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Abstract
Chromosome segregation errors in oocytes lead to the production of aneuploid eggs, 
which are the leading cause of pregnancy loss and of several congenital diseases such 
as Down syndrome. The frequency of chromosome segregation errors in oocytes in-
creases with maternal age, especially at a late stage of reproductive life. How aging 
at various life stages affects oocytes differently remains poorly understood. In this 
study, we describe aging-associated changes in the transcriptome profile of mouse 
oocytes throughout reproductive life. Our single-oocyte comprehensive RNA se-
quencing using RamDA-seq revealed that oocytes undergo transcriptome changes 
at a late reproductive stage, whereas their surrounding cumulus cells exhibit tran-
scriptome changes at an earlier stage. Calorie restriction, a paradigm that reportedly 
prevents aging-associated egg aneuploidy, promotes a transcriptome shift in oocytes 
with the up-regulation of genes involved in chromosome segregation. This shift is ac-
companied by the improved maintenance of chromosomal cohesin, the loss of which 
is a hallmark of oocyte aging and causes chromosome segregation errors. These 
findings have implications for understanding how oocytes undergo aging-associated 
functional decline throughout their reproductive life in a context-dependent manner.
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1  |  INTRODUC TION

Fertility in human females declines with age. Until menopause, 
which marks the end of the reproductive life by ceasing the ovula-
tion cycle, the rates of infertility and pregnancy loss increase with 
age. One of the major contributors to these increases is egg aneu-
ploidy. Aneuploidy is found in ~35% of spontaneous abortions, and 
most of the aneuploidies are derived from eggs (Nagaoka et al., 
2012). In fertility clinics, 30%–70% of human eggs are found to be 
aneuploid, and the rate of aneuploidy increases with age (Fragouli 
et al., 2011; Gabriel et al., 2011; Geraedts et al., 2011). Aneuploid 
eggs are produced by chromosome segregation errors during mei-
osis in oocytes. How maternal aging leads to elevated rates of 
chromosome segregation errors in oocytes remains incompletely 
understood (Chiang et al., 2012; Herbert et al., 2015; Jones & Lane, 
2013; Mihajlović & FitzHarris, 2018; Nagaoka et al., 2012; Webster 
& Schuh, 2017).

Aging impacts the transcriptome landscape of cells, and the ef-
fects depend on the type of cells. In ovarian follicles, oocytes com-
municate with their surrounding cumulus cells through gap junctions, 
which have critical roles in oocyte development and function (Kidder 
& Mhawi, 2002; Su et al., 2009). Although previous studies have de-
scribed aging-associated changes in the transcriptome of oocytes, 
whether those changes are coordinated with their surrounding cu-
mulus cells remains unknown. Previous studies used microarray ap-
proaches, which identified differential patterns of gene expression 
between the oocytes of young and old mice (Hamatani et al., 2004; 
Pan et al., 2008). Recently, single-oocyte RNA sequencing described 
transcriptome differences between mouse oocytes at 8  months 
old and at 1 month old (Zhang et al., 2019). However, chronological 
changes in the transcriptome landscape of single oocytes up to a late 
reproductive stage, at which aging-associated chromosome segrega-
tion errors are pronouncedly increased (e.g., 7–25% at ~15 months 
old in BDF1 mice (Pan et al., 2008; Chiang et al., 2010; Sakakibara 
et al., 2015)), remain unknown.

Reproduction can be affected by nutrition and by metabolic 
state. Calorie restriction (CR), which retards aging-associated func-
tional declines in many experimental models (Benayoun et al., 2015; 
Guarente, 2008; Zhang et al., 2020), prevents aging-associated in-
creases in egg aneuploidy in mouse oocytes (Selesniemi et al., 2011). 
CR prevents aging-associated increases in spindle abnormalities in 
oocytes (Selesniemi et al., 2011), which may partly explain the CR-
dependent prevention of aneuploidy. However, the vast majority of 
chromosome segregation errors in oocytes of naturally aged mice 
are preceded by precocious chromosome separation (Sakakibara 
et al., 2015). This defect is at least partly due to the aging-associated, 
irreversible reduction of chromosomal cohesin, a protein complex 
that mediates chromosome cohesion (Burkhardt et al., 2016; Chiang 
et al., 2010; Lister et al., 2010). Thus, the CR-dependent prevention 
of egg aneuploidy may be mediated by the suppression of aging-
associated reduction of chromosomal cohesin. Whether dietary 
conditions influence the aging-associated reduction of chromosomal 
cohesin in oocytes, and if so, whether the influences are associated 

with transcriptome changes in oocytes and their surrounding cumu-
lus cells, remains unknown.

In this study, we characterized the transcriptome datasets of 
single oocytes and their surrounding cumulus cells at different life 
stages up to a late reproductive stage in mice. The results show 
that oocytes exhibit dramatic changes in their transcriptome pro-
files at a late reproductive stage, whereas their surrounding cumulus 
cells undergo changes at an earlier stage. CR promoted a transcrip-
tomic shift in oocytes, with the up-regulation of genes involved in 
chromosome segregation. At the protein level, CR attenuated the 
aging-associated reduction of chromosomal cohesin. Thus, aging-
associated effects on oocytes depend on life stages and can be mod-
ified by dietary conditions.

2  |  RESULTS

2.1  |  Transcriptome profiling of single oocytes and 
their surrounding cumulus cells from mice at different 
life stages

To investigate aging-associated changes in the transcriptomic 
landscape of single oocytes and their surrounding cumulus cells, 
we obtained oocyte–cumulus complexes of fully grown follicles 
from young (2  months), from middle (9  months), and from old 
(14  months) BDF1  mice after hyperovulation (Figure 1a). In this 
strain of mice, aging-associated chromosome segregation errors 
are observed around 15 months old (Chiang et al., 2010; Pan et al., 
2008; Sakakibara et al., 2015). Consistently, our whole-mount im-
munostaining followed by 3D confocal imaging of oocytes showed 
that chromosome abnormalities at metaphase II (including prema-
ture separation of chromatids and abnormal numbers of kineto-
chores) increased during aging, gradually from 2 to 9 months and 
pronouncedly from 9 to 14 months (Figure S1a and S1b). Thus, 
the old mice analyzed in this study are suitable for exploring tran-
scriptome changes associated with age-related errors. Individual 
oocyte–cumulus complexes were separated into an oocyte and 
a pool of its surrounding cumulus cells, which were subjected to 
RamDA-seq, a technique for full-length total RNA sequencing 
(Hayashi et al., 2018) (Figure 1a). After sample filtration, the high-
quality transcriptomes of 46 single oocytes and their surrounding 
cumulus cells, which were collected from 2 young, 4 middle, and 3 
old mice, were retained for subsequent analyses. Using the data-
sets of young, middle, and old mice, we performed t-distributed 
stochastic neighbor embedding (t-SNE) dimensionality analysis. 
We detected two distinct cell clusters corresponding to oocytes 
and cumulus cells (Figure 1b, S2a and S2b), which indicated the 
robustness of our cell isolation technique. Moreover, oocytes col-
lected from old mice exhibited normal expression levels of Stella, 
Oct3/4, and Nyfa, marker genes for fully grown oocytes (Zuccotti 
et al., 2008) (Figure S2c), which confirmed that oocytes and cumu-
lus cells were collected from follicles at the same developmental 
stage.
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2.2  |  Oocytes undergo aging-associated 
transcriptome changes with increased heterogeneity 
at a late stage of reproductive life

