trials, with 

45 s between each trial. An additional trial was given 48 h later. The initial speed was set at 

3 rpm, with a progressive increase to a maximum of 30 rpm across a total 5 min trial. 

Measures were taken for latency to fall from the top of the rotating barrel.

Kainic acid-induced seizures scoring—Animals were injected intraperitoneally with 

30 mg/kg of kainic acid (Sigma-Aldrich, #K0250) to induce seizures. Following kainic acid 

administration, mice were placed in a cage and video-recorded for 3 hours or until death was 

observed. The behavioral scores were as follows: 1: hypoactivity; 2: head nodding; 3: 

anterior clonus; 4: loss of balance or repeated falling; 5: severe tonic–clonic seizures; 6, 

jumping; 7: death.

Western blotting—Whole cortex was lysed by homogenization in RIPA buffer. Protein 

concentrations were quantified by bicinchoninic acid (BCA) assay (Pierce, #23225) and 

equal amounts of protein were resolved on 8% SDS-polyacrylamide gels before transfer 

onto Immobilon-FL PVDF membranes (Millipore). After blocking (TBS, 1% ovalbumin, 

1% fish gelatin, 0,05% tween 20), membranes were probed with anti-DNMT3A (Abcam, 

#ab2850, 1:500) and anti-β Actin (Sigma-Aldrich, #A5316, 1:2,000) primary antibodies. 

Signals from infrared dye-conjugated secondary antibodies (Alexa Fluor 790 & 680, Jackson 

ImmunoResearch Inc., 1:10,000) were detected using an Odyssey CLx imager (LI-COR) 

and were quantified using Image Studio software (LI-COR). Regions of interest (ROIs) were 
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drawn around bands of interest and the density was measured. Relative densities were 

normalized to housekeeping genes (β Actin) and calculated against the average of the WT 

samples on each membrane.

Whole genome bisulfite-sequencing—Genomic DNA was extracted from mouse 

cortex with the DNeasy Blood & Tissue Kit (QIAGEN) and sonicated with a Covaris S2 

instrument to generate 200 bp fragments. Unmethylated lambda DNA (0.1%–0.5%; 

Promega D1521) was spiked in to assess conversion rates. Whole genome bisulfite-

sequencing was performed similarly as described (Mo et al., 2015) except that the EZ DNA 

Methylation-Gold Kit (Zymo Research) was used for bisulfite conversion. Libraries were 

sequenced on a Miseq system (Illumina) by performing a 75×2 cycle run. BSmap v.2.74 (Xi 

and Li, 2009) was used to map reads to the mm9 mouse genome assembly and only uniquely 

mapping reads were retained for analyses. Methylation levels were determined by 

calculating #C/(#C+#T) for the indicated cytosine pair (e.g., CG, CA, CT or CC), where #C 

is the number of C reads and #T is the number of T reads. All our libraries had less than 1% 

non-conversion rate assessed by unmethylated lambda DNA spiked into each sample (Tables 

S3 and S4). Methylation levels were summarized by gene (transcription start site through 

transcription termination site) using RefSeq gene annotations.

RNA sequencing and analysis—For miR-29Nestin mice, total RNA was extracted from 

the cortex of P40 mice using RNeasy Mini Kit (QIAGEN). Stranded mRNA libraries were 

prepared with TruSeq Stranded mRNA Library Prep Kit (Illumina). Paired end sequencing 

(50 cycles) was performed on an Illumina HiSeq 2500 v4 (high output).

For Dnmt3ami5 mice, total RNA was extracted from the cortex of 4.5 months old mice using 

Direct-Zol RNA mini-prep kit (Zymo Research, #R2051). Stranded mRNA libraries were 

prepared using the KAPA stranded mRNaseq kit (KAPA Biosystems). Libraries were dual 

barcoded before paired end sequencing (50 cycles) on an Illumina HiSeq 4000 (high output). 

