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Abstract

Single-nucleus RNA-sequencing technology has revolutionized understanding of nuanced changes 

in gene expression between cell types within tissues. Unfortunately, our understanding of 

regulatory RNAs, such as microRNAs (miRNAs), is limited through both single-cell and single-

nucleus techniques due to the short length of miRNAs in the cytoplasm and the incomplete 

reference of longer primary miRNA (pri-miRNA) transcripts in the nucleus. We build a custom 

reference to align and count pri-miRNA sequences in single-nucleus data. Using young and 

aged subventricular zone (SVZ) nuclei, we show differential expression of pri-miRNAs targeting 

genes involved in neural stem cells (NSC) differentiation in the aged SVZ. Furthermore, using 

wild-type and 5XFAD mouse model cortex nuclei, to validate the use of primiReference, we 

find cell-type specific expression of pri-miRNAs known to be involved in Alzheimer’s Disease. 

pri-miRNAs likely contribute to NSC dysregulation with age and Alzheimer’s Disease pathology. 

primiReference is paramount in capturing a global profile of gene expression and regulation in 

single-nucleus data and can provide key insights into cell-type specific expression of pri-miRNAs, 

paving the way for future studies of regulation and pathway dysregulation. By looking at pri-

miRNA abundance and transcriptional differences, regulation of gene expression by miRNAs in 

disease and aging can be further explored.
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Introduction

There are two neural stem cell (NSC) niches in the adult mammalian brain, the 

subventricular zone (SVZ) and the subgranular zone (SGZ) of the dentate gyrus in the 

hippocampus. NSCs in the SVZ are multipotent, giving rise to neurons, astrocytes, and 

oligodendrocytes while NSCs of the hippocampus are unipotent, giving rise to neurons. With 

age, NSCs decline in number, self-renewal capacity, and ability to produce new neurons 

(Conover and Shook, 2011; Daynac et al., 2016). The mechanisms leading to this decline are 

not well understood. Within the SVZ niche, there is close interaction among the cell-types 

(Lim and Alvarez-Buylla, 1999; Massirer et al., 2011; Matarredona et al., 2018). Ependymal 

cells line the ventricle wall and are in close contact with the cerebrospinal fluid, while 

astrocytes, oligodendrocytes, NSCs, and vasculature make up the majority of SVZ. Neuronal 

processes can protrude into the SVZ from the striatum nearby (Quinones-Hinojosa et al., 

2006; Lim and Alvarez-Buylla, 2016). NSCs have been shown to interact with surrounding 

cells either directly through cell to cell contact or in a paracrine fashion through secreted 

factors (Lim and Alvarez-Buylla, 1999; Matarredona et al., 2018). Due to these interactions, 

age-associated NSC decline could be influenced by changes occurring in the surrounding 

cells within the niche in addition to changes within the NSCs directly. Therefore, it is 

important to understand changes occurring in both the NSCs and their adjacent, interacting 

cell-cell types in order to obtain a comprehensive assessment of niche decline.

Over the past decade, single-cell and single-nucleus sequencing techniques have 

revolutionized the transcriptomics and epigenomics fields. By performing RNA sequencing 

(RNA-seq) on a single-cell level, scientists can identify subtle changes in gene-expression 

on a cell-type specific basis as opposed to the overall changes in tissue observed with 

bulk-RNAseq. Using single-cell, microfluidics-based techniques such as Smart-Seq and 

10X Genomics, thousands of cells per tissue can be profiled. On the downside, however, 

tissues such as brain have cells containing long processes that can be sheared resulting in 

insufficient capture of the cell types. To circumvent this issue, single-nucleus sequencing 

technologies arose. Single-nucleus and single-cell technologies have similar, overall 

sensitivity, however both technologies are missing key information on small regulatory 

RNAs such as microRNAs (miRNAs), due to their cytoplasmic location and small size 

(Ding et al., 2020; Thrupp et al., 2020). To fully understand how transcriptional changes 

with age can influence niche decline it is necessary to include miRNA expression, since 

miRNAs are potent regulators of gene expression and have been shown to be involved in 

intercellular communication, especially in regulating neurogenesis (Papagiannakopoulos and 

Kosik, 2009; Ji et al., 2013; Ma et al., 2019). To address this deficit, we built a reference that 

can be used for single-nucleus sequencing data to discern expression of both coding genes 

and primary-miRNAs (pri-miRNA) sequences.

miRNAs are generated in the nucleus as pri-miRNA transcripts by RNA Polymerase II (Kim 

and Kim, 2007). The pri-miRNA transcripts are subsequently processed into pre-miRNA 

sequences that are exported to the cytoplasm where they are further processed into the 

mature miRNAs (Ha and Kim, 2014; O’Brien et al., 2018). The mature miRNAs remain 

in the cytoplasm where they regulate the translation of their target mRNA transcripts. Pri-
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miRNAs can be monocistronic or polycistronic transcripts encoding miRNA gene sequences 

only, or contain protein coding and miRNA coding sequences simultaneously (Ha and Kim, 

2014). Current single-cell sequencing technologies are unable to capture mature miRNA 

sequences due to their small size, which are in the range of 21–24 nucleotides (Lee et 

al., 2002; Ha and Kim, 2014). Most pri-miRNA transcripts are several kilobases long 

(Lee et al., 2002; Ha and Kim, 2014; Chang et al., 2015), allowing them to be detected 

in single-nucleus sequencing data. However, pri-miRNAs are not currently annotated in 

the reference genomes for single-nucleus sequencing data. To overcome this obstacle, we 

combined a publicly available dataset (Chang et al., 2015) of pri-miRNA sequences with the 

current mouse genome annotation (mm10) to create primiReference, which can be used to 

identify changes in the expression of both genes and pri-miRNA sequences in single-nucleus 

sequencing data. Here, we use primiReference to investigate cell-type specific changes in 

gene and pri-miRNA expression in the SVZ isolated from young and old mice. We expand 

upon this data by exploring cell-type specific changes in pri-miRNA and gene expression in 

the cortex of the 5XFAD Alzheimer’s Disease mouse model and wildtype (WT) mice (Zhou 

et al., 2020). By including the analysis of pri-miRNA expression, we are able to gain insight 

into possible mechanisms of age-associated decline and Alzheimer’s Disease pathology in a 

cell-type specific manner.

Results

primiReference creation

To identify cell-type specific changes in miRNA expression with age in the neurogenic 

niche, we performed single-nucleus sequencing of the SVZ isolated from young (4-month-

old) and old (25–26-month-old) mice. Single-cell and single-nucleus technologies do not 

allow for the capture and identification of mature miRNAs due to their small size. To 

circumvent this issue, we identified overlaps between SVZ data aligned to the mm10 

genome and a publicly available annotation of pri- miRNAs from six cell lines to identify 

pri-miRNA transcripts in the single-nucleus sequencing data (Chang et al., 2015). We 

subsequently added the pri-miRNA overlaps to the mm10 genome annotation to develop a 

reference to identify pri-miRNA transcripts and other coding sequences (primiReference). 

The pri-miRNA sequences identified by primiReference overlap with the annotated pre-

miRNA sequence, which is usually around 70 bp, and additional sequence upstream and 

downstream (Fig. 1A). When viewing intragenic miRNAs, the pre-miRNA sequence is often 

within the intron, and the pri-miRNA transcript is the unspliced transcript of the entire gene 

(Fig. 1B). Accordingly, in primiReference intragenic pri-miRNAs are named as the gene 

name followed by the pri-miRNA name. By doing so, both gene and pri-miRNA transcript 

abundance is determined at once since their expression cannot be disentangled through 

single-nucleus sequencing. Consequently, the primiReference annotation leads to accurate 

mapping of pri-miRNA transcripts to the genome.