We then separately analyzed datasets from oocytes and from their 
surrounding cumulus cells using principal component analysis (PCA) 
(Figure 1c). PCA of cumulus cells detected significant changes from 
young to middle mice along the PC2 axis, while no significant dif-
ference was detected from middle to old mice (Figure 1c, Cumulus). 

In contrast, PCA of oocytes detected no significant changes from 
young to middle mice along the PC1 axis that showed a significant 
difference from middle to old mice (Figure 1c, Oocyte). These re-
sults suggest that aging-associated global changes in the transcrip-
tome occur during relatively early life stages in cumulus cells, while 
oocytes largely maintain their transcriptome until they undergo 
global changes at a later life stage. Consistent with this idea, we 
detected a substantial number of differentially expressed genes 
(DEGs) in cumulus cells between young and middle mice (Middle 

F I G U R E  1 Transcriptome profiling of single oocytes and their surrounding cumulus cells from mice at different life stages. (a) Design 
overview of RNA sequencing with RamDA-seq for single oocytes and their surrounding cumulus cells from mice at different ages. (b) t-
SNE plot showing the distribution of single oocytes and their surrounding cumulus cells. Circles and triangles represent cumulus cells and 
oocytes, respectively. The pairs of oocytes and their surrounding cumulus cells are connected with a line. (c) PCA plot using all the expressed 
genes showing an aging-associated distribution. (left) cumulus cells and (right) oocytes. Pairwise t test with holm correction was performed 
(Cumulus: Y vs M, p = 1.1e-5; Y vs O, p = 6.2e-6; M vs O, p = 0.84; Oocyte: Y vs M, p = 0.755; Y vs O, p = 0.0049; M vs O, p = 0.0107). (d) 
Histogram showing the number of up-regulated or down-regulated DEGs between young and middle or old groups in cumulus cells (left) and 
oocytes (right). (e) The profile of oocytes is not predictable from that of cumulus cells. Plot showing the relationship between eigen values of 
aging-associated PC axes from oocytes and that from their corresponding cumulus cells
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down-regulated: n = 225; up-regulated: n = 190), as well as between 
young and old mice (Aged down-regulated: n = 520; up-regulated: 
n = 350) (Figure 1d, Cumulus; Figure S3a). In contrast, the number of 
DEGs in oocytes was small between young and middle mice (Middle 
down-regulated: n = 3; Middle up-regulated: n = 10), but it dramati-
cally increased between young and old mice (Aged down-regulated: 
n = 1,201; up-regulated: n = 1,663) (Figure 1d, Oocyte; Figure S3b). 
Pairwise analysis of oocytes and their surrounding cumulus cells 
showed that the PC2  values of oocytes were not correlated with 
the PC1 values of cumulus cells (Figure 1e), suggesting that aging-
associated transcriptome changes are poorly coordinated between 
the oocyte and its surrounding cumulus cells in individual follicles. 
These results were largely reproduced by experiments with a second 
set of samples, which included oocytes and their cumulus cells from 
mice at 2, 4, 9, and 14 months old (Figure S3c–e). We also examined 
samples from 2-month-old mice without hyperovulation, and found 
that hyperovulation had a substantial impact on the transcriptome 
of cumulus cells but not on that of oocytes (Figure S3f). Collectively, 
these results indicate that oocytes undergo aging-associated tran-
scriptome changes at a late stage of reproductive life, in an uncoor-
dinated fashion with their surrounding cumulus cells.

2.3  |  Distinct characteristics of aging-associated 
genes between oocytes and cumulus cells

Gene ontology (GO) analysis of DEGs revealed distinct characteris-
tics of aging-associated changes in transcriptomes between oocytes 
and cumulus cells. Comparison of the datasets of old mice to those 
of young mice showed that in cumulus cells, genes involved in tran-
scription regulation were predominantly down-regulated with aging, 
while genes involved in DNA damage/repair and cell cycle regulation 
were up-regulated (Figure 2a). In contrast, in oocytes, genes involved 
in DNA damage response and in utero embryonic development were 
down-regulated with aging, while genes related to chromatin regu-
lation, such as nucleosome assembly and epigenetic modification, 
were markedly up-regulated (Figure 2b). Moreover, genes involved 
in cell cycle regulation were aberrantly regulated in the oocytes of 
old mice, consistent with previous reports (Hamatani et al., 2004; 
Pan et al., 2008). DEGs detected in the oocytes of middle mice in-
cluded genes involved in oxidation–reduction processes and steroid 
hormone synthesis (Figure S3g).

To identify regulators of the aging-associated changes in gene 
expression, we constructed transcriptional regulatory networks of 
core transcriptional regulators and their target genes (Huynh-Thu 
et al., 2010). That analysis revealed a core hub of aging-up-regulated 

genes, including Luzp4, Gm15093, Tia1, Gm15127, and Gm15109, and 
a core hub of aging-down-regulated genes, including Fos, Fosb, Sik1, 
Zfp36, and Jun, in cumulus cells (Figure 2c). However, in oocytes, the 
connections of the network were relatively weak, although lowering 
the detection thresholds allowed us to identify a potential hub that 
regulates the expression of genes associated with aging (Figure 2d). 
Together, our results reveal the regulatory networks of gene expres-
sion programs underlying the aging of oocytes and their surrounding 
cumulus cells.