All sequencing were performed at the High Throughput Genomic Sequencing Facility at 

UNC Chapel Hill. Reads were then trimmed and filtered of adaptor sequencing using 

cutadapt (Martin, 2011), and required to have at least 90% of bases with quality scores 

exceeding 20. Reads were then aligned to the reference human genome (hg19) using STAR 

(Dobin et al., 2013), and transcript abundance was estimated using Salmon (Patro et al., 

2017). Differential expression between each genetic model and wild-type control was 

analyzed using DESeq2 (Love et al., 2014). Differentially expressed genes (adjusted p value 

< 0.1) were annotated for pathway (Reactome) (Fabregat et al., 2018) and disease 

(DisGeNET) (Piñero et al., 2017) enrichments using gProfiler (Raudvere et al., 2019). 

Enrichments with FDR < 0.05 were considered significant.

miRHub analysis—First, we used the seed-based target prediction algorithm TargetScan 

v.5.2 (Grimson et al., 2007) to determine for each miRNA the number of predicted 

conserved targets among the genes in our gene sets (genes found upregulated by RNA-seq 

with fold change > 0 and adjusted p value < 0.1). Each predicted miRNA-gene interaction 

was assigned a score based on the strength of the seed match, the level of conservation of the 

target site, and the clustering of target sites within that gene’s 3’ UTR. Finally, for each 

miRNA, the final targeting score was calculated by summing the scores across all genes and 
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dividing by the number of genes. We repeated this procedure 10,000 times, with a new set of 

randomly selected mouse genes each time, in order to generate a background distribution of 

the predicted targeting scores for each miRNA. These score distributions were then used to 

calculate an empirical p value of the targeting score for each miRNA in our gene set. Genes 

were selected at random from a pool with similar overall connectivity to the genes in our 

gene set, and to account for differences in the average 3’ UTR length between the genes of 

interest and the randomly selected genes in each simulation, the targeting score was 

normalized by 3’ UTR length.

Immunohistochemistry staining—Mice were anesthetized using isoflurane and 

transcardially perfused with PBS followed by 4% paraformaldehyde. Brains were post-fixed 

in 4% paraformaldehyde overnight before paraffin-embedded sections were prepared. 

Hematoxylin-eosin (H&E) stains were done using an Autostainer XL (Leica Biosystems). 

Fluorescence (cleaved-Caspase-3, NeuN, PCNA and p27) and chromogenic (DNMT3A) 

immunohistochemistry were carried out in the Bond fully-automated slide staining system 

(Leica Microsystems) using .

Slides were dewaxed in Bond Dewax solution (Leica Biosystems, #AR9222) and hydrated 

in Bond Wash solution (Leica Biosystems, #AR9590). Heat-induced antigen retrieval was 

performed for 30 min at 100°C in Bond-Epitope Retrieval solution 1 pH-6.0 (Leica 

Biosystems, #AR9961, for NeuN, PCNA and p27 stainings) or solution2 pH-9.0 (Leica 

Biosystems, #AR9640, for cleaved-Caspase-3 and DNMT3A stainings). The antigen 

retrieval was followed with 5 min Bond peroxide blocking step (Leica Biosystems, 

#DS9800) and with 30 min with Rodent Block M (Biocare Medical, #RBM96IL). After 

pretreatment, slides are incubated with primary antibody. Primary antibodies were as 

follows: anti-cleaved-Caspase-3 (Biocare Medical, #CP229C, Lot 110513,1:200,4 h), anti-

NeuN (Millipore, #MAB377, lot NG1876252, 1:1000, 1 h), anti-PCNA (Cell Signaling 

Technology, #2586, 1:1000, 6h), anti-p27 (Cell Signaling Technology, #3686, 1:1000, 6h) 

and anti-DNMT3A (Abcam, #ab13888, lot GR222526, 1:100, 4 h).

For cleaved-Caspase-3 and NeuN, fluorescence detection was performed using Bond 

polymer Refine Detection kit (Leica Biosystems, #DS9800) and EnVision+ System-HRP 

labeled polymer anti-mouse (Dako, #K4001), respectively. For PCNA and p27, fluorescence 

detection was performed using Cy5-labeled anti-mouse IgG (KPL #072-02-18-18) and 

Alexa Fluor® 555 anti-rabbit IgG (Molecular Probes, #A-21429), respectively, and Bond 

Research Detection System (Leica Biosystems, #DS9455). Stained slides were 

counterstained with Hoechst 33258 (Invitrogen, #H3569) and mounted with ProLong Gold 

antifade reagent (Invitrogen, #P36934).

