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Abstract: The objective of this study was to investigate gene regulation of the developing fetal brain
from congenic or inbred mice strains that differed in longevity. Gene expression and alternative splice
variants were analyzed in a genome-wide manner in the fetal brain of C57BL/6J mice (long-lived) in
comparison to B6.Cg-Cav1tm1Mls/J (congenic, short-lived) and AKR/J (inbred, short-lived) mice on
day(d) 12, 15, and 17 of gestation. The analysis showed a contrasting gene expression pattern during
fetal brain development in these mice. Genes related to brain development, aging, and the regulation
of alternative splicing were significantly differentially regulated in the fetal brain of the short-lived
compared to long-lived mice during development from d15 and d17. A significantly reduced number
of splice variants was observed on d15 compared to d12 or d17 in a strain-dependent manner. An
epigenetic clock analysis of d15 fetal brain identified DNA methylations that were significantly
associated with single-nucleotide polymorphic sites between AKR/J and C57BL/6J strains. These
methylations were associated with genes that show epigenetic changes in an age-correlated manner
in mice. Together, the finding of this study suggest that fetal brain development and longevity are
epigenetically linked, supporting the emerging concept of the early-life origin of longevity.
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1. Introduction

Emerging evidence suggests that early-life developmental processes are linked to the
processes that control aging and longevity [1–4]. Specific molecular and cellular processes
are shared between early development and aging [5], which supports the developmental
aging (DevAge) theory originally proposed by Dilman [6]. Genomics and molecular biology
studies have implicated that the DevAge link may be widely conserved in mammals [7,8].
Processes associated with development and aging are critically dependent upon common
regulatory mechanisms such as nutrient sensing, ribosome biogenesis, and the regulation
of alternative splicing by spliceosomes [1,9–11]. During mammalian reproduction, devel-
opment of the fetal organs is dependent on the nutritional supply from the mother to the
fetus via the placenta [12]. The fetal brain requires a larger proportion of energy from the
maternal resources compared to other organs during fetal development [13]. An imaging
analysis has shown specific structural features of the brain that change in a similar pattern
during development and aging [3]. Though links between reproduction and longevity
are documented [14–17], the relationship between fetal brain development and longevity
remains poorly understood.

Animal models have greatly aided our understanding of the regulation of devel-
opmental and longevity processes [18,19]. The murine leukemia viruses (MLVs), which
are retroviruses belonging to the gammaretroviral genus, lead to leukemia in these mice.
Ecotropic expression of AKV (AK virus) is found in all tissues from birth [20], and leukemia
progression occurs in an age-dependent manner in these mice [21,22]. Symptoms of
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leukemia occur as early as three months of age, and most AKR/J mice (60 to 90%) show
severe cancer by the age of 10 months and die within a month or two [20]. AKR/J inbred
mice show a nearly 50% reduced longevity compared to that of C57BL6/J mice [23]. Besides
variations in longevity among inbred strains of mice [23], the knockout of pro-longevity
genes also affects longevity in mice [24]. This is evident from the congenic mouse strain
B6.Cg-Cav1tm1Mls/J generated from the C57BL6/J strain that lacks the Caveolin-1 (Cav1)
gene. Caveolin-1 is a major structural protein of the flask-shaped lipid pocket of plasma
membrane called caveolae. It is abundant in endothelial cells but also present in many other
cell types. Cav1 is a known pro-longevity gene [24]. Additionally, Cav1 plays important
roles in the regulation of angiogenesis [25]. Mice lacking the Cav1 gene show impaired
endothelia function [26]. The ablation of Cav1 alters the metabolic regulation of the fe-
tal brain [27] and reduce mouse longevity by nearly 50% [28]. Cav1-null mice, though
viable and fertile, show hyperproliferative and vascular abnormalities [29]. At a young
age (3–6 months old), these mice exhibit neuronal aging that resembles that of aged (more
than 18 months) mice [30]. Cav1-null mice show Alzheimer’s disease (AD)-like symptoms
at an early adult life [30]. Increased amyloid β, tau phosphorylation, astrogliosis, and a
decreased cerebrovascular volume are observed in the brain of these mice [30]. As Cav1
plays a key role in modulating β-secretase activity [31], the association of Cav1 with AD
pathologies in these mice is implicated [32]. Cav1-null mice are used as models in aging
research [33].

In mice, brain development begins around embryonic day 9 (d9) when neural tubes
are formed [34]. On d12, the choroid plexus begins to develop along with the medial,
lateral, and caudal ganglionic sections, and the hypothalamus becomes bigger in the
diencephalon [35]. On d15, all six layers of the cerebral cortex become distinctive, along
with a high level of invasion of microglia [36]. On d17, neurogenesis in the fetal brain is
most active [36], after which the forebrain, the pituitary gland, and the neuroendocrine
structures start growing rapidly.

In the present study, our overall aim is to investigate the genetic regulation of fetal
brain development in congenic and inbred mice strains that differ in longevity. Our
investigation approach is based on applying integrative approaches to analyze splice
variants, epigenetics, and genetic variation to study the genetic regulation of fetal brain
development in C57BL6/J, Cav1-null, and AKR/J mice at different gestational time points.

