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Organism aging is characterized by increased inflammation and decreased stem cell function, yet the relationship between 
these factors remains incompletely understood. This study shows that aged hematopoietic stem and progenitor cells (HSPCs) 
exhibit increased ground-stage NF-κB activity, which enhances their responsiveness to undergo differentiation and loss 
of self-renewal in response to inflammation. The study identifies Rad21/cohesin as a critical mediator of NF-κB signaling, 
which increases chromatin accessibility in the vicinity of NF-κB target genes in response to inflammation. Rad21 is required 
for normal differentiation, but limits self-renewal of hematopoietic stem cells (HSCs) during aging and inflammation in an 
NF-κB–dependent manner. HSCs from aged mice fail to down-regulate Rad21/cohesin and inflammation/differentiation 
signals in the resolution phase of inflammation. Inhibition of cohesin/NF-κB reverts hypersensitivity of aged HSPCs to 
inflammation-induced differentiation and myeloid-biased HSCs with disrupted/reduced expression of Rad21/cohesin are 
increasingly selected during aging. Together, Rad21/cohesin-mediated NF-κB signaling limits HSPC function during aging and 
selects for cohesin-deficient HSCs with myeloid-skewed differentiation.
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Introduction
During aging, hematopoietic stem cells (HSCs) exhibit impaired 
repopulation capacity (Morrison et al., 1996; Sudo et al., 2000), 
skewed differentiation (Rossi et al., 2005; Cho et al., 2008; 
Dykstra et al., 2011), and an increase in the selection of clones 
that carry recurrent mutations (predominantly in genes that 
regulate epigenetic modification and gene expression; Busque et 
al., 2012; Genovese et al., 2014; Jaiswal et al., 2014). Mechanisti-
cally, the causes of HSC aging remain incompletely understood, 
but involve a variety of molecular defects, such as alterations in 
autophagy (Ho et al., 2017), DNA replication (Flach et al., 2014), 
cell polarity (Florian et al., 2012), and DNA integrity control 
(Beerman et al., 2014). Causal factors that contribute to the evo-
lution of these molecular defects and to HSC dysfunction during 
aging involve cell-intrinsic processes, as well as aging-associ-
ated alterations in the HSC environment, including the blood 
circulation (Ju et al., 2007; Song et al., 2010; Ergen et al., 2012; 
Guidi et al., 2017).

Chronic increases in inflammatory signals have been identi-
fied as a hallmark feature of aging and involve a prominent acti-

vation of NF-κB target genes, such as IL-6 and TNFα, which are 
associated with accelerated disease development and mortality 
during aging (Fagiolo et al., 1993; Brüünsgaard and Pedersen, 
2003; Starr et al., 2015). While ground-stage activity of NF-κB 
signaling is required for the maintenance of HSCs (Fang et al., 
2018), studies on genetic mouse models of inflammation and 
DNA damage showed that the chronic induction of inflamma-
tory signals can contribute to the decline of HSC function (Ju et 
al., 2007; Song et al., 2010; Franceschi and Campisi, 2014; Walter 
et al., 2015; Kovtonyuk et al., 2016; Pietras et al., 2016) and may 
also be amenable to therapeutic intervention to improve tissue 
maintenance in aging (Yu et al., 2014).

Experimental induction of inflammation/NF-κB signaling 
leads to an activation and expansion of hematopoietic stem and 
progenitor cells (HSPCs), enhanced mobilization of HSPCs, and 
a shift toward myeloid differentiation, required for the mounting 
of immune responses (Nagai et al., 2006; Jaiswal et al., 2009; Zhao 
et al., 2014). During aging, an increase in NF-κB activation has 
been reported in HSCs (Chambers et al., 2007), but mechanisms 
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and consequences of NF-κB activation on the maintenance and 
function of HSPCs in response to aging and inflammation remain 
to be delineated. Here, we show that aging HSCs exhibit an in-
crease in ground-stage activity of NF-κB signaling and a failure to 
down-regulate inflammation/NF-κB and differentiation signals 
in the resolution phase after inflammatory stimulation. These 
changes associate with an enhanced sensitivity of HSCs from old 
versus young mice to undergo differentiation and loss of self-re-
newal in response to inflammatory stimuli. The study defines a 
new role of Rad21/cohesin as a mediator of NF-κB signaling, in lim-
iting the functional reserve and self-renewal of HSCs during aging 
and inflammation, which in turn increases selection of cohesin 
mutant HSCs with impaired and myeloid-skewed differentiation.

Results
Aging HSCs exhibit increased ground-stage activity of NF-κB 
and enhanced sensitivity to inflammation/NF-κB–induced loss 
of self-renewal
Increased inflammation has been identified as a hallmark fea-
ture of organism aging and as a driving factor for the evolution 
of multiple aging-associated diseases (Ju et al., 2007; Song et 
al., 2010; Walter et al., 2015; Kovtonyuk et al., 2016; Pietras et 
al., 2016). The availability of data describing the increase in in-
flammation/NF-κB signaling in the aging hematopoietic system 
is sparse, but an increase in nuclear expression of p65/NF-κB 
was reported in aging HSCs (Chambers et al., 2007). In line with 
this observation, we detected an increase in phospho-p65 in 
Western blot analysis on freshly isolated HSPCs (lineage−, Sca-
1+, c-Kit+ cells; LSK cells) from old (24 mo old) compared with 
young (2–3 mo old) mice (Fig. 1 A). FACS analysis was used to 
monitor expression levels of inflammatory receptors on freshly 
isolated, highly purified HSCs from young and old mice. In HSCs 
of 22–24-mo-old mice compared with 2–3-mo-old mice, a sig-
nificant increase in the expression of IL-6 receptor (IL-6R) and 
TLR4, two bona fide NF-κB targets contributing to induction of 
inflammation/NF-κB signaling (Caiello et al., 2014; Wan et al., 
2016; Liu et al., 2017), was observed (Fig. 1, B and C). In contrast, 
multipotent progenitor cells (MPPs; CD34+LSK) showed little or 
no increase in these inflammatory receptors (Fig. 1, B and C). The 
increase in inflammatory receptor expression in HSCs from old 
mice compared with young mice was associated with elevated 
expression of Il6 mRNA (a prominent NF-κB target cytokine en-
coding gene) in freshly isolated HSCs from old compared with 
young mice (Fig.  1  D). HSCs from old versus young mice also 
exhibited an increase in IL-6 protein production in response to 
LPS stimulation (Fig. 1, E and F). Together, these results provided 
evidence for elevated ground-stage activity of NF-κB signaling 
in freshly isolated aged HSCs.

To test whether increases in ground-stage NF-κB activity 
would alter the responsiveness of HSCs to inflammatory signals 
or the fate of HSCs from old compared with young mice, NF-κB 
reporter mice were used (Krieger et al., 2018). These mice ex-
press EGFP under a promoter containing a repeat element for 
NF-κB binding, thus facilitating the analysis of the percentage 
of living cells that exhibit active NF-κB signaling at a given 
time. This allowed us to study consequences of endogenous 

activation of NF-κB signaling in steady-state hematopoiesis 
comparing HSPCs with active NF-κB (GFP+) with NF-κB–nega-
tive HSPCs (GFP−) from young (3 mo old) and old (24 mo old) 
NF-κB reporter mice.

Unexpectedly, freshly isolated HSPCs from old mice exhib-
ited a lower percentage of reporter activity (Fig.  2  A). When 
exposed to LPS plus Pam3CysSerLys4 (Pam3), reporter activity 
was induced in HSPCs from both young and old mice (Fig. 2, B 
and C), and the absolute level of LPS/Pam3-induced reporter 
activity was similar in HSPCs from young and old mice (72.28 ± 
17.85% in young mice vs. 59.22 ± 14.14% in old mice; P = 0.1501). 
Together, these data indicated that HSPCs from young and old 
mice respond similarly in inducing NF-κB reporter activity, 
but freshly isolated HSPCs from old mice have a lower starting 
level of reporter activity. A possible explanation for these find-
ings was that HSPCs from old mice are quickly depleted in re-
sponse to NF-κB activation and the aforementioned increase in 
ground-stage activity of NF-κB signaling during aging was not 
depicted in reporter activity, possibly because it was below the 
detection limit of the reporter. To directly test whether the in-
duction of endogenous NF-κB signaling would affect the self-re-
newal of HSPCs in an age-dependent manner, we analyzed the 
percentage of NF-κB–positive cells (GFP+) in the fraction of 
HSCs versus MPPs in freshly isolated bone marrow (BM) cells 
from 3- and 24-mo-old, untreated NF-κB reporter mice. In old 
compared with young mice, the percentage of NF-κB–positive 
HSCs was significantly diminished, whereas the percentage 
of NF-κB–positive MPPs did not show a significant difference 
among the age groups (Fig. 2, D and E). Moreover, there was a 
significant reduction in the percentage of NF-κB–positive HSCs 
versus MPPs in old mice detectable, but there was no difference 
in the percentage of NF-κB–positive HSCs versus MPPs in young 
mice (Fig. 2 D).

To further validate the negative impact of endogenous NF-κB 
activity in steady-state hematopoiesis on the self-renewal poten-
tial of HSCs from aging mice, GFP+ and GFP− HSCs (CD150+CD34−

LSK) were purified from young (3 mo old) and old (24 mo old) 
NF-κB reporter mice and were serially plated in methylcellulose 
to determine self-renewal/expansion potential of HSC-derived 
cells harboring CFU potential (Fig. 2, F–H). In freshly isolated 
HSCs from young mice, NF-κB activity was associated with an in-
crease in the CFU potential in the first round of plating (Fig. 2 G). 
In the second round of plating, NF-κB–negative HSC–derived 
cells showed a strong expansion of cells harboring CFU potential. 
This increase in CFUs in the second round of plating was reduced 
in NF-κB–positive HSCs from young mice (Fig. 2 G). In HSCs from 
old mice, NF-κB activity was associated with a reduced CFU po-
tential already in the first round of plating (Fig. 2 H). Moreover, 
the magnitude of the impairment in CFU potential in the second 
round of plating of cells derived from NF-κB–positive versus 
NF-κB–negative HSCs was higher in cells derived from old mice 
compared with cells derived from young mice (Fig. 2, G and H; 
62.4 ± 9.71% reduction in old vs. 41.3 ± 6.85% reduction in young; 
P = 0.0453). Together, these data indicated that endogenous acti-
vation of NF-κB signaling has a stronger effect on impairing the 
self-renewal capacity of HSCs from aged mice compared with 
HSCs from young mice.
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Figure 1. Aging increases the ground-stage activity of NF-κB signaling in HSPCs. (A) Representative Western blot showing the level of phospho-NF-κB 
p65 (Ser536) in LSK cells from young (2–3 mo old) and old (24 mo  old) mice (n = 3 mice per pool per lane for each experiment, n = 2 independent experiments, 
one of the two experiments is shown; the other experiment shows a similar result). (B and C) Mean fluorescence intensities (MFI) determined by FACS for 
IL-6R and TLR4 expression on freshly isolated My-biased HSCs, Ly-biased HSCs, and MPPs from young (2–3 mo old) and old mice (22–24 mo old). The box plots 
represent the interquartile range (25–75%), with the median; whiskers correspond to min and max values. The dots indicate individual mice (in total, n = 5–8 
mice per group were analyzed in n = 2 independent experiments). My-biased HSC: CD150hiCD34−LSK; Ly-biased HSC: CD150loCD34−LSK; MPP: CD34+LSK. (D) 
mRNA expression of Il6 relative to Actb was analyzed in freshly isolated HSCs from young (2 mo old) and old (24 mo old) mice (in total, n = 8 mice per group were 
analyzed in n = 2 independent experiments). HSC: CD150+CD34−LSK. (E and F) Young (3 mo old) and old (24 mo old) wild-type mice received an i.p. injection 
of LPS (1.5 mg/kg) and were sacrificed 3 h later. c-Kit+–enriched BM cells were isolated and cultured for 4 h with secretion inhibitor (Brefeldin A). The level of 
IL-6 in the HSC population was measured by FACS (n = 3–4 mice per group were used in total in n = 2 independent experiments). (E) The histogram depicts the 
percentages of IL-6–positive HSCs of the indicated age groups. (F) Representative FACS profiles showing the level of IL-6 in indicated groups.(B–E) Statistical 
significance was assessed by using the Welch’s t test after log transformation (B–D) or with the two-way ANO VA followed by Tukey’s multiple comparison test 
on logit-transformed data (E). All data represent mean ± SD; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant.
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Figure 2. NF-κB activation in steady-state hematopoiesis phenotypically correlates with enhanced differentiation of HSPCs in aging mice. (A) Rep-
resentative FACS plots showing percentages of GFPlow and GFPhi cells in LSK cells of the indicated groups. (B and C) Freshly isolated LSK cells from young (3 
mo old) and old (24 mo old) NF-κB reporter mice were cultured with or without LPS/Pam3 treatment for 8 h. The percentages of GFP+ cells (NF-κB–activated 
cells) were determined by FACS. (B) Representative FACS profiles for GFP expression in the indicated groups. (C) The chart shows percentages of GFP+ cells in 
stimulated LSK cells compared with nonstimulated LSK cells of the indicated groups (in total, n = 6 mice per group were analyzed in n = 2 independent experi-
ments). The dots indicate pairs of aliquots of LSK cells from the same individual mice exposed to the indicated treatments. Statistical significance was assessed 
by paired t test after logit transformation of the data. (D) The percentage of GFP+ cells in the indicated hematopoietic populations from young (3 mo old) and 
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Rad21/cohesin mediates NF-κB–induced transcriptional 
responses and differentiation of HSPCs
To determine candidate genes that may contribute to age-related 
changes in NF-κB–mediated gene expression, an shRNA screen 
was conducted to identify genes that influence differentiation of 
HSCs in mice that were exposed to ad libitum (AL) diet or dietary 
restriction (DR), an intervention known to inhibit differentia-
tion of HSPCs by suppressing the expression of cytokines that 
are known NF-κB targets, such as IL-6 (Tang et al., 2016). This 
screen revealed that Rad21 knockdown strongly impairs differ-
entiation of transplanted HSPCs in recipients exposed to DR, but 
to a lesser extent in AL-fed recipients (Fig. S1, A and B), known 
to express higher levels of differentiation inducing cytokines in 
blood serum compared to DR-exposed mice (Tang et al., 2016). 
Aside the partial rescue of the compromised differentiation ca-
pacity of Rad21 knockdown cells in AL-fed mice compared with 
DR-fed mice and in line with previous studies on unperturbed 
hematopoiesis (Mullenders et al., 2015; Viny et al., 2015), knock-
down of Rad21 resulted in a robust enhancement of self-renewal 
of HSCs in serial transplantation experiments in AL-fed mice 
(Fig. 3, A and B; and Fig. S1, C and D). While control cells (shLu-
ciferase [shLuci]) did not show changes in the differentiation 
capacity of HSPCs compared with cotransplanted, noninfected 
(GFP negative) cells (Fig. 3 C, left; and Fig. S1 E), Rad21-depleted 
hematopoietic cells exhibited a strong impairment in differen-
tiation into both lymphoid and myeloid lineages (Fig. 3 C, right; 
and Fig. S1, F and G). Within the population of shRNA-targeted 
hematopoietic cells (GFP positive), Rad21 knockdown skewed he-
matopoiesis toward myeloid differentiation compared with the 
luciferase control (Fig. 3 D). Of note, impairments in differenti-
ation of Rad21-deficient HSPCs were completely abolished at an 
early time point (4 wk) after secondary transplantation (Fig. 3, E 
and F). Since NF-κB regulated cytokines are known to reach peak 
plasma levels at early time points (3–7 wk) after transplantation 
(Sakata et al., 2001), these results suggested that the inhibitory 
effects of Rad21 knockdown on differentiation can be overruled 
by increases in cytokine levels.