For DNMT3A, chromogenic detection was performed using EnVision+ System- HRP 

labeled polymer anti-mouse (Dako, #K4001) and Bond Intense R Detection System (Leica 

Biosystems, #DS9263). Stained slides were dehydrated and mounted.

Representative images from brains (n = 3) were acquired with Aperio ScanScope XT (Leica) 

using 20× objective. All staining and imaging were performed at the Translational Pathology 

Laboratory, UNC Chapel Hill.
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QUANTIFICATION AND STATISTICAL ANALYSIS

For all experiments, the value n represents the number of independent animals used and can 

be found in the figure legends. No statistical methods were used to predetermine sample 

sizes which were estimated based on similar samples sizes reported in the literature. No 

sample was excluded from the analysis. All behavior studies were performed blind to 

genotype. Biochemical analysis were performed without blinding.

Data visualization and statistical analyses were performed using GraphPad Prism v.8.3.1 and 

R v.3.5.1. Bar and line graphs represent the mean ± SEM and box-and-whiskers plots depict 

the median and interquartile range (IQR, 25th and 75th percentiles) ± 1.5x IQR. For all 

dataset, normality was tested using the Shapiro-Wilk normality test. No data was excluded 

from any analysis. The statistical tests used are indicated in the figure legends. In particular, 

for all assays comparing two groups with normal data distributions, the Student’s t test 

(unpaired, two-tailed) with a 95% confidence interval (CI) was performed. For multiple 

comparison tests, multiple unpaired t test with Holm-Sidak correction or one-way Analysis 

of Variance (ANOVA) with post hoc Dunnett’s multiple comparisons test were performed. 

For behavioral assays based on repeated-measurements, data with normal distribution were 

analyzed using repeated-measures ANOVA with a 95% CI for the factor genotype, followed 

by a post hoc Sidak’s multiple comparisons test. For samples with unequal sizes and/or 

variances, Welch’s t test (two-tailed). For all data not normally distributed, the Mann 

Whitney test (two-tailed) with a 95% CI was used. For survival analysis, the Gehan-

Breslow-Wilcoxon test was performed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• miR-29 is markedly upregulated during postnatal brain maturation

• miR-29 targets Dnmt3a to restrict its expression in vivo in the maturing brain

• miR-29 regulates Dnmt3a and mCH to control the expression of synaptic 

genes

• Failure of miR-29 to restrict Dnmt3a leads to neurobehavioral deficits
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Figure 1. miR-29 is sharply upregulated during postnatal brain maturation and is essential for 
normal postnatal development
(A) Small RNA sequencing of postnatal P250 versus P18 WT mouse cerebellum.

(B) Quantitative PCR (normalized to U6) analysis of miR-29b levels in the developing WT 

mouse cerebellum (n = 3). Fold change of miRNA levels compared to P7 are represente.

(C) Quantitative PCR (normalized to U6) analysis of miR-29b levels in the developing WT 

mouse cortex (n = 3). Fold change of miRNA levels compared to E13.5 are represented.
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(D–F) Quantitative PCR (normalized to U6) analysis of miR-29a(D), miR-29b (E), and 

miR-29c (F) levels in the developing WT mouse cortex (n = 4). Fold change of miRNA 

levels compared to P0 are represented.

(G) Pictures of WT (left) and miR-29ab1f/f, miR-29b2cf/f, CMV-Cre (miR-29CMV) knockout 

mice (right) at postnatal P10 and P28.

(H) Kaplan-Meier survival curve of miR-29CMV knockout mice (WT, miR-29CMV n = 8; 

miR-29CMV median survival: 25.5 days).

(I) Pictures of WT (left) and miR-29ab1f/f, miR-29b2cf/f, Nestin-Cre (miR-29Nestin) 

knockout mice (right) at postnatal P10 and P28.