Identification of cell clusters in the SVZ

Following alignment to primiReference, we filtered the data, conducted dimensional 

reduction and identification of clusters (Butler et al., 2018) (Figs. 1C, S1 and S2; Additional 

File 2). The clusters for the aging SVZ data show clear separation among the expected cell 
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types found in the SVZ niche (Fig. 1C). The clusters were classified using the Allen Brain 

Atlas initially, and markers from literature were used to further define subtypes of mural 

cells (pericytes and other vessel-associated subtypes), oligodendrocytes, and astrocytes (Fig. 

1C) (Herbert et al., 1986; Thiel, 1993; He et al., 2016; Marques et al., 2016; Tasic et 

al., 2016; Dulken et al., 2017; Saito et al., 2018; Shah et al., 2018; Zywitza et al., 2018; 

Stuart et al., 2019; Ximerakis et al., 2019). The neuronal subtypes were consolidated into a 

single neuronal class since they were likely striatal contamination due to the lack of defined 

borders of the SVZ. Furthermore, three clusters were unable to be fully defined based on 

the Allen Brain Atlas and literature, and these clusters, along with the choroid plexus, were 

excluded from the analysis.

The clusters defining the SVZ neurogenic niche - NSCs, oligodendrocyte progenitors 

(OPCs) and committed oligodendrocyte progenitors (COPs), mature oligodendrocytes, 

myelin forming oligodendrocytes (MFOLs), immature neurons, neurons, microglia, and 

mural cells – were strongly represented in samples (Figs. 1C and S2). Among the cell-types, 

there was no bias in pri-miRNA content within each cluster as a percentage of all genes 

expressed (Fig. S3A). Likewise, there was no bias in pri-miRNA content per condition as 

a percentage of all genes expressed (Fig. S3B). These results indicate that primiReference 

produces accurate mapping, since primiReference was shown to have comparable expression 

of pri-miRNAs to coding genes. Differential expression analysis was conducted between the 

young and aged male mice within the cell types of the SVZ niche to gain insights into the 

pri-miRNAs that may contribute to the overall decline of the niche with age (Additional File 

3).

Differential expression of pri-miRNAs, within the cell-types of the subventricular zone 
niche

We examined changes in pri-miRNA expression with age in the major SVZ cell types 

and found that each cell type had a unique signature of age-associated changes in the 

pri-miRNAs (Fig. 2A; Table 1; Additional File 4). While there were several pri-miRNAs that 

changed in most or all the cell types examined, the majority of pri-miRNAs changed in only 

one or a few cell types (Fig. 2A). Some cell types have pri-miRNAs that change only in that 

cluster, indicating that changes in pri-miRNA expression with age can be cell-type specific 

(Fig. S4A). While immature neurons and pericytes had pri-miRNAs that changed with age 

(Additional File 4; Table 1), however, these will not be discussed further in this manuscript. 

We focused only on the pri-miRNAs that were differentially expressed in the major cell 

types that comprise the neurogenic niche in the SVZ.

All cell types—Several of the mature miRNAs encoded by the pri-miRNAs that changed 

globally have documented functions in the central nervous system. pri-miR-21a and pri-

miR-99a decreased in all or the majority of cell types, respectively (Fig. 2A). Interestingly, 

pri-miR-21a is one of the most significantly changed pri-miRNA in all cell types. 

Dysregulation of mature miR-21a and mir-99a have been linked to impaired neurogenesis 

and neurodegeneration (Stevanato and Sinden, 2014; Tsai et al., 2018; Ma et al., 2019). The 

polycistronic transcript encoding pri-miR-1904 and pri-miR-582 increased in the majority 

of cell types with age (Fig. 2A). While nothing is known about the targets of the mature 

Elias et al. Page 4

J Genet Genomics. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



miR-1904, the expression of mature miR-582 has been linked to neuronal injury and 

inflammation (Zhang and Zhang, 2020), and NSC maintenance (Zhang et al., 2022).

Astrocytes—Two clusters of astrocytes were defined in the SVZ (Fig. 1C), each with a 

distinct combination of pri-miRNAs that change with age (Fig. 2A). Overall, there were 

19 pri-miRNAs that changed with age across the 2 clusters (Fig. 2A; Additional File 4), 

with 6 pri-miRNAs changing with age in both clusters (Fig. 2A; Additional File 4). In 

addition, there were six pri-miRNAs that changed in only in astrocyte cluster 1 and seven 

pri-miRNAs that changed only in astrocyte cluster 2. Moreover, four pri-miRNAs changed 

only in the astrocyte clusters and not in any other cell type (Fig. S4A). The astrocyte-specific 

pri-miRNAs changing with age include pri-miR-3087 and pri-miR-1249, which uniquely 

decrease in expression, with age, within the astrocyte cluster 1 while pri-miR-6353 and 

pri-mir-219a uniquely decreases in expression, with age, in the astrocyte cluster 2 (Fig. 

S4A).

NSCs—The changes occurring in NSC gene expression are paramount to our understanding 

of niche decline as a whole. Overall, nine pri-miRNAs significantly changed in expression 

with age in this population (Fig. 2A; Additional File 4). While none of the changing 

pri-miRNAs are unique to NSCs, four of the mature miRNAs are involved in NSC 

maintenance and differentiation. These include pri-miR-21a, pri-miR-582, pri-miR-128-2 

and pri-miR-99a.

Oligodendrocytes—Within the SVZ, we identified several different subtypes of 

oligodendrocytes, including one cluster consisting of oligodendrocyte progenitor cells and 

committed oligodendrocyte progenitors (OPC and COPs, respectively), two myelin forming 

oligodendrocyte clusters (MFOL1 and MFOL2), and one cluster consisting of mature 

oligodendrocytes (Figs. 1C and S2A). Although all these cell-types are different subtypes 

of oligodendrocytes, changes in the pri-miRNA expression with age differs between the 

cell-types (Fig. 2A; Additional File 4). Overall, 20 pri-miRNA transcripts changed with 

age within these clusters. Only two pri-miRNA transcripts were found to change in all 

four clusters: pri-miR-21a, and the polycistronic pri-miR-1904, pri-miR-582 transcript (Fig. 

2A; Additional File 4). The OPC and COP cluster contains one pri-miRNA that uniquely 

changes with age, pri-miR-7212 decreases with age (Figs. 2A and S4A). The two MFOL 

clusters show distinct patterns of differentially expressed pri-miRNAs clusters, (Fig. 2A; 

Additional File 4). There are 17 pri-miRNAs that change with age in MFOL1, whereas only 

7 pri-miRNAs change with age in MFOL2. Of these, MFOL1 and MFOL2 clusters share 

five pri-miRNAs that change significantly with age (Fig. S4A). The mature oligodendrocyte 

cluster also has a unique pattern of differentially expressed pri-miRNAs. There are seven 

pri-miRNAs that are differentially expressed with age in this cluster (Fig. 2A). These 

data show that along the oligodendrocyte differentiation pathway, from OPCs to mature 

oligodendrocytes, each cell type has a unique pattern of differentially expressed pri-miRNAs 

with age, indicating that different physiological pathways may be affected throughout 

differentiation leading to cellular dysfunction.
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Validation of primiReference

Changes in pri-miRNA expression should lead to changes in levels of mature miRNAs, 

which will result in changes in expression levels of their target genes. To determine if 

the changes in pri-miRNA expression in the nucleus lead to functional changes in mature 

miRNA expression in the cytoplasm, we used a publicly available single-cell RNA-seq 

data from young and aged SVZ containing expression levels of mRNAs located in the 

cytoplasm, where mature miRNAs are active, to determine if the expression levels of 

experimentally confirmed target mRNAs (TarBase (V8), [Karagkouni et al., 2018]) were 

changing in the predicted direction (Dulken et al., 2019). The single-cell data was analyzed 

in the same manner as single-nucleus data, and differential expression as conducted by 

age, per cell-type (Fig. S5). We determined the number of experimentally validated target 

genes that were differentially expressed in the single-cell dataset for each cell type, and 

then determined if the expression of the target genes was in the direction expected based 

on the change in pri-miRNA expression. For example, pri-miR21a decreased in expression 

in all cell-types, we determined if mmu-miR-21a target genes were differentially expressed 

in each cell type and if they showed an increase in expression as expected from a decrease 

in mmu-miR-21a expression. Interestingly, 60%–86% of the targets that were differentially 

expressed in the single-cell data set were changing in the predicted direction (increased in 

expression), suggesting that the change in pri-miRNA expression in the nucleus may lead 

to a corresponding change in the mature miRNA expression in the cytoplasm. For all pri-

miRNAs that had experimentally confirmed targets, an average of 72% of the experimentally 

validated target genes changed in the direction predicted by pri-miRNA expression (Table 

2). Given that miRNAs act on their targets by either leading to mRNA degradation or 

inhibition of translation, the actual effects on target mRNAs may be greater than we see in 

the single-cell dataset. These results indicate that changes in pri-miRNA expression reflect 

changes in mature miRNA expression and action in the cytoplasm.