To use an unbiased approach to identify pathways that may 
contribute to enhanced selection of Rad21/cohesin-deficient 
HSPCs in the context of stressed hematopoiesis, RNA sequenc-
ing (RNA-seq) was performed on Rad21 shRNA versus control 
shRNA-infected HSPCs (LSK cells) that were reisolated after one 
round of repopulation stress in vivo or 3 d after activation in cul-
ture. Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way analysis on differentially expressed genes (DEGs) revealed a 
significant inhibition of NF-κB–dependent signaling in response 
to Rad21 knockdown (Fig. 4, A and B; and Fig. S2 A). Culture-acti-
vated LSK cells compared with freshly, reisolated LSK cells from 
long-term engrafted recipient mice exhibited a higher induction 

of NF-κB/inflammation signaling and thus a stronger rescue of 
NF-κB–dependent signaling by Rad21 knockdown (Fig. 4, A and 
B; and Fig. S2 A). A possible explanation for these results could 
be the fact that repopulation stress was already alleviated in vivo, 
as most HSCs had reentered quiescence 4 mo after transplanta-
tion. In contrast, the culture-induced activation of LSK cells is 
known to evoke an acute activation stress likely being associ-
ated with a higher induction of NF-κB signaling (Glimm et al., 
2000; Pietras et al., 2011; Magnusson et al., 2013). Importantly, 
Rad21 knockdown reduced the expression of the vast majority 
of NF-κB target genes in both settings (Fig. 4 B and Fig. S2 A). 
GeneTrail web service (Stöckel et al., 2016) was used on all DEGs 
in culture-activated Rad21-deficient versus control LSK cells to 
determine transcription factor complexes that are predicted to 
contribute to the regulation of these genes. Of note, NF-κB com-
plexes accounted for six out of the top seven (q < 0.05) predicted 
regulator complexes (Fig. 4 C).

To functionally test the role of Rad21 in mediating inflamma-
tion/NF-κB signaling, as well as its consequences on HSC self-re-
newal and differentiation, LSK cells were isolated from stably 
engrafted mice, 4 mo after transplantation with lentivirally 
transduced HSPCs carrying shRNAs against Rad21 or a control 
shRNA. Freshly isolated LSK cells were exposed for short-term 
ex vivo culture to LPS/Pam3 to stimulate NF-κB signaling. Recent 
studies revealed that LSK cells are highly responsive to activate 
NF-κB signaling in response to LPS/Pam3 (Zhao et al., 2014). 
LPS/Pam3 treatment led to robust induction of myeloid differ-
entiation of LSK cells, which was not seen in untreated cultures 
(Fig. 4, D and E). Of note, Rad21 knockdown strongly abrogated 
LPS/Pam3-induced differentiation of freshly isolated LSK cells 
cultured for 3 d (Fig. 4, D and E). Similar results were seen after 
knockdown of other components of the cohesin complex (SA1, 
SA2, and SMC3) confirming that cohesin inhibition suppresses 
LPS/Pam3-induced differentiation of LSK cells into myeloid 
cells (Fig. S2 B).

Reduction of LPS/Pam3-induced differentiation in Rad21-de-
ficient LSK cells was associated with impaired activation of 
NF-κB targets as compared with control cells (Fig. S2 C). After 
a 4-d culture, LSK cell differentiation was also induced in the 
absence of LPS/Pam3 stimulation, and this culture-induced dif-
ferentiation was impaired by Rad21 knockdown (Fig. S2 D). Stim-
ulation of these cultures with IL-6 (a prominent downstream 
target of NF-κB) led to induction of myeloid differentiation in 
both shRNA-Rad21– and shRNA-luci–infected LSK cells, but the 
overall rate of differentiation remained significantly suppressed 
in Rad21 knockdown cells (Fig. S2 D). These data indicated that 
Rad21 mediates inflammation and culture-induced differentia-
tion, which is driven by the Rad21-dependent induction of dif-
ferent NF-κB target genes including Il6. Stimulation with IL-6 

old (24 mo old) NF-κB reporter mice was determined by FACS (in total, n = 7 young mice and n = 6 old mice were analyzed in n = 2 independent experiments). 
(E) Representative FACS plots showing percentages of GFP+ cells in HSCs and MPPs of the indicated groups. Statistical significance was assessed by Welch’s 
t test after logit transformation of the data. (F–H) CD150+CD34−LSK cells were sorted from the BM of young (2–3 mo old) and old (24 mo old) NF-κB reporter 
mice and serially plated in methylcellulose medium at 12-d intervals (first plating: 500 CD150+CD34−LSK cells/triplicate; second plating: 5,000 CD45+DAPI− 
cells/duplicate). (F) Schematic diagram of the experiment. (G and H) The histograms show the absolute number of colonies in the indicated groups and round 
of plating (in total, n = 3 mice per group were analyzed in two independent experiments, n = 2–3 technical repeats per mouse). Statistical significance was 
assessed after log transformation by Welch’s t test. All data represent mean ± SD; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant. FSC, forward scatter.
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Figure 3. Rad21 deficiency increases self-renewal and leads to impaired and myeloid-skewed differentiation of HSPCs. (A–D) Freshly isolated LSK cells 
were infected with an shRNA against Rad21 shRad21 or a control virus (shLuci) in culture and transplanted into lethally irradiated mice together with noninfected 
LSK cells from the same culture. (A and B) The number of HSCs (GFP+CD150+CD34−LSK cells) derived from infected LSK cells in the primary recipients (A) and 
the secondary recipients (B) that were transplanted with total BM cells of the primary recipients at 4 mo after the first transplantation. The dots represent 
individual recipient mice (n = 4–5 mice per group per experiment, n = 3 independent experiments, one of the three repeat experiments is shown, the other 
experiments showed similar results). Statistical values were calculated by Welch’s t test after log transformation. (C) The chimerism of GFP+ cells from the 
primary recipients was analyzed by FACS at 4 mo after transplantation in the indicated populations. HSC: CD150+CD34−LSK; MPP: CD34+LSK; CMP: common 
myeloid progenitor (Lin−c-Kit+Sca-1−CD34+FcγR−); GMP: granulocyte macrophage progenitor (Lin−c-Kit+Sca-1−CD34+FcγR+); MEP: megakaryocyte erythrocyte 
progenitor (Lin−c-Kit+Sca-1−CD34−FcγR−), CLP: common lymphoid progenitor (Lin−c-KitlowSca-1lowIL-7Ra+Flt3+), Lin−: lineage− cells; BM: total BM cells. n = 4–5 
mice per group per experiment, three independent experiments, one of the three experiments is shown, the other experiments showed similar results. (D) PB 
cells from the primary recipients were analyzed by FACS. The histogram shows the percentage of myeloid and lymphoid cells in GFP+CD45+ cells in the PB at 
the indicated time points after transplantation (n = 4–5 mice per group for each experiment, n = 3 independent experiments, one of the three experiments is 
shown; the other experiments showed similar results). Statistical significance for myeloid cells was assessed by Welch’s t test after logit transformation of the 
data. (E and F) LSK cells from young (2 mo old) wild-type mice were transduced with shLuci or shRad21 virus followed by transplantation into 2–3-mo-old 
recipients. 8 wk after transplantation, recipient mice were sacrificed and total BM was transplanted into secondary recipients. 4 wk after secondary transplan-
tation, BM cells were analyzed to investigate the chimerism of shLuci- or shRad21-LSK cells in BM. Chimerism of shLuci- or shRad21-infected LSK cells in PB 
was monitored every 4 wk after each round of transplantation. (E) The data show the relative change of GFP+ cells in PB from the recipients at indicated time 
points after transplantation. The initial transduction efficiency was 71% for shLuci-LSK and 54% for shRad21-LSK (n = 5 recipient mice per group, per experiment 
in the primary transplantation, n = 10 recipient mice per group, per experiment in the secondary transplantation, n = 2 independent experiments, one of the 
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retained the ability to induce differentiation of Rad21-deficient 
cells, suggesting that NF-κB targets can induce differentiation in-
dependent of Rad21. According to this result, the overall reduc-
tion of differentiation in Rad21 knockdown cells likely involves a 
combined effect of the suppressed activation of different NF-κB 
target genes including a variety of secreted cytokines. The full 
rescue of the differentiation defects in Rad21-depleted HSPCs in 
secondary transplantations at the 4-wk time point (known to be 
associated with strong induction of various cytokines) supports 
this interpretation (Fig. 3, E and F).

Aiming to determine to what extent the inhibitory effect of 
Rad21/cohesin knockdown on LPS/Pam3-induced differenti-
ation was functionally dependent on NF-κB signaling, HSPCs 
from NF-κB/p50 knockout (NF-κB1−/−), and wild-type mice 
(NF-κB1+/+) were infected with shRNAs against Rad21 or a con-
trol shRNA (shLuci) followed by LPS/Pam3 or PBS treatment. 
The p50 knockout mouse represents a suitable model, as p50 
was identified to be the main mediator of NF-κB signaling–in-
duced hematopoietic failure of Iκ-Bα–deficient mice (Beg et al., 
1995). p50-mediated NF-κB signaling involves the formation of 
homodimer (p50: p50) and heterodimers (p50: p65) with p65, 
which was up-regulated in LSK cells from young versus old mice 
(Fig. 1 A). As seen above, the knockdown of Rad21 strongly in-
hibited LPS/Pam3-induced differentiation of wild-type HSPCs 
(Fig. 4 F, left). The overall level of LPS/Pam3-induced differenti-
ation was reduced in NF-κB1−/− HSPCs compared with NF-κB1+/+ 
HSPCs. Importantly, Rad21/cohesin depletion had no inhibitory 
effect on LPS/Pam3-induced differentiation in the p50 knockout 
background, indicating that inhibition of inflammation-induced 
differentiation of HSPCs by cohesin suppression was dependent 
on NF-κB signaling (Fig. 4 F, right).

Together, our results indicated that Rad21/cohesin is a crit-
ical component mediating stress-induced NF-κB/inflammatory 
signals in transplanted or cultured HSCs and HSPCs. Cohesin 
has a crucial role in assisting the formation and stabilization of 
higher-order chromatin structures, such as topology-associated 
domains (TADs) and DNA loops (Rao et al., 2017; Schwarzer et 
al., 2017) that were shown to be important for inducible gene ex-
pression in macrophages involving the regulation of chromatin 
accessibility for intermediate transcription factors in stress sig-
naling pathways (Cuartero et al., 2018). However, previous stud-
ies did not reveal a prominent role of cohesin in mediating NF-κB 
signaling, a key mediator of stress and inflammatory responses 
in various organ systems. To assess for a possible involvement of 
cohesin-mediated chromatin changes in controlling NF-κB target 
genes expression in HSPCs in stressed hematopoiesis, freshly iso-
lated HSPCs (LSK cells) from 24-mo-old mice were infected with 
an shRNA against Rad21 or a control shRNA (shLuci) and cultured 
for 2 d, followed by an exposure to LPS/Pam3 or PBS control for 
14 h. LSK cells were harvested and subjected to assay for trans-
posase accessible chromatin with high-throughput sequencing 

(ATAC-seq) analysis to determine changes in chromatin acces-
sibility in HSPCs in response to LPS/Pam3-induced NF-κB sig-
naling and the influence of Rad21 knockdown on the induction 
of NF-κB–mediated changes in chromatin accessibility (Fig. 5). 
ATAC-seq of two biological replicates per condition revealed an 
overall reduction in chromatin accessibility in Rad21-deficient 
LSK cells versus control cells exposed to PBS (Fig. 5 A). This de-
crease in chromatin accessibility in Rad21 knockdown LSK cells 
affected intergenic and intragenic regions more strongly than 
promoter regions, and the decrease was aggravated in response 
to LPS/Pam3 treatment (Fig. 5 B). Of note, previously identified 
enhancer regions in hematopoietic cells (Pundhir et al., 2018) 
showed reduced chromatin accessibility in Rad21-deficient ver-
sus control LSK cells irrespective of the exposure to LPS/Pam3 
or control treatment (Fig. 5 C). Only a minor fraction (∼10%) of 
LPS/Pam3-induced nonpromoter peaks regions overlapped with 
previously annotated enhancers (Pundhir et al., 2018), suggest-
ing that LPS/Pam3-induction may activate specific enhancers.

Pearson’s correlation analysis on chromatin accessibility 
peaks revealed a separate clustering of PBS versus LPS/Pam3-
treated LSK cells (Fig. 5 D). However, the knockdown of Rad21 
made LPS/Pam3-treated LSK cells more similar to PBS-treated 
cultures (Fig. 5 D), indicating that Rad21 knockdown diminishes 
LPS/Pam3-induced changes in chromatin accessibility in LSK 
cells. Pathway enrichment analysis of genes that were located in 
the vicinity of LPS/Pam3-induced chromatin accessibility peaks 
that were reduced by Rad21 knockdown revealed a strong en-
richment of NF-κB–related pathways (Fig. 5 E). When analyzing 
the upstream regulators of these genes, we could identify NF-κB 
as one of the main regulators (Fig. 5 F). Zooming into example 
regions revealed LPS/Pam3-induced increases in chromatin ac-
cessibility in inter-/intragenic regions of various genes and gene 
clusters that are regulated by NF-κB and that exhibited a reduced 
responsiveness to open the chromatin in Rad21-deficient ver-
sus control LSK cells (Fig. 5, G–I). Transcription factor–binding 
sites that were directly located in regions of LPS/Pam3-induced 
chromatin accessibility in shLuci-infected LSK cells showed a 
strong enrichment for NF-κB transcription factor–binding sites 
(Fig. 5 J). As expected, depleted regions of LPS/Pam3-induced 
chromatin accessibility in Rad21-deficient cells were enriched 
for CCC TC-binding factor (CTCF, Fig. 5 K), a major cofactor of 
Rad21-dependent formation of higher order chromatin struc-
tures (Parelho et al., 2008). Of note, NF-κB–binding sites were 
not enriched within Rad21-dependent regions of inflamma-
tion-induced chromatin accessibility (Fig. 5 K). Together, these 
experiments show that Rad21-dependent changes in chromatin 
accessibility have a major impact on the induction of NF-κB sig-
naling in response to inflammation stimuli in HSPCs. The data 
suggest that Rad21-dependent changes in chromatin accessibil-
ity in response to inflammation mediate enhancer functionality 
of cotranscription factor complexes that are required for the 

two experiments is shown; the other experiment showed a similar result). (F) The histograms depict the chimerism of GFP+ cells in the indicated populations 
of the secondary recipients at 4 wk after transplantation. The dots represent individual mice (n = 4 mice per group for each experiment, n = 2 independent 
experiments, one of the two experiments is shown, the other experiment showed a similar result). Data in all panels of this figure depict mean ± SD; *, P < 
0.05; ***, P < 0.001; ****, P < 0.0001.

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/216/1/152/1761310/jem
_20181505.pdf by guest on 24 April 2024



Journal of Experimental Medicine
https://doi.org/10.1084/jem.20181505

Chen et al. 
Cohesin mediates NF-κB–induced HSC differentiation

159

Figure 4. Rad21 mediates differentiation of HSPCs in response to inflammation through NF-κB–dependent signaling. (A) Analysis of DEGs in two RNA-
seq experiments: (1) on GFP+CD48−Sca-1+ cells purified from cultured LSK cells, 3 d after isolation and lentiviral infection with an shRNA targeting Rad21 or a 
control shRNA (luciferase = luci) and (2) on freshly isolated GFP+ LSK cells from mice that were transplanted with lentivirally infected LSK cells (shRNA-Rad21 
or shRNA-luci), 4 mo after transplantation. KEGG pathway analysis shows the 14 most down-regulated pathways in Rad21 knockdown cells versus control cells. 
The analysis did not identify significantly (q < 0.1) up-regulated pathways. Green asterisks highlight NF-κB–related pathways. DEGs in these pathways from the 
in vivo analysis are depicted in B. (B) The heat map shows DEGs based on GO-terms related to the KEGG pathways highlighted in A (in vivo) in freshly isolated 
Rad21 knockdown LSK cells (shRad21) versus control (shLuci) LSK cells reisolated 4 mo after LSK cell transplantation. The heat map shows row-scaled and 
variance-stabilized expression counts for each gene. Red asterisks highlight inflammatory receptor genes. (C) The seven top transcription factor complexes, 
regulating DEGs in the experiment on culture-activated LSK cells (Fig. S2 A), were identified with the help of the GeneTrail web service. All significant DEGs were 
sorted according to their fold change and used as input for GeneTrail with default parameters. An adjusted P value cutoff of 0.05 was applied to select the most 

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/216/1/152/1761310/jem
_20181505.pdf by guest on 24 April 2024



Journal of Experimental Medicine
https://doi.org/10.1084/jem.20181505

Chen et al. 
Cohesin mediates NF-κB–induced HSC differentiation

160

transcriptional activation of NF-κB–dependent target genes. In 
line with this interpretation, the most strongly enriched tran-
scription factors in Rad21-dependent regions of increased chro-
matin accessibility in response to inflammation included ETS, 
AP-1, and Runt family members (Fig. 5 K), which are known co-
factors for NF-κB signal induction (Thanos and Maniatis, 1995; 
Luo et al., 2016).

