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were correlated between pro- and pre-B cells, even when
significance was reached in only one of the cell types
(Fig. 2c). Several of the age-upregulated genes, particu-



genes from further analyses and chose to focus primarily
on age-downregulated genes, since we are confident that
they do not arise from this potential contamination.

Many genes with age-associated changes in expression
also showed a strong modulation of their expression
during B cell development (Additional file 2: Figure
S1a). Genes whose expression decreased upon aging in
pro-B cells were frequently downregulated during the
pro-B to pre-B cell transition in young cells (Additional
file 2: Figure S1a, blue points); examples include Rftn2,

Plxna2, Cdc42bpa, Plxdc2



Additional file 2: Figure S1b). This pattern suggests a
failure to upregulate these genes as the aged B cell pro-
genitors progress to the pre-B cell stage. Notably, several
genes downregulated upon aging at the pro-B and/or
pre-B cell stage encode components of the IGF signaling
pathway, such as Irs1 and Igf1r. Indeed, Irs1, a key com-
ponent of this pathway, was found to be the most sig-
nificantly downregulated gene in pre-B cells upon aging
at the messenger RNA (mRNA) level. We therefore ex-
amined IRS1 protein levels and found that these were
decreased upon aging in both pro-B and pre-B cells (Fig.
2d), demonstrating that age-specific mRNA changes of
Irs1 are propagated into reduced protein levels.

Total RNA levels reflect both the rate of transcription
and downstream processes such as RNA stability. To ex-
plore the effects of aging on gene transcription more dir-
ectly, we isolated nuclear RNA from young and aged
pro-B cells to enrich for nascent transcripts and profiled
global changes in intronic transcription as a specific meas-
ure of nascent transcription. While ~ 17% (30 out of 175)
of DEGs detected in total RNA were also DEGs in the nu-
clear RNA-sequencing (RNA-seq) analysis, and overall the
fold changes were correlated (Additional file 2: Figure S2),
this analysis revealed many more genes showing signifi-
cant age-related differential transcription (Fig. 3a;
Additional file 1: Table S4; 147 downregulated and 255
upregulated genes upon aging). Notably, several age-

downregulated genes, such as Plxdc2 [18], Igf1, Igf2bp3,
and Igf1r, and upregulated genes, such as Adam19 [19]
and Tmem163 [20], have been linked to IGF signaling or
type 2 diabetes. More broadly, KEGG pathway analysis of
DEGs highlighted several metabolic pathways linked to
nutrient signaling (Additional file 2: Figure S3).

The nuclear RNA-seq analysis revealed Nespas as one
of the most significantly downregulated genes in aged
pro-B cells (Fig. 3a, Additional file 2: Figure S4a). Nespas
is a non-coding transcript implicated in the regulation of
imprinting and serves as the non-coding precursor RNA
of miRNAs miR-296 and miR-298 [21, 22]. To explore
the link between miRNA expression and aging in B cell
precursors, we performed small RNA-seq. We identified
34 significantly differentially expressed miRNAs in either
pro- or pre-B cells (Fig. 3b, c; Additional file 1: Table
S5). Of these, 20.6% (7 out of 34) were differentially
expressed in both pro- and pre-B cells. This analysis
confirmed a profound downregulation of miR-296 and
miR-298, consistent with changes in Nespas levels
detected with nascent RNA-seq. We also observed an
upregulation of seven Let-7 family members and of
miR-223, upon aging in pro- and/or pre-B cells (Fig. 3b,
c). Differentially expressed miRNAs segregated into clus-
ters displaying similar expression changes upon aging,
several of which also showed a modulation in their
expression between pro-B and pre-B cells (Fig. 3c).
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cells appears to arise due to a failure to relieve
polycomb-mediated silencing in the transition from the
pro-B to the pre-B cell stage.

Acetylation at lysine 27 of histone H3 is mutually ex-
clusive to methylation of this residue and is linked to ac-
tive enhancers or promoters. We noted a trend towards
increased H3K27ac enrichment at peaks overlapping or
within 10-kb of the upregulated genes in the aged pro-B
and pre-B cells, while the opposite was true for down-
regulated genes (Additional file 2: Figure S6d). Notably,
H3K27ac displayed reciprocal changes to H3K27me3 at
the promoter of Irs1 and the Let-7b/c2 precursor (Add-
itional file 2: Figures S6d, S8, and S9). Analysis of CTCF
ChIP-seq data did not reveal any significant differential
binding of CTCF between young versus aged pre-B cells
(Additional file 2: Figure S6e).