To validate the changes in expression in pri-miRNAs found in our data, quantitative 

polymerase chain reaction (qPCR) was conducted on pri-miR-99a and pri-miR-21a since 

these pri-miRNAs were decreasing in most cell-types. To have a fair comparison of 

expression levels between whole isolated SVZ in qPCR data and our single-nucleus dataset, 

the single-nucleus data was combined to form “bulk” RNA-sequencing data, so that cell-

type specific expression was eliminated and only expression of total reads in old SVZ 

compared to young SVZ was shown (Fig. 2B and 2C; Additional File 5). In bulk sequencing 

data, pri-miR-21a changed by 0.77 in old mice while in qPCR data it was shown to decrease 

0.67 (p<0.05). Meanwhile, pri-miR-99a lost its differential expression when analyzed in 

bulk sequencing data and the same was shown in qPCR data (Fig. 2B and 2C). This 

underscores the validity of primiReference, as it highlighted the single-nucleus sequencing’s 

ability to pick up on subtle changes in gene-expression within cell-types that were not shown 

in bulk-sequencing.

Pathways of predicted target genes of pri-miRNAs differentially expressed in aged SVZ 
compared to young SVZ

To determine the possible physiological consequences of the changes in expression of the 

pri-miRNAs elucidated in this study, mirPath (Vlachos et al., 2015) was used to identify 
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potential pathways affected by changes in predicted target genes of the differentially 

expressed pri-miRNA for each cell type (Figs. 2D and S4B; Additional File 6). As expected, 

each cell type had a unique set of pathways that may be affected by the changing pri-

miRNAs. Overall, pathways involved in development and differentiation, central nervous 

system signaling, calcium signaling, and cell-cell interaction were predicted to be affected 

by the combination of changing pri-miRNAs with age in the SVZ (Figs. 2D; Additional File 

6). Interestingly, the pathway that changed most significantly in most cell types was the axon 

guidance pathway (Fig. 2D).

MAPK signaling, Wnt signaling, FoxO signaling, and Hippo signaling were enriched for 

predicted target genes of pri-miRNAs differentially expressed with age in almost every cell-

type. This is interesting, since all these pathways regulate development and differentiation. 

When compared to pathways affected by changing protein-coding gene expression in the 

same dataset, there were several additional pathways predicted to be affected by changing 

pri-miRNAs (Figs. 2D and S6). These included Wnt signaling, FoxO signaling, signaling 

pathways regulating pluripotency of stem cells, TGF-β signaling and Hedgehog signaling. 

Interestingly, these pathways are involved in regulating differentiation. These results suggest 

that changing pri-miRNA expression can affect pathways that are not affected by changes 

in gene expression, giving additional insight into possible mechanisms of the SVZ niche 

decline with age.

Several of the differentially expressed pri-miRNAs elucidated from astrocyte clusters have 

experimentally confirmed target genes (Table 1). However, most pri-miRNAs that change 

with age in the astrocyte clusters do not have experimentally validated target genes. 

Astrocyte clusters 1 and 2 have increased expression of pri-miR-128-2 and the mature 

sequence targets stem cell factors KLF4, CSF1, and SNAI1, which help maintain stemness 

(Qian et al., 2012). miRPath predicts that the mature miRNAs of changing pri-miRNAs 

will target mRNAs in pathways largely involved in development and differentiation, CNS 

pathways, and cell-cell interaction, with the most predicted target gene enrichment in MAPK 

signaling, Wnt signaling, FoxO signaling, and Hippo signaling (Fig. 2D; Additional File 6). 

This is interesting because these pathways, including Wnt signaling, in astrocytes have been 

shown to affect NSC differentiation (Lie et al., 2005).

In the NSC cluster, most predicted target genes belong to pathways involved in CNS 

pathways and pathways involved with differentiation and development. NSCs show 

differential expression of pri-miRNAs targeting genes involved in FoxO signaling, TGFβ 
signaling, signaling of pathways regulating pluripotency of stem cells, MAPK signaling, 

Wnt signaling, and Hippo signaling. Together, these data demonstrate that changing 

pri-miRNA expression in the aged NSCs may impact the pathways regulating their 

differentiation.

Oligodendrocyte progenitors have differentially expressed pri-miRNAs that are predicted 

to target genes that are largely associated with pathways involved in development and 

differentiation, as well as cell-cell interaction. MAPK signaling, Wnt signaling, FoxO 

signaling, Hippo signaling, are all enriched for predicted target genes of pri-miRNAs 
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changing with age in the OPCs (Fig. 2D; Additional File 6). These pri-miRNAs may play 

into the dysfunction in oligodendrogenesis observed with age.

The two MFOL clusters have differentially expressed pri-miRNAs that are predicted to 

target genes involved in pathways associated with development and differentiation (Fig. 

2D; Additional File 6). Interestingly, the MFOL_1 cluster has predicted target genes in 

the fatty acid biosynthesis pathway (Additional File 6). Fatty-acid biosynthesis is essential 

for myelin formation. Although the mature oligodendrocyte cluster does not contain any 

unique pri-miRNAs that change with age, the pathways belonging to predicted target genes 

of the distinct combination of altered pri-miRNA expression with age are enriched for genes 

involved in development and differentiation and CNS signaling (Fig. 2D; Additional File 6).

In microglia, pathways containing the predicted target genes of the differentially expressed 

pri-miRNAs are heavily enriched for pathways involved in development and differentiation, 

and CNS signaling (Fig. 2D; Additional File 6). As expected, microglia have the greatest 

number of predicted target genes involved in the immune response. Thirty-one predicted 

target genes are involved in mRNA surveillance pathways while 33 predicted target genes 

are involved in T-cell receptor signaling (Additional File 6). Changes in these pathways are 

significant since microglia play a crucial role in the immune response in the brain.

Analysis of wildtype and 5XFAD mouse cortex aligned to primiReference

To validate the utility of the reference in working with different single-nucleus datasets, 

we used primiReference to characterize the pri-miRNA and gene expression profiles in the 

cortex of wild-type and the 5XFAD Alzheimer’s Disease mouse model using a publicly 

available single-nucleus sequencing dataset (Zhou et al., 2020). As seen through the UMap, 

there were far more clusters of neurons and a greater diversity of neurons as expected from 

the cortex (Fig. 3A). Moreover, different layers of cortical interneurons were identified. 

Like the SVZ, there was no bias in pri-miRNA content within each cluster as a percentage 

of all genes expressed (Fig. S3C). Additionally, there was no significant difference in 

the pri-miRNA content per condition as a percentage of all genes expressed (Fig. S3D). 