Aging-associated changes in the effects of cohesin-
mediated NF-κB-signaling on HSPC expansion in response to 
inflammation stimulation
The above data indicated that HSPCs from old compared with 
young mice exhibit an increased ground-stage activity of NF-κB 
signaling (Fig.  1) and an increased sensitivity to undergo dif-
ferentiation and loss of self-renewal in response to induction 
of NF-κB signaling in unperturbed, endogenous hematopoiesis 
(Fig. 2). Moreover, Rad21/cohesin was identified as a mediator 
of NF-κB signaling in murine HSPCs by regulating chromatin ac-
cessibility in regulatory inter-/intragenic and enhancer regions 
in response to inflammatory stimuli (Fig. 4 and Fig. 5). To test 
whether aging would change the fate of HSPCs in response to 
inflammation-induced NF-κB stimulation and to assess whether 
Rad21/cohesin is potentially involved in this process, freshly iso-
lated LSK cells from young (2 mo old) and old (24 mo old) mice 
were infected with a shRNA against Rad21 or a control shRNA. 2 
d after infection, LSK cells were exposed to LPS/Pam3 or control 
(PBS) treatment and cultured for another 3 d. LPS/Pam3 treat-
ment induced myeloid differentiation in HSPC cultures from 
both young and old mice (Fig. S3, A and C). However, an age-de-
pendent difference was seen in the expansion potential of HSPCs 
in response to inflammation (Fig. S3, B and D). Specifically, LPS/
Pam3 treatment compared with PBS treatment strongly inhibited 
the expansion potential of old HSPCs (Fig. S3 D) but increased the 
expansion of young HSPCs (Fig. S3 B). Of note, Rad21 knockdown 
completely rescued the inhibition of the expansion potential of 
old HSPCs exposed to LPS/Pam3 treatment and reverted the 
enhancement of expansion of LPS/Pam3-treated young HSPCs 
(Fig. S3, B and D).

Similar results were obtained by NF-κB inhibition (Fig. S3, 
E–H). In brief, freshly isolated LSK cells from young (2 mo old) 
and old (24 mo old) mice were placed into culture and exposed 
to LPS/Pam3 to induce NF-κB signaling. Cultures were analyzed 
3 d later. As seen in the experiment on virally transduced cells, 
LPS/Pam3 treatment induced myeloid differentiation (CD11b+) in 
HSPC cultures from both young and old mice (Fig. S3, E and G), 
but exerted age-dependent effects on HSPC expansion resulting 

in the inhibition of the expansion potential of HSPCs from aged 
mice (Fig. S3 H), whereas the expansion of HSPCs from young 
mice was increased (Fig. S3 F). Treatment of HSPC cultures with 
BMS-345541 (BMS), a highly selective inhibitor of NF-κB–depen-
dent transcription (Burke et al., 2003), reverted impairments in 
the expansion potential of old HSPCs as well as increases in the 
expansion potential of young HSPCs in the context of inflamma-
tion stimulation (Fig. 3, F and H). The impaired expansion po-
tential of old HSPCs in response to LPS/Pam3 stimulation did not 
associate with an increased induction of apoptosis as compared 
with cultures from young HSPCs (Fig. S3 I), which was also con-
firmed at an earlier time point of inflammation induction in vivo 
(24 h after LPS injection, see below; Fig. S3 J).

Together, these data revealed an aging-dependent response 
of HSPCs to the induction of inflammation/NF-κB signaling in 
culture, resulting in impaired expansion potential of HSPCs from 
old versus young mice. These divergent responses to inflamma-
tion/NF-κB activation are Rad21 dependent and can be rescued 
by Rad21 knockdown.

Resolution failure of inflammatory signals impairs 
expansion and induces differentiation of HSCs in response to 
inflammation stimulation in aging mice
To determine signaling pathways that contribute to increased 
sensitivity of aged HSCs to lose expansion potential in response 
to inflammatory stimuli, we performed a time course experiment 
on freshly isolated HSCs, which were exposed to low-dose LPS for 
2 h, followed by culture in LPS-free medium for 6, 12, and 24 h. 
This experiment reconfirmed an increased ground-stage activity 
of NF-κB transcription (as measured by Il6 mRNA expression) in 
freshly isolated HSCs from old (24 mo old) compared with young 
(2–3 mo old) mice (Fig. 6 A). LPS stimulation did not result in 
significant changes in peak activation of Il6 transcription. How-
ever, in the resolution phase after LPS stimulus, HSCs from old 
mice failed to down-regulate Il6 levels below the ground-stage 
expression (Fig. 6 A).

To determine whether aging would change the cell fate of 
HSPCs in response to inflammation stimuli in vivo and whether 
such changes may be related to age-dependent changes in the 
resolution phase of inflammatory responses, young (2–3 mo old) 
and old (24 mo old) mice were injected with a single dose of LPS. 
Inflammatory responses and Rad21/cohesin expression were 
analyzed in freshly isolated HSPCs 24 h after LPS injection (1.5 
mg/kg body weight). LPS-induced stimulation of inflammation 
resulted in a strong expansion of phenotypically defined HSCs 
(CD150+CD41−CD34−LSK) in both young and old mice (Fig. 6 B and 

significant enriched/depleted transcription factor complexes, regulating these DEGs. Seven depleted transcription factor complexes (q < 0.05) were identified in 
shRad21-LSK cells. (D and E) 5,000 GFP+LSK cells were isolated from the recipient mice of Rad21 knockdown or control LSK cells at 4 mo after transplantation 
and cultured for 3 d. The percentage of CD11b+ cells in the cultures was determined by FACS. (D) Representative FACS plots showing percentages of CD11b+ 
cells in the indicated groups. (E) The histogram shows the percentage of CD11b+ cells in the LSK cell cultures in the indicated groups (in total, n = 8 mice per 
group were analyzed in n = 2 independent experiments). Statistical significance was assessed with two-way ANO VA followed by Tukey’s multiple comparison 
test on logit-transformed data. (F) LSK cells from 16-mo-old NF-κB1−/− or wild-type mice were infected with viruses carrying shRNAs against Rad21 or luciferase 
and cultured with or without LPS/Pam3 for 3 d. The graphs depict the increase in differentiation of LSK cells into myeloid cells (CD11b+) in LPS/Pam3-treated 
cultures relative to PBS-treated cultures of LSK cells from wild-type mice (left) and LSK cells from NF-κB1−/− mice (right) that were infected with the indicated 
shRNAs. The dots represent individual mice (in total, n = 6 wild-type mice and n = 4 NF-κB1−/− mice were analyzed in n = 2 independent experiments). Statistical 
significance was assessed with paired t test after log transformation. All data represent mean ± SD; *, P < 0.05; ****, P < 0.0001; ns, not significant.
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Figure 5. Rad21 deficiency leads to changes in chromatin accessibility in LSK cells in response to inflammation. (A–K) LSK cells from 24-mo-old mice 
were infected with an shRNA against Rad21 or a control shRNA (shLuci) and cultured for 2 d followed by an exposure to LPS/Pam3 (LPS: 200 ng/ml; Pam3: 1 
μg/ml) or PBS control for 14 h. At that time point, LSK cells were subjected to ATAC-seq. (A) Venn diagrams showing the number of ATAC-seq peaks (P value 
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Fig. S4 A). However, this expansion was diminished in BM of old 
mice, which exhibited instead a stronger increase in the number 
of MPPs (CD34+LSK) in response to LPS exposure compared with 
young mice (Fig. 6, B and C; and Fig. S4, A and B).

The increase in total number of phenotypically defined HSCs 
per million BM cells was to some extent due to a decrease in total 
BM cells in LPS-injected versus PBS-injected mice, likely due 
to the known mobilization of BM cells into the periphery in re-
sponse to inflammation (Fig. S4 C). However, the magnitude of 
the decrease of BM cells in response to LPS injection was sim-
ilar in young and old mice indicating that it did not influence 
age-dependent changes in HSC percentages in response to LPS. 
Cell cycle analysis revealed increased proliferation of both HSCs 
and MPPs in LPS-injected versus PBS-injected mice of both age 
groups, but the percentage of HSCs and MPPs in S/G2/M stages 
in response to LPS did not show a significant difference in young 
versus old LPS-injected mice (Fig. S4, D and E; P = 0.7660 for 
HSCs and P = 0.7764 MPPs). Similarly, the rate of apoptosis did 
not show significant age-related changes among the groups (Fig. 
S3 J). However, changes in surface marker expression could 
influence the quantification of HSCs and MPPs in response to 
LPS-induced inflammation, as such changes have been described 
in response to interferon stimulation in vivo (Essers et al., 2009). 
Despite these considerations, the acquired data suggested that 
phenotypically defined HSCs exhibit a diminished expansion 
potential and an increased induction of differentiation toward 
MPPs in old compared with young mice in response to an acute 
inflammatory stimulus. This interpretation also stands in agree-
ment with our above analysis of old versus young NF-κB reporter 
mice showing an age-dependent increase in differentiation and 
a reduced expansion potential of HSCs after endogenous activa-
tion of NF-κB signaling in steady-state hematopoiesis of non-
LPS–treated mice (Fig. 2).

To determine whether age-dependent differences in the 
resolution of inflammation/differentiation signals may be in-
volved in age-related changes how HSCs respond to inflam-
mation stimulation in vivo, a NanoString mRNA expression 
analysis was conducted on freshly isolated, highly purified HSCs 
(CD150+CD41−CD34−LSK) and MPPs (CD34+LSK) from the same 
mice (24 h after LPS injection). Pathway directed analysis con-
firmed that HSCs from young LPS-injected mice had already 
entered a resolution phase of inflammation as indicated by a re-
duction in TLR/cytokine signaling (Fig. 6, D and E) and differenti-
ation-inducing signals (Fig. 6, F and G) in LPS-injected compared 
with control animals. Control animals exhibited an increased ex-
pression of several NF-κB target genes in HSCs from old versus 

young mice (such as Tlr5, Tlr4, Il12b, and Il6) reconfirming an 
increased ground stage of NF-κB activity as seen before (Fig. 1 
and Fig. 6 A). Interestingly, HSCs from aged, LPS-injected mice 
showed an attenuated resolution response characterized by a 
failure to down-regulate inflammation- and differentiation-in-
ducing pathways in HSCs from LPS-injected mice versus con-
trol mice (Fig. 6, D–G). Of note, these aging-associated changes 
in the resolution phase after LPS injection associated with a 
down-regulation of several components of the cohesin complex 
(Rad21, Stag2, and Stag1) and factors that load/stabilize cohesin 
on the chromatin (Nipbl and Scc4/Mau-2/Securin) in HSCs from 
LPS-injected young mice, but a failure in cohesin down-regula-
tion in HSCs from LPS-injected old mice in comparison to age-
matched control animals (Fig. 6, H and I). In contrast to the data 
on HSCs, age-dependent changes in resolution phase and cohesin 
down-regulation after LPS injection were not evident in MPPs 
(Fig. 7, A–C), suggesting that the age-dependent failure in reso-
lution of inflammation is more prominent at the level of HSCs.

Selection of Rad21-deficient HSCs with reduced and 
myeloid-biased (My-biased) differentiation capacity 
increases during aging
Together, the above data suggested that an aging-associated 
failure in down-regulation of Rad21/cohesin and inflamma-
tion/differentiation-inducing signals in HSCs contributes to 
the increased sensitivity of HSCs from old versus young mice 
to undergo inflammation-induced loss of self-renewal/expan-
sion potential and induction of differentiation. The endogenous 
activation of NF-κB in non-LPS injected NF-κB reporter mice 
indicated that this pathway is active during steady-state he-
matopoiesis in the absence of acute inflammatory stimuli, and 
of note, aging changes the cell fate of NF-κB–activated HSCs 
to undergo differentiation and loss of self-renewal in unper-
turbed hematopoiesis (Fig. 2). Based on these lines of evidence, 
we postulated that Rad21/cohesin-deficient HSCs could be se-
lected during aging.

To directly test whether aging-associated changes in the cell 
fate of HSCs in response to NF-κB activation would enhance the 
selection of Rad21-deficient HSCs during in vivo aging, LSK cells 
were isolated from young (2 mo old) and old (24 mo old) donor 
mice, infected with a Rad21-shRNA or a control shRNA, and 
transplanted along with noninfected cells into young (2 mo old) 
or old (15 mo old) recipient mice. 9 mo after transplantation, the 
chimerism of shRNA-infected (GFP+) cells was analyzed in the 
HSC population (CD150+CD34−LSK) of the recipient mice. Pos-
itive selection of Rad21-deficient HSCs compared with control 

cutoff = 1e-3) in PBS-treated LSK cells. There was a reduction in the overall number of peaks in LSK cells that were infected with an shRNA against Rad21 ver-
sus control shRNA (shLuci)–infected LSK cells. (B) The histogram depicts the reduction in ATAC-seq peaks in the indicated genomic regions of shRad21 versus 
shLuci-infected LSK cells that were treated with PBS or LPS/Pam3. For the calculation, only common peaks found in both of the two replicates have been 
used. (C) Distribution of the ATAC-seq peaks on promoters and enhancers (±3 kb) in LSK cells infected with the indicated shRNAs. (D) Hierarchical clustering 
of the Pearson’s correlation of the ATAC-seq reads in all the samples analyzed. (E) Signaling pathway enrichment (x axis) of the genes associated with peaks 
depleted in shRad21-LPS/Pam3 compared with shLuci-LPS/Pam3–treated cells. (F) Upstream regulators associated with the genes depicted in E. X axis shows 
the activation Z-score of the target genes, and color code shows enrichment P value (−log10). (G–I) Genomic views of the Ccl gene cluster (G), Tlr4 (H), and 
Il6 (I). The yellow highlight marks the genomic regions where ATAC-seq identified increases in chromatin accessibility in response to LPS/Pam3 treatment, 
but diminished increases in chromatin accessibility in Rad21 knockdown versus control shRNA infected cells. (J and K) Motif discovery results on the peaks 
enriched in shLuci-LPS/Pam3 compared with shLuci-PBS–treated cells (J) or depleted in shRad21-LPS/Pam3 compared with shLuci-LPS/Pam3–treated cells (K).
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shRNA HSCs was evident in all groups of recipient mice (Fig. 8, 
A and B). Interestingly, a further increase in the selection of 
Rad21-deficient HSCs occurred when HSCs from old donors were 
transplanted into old recipients, whereas each parameter alone 
(an advanced age of the donor HSPCs or an advanced age of the 
recipient mice) was not sufficient to lead to an enhancement in 
the selection of Rad21-deficient HSCs (Fig. 8, A and B). Aging-as-
sociated increases in the selection of Rad21-deficient cells were 
not seen at the level of MPPs from the same animals (Fig. 8 C).