2. Materials and Methods
2.1. Overview of Approach

The research approach and methodology are schematically illustrated in Figure 1.
The developing fetal brain of AKR/J, C57BL/6J, and B6.Cg-Cav1tm1Mls/J (also known
as Cav1-null) mice were investigated molecularly on gestational days (d) 12, 15, and 17.
These specific time points were chosen for gene expression analysis as mouse fetal brain
shows distinct developmental processes at these stages. The relative timelines of placental
development are also relevant to brain development because the placenta plays key roles
in fetal growth [37–39]. On d15, the placenta is fully formed and functional [40], and the
fetal brain is at peak in the microglia invasion [36]. In the developmental profiling of gene
expression, we referred to the period from d12 to d15 as the “early” phase and from d15 to
d17 as the “late” phase of fetal brain development.
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Figure 1. Overview of the study. (A). The regulation of fetal brain development was studied in three 
mice strains on different gestational days (d12, d15, and d17). These mice strains differ in longevity. 
C57BL/6J and B6.Cg-Cav1tm1Mls/J (Cav1-null) are congenic strains, whereas AKR/J and C57BL/6J are 
inbred strains. Gene expression changes were investigated in each strain as the brain developed 
from d12 to d15 (early phase) and from d15 to d17 (late phase), and the differentially expressed 
genes were compared between strains (dotted vertical arrows). Integrative analyses of gene expres-
sion, splice variation, DNA methylation, and genetic variation were performed. (B). Key develop-
mental milestones of the fetal brain on d12, d15, and d17 of mouse gestation. The placental devel-
opment timelines relative to that of fetal brain development are indicated. 

2.2. Animals and Sample Collection 
The inbred mice strains C57BL/6J (strain # 000664), AKR/J (strain # 00064), and B6.Cg-

Cav1tm1Mls/J (strain # 007083) used in this study were purchased from the Jackson Labora-
tory (Bar Harbor, ME, USA). Approximately 8-week-old mice of these strains were used 
to establish timed pregnancies separately, as described previously [6]. The vaginal plug 
was observed to keep a record of the start of pregnancy (day 1). On days (d) 12, 15, and 
17, the pregnant mice were euthanized, the fetuses were collected [15] and washed in ster-
ile PBS, and the whole brain was dissected from each fetus [27]. 

2.3. RNA Sequencing 
Total RNA was isolated from the dissected fetal brain samples using an AllPrep 

DNA/RNA Mini Kit (Qiagen, Cat No./ID: 80204, Hilden, Germany) following the manu-
facturer’s instruction. A total of 27 RNA samples were prepared, which included 3 strains 
× 3 time points per strain × 3 replicates per time point. The use of three biological replicates 
per time point followed the recommendation of best practices for RNA-seq analysis [41]. 
The samples were homogenized with 500 µL RLT buffer (Qiagen, Cat No./ID: 79216). The 
buffer was freshly supplemented with 5 µL of 2-mercaptoethanol. The homogenate was 
transferred to a fresh tube and centrifuged for 1 min at ≥8000× g. The supernatant (750 µL) 
was transferred to a fresh tube and mixed with an equal volume of 70% ethanol to precip-
itate the RNA. RNA was eluted in 30 µL nuclease-free water. The concentration of RNA 
was determined using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, 
Saint Louis, MO, USA). The RNA Integrity Number (RIN) was determined using the Ag-
ilent 2100 bioanalyzer. The RNA was used for the preparation of sequencing libraries, and 
the libraries were sequenced (RNA-seq) at the Novogene Cooperation Inc. (Sacramento, 
CA, USA). Each library was sequenced to 20 million paired-end reads of 150 bases using 
a NovaSeq 6000 sequencer (Illumina, San Diego, CA, USA). 

  

Figure 1. Overview of the study. (A). The regulation of fetal brain development was studied in three
mice strains on different gestational days (d12, d15, and d17). These mice strains differ in longevity.
C57BL/6J and B6.Cg-Cav1tm1Mls/J (Cav1-null) are congenic strains, whereas AKR/J and C57BL/6J
are inbred strains. Gene expression changes were investigated in each strain as the brain developed
from d12 to d15 (early phase) and from d15 to d17 (late phase), and the differentially expressed genes
were compared between strains (dotted vertical arrows). Integrative analyses of gene expression,
splice variation, DNA methylation, and genetic variation were performed. (B). Key developmental
milestones of the fetal brain on d12, d15, and d17 of mouse gestation. The placental development
timelines relative to that of fetal brain development are indicated.

2.2. Animals and Sample Collection

The inbred mice strains C57BL/6J (strain # 000664), AKR/J (strain # 00064), and
B6.Cg-Cav1tm1Mls/J (strain # 007083) used in this study were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA). Approximately 8-week-old mice of these strains were
used to establish timed pregnancies separately, as described previously [6]. The vaginal
plug was observed to keep a record of the start of pregnancy (day 1). On days (d) 12, 15,
and 17, the pregnant mice were euthanized, the fetuses were collected [15] and washed in
sterile PBS, and the whole brain was dissected from each fetus [27].