Since primiReference did not bias clustering based on cell identity, nor did primiReference 

uncover bias in overall pri-miRNA expression between cell-types in conditions, the cortex 

was further analyzed to gain insights into 5XFAD associated pri-miRNA changes within 

each cell type (Figs.3B and S7; Additional File 7).

Differential expression of pri-miRNAs within the cortex of 5XFAD mice compared to 
wildtype mice

All Cell-Types—There were far fewer pri-miRNAs changing in expression in the 5xFAD 

data than in the aged SVZ data, and not all cell types showed changes in pri-miRNA 

expression. Several cell types had unique profiles of differentially expressed pri-miRNAs 

(Fig. 3B). All of the differentially expressed pri-miRNAs decreased in expression in the 

5XFAD mice compared to wild-type (Fig. 3B; Additional File 8). The primary transcript 

encoding primiR 124–1 and primiR-3078 was found to change in the majority of cell types. 

This is interesting since the mature miR-124-1 has been shown to have decreased expression 

in Alzheimer’s disease brains (Smith et al., 2011). These data indicate that changes in 
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pri-miRNA expression in the 5XFAD model are cell-type specific and give insights into how 

changes in pri-miRNA expression can be associated with Alzheimer’s disease pathology.

Neurons—As expected from cortex data, there were more distinct populations of neurons 

identified in this dataset (Fig. 3A). These distinct populations were analyzed individually, 

instead of consolidating the clusters into one neuronal cell type as was done for the SVZ 

dataset, since it is important to understand the differences in the pri-miRNA expression in 

the different subtypes of neurons in the cortex in the context of Alzheimer’s Disease. There 

are fourteen subtypes of neurons identified in the cortex data, using the Allen Brain Atlas 

and the literature (Figs. 3A and S2B; Additional File 7).

The neuronal subtypes showed diversity in differential expression of pri-miRNA in the 

5XFAD model. As expected, pri-miR-124 was found to decrease in expression within 

certain cell types in the 5XFAD condition, since this miRNA was shown to decrease in 

Alzheimer’s Disease (Santa-Maria et al., 2015; An et al., 2017; Arnes et al., 2019) (Fig. 

3B; Table 1). pri-miR-124 deceases in expression in L5 PT, NP, PValb, Lamp5, immature 

neurons, astrocyte 1, OPC 1, all three MFOL clusters, and the VLMC cluster (Fig. 3B). 

These data showed that changes in pri-miRNA expression were cell-type specific in the 

5XFAD model, suggesting that this may also be true in Alzheimer’s disease in humans. 

Although few pri-miRNAs found in this dataset have experimentally validated target genes, 

it is validated that the mature sequence of pri-miR-3078, which is co-transcribed with 

pri-miR-124-1, is found to decrease in APP/PS1 mice compared to wild-type mice thus 

showing consistency among Alzheimer’s models (Zhang et al., 2021) (Table 1).

Astrocytes—Three clusters of astrocytes were defined in this dataset (Fig. 3A). However, 

only astrocyte clusters 1 and 3 had differentially expressed pri-miRNAs. These astrocyte 

clusters only have one pri-miRNA transcript changing in the 5XFAD condition compared 

to wildtype, pri-miR-124-1 in astrocyte cluster 1 and pri-miR-6953 in astrocyte cluster 3. 

Overall, few of the mature miRNAs encoded by the pri-miRNAs elucidated in this study 

are a part of the scientific literature. Of those that are, miR-124-1, which is decreased in 

expression in the astrocyte 1 cluster, is known to decrease in expression in the brains of 

Alzheimer’s disease patients, and it is validated to target BACE1, which is heavily involved 

in Alzheimer’s disease pathology (Smith et al., 2011; An et al., 2017) (Table 1).

Oligodendrocytes—There were several additional distinct clusters of oligodendrocyte 

cell types defined in the cortex than in the aging SVZ (Fig. S2B). There are three OPC, 

one COP, three MFOL, and one mature oligodendrocyte clusters (Fig. 3A). Overall, four pri-

miRNAs changed in the oligodendrocyte clusters. OPC clusters 1 and 3 showed decreases 

in a single pri-miRNA, the polycistronic pri-miR-124-1, pri-miR-3078 in cluster 1 and 

pri-miR-6516 in cluster 3. The COP cluster contained only one pri-miRNA that changed 

in the 5XFAD model, pri-miR-6953 decreased in expression in the 5xFAD model. Among 

the myelin forming oligodendrocytes (MFOLs), there were two pri-miRNAs changing in 

the 5XFAD condition (Fig. 3B). All 3 MFOL clusters had decreased expression of the 

polycistronic transcript primiR124-1, primiR3078. MFOL 2 also had decreased expression 

of pri-miR-124-2 in the 5XFAD model, which is encoded by an independent transcript from 

pri-miR-124-1 (Fig. 3B).

Elias et al. Page 9

J Genet Genomics. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Pathways of predicted target genes of pri-miRNAs changing in the 5XFAD cortex 
compared to wild-type

The pathways affected by the predicted target genes of the mature sequences of the pri-

miRNAs differentially expressed in the 5XFAD model fell into the CNS pathways, cell to 

cell interaction, cancer, and metabolism categories (Fig. 3C). There was no pathway that has 

enrichment of predicted target genes in all cell-types. This analysis showed the diversity of 

miRNA targeting in the cortex in the 5XFAD condition compared to wild-type.

Interestingly, there were a number of CNS pathways predicted to be affected by the 

changing pri-miRNAs in the 5XFAD model (Fig. 3C; Additional File 9). Several neuronal 

subtypes have predicted target genes within the axon guidance pathway. Alterations in this 

pathway could hinder CNS repair contributing to the neurodegeneration seen in Alzheimer’s 

Disease. Interestingly, the pri-miRNA differentially expressed in the Vip neurons in the 

5XFAD model, pri-miR6953, has predicted target genes enriched for prion disease (Fig. 3C; 

Additional File 9). Prion protein has been implicated in Alzheimer’s Disease and serves 

as a potential therapeutic target (Um and Strittmatter, 2013; Salazar et al., 2017). L5 PT 

neurons have enrichment of predicted target genes for several pathways involved in cell-

cell interaction (Fig. 3C; Additional File 9). And the pri-miRNAs that were differentially 

expressed in the 5XFAD condition in Lamp5 neurons largely targeted genes that fell into 

CNS signaling pathways and metabolic pathways (Fig. 3C; Additional File 9). There was 

diversity among enriched pathways among neuronal subtypes, supporting the idea that 

the 5XFAD mutations promoting the development of AD pathology affected pri-miRNA 

expression in a cell-type specific manner.

Astrocyte clusters 1 and 3 showed distinct pathways containing genes targeted by the 

differentially expressed pri-miRNAs (Fig. 3C; Additional File 9). The first astrocyte cluster 

has enrichment for pathways involved in CNS signaling, cell-cell interaction, cancer, and 

metabolism. The third cluster included unique pathways involved in prion disease, ECM-

receptor interaction, and metabolism (Fig. 3C; Additional File 9). These data demonstrate 

that there is variability between the astrocyte clusters likely contributing to functional 

differences.

The oligodendrocyte clusters also show diversity in the pathways affected by changing 

pri-miRNAs in the 5XFAD model (Fig. 3C; Additional File 9). For the OPC clusters, only 

the first OPC cluster has predicted target genes belonging to pathways involved in CNS 

signaling and cell to cell interactions in the 5XFAD model compared to wild-type (Fig. 3C). 