These results indicated that aging-related HSC-intrinsic pro-
cesses as well as HSC-extrinsic processes cooperate in enhanc-
ing the selection of Rad21-deficient HSCs but not MPPs after 
transplantation. To characterize the selection of Rad21 mutant 
HSCs in unperturbed hematopoiesis during aging, a cohort of 
seven Rad21fl/+Mx-Cre+ mice was analyzed. The Mx-Cre system 
allows for inducible deletion of knockout alleles that are flanked 
by loxP sites. The Cre driver can be induced by interferon acti-
vation through injection of double-stranded RNA polyinosin-
ic-polycytidylic acid (pIpC). However, the Cre driver has a low 
background activity, resulting in a low percentage of deleted al-
leles in the absence of pIpC injection ranging from 1 to 30% (Kühn 
et al., 1995; Velasco-Hernandez et al., 2016). We reasoned that this 
model could be used to determine kinetics of positive selection 
of heterozygous mutant Rad21 (Rad21Δ/+) HSCs and MPPs during 
aging. Interestingly, a strong aging-associated increase in the 
percentage of mutant HSCs was seen in these mice reaching up 
to 70.8–95.2% in three 28–33-mo-old mice (Fig. 8 D). As a control, 
we determined the rate of p21 mutant HSCs in one 6-mo-old and 
one 25-mo-old p21fl/+Mx-Cre mouse. Homozygous deletion of p21 
was found to increase self-renewal in mice of a mixed genetic 
background (Cheng et al., 2000), but such effects were not seen 
in mice on a C57BL/6J background (van Os et al., 2007). The per-
centage of mutant HSCs reached to 29.1% and 33.3% in these two 
control mice (Fig. 8 D). While the number of mice was too low to 
make conclusion on mutation selection kinetics in unperturbed 
hematopoiesis of aging mice of these different genotypes, we 
wished to determine whether Rad21 mutant HSCs would change 
the differentiation potential of HSCs. To this end, the frequency 
of Rad21 deletion was determined for five of the seven investi-
gated mice also at the level of MPPs. Our above data indicated that 
Rad21 knockdown increases self-renewal but impairs the differ-
entiation capacity of HSCs (Fig. 3). Interestingly, the in vivo ac-

cumulation of Rad21 mutations in the five investigated mice was 
much lower in MPPs than in the HSC compartment of the same 
mice (Fig. 8 D). Also, the slope of age-related increases in muta-
tions was significantly lower in MPPs compared with HSCs from 
the same mice (Fig. 8 D; P < 10−5), suggesting that Rad21 muta-
tions are stronger selected at HSC level compared with MPP level.

During aging, the population of My-biased HSCs strongly ex-
pands, whereas the population of lymphoid-biased (Ly-biased) 
HSCs does not increase (Wang et al., 2016). This leads to a dom-
inance of My-biased HSCs and My-biased differentiation in the 
aging hematopoietic system (Cho et al., 2008; Beerman et al., 
2010; Dykstra et al., 2011). My-biased HSCs exhibit an increased 
expression of CD150 and von Willebrand Factor (VWF), and the 
population of HSCs expressing these markers increases during 
aging (Beerman et al., 2010; Morita et al., 2010; Pinho et al., 2018). 
To analyze whether increases in the selection of HSCs with re-
duced protein expression of Rad21/cohesin would occur during 
aging and may cosegregate with the selection of HSC subpopu-
lations, global proteome analysis was performed on freshly iso-
lated HSCs from young (2–4 mo old), middle age (10–14 mo old), 
and old (24 mo old) mice. HSCs were isolated as CD150+CD34−

LSK cells containing both My-biased (CD150-high-positive: 
CD150hi) and Ly-biased (CD150-low-positive: CD150lo) HSCs. 
As expected, when analyzing the entire pool of My-biased 
and Ly-biased HSCs, significant increases in the expression of 
marker proteins of My-biased HSCs (CD150 and VWF) were de-
tected during aging (q < 0.1; Fig. 8 E). This aging-associated in-
crease in marker proteins of My-biased HSCs (CD150 and VWF) 
was more pronounced when comparing HSCs from old versus 
young mice as compared with HSCs from old versus middle-aged 
mice (Fig. 8 E). This observation stands in agreement with the 
age-dependent increase in My-biased HSCs, which becomes 
prominently detectable already at mid age (Tang et al., 2016). 
Interestingly, these aging-associated increases in the expression 
of My-biased HSC marker proteins were associated with a sig-
nificant decrease in the expression of several components of the 
cohesin complex, including RAD21, SMC1A, and SMC3, as well as 
the binding partner for cohesin on the chromatin, CTCF, in HSCs 
from aged versus young mice (Fig. 8 E). However, this decrease 
in the expression of cohesin components was less pronounced 
when comparing old versus middle-aged mice (q < 0.1; Fig. 8 E). 
These data suggested that My-biased HSCs may express lower 

Figure 6. Age-dependent impairment in expansion potential of HSCs in response to LPS exposure associates with a failure to down-regulate inflam-
mation signaling and cohesin expression in the resolution phase of inflammation. (A) HSCs (CD150+CD34−LSK) were isolated from young (2–3 mo old) 
and old (24 mo old) wild-type mice and treated with PBS or LPS (200 ng/ml) for 2 h. mRNA expression of Il6 relative to Actb was analyzed at the indicated 
time points after LPS stimulation (n = 3–4 mice per group). Statistical significance was assessed with Welch’s t test after log transformation. (B–I) In vivo LPS 
stimulation was performed in young (2–3 mo old) and old (24 mo old) wild-type mice at a dose of 1.5 mg/kg body weight. Mice were sacrificed at 24 h after 
LPS injection. (B and C) The charts depict the fold change in the percentages of HSCs (B) and MPPs (C) in BM of LPS-stimulated mice relative to control (PBS 
injected) mice of the indicated age groups. Multiple pairwise comparisons of fold changes of HSCs (CD150+CD41−CD34−LSK; B) and MPPs (CD34+ LSK; C) were 
performed. Wilcoxon test was used to test difference of all pairwise ratios for each cell type (in total, n = 16 young mice and n = 4 old mice were analyzed in 
four independent experiments). (D–I) NanoString analysis was performed on HSCs from young (2–3 mo old) and old (24 mo old) mice, 24 h after LPS injection 
along with controls. The heat maps show the clustering of the indicated groups according to changes in the mRNA expression of inflammatory genes (D), 
differentiation factors (F), and cohesin genes and cohesin regulator genes (H). (E, G, and I) Histograms show the relative mRNA expression of representative 
genes encoding for cytokines (E), differentiation inducing factors (G), or cohesin components (I). The depicted representative examples were selected from the 
NanoString analysis in D, F, and H. The data are shown as linear fold change relative to the nontreated young control (n = 12 young mice in three pools of 4 mice 
per pool, and n = 3 old mice as individual samples). 12 housekeeping genes were used for the normalization of the expression value. Statistical significance was 
assessed with Welch’s t test after log transformation. Data represent mean ± SD; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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levels of Rad21/cohesin than Ly-biased HSCs, thus the selection 
of My-biased HSCs during aging associated with decreasing ex-
pression of Rad21/cohesin in the HSC pool. To further test this 
assumption, a second proteome experiment was conducted on 
purified My-biased HSCs (CD150hiCD34−LSK cells) from young 
mice (6–8 mo old) and old mice (30 mo old). As expected, the 
proteome analysis of highly purified My-biased HSCs did not 
show an increased expression of marker protein of My-biased 
HSCs (CD150 and VWF) when comparing HSCs from aged versus 
young mice (Fig. 8 F). Of note, the decrease in the expression of 
proteins of the cohesin complex, which was seen when analyzing 
the entire pool of My- and Ly-biased HSCs from old versus young 
mice (Fig. 8 F, x axis), was also no longer detectable in this highly 
purified population of My-biased HSCs (Fig. 8 F). Together, these 
data support the conclusion that the expression of proteins of the 
cohesin complex is reduced in My-biased HSCs versus Ly-biased 
HSCs and the aging-associated drift toward a My-biased HSC 
pool thus associates with reduction in the expression of proteins 
of the cohesin complex.

The above results suggested that the reduced expression of 
cohesin complex proteins may contribute to the selection of 
My-biased HSCs during aging as the reduced expression levels of 
cohesin would make this subpopulation of HSCs more resistant 
to inflammation/NF-κB–mediated impairments in HSC self-re-
newal/expansion. To test this hypothesis, we analyzed the selec-
tion of shRad21-infected versus shLuci-infected LSK cells from 
young or old donor mice upon transplantation into young or old 
recipient mice (same experiment as depicted in Fig. 8 A) within 
the subpopulations of My-biased and Ly-biased HSCs. While Lu-
ci-shRNA–infected cells did not show an aging-associated selec-
tion in My-biased versus Ly-biased HSCs, shRNA-Rad21 infection 
showed an increased selection in the subpopulation of My-biased 
HSCs compared with Ly-biased HSCs (Fig. 8 G). These data sug-
gested that reducing levels of Rad21 increase the selection of 

My-biased HSCs more strongly than the selection of Ly-biased 
HSCs, supporting the hypothesis that the naturally occurring re-
duction in RAD21 protein expression in My-biased HSCs versus 
Ly-biased HSCs (Fig. 8, E and F) may contribute to the aging-as-
sociated selection of My-biased over Ly-biased HSCs.

Discussion
The current study provides experimental evidence that the re-
sponse of HSPCs to inflammation/NF-κB signaling changes 
during aging, which leads to an aging-associated loss of expan-
sion/self-renewal capacity of HSPCs exposed to inflammatory 
stimuli. The study shows that HSCs from aged compared with 
young mice exhibit an increased ground-stage activity of NF-κB 
signaling and an elevated sensitivity to lose self-renewal and 
expansion capacity in response to activation of inflammation/
NF-κB signaling. These aging-associated impairments in self-re-
newal and expansion capacity of aged HSCs are associated with 
failures to down-regulate inflammation/NF-κB signaling in the 
resolution phase of inflammation below the already increased 
ground-stage activity of the pathway. While NF-κB signaling can 
promote inflammation resolution in leukocytes (Lawrence et al., 
2001), the here-described increase in ground-stage NF-κB activ-
ity and the failure to down-regulate the pathway in the resolution 
phase of inflammation associate with impaired self-renewal/ex-
pansion potential of HSCs in aged versus young mice in response 
to inflammation stimulation. Studies on young mice revealed 
that HSPCs are highly responsive to activate NF-κB inflammatory 
signals in response to LPS/TLR-induced inflammation signals, 
which exceeds the responsiveness of mature immune cells (Zhao 
et al., 2014). In that study, IL-6 was shown to represent one of 
the strongest induced cytokines in HSPCs in response to inflam-
mation stimulation. Of note, IL-6 is an important activator of 
myeloid differentiation in HSPCs, and the up-regulation of IL-6 

Figure 7. mRNA expression signatures of MPPs upon in vivo LPS stimulation. (A–C) NanoString analysis was performed on MPPs (CD34+LSK) from 
young (2 mo old) and old (24 mo old) mice, 24 h after injection of LPS (1.5 mg/kg body weight) or control, PBS injection (n = 12 young mice in three pools of 4 
mice per pool, and n = 3 old mice as individual samples; the same experiment as depicted in Fig. 6, D–I). The heat maps show the clustering of the indicated 
groups according to changes in the mRNA expression of inflammatory genes (A), differentiation factors (B), and cohesin genes and cohesin regulator genes (C).
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Figure 8. HSCs with disrupted cohesin expression are selected during aging. (A–C) LSK cells from young (2 mo  old) or old (24 mo old) donor mice were 
infected with an shRNA against Rad21 (shRad21) or a control shRNA (shLuci) and transplanted into young (2 mo old) or old (15 mo old) recipient mice along with 
noninfected LSK cells from the same cultures. The initial transduction efficiencies were 69.6% for shLuci-young-LSK, 72.2% for shRad21-young-LSK, 64.9% for 
shLuci-old-LSK, and 69.5% for shRad21-old-LSK. The percentage of GFP+ cells was determined 9 mo after transplantation in HSCs and MPPs of the recipient 
mice. (A) The histogram depicts the percentages of GFP+ cells in HSCs (CD150+CD34−LSK) in the indicated groups. (B) Representative FACS plots showing 
(left) the percentage of HSCs in LSK cells and (right) the percentage of GFP+ cells in the HSC population in the indicated groups of recipient mice transplanted 
with targeted LSK cells from old donors. (C) The histogram depicts the percentages of GFP+ cells in MPPs (CD34+LSK) in the indicated groups. (A and C) In 
total, n = 3–6 recipient mice per group in n = 3 independent experiments. Statistical significance was assessed with two-way ANO VA followed by Tukey’s 
multiple comparison test on logit-transformed data. The dots represent individual mice. (D) Heterozygous floxed Rad21 mice and heterozygous floxed p21 
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was identified as one of the first biomarkers of aging in humans 
(Franceschi and Campisi, 2014). It is conceivable that the HSPC 
compartment is more vulnerable than other (mature) cells of the 
blood system to respond to chronic increases in inflammatory 
signals that occur during aging. The failure to down-regulate 
NF-κB signaling in response to an acute inflammatory stimulus 
in aged HSCs below the level of already elevated ground-stage 
activity likely contributes to the here-identified aging-associated 
changes in cell fate of HSPCs to undergo differentiation and loss 
of self-renewal in response to acute inflammatory stimuli.

This study identifies a novel role of Rad21/cohesin in me-
diating NF-κB signaling in HSCs. Aside from its role in sister 
chromatid cohesion, the cohesin complex has been recognized 
as a regulator of gene transcription (Gullerova and Proudfoot, 
2008; Yan et al., 2013). Cohesin is required for the stabilization of 
higher order chromatin structures, such as TADs, which almost 
completely disappear in response to cohesin depletion (Rao et 
al., 2017). However, the effects of cohesin-mediated TAD forma-
tion on gene regulation remains incompletely understood, and 
the removal of TADs by itself does not lead to strong changes in 
steady-state gene expression (Nora et al., 2017; Rao et al., 2017). 
The current study indicates that Rad21/cohesin mediates NF-κB 
signaling in HSPCs in response to inflammation and replica-
tion stress. Previous studies did not reveal the here identified, 
prominent role of Rad21/cohesin in mediating NF-κB signaling in 
HSPCs. These data indicate that Rad21/cohesin-mediated NF-κB 
signaling in HSPCs depends on the context and the presence of 
stress factors that activate NF-κB signals. Such factors likely 
were more prominent in our experiments on culture-activated 
or in vivo–transplanted HSPCs compared with previous studies 
on unperturbed hematopoiesis in young mice (Mullenders et al., 
2015; Viny et al., 2015). Given that Rad21/cohesin deletion has 
little effects on gene regulations at steady-state despite its pro-
found effects on disrupting the maintenance of topology-associ-
ated chromatin domains (Nora et al., 2017; Rao et al., 2017), it is 
possible that Rad21/cohesin is more important for inducible gene 
regulation, which in case of inflammation and aging involves a 
profound effect of Rad21/cohesin on mediating NF-κB signal-
ing. In further support of our finding that cohesin can mediate 
NF-κB signaling in primary HSPCs, STAG2 (SA2)/cohesin was 
reported to activate NF-κB signaling in Jurkat cells, an immor-
talized human T lymphocyte cell line (Lara-Pezzi et al., 2004). 

The current experiments reveal that Rad21/cohesin is required 
for inflammation-induced increases in chromatin accessibility 
in nonpromoter regions of NF-κB target genes. While NF-κB–
binding motifs do not directly localize into regions of Rad21/co-
hesin-mediated increases in chromatin accessibility in response 
to inflammation, binding sites of several known cotranscription 
factors of NF-κB, such as ETS, AP1, and Runt family members 
(Thanos and Maniatis, 1995; Luo et al., 2016), show a strong en-
richment in these regions. These findings suggest that Rad21/
cohesin mediates inflammation/NF-κB signaling in HSPCs by 
inducing the enhancer activity of critical cotranscription fac-
tors of NF-κB–dependent transcription. This interpretation 
stands in agreement with the recently described role of Rad21/
cohesin in mediating inducible gene expression in macrophages 
by activating gene expression networks through the induction 
of transcription factor activity and secondary gene expression 
responses (Cuartero et al., 2018). The current study suggests that 
Rad21-induced enhancer function of cotranscription factors has 
a crucial role for the induction of NF-κB–dependent inflamma-
tory responses in HSPCs.