2.4  |  Pronounced effects of calorie restriction on 
transcriptome profiles in oocytes

We next analyzed whether transcriptome profiles in oocytes 
and their surrounding cumulus cells are affected by CR. We used 
an adult-onset 40% feeding regimen that was reported to pre-
vent aging-associated oocyte aneuploidy (Selesniemi et al., 2011; 
Turturro et al., 1999), and obtained oocytes and their surrounding 
cumulus cells from 9-month-old (middle) mice (n = 27 oocytes from 
3 mice) (Figure 3a). t-SNE analysis demonstrated that oocytes from 
CR mice formed a cluster that was distinct from oocytes from ad 
libitum-fed (AL) mice at any age, while the cluster of cumulus cells 
from CR mice was positioned adjacent to that of cumulus cells from 
AL mice (Figure 3b). While PCA of cumulus cells showed no clear 
separation between CR-middle and AL-middle mice along an axis that 
appeared to represent aging-associated effects (Figure 3c, Cumulus, 
along the PC2 axis), CR tended to shift oocytes in the opposite di-
rection to aging-associated effects along the PC1 axis (Figure 3c, 
Oocyte, compare CR-middle with AL-middle). Moreover, oocytes 
showed a substantially greater number of DEGs between CR-middle 
and AL-middle mice (CR down-regulated: n = 3,488, up-regulated: 
n = 3,630), compared to cumulus cells (CR down-regulated: n = 416, 
up-regulated: n = 593; Figure 3d). These results suggest that oocytes 
have a greater transcriptome response to CR than cumulus cells.

The GO analysis revealed that CR preferentially down-regulated 
genes involved in translation, mitochondrial translation, and tran-
scription in oocytes (Figure 3e). Interestingly, GO terms for CR-
up-regulated genes in oocytes included cell cycle/division, DNA 
damage/repair, nuclear division, and chromosome segregation 
(Figure 3e), while their surrounding cumulus cells had up-regulated 
genes involved in DNA replication and cell cycle (Figure S4a). Up-
regulated genes involved in chromosome segregation in oocytes in-
cluded those encoding proteins regulating kinetochore-microtubule 
attachment (Knl1, CENP-E/H/W/F, Spc25, Mis12, Ndc80, Ska3, 
Bub1, HJURP, and Meikin), spindle assembly (Kif2c, Kif11, and Nek2), 

F I G U R E  2 Distinct characteristics of aging-associated genes between oocytes and cumulus cells. (a) Representative GO terms of down-
regulated (top) and up-regulated (bottom) enrichment between young and old cumulus cells. (b) Representative GO terms of down-regulated 
(top) and up-regulated (bottom) enrichment between young and old oocytes. (c) Regulatory networks visualizing potential key transcriptional 
regulators in cumulus cells associated with aging. Down-regulated and up-regulated top 10 nodes are colored dark blue and dark red, 
respectively. (d) Regulatory networks visualizing potential key transcriptional regulators in oocytes associated with aging. Down-regulated 
and up-regulated top 10 nodes were colored in dark blue and dark red, respectively. The threshold used for regulator-target connection in 
oocytes was lower than in cumulus cells
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and chromosome cohesion (Stag1/SA1, Sgo1, Rad21, and Esco2). 
Construction of transcriptional regulatory networks suggested core 
regulators of CR-associated changes in cumulus cells and oocytes 
(Figure S4b and S4c). Overall, our analysis demonstrates that CR 
substantially affects oocytes with transcriptome changes includ-
ing the elevated transcription of genes involved in chromosome 
segregation.

2.5  |  Calorie restriction attenuates 
aging-associated reduction of chromosomal cohesin

The finding of CR-dependent up-regulation of genes involved 
in chromosome segregation, including chromosome cohesion, 
prompted us to explore the possibility that CR influences chro-
mosomal cohesin, the loss of which with aging is best described 
as a molecular hallmark of oocytes undergoing chromosome seg-
regation errors (Chiang et al., 2010; Lister et al., 2010). To sensi-
tively detect chromosomal cohesin, we microinjected antibodies 
against Rec8, a meiotic cohesin subunit essential for chromosome 
cohesion, into oocytes, fixed them for immunostaining (Lee et al., 
2011), and then analyzed by an automated pipeline for measur-
ing signal intensities on chromosomes (Figure 4a). This objective 
quantification demonstrated that levels of chromosomal Rec8 in 
middle oocytes were significantly reduced compared to young 
oocytes. These observations confirmed the findings of previous 
studies (Chiang et al., 2011; Lister et al., 2010) and demonstrate 
that the aging-associated reduction of chromosomal cohesin is 
initiated at relatively early life stages. Notably, the levels of chro-
mosomal Rec8 in CR oocytes were significantly higher than those 
in AL oocytes at middle age (Figure 4a,b). These results show that 
CR attenuates the aging-associated reduction of chromosomal co-
hesin in oocytes.

3  |  DISCUSSION

The results of this study indicate that aging-associated effects on 
ovarian follicles depend on cell type, life stage, and dietary condi-
tions. Whereas cumulus cells undergo aging-associated transcrip-
tome changes during early stages of reproductive life, oocytes 
undergo transcriptome changes at later stages of reproductive life. 
CR impacts the transcriptome of oocytes to a greater extent than 
that of cumulus cells. CR up-regulates genes involved in chromo-
some segregation, which is associated with the improved mainte-
nance of chromosomal cohesin.

Our results indicate that oocytes and their surrounding cumulus 
cells undergo different aging-associated changes in transcriptome 
profiles. The transcriptome profile of oocytes is relatively stable 
against aging during the early stages of reproductive life, compared 
to the transcriptome profile of cumulus cells. In the late stages of 
reproductive life, however, oocytes undergo global changes in the 
transcriptome. These late-onset changes appear to be associated 
with a sharp increase in the rate of aneuploidy in eggs during the late 
stages of reproductive life, although whether this is a causal rela-
tionship is unknown. Our single-oocyte approach allowed us to per-
form a pairwise analysis of oocytes and their surrounding cumulus 
cells, which suggested that the degree of aging of individual oocytes 
at the transcriptome level is unpredictable from the transcriptome of 
their surrounding cumulus cells.