(J) Kaplan-Meier survival curve of miR-29Nestin knockout mice (WT n = 12; miR-29Nestin n 

= 13; miR-29Nestin median survival: 39 days).

Means ± SEM are shown, value n represents the number of independent animals used. See 

also Figure S1 and Table S1.
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Figure 2. miR-29 deficiency in the brain results in neurological deficits and susceptibility to 
seizures
(A and B) Pictures (A) and quantification (B) of hindlimb clasping duration upon tail 

suspension (90 s) of WT and miR-29Nestin knockout mice (WT, miR-29Nestin n = 4; 

unpaired, two-tailed Student’s t test ***p < 0.0001).

(C and D) Pictures of facial lesions (C) and time spent grooming (D) over 30-min test (WT n 

= 4, miR-29Nestin n = 3; unpaired, two-tailed Student’s t test **p = 0.0028).

(E and F) Total distance traveled (E) and time spent in the center (F) of an open field 

chamber (60-min trial) (WT, miR-29Nestin n = 7; repeated-measures ANOVA, [E] total 
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distance traveled: genotype effect F[1,12] = 52.28, ***p < 0.0001; [F] time spent in the 

center: genotype effect F [1,12] = 10.51, **p = 0.0071).

(G) Seizure score following intraperitoneal injection of kainic acid (30 mg/kg). The 

behavioral scores were 1: hypoactivity; 2: head nodding; 3: anterior clonus; 4: loss of 

balance or repeated falling; 5: severe tonic–clonic seizures; 6, jumping; and 7: death (WT, 

miR-29Nestin n = 8; two-tailed nonparametric Mann-Whitney test: ***p < 0.0001).

(H) Quantification of seizures and death 25 min after intraperitoneal injection of kainic acid 

(30 mg/kg) (WT, miR-29Nestin n = 8).

Behaviors and seizures were analyzed at P30–P40. Means ± SEM are shown, value n 

represents the number of independent animals used, **p = 0.01–0.001, ***p < 0.001. See 

also Figure S2 and Video S1.
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Figure 3. Downregulated genes are involved in neuronal functions in miR-29-deficient brains
(A) Volcano plot of differentially expressed genes (DESeq2 adjusted p value [adj.p] <0.1) 

obtained from RNA-seq analysis of P40 WT and miR-29Nestin mice cortex (WT, 

miR-29Nestin n = 3). Value n represents the number of independent animals used.

(B) MiRHub analysis of upregulated genes in miR-29Nestin cortex compared to WT cortex. 

The targeting score for each miRNA was normalized to the 3′ UTR length of the genes of 

interest.

(C and D) Reactome pathway (top terms) analysis of differentially expressed genes in 

miR-29Nestin cortex.

(E) DisGeNET disease association (top terms) analysis of downregulated genes in 

miR-29Nestin cortex.
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See also Figure S3 and Table S2.
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Figure 4. DNMT3A levels and CH methylation are increased in miR-29-deficient brains
(A and B) Western blot analysis of DNMT3A protein levels in three P40 WT and 

miR-29Nestin cortices (WT, miR-29Nestin n = 3). Quantifications were normalized to β actin 

levels (B) (unpaired, two-tailed Student’s t test ***p = 0.0003).

(C) Comparison of Dnmt1, Dnmt3a, and Dnmt3b mRNA levels, normalized to Gapdh, by 

qPCR in P40 WT and miR-29Nestin brains (WT, miR-29Nestin n = 3; multiple unpaired t test 

with Holm-Sidak correction, Dnmt3a: ***p < 0.0001).
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(D) Representative images of WT and miR-29Nestin mouse (P40) brains immunostained for 

DNMT3A. Enlargement of cortical, hippocampal, and cerebellar regions are shown.

(E) CG and non-CG (CH) methylation within gene regions quantified by bisulfite 

sequencing of genomic DNA extracted from the cortex of P40 WT and miR-29Nestin mice 

(WT, miR-29Nestin n = 4; unpaired, two-tailed Student’s t test, CH: **p = 0.0039).