The stringent threshold-based approach presented
above identified high-confidence loci showing changes
in chromatin accessibility and histone modifications
upon aging, revealing remarkably few such changes, but
highlighting a significant chromatin component to the

transcriptional regulation of Irs1 and the Let-7 miRNAs.
However, this does not exclude the possibility that more
subtle changes in the epigenomic landscape might play a
broader role in shaping the gene expression profile of
aged compared to young B cell precursors. Therefore,
we tested whether changes in chromatin, identified using
a low stringency threshold, were generally accompanied
by altered gene expression (Additional file 2: Figure S10;
Additional file 1: Tables S6–S9) and whether genes with
altered expression were characterized by remodelled
chromatin (Fig. 5). This revealed not only that changes
in chromatin upon aging, especially H3K4me3 and
H3K27me3 occupancy, likely impact on gene expression
(Additional file 2: Figure S10), but further, that if there is
a change in gene expression, this is frequently linked to
changes in chromatin (Fig. 5). It is noteworthy that
H3K4me3 and H3K27ac agree more with differential
gene expression than chromatin accessibility (ATAC-seq;
Fig. 5; Additional file 2: Figure S10). This is in line with
the fact that chromatin accessibility is not necessarily
linked to active gene expression but can also be found
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transitioned to a bivalent state upon aging (Fig. 6d); it was
also identified in the genome-wide analysis, segregating in
cluster 2 (Fig. 6c). Chromatin state analysis thus highlights
genes that show the most profound alterations in the
chromatin at their promoters.

Taken together, these results demonstrate specific
age-associated changes in the chromatin at gene pro-
moters in developing B cells, which potentially underlie
the observed age-specific changes in gene expression.

Age-specific changes in genome organization in B cell
precursors
Aging has been linked with changes in genome
organization in other systems [29]. In order to address
whether such changes occur in developing B cells and
whether these correlate with changes in gene regulation,
we first performed Hi-C in nuclei isolated from pre-B
cells. We used Hi-C data to segment the genomes into
A (active) and B (repressed) compartments using princi-
pal component analysis (PCA) combined with H3K4me3
data [30]. This analysis showed that the chromosome
compartmentalization was near identical between young



examples of such ‘rewiring’ of interactions included the
age-downregulated Irs1 gene, which lost several interac-
tions in aged cells, including an interaction with the
highly active chromatin surrounding the Cul3 promoter
(Fig. 8a; Additional file 2: Figure S13b).

These results suggest that modulation of the chromatin
at PIRs occurs infrequently in aging, even when the ex-
pression from the promoter is altered. Rather, our analysis
reveals that gene expression changes upon aging are fre-
quently linked to





additional pathways that may be revealed by analysis
of individual mice, we believe we have captured dom-
inant pathways that are altered in aging mouse B cell
precursors.

Precursor B cell aging is associated with gene expression
alterations linked to IGF signaling
Our analyses revealed alterations in the IGF signaling
pathway at several regulatory levels, suggesting a pivotal
contribution to the aging process in B cell precursors.
We observed changes in the expression of several key
components of the insulin/IGF signaling (IIS) machinery,
especially Irs1 and Igf1r, with striking alterations in the
chromatin and interaction profile at the Irs1 promoter/
regulatory regions, underscoring that this regulation is
in part at the transcriptional level and involves
polycomb-mediated repression. We also observed de-
creased IRS1 protein levels in the aged pro- and pre-B
cells compared with the young cells, demonstrating that
the lower mRNA level leads to a reduction in the
amount of IRS1 protein produced. Notably, downregula-
tion of these key players in the IIS and nutrient signaling
pathways has been associated with the aging process, as
further discussed below.

Several of the differentially expressed miRNAs that we
identified have also been linked to insulin/IGF/metabolic
signaling. These include miR-223, which modulates Igf1r
expression [39, 40], and the Let-7 miRNA family, which
regulates Irs1. Let-7 miRNAs are critical regulators of
glucose metabolism and insulin signaling; the upregula-
tion of Let-7 expression leads to downregulation of ex-
pression of several components of the insulin signaling
machinery in skeletal muscle and liver, such as Insr and
Irs2 [41, 42]. We predict that the increased abundance
of Let-7 in aged B cell precursors would drive a decrease
in IIS responsiveness, through targeting Irs1 and other
components at the post-transcriptional level. Notably,
we also observed striking alterations in the chromatin at
a novel potential precursor RNA for the Let-7b and -7c2
miRNAs, indicative of an interplay between epigenetic
and post-transcriptional mechanisms in shaping gene
expression.