The third OPC cluster had predicted target genes involved in fatty acid metabolism. In the 

COP cluster the mature sequences of the changing pri-miRNA were predicted to target genes 

involved in prion disease, ECM receptor interaction and metabolism (Fig. 3C; Additional 

File 9). The MFOL clusters had differential expression of the same pri-miRNAs. Pathways 

belonging to CNS signaling pathways, cell-cell interaction, cancer, and metabolism were 

predicted to be targeted by the mature forms of these miRNAs (Fig. 3C). These results 

indicate that changes induced by differential pri-miRNA expression in the oligodendrocyte 

clusters have different consequences in different cell-types.
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Discussion

Currently, mature miRNAs are undetectable in single-cell data due to size exclusions used 

during sequencing library preparation, and pri-miRNAs are undetectable in single-nucleus 

data due to a lack of annotated reference. Since miRNAs serve as potent regulators of 

gene-expression, the inability for these transcripts to be detected on a single-nucleus/single-

cell level is a great limitation to all fields utilizing this -omics technique. By creating an 

annotation of pri-miRNAs for single-nucleus sequencing data, this tool and strategy will 

now allow for novel insights into cell-type specific expression of pri-miRNA species.

Previously, only small-RNA-sequencing data was able to yield differential expression 

data of miRNAs via sequencing. This technique, however, was limited since information 

about gene expression was obtained from separate RNA-sequencing data. With use of 

primiReference, gene and pri-miRNA transcripts are analyzed within the same dataset. In 

addition, small RNA sequencing data had to be conducted in “bulk” – RNA sequencing 

libraries created from RNA isolated from whole tissues. Current single-cell and single-

nucleus protocols do not capture small RNAs, meaning that there was no information about 

small RNA expression in individual cell types. With the development of single-nucleus 

sequencing, data can be derived about pri-miRNA expression on a cell-type specific basis. It 

also allows for discernment of changes in expression that may occur in only a small subset 

of cells that would have otherwise masked in bulk RNA-seq data.

To discover differential expression of pri-miRNAs with age in the brain, a neurogenic region 

of the brain, the SVZ, was selected. The SVZ contains several cell types, including NSCs, 

astrocytes, oligodendrocytes, neurons, ependymal cells, and mural cells. Since this region is 

neurogenic, there are also diverse subtypes of progenitors, since the NSCs are multipotent 

and can differentiate into astrocytes, neurons, and oligodendrocytes. Understanding cell-type 

specific differences in the SVZ gives insight into the functioning of the neurogenic niche, 

which relies heavily on cell-cell signaling (Song et al., 2002). Since miRNAs are highly 

involved in regulation of development and maturation of cell types, it was vital to explore 

differences in pri-miRNAs with age in this region. Additionally, the publicly available 

single-nucleus data set on wild-type and 5XFAD mice was analyzed using the same 

workflow to determine the differential pri-miRNA expression in an Alzheimer’s disease 

model in a cell-type specific manner.

Through our analyses using primiReference, we found several differentially expressed pri-

miRNAs that may aid in our overall understanding of NSC decline within the subventricular 

niche and decline as a whole. For example, pri-miR-21a is decreased with age in NSCs, and 

in all the other cell-types. An increase in miR-21a is associated with increased neurogenesis 

and a decrease in this miRNA is associated with aging (Kim et al., 2017; Ma et al., 

2019). Mature miR-21a has been shown to be packaged into extracellular vesicles, which 

are important mediators of intercellular communication and are produced by all cell types 

in the central nervous system (Ma et al., 2019; Schiera et al., 2019). Therefore, changes 

in miR-21a in other cell types of the SVZ can impact NSC activity. Moreover, miR-21a 

is predicted to target SIRT1. A reduction of miR-21a could lead to an increased SIRT1 

expression, and increased SIRT1 has been shown to increase in NSC differentiation into 
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astrocytes as opposed to neurons, which is a hallmark of the aging SVZ niche (Prozorovski 

et al., 2008; Conover and Shook, 2011). Therefore, the decreased expression of this pri-

miRNA could contribute to the decrease in neurogenesis within the SVZ with age (Ma et 

al., 2019). Another pri-miRNA transcript that was found to be changed NSCs, and in most 

other SVZ cell types, is the polycistronic transcript encoding pri-miR1904 and pri-miR582, 

which increases in expression in all cell types except astrocytes. While the targets of 

miR-1904 have not been investigated, the mature form of pri-miR-582 is known to repress 

gene expression of various targets in the apoptosis pathway, and it has been associated 

with NSC maintenance and neuronal inflammation (Floyd et al., 2014; Zhang and Zhang, 

2020; Zhang et al., 2022). In addition, pri-miR-128-2 increases in expression in NSCs and 

mature miR-128-2 has been shown to regulate neural differentiation (Zhang et al., 2016,) 

Taken together, these results show that age-associated changes in pri-miRNA expression can 

influence NSC’s ability to differentiate into neurons and may help explain the decline in the 

formation of new neurons with age.

The predicted mRNA targets of all pri-miRNAs differentially expressed with age in the 

SVZ fell into pathways associated with development and differentiation such as MAPK 

signaling, Hippo signaling, signaling pathways regulating pluripotency of stem cells, FoxO 

signaling, and Wnt signaling. There is likely dysregulation of these pathways, and this may 

contribute to NSC exhaustion with age (Conover and Shook, 2011; Daynac et al., 2016). 

It is interesting to note that only MAPK signaling and Hippo signaling are predicted to 

be affected by changes in gene expression in this dataset. Signaling pathways regulating 

pluripotency of stem cells, FoxO signaling, and Wnt signaling were identified solely 

from differences in pri-miRNA expression. Therefore, analyzing changes in pri-miRNA 

expression together with changes in gene expression provides greater insight into potential 

mechanisms of age-associated decline than looking at only changes in gene expression. 

Taken together, the validated and predicted targets of the pri-miRNAs changing in the 

SVZ could contribute to our understanding of the mechanisms behind the reduction in 

neurogenesis with age.

Astrocytes in the SVZ play a significant role in regulating NSC differentiation and 

proliferation through secretion of factors involved in Notch, Wnt, and Shh signaling (Lim 

and Alvarez-Buylla, 1999; Falk and Gotz, 2017). The two astrocyte clusters had pri-miRNAs 

differentially expressed with age that are predicted to target genes in pathways associated 

with NSC differentiation and proliferation. The predicted targets of all pri-miRNAs 

differentially expressed with age in the astrocyte clusters belong to pathways associated 

with development and differentiation such as Hippo signaling, signaling pathways regulating 

pluripotency of stem cells, FoxO signaling, and Wnt signaling. Dysregulated expression 

of some of the predicted target genes of these pathways resulting from altered miRNA 

expression may lead to differences in NSC differentiation or proliferation, since signaling 

proteins like Bmp2 and Wnt3 are predicted target genes.

Along with impaired neurogenesis, some pri-miRNAs may be involved in immune 

modification. pri-miRNA-6394 is increased in mature oligodendrocytes and microglia, and 

is predicted to target the enzyme Neu1, which degrades sialo-modifications, and St6galnac, 

which catalyzes the transfer of sialic acid residues (Puigdellivol et al., 2020). Interestingly, 
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sialylation has implications in neurodegeneration and neuroinflammation since a reduction 

in sialyation leads to inappropriate phagocytosis of neurons by activated microglia in 

an inflammatory environment, contributing to neuronal loss (Puigdellivol et al., 2020). 

Additionally, miRNAs changing with age in the astrocyte clusters with age are predicted to 

target Ikbkb, which could impact NF-κB signaling. These results indicate that changes in 

pri-miRNA expression could contribute to neuroinflammation with age and in Alzheimer’s 

disease.

Together, our data indicate that several pri-miRNAs that change with age have either 

been demonstrated to target pathways involved in neurogenesis, oligodendrogenesis, 

and immature neuron maturation or are predicted to target genes in pathways which 

regulate these processes. Additionally, our data suggest that several pri-miRNAs that are 

differentially expressed in the aged SVZ are predicted to target pro-inflammatory cytokines 

and processes. Many miRNAs do not have validated target genes, and thus experimental 

studies on the predicted target genes and their respective pathways is needed to truly 

understand the breadth of miRNA impact on the aging subventricular niche.