(F) Fold-change of CH methylation levels in downregulated (red) and upregulated (green) 

gene regions of miR-29Nestin cortex compared to WT cortex (WT, miR-29Nestin n = 3; 

Welch’s t test p = 1.567e–05).

Means ± SEM are shown except in (F): medians ± 1.5 interquartile range (IQR) are shown. 

Value n represents the number of independent animals used, **p = 0.01–0.001, ***p < 

0.001. See also Figure S4 and Table S3.
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Figure 5. Mice unable to restrict Dnmt3a expression via miR-29 display neurological deficits and 
susceptibility to seizures
(A) Schematic representation of the CRISPR/Cas9 mutagenesis of five miR-29 binding sites 

in Dnmt3a 3′ UTR performed to generate the Dnmt3ami5 knockin mice.

(B and C) DNMT3A protein levels analyzed by western blot in three 4.5-month-old WT and 

Dnmt3ami5 cortices (WT, Dnmt3ami5 n = 4). Quantification were normalized to β actin 

levels (C) (unpaired, two-tailed Student’s t test, ***p = 0.0004).
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(D) Dnmt3a and Dnmt3b mRNA levels analyzed by qPCR in 4.5-month-old WT and 

Dnmt3ami5 cortex. Quantification was normalized to Gapdh levels (WT, Dnmt3ami5 n = 4; 

unpaired, two-tailed Student’s t test, Dnmt3a: ***p < 0.0001).

(E) Kaplan-Meier survival curve of Dnmt3ami5 mice (WT n = 11, Dnmt3ami5 n = 9; median 

survival: WT 26 months, Dnmt3ami514 months; Gehan-Breslow-Wilcoxon test, **p = 

0.0086).

(F and G) Pictures (F) and quantification (G) of hindlimb clasping upon suspension (60 s) of 

1-year-old WT and Dnmt3ami5 mice (WT n = 3, Dnmt3ami5 n = 4, unpaired, two-tailed 

Student’s t test *p = 0.0351).

(H) Seizure score following intraperitoneal injection of kainic acid (30 mg/kg) to 4.5-month-

old WT and Dnmt3ami5 mice The behavioral scores were 1: hypo-activity; 2: head nodding; 

3: anterior clonus; 4: loss of balance or repeated falling; 5: severe tonic–clonic seizures; 6, 

jumping; and 7: death (WT n = 7, Dnmt3ami5 n = 12; two-tailed nonparametric Mann-

Whitney test: ***p < 0.0001).

(I) Quantification of seizures (25 min) and death (90 min) after intraperitoneal injection of 

kainic acid (30 mg/kg), (WT n = 7, Dnmt3ami5 n = 12).

Means ± SEM are shown, value n represents the number of independent animals used, *p = 

0.05–0.01, ***p < 0.001. See also Figure S5.
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Figure 6. Mice unable to restrict Dnmt3a expression via miR-29 have downregulated genes 
involved in neuronal signaling and neurodevelopmental disorders.
(A) CG and CH methylation of gene regions quantified by bisulfite sequencing of genomic 

DNA extracted from the cortex of 4.5-month-old WT and Dnmt3ami5 cortex (WT, 

Dnmt3ami5 n = 2). Means ± SEM are shown.

(B) Volcano plot of differentially expressed genes (DESeq2 adj.p <0.1) obtained from RNA-

seq analysis of 4.5-month-old WT and Dnmt3ami5 cortex (WT, Dnmt3ami5 n = 4).

(C) Fold-change of CH methylation in downregulated (blue) and upregulated (green) gene 

regions of Dnmt3ami5 cortex compared to WT cortex (WT, Dnmt3ami5 n = 4; Welch’s t test 

p = 0.01986). Medians ± 1.5 IQR are shown.
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(D and E) Reactome pathway (D) and DisGeNET disease association analysis (E) of 

downregulated genes in Dnmt3ami5 cortex.