Insights into the biology of B cell precursors and aging
The gene expression changes we observed in developing



particular, we found unaltered expression of the IL7R,
consistent with previous studies implicating reduced
availability of IL7 and cytoplasmic signaling of the IL7R
in the reduction of pro-B cell numbers in aging [13, 57].
Additionally, we did not detect altered expression of SL
components of the pre-BCR. Reduced SL cell surface ex-
pression observed in aged precursor B cells has been
proposed to be an adaptive response to the aging micro-
environment which restricts pre-B cell selection [58].
Our data suggest that neither of these pathways is dys-
regulated at the level of gene expression in aging B cell
precursors.

It is noteworthy that Irs1−/− mice have a longer life-
and health-span, with an aged T cell profile that is
more comparable to young mice than the control
aged mice [



default parameters [64]. To identify populations of inter-
est, manual gates were projected onto the tSNE plot.

Nuclear and total RNA-seq
For nuclear RNA-seq, nuclei were isolated from 1 to
10 × 106 flow sorted B lymphocytes by incubation in
50 mM Tris-HCl pH 7.5, 140 mM NaCl, 1.5 mM MgCl2,
1 mM DTT, 0.4% NP40 for 5 min on ice followed by
centrifugation at 500 × g. RNA was isolated with a
RNeasy mini kit (Qiagen) and treated with Turbo
DNAse (Ambion). Total RNA was isolated and depleted
of rRNA using a Ribo-Zero Gold rRNA removal kit (Hu-
man/Mouse/Rat; Illumina) according to the manufac-
turer’



Amplification kit (KAPA, Cat. KK2501) using 15 cycles.
Libraries were sequenced on a HiSeq2500 sequencer
(Illumina) according to manufacturer’s instructions.

Hi-C and Promoter Capture Hi-C (PCHi-C)
Hi-C and PCHi-C libraries were generated as described
[32] with modifications as detailed below. In total, 3.2 to
3.5 × 107 pre-B cells were fixed in 2% formaldehyde
(Agar Scientific) for 10 min, after which the reaction was



PE PCR 2.0 primers (Illumina). After PCR amplification,
the Hi-C libraries were purified with AMPure XP beads
(Beckman Coulter). The concentration of the Hi-C li-
braries was determined by Bioanalyzer profiles (Agilent



have been considered. The identified target genes for
each class have been used for KEGG pathway analysis
using DAVID v6.8 online server [75, 76]. P values reflect
multiple-test corrected (Benjamini–Hochberg) values.

ATAC-seq analysis
Trimmed reads were aligned to the GRCm38 mouse ref-
erence genome using Bowtie 2 [73]. Reads mapping to
the mitochondrial genome and alternative contigs were
excluded from downstream analysis. Fragment size ana-
lysis and quality control was made by a custom in-house
code. Fragment coverage BigWig files were constructed
using bedtools V2 [77].

We used MACS2 [78, 79] with ‘--nomodel --shif -25
--extsize 50 -q 0.01’ for detection of open chromatin
(peaks of read counts). With these parameters, we de-
tected 18,000–51,000 peaks per sample. For each condi-
tion (young and aged), a region was accepted as a
condition-specific peak if the region was detected as a
peak in at least three out of four samples. Two peaks
closer than 100-bp to each other were merged. We further
pooled young and aged peak sets to get a genome-wide
set (union) of open chromatin regions for further differen-
tial accessibility analysis. After removing reads with a
mapping quality score < 30, peaks were filtered to exclude
those with < 64 reads or that overlapped with a blacklisted
region [80, 81]. We used featureCounts [82] to count the
number of fragments overlapping these regions in each
sample. We used DESeq2 [70] for detection of differen-





mapped to the baited HindIII fragment encompassing the
Irs1 gene promoter. Read counts were quantified over
merged HindIII fragments, such that each quantitation win-
dow comprised five adjacent HindIII fragments.

Western blot
Pre- and pro-B cell pellets were sonicated in SDS sample
buffer and proteins resolved by SDS-PAGE. Proteins were
transferred onto PVDF membranes and immunoblotted
with the indicated primary antibodies at 4 °C overnight,
followed by 1 h at room temperature. Membranes were
washed in TBST (40 mM Tris-HCl, pH 8.0 at room
temperature; 0.14 M NaCl; 0.1% Tween-20) and incubated
with HRP-conjugated secondary antibodies. IRS1 antibody
#2382 was from Cell Signaling Technology (CST)/New
England Biolabs (NEB); anti-beta-COP antibody was a
kind gift from Dr. Nick Ktistakis, Babraham Institute, UK;
goat Anti-Rabbit and anti-Mouse IgG (H + L)-HRP conju-
gate was from BioRad. Membranes were washed and sig-
nal detected by enhanced chemiluminescence. Relative
protein expression was quantified using Aida 2D Densi-
tometry software (v3.27).
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