There were significantly less pri-miRNAs differentially expressed in the 5xFAD cortex than 

seen in the aged SVZ. The miRNAs differentially expressed in the 5XFAD cortex have 

validated target genes that are highly implicated in the pathology of Alzheimer’s disease, 

thus demonstrating the utility of this tool to narrow down which cell types specifically play 

a role in the development of the disease. pri-miR-124-1 is decreased in expression in certain 

subpopulations of neurons, immature neurons, astrocytes, oligodendrocyte progenitors, and 

myelin forming oligodendrocytes in the 5XFAD mice. miR-124 is known to decrease in 

expression in the brains of Alzheimer’s patients, and this miRNA targets BACE1, which 

is directly involved in the development of the amyloid pathology of Alzheimer’s Disease 

(Smith et al., 2011; An et al., 2017). Furthermore, pri-miR-3078 decreases in expression 

in both 5XFAD models and APP/PS1 models of Alzheimer’s disease (Zhang et al., 2021). 

Interestingly, one of the predicted target genes, which would be increased in expression with 

the reduction of miR-3078, is Prnp. Prnp is implicated in behavioral insufficiencies seen in 

Alzheimer’s Disease pathology (Salazar et al., 2017). Therefore, by understanding which 

cell types have deficits in these pri-miRNAs, targeted therapeutic strategies can be developed 

to alleviate the pathology caused by their reduction, or targeted therapeutic strategies can be 

developed to artificially increase their expression.

Of importance, this study highlighted the specificity of each neuronal subtype in terms of 

differential expression of pri-miRNAs in the 5XFAD model compared to wild-type. Neurons 

are often treated as a group rather than by individual subtype in studies. Computational 

analysis of these different subpopulations highlights that the five familial AD mutations 

caused significantly different changes in differential expression of pri-miRNAs among the 

neuronal subtypes, providing insights for future studies to understand the impact of these 

changes on each subtype and their contributions to AD development.

Using the primiReference tool, cell-type specific changes in pri-miRNA expression within 

the aging SVZ and 5XFAD mouse cortex were elucidated. With these findings, new cell-

type specific targets for neurogenesis are now available for study as well as new-cell type 
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specific targets for Alzheimer’s Disease. By investigating the pri-miRNAs found through the 

primiReference tool, new avenues of research into manipulation of pri-miRNAs and their 

mature sequence can be conducted in a more targeted, cell-type specific manner, which may 

help mitigate neuropathology.

Materials and methods

Single-nucleus Preparation from the Male SVZ

Eight 3–4-month-old and eight 25–26-month-old C57BL/6 male mice were sacrificed 

in accordance with IACUC guidelines. Mice were obtained from the National Institute 

on Aging Aged Rodent Aged Rodent Colony (https://www.nia.nih.gov/research/dab/age-

drodent-colonies-handbook). The mice were euthanized via CO2 at 2L/minute followed by 

cervical dislocation in accordance with Brown University’s IACUC guidelines (Protocol 

#19-01-0005). To minimize batch effects, all young mice were dissected in one batch and 

all old mice were dissected in another batch. The SVZ was dissected from two mice and 

combined to constitute a sample, so this experiment had four young and four old male 

samples each (Daynac et al., 2015). Upon dissection, we followed a modified protocol of the 

10X Single-nucleus isolation protocol (10X Genomics, CG000124, Rev A).

Single-nucleus library preparation and sequencing

The nuclei suspension was used for library preparation using the 10X v3 3’ protocol (10X 

Genomics, CG000183, Rev A). Five thousand nuclei per sample were used to construct the 

libraries. The libraries were sequenced to a depth of 5,000 reads per nucleus or 250 million 

reads per sample using the HiSeq Sequencer via Genewiz. The accession number for these 

files is PRJNA890211.

primiReference construction

Fastq files from four young male and four old male samples were aligned to the mm10 

genome using Cell Ranger (10X Genomics, Cell Ranger 3.0.0) (Zheng et al., 2017). 

Resulting files merged and overlapped with a publicly available reference for pri-miRNAs in 

six cell lines (Li et al., 2009; Chang et al., 2015). Using a mature miRNA gff3 from miRbase 

and bedops (Kozomara and Griffiths-Jones, 2014; Kozomara et al., 2019) sequences were 

relabeled with the mature miRNA name (Neph et al., 2012). The sequences were manually 

interrogated to ensure they properly overlapped with the location of pre-miRNAs already 

in the mm10 genome. The resulting GTF was appended to the mm10 GTF using 10X Cell 

Ranger (10X Genomics Cell Ranger 3.0.0). The mkref function was used to make a custom 

reference, and the Fastq files were aligned to this new ‘primiReference’.

primiReference analysis of young and aged SVZ

Once files were aligned and aggregated using 10X Cell Ranger, the resulting filtered feature 

matrices were input into Seurat (Stuart et al., 2019). Nuclei were filtered, so only nuclei 

with features between 200 and 4384 (2 standard deviations from the mean) as well as 

mitochondrial contamination less than 4.06% (2 standard deviations from the mean) were 

subset. All these nuclei were subsequently clustered to 50 principal components, based 

on Jackstraw and Elbow plots, and reduced using UMap. The cells were labeled via 
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integration with the Allen Brain Atlas and using marker genes from published literature 

(Herbert et al., 1986; Mateo et al., 2015; Marques et al., 2016; Tasic et al., 2016; Boareto 

et al., 2017; Shah et al., 2018; Zywitza et al., 2018; Ximerakis et al., 2019). By using 

this method, pri-miRNA expression did not impact identification of cell types. Astrocytes, 

oligodendrocytes, NSCs, and neural progenitors were subset out and differential expression 

analysis was conducted between the two age groups using Seurat using default parameters. 

Briefly, we used the LogNormalize function for normalization of expression of each feature 

to the total expression for each cell type with a scale factor of 10,000. Adjusted P values, 

shown in supplemental tables, were calculated by Seurat using a Bonferroni correction. 

Following differential expression analysis, a heatmap was constructed using Morpheus 

(https://software.broadinstitute.org/morpheus) to demonstrate the statistically significant 

expressed (P < 0.05, non-parametric Wilcoxon rank sum test) pri-miRNAs within each 

cell type with age. These pri-miRNAs were input into miRPath using DIANATOOLS with 

FDR correction (Vlachos et al., 2015) using both the −3p and −5p mature sequences, since 

primiReference does not distinguish which form is expressed, and KEGG Pathways for 

targeted genes were determined.

Single-nucleus sequencing of wildtype and 5XFAD mouse cortex

Seven-month-old WT and 5XFAD samples were downloaded from GEO (GSE140511) as 

part of a study of single-nucleus sequencing between WT, 5XAD, and TREM2KO groups 

(Zhou et al., 2020). The original BAM files were downloaded then converted back to Fastq 

using 10X Genomics’ bamtofastq (10X Genomics, bamtofastq 1.3.2). These Fastq were 

aligned using ‘primiReference’ as described above. Upon alignment and aggregation, the 

data was input into Seurat (Stuart et al., 2019) and analyzed using the same standards as 

listed above for our own data. Therefore, permissible cells had between 200 and 4828.66 

features and mitochondrial contamination less than 5.48% (both 2 standard deviations from 

the mean). The data was subsequently analyzed in the same manner as the SVZ data 

described above except neuronal identities, as identified by the Allen Brain Atlas (Tasic et 

al., 2016), were kept as defined rather than being consolidated into one neuronal class.

qPCR validation of pri-miRNA expression in the aged SVZ

To validate changing pri-miRNAs found using primiReference, single-nucleus data was 

re-analyzed as “bulk” RNA-sequencing data, so qPCR data of whole isolated SVZ can be 

compared to this dataset. To accomplish this, aligned primiReference BAM files of young 

and aged SVZ were analyzed using FeatureCounts (Liao et al., 2014) to determine the 

counts of each gene feature in a sample-specific rather than single-nucleus specific manner. 