Value n represents the number of independent animals used. See also Figure S6 and Tables 

S4 and S5.
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Figure 7. Cortex from miR-29Nestin and Dnmt3ami5 mice have common downregulated genes 
involved in neuronal signaling, synaptic activity, and neuropsychiatric disorders
(A) Concordance of gene expression fold-changes between miR-29Nestin cortex and 

Dnmt3ami5 cortex (WT, miR-29Nestin n = 3, WT, Dnmt3ami5 n = 4). Among the genes that 

are differentially expressed (DESeq2 adj.p <0.1) in 4.5-month-old Dnmt3ami5 cortex, the 

genes also found differentially expressed (DESeq2 adj.p <0.1) in miR-29Nestin cortex 

(purple), and the genes uniquely differentially expressed in Dnmt3ami5 cortex (gray) are 

shown.

(B) Concordance of CH methylation levels in genes commonly downregulated in 

miR-29Nestin and Dnmt3ami5 cortex (Pearson correlation r = 0.72).

(C–E) Heatmap (C), Reactome pathway analysis (D), and DisGeNET disease association 

analysis (E) of genes commonly downregulated in miR-29Nestin and Dnmt3ami5 cortex.

Value n represents the number of independent animals used. See also Table S6.

Swahari et al. Page 35

Cell Rep. Author manuscript; available in PMC 2021 May 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Swahari et al. Page 36

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-DNMT3A Abcam Cat# ab2850, RRID:AB_303355

Mouse monoclonal anti-beta-Actin Sigma-Aldrich Cat# A5316, RRID:AB_476743

Alexa Fluor 790-AffiniPure Goat Anti-Rabbit IgG (H+L) Jackson 
ImmunoResearch 
Labs

Cat# 111-655-144, 
RRID:AB_2338086

Alexa Fluor 680-AffiniPure Goat Anti-Mouse IgG (H+L) Jackson 
ImmunoResearch 
Labs

Cat# 115-625-146, 
RRID:AB_2338935

Rabbit polyclonal anti-cleaved-Caspase-3 Biocare Medical Cat# CP229C

Mouse monoclonal anti-NeuN Millipore Cat# MAB377, 
RRID:AB_2298772

Mouse monoclonal anti-PCNA (PC10) Cell Signaling 
Technology

Cat# 2586, RRID:AB_2160343

Rabbit monoclonal anti-27 Kip1 (D69C12) Cell Signaling 
Technology

Cat# 3686, RRID:AB_2077850

Mouse monoclonal anti-DNMT3A Abcam Cat# ab13888, 
RRID:AB_300714

Dako EnVision+ System-HRP Labeled Polymer antibody Agilent Cat# K4001, 
RRID:AB_2827819

Cy5-Labeled Anti-Mouse IgG (H+L) RbSA KPL Cat# 072-02-18-18

Alexa Fluor 555 Goat anti-Rabbit IgG (H+L) Molecular Probes Cat# A-21429, 
RRID:AB_2535850

Chemicals, peptides, and recombinant proteins

Kainic acid monohydrate Sigma-Aldrich Cat# K0250, CAS: 58002-62-3

Critical commercial assays

miRNeasy Mini Kit QIAGEN Cat# 217004

Direct-Zol RNA mini-prep kit Zymo Research Cat# R2051

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat# 4368814

Power Up SYBR green master mix Applied Biosystems Cat# A25779

DNeasy Blood & Tissue Kit QIAGEN Cat# 69504

EZ DNA Methylation-Gold Zymo Research Cat# D5005

TruSeq Stranded mRNA Library Prep kit Illumina Cat# 20020594

Stranded RNA-Seq Kit KAPA Biosystems Cat# KK8401

Deposited data

Cortical gene expression data from miR-29Nestin and dnmt3ami5 mice This paper GEO: GSE140163
GEO: GSE157841

Amygdala gene expression data from MeCP2-deficient mice Samaco et al., 2012 GEO: GSE33457

Hypothalamic gene expression data from MeCP2-deficient mice Chahrour et al., 2008 GEO: GSE11150