Our results demonstrate that CR substantially impacts oocytes. 
CR elevated the expression of genes involved in chromosome segre-
gation and attenuated aging-associated reduction of chromosomal 
cohesin. Whether these effects contribute to the CR-dependent 
prevention of egg aneuploidy, reported previously (Selesniemi 
et al., 2011), remains unknown. Our study did not directly address 
CR-dependent prevention of egg aneuploidy, for which readers are 
referred to (Selesniemi et al., 2011). The connection between nu-
trition and oocyte quality is observed in several animal models. In 
Drosophila, a proper nutrient state during oogenesis is critical for the 
establishment of the unique quiescent state of oocytes (Sieber et al., 
2016). In mammals, primordial oocytes are retained in a quiescent 
state that is prolonged with aging, and proteostatic regulation during 
the primordial stage is critical for the long-term maintenance of chro-
mosomal cohesin (Burkhardt et al., 2016; Reichmann et al., 2020). 
Mouse oocytes have a functional insulin signaling cascade (Acevedo 
et al., 2007), which may be involved in the transcriptional response 
to CR. Insulin signaling is a key regulator of the function of mito-
chondria, which are the primary source of reactive oxygen species 
(ROS) (Guarente, 2008). In Drosophila, levels of the ROS scavenger 
superoxide dismutase (SOD) are critical for the long-term mainte-
nance of chromosome cohesion in oocytes (Marquardt et al., 2016; 
Perkins et al., 2016). Thus, the modulation of oxidative stress is a po-
tential mechanism that might be responsible for the CR-dependent 
attenuation of aging-associated reduction of chromosomal cohesin 
in oocytes. Alternatively, the up-regulation of genes involved in the 
maintenance of chromosome cohesion may also be involved in the 
CR-dependent effects on chromosomal cohesin.

Overall, this study reveals life stage-dependent changes in the 
transcriptome of oocytes and the influence of CR. Further investi-
gation of molecular links from nutrition signals to aging-associated 
transcriptome dysregulation and protein deterioration in oocytes 

F I G U R E  3 Pronounced effects of CR on transcriptome profiles in oocytes. (a) Design overview of CR. Note that the AL datasets used in 
this figure are identical to those used in Figure 1. (b) t-SNE plot showing the distribution of single oocytes and their surrounding cumulus 
cells. Circles and triangles represent cumulus cells and oocytes, respectively. The pairs of oocytes and their surrounding cumulus cells 
are connected with a line. (c) PCA plot of all expressed genes in cumulus cells (left) and in oocytes (right), respectively. **p < 0.01 and 
***p < 0.001 (pairwise t test with holm correction). (d) The number of DEGs between CR and AL in oocytes at middle age. (e) Representative 
GO terms of down-regulated (top) and up-regulated (bottom) enrichment between CR and AL oocytes
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will be important for understanding the maintenance of female re-
productive lifespan.

4  |  E XPERIMENTAL PROCEDURES

4.1  |  Mice

All animal experiments were approved by the Institutional Animal 
Care and Use Committee at RIKEN Kobe Branch (IACUC). B6D2F1 
(C57BL/6 × DBA/2) female mice were used to obtain oocytes. For 
CR, we used an adult-onset 40% feeding regimen as previously de-
scribed (Selesniemi et al., 2011; Turturro et al., 1999). Mice were 
housed individually and fed once a day with a restricted amount of 
MFG (Oriental Kobo). CR was initiated in a stepwise manner: 10% 
CR at 14 weeks (3.5 months), 25% CR at 15 weeks, and 40% CR at 
16 weeks (4 months). The 40% CR was continued until 9 months of 
age. Water was provided AL. Effectiveness of the CR protocol was 
confirmed by monitoring body weight.

4.2  |  Oocyte collection

Mice were injected for hyperovulation with equine chorionic gonad-
otropin (eCG, ASKA Pharmaceutical) or CARD HyperOva (KYUDO). 
Ovaries were collected 48 h after injection and put into M2 medium 
containing 200 nM 3-isobutyl-1-methyl-xanthine (IBMX, Sigma) at 
37°C. Fully grown follicles were dissected to obtain cumulus–oocyte 
complexes. From each follicle, an oocyte and a pool of its surround-
ing cumulus cells were isolated with gentle pipetting. Oocytes at 
the GV stage and their surrounding cumulus cells were retained 
for further experiments. After washed in 0.1% PBA in PBS, indi-
vidual oocytes and their surrounding cumulus cells were manually 

collected in 10  μl cell lysis buffer [10 U RNasein plus (Promega), 
10% RealTime ready Cell Lysis Buffer (Roche), 0.3% NP40 (Thermo 
Fisher Scientific), and RNase-free water (TAKARA)] in a 0.2 mL single 
tube. The collected cell samples were lysed and stored at −80℃ until 
downstream preparation.

4.3  |  RamDA-seq

The sample single-tubes were assembled into a 96-well plate format 
by a tube tray and holder (Nalge Nunc). The cell lysates were dis-
solved at 10°C and were agitated for 2 min at 2,000  rpm using a 
ThermoMixer C at 4°C. The dissolved cell lysates were denatured 
at 70°C for 90  s. For oocyte samples, 10 µl genomic DNA diges-
tion mix (0.5× PrimeScript Buffer, 2 U DNase I Amplification Grade, 
1 µl 500,000-fold diluted ERCC RNA Spike-In Mix I (Thermo Fisher 
Scientific) in RNase-free water) was added to 10 µl of each dena-
tured sample, which was then incubated at 30°C for 5 min and held 
at 4°C. Two µl of the digested products was dispensed into 96-well 
PCR plates, and 1 µl reverse transcription with random displacement 
amplification (RT-RamDA) mix (2.5× PrimeScript Buffer, 0.6  pmol 
oligo(dT)18 (Thermo Fisher Scientific), 8  pmol 1st-NSRs 100  ng 
T4 gene 32 protein (New England Biolabs), and 3× PrimeScript en-
zyme mix (TAKARA) in RNase-free water) were added. The samples 
were incubated at 25°C for 10 min, at 30°C for 10 min, at 37°C for 
30 min, at 50°C for 5 min, and then at 94°C for 5 min. For cumulus 
cell samples, the denatured cell lysate samples were added to 10 µl 
genomic DNA digestion mix including 1  µl 100,000-fold diluted 
ERCC RNA Spike-In Mix I and incubated under the same conditions 
as the oocyte samples. After genomic DNA digestion, 6 µl of the 
products was dispensed into 96-well PCR plates and 9 µl RNase-free 
water was added to adjust the RNA amount to the oocyte samples, 
and 1 µl of the diluted products was re-dispensed into new 96-well 