2.3. RNA Sequencing

Total RNA was isolated from the dissected fetal brain samples using an AllPrep
DNA/RNA Mini Kit (Qiagen, Cat No./ID: 80204, Hilden, Germany) following the manu-
facturer’s instruction. A total of 27 RNA samples were prepared, which included 3 strains
× 3 time points per strain × 3 replicates per time point. The use of three biological replicates
per time point followed the recommendation of best practices for RNA-seq analysis [41].
The samples were homogenized with 500 µL RLT buffer (Qiagen, Cat No./ID: 79216). The
buffer was freshly supplemented with 5 µL of 2-mercaptoethanol. The homogenate was
transferred to a fresh tube and centrifuged for 1 min at ≥8000× g. The supernatant (750 µL)
was transferred to a fresh tube and mixed with an equal volume of 70% ethanol to precipi-
tate the RNA. RNA was eluted in 30 µL nuclease-free water. The concentration of RNA
was determined using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Saint
Louis, MO, USA). The RNA Integrity Number (RIN) was determined using the Agilent
2100 bioanalyzer. The RNA was used for the preparation of sequencing libraries, and the
libraries were sequenced (RNA-seq) at the Novogene Cooperation Inc. (Sacramento, CA,
USA). Each library was sequenced to 20 million paired-end reads of 150 bases using a
NovaSeq 6000 sequencer (Illumina, San Diego, CA, USA).
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2.4. RNA-Seq Data Analysis

The quality of the raw sequences was checked with FastQC. Adaptor trimming was per-
formed using cutadapt. The fastp tool [42] was used to perform base quality trimming (Phred
score > 30) by a sliding-window scan (4 nucleotides). The quality reads were then mapped
to the mouse reference genome GRCm39 using the STAR aligner [43]. The read count data
were analyzed using edgeR [44] to determine the significance of the differential expression,
as described in our earlier works [27,45,46]. The read count and raw data were submitted
to the Gene Expression Omnibus or GEO database (accession number GSE252079).

2.5. Detection of Novel and Known Splice Variants in Developing Fetal Brain

We applied the multi-sample 2-pass mapping approach of STAR [43] to analyze the
splice variants in the fetal brain of the three strains at each developmental time point. The
Ensembl mouse gene annotation (Mus_musculus.GRCm39.110.gtf ) was used to count reads
mapped to the annotated junction sites of genes in each sample. The junction sites detected
from the 1st-pass mapping in each sample were merged with the annotated junctions
from the reference genome. The merged junction data were used to perform the 2nd
mapping, and the reads mapped to the known or novel junctions were re-counted in each
sample. The sj.out.tab output files generated from the 2nd mapping were parsed using
awk commands to filter out junctions with multi-mapped reads or those with less than
20bp overhangs. If a splice junction showed less than 10 mapped reads in all the samples,
it was excluded from further analysis. The final list of splice sites detected across the
samples was provided as a processed file in the data submission to GEO (accession number
GSE252079). When 10 or more reads mapped to the junction site of a gene in a specific
strain at a specific time point but not in other strains and developmental time points, that
splice junction was counted as a developmental alternative splice variant specific to the
strain and time point. The genes associated with the novel splice sites were identified by
intersecting the genomic coordinates of the junction sites and the annotated mouse genes
(Mus_musculus.GRCm39.110.gtf ) using BEDTools [47].

2.6. Analysis of Epigenetic Variation

We profiled the DNA methylation of a total of 2045 CpG (cytosine–guanine) sites
associated with the mouse epigenetic clock [48] in the d15 fetal brain from the three mouse
strains. DNA from frozen brain samples was purified using the Quick-DNATM Miniprep
Plus kit (Cat. No. D4068). Bisulfite DNA conversion was performed from each sample in
duplicates using the EZ DNA Methylation-Lightning TM Kit (Cat. No. D5030), followed
by enrichment for target loci, library preparation, and sequencing on an Illumina® HiSeq
instrument by Zymo Research (Irvine, CA, USA). Data analysis was performed using
Bismark [49] to extract the methylation sites, and the β-values of the methylation levels for
each site were calculated as described previously [50]. Given the heteroscedasticity nature
of β-values [50], the β-value of each methylation site was divided by 1 minus β-value and
converted to the log2 scale. The converted values were subjected to an analysis of variance
(ANOVA) to determine the significance of the difference in the methylation level between
the strains. ANOVA is a recommend method to access the significance of differences in the
methylation level [51]. A one-way ANOVA was performed in R. The hierarchical clustering
of methylation sites was performed using the R package dendextend (version 1.17.1). The
Euclidean distance was used to perform the hierarchical cluster analysis. The difference
between the clusters was measured by cophenetic distances and cophenetic correlations [52]
using dendextend.