According to the here presented results, Rad21/cohesin 
seems to contribute to the failure of aged versus young HSCs to 
down-regulate inflammation/NF-κB and differentiation signals 
in the resolution phase after acute inflammation stimulation. 
This failure of aged HSCs in inflammation resolution associates 
with impaired down-regulation of Rad21/cohesin expression/
stabilization. It will be of future interest to delineate the contri-
bution of Rad21/cohesin to inflammatory memory and whether 
this may be involved in driving aging-associated phenotypes of 
the hematopoietic system. It has been shown that HSPCs main-
tain inflammatory memory, promoting an enhanced response 
to inflammatory insults in macrophages. This exacerbated re-
sponse in the macrophages is a consequence of changes in the 
chromatin dynamics (Kaufmann et al., 2018). It remains to be 
investigated whether similar responses occur at HSC level and 
whether Rad21/cohesin is involved in these processes. The future 
development of methods that allow the investigation of dynamic 
structural/chromatin changes in low cell number should enable 
the investigation of such questions.

The here-identified, novel role of Rad21/cohesin-mediated 
NF-κB signaling in impairing HSC self-renewal during aging 
could also be relevant for the selection of cohesin mutations in 

mice that also carried an Mx-Cre transgene (Rad21fl/+, Mx-Cre+ or p21 fl/+, Mx-Cre+) were analyzed at the indicated age without pIpC-mediated Cre induction. 
The chart depicts the rates of heterozygous gene deletion (y axis) in HSCs and MPPs from the mice of the indicated age (x axis) as determined by genotyping 
colonies formed from single cells. n = 24–50 colonies per cell type per mouse, n = 2–7 mice per genotype in total in n = 3 independent experiments. Regression 
analysis was performed using the standard least squares estimator to determine the association of age with mutation frequency of Rad21 mutant HSC/MPP. 
Z-test was used to test difference in slope of regression lines between HSC and MPP populations tested (P < 2e-16). (E) Scatter plot comparing proteome 
changes in (x axis) CD150+ HSCs (including CD150 high and low = My- and Ly-biased HSCs) from old mice (24 mo old) versus young mice (2–4 mo old) and in 
(y axis) CD150+ HSCs from old mice (24 mo old) versus middle age mice (10–14 mo old). Only protein groups significantly affected in at least one of the two 
comparisons (q < 0.1) are shown (1,161 protein groups). n = 3–4 pools per group of n = 3–12 mice per pool. (F) Scatter plot comparing proteome changes in (y 
axis) purified CD150hi HSCs (My-biased HSCs) from old mice (30 mo old) versus young mice (6–8 mo old) and in (x axis) CD150+ HSCs (including CD150hi and 
CD150lo = My- and Ly-biased HSCs) from old mice (24 mo old) versus young mice (2–4 mo old). Only protein groups significantly affected in at least one of the 
two comparisons (q < 0.1) are shown (1,468 protein groups). n = 3–4 pools per group of n = 3–12 mice per pool. (G) The histogram shows the percentages of 
GFP+ cells in CD150hi (My-biased) and CD150lo (Ly biased) HSCs in the indicated groups (data derived from the same experiment as depicted in Fig. 8, A–C). 
The dots indicate individual mice. Statistical significance was assessed with Welch’s t test on logit-transformed data. Data represent mean ± SD; **, P < 0.01; 
***, P < 0.001; ****, P < 0.0001; ns, not significant.
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human aging and during early stage of myeloid leukemia. Co-
hesin mutations have been identified as rare mutation in aging 
(Jaiswal et al., 2014) and occur in 10–15% of myeloid leukemia 
(Kon et al., 2013; Thota et al., 2014), as well as in a variety of solid 
tumors (Barber et al., 2008; Guo et al., 2013). Early stages of 
tumor development are often associated with strong increases in 
inflammation/NF-κB signaling (Dolcet et al., 2005). The current 
study shows that Rad21/cohesin depleted HSCs are increasingly 
selected during aging. Rad21/cohesin suppression refers resis-
tance to HSCs to undergo inflammation/NF-κB–induced differ-
entiation and loss of self-renewal. The study shows that HSCs are 
more vulnerable than early progenitor cells (MPPs) to undergo 
aging/inflammation-induced increase in differentiation and loss 
of self-renewal. This increased sensitivity of HSCs associates 
with a more pronounced enhancement in ground-stage activity 
of NF-κB signaling and in failure to down-regulate inflamma-
tion/NF-κB signaling in the resolution stage of inflammation. It 
is tempting to speculate that the here described role of cohesin 
in mediating inflammation/NF-κB signaling, which impairs the 
self-renewal/expansion potential of HSCs during aging, could 
also represent a barrier for the expansion of cancer initiating 
cells. According to this model increases in inflammation signal-
ing would be a relevant mechanism driving selection of Rad21/
cohesin mutant cells at early stages of cancer development.

Rad21-mediated inflammation/NF-κB signaling could also 
contribute to aging-associated myeloid-skewed differentiation 
of the hematopoietic system. Our study shows that Rad21/co-
hesin deletion leads to increases in HSC self-renewal/expansion 
potential, especially in the context of aging and inflammation. 
Since, NF-κB signaling is required for the normal differentiation 
of HSPCs (Fang et al., 2018), it is possible that the selection of co-
hesin mutant HSCs with reduced sensitivity to respond to NF-κB 
signaling by itself contributes to the development of skewed 
differentiation. According to our study, cohesin mutant HSPCs 
exhibit increased HSC self-renewal coupled with impaired and 
myeloid-skewed differentiation, thus resembling two of the 
most prominent phenotypes of the aging hematopoietic system. 
It remains to be investigated in greater detail whether Rad21/
cohesin is expressed at different levels in different subpopula-
tions of HSCs (such My-biased vs. Ly-biased HSCs). If so, chronic 
increases in aging-associated inflammation may contribute to 
the selective expansion of HSC subpopulations with lower ex-
pression of Rad21/cohesin that are refractory to inflammation/
NF-κB–induced differentiation. In support of this hypothesis, 
the current proteome experiment on HSCs shows that HSCs 
exhibit reduced RAD21/CTCF protein expression and increased 
CD150/VWF when comparing HSCs from old mice versus young 
mice. These data suggest that RAD21/CTCF may actually be ex-
pressed at lower levels in My-biased HSCs (with high expression 
of CD150/VWF), thus making this subpopulation more resistant 
to inflammation/NF-κB–mediated differentiation induction, 
which increases the selection of this subpopulation during in-
flammation and aging.

Altogether, the current study reveals mechanistic insights 
on how chronically activated inflammation and HSC-intrinsic 
changes in cohesin-dependent NF-κB signaling cooperate in pro-
moting selection of HSCs with disrupted or reduced expression 

of Rad21/cohesin, increased self-renewal, and myeloid biased 
differentiation during aging.

Materials and methods
Mice
All wild-type mice were C57BL/6J mice and obtained from Janvier 
or from internal stock. NF-κB reporter and NF-κB/p50 knockout 
(NF-κB1−/−) mice were obtained from internal stock, and both 
mice were on a C57BL/6 background. Mice were maintained in a 
specific pathogen–free animal facility in Fritz Lipmann Institute 
with 12 h of light/dark cycle and fed with a standard mouse chow. 
Young and old mice were i.p. injected with LPS according to the 
body weight (1.5 mg/kg). Experiments were conducted according 
to protocols approved by the state government of Thuringia (reg. 
no. 03-006/13 and no. FLI-17-025).

FACS analysis and sorting
For HSC, MPP and LSK cell isolation, c-Kit+ cells in total BM 
from mice were enriched with magnetic-activated cell separa-
tion (MACS; Miltenyi Biotec) according to the manufacturer’s 
protocol (LS Column, 130-042-402; anti–APC-microbeads, 130-
090-855). Cells were incubated with a lineage cocktail contain-
ing biotinylated antibodies against CD4 (Biolegend; 100508), CD8 
(Biolegend; 100704), TER-119 (Biolegend; 116204), CD11b (Bio-
legend; 101204), Gr-1 (Biolegend; 108404), and B220 (Biolegend; 
103222) at 4°C for 30 min. After washing, cells were incubated 
with anti–CD34-FITC (eBioscience; 11-0341-85), anti–CD150-PE 
(Biolegend; 115904), anti–Sca-1-PE-Cy7 (Biolegend; 108114), and 
anti–c-Kit-APC (Biolegend; 105812) antibodies. Biotinylated 
antibodies were developed with streptavidin-APC-Cy7 (Bioleg-
end; 405208). Cell sorting was performed using FAC SAria III 
cell sorter. For peripheral blood (PB) analysis, blood was incu-
bated with anti–CD45-PE (Biolegend; 103106), anti–CD4-APC 
(Biolegend; 100516), anti–CD8-APC (Biolegend; 100712), anti–
Gr-1-APC-Cy7 (Biolegend; 108424), anti–CD11b-APC-Cy7 (Bio-
legend; 101226), anti–B220-APC (eBioscience; 17-0452-82), and 
anti–B220-APC-Cy7 (Biolegend; 103224) antibodies. Red blood 
cells were lysed with Lysis buffer (BD Biosciences; 555899) at 
room temperature for 5 min. For BM cell analysis, cells were in-
cubated with a biotinylated lineage cocktail (4°C, 30 min), then 
incubated with anti–CD150-BV605 (Biolegend; 115927), anti–
CD34-Alexa700 (eBioscience; 56-0341-82), anti–Sca-1-Pacific-
Blue (Biolegend; 108120), anti–c-Kit APC (Biolegend; 105812), 
anti–IL-6R-PE (Biolegend; 115806), anti–TLR4-PE-Cy7 (Bioleg-
end; 117610), and streptavidin-APC-Cy7 (Biolegend; 40520; 4°C, 
overnight). For cultured LSK cell analysis, cells were incubated 
with anti–CD48-APC (Biolegend; 103412), anti–Sca-1-PE (Bioleg-
end; 108108), anti–c-Kit-PE-Cy7 (Biolegend; 105814), streptavi-
din-APC-Cy7 (Biolegend; 405208), lineage cocktail antibodies, 
or anti–CD11b-APC-Cy7 (Biolegend; 101226; 4°C, 30 min). For 
hematopoietic progenitor cell analysis, cells were incubated 
with anti–CD135(Flt3)-PE (Biolegend; 135306), anti–CD127(IL-
7Ra)-PerCP-Cy5.5 (Biolegend; 135022), anti–CD150-BV605 (Bio-
legend; 115927), anti–CD34-Alexa700 (eBioscience; 56-0341-82), 
anti–Sca-1-Pacific-Blue (Biolegend; 108120), anti–c-Kit APC (Bi-
olegend; 105812), anti–FcγR III/II-PE-Cy7 (Biolegend; 101318), 
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and streptavidin-APC-Cy7. FACS analysis was performed with 
BD LSRFortessa cell analyzer or FAC SAria III cell sorter. Data 
were analyzed by FlowJo software. The gating strategy of hema-
topoietic stem and progenitors in BM and mature cells in PB is 
described in Fig. S5 (A and B).

Lentivirus production
shRNA was inserted into the SF-LV-shRNA-EGFP plasmid using 
mir30 primers (Wang et al., 2012). Lenti-X (Clontech) cells were 
cultured in DMEM supplemented with 10% FBS, 100 U/ml pen-
icillin, and 100 µg/ml streptomycin. Lentivirus was produced 
in Lenti-X cells using calcium phosphate transfection of 30 µg 
shRNA plasmid, 18 µg psPAX2, and 9 µg pMD2.G plasmids accord-
ing to standard procedures (Schambach et al., 2006). Medium 
was changed 12 h after transfection and virus supernatant was 
collected 36 h after changing medium. Lentiviruses were concen-
trated at 106,800 rcf for 2.5 h at 4°C, and viral pellets were resus-
pended in sterile PBS. Luciferase shRNA: 5′-TGC TGT TGA CAG TGA 
GCG CCC GCC TGA AGT CTC TGA TTA ATA GTG AAG CCA CAG ATG TAT 
TAA TCA GAG ACT TCA GGC GGT TGC CTA CTG CCT CGGA-3′; Rad21 
shRNA 1#: 5′-TGC TGT TGA CAG TGA GCG CGC TTA TAA TGC CAT TAC 
TTT ATA GTG AAG CCA CAG ATG TAT AAA GTA ATG GCA TTA TAA GCT 
TGC CTA CTG CCT CGGA-3′; Rad21 shRNA 2#: 5′-TGC TGT TGA CAG 
TGA GCG CTT CGA GGA TGA CGA CAT GTT ATA GTG AAG CCA CAG 
ATG TAT AAC ATG TCG TCA TCC TCG AAA TGC CTA CTG CCT CGGA-
3′; Rad21 shRNA 3#: 5′-TGC TGT TGA CAG TGA GCG CTG GGA CAA 
GAA GCT AAC CAA ATA GTG AAG CCA CAG ATG TAT TTG GTT AGC TTC 
TTG TCC CAA TGC CTA CTG CCT CGGA-3′; SMC1 shRNA: 5′-TGC TGT 
TGA CAG TGA GCG ACA CAG GAG TAT GAC AAG CGA ATA GTG AAG 
CCA CAG ATG TAT TCG CTT GTC ATA CTC CTG TGC TGC CTA CTG CCT 
CGGA-3′; SMC3 shRNA: 5′-TGC TGT TGA CAG TGA GCG CCA GCT 
TAG TGC TGA AAG ACA ATA GTG AAG CCA CAG ATG TAT TGT CTT TCA 
GCA CTA AGC TGT TGC CTA CTG CCT CGGA-3′; STAG1(SA-1) shRNA: 
5′-TGC TGT TGA CAG TGA GCG ACA GTG TTA CAG GAT TCA ACT ATA 
GTG AAG CCA CAG ATG TAT AGT TGA ATC CTG TAA CAC TGG TGC CTA 
CTG CCT CGGA-3′; STAG2(SA-2) shRNA: 5′-TGC TGT TGA CAG TGA 
GCG CCA CAG CAG AGA TGT TCA GAC ATA GTG AAG CCA CAG ATG TAT 
GTC TGA ACA TCT CTG CTG TGA TGC CTA CTG CCT CGGA-3′.

Cell cycle and apoptosis assay
Cell cycle analysis was performed via Ki67 staining (BD Biosci-
ences; 556027) using Cytofix/Cytoperm kit (BD Biosciences; 
554714). Apoptosis assays were performed by Annexin V Apop-
tosis Detection kit (BD PharMingen; 556547). Cell death was mea-
sured using FITC Annexin V apoptosis detection kit with 7-AAD 
(Biolegend; 640922).

DR
Mice in the control group (AL) had unlimited access to standard 
food and the daily food intake was measured. DR mice were given 
70% of the amount of the food consumed by AL mice. The food 
was given at certain time every day. DR started directly after the 
transplantation and lasted for 2 mo.

Viral transduction of LSK cell
Freshly isolated LSK (3 × 105) cells were plated in 400  µl se-
rum-free expansion medium (SFEM; Stem Cell; 09650) with 100 

U/ml penicillin, 100 µg/ml streptomycin, 50 ng/ml thrombo-
poietin (TPO; Peprotech; 315-14), and 50 ng/ml stem cell factor 
(SCF; Peprotech; 250-03) in a 48-well plate. Lentivirus suspen-
sions were added into cells according to titration results. After 
1–3 d, cultured LSK cells were collected and used for functional 
investigations.

Transplantation assay
Viral-infected LSK cells were transplanted into lethally gam-
ma-irradiated (12 Gy) recipient mice via i.v. injection. For the 
second round of transplantation, 5 × 106 total BM cells from the 
primary recipient mice were serially transplanted into second-
ary recipient mice. After transplantation, recipient mice were 
treated with antibiotic water (0.01%; Baytril) for 1 wk and were 
monitored by weekly inspection until the end of the experi-
ments. Chimerism and lineage composition of GFP+ cells in PB 
from recipient mice were periodically analyzed by FACS. At 4–9 
mo after transplantation, chimerism and number of GFP+ HSCs 
in recipient mice were analyzed by FACS.