F I G U R E  4 CR attenuates the aging-
associated reduction of chromosomal 
cohesin. (a) Oocytes were stained for 
Rec8 (green) and DNA (Hoechst33342, 
magenta). Z-projection images are shown. 
Scale bar, 10 μm. (b) Chromosomal 
Rec8 signals were quantified. Wilcoxon 
rank sum test with holm correction was 
performed (AL-young v.s. AL-middle, 
p = 3.5e-14; AL-middle v.s. CR-middle, 
2.8e-16)
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PCR plates. The samples were added to 2 µl component-adjusting 
RT-RamDA mix (4% RealTime ready Cell Lysis Buffer, 0.12% NP40, 
1.45× PrimeScript Buffer, 0.16 U DNase I Amplification Grade, 
0.6 pmol oligo(dT)18, 8 pmol 1st-NSRs 100 ng T4 gene 32 protein 
and 1.5× PrimeScript enzyme mix in RNase-free water). The samples 
were incubated under the same conditions as the oocyte samples. 
After RT-RamDA, the samples were added to 2  µl second-strand 
synthesis mix [2.5× NEB buffer 2 (New England Biolabs), 0.625 mM 
each dNTP Mixture (TaKaRa), 40 pmol 2nd-NSRs and 0.75 U Klenow 
Fragment (3’-5’ exo-) (New England Biolabs) in RNase-free water] 
and incubated at 16℃ for 60 min, then at 70℃ for 10 min. The sec-
ond stranded cDNAs were purified using 15 μl AMPure XP beads 
(Beckman Coulter) and a handmade 96-well magnetic stand for low 
volumes. The double-stranded cDNAs were directly eluted with 
3.75 μl 1.33 × diluted Tagment DNA Buffer (Illumina) and mixed well 
using a vortex mixer and pipetting. Sequencing libraries were gener-
ated using the Tn5 tagmentation-based method with 1/4 volumes 
of the Nextera XT DNA Library Preparation Kit (Illumina) according 
to the manufacturer's protocol. Fourteen cycles of PCR were ap-
plied for the library DNA. After PCR, sequencing library DNA was 
purified using 1.2× the volume of AMPure XP beads and eluted into 
24 μl TE buffer. RamDA-seq libraries were quantified and evaluated 
using a MultiNA DNA-12000  kit (Shimadzu). The sequencing was 
performed with Illumina NextSeq 500 High Output v2 (75 cycles; 
single-end reads), and 74 individual oocytes and 72 cumulus cell 
samples were sequenced. Additionally, as a reproducibility experi-
ment, 127 individual oocytes and 127 cumulus cell samples were 
prepared and sequenced in a same manner.

4.4  |  Sequence data analysis

Hisat2 v2.0.5 (Kim et al., 2015) was used to map the reads to the 
mouse genome (GRCm38) after trimming adaptor sequences and 
low-quality bases using Fastq-mcf v1.04.807 (Aronesty, 2011). The 
resulting binary alignment/map (BAM) files were sorted using sam-
tools (Li et al., 2009), and final mapping qualities were assessed using 
RSeQC v2.6.4 (Wang et al., 2012). The featureCounts v1.5.1 tool of 
the Subread package (Liao et al., 2013) was used to generate counts 
of reads multi-mapped to annotated genes using the GENCODE 
(vM15) annotation gtf file. We evaluated the quality control metrics 
to filter out low-quality samples but our data did not contain a low-
quality sample. We manually removed one pair of samples because 
following data analysis indicated that the pair did not include oo-
cytes. Using the remaining data derived from 73 individual oocytes 
and 71 cumulus cell samples, we performed downstream analysis.

Based on the Log10 transformed RPKM values of the expres-
sion, we visualized t-SNE plots using the Rtsne package in R (Krijthe, 
2015). PCA was also conducted using R (R Core Team, 2020).

DEGs (false discovery rate, FDR <0.05) were identified with 
the edgeR package (Robinson et al., 2009) in R, which normalizes 
library sizes with the trimmed mean of M values (TMM) method, 
using the dataset of genes expressed in at least 5  samples. 

Aging- or CR-associated GO were identified using DAVID v6.8 (GO 
term Biological Process Direct) (Huang et al., 2008).

To identify potential key transcriptional regulators, we per-
formed regulatory network analysis with a GENIE3 package, a ran-
dom forest method that computes the links between each gene and 
all other genes (Huynh-Thu et al., 2010). We used raw read counts 
of aging- or dietary-associated DEGs (>0.5 log2-fold coverage, FDR 
<0.05) as input. Only the transcriptional regulator-target connected 
with above thresholds (cumulus: 0.030, oocyte: 0.015) were re-
tained and used for the network analysis. The resulting networks 
were visualized using CytoScape 3.8 (Shannon et al., 2003).

4.5  |  Immunostaining

Oocytes that underwent nuclear envelope breakdown (NEBD) 
within 60 min after the induction of meiotic resumption were col-
lected after 14–18hr after NEBD. The oocytes were fixed with a 
fixation buffer (1.6% paraformaldehyde in 100 mM PIPES (pH7.0), 
1 mM MgCl2, 0.1% Triton-X100) at room temperature for 30 min. 
After washing 4 times, the oocytes were incubated in PBT (PBS 
+0.1% Triton-X100) at 4°C overnight. The oocytes were blocked 
with 3% BSA-PBT at room temperature for 1  h and then incu-
bated with human anti-centromere antibodies (ACA, Antibodies 
Incorporated, 15–234) at 1:200 in 3% BSA-PBT at 4°C overnight. 
The oocytes were washed four times in 3% BSA-PBT and incubated 
with secondary antibodies in 3% BSA-PBT at room temperature for 
2 h. The secondary antibody used was Alexa Fluor 488 goat anti-
rabbit IgG (H+L) highly cross-adsorbed or anti-human IgG (H+L) 
cross-adsorbed (Molecular Probes). DNA was counterstained with 
5 µg/ml Hoechst33342 (Invitrogen). For imaging, a customized Zeiss 
LSM780 confocal microscope equipped with a 40×C-Apochromat 
1.2NA water immersion objective lens (Carl Zeiss) was used. We 
recorded z-confocal sections (every 0.5 μm) of 512 × 512 pixel xy 
images to capture all chromosomes.

For cohesin immunostaining, we used a protocol modified from a 
previous study (Lee et al., 2011). Fully grown oocytes were incubated 
in IBMX-free M2 medium for 5 h at 37°C. Oocytes at metaphase 
I were microinjected with 4 pl purified Rec8 antibody (0.4 mg/ml) 
(Ding et al., 2018) and incubated for 8 min at 37°C before fixation.