2.7. Genetic Variant Analysis

We used the single-nucleotide polymorphism (SNP) data (AKR_J.mgp.v5.snps.dbSNP
142.vcf) annotated between AKR/J relative to C57BL/6J strain from the Mouse Genomes
Project [53]. The SNP data were used to identify genetic variations that were methylated in
the fetal brain. In this analysis, we focused on the methylation of the d15 brain samples
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because our RNA-seq analysis showed that gene regulation between strains was signifi-
cantly altered in the brain before and after d15. We asked if the differentially methylated
(DM) sites in the d15 fetal brain were associated with the known genetic polymorphic sites
between the strains in a non-random manner. To answer this question, we calculated the
closest distance (in kilobases or kb) between the SNP and DM sites using the BEDTools
closest function [47]. The distances were divided into different bins (n = 10): 0–0.1, 0.1–1,
1–5, 5–10, 10–50, 50–100, 100–200, 200–400, 400–800, or 800–1000, and the SNPs and DM
sites within each bin were counted. For each bin, the count data were converted to 2 × 2
contingency tables that were subjected to Fisher’s exact test to determine if there was a sig-
nificant SNP-DM association in the individual bins. Fisher’s exact test was appropriate for
this analysis as our purpose was to evaluate if methylation variation and genetic variation
in a given bin were independent from one another (null hypothesis). Fisher’s tests were
performed based on Pearson’s Chi-Square using R.

3. Results
3.1. Gene Expression Variation in the Fetal Brain of Short- and Long-Lived Mice

We quantified gene expression in fetal brain development of the AKR/J, C57BL/6J, and
B6.Cg-Cav1tm1Mls/J (also known as Cav1-null) mice on gestational days (d) 12, 15, and 17.
The gene expression data (Supplementary Table S1) were analyzed in a pair-wise manner
between strains during the two developmental phases—d12 versus d15 and d15 versus d17.
The differential gene expression analysis [44] showed that specific genes were significantly
(false discovery rate < 0.05) changed in their expression during the two developmental
phases of the fetal brain (Supplementary Figure S1). The list of the differentially expressed
(DE) genes is provided in Supplementary Table S2. A greater number of genes were
differentially expressed in the early phase compared to the late phase of brain development
in AKR/J and Cav1-null mice (short-lived mice) (Figure 2). In contrast, a greater number
of genes were differentially expressed in the late phase compared to the early phase of
brain development in the C57BL/6J (long-lived) mice. Cramer’s V [54] was greater than
0.2 when the number of DE genes was compared in a Chi-Square test either between the
AKR/J and C57BL/6J (Chi-Square = 2355.2, degree of freedom or df = 3, p < 0.0001, and
Cramer’s V = 0.291) or between the Cav1-null and C57BL/6J (Chi-Square = 1079.9, df = 3,
p < 0.0001, and Cramer’s V = 0.235). But, when the DE gene counts were compared between
the AKR/J and Cav1-null mice (both short-lived), Cramer’s V was less than 0.061 (Chi-
Square = 83.3, df = 3, p < 0.0001). Of note, Cramer’s V is a measure, varying from 0 to
1, representing how strongly two variables are associated with one another (0 means no
association, and 1 means complete association). Our analysis suggested that the observed
changes in gene expression were significantly associated with the developmental timing of
the fetal brain in a strain-dependent manner. The gene expression pattern was significantly
different on d12 compared to d15 or d17 in the AKR/J strain, while this pattern was not
observed in the C57BL/6J or Cav1-null strain (Figure 3).

The number of genes upregulated or downregulated in the fetal brain varied in a
strain-specific manner (Figure 4). The number of strain-specific downregulated genes
is shown in Figure 4A,B. The number of strain-specific upregulated genes is shown in
Figure 4C,D. In these Venn diagrams, the strains are shown as A for AKR/J, B for C57BL/6J,
and C for B6.Cg-Cav1tm1Mls/J (Cav1-null) mice. The figure showed that a relatively greater
number of genes were downregulated in strain A compared to strain B or C during the
early phase (P1) of brain development. When the brain developed to phase 2 (P2), a greater
number of genes were downregulated in strain B compared to strain A or C. A similar
pattern was also observed among the strain-specific upregulated genes.
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lated (u) during fetal brain development. The strains are shown as A for AKR/J, B for C57BL/6J, and
C for B6.Cg-Cav1tm1Mls/J (Cav1-null). The downregulated genes are shown in (A,B). The upregulated
genes are shown in (C,D). P1 represents the early phase (from d12 to d15) and P2 represents the late
phase (from d15 to d17) of brain development.