Using FeatureCounts, the total reads of each cell within each sample are combined. DESeq2 

(Love et al., 2014) was then used to compare gene expression of old SVZ to young SVZ 

using geometric mean for normalization. P-values were adjusted for multiple comparisons 

using the default Benjamini and Hochberg test default in DESeq2. Primers were made 

to pri-miR-21a and pri-miR-99a since these pri-miRNAs changed in most cell-types. 

The primers used were primiR21aF: TGTGAGAGTCGGTGTTGTGAG, primiR21aR: 

CCGCTGCACATACTGTTGGT; primiR99aF: TTCACAAGGACACGGTGAAA, 

primiR99aR: CTCCGGGCACGATTTAACTA. RNA was extracted from five young (4 

months old) and five old (23 months old) SVZ using trizol and chloroform followed 
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by the RNEasy kit (Qiagen, #74104). RNA concentration was measured and reverse 

transcribed into cDNA using Taqman reagents (Thermo Fisher Scientific, #4304134, 

Waltham, MA). qPCR reactions were performed in triplicate. pri-miRNA expression was 

normalized to GAPDH using GAPDHF: AGGTTGTCTCCTGCGACTTC and GAPDHR: 

TGTCATACCAGGAAATGAGCTTG. The fold change was compared to that of the pri-

miRNAs in the “bulk” analysis of the single-nucleus data. The p-value of qPCR was 

determined using a two-sample T test. Ggplot2 was used to plot this data (Wickham, 2009).

Single-cell sequencing of young and aged SVZ

Using a publicly available single-cell sequencing dataset (Dulken et al., 2019) of the 

young and aged SVZ, we determined changes in cytoplasmic mRNA levels. Single-cell 

sequencing data was analyzed using Seurat (Stuart et al., 2019) in the same manner as our 

single-nucleus data. After clusters were established, differential expression was conducted 

between aged and young SVZ by cell-type.

Validation of target gene expression in single-cell data

TarBase V8 (Karagkouni et al., 2018) was used to determine the validated targets of pri-

miRNAs changing in expression within the young and aged single-nucleus SVZ data set. 

Using the single-cell data set of young and aged SVZ, the validated TarBase target genes 

were overlapped with differential expression data per cell-type. Only cell-types where the 

pri-miRNA was changing with age were used. The number of those target genes found in 

both TarBase and DE data was given as a percentage. The expression of those intersecting 

target genes was viewed in the single-cell data set to determine if they were increasing 

or decreasing in expression, with age, within that given cell-type. If the direction was the 

opposite of the pri-miRNA, the target was considered validated. The number of genes that 

were changing in the expected direction, according to pri-miRNA expression, in the single-

cell data was then given as a percentage of (number of genes in expected direction/total 

number of target genes intersected with TarBase). These were then referred to as validated 

targets (Table 2).

Statistical analyses

Wilcox rank sum test was used to determine significance of the differential expression data 

with a Bonferroni correction to the p value for multiple comparisons using Seurat (Seurat 

et al., 2019). Those pri-miRNAs with P > 0.05 are shown in supplementary tables, but they 

are excluded from in text figures. T-test was used to determine significance of qPCR data. 

Chi-squared test was used to determine significance of the miRNA validations tests (Table 

2). No outliers were found or excluded in this dataset. All raw data information can be found 

in supplementary materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
primiReference design and resulting clustering of cell types in the young and aged SVZ. 

A: Depicted using the UCSC genome browser, the mouse embryonic fibroblast sequence 

of the pri-miRNA for miR-219a-2 was shown. The primiReference generated alignment, 

shown in blue, overlaps this intergenic primary miRNA sequence. B: Several cell lines from 

a publicly available dataset were shown to have pri-miRNAs mapping to the Atrnl1 gene 

from which the primary-miR562 gene was transcribed intragenically from an intron. The 

primiReference alignment overlapped with the consensus of several cell lines. C: UMap 

dimensional reduction showing cell-type specific clusters in the SVZ.
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Fig.2. 
Primary miRNAs and pathways predicted to be affected in aged SVZ. A: Significantly 

changing primary miRNAs in the aged SVZ. Pri-miRNAs with significant differences in 

expression between young and old SVZ (P < 0.05). Per cell-type are shown by bubble plot. 

Those increasing in expression with age are shown in blue, with color intensity depicted 

by the log2 fold-change, while pri-miRNAs decreasing in expression with age are shown in 

red. B: The relative expression of primiR-21a and primiR-99a are shown from qPCR data. 

The yellow highlights the relative expression of whole young SVZ tissue, while the blue 
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represents the relative expression of whole old SVZ tissue. For primiR-21a the fold change 

between old and young SVZ was significant (*, P < 0.05). C: Fold-change values between 

old and young SVZ for primiR-21a and primiR-99a in “bulk” sequencing data and qPCR. 

Note the change was similar using both methods. D: Bubble plot showing KEGG pathways 

enriched in predicted target genes of the mature miRNA sequences of pri-miRNAs that 

change in expression in the aged SVZ. The KEGG pathways depicted in this plot belonged 

to the general categories of development and differentiation, CNS signaling pathways, 

calcium signaling, and metabolism. All other pathways can be found in Additional File 6. 

Bubble color indicates the predicted number of genes affected by the changing pri-miRNAs 

in each pathway. Bubble size indicates the level of significance, with larger sizes indicating 

greater significance.
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Fig.3. 
Clustering, pri-miRNA differential expression, and predicted target pathways of cell-types 

in WT and 5XFAD cortex. A: UMap dimensional reduction showing cell clusters in WT 

and 5XFAD cortex. B: Bubble plot showing pri-miRNAs with significant differences in 

expression between 5XFAD and wild-type cortex (P < 0.05) in each cell-type. Bubble 

color indicates the log2 fold change. Bubble size indicates the level of significance, with 

smaller size indicating greater significance. C: Bubble plot showing KEGG pathways 

enriched in predicted target genes of the mature miRNA sequences of pri-miRNAs that 
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change in expression in the 5XFAD condition. The KEGG pathways belonged to CNS 

signaling pathways, cell-cell interaction, cancer, calcium signaling, and metabolism. All 

other pathways can be found in Additional file 6. Bubble color indicates the number of 

genes predicted to be affected by the changing pri-miRNAs in each pathway. Bubble size 

indicates significance, with larger size indicating greater significance.
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Table 1.

Function of Mature miRNAs of pri-miRNA Transcripts Differentially Expressed in Aging SVZ and 5XFAD 

Cortex.

Tissue miRNA Cell types with DE of the pri-
miRNA transcript in Aged SVZ 
compared to Young SVZ

Cellular Processes and Gene Targets

SVZ miR-21a ↓Expression: All cell types Increases neurogenesis (Ma et al., 2019), found to be associated with the 
aging mouse (Kim et al., 2017)

miR-99a ↓Expression: Neuron, Immature 
Neuron, Astrocyte2, NSC, OPC 
and COP, MFOL1, MFOL2, 
Microglia, Immune Cells, Vascular 
Endothelium

Decreases mTOR expression (Tsai et al., 2018). Likely involvement in 
commitment of progenitors to glial lineage (Stevanato and Sinden, 2014).

miR-24–1 ↓Expression: Immature Neuron Knockout of this cluster leads to decreased NAD and other glycolytic 
metabolites (Jiang et al., 2021). Impaired glycolysis prevents neuronal 
differentiation and maturation (Agostini et al., 2016). Furthermore, this 
cluster is increased in terminally differentiated cells (Lal et al., 2009).

miR-27b ↓Expression: Immature Neuron Mir27b targets AMPK (Wang et al., 2019b). Increases in AMPK are 
associated with aged hippocampal NSCs and their decline (Wang et al., 
2019a). Knockout of this cluster leads to decreased NAD and other glycolytic 
metabolites (Jiang et al., 2021). Impaired glycolysis prevents neuronal 
differentiation and maturation (Agostini et al., 2016) Furthermore, this cluster 
is increased in terminally differentiated cells (Lal et al., 2009).

miR-23b ↓Expression: Immature Neuron Knockout of this cluster leads to decreased NAD and other glycolytic 
metabolites (Jiang et al., 2021). Impaired glycolysis prevents neuronal 
differentiation and maturation (Agostini et al., 2016). Furthermore, this 
cluster is increased in terminally differentiated cells (Lal et al., 2009).

miR-100 ↓Expression: Astrocytel, MFOL1, 
Immune cells

Mir100 activates the innate immune response resulting in activated microglia 
and neurodegeneration (Wallach 2021, Chawla 2016).