4.6  |  Image analysis

Fiji (https://fiji.sc/) was used to quantify fluorescent signals. To de-
fine regions of interest (ROIs) for Rec8 signals, a threshold value for 
segmentation was defined by the Otsu algorithm with z-projected, 
Gaussian (sigma 2)-blurred images around chromosomes. The thresh-
old value was used for image segmentation on individual z-slices. 
The integrated signal intensities on ROIs of all z-slices were used 
to calculate the mean intensity of Rec8  signals on chromosomes. 
Cytoplasmic mean intensity was measured by manually selecting a 
representative region. The mean intensity of Rec8 on chromosomes 

https://fiji.sc/
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was subtracted with the cytoplasmic intensity. The procedure of 
image analysis was automated with an in-house macro in Fiji.

For counting the number of kinetochores, the positions and num-
ber of kinetochores were manually determined in 3D-reconstructed 
images in Imaris (Bitplane).

ACKNOWLEDG EMENTS
We thank the animal facilities of RIKEN Kobe. N.T. was supported 
by the RIKEN JRA program. We also thank A. Matsushima (RIKEN 
BDR) for assistance with the infrastructure for the data analysis. 
This work was supported by research grants MEXT/JSPS KAKENHI 
JP16H06161/JP18H05549/JP21H02407 to T.S.K., JST CREST 
(JPMJCR16G3 and JPMJCR1926) to I.N., JP18J00928 to T.M., and 
by RIKEN BDR and All-RIKEN Research Project “Integrated life sci-
ence research to challenge super aging society.”

CONFLIC T OF INTERE S T
The authors confirm that they have no conflict of interest.

AUTHOR CONTRIBUTIONS
T.M. performed data analysis and interpreted the data. N.T. per-
formed the CR experiments, cohesin quantification, and sample 
preparation. T.H., M.Y., and M.U. performed RamDA-seq and data 
analysis. M.M. and Y.I. performed sample preparation. H.H., I.N., and 
T.S.K. designed, conceptualized and supervised the project, inter-
preted the data and wrote the manuscript.

DATA AVAIL ABILIT Y S TATEMENT
The RamDA-seq data of mouse oocytes and cumulus cells were de-
posited into Gene Expression Omnibus (GEO) repository and are ac-
cessible through GEO accession number GSE15​9281.

ORCID
Itoshi Nikaido   https://orcid.org/0000-0002-7261-2570 
Tomoya S. Kitajima   https://orcid.org/0000-0002-6486-7143 

R E FE R E N C E S
Acevedo, N., Ding, J., & Smith, G. D. (2007). Insulin signaling in mouse 

oocytes. Biology of Reproduction, 77, 872–879.
Aronesty, E. (2011). ea-utils: Command-line tools for processing biological 

sequencing data. Available at: https://github.com/Expre​ssion​Analy​
sis/ea-utils.

Benayoun, B. A., Pollina, E. A., & Brunet, A. (2015). Epigenetic regula-
tion of ageing: Linking environmental inputs to genomic stability. 
Nature Reviews Molecular Cell Biology, 16, 593–610. https://doi.
org/10.1038/nrm4048.

Burkhardt, S., Borsos, M., Szydlowska, A., Godwin, J., Williams, S. A., 
Cohen, P. E., Hirota, T., Saitou, M., & Tachibana-Konwalski, K. 
(2016). Chromosome cohesion established by Rec8-Cohesin in 
fetal oocytes is maintained without detectable turnover in oocytes 
arrested for months in mice. Current Biology, 26, 678–685. https://
doi.org/10.1016/j.cub.2015.12.073.

Chiang, T., Duncan, F. E., Schindler, K., Schultz, R. M., & Lampson, M. 
A. (2010). Evidence that weakened centromere cohesion is a lead-
ing cause of age-related aneuploidy in oocytes. Current Biology, 20, 
1522–1528. https://doi.org/10.1016/j.cub.2010.06.069.

Chiang, T., Schultz, R. M., & Lampson, M. A. (2011). Age-dependent sus-
ceptibility of chromosome cohesion to premature separase activa-
tion in mouse oocytes. Biology of Reproduction, 85, 1279–1283.

Chiang, T., Schultz, R. M., & Lampson, M. A. (2012). Meiotic origins of 
maternal age-related aneuploidy. Biology of Reproduction, 86, 1–7.

Ding, Y., Kaido, M., Llano, E., Pendas, A. M., & Kitajima, T. S. (2018). The 
post-anaphase SUMO pathway ensures the maintenance of cen-
tromeric cohesion through meiosis I-II transition in mammalian oo-
cytes. Current Biology, 28, 1661–1669.e4. https://doi.org/10.1016/j.
cub.2018.04.019.

Fragouli, E., Alfarawati, S., Goodall, N.-N.-N., Sánchez-García, J. F., Colls, 
P., & Wells, D. (2011). The cytogenetics of polar bodies: insights 
into female meiosis and the diagnosis of aneuploidy. Molecular 
Human Reproduction, 17, 286–295. https://doi.org/10.1093/moleh​
r/gar024.

Gabriel, A., Thornhill, A., Ottolini, C., Gordon, A., Brown, A., Taylor, J., 
Bennett, K., Handyside, A., & Griffin, D. (2011). Array comparative 
genomic hybridisation on first polar bodies suggests that non-
disjunction is not the predominant mechanism leading to aneu-
ploidy in humans. Journal of Medical Genetics, 48, 433–437. https://
doi.org/10.1136/jmg.2010.088070.

Geraedts, J., Montag, M., Magli, C. M., Repping, S., Handyside, A., 
Staessen, C., Harper, J., Schmutzler, A., Collins, J., Goossens, V., 
van der Ven, H., Vesela, K., & Gianaroli, L. (2011). Polar body array 
CGH for prediction of the status of the corresponding oocyte. Part 
I: clinical results. Human Reproduction, 26, 3173–3180. https://doi.
org/10.1093/humre​p/der294.

Guarente, L. (2008). Mitochondria—A nexus for aging, calorie restric-
tion, and sirtuins? Cell, 132, 171–176. https://doi.org/10.1016/j.
cell.2008.01.007.

Hamatani, T., Falco, G., Carter, M. G., Akutsu, H., Stagg, C. A., Sharov, 
A. A., Dudekula, D. B., VanBuren, V., & Ko, M. S. H. (2004). Age-
associated alteration of gene expression patterns in mouse oo-
cytes. Human Molecular Genetics, 13, 2263–2278. https://doi.
org/10.1093/hmg/ddh241.