3.2. Functional Annotation of the Differentially Expressed Genes in the Fetal Brain

The gene groups shown in Figure 4 were subjected to Gene Ontology (GO) enrichment
analysis [55]. The analysis showed that the genes commonly downregulated in the AKR/J
and C57BL/6J brains were related to the nervous system development, neurogenesis, and
system development functions (Supplementary Table S3). These functions were not en-
riched with genes commonly downregulated in Cav1-null and C57BL/6J mice. On the other
hand, the genes commonly upregulated in the early phase of brain development in AKR/J
and C57BL/6J mice were enriched with ribosome biogenesis processes such as rRNA pro-
cessing, rRNA metabolic process, ribonucleoprotein complex assembly, ribonucleoprotein
complex-subunit organization, ribosomal large-subunit biogenesis, ribosome assembly,
and ribosomal small-subunit biogenesis (Supplementary Table S4). The genes upregulated
in the Cav1-null and C57BL/6J strains during the early phase of brain development were
associated with functions related to brain development such as cell proliferation in the
hindbrain, brain development, cell differentiation in the hindbrain, hindbrain development,
hindbrain morphogenesis, and forebrain generation of neurons. The genes upregulated in
the same strains during the late phase of brain development were associated with spliceo-
some functions such as spliceosomal tri-snRNP complex assembly, spliceosomal snRNP
assembly, spliceosomal tri-snRNP complex, and spliceosomal snRNP complex. In addition
to the GO enrichment analysis, a pathway enrichment analysis showed that specific path-
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ways, including those related to Alzheimer disease, carcinoma, leukemia, and viral and
parasitic infections, were significantly enriched by the DE genes (Supplementary Table S5).

3.3. Alternative Splice Variants in the Fetal Brain of Short- versus Long-Lived Mice

As alternative splice variants play vital roles during brain development [56], we
performed a splice variant analysis in the developing fetal brain of the three mouse strains.
A total of 130,424 splice variants were identified in the fetal brain among the three strains
(data available in GEO, accession # GSE252079). Based on the total number of the known
protein-coding genes (n = 21,684) in the mouse genome, this accounted for an average
of six splice variants per gene in the fetal brain. Specific splice variants (n = 378) were
identified in the fetal brain in a developmental time-specific manner (Supplementary
Table S6), the majority (46%, n = 174) of which were observed in the AKR/J strain on d12.
Besides these time-specific (S) splice variants, we also observed common splice variants
at more than one time point, referred to as non-specific (NS) splice variants (Figure 5A).
The heatmap in Figure 5A shows the number of known or novel splice variants that
are either specific (S) or non-specific (NS) to the developmental times of the fetal brain.
Figure 5B shows the number of the two most abundant motif sequences of the splice
junction sites (GT/AG and CT/AC) [57] associated with the S and NS splice variants.
The S variants were significantly reduced on d15 compared to d12 or d17 (Figure 6). The
GO enrichment analysis showed that the genes associated with the splice variants were
significantly associated with functions related to the cell cycle and its regulation, DNA
damage and repair, chromosome segregation, spindle organization, and the regulation of
cytokinesis (Supplementary Table S7).
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Figure 5. (A). Heatmap showing variations in the number of known or novel splice variants in
the fetal brain of the three mouse strains at different development stages. (B). Heatmap showing
variations in the number of the most abundant junction motifs (GT/AG and CT/AC) associated with
the splice variants in the fetal brain. In both plots, the mouse strains are shown as A for AKR/J, B for
C57BL/6J, and C for B6.Cg-Cav1tm1Mls/J (Cav1-null), and the developmental time points are shown
as 12, 15, or 17 gestational days. The time-specific splice sites are shown as S in the parentheses. The
non-specific splice sites are shown as NS. The scale on the right shows the color codes for the number
of splice variants.
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Figure 6. A significantly greater number of splice variants in the fetal brain at either the early (d12)
or late (d17) time points compared to the mid (d15) time point. The bar plot shows the number
of splice variants that were identified in each strain in a developmental time-specific manner. The
strains are shown as A for AKR/J, B for C57BL/6J, and C for B6.Cg-Cav1tm1Mls/J (Cav1-null), and the
developmental time points are shown as 12, 15, or 17 gestational days. On d15, the fetal brain showed
fewer splice variants compared to either d12 or d17 across the three strains. The Chi-Square and
p-values are shown for d12 vs. d15 and d15 vs. d17 comparisons for the number of splice variants.