Let-7a ↓Expression: Astrocyte1, MFOL1, 
Immune cells

Let7a activates the innate immune response by acting as a TLR7 ligand 
(Nazmi 2014). Involved in neuroinflammation through microglia polarization 
(Yang 2018).

miR-219a-2 ↓Expression: Astrocyte2, Increases myelination and re-myelination as well as increasing OPC 
differentiation (Dugas et al., 2010; Wang et al., 2017; Osorio-Querejeta et 
al., 2020; Brandi et al., 2021). Decreased levels have been described in 
neurodegenerative diseases such as MS and AD (Bruinsma et al., 2017). In 
AD models, it has been shown that miR-219a can regulate tau expression 
(Arnes et al., 2019).

miR-338 ↓Expression: Astrocyte1, 
Astrocyte2, NSC, Ependymal Cell,

Knockout of miR-338 causes a worsened phenotype of dysregulated 
myelination of miR219 mutants (Wang et al., 2017). These miRNAs work 
together to induce proper myelination.

miR-582 ↑ Expression: Neuron, Immature 
Neuron, NSC, OPC and 
COP, MFOL1, MFOL2, Mature 
Oligodendrocyte, Microglia, 
Immune Cells, Pericyte, 
Ependymal Cell, Vascular 
Endothelium

Represses various target genes in the apoptosis pathway (Floyd et al., 2014).

miR-128–2 ↑ Expression: Astrocyte1, 
Astrocyte2, NSC, MFOL1, Mature 
Oligodendrocyte, Microglia

Directly targets stem cell factors such as KLF4, CSF1, NANOG, and SNAIL 
(Qian et al., 2012). Furthermore, it has been shown that this miRNA reduced 
NPC proliferation (Zhang et al., 2016). Also inhibits mTOR signaling (Chen 
et al., 2016).

miR-218–2 ↑ Expression: MFOL1, Microglia, 
Immune Cells, Vascular 
Endothelium

Increased expression in human Alzheimer’s Disease patients has been 
observed (Gugliandolo et al., 2020). Additionally, this miRNA can alter 
the Wnt signaling pathway leading to differentiation - an important part of 
neurogenesis (Hu et al., 2017).

5XFAD 
cortex

miR-124–1 ↓Expression: L5 PT, NP, 
PValb, Lamp5, Immature Neuron, 
Astrocyte1, OPC1, MFOL1, 
MFOL2, MFOL3, VLMC

Targets BACE1 expression involved in Alzheimer’s Disease (An et al., 2017), 
and mir-124 was found to be decreased in the brains of AD patients (Smith 
et al., 2011). Additionally, the gene Drd2 is targeted by miR-124-1 and thus 
the decreased miR-124-1 expression decreases prefrontal cortex performance 
(Kozuka et al., 2019).
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Tissue miRNA Cell types with DE of the pri-
miRNA transcript in Aged SVZ 
compared to Young SVZ

Cellular Processes and Gene Targets

miR-3078 ↓Expression: L5 PT, NP, 
PValb, Lamp5, Immature Neuron, 
Astrocyte1, OPC1, MFOL1, 
MFOL2, MFOL3, VLMC

Decreased in APP/PS1 mice compared to controls (Zhang et al., 2021).

Note: Column 1 indicates the mature miRNA name for pri-miRNAs that are differentially expressed with age in the SVZ or in the 5XFAD 
mouse cortex that have validated target genes in the literature. Column 2 indicates the direction of miRNA differential expression as well as 
which cell-types are differentially expressing these miRNAs in the SVZ with age. Column 3 indicates the direction and cell-type of differentially 
expressed miRNA in the 5XFAD cortex compared to wild-type. Column 4 describes relevant literature on the miRNA.
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Table 2.

Differential Expression of miRNA Target Genes in Single-cell Data.

miRNA Cell-type Number of target genes present in single 
cell expression data

Percentage changing in predicted 
direction P-value

1

miR-21a-3p Neuron 20 65% 0.180

Astrocyte 22 64% 0.201

qNSC 20 60% 0.371

aNSC1 25 72% 0.028 

aNSC2 22 86% 0.001 

MFOL 28 61% 0.257

MOL 24 75% 0.014 

Microglia 25 80% 0.003 

Pericyte 21 76% 0.016 

Vascular Endothelium 16 81% 0.012 

miR-338 Astrocyte 20 70% 0.074

Vascular Endothelium 14 71% 0.109

miR-99a aNSC1 4 25% N.D.

aNSC2 2 100% N.D.

Astrocyte 1 100% N.D.

MFOL 2 50% N.D.

Microglia 1 100% N.D.

Neuron 2 50% N.D.

qNSC 1 100% N.D.

Vascular Endothelium 2 50% N.D.

miR-582 aNSC1 1 100% N.D.

Vascular Endothelium 1 100% N.D.

Pericyte 1 100% N.D.

miR-1943 Neuron 1 0% N.D.

Average 72% 2.9 × 10−12

Note: miRNAs that have experimentally validated target genes in TarBase are shown in column 1. Column 2 indicates the cell-types that show 
differential expression of the target genes in the single-cell sequencing dataset. Column 3 indicates the number of target genes that are differentially 
expressed in each cell type in the single-cell sequencing dataset. Column 4 indicates the percentage of target genes that change in the predicted 
direction given the change in pri-miRNA expression in the single nucleus dataset. Column 5 indicates the P-value for each cell type and each 
miRNA.

1
Chi-squared test. Significant values are bolded. Significance was not determined (N.D.) for cell types containing less than 5 predicted targets. P = 

2.9 × 10−12, Chi-squared test, for the combination of all cell types and miRNAs.

J Genet Genomics. Author manuscript; available in PMC 2024 February 01.


	Abstract
	Introduction
	Results
	primiReference creation
	Identification of cell clusters in the SVZ
	Differential expression of pri-miRNAs, within the cell-types of the subventricular zone niche
	All cell types
	Astrocytes
	NSCs
	Oligodendrocytes

	Validation of primiReference
	Pathways of predicted target genes of pri-miRNAs differentially expressed in aged SVZ compared to young SVZ
	Analysis of wildtype and 5XFAD mouse cortex aligned to primiReference
	Differential expression of pri-miRNAs within the cortex of 5XFAD mice compared to wildtype mice
	All Cell-Types
	Neurons
	Astrocytes
	Oligodendrocytes

	Pathways of predicted target genes of pri-miRNAs changing in the 5XFAD cortex compared to wild-type

	Discussion
	Materials and methods
	Single-nucleus Preparation from the Male SVZ
	Single-nucleus library preparation and sequencing
	primiReference construction
	primiReference analysis of young and aged SVZ
	Single-nucleus sequencing of wildtype and 5XFAD mouse cortex
	qPCR validation of pri-miRNA expression in the aged SVZ
	Single-cell sequencing of young and aged SVZ
	Validation of target gene expression in single-cell data
	Statistical analyses

	References
	Fig. 1.
	Fig.2.
	Fig.3.
	Table 1.
	Table 2.