Hayashi, T., Ozaki, H., Sasagawa, Y., Umeda, M., Danno, H., & Nikaido, I. 
(2018). Single-cell full-length total RNA sequencing uncovers dynam-
ics of recursive splicing and enhancer RNAs. Nature Communications, 
9, 619. https://doi.org/10.1038/s4146​7-018-02866​-0.

Herbert, M., Kalleas, D., Cooney, D., Lamb, M., & Lister, L. (2015). Meiosis 
and maternal aging: Insights from aneuploid oocytes and trisomy 
births. Cold Spring Harbor Perspectives in Biology, 7, a017970. 
https://doi.org/10.1101/cshpe​rspect.a017970.

Huang, D. W., Sherman, B. T., & Lempicki, R. A. (2008). Systematic and 
integrative analysis of large gene lists using DAVID bioinformatics 
resources. Nature Protocols, 4, 44–57.

Huynh-Thu, V. A., Irrthum, A., Wehenkel, L., & Geurts, P. (2010). Inferring 
regulatory networks from expression data using tree-based 
methods. PLoS One, 5, e12776. https://doi.org/10.1371/journ​
al.pone.0012776.

Jones, K. T., & Lane, S. I. (2013). Molecular causes of aneuploidy in mam-
malian eggs. Development, 140. https://doi.org/10.1242/dev.090589.

Kidder, G., & Mhawi, A. (2002). Gap junctions and ovarian folliculo-
genesis. Reproduction, 123, 613–620. https://doi.org/10.1530/
rep.0.1230613.

Kim, D., Langmead, B., & Salzberg, S. L. (2015). HISAT: A fast spliced 
aligner with low memory requirements. Nature Methods, 12, 357–
360. https://doi.org/10.1038/nmeth.3317.

Krijthe, J. H. (2015). Rtsne: T-distributed stochastic neighbor embedding 
using a Barnes-Hut implementation. Available at: https://github.com/
jkrij​the/Rtsne.

Lee, J., Ogushi, S., Saitou, M., & Hirano, T. (2011). Condensins I and II 
are essential for construction of bivalent chromosomes in mouse 
oocytes. Molecular Biology of the Cell, 22, 3465–3477. https://doi.
org/10.1091/mbc.e11-05-0423.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159281
https://orcid.org/0000-0002-7261-2570
https://orcid.org/0000-0002-7261-2570
https://orcid.org/0000-0002-6486-7143
https://orcid.org/0000-0002-6486-7143
https://github.com/ExpressionAnalysis/ea-utils
https://github.com/ExpressionAnalysis/ea-utils
https://doi.org/10.1038/nrm4048
https://doi.org/10.1038/nrm4048
https://doi.org/10.1016/j.cub.2015.12.073
https://doi.org/10.1016/j.cub.2015.12.073
https://doi.org/10.1016/j.cub.2010.06.069
https://doi.org/10.1016/j.cub.2018.04.019
https://doi.org/10.1016/j.cub.2018.04.019
https://doi.org/10.1093/molehr/gar024
https://doi.org/10.1093/molehr/gar024
https://doi.org/10.1136/jmg.2010.088070
https://doi.org/10.1136/jmg.2010.088070
https://doi.org/10.1093/humrep/der294
https://doi.org/10.1093/humrep/der294
https://doi.org/10.1016/j.cell.2008.01.007
https://doi.org/10.1016/j.cell.2008.01.007
https://doi.org/10.1093/hmg/ddh241
https://doi.org/10.1093/hmg/ddh241
https://doi.org/10.1038/s41467-018-02866-0
https://doi.org/10.1101/cshperspect.a017970
https://doi.org/10.1371/journal.pone.0012776
https://doi.org/10.1371/journal.pone.0012776
https://doi.org/10.1242/dev.090589
https://doi.org/10.1530/rep.0.1230613
https://doi.org/10.1530/rep.0.1230613
https://doi.org/10.1038/nmeth.3317
https://github.com/jkrijthe/Rtsne
https://github.com/jkrijthe/Rtsne
https://doi.org/10.1091/mbc.e11-05-0423
https://doi.org/10.1091/mbc.e11-05-0423


    |  11 of 11MISHINA et al.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, 
G., Abecasis, G., Durbin, R. & Subgroup 1000 Genome Project 
Data Processing (2009). The sequence alignment/map format and 
SAMtools. Bioinformatics, 25, 2078–2079. https://doi.org/10.1093/
bioin​forma​tics/btp352.

Liao, Y., Smyth, G. K., & Shi, W. (2013). featureCounts: an efficient gen-
eral purpose program for assigning sequence reads to genomic fea-
tures. Bioinformatics, 30, 923–930. https://doi.org/10.1093/bioin​
forma​tics/btt656.

Lister, L., Kouznetsova, A., Hyslop, L., Kalleas, D., Pace, S., Barel, J., 
Nathan, A., Floros, V., Adelfalk, C., Watanabe, Y., Jessberger, R., 
Kirkwood, T. B., Höög, C., & Herbert, M. (2010). Age-related mei-
otic segregation errors in mammalian oocytes are preceded by 
depletion of cohesin and Sgo2. Current Biology, 20, 1511–1521. 
https://doi.org/10.1016/j.cub.2010.08.023.

Marquardt, J. R., Perkins, J. L., Beuoy, K. J., & Fisk, H. A. (2016). Modular 
elements of the TPR domain in the Mps1 N terminus differentially 
target Mps1 to the centrosome and kinetochore. Proceedings of 
the National Academy of Sciences, 113, 7828–7833. https://doi.
org/10.1073/pnas.16074​21113.

Mihajlović, A. I., & FitzHarris, G. (2018). Segregating chromosomes in the 
mammalian oocyte. Current Biology, 28, R895–R907. https://doi.
org/10.1016/j.cub.2018.06.057.

Nagaoka, S. I., Hassold, T. J., & Hunt, P. A. (2012). Human aneuploidy: 
mechanisms and new insights into an age-old problem. Nature 
Reviews Genetics, 13, 493–504. https://doi.org/10.1038/nrg3245.

Pan, H., Ma, P., Zhu, W., & Schultz, R. M. (2008). Age-associated increase 
in aneuploidy and changes in gene expression in mouse eggs. 
Developmental Biology, 316, 397–407. https://doi.org/10.1016/j.
ydbio.2008.01.048.