3.4. DNA Methylation Changes in the Fetal Brain between Strains

Next, we asked if DNA methylation occurred differentially in the fetal brain between
the short- and long-lived mice. To test this hypothesis, we profiled the methylation level
of the CpG sites (n = 2045) associated with the mouse epigenetic clock [48,58] in the
d15 fetal brains of the AKR/J, C57BL/6J, and Cav1-null mice. The methylation data are
provided in Supplementary Table S8. Our data analysis identified a total of 594 CpG
sites that were significantly differentially methylated in the fetal brain between the strains
(Figure 7). Each dot in the Manhattan plots shown in Figure 7 represents a CpG methylation,
and those located outside of the vertical line represented the DM sites that significantly
(p-value < 0.05) differed in the methylation level between the strains. A relatively greater
number of DM sites were identified between AKR/J and C57BL/6J compared to those
between Cav1-null and C57BL/6J mice (Figure 8A). A total of 24 sites were commonly
altered in the fetal brain among all three strains. The DM sites were associated with
different genes (Figure 8B). We investigated the relationships between methylation changes
and expression changes in the associated genes among the three strains. The cophenetic
correlation measure was determined [52] from the hierarchical cluster patterns of the
methylation and gene expression data. The analysis showed that the changes in the
methylation level were correlated among each other in a differential manner in the short-
versus long-lived mice (0.96 for C57BL/6J vs. Cav1-null, and 0.89 for C57BL/6J vs. AKR/J)
(Figure 9A). But the expression changes of the genes associated with these methylations
showed a reduced level of correlation between the strains. The correlations were 0.64 for
C57BL/6J vs. Cav1-null and 0.66 for C57BL/6J vs. AKR/J mice (Figure 9B).
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Figure 7. Manhattan plots showing the chromosome-level distribution of the CpG sites differentially
methylated in the d15 fetal brain between the strains. The strains compared are shown below the
plots. Each dot represents a methylation site. The dots are color-coded based on the chromosomes.
The vertical lines show the significance level of the p-value (<0.05). Dots to the right of these lines are
significantly different in the methylation level between the strains.
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Figure 8. Venn diagrams showing the number of differentially methylated sites in the d15 fetal brain
between the strains. (A). Number of methylation sites. (B). Number of genes associated with these
methylations. The strains are shown as A for AKR/J, B for C57BL/6J, and C for B6.Cg-Cav1tm1Mls/J
(Cav1-null).
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Figure 9. Comparison of the cophenetic correlations of methylation changes (A) and gene expression
changes (B) in the d15 fetal brain among the three strains. The strains are shown as A for AKR/J,
B for C57BL/6J, and C for B6.Cg-Cav1tm1Mls/J (Cav1-null). The scales below the plots show the
correlation levels.

3.5. Influence of Genetic Variation on the Regulation of Fetal Brain Development

We further investigated if the epigenetic variation of the fetal brain was associated
with the known genetic polymorphisms between the AKR/J and C57BL/6J mice. To test
this hypothesis, we analyzed the SNP data annotated in the AKR/J mice relative to the
C57BL/6J strain from the Mouse Genomes Project [53]. In this analysis (see Methods for
details), we determined the significance of associations between methylation variation
and genetic variations (SNPs) in the fetal brain. The results of this analysis showed a
non-random association between genetic variation and the observed epigenetic variations
in the fetal brain (Table 1). A significant association was observed between the DM and
SNP pairs when they were localized within a 1 kb distance from one another. Methylations
that were further away (>1 kb) from the SNPs did not show this association (Table 1). The
list of SNPs found in close proximity (within 1 kb) with the differential methylations in
the fetal brain is provided in Supplementary Table S9. A representative genome browser
view (IGV: Integrative Genomics Viewer) showing the co-localization SNP and methylation
sites is shown in the Supplementary Figure S2. These genetic–epigenetic associations
were identified in specific genes such as C1qtnf1, Cadm1, Gas7, Gga1, Gm2093, Il17rd,
Lncppara, Map10, Mpp5, Rbpms2, Rusc2, Sh3pxd2a, Zfhx3, and Zscan2, which are known to
be methylated in an age-correlated manner in mice [48,58].

Table 1. Significance of the association between the number of SNP and DM sites identified in each
SNP-DM distance bin.

SNP-DM
Distance Bins

SNP Count
(Within Bin)

DM Count
(Within Bin)

SNP Count
(Not in the Bin)

DM Count
(Not in the Bin) Odds Ratio p-Value

0–0.1 kb 38 170 277 1787 1.4418 0.03737

0.1–1 kb 62 302 254 1655 1.3375 0.03802

1–5 kb 55 357 252 1600 0.9782 0.58150

5–10 kb 23 162 282 1795 0.9038 0.70291

10–50 kb 87 609 217 1348 0.8875 0.82764

50–100 kb 27 177 276 1780 0.9838 0.56439
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Table 1. Cont.

SNP-DM
Distance Bins

SNP Count
(Within Bin)

DM Count
(Within Bin)

SNP Count
(Not in the Bin)