Cell culture and inflammation treatment
Freshly isolated LSK cells were plated in 400 µl SFEM with 100 
U/ml penicillin, 100 µg/ml streptomycin, 50 ng/ml TPO, and 50 
ng/ml SCF in a 48-well plate, with or without LPS (200 ng/ml; 
Sigma; L2880) and Pam3CSK4 (1 µg/ml; InvivoGen; tlrl-pms) in 
the presence or absence of BMS-345541 (20 µM; Sigma; B9935). 
After 3–5 d culture, the number and percentage of HSPCs and 
differentiated cells were analyzed by FACS. 100 ng/ml of IL-6 
(Peprotech; 216-16) was applied for IL-6 stimulation experiment.

In vitro colony-forming assays
CD150+CD34−LSK cells were purified from the BM of 2–3-mo-old 
and 24-mo-old NF-κB reporter mice (n = 3 mice per age group) 
and seeded in methylcellulose medium (Stem Cell Technologies; 
M3434; 1.2 ml/well in 6-well plate) at 500 cells/triplicate (n = 3 
biological repeats and 3 technical repeats). For serial round of 
plating, cells from the first plating were seeded at 5,000 cells/du-
plicate as above (n = 3 biological repeats and 2 technical repeats). 
Colony numbers were scored after 12 d in culture.

IL-6 measurement
Young (3 mo old) and old (24 mo old) WT mice received an i.p. 
injection of LPS (1.5 mg/kg) and were sacrificed 3 h later. 5 × 106 
c-Kit+–enriched BM cells were isolated and cultured in 1 ml of 
SFEM with 100 U/ml penicillin, 100 µg/ml streptomycin, 50 ng/
ml TPO, and 50 ng/ml SCF in a 24-well plate in the presence of 
secretion inhibitor Brefeldin A (BD Biosciences; 555029). After 
4 h culture, cells were fixed and permeabilized using BD Fixa-
tion/Permeabilization Solution kit (554714). The level of IL-6 
production in the HSC population was analyzed by FACS using 
IL-6 antibody (BD Biosciences; 554401).

RNA-seq
RNA-seq was conducted on Rad21 shRNA versus control shR-
NA-infected LSK cells that were either activated after a 3-d cul-
ture or reisolated from recipients, 4 mo after transplantation. 
All groups have samples in triplicate. Total RNA of cells was 
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extracted using MagMAX-96 Total RNA Isolation kit (Ambion; 
AM1830) according to the manufacturer’s protocol. Sequencing 
of RNA samples was done using Illumina’s next-generation se-
quencing methodology (Bentley et al., 2008). In detail, quality 
check and quantification of total RNA was done using the Agilent 
Bioanalyzer 2100 in combination with the RNA 6000 nano kit 
(in vitro samples) or RNA 6000 pico kit (in vivo samples; Agilent 
Technologies Inc.). Library preparation was done using Illumi-
na’s TruSeq RNA v2 library preparation kit (in vitro samples) 
or SMA RT-Seq v4 Ultra Low Input RNA kit (Takara Clontech) in 
combination with Illumina’s Nextera XT DNA library preparation 
kit (in vivo samples) following the manufacturer’s description. 
Quantification and quality check of libraries was done using the 
Agilent Bioanalyzer 2100 in combination with the DNA 7500 kit. 
Libraries were sequenced on a HiSeq2500 running in 51 cycle/
single-end/high-output mode. In vivo as well as the in vitro sam-
ples were sequenced each in a single lane. Sequence information 
was extracted in FastQ format using Illumina’s bcl2fastq v1.8.4. 
Sequencing resulted in around 35 million reads per in vitro sam-
ple and around 31 million reads per in vivo sample.

KEGG pathway analysis
RNA-seq data were initially quality controlled (FastQC; Andrews, 
2010), depleted of remaining rRNAs (SortMeRNA; Kopylova 
et al., 2012), and quality trimmed (Prinseq; Schmieder and 
Edwards, 2011) before mapping to the mouse genome (GRCm38) 
with TopHat2 (Kim et al., 2013) and quantification by HTSeq-
count (Anders et al., 2015) were performed. The DESeq2 (Love et 
al., 2014) pipeline was used to normalize read counts and to call 
significant DEGs. False discovery rate (FDR)–corrected P values 
were assumed to be significant at a threshold of 0.05. Further, 
DEGs were investigated for over-representation in mouse KEGG 
pathways by performing gene set enrichment analyses with the 
R-package GAU GE (Luo et al., 2009) using a hypergeometric test 
and FDR correction with a significance threshold of q < 0.1.

ATAC-seq
LSK cells from 24-mo-old mice were infected with an shRNA 
against Rad21 or a control shRNA (shLuci) and cultured for 2 d 
followed by an exposure to LPS/Pam3 (LPS: 200 ng/ml; Pam3: 
1ug/ml) or PBS control for 14 h. At that time point LSK cells were 
subjected to ATAC-seq. ATAC-seq was performed with 50,000 
cells as previously described (Buenrostro et al., 2015) with the 
following modifications: the transposition reaction was per-
formed with 2 µl of Tn5 Transposase (Nextera; Illumina) for 1 h 
at 37°C. Transposed DNA was purified with the Monarch PCR 
Cleanup kit (NEB; T1030). Libraries were amplified with a total 
number of 14 cycles and purified with Agencourt AMPure XP 
beads (A63881). Large fragments were removed with a sample/
bead ratio of 0.5 and remaining fragments were recovered with 
a ratio of 1.7. Sequencing of ATAC libraries was done using Illu-
mina’s next-generation sequencing methodology (Bentley et al., 
2008). Quantification and quality check of libraries were done 
using the Agilent Bioanalyzer 2100 in combination with the DNA 
7500 kit. Libraries were pooled and sequenced on a NextSeq500 
running in 40-cycle paired-end mode using sequencing chem-
istry v2. Sequence information was extracted in FastQ format 

using Illumina’s bcl2fastq v2.19.1.403. Sequencing resulted in 
around 43 million reads per sample. FastQ files quality check 
was performed with FastQC (v0.11.5). FastQ files mapping to 
mm9 genome was performed by using Bowtie (v1.1.2) with “best 
strata m 1” parameters. Duplicate reads were removed using a 
custom script. For peak calling, macs14 (v1.4.2) was used with 
“nolambda” parameter and two different P value cutoff (1e-3 and 
1e-5). Peaks overlap with enhancers and promoters was done by 
using Bedtools intersect (v2.22.1). Other analyses were done by 
using R (v3.4.4). For finding the distribution of the peaks in the 
genomic regions, getTargetAnnotationStats and Intersect func-
tions from Genomation package (v1.11.3) were used. For statis-
tical analysis, peaks (1e-5) were merged using Peakreference 
function (TCseq_1.2.0 package). The merged peaks have used as 
the reference for calculation of read per million (RPM) for each 
sample by using custom script. RPM values for each peaks with 
interquartile ranges >1.5 was used for calculation of the Pearson 
correlation. Two-tailed t test was used to define the regions with 
significant changes in different comparisons (P value <0.05). 
Peaks enriched in shLuci (LPS/Pam3) versus shLuci (PBS) were 
defined as follows: P value <0.05, shLuci (LPS/Pam3)–RPM > 
shLuci (PBS)–RPM, and presence of the peak in both the replicate 
of shLuci (LPS/Pam3). Similarly, peaks depleted in shRad21 (LPS/
Pam3) versus shLuci (LPS/Pam3) were defined as P value <0.05, 
shLuci (LPS/Pam3)–RPM > shRad21 (LPS/Pam3)–RPM, and pres-
ence of the peak in both the replicate of shLuci (LPS/Pam3). For 
motif analysis, the selected regions were intersected (Bedtools 
intersect) with the summit of the peaks in both replicates of 
shLuci (LPS/Pam3; Fig. 5, J and K) and the summits were used for 
motif discovery using Homer (findMotifsGenome.pl) with len: 4, 
6, 8, 10, 12 and size: 100, 100 parameters. Differentially regulated 
peaks were associated to the nearest gene (ENS EMB LE annota-
tion), whose transcription start site was ±5 kb or if overlapping 
with gene’s enhancer (as defined in GSE89767). Gene list and the 
log2 of RPM ratio was used for canonical pathway and upstream 
regulator analysis in Ingenuity Pathway Analysis (v45868156).

Quantitative real-time PCR (RT-qPCR)
Total RNA was extracted using MagMAX-96 Total RNA Isolation 
kit (Ambion; AM1830) according to the manufacturer’s protocol. 
The GoScript Reverse Transcription System (Bio-Rad; 170–8891) 
was used for cDNA synthesis from total RNA according to man-
ufacturer’s instructions. RT-qPCR was performed with an ABI 
7500 Real-Time PCR System (Applied Biosystems). Amount of 
target RNA was normalized to that of the endogenous control 
β-actin (Actb). The gene expression quantities were determined 
according to the Pfaffl method with PCR efficiency corrections. 
Primers: Actb F: 5′-AAG GCC AAC CGT GAA AAG AT-3′; Actb R: 5′- 
GTG GTA CGA CCA GAG GCA TAC-3′; Ccl3 F: 5′-TTC TCT GTA CCA TGA 
CAC TCT GC-3′; Ccl3 R: 5′-CGT GGA ATC TTC CGG CTG TAG-3′; Ccl4 
F: 5′-TTC CTG CTG TTT CTC TTA CAC CT-3′; Ccl4 R: 5′-CTG TCT GCC 
TCT TTT GGT CAG-3′; Il-6 F: 5′-TGA TGG ATG CTA CCA AAC TGG-3′; 
Il-6 R: 5′-TTC ATG TAC TCC AGG TAG CTA TGG-3′; Rad21 F: 5′-AGC 
AAC CTG CAC ATG ATG AC-3′; Rad21 R: 5′-ATA GTT GGC ATC GGT 
TCG AC-3′; Il-1b F: 5′-AGT TGA CGG ACC CCA AAAG-3′; Il-1b R: 5′-
TTT GAA GCT GGA TGC TCT CAT-3′; GM-CSF F: 5′-GGC CTT GGA AGC 
ATG TAG AA-3′; GM-CSF R: 5′-TCT GCA CAC ATG TTA GCT TCT TG-3′.
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Western blot
5 × 105 LSK cells were purified by FACS from young (2–3 mo old) 
and old (22–24 mo old) mice and lysed with 10  µl lysis buffer 
(50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 1% Triton 
X-100). The cells were sonicated (five cycles of 30 s on/30 s off) 
and clarified by centrifugation for 15 min (7,800 rcf; 4°C). The 
lysate (10 µg protein) was resolved through a 10% SDS-PAGE. 
The proteins were wet transferred using transfer buffer (20% 
methanol, 2.5 mM Tris, and 20 mM glycine) onto nitrocellulose 
membrane (Roth). The membrane was briefly washed with water 
(5 min), and equal total protein loading was ascertained by REV 
ERT Total protein stain kit (LI-COR). The membrane was blocked 
in 4% nonfat milk in TBS buffer (150 mM NaCl and 50 mM Tris, 
pH 7.5) for 1 h and incubated overnight with anti–phospho-NF-κB 
p65 (Ser536; 1:1,000; Cell Signaling Technology; 3033) in 4% BSA 
in TBST buffer (TBS with 0.01% Tween-20). Consequently, the 
membrane was probed with IRDye 800CW-conjugated secondary 
antibody (1:10,000; LI-COR) dissolved in 4% milk in TBST buffer, 
and the images were obtained by Odyssey scanner (LI-COR).

NanoString analysis
1 × 104 of FACS-sorted HSCs (CD150+CD41−CD34−LSK) and MPPs 
(CD34+LSK) were lysed in 2 µl of lysis/binding solution (Applied 
Biosystems; 8500G14). The cell lysate was then used for hybrid-
ization reaction as follows: 2 µl of cell lysate was mixed with 5 µl 
of nCounter hybridization buffer (NanoString Technologies), 
2 µl of Core Tagset, 2 µl of extension Tagset (NanoString Tech-
nologies), 0.5 µl of 0.6 nm Probe A working pool, 0.5 µl of 0.6 
nm probe A extension Pool, 0.5 µl of 3 nm Probe B working pool, 
and 0.5 µl of 3 nm Probe B extension pool (IDT Technologies). 
2 µl of nuclease-free water was added to each reaction to reach 
a final volume of 15 µl. The reaction mixture was prepared in 
Strip tubes (NanoString Technologies). Then, it was incubated 
at 67°C using thermal cycler (Masterycler; Eppendorf) for 16 h. 
Afterward, the NanoString chemistry was processed automati-
cally using nCounter prep-station 5s (NanoString Technologies) 
according to manufacturer protocol. Directly after the run, the 
nCounter Cartridge was loaded into nCounter digital analyzer 
5s (NanoString Technologies). Data analysis, heat map genera-
tion, and clustering were done after background correction using 
nSolver advanced analysis software (v4) and R software (v3.3.2). 
The following housekeeping genes were used for normalization: 
ActB, B2M, Gapdh, Gusb, Hprt, PGK1, Polr1b, Polr2a, Ppia, Rpl19, 
Sdha, and Tbp. For further information on sample preparation 
NanoString technologies, see https:// www .nanostring .com/ 
support/ product -support/ support -documentation.

Proteomics of HSCs
In the first proteomic analysis, a total of 43 young (2–4 mo old) 
mice, 18 middle age mice (10–14 mo old), and 26 old mice (24 mo 
old) were used. 50,000 cells were isolated by pooling of HSCs 
(CD150+CD34−LSK) from different animals. In total n = 4 pools, 
n = 50,000 HSCs per pool from each age group were collected 
and analyzed. In the second proteomic analysis, a total of 36 
young mice (6–8 mo old) and 10 old mice (30–36 mo old) were 
used. 100,000 cells were isolated by pooling of My-biased HSCs 
(CD150hiCD34−LSK) from different animals. In total n = 3 pools, 

n = 100,000 HSCs per pool from each age group were collected 
and analyzed. All mice used in both of the two proteomic anal-
ysis were C57BL/6J male mice. Experiments were analyzed by 
data-independent acquisition (DIA) mass spectrometry using a 
protocol optimized for low cells number. Cells were sorted di-
rectly into lysis buffer to a final concentration of 1% (wt/vol) 
SDS, 50 mM dithiothreitol, 100 mM Hepes, pH 8.0, and lysed by 
sonication using a Bioruptor Plus (Diagenode) with 10 cycles of 
60 s on/30 s off at the highest setting at 20°C. Following reduc-
tion (10 min; 95°C) and alkylation (Iodoacetamide, 15 mM, 30 
min, dark, room temperature), proteins were acetone precipi-
tated and digested with 1:100 enzyme/protein LysC (Wako) for 
4 h at 37°C in 100 mM Hepes, pH 8.0, containing 3 M urea and 
following 1:1 dilution with water to obtain 1.5 M urea, with 1:100 
Trypsin (Promega) overnight at 37°C. Digested peptides were 
desalted using a Waters Oasis HLB µElution Plate. On reconsti-
tution with 95:5 water: acetonitrile containing 0.1% formic acid 
to an estimated 1 µg/µl, peptides were spiked with retention time 
Hyper Reaction Monitoring kit (Biognosys AG) and analyzed on 
a Q Exactive HF-X (Thermo). Peptides were separated using the 
nanoAcquity MClass Ultra-High Performance Liquid Chroma-
tography system (Waters) fitted with a trapping (nanoAcquity 
Symmetry C18, 5 µm, 180 µm × 20 mm) and an analytical column 
(nanoAcquity BEH C18, 1.7 µm, 75 µm × 250 mm). The outlet of the 
analytical column was coupled directly to the mass spectrometer 
using the Proxeon nanospray source. Solvent A was water and 
0.1% formic acid, and solvent B was acetonitrile and 0.1% formic 
acid. The samples (∼1 µg) were loaded with a constant flow of 
solvent A at 5 µl/min onto the trapping column. Trapping time 
was 6 min. Peptides were eluted via the analytical column with a 
constant flow of 0.3 µl/min. During the elution step, the percent-
age of solvent B increased in a nonlinear fashion from 0–40% in 
40 min (50,000 cell analyses)/120 min (100,000 cell analyses). 
The peptides were introduced into the mass spectrometer via a 
Pico-Tip Emitter 360-µm outer diameter × 20-µm inner diam-
eter, 10-µm tip (New Objective), and a spray voltage of 2.2 kV 
was applied. The capillary temperature was set at 300°C. The 
radio frequency ion funnel was set to 40%. For data acquisition 
and processing of the raw data, Xcalibur 4.0 (Thermo) and Tune 
version 2.9 were used. For the DIA data acquisition full scan 
mass spectrometry (MS) spectra with mass range 350–1650 m/z 
were acquired in profile mode in the Orbitrap with resolution of 
120,000. The default charge state was set to 3+. The filling time 
was set at maximum of 60 ms with limitation of 3 × 106 ions. DIA 
scans were acquired with 22 (50,000 cells)/40 (100,000 cells) 
mass window segments of differing widths across the MS1 mass 
range. Higher collisional dissociation fragmentation (stepped 
normalized collision energy; 25.5, 27, and 30%) was applied and 
MS/MS spectra were acquired with a resolution of 30,000 with 
a fixed first mass of 200 m/z after accumulation of 3 × 106 ions or 
after filling time of 40 ms (whichever occurred first). Data were 
acquired in profile mode. For sample-specific spectral library 
generation, representative samples of the different conditions 
were analyzed additionally by data-dependent acquisition, using 
the same gradients as for the DIA analyses. Both types of data 
were included in the library generation. The data were searched 
against the mouse Uniprot database (Swissprot entry only, re-
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lease 2016_01; 16,747 entries) using the Pulsar search engine 
(Biognosys AG). Data were processed using Spectronaut 11 and 
Spectronaut Pulsar X Biognosys AG (Bruderer et al., 2017). Pre-
cursor matching, protein inference, and quantification were per-
formed in Spectronaut using default settings, except that median 
intensities were used instead of Top3 to calculate protein quanti-
ties. Peptide and protein level FDR for DIA data were controlled to 
1% (Rosenberger et al., 2017). Differential protein expression was 
evaluated using a pairwise t test performed at the precursor level, 
followed by multiple testing correction (Storey, 2002).