Perkins, A. T., Das, T. M., Panzera, L. C., & Bickel, S. E. (2016). Oxidative 
stress in oocytes during midprophase induces premature loss of 
cohesion and chromosome segregation errors. Proceedings of the 
National Academy of Sciences, 113, E6823–E6830. https://doi.
org/10.1073/pnas.16120​47113.

R Core Team (2020). R: A Language and Environment for Statistical 
Computing. Available at: https://www.R-proje​ct.org/.

Reichmann, J., Dobie, K., Lister, L. M., Crichton, J. H., Best, D., MacLennan, 
M., Read, D., Raymond, E. S., Hung, C.-C., Boyle, S., Shirahige, K., 
Cooke, H. J., Herbert, M., & Adams, I. R. (2020). Tex19.1 inhibits the 
N-end rule pathway and maintains acetylated SMC3 cohesin and 
sister chromatid cohesion in oocytes. Journal of Cell Biology, 219.

Robinson, M. D., McCarthy, D. J., & Smyth, G. K. (2009). edgeR: a 
Bioconductor package for differential expression analysis of digital 
gene expression data. Bioinformatics, 26, 139–140.

Sakakibara, Y., Hashimoto, S., Nakaoka, Y., Kouznetsova, A., Höög, C., & 
Kitajima, T. S. (2015). Bivalent separation into univalents precedes 
age-related meiosis I errors in oocytes. Nature Communications, 6, 
7550. https://doi.org/10.1038/ncomm​s8550.

Selesniemi, K., Lee, H.-J., Muhlhauser, A., & Tilly, J. L. (2011). Prevention 
of maternal aging-associated oocyte aneuploidy and meiotic spin-
dle defects in mice by dietary and genetic strategies. Proceedings 
of the National Academy of Sciences, 108, 12319–12324. https://doi.
org/10.1073/pnas.10187​93108.

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, 
D., Amin, N., Schwikowski, B., & Ideker, T. (2003). Cytoscape: A 
software environment for integrated models of biomolecular in-
teraction networks. Genome Research, 13, 2498–2504. https://doi.
org/10.1101/gr.1239303.

Sieber, M. H., Thomsen, M. B., & Spradling, A. C. (2016). Electron 
transport chain remodeling by GSK3 during oogenesis connects 
nutrient state to reproduction. Cell, 164, 420–432. https://doi.
org/10.1016/j.cell.2015.12.020.

Su, Y.-Q., Sugiura, K., & Eppig, J. J. (2009). Mouse oocyte control of gran-
ulosa cell development and function: paracrine regulation of cumu-
lus cell metabolism. Seminars in Reproductive Medicine, 27, 32–42. 
https://doi.org/10.1055/s-0028-1108008.

Turturro, A., Witt, W. W., Lewis, S., Hass, B. S., Lipman, R. D., & Hart, 
R. W. (1999). Growth curves and survival characteristics of the 
animals used in the Biomarkers of Aging Program. The Journals of 
Gerontology: Series A, 54, B492–B501. https://doi.org/10.1093/
geron​a/54.11.B492.

Wang, L., Wang, S., & Li, W. (2012). RSeQC: quality control of RNA-
seq experiments. Bioinformatics, 28, 2184–2185. https://doi.
org/10.1093/bioin​forma​tics/bts356.

Webster, A., & Schuh, M. (2017). Mechanisms of aneuploidy in human 
eggs. Trends in Cell Biology, 27, 55–68. https://doi.org/10.1016/j.
tcb.2016.09.002.

Zhang, T., Xi, Q., Wang, D., Li, J., Wang, M., Li, D., Zhu, L., & Jin, L. 
(2019). Mitochondrial dysfunction and endoplasmic reticulum 
stress involved in oocyte aging: an analysis using single-cell RNA-
sequencing of mouse oocytes. Journal of Ovarian Research, 12, 53. 
https://doi.org/10.1186/s1304​8-019-0529-x.

Zhang, W., Qu, J., Liu, G.-H., & Belmonte, J. C. I. (2020). The ageing epig-
enome and its rejuvenation. Nature Reviews. Molecular Cell Biology, 
21, 137–150.

Zuccotti, M., Merico, V., Sacchi, L., Bellone, M., Brink, T. C., Bellazzi, R., 
Stefanelli, M., Redi, C. A., Garagna, S., & Adjaye, J. (2008). Maternal 
Oct-4 is a potential key regulator of the developmental competence 
of mouse oocytes. BMC Developmental Biology, 8, 97. https://doi.
org/10.1186/1471-213X-8-97.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Mishina, T., Tabata, N., Hayashi, T., 
Yoshimura, M., Umeda, M., Mori, M., Ikawa, Y., Hamada, H., 
Nikaido, I., & Kitajima, T. S. (2021). Single-oocyte 
transcriptome analysis reveals aging-associated effects 
influenced by life stage and calorie restriction. Aging Cell, 20, 
e13428. https://doi.org/10.1111/acel.13428

https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1016/j.cub.2010.08.023
https://doi.org/10.1073/pnas.1607421113
https://doi.org/10.1073/pnas.1607421113
https://doi.org/10.1016/j.cub.2018.06.057
https://doi.org/10.1016/j.cub.2018.06.057
https://doi.org/10.1038/nrg3245
https://doi.org/10.1016/j.ydbio.2008.01.048
https://doi.org/10.1016/j.ydbio.2008.01.048
https://doi.org/10.1073/pnas.1612047113
https://doi.org/10.1073/pnas.1612047113
https://www.R-project.org/
https://doi.org/10.1038/ncomms8550
https://doi.org/10.1073/pnas.1018793108
https://doi.org/10.1073/pnas.1018793108
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1016/j.cell.2015.12.020
https://doi.org/10.1016/j.cell.2015.12.020
https://doi.org/10.1055/s-0028-1108008
https://doi.org/10.1093/gerona/54.11.B492
https://doi.org/10.1093/gerona/54.11.B492
https://doi.org/10.1093/bioinformatics/bts356
https://doi.org/10.1093/bioinformatics/bts356
https://doi.org/10.1016/j.tcb.2016.09.002
https://doi.org/10.1016/j.tcb.2016.09.002
https://doi.org/10.1186/s13048-019-0529-x
https://doi.org/10.1186/1471-213X-8-97
https://doi.org/10.1186/1471-213X-8-97
https://doi.org/10.1111/acel.13428