Experimental models: organisms/strains

mouse: miR-29ab1f/f, miR-29b2cf/f This paper N/A

mouse: dnmt3ami5 This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

mouse: B6.C-Tg(CMV-cre)1Cgn/J Jackson Laboratories Cat# 006054

mouse: B6.Cg-Tg(Nes-cre)1Kln/J Jackson Laboratories Cat# 003771

Oligonucleotides

poly(A) adaptor RT-PCR primer: 
GCGAGCACAGAATTAATACGACTCACTATAGGTTTTTTTTTTTTVN

This paper N/A

universal reverse qPCR primer: GCGAGCACAGAATTAATACGAC This paper N/A

microRNA-specific forward qPCR primers for mir-29b: 
TAGCACCATTTGAAATCAGT

This paper N/A

U6 Forward qPCR primer: CGCTTCGGCAGCACATATAC Long et al., 2011 N/A

U6 Reverse qPCR primer: AAAATATGGAACGCTTCACGA Long et al., 2011 N/A

U6 snRNA TaqMan microRNA Control Assay Thermo Fisher 
Scientific

Cat# 4427975
Assay ID 001973

hsa-miR-29a TaqMan microRNA Control Assay Thermo Fisher 
Scientific

Cat# 4427975
Assay ID 002112

hsa-miR-29b TaqMan microRNA Control Assay Thermo Fisher 
Scientific

Cat# 4427975
Assay ID 000413

hsa-miR-29c TaqMan microRNA Control Assay Thermo Fisher 
Scientific

Cat# 4427975
Assay ID 000587

mGapdh forward qPCR primer: TGTGTCCGTCGTGGATCTGA Knight et al., 2015 N/A

mGapdh reverse qPCR primer: CCTGCTTCACCACCTTCTTGA Knight et al., 2015 N/A

mDnmt1 forward qPCR primer: CATGCTGCTTCCGCTTGC This paper N/A

mDnmt1 reverse qPCR primer: CTTTCCAAGTCTTTGAGCCGCC This paper N/A

mDnmt3a forward qPCR primer: GCTTTGGCATTGGAGAGCTG This paper N/A

mDnmt3a reverse qPCR primer: GCTTCTCCACACACACCACT This paper N/A

mDnmt3b forward qPCR primer: GCTTGTGCCAGACCTTGGAA This paper N/A

mDnmt3b reverse qPCR primer: GTCTCCCTTCATTGTTTCCTGA This paper N/A

Software and algorithms

Prism v8.3.1 GraphPad https://www.graphpad.com:443/

R v3.5.1 R Core Team https://www.R-project.org

TargetScan v.5.2 & v7.2 Grimson et al., 2007 http://www.targetscan.org/
mmu_72/

miRBase v.18 Griffiths-Jones et al., 
2006

http://www.mirbase.org/

Samtools v1.2 Li et al., 2009 https://github.com/samtools/
samtools

Bowtie v1.1.1 Langmead et al., 
2009

http://bowtie-
bio.sourceforge.net/

STRING v.9.0 Szklarczyk et al., 
2011

https://string-db.org/

Bsmap v2.74 Xi and Li, 2009 https://code.google.com/
archive/p/bsmap/

Cutadapt Martin, 2011 https://
cutadapt.readthedocs.io/en/
stable/

STAR Dobin et al., 2013 https://code.google.com/
archive/p/rna-star/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Salmon Patro et al., 2017 https://github.com/COMBINE-
lab/salmon

DESeq2 Love et al., 2014 http://www.bioconductor.org/
packages/release/bioc/html/
DESeq2.html

gProfiler Raudvere et al., 2019 https://biit.cs.ut.ee/gprofiler/

Reactome Fabregat et al., 2018 https://reactome.org

DisGeNET Piñero et al., 2017 https://www.disgenet.org/

Aperio ImageScope v12.3.3 LeicaBiosystems https://
www.leicabiosystems.com/
digital-pathology/manage/
aperio-imagescope/

7500 System SDS v1.4 Applied Biosystems https://
www.thermofisher.com/us/en/
home/technical-resources/
software-downloads/applied-
biosystems-7500-real-time-pcr-
system.html

QuantStudio Design and Analysis Software v1.5 Applied Biosystems https://
www.thermofisher.com/us/en/
home/global/forms/life-science/
quantstudio-3-5-software.html

Image Studio acquisition software v4.0 Li-Cor https://www.licor.com/bio/
image-studio/resources
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