Statistical analysis
Most figure panels contain data from experiments performed on 
the same day, except where stated when the cumulative data from 
multiple independent experiments were performed on different 
days. Numbers of biological replicates (independent samples, 
mice, or pools of mice) and experimental repetitions are stated in 
figure legends. The sample size used in each experiment was not 
predetermined by statistical power calculations. Blinding was 
not used in experiments. No animals were excluded from analy-
ses. Mice were allocated to experiments randomly, and samples 
were processed in an arbitrary order, but formal randomization 
techniques were not used. Data were always presented as mean 
with SD, except where stated differently in figure legends. For 
analysis of the statistical significance of differences between 
two groups, we performed two-tailed Welch’s t test. To assess the 
statistical significance of differences between two treatments or 
conditions, we used two-way ANO VA followed by Tukey’s multi-
ple comparison test. Where stated in figure legends, in the cases 
of cell number, ratio, or proportion data, we performed log trans-
formation (for cell number and ratios) or logit transformation 
(for proportions) before statistical testing to approximate normal 
distribution with equal variances. The significance level was set 
at 0.05 (5%). All statistical analyses were performed with Graph-
Pad Prism 7.01 software, except for regression analysis and the 
exhaustive pairwise comparisons, which were performed with 
r-project.org. Regression analysis was performed, minimizing 
the least squares error. The Z-test was used to test the difference 
in slope of the regression lines. The Wilcoxon test was used to test 
the difference in exhaustive pairwise comparisons.

Data availability
The RNA-seq data have been deposited in the National Center for 
Biotechnology Information’s Gene Expression Omnibus and are 
accessible through Gene Expression Omnibus Series accession 
no. GSE110440. The ATAC-seq data discussed in this publication 
have been deposited in the National Center for Biotechnology 
Information’s Sequence Read Archive and are accessible through 
accession no. PRJ NA501838. The mass spectrometry proteomics 
data have been deposited to the ProteomeXchange Consortium 
via the PRI DE partner repository (Vizcaíno et al., 2016; Deutsch 
et al., 2017) with the dataset identifier PXD011537.

Online supplemental material
Fig. S1 shows the knockdown of Rad21 enhances HSC self-re-
newal and impairs HSC differentiation, which is enhanced by 
DR. Fig. S2 shows knockdown of cohesin genes inhibits LPS/

Pam3-induced differentiation of HSPCs, and shRad21-infected 
LSK cells show impaired activation of NF-κB target genes upon 
LPS stimulation. Fig. S3 shows inflammation-induced Rad21/
NF-κB signaling limits the self-renewal of HSPCs during aging, 
which is rescued by Rad21 knockdown or NF-κB inhibitor treat-
ment. Fig. S4 shows LPS-induced inflammatory responses in he-
matopoietic cells of young and old wild-type mice. Fig. S5 shows 
gating strategies of FACS analyses.

Acknowledgments
The Flow Cytometry, Proteomics, and Animal facilities of the 
Fritz Lipmann Institute are gratefully acknowledged. The skillful 
and diligent assistance in Illumina sequencing of Cornelia Luge, 
Ivonne Goerlich, and Ivonne Heinze is gratefully acknowledged. 
We would like to thank the members of the K.L. Rudolph labora-
tory for helpful suggestions and Sabrina Eichwald for excellent 
technical support. We would like to thank Ruth Schmidt-Ullrich 
(Max Delbrück Center for Molecular Medicine, Berlin, Ger-
many) for leaving the NF-κB–EGFP reporter mice. We would like 
to thank Tina Schnöder and Stefan Tümpel for critical reading 
of the manuscript. We would like to thank Sonja Schätzlein and 
Jennifer Freymann for their great support in organizing ani-
mal documentation.

This work was supported by the European Union (advanced 
European Research Council grant to K.L. Rudolph, 323136: Stem-
CellGerontoGenes) and by the German Federal Ministry of Re-
search and Education, grant 031A424 “HaematoOPT.” R. Haenold 
received funding from the Velux Stiftung, Switzerland. A. Ori and 
S. Di Sanzo acknowledge funding from the German Research Coun-
cil (Deutsche Forschungsgemeinschaft; DFG) via the Research 
Training Group ProMoAge (GRK 2155). F. Neri and S.M.M. Rasa 
were supported by the Sofja Kovalevskaja Award of the Alexander 
von Humboldt Foundation (grant ITA1164767SKP). M. Hölzer was 
supported by the DFG through the Priority Program SPP1596. 

The authors declare no competing financial interests.
Author contributions: Z. Chen designed and performed the ma-

jority of experiments and analyses with help from E.M. Amro, and 
Y. Chen. F. Becker performed the ATAC-seq–related experiment. 
S.M.M. Rasa analyzed the ATAC-seq data. E.M. Amro performed 
NanoString analysis and proteomics-related experiments. D. Tang 
and S. Tao performed the DR experiments. M. Hölzer performed 
bioinformatics analysis of RNA-seq data. S.N. Njeru performed 
Western blots. M. Groth performed RNA-seq and ATAC-seq. R. 
Haenold provided gene-modified mice. V.S. Romanov supervised 
the quality of data, analysis, and statistics. J.M. Kirkpatrick, S. 
Di Sanzo, and B. Han performed proteomics-related experiments 
and analyzed proteomics data. A. Ori supervised proteomics anal-
ysis. H.A. Kestler and J.M. Kraus analyzed data on mutant HSC/
MPP selection and HSC/MPP expansion in response to LPS. M. 
Marz supervised analysis of RNA-seq data. F. Neri supervised 
analysis of ATAC-seq data. Y. Morita and K.L. Rudolph designed 
and supervised the study and wrote the manuscript.

Submitted: 6 August 2018
Revised: 6 November 2018
Accepted: 19 November 2018

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/216/1/152/1761310/jem
_20181505.pdf by guest on 24 April 2024



Journal of Experimental Medicine
https://doi.org/10.1084/jem.20181505

Chen et al. 
Cohesin mediates NF-κB–induced HSC differentiation

173

References
Anders, S., P.T. Pyl, and W. Huber. 2015. HTSeq--a Python framework to work 

with high-throughput sequencing data. Bioinformatics. 31:166–169. 
https:// doi .org/ 10 .1093/ bioinformatics/ btu638

Andrews, S.2010. FastQC: A quality control tool for high throughput sequence 
data. http:// www .bioinformatics .babraham .ac .uk/ projects/  (accessed 
November 28, 2018).

Barber, T.D., K. McManus, K.W. Yuen, M. Reis, G. Parmigiani, D. Shen, I. Bar-
rett, Y. Nouhi, F. Spencer, S. Markowitz, et al. 2008. Chromatid cohesion 
defects may underlie chromosome instability in human colorectal can-
cers. Proc. Natl. Acad. Sci. USA. 105:3443–3448. https:// doi .org/ 10 .1073/ 
pnas .0712384105

Beerman, I., D. Bhattacharya, S. Zandi, M. Sigvardsson, I.L. Weissman, D. Bry-
der, and D.J. Rossi. 2010. Functionally distinct hematopoietic stem cells 
modulate hematopoietic lineage potential during aging by a mechanism 
of clonal expansion. Proc. Natl. Acad. Sci. USA. 107:5465–5470. https:// doi 
.org/ 10 .1073/ pnas .1000834107

Beerman, I., J. Seita, M.A. Inlay, I.L. Weissman, and D.J. Rossi. 2014. Quiescent 
hematopoietic stem cells accumulate DNA damage during aging that is 
repaired upon entry into cell cycle. Cell Stem Cell. 15:37–50. https:// doi 
.org/ 10 .1016/ j .stem .2014 .04 .016

Beg, A.A., W.C. Sha, R.T. Bronson, and D. Baltimore. 1995. Constitutive NF-
kappa B activation, enhanced granulopoiesis, and neonatal lethality in 
I kappa B alpha-deficient mice. Genes Dev. 9:2736–2746. https:// doi .org/ 
10 .1101/ gad .9 .22 .2736

Bentley, D.R., S. Balasubramanian, H.P. Swerdlow, G.P. Smith, J. Milton, C.G. 
Brown, K.P. Hall, D.J. Evers, C.L. Barnes, H.R. Bignell, et al. 2008. Ac-
curate whole human genome sequencing using reversible terminator 
chemistry. Nature. 456:53–59. https:// doi .org/ 10 .1038/ nature07517

Bruderer, R., O.M. Bernhardt, T. Gandhi, Y. Xuan, J. Sondermann, M. Schmidt, 
D. Gomez-Varela, and L. Reiter. 2017. Optimization of Experimental 
Parameters in Data-Independent Mass Spectrometry Significantly 
Increases Depth and Reproducibility of Results. Mol. Cell. Proteomics. 
16:2296–2309. https:// doi .org/ 10 .1074/ mcp .RA117 .000314

Brüünsgaard, H., and B.K. Pedersen. 2003. Age-related inflammatory cyto-
kines and disease. Immunol. Allergy Clin. North Am. 23:15–39. https:// doi 
.org/ 10 .1016/ S0889 -8561(02)00056 -5

Buenrostro, J.D., B. Wu, H.Y. Chang, and W.J. Greenleaf. 2015. ATAC-seq: A 
method for assaying chromatin accessibility genome-wide. Curr. Protoc. 
Mol. Biol. 109:1–9. https:// doi .org/ 10 .1002/ 0471142727 .mb2129s109

Burke, J.R., M.A. Pattoli, K.R. Gregor, P.J. Brassil, J.F. MacMaster, K.W. McIn-
tyre, X. Yang, V.S. Iotzova, W. Clarke, J. Strnad, et al. 2003. BMS-345541 
is a highly selective inhibitor of I κ B kinase that binds at an allosteric 
site of the enzyme and blocks NF-κ B-dependent transcription in mice. 
J. Biol. Chem. 278:1450–1456. https:// doi .org/ 10 .1074/ jbc .M209677200

Busque, L., J.P. Patel, M.E. Figueroa, A. Vasanthakumar, S. Provost, Z. Hami-
lou, L. Mollica, J. Li, A. Viale, A. Heguy, et al. 2012. Recurrent somatic 
TET2 mutations in normal elderly individuals with clonal hematopoie-
sis. Nat. Genet. 44:1179–1181. https:// doi .org/ 10 .1038/ ng .2413

Caiello, I., G. Minnone, D. Holzinger, T. Vogl, G. Prencipe, A. Manzo, F. De Ben-
edetti, and R. Strippoli. 2014. IL-6 amplifies TLR mediated cytokine and 
chemokine production: implications for the pathogenesis of rheumatic 
inflammatory diseases. PLoS One. 9:e107886. https:// doi .org/ 10 .1371/ 
journal .pone .0107886

Chambers, S.M., C.A. Shaw, C. Gatza, C.J. Fisk, L.A. Donehower, and M.A. 
Goodell. 2007. Aging hematopoietic stem cells decline in function and 
exhibit epigenetic dysregulation. PLoS Biol. 5:e201. https:// doi .org/ 10 
.1371/ journal .pbio .0050201

Cheng, T., N. Rodrigues, H. Shen, Y. Yang, D. Dombkowski, M. Sykes, and 
D.T. Scadden. 2000. Hematopoietic stem cell quiescence maintained by 
p21cip1/waf1. Science. 287:1804–1808. https:// doi .org/ 10 .1126/ science 
.287 .5459 .1804

Cho, R.H., H.B. Sieburg, and C.E. Muller-Sieburg. 2008. A new mechanism for 
the aging of hematopoietic stem cells: aging changes the clonal compo-
sition of the stem cell compartment but not individual stem cells. Blood. 
111:5553–5561. https:// doi .org/ 10 .1182/ blood -2007 -11 -123547

Cuartero, S., F.D. Weiss, G. Dharmalingam, Y. Guo, E. Ing-Simmons, S. Masella, 
I. Robles-Rebollo, X. Xiao, Y.F. Wang, I. Barozzi, et al. 2018. Control of 
inducible gene expression links cohesin to hematopoietic progenitor 
self-renewal and differentiation. Nat. Immunol. 19:932–941. https:// doi 
.org/ 10 .1038/ s41590 -018 -0184 -1

Deutsch, E.W., A. Csordas, Z. Sun, A. Jarnuczak, Y. Perez-Riverol, T. Ternent, 
D.S. Campbell, M. Bernal-Llinares, S. Okuda, S. Kawano, et al. 2017. The 
ProteomeXchange consortium in 2017: supporting the cultural change 

in proteomics public data deposition. Nucleic Acids Res. 45(D1):D1100–
D1106. https:// doi .org/ 10 .1093/ nar/ gkw936

Dolcet, X., D. Llobet, J. Pallares, and X. Matias-Guiu. 2005. NF-kB in devel-
opment and progression of human cancer. Virchows Arch. 446:475–482. 
https:// doi .org/ 10 .1007/ s00428 -005 -1264 -9

Dykstra, B., S. Olthof, J. Schreuder, M. Ritsema, and G. de Haan. 2011. Clonal 
analysis reveals multiple functional defects of aged murine hematopoi-
etic stem cells. J. Exp. Med. 208:2691–2703. https:// doi .org/ 10 .1084/ jem 
.20111490

Ergen, A.V., N.C. Boles, and M.A. Goodell. 2012. Rantes/Ccl5 influences he-
matopoietic stem cell subtypes and causes myeloid skewing. Blood. 
119:2500–2509. https:// doi .org/ 10 .1182/ blood -2011 -11 -391730

Essers, M.A.G., S. Offner, W.E. Blanco-Bose, Z. Waibler, U. Kalinke, M.A. 
Duchosal, and A. Trumpp. 2009. IFNalpha activates dormant haemato-
poietic stem cells in vivo. Nature. 458:904–908. https:// doi .org/ 10 .1038/ 
nature07815

Fagiolo, U., A. Cossarizza, E. Scala, E. Fanales-Belasio, C. Ortolani, E. Cozzi, 
D. Monti, C. Franceschi, and R. Paganelli. 1993. Increased cytokine pro-
duction in mononuclear cells of healthy elderly people. Eur. J. Immunol. 
23:2375–2378. https:// doi .org/ 10 .1002/ eji .1830230950

Fang, J., T. Muto, M. Kleppe, L.C. Bolanos, K.M. Hueneman, C.S. Walker, L. 
Sampson, A.M. Wellendorf, K. Chetal, K. Choi, et al. 2018. TRAF6 Medi-
ates Basal Activation of NF-κB Necessary for Hematopoietic Stem Cell 
Homeostasis. Cell Reports. 22:1250–1262. https:// doi .org/ 10 .1016/ j .celrep 
.2018 .01 .013

Flach, J., S.T. Bakker, M. Mohrin, P.C. Conroy, E.M. Pietras, D. Reynaud, S. Alva-
rez, M.E. Diolaiti, F. Ugarte, E.C. Forsberg, et al. 2014. Replication stress 
is a potent driver of functional decline in ageing haematopoietic stem 
cells. Nature. 512:198–202. https:// doi .org/ 10 .1038/ nature13619

Florian, M.C., K. Dörr, A. Niebel, D. Daria, H. Schrezenmeier, M. Rojewski, 
M.D. Filippi, A. Hasenberg, M. Gunzer, K. Scharffetter-Kochanek, et al. 
2012. Cdc42 activity regulates hematopoietic stem cell aging and reju-
venation. Cell Stem Cell. 10:520–530. https:// doi .org/ 10 .1016/ j .stem .2012 
.04 .007

Franceschi, C., and J. Campisi. 2014. Chronic inflammation (inflammaging) 
and its potential contribution to age-associated diseases. J. Gerontol. A 
Biol. Sci. Med. Sci. 69(Suppl 1):S4–S9. https:// doi .org/ 10 .1093/ gerona/ 
glu057

Genovese, G., A.K. Kähler, R.E. Handsaker, J. Lindberg, S.A. Rose, S.F. Bak-
houm, K. Chambert, E. Mick, B.M. Neale, M. Fromer, et al. 2014. Clonal 
hematopoiesis and blood-cancer risk inferred from blood DNA sequence. 
N. Engl. J. Med. 371:2477–2487. https:// doi .org/ 10 .1056/ NEJMoa1409405

Glimm, H., I.H. Oh, and C.J. Eaves. 2000. Human hematopoietic stem cells 
stimulated to proliferate in vitro lose engraftment potential during their 
S/G(2)/M transit and do not reenter G(0). Blood. 96:4185–4193.