DM Count
(Not in the Bin) Odds Ratio p-Value

100–200 kb 20 144 283 1813 0.8898 0.71749

200–400 kb 4 20 299 1937 1.2955 0.40478

400–800 kb 2 11 301 1946 1.1754 0.53688

800–1000 kb 1 5 302 1952 1.2926 0.57884

4. Discussion

This study was initiated by investigating the genetic regulation of fetal brain devel-
opment in short- and long-lived mice. The median number of days during which AKR/J
mice can survive varies from 251 to 288 days, while that of C57BL/6J mice varies from
866 to 901 days [23]. On the other hand, the ablation of Cav1 causes a nearly 50% reduced
longevity in mice. These short-lived (AKR/J or Cav1-null) mice show pathological con-
ditions later in life, unlike the C57BL/6J mice. The AKR/J mice develop leukemia [20],
while the Cav1-null mice show neurodegeneration and premature aging in an early adult
life [32]. Though both the AKR/J and Cav1-null strains show reduced longevity relative
to the C57BL/6J strain, the genetic makeups of these two strains differ from one another.
Cav1-null mice are congenic to the C57BL/6J strain. These mice were generated by breed-
ing the Cav1tm1Mls/J (donor) mice with the C57BL/6J (receiver) strain and then through
repeated backcrossing the F1s to the C57BL6/J strain. On the other hand, AKR/J and
C57BL/6J are inbred strains. Genome sequencing showed extensive genetic variations in
AKR/J [53] relative to the C57BL/6J strain. However, in both AKR/J and Cav1-null mice,
we observed a greater number of genes being differentially expressed during the early
phase (d12 to d15) compared to the late phase (d15 to d17). In contrast, a greater number of
genes were differentially regulated in the fetal brain of C57BL/6J mice compared to AKR/J
and Cav1-null mice during the late phase of brain development (Figure 2).

A common theme emerged from the GO enrichment analysis, which showed that
genes related to specific developmental and aging processes were differentially regulated
in the fetal brain (Supplementary Table S4). We observed that genes significantly enriched
with ribosome biogenesis were commonly upregulated during the early phase but not
during the late phase of brain development both in AKR/J and C57BL/6J. When we com-
pared the genes commonly upregulated in the brains of Cav1-null and C57BL/6J mice, a
different pattern emerged. In this case, the genes related to developmental processes were
upregulated in both strains during the early phase whereas the genes related to the regula-
tion of alternative splicing were upregulated during the late phase of brain development.
These results suggested that the genes related to a combination of developmental and aging
processes and the regulation of alternative splicing processes were tightly controlled during
fetal brain development. While AKR/J mice show the ecotropic expression of endogenous
retroviral genes (AK virus) [59], Cav1-null mice show metabolic and cellular abnormalities
in the fetal brain [27]. Despite these developmental abnormalities, Cav1-null mice are not
embryonic-lethal, suggesting that these mice might have developed adaptive mechanisms
to counter these early-life developmental abnormalities.

We observed a significant enrichment of ribosome biogenesis and spliceosomal func-
tions that were activated only in the fetal brain of the short-lived mice. Ribosome biogen-
esis is a well-known pathway that regulates longevity [10]. Similarly, spliceosomes also
play a key role in producing the alternative splicing of genes associated with aging and
longevity [60]. Furthermore, our pathway enrichment analysis (Supplementary Table S5)
showed that the pathways related to leukemia and Alzheimer disease were significantly en-
riched by genes differentially expressed in the fetal brain of the short-lived mice
(Supplementary Table S5), suggesting that these pathways were regulated in the develop-
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ing brain of the AKR/J and Cav1-null mice which show leukemia and Alzheimer disease,
respectively, later in life.

The results of the present study showed that alternative splice variants played a role
in the regulation of fetal brain development. The S variants (developmental time-specific
splice variants) were significantly reduced in their number on d15 compared to those either
on d12 or d17. The AKR/J mice showed the greatest number of S variants in the fetal brain
compared to those in either the C57BL/6J or Cav1-null mice on d12. The greatest number
of DE genes was also observed in the AKR/J mice at this time point, suggesting a role of
splice variants in the differential regulation of cognate genes in the fetal brain, supporting
the role of splice variants in the regulation of gene expression [61]. We further observed
that the genes associated with alternative splicing in the fetal brain were significantly
enriched with processes such as DNA repair, recombinational repair, double-strand break
repair via homologous recombination, chromosome segregation, and spindle organization
(Supplementary Table S7). These functions are related to adaptive responses to aging and
disease-related stress conditions [62–64].

The key finding of this study is that differential gene expression in the fetal brain is
epigenetically regulated. DNA methylation in the fetal brain showed a relatively reduced
similarity in the cluster patterns between the AKR/J and Cav1-null strains compared to
that between the Cav1-null and C57BL/6J or AKR/J and C57BL/6J mice. However, the
gene expression pattern showed an opposite pattern. These opposite relationships between
gene expression and DNA methylation changes were consistent with known effects of
DNA methylation on gene expression [65], which were also evident in our data (Figure 9).
The results of this study further showed evidence for a non-random association between
genetic variations with the observed epigenetic variations in the fetal brain. We identified
DM sites that were enriched within 1 kb of SNPs identified in AKR/J compared to the
C57BL/6J strain. These methylations were associated with the genes that regulated the
epigenetic clock of aging in mice, supporting the idea that brain development and longevity
are epigenetically linked [2,46,66,67].

The connection between brain development and longevity may be linked to energy
consumption by the brain during fetal development [68]. An earlier study suggested that
reproduction and life-span are associated with common regulatory processes that center
around nutrient utilization and signaling [19]. During reproduction, more than 20% of the
available energy is used by the brain alone, while this organ represents only ~2% of the total
body mass [69]. In fact, the fetal brain consumes an amount of energy that is equivalent to
the energy consumed by the adult brain [70]. Due to the large allocation of maternal energy
to the developing brain which is supplied to the fetus via the placenta, the regulation
of placental functions and brain development are intricately related [71]. Influences of
the placenta on the development of the fetal brain are well documented [37,72–75]. The
regulation of the fetal brain and placental axis is vulnerable to maternal nutrition during
pregnancy [76–78]. The epigenome of the placenta influences fetal programming for brain
aging in mice [45,46]. Recently, we showed that the conditional knockout of the RE1
silencing transcription factor (REST), a regulator of neurogenesis and longevity, in the
placenta significantly altered gene expression of the offspring brain in adult life [45]. REST
plays key roles to control the maintenance of pluripotency and the self-renewal of stem
cells in the developing fetus [79] and regulates processes associated with longevity [80],
suggesting that REST can be a potential regulator of functional links between fetal brain
development and longevity.

The present study also has certain limitations. This study does not address how
placental development and/or function are regulated in short-lived mice compared to
long-lived mice. It also does not address if the genetic and epigenetic association is
transgenerational and if epigenetic inheritance can be a driving force for the evolution of
differential longevities between strains [81]. It is also unknown if energy allocation by the
placenta plays a role in the trade-off between early-life development and longevity [82].
These are important issues regarding the ongoing efforts by different biotech companies
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that are leveraging placenta-derived mesenchymal stem cell therapy to develop anti-aging
intervention treatments to extend human longevity [83–85].

Despite these limitations, the findings of the present study have significant broader
implications. Our study suggests a role of epigenetic alteration in SNP loci in the fetal
brain of mice that develop leukemia later in life. Epigenetics plays a significant role in the
regulation of the programmed senescence of cells [86]. In humans, programmed cellular
senescence contributes to neurodegeneration and debilitating brain diseases [87]. The asso-
ciation between leukemia and cognitive aging is also a major health issue among people
living with blood cancer [88]. A cross-sectional study has shown a functional decline in
cognition among people with chronic lymphatic leukemia [89]. Though correspondences in
DNA methylation between the blood and the brain are well documented [90–95], whether
leukemia and brain aging are epigenetically linked to blood DNA and the programmed
senescence of brain cells begs further investigation. Besides DNA methylation, our findings
also suggest that alternative splicing plays a role in the differential regulation of brain devel-
opment between short- and long-lived mice. While alternative splicing is well documented
in the aging brain [96–98], our data suggest that the alternative splicing of brain genes may
influence the molecular links between early development and aging. In conclusion, the
findings of this study collectively suggest that molecular changes, including epigenetic
alterations, in the developing fetal brain are functionally linked to the variation in longevity
in mice.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/genes15050604/s1; Table S1: Gene expression data (read
counts) of fetal brain samples of the three strains. The Ensembl ID of genes are listed. The strains
are abbreviated as A for AKR/J, B for C57BL/6J and C for B6.Cg-Cav1tm1Mls/J, Table S2: Differ-
ential gene expression analysis results. The abbreviations used are logFC: log fold changes of gene
expression, logCPM: log counts per million of reads; LR: likelihood ratio; p Value: raw p-value;
Table S3: The top three GO terms associated with each gene group, Table S4: List of all the GO terms
of biological, molecular and cellular functions significantly over-represented with each gene group,
Table S5: Significant enrichment of pathways by the DE gene groups, Table S6: List of splice variants
produced in the fetal brain at specific developmental time points in the mouse strains. The number
of the mapped reads to the splice junction sites in each sample is shown. If a junction site is novel,
it is indicated so. The motif types of the junction sites are also shown. The strains are abbreviated
as A for AKR/J, B for C57BL/6J and C for B6.Cg-Cav1tm1Mls/J (Cav1-null). The gestation days of
brain samples are shown d12, d15 and d17, Table S7: List of GO terms associated with the alternative
spliced genes in the fetal brain, Table S8: List of methylation sites and the beta-values of methylation
level in the d15 fetal brain (in two replicates) of the strains A (AKR/J), B (C57BL/6J) and C (Cav1-null),
Table S9: The list of SNPs found in close proximity (within 1 kb) with the CpG sites differentially
methylated in d15 fetal brain between the strains, Figure S1: Volcano plots showing significantly
upregulated genes (orange) or downregulated genes (green) between developmental times in each
strain. The title on the top of each plot shows the time points (d12, d15 or d17) in the strain (A
for AKR/J, B for C57BL/6J and C for B6.Cg-Cav1tm1Mls/J (Cav1-null) mice. The x-axis represents
the fold changes in gene expression in log scale, and y-axis represent the significance of differential
expression (false discovery rate) in log scale, Figure S2: Genome browser view of SNPs identified in
close proximity (<100 bp) of CpG sites differentially methylated between the strains. The strains are
shown as A for AKR/J, B for C57BL/6J and C for B6.Cg-Cav1tm1Mls/J (Cav1-null). The methylation
positions are shown as chromosome coordinate below the genes. The SNP IDs are shown below the
methylation sites. The strains compared are shown on the left of the plots.
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