Guidi, N., M. Sacma, L. Ständker, K. Soller, G. Marka, K. Eiwen, J.M. Weiss, 
F. Kirchhoff, T. Weil, J.A. Cancelas, et al. 2017. Osteopontin attenuates 
aging-associated phenotypes of hematopoietic stem cells. EMBO J. 
36:1463–1463. https:// doi .org/ 10 .15252/ embj .201796968

Gullerova, M., and N.J. Proudfoot. 2008. Cohesin complex promotes tran-
scriptional termination between convergent genes in S. pombe. Cell. 
132:983–995. https:// doi .org/ 10 .1016/ j .cell .2008 .02 .040

Guo, G., X. Sun, C. Chen, S. Wu, P. Huang, Z. Li, M. Dean, Y. Huang, W. Jia, Q. 
Zhou, et al. 2013. Whole-genome and whole-exome sequencing of blad-
der cancer identifies frequent alterations in genes involved in sister 
chromatid cohesion and segregation. Nat. Genet. 45:1459–1463. https:// 
doi .org/ 10 .1038/ ng .2798

Ho, T.T., M.R. Warr, E.R. Adelman, O.M. Lansinger, J. Flach, E.V. Verovskaya, 
M.E. Figueroa, and E. Passegué. 2017. Autophagy maintains the metab-
olism and function of young and old stem cells. Nature. 543:205–210. 
https:// doi .org/ 10 .1038/ nature21388

Jaiswal, S., C.H.M. Jamieson, W.W. Pang, C.Y. Park, M.P. Chao, R. Majeti, D. 
Traver, N. van Rooijen, and I.L. Weissman. 2009. CD47 is upregulated on 
circulating hematopoietic stem cells and leukemia cells to avoid phago-
cytosis. Cell. 138:271–285. https:// doi .org/ 10 .1016/ j .cell .2009 .05 .046

Jaiswal, S., P. Fontanillas, J. Flannick, A. Manning, P.V. Grauman, B.G. Mar, 
R.C. Lindsley, C.H. Mermel, N. Burtt, A. Chavez, et al. 2014. Age-related 
clonal hematopoiesis associated with adverse outcomes. N. Engl. J. Med. 
371:2488–2498. https:// doi .org/ 10 .1056/ NEJMoa1408617

Ju, Z., H. Jiang, M. Jaworski, C. Rathinam, A. Gompf, C. Klein, A. Trumpp, and 
K.L. Rudolph. 2007. Telomere dysfunction induces environmental alter-
ations limiting hematopoietic stem cell function and engraftment. Nat. 
Med. 13:742–747. https:// doi .org/ 10 .1038/ nm1578

Kaufmann, E., J. Sanz, J.L. Dunn, N. Khan, L.E. Mendonça, A. Pacis, F. Tzele-
pis, E. Pernet, A. Dumaine, J.C. Grenier, et al. 2018. BCG Educates He-

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/216/1/152/1761310/jem
_20181505.pdf by guest on 24 April 2024

https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1073/pnas.0712384105
https://doi.org/10.1073/pnas.0712384105
https://doi.org/10.1073/pnas.1000834107
https://doi.org/10.1073/pnas.1000834107
https://doi.org/10.1016/j.stem.2014.04.016
https://doi.org/10.1016/j.stem.2014.04.016
https://doi.org/10.1101/gad.9.22.2736
https://doi.org/10.1101/gad.9.22.2736
https://doi.org/10.1038/nature07517
https://doi.org/10.1074/mcp.RA117.000314
https://doi.org/10.1016/S0889-8561(02)00056-5
https://doi.org/10.1016/S0889-8561(02)00056-5
https://doi.org/10.1002/0471142727.mb2129s109
https://doi.org/10.1074/jbc.M209677200
https://doi.org/10.1038/ng.2413
https://doi.org/10.1371/journal.pone.0107886
https://doi.org/10.1371/journal.pone.0107886
https://doi.org/10.1371/journal.pbio.0050201
https://doi.org/10.1371/journal.pbio.0050201
https://doi.org/10.1126/science.287.5459.1804
https://doi.org/10.1126/science.287.5459.1804
https://doi.org/10.1182/blood-2007-11-123547
https://doi.org/10.1038/s41590-018-0184-1
https://doi.org/10.1038/s41590-018-0184-1
https://doi.org/10.1093/nar/gkw936
https://doi.org/10.1007/s00428-005-1264-9
https://doi.org/10.1084/jem.20111490
https://doi.org/10.1084/jem.20111490
https://doi.org/10.1182/blood-2011-11-391730
https://doi.org/10.1038/nature07815
https://doi.org/10.1038/nature07815
https://doi.org/10.1002/eji.1830230950
https://doi.org/10.1016/j.celrep.2018.01.013
https://doi.org/10.1016/j.celrep.2018.01.013
https://doi.org/10.1038/nature13619
https://doi.org/10.1016/j.stem.2012.04.007
https://doi.org/10.1016/j.stem.2012.04.007
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1056/NEJMoa1409405
https://doi.org/10.15252/embj.201796968
https://doi.org/10.1016/j.cell.2008.02.040
https://doi.org/10.1038/ng.2798
https://doi.org/10.1038/ng.2798
https://doi.org/10.1038/nature21388
https://doi.org/10.1016/j.cell.2009.05.046
https://doi.org/10.1056/NEJMoa1408617
https://doi.org/10.1038/nm1578


Journal of Experimental Medicine
https://doi.org/10.1084/jem.20181505

Chen et al. 
Cohesin mediates NF-κB–induced HSC differentiation

174

matopoietic Stem Cells to Generate Protective Innate Immunity against 
Tuberculosis. Cell. 172:176–190.e19. https:// doi .org/ 10 .1016/ j .cell .2017 .12 
.031

Kim, D., G. Pertea, C. Trapnell, H. Pimentel, R. Kelley, and S.L. Salzberg. 2013. 
TopHat2: accurate alignment of transcriptomes in the presence of inser-
tions, deletions and gene fusions. Genome Biol. 14:R36. https:// doi .org/ 10 
.1186/ gb -2013 -14 -4 -r36

Kon, A., L.Y. Shih, M. Minamino, M. Sanada, Y. Shiraishi, Y. Nagata, K. 
Yoshida, Y. Okuno, M. Bando, R. Nakato, et al. 2013. Recurrent mutations 
in multiple components of the cohesin complex in myeloid neoplasms. 
Nat. Genet. 45:1232–1237. https:// doi .org/ 10 .1038/ ng .2731

Kopylova, E., L. Noé, and H. Touzet. 2012. SortMeRNA: fast and accurate fil-
tering of ribosomal RNAs in metatranscriptomic data. Bioinformatics. 
28:3211–3217. https:// doi .org/ 10 .1093/ bioinformatics/ bts611

Kovtonyuk, L.V., K. Fritsch, X. Feng, M.G. Manz, and H. Takizawa. 2016. In-
flamm-aging of hematopoiesis, hematopoietic stem cells, and the bone 
marrow microenvironment. Front. Immunol. 7:502. https:// doi .org/ 10 
.3389/ fimmu .2016 .00502

Krieger, K., S.E. Millar, N. Mikuda, I. Krahn, J.E. Kloepper, M. Bertolini, C. 
Scheidereit, R. Paus, and R. Schmidt-Ullrich. 2018. NF-κB Participates in 
Mouse Hair Cycle Control and Plays Distinct Roles in the Various Pelage 
Hair Follicle Types. J. Invest. Dermatol. 138:256–264. https:// doi .org/ 10 
.1016/ j .jid .2017 .08 .042

Kühn, R., F. Schwenk, M. Aguet, and K. Rajewsky. 1995. Inducible gene tar-
geting in mice. Science. 269:1427–1429. https:// doi .org/ 10 .1126/ science 
.7660125

Lara-Pezzi, E., N. Pezzi, I. Prieto, I. Barthelemy, C. Carreiro, A. Martínez, 
A. Maldonado-Rodríguez, M. López-Cabrera, and J.L. Barbero. 2004. 
Evidence of a transcriptional co-activator function of cohesin STAG/
SA/Scc3. J. Biol. Chem. 279:6553–6559. https:// doi .org/ 10 .1074/ jbc 
.M307663200

Lawrence, T., D.W. Gilroy, P.R. Colville-Nash, and D.A. Willoughby. 2001. Possi-
ble new role for NF-kappaB in the resolution of inflammation. Nat. Med. 
7:1291–1297. https:// doi .org/ 10 .1038/ nm1201 -1291

Liu, T., L. Zhang, D. Joo, and S.-C. Sun. 2017. NF-κB signaling in inflammation. 
Signal Transduct. Target. Ther. 2:17023. https:// doi .org/ 10 .1038/ sigtrans 
.2017 .23

Love, M.I., W. Huber, and S. Anders. 2014. Moderated estimation of fold 
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 
15:550. https:// doi .org/ 10 .1186/ s13059 -014 -0550 -8

Luo, M.C., S.Y. Zhou, D.Y. Feng, J. Xiao, W.Y. Li, C.D. Xu, H.Y. Wang, and T. Zhou. 
2016. Runt-related transcription factor 1 (RUNX1) binds to p50 in mac-
rophages and enhances TLR4-triggered inflammation and septic shock. 
J. Biol. Chem. 291:22011–22020. https:// doi .org/ 10 .1074/ jbc .M116 .715953

Luo, W., M.S. Friedman, K. Shedden, K.D. Hankenson, and P.J. Woolf. 2009. 
GAGE: generally applicable gene set enrichment for pathway analysis. 
BMC Bioinformatics. 10:161. https:// doi .org/ 10 .1186/ 1471 -2105 -10 -161

Magnusson, M., M.I. Sierra, R. Sasidharan, S.L. Prashad, M. Romero, P. 
Saarikoski, B. Van Handel, A. Huang, X. Li, and H.K. Mikkola. 2013. Ex-
pansion on stromal cells preserves the undifferentiated state of human 
hematopoietic stem cells despite compromised reconstitution ability. 
PLoS One. 8:e53912. https:// doi .org/ 10 .1371/ journal .pone .0053912

Morita, Y., H. Ema, and H. Nakauchi. 2010. Heterogeneity and hierarchy 
within the most primitive hematopoietic stem cell compartment. J. Exp. 
Med. 207:1173–1182. https:// doi .org/ 10 .1084/ jem .20091318

Morrison, S.J., A.M. Wandycz, K. Akashi, A. Globerson, and I.L. Weissman. 
1996. The aging of hematopoietic stem cells. Nat. Med. 2:1011–1016. 
https:// doi .org/ 10 .1038/ nm0996 -1011

Mullenders, J., B. Aranda-Orgilles, P. Lhoumaud, M. Keller, J. Pae, K. Wang, C. 
Kayembe, P.P. Rocha, R. Raviram, Y. Gong, et al. 2015. Cohesin loss alters 
adult hematopoietic stem cell homeostasis, leading to myeloprolifera-
tive neoplasms. J. Exp. Med. 212:1833–1850. https:// doi .org/ 10 .1084/ jem 
.20151323

Nagai, Y., K.P. Garrett, S. Ohta, U. Bahrun, T. Kouro, S. Akira, K. Takatsu, and 
P.W. Kincade. 2006. Toll-like receptors on hematopoietic progenitor cells 
stimulate innate immune system replenishment. Immunity. 24:801–812. 
https:// doi .org/ 10 .1016/ j .immuni .2006 .04 .008

Nora, E.P., A. Goloborodko, A.L. Valton, J.H. Gibcus, A. Uebersohn, N. Abden-
nur, J. Dekker, L.A. Mirny, and B.G. Bruneau. 2017. Targeted Degradation 
of CTCF Decouples Local Insulation of Chromosome Domains from Ge-
nomic Compartmentalization. Cell. 169:930–944.e22. https:// doi .org/ 10 
.1016/ j .cell .2017 .05 .004

Parelho, V., S. Hadjur, M. Spivakov, M. Leleu, S. Sauer, H.C. Gregson, A. Jar-
muz, C. Canzonetta, Z. Webster, T. Nesterova, et al. 2008. Cohesins 

functionally associate with CTCF on mammalian chromosome arms. 
Cell. 132:422–433. https:// doi .org/ 10 .1016/ j .cell .2008 .01 .011

Pietras, E.M., M.R. Warr, and E. Passegué. 2011. Cell cycle regulation in he-
matopoietic stem cells. J. Cell Biol. 195:709–720. https:// doi .org/ 10 .1083/ 
jcb .201102131

Pietras, E.M., C. Mirantes-Barbeito, S. Fong, D. Loeffler, L.V. Kovtonyuk, S. 
Zhang, R. Lakshminarasimhan, C.P. Chin, J.M. Techner, B. Will, et al. 
2016. Chronic interleukin-1 exposure drives haematopoietic stem cells 
towards precocious myeloid differentiation at the expense of self-re-
newal. Nat. Cell Biol. 18:607–618. https:// doi .org/ 10 .1038/ ncb3346

Pinho, S., T. Marchand, E. Yang, Q. Wei, C. Nerlov, and P.S. Frenette. 2018. Lin-
eage-Biased Hematopoietic Stem Cells Are Regulated by Distinct Niches. 
Dev. Cell. 44:634–641.e4. https:// doi .org/ 10 .1016/ j .devcel .2018 .01 .016

Pundhir, S., F.K. Bratt Lauridsen, M.B. Schuster, J.S. Jakobsen, Y. Ge, E.M. 
Schoof, N. Rapin, J. Waage, M.S. Hasemann, and B.T. Porse. 2018. En-
hancer and Transcription Factor Dynamics during Myeloid Differenti-
ation Reveal an Early Differentiation Block in Cebpa null Progenitors. 
Cell Reports. 23:2744–2757. https:// doi .org/ 10 .1016/ j .celrep .2018 .05 .012

Rao, S.S.P., S.C. Huang, B. Glenn St Hilaire, J.M. Engreitz, E.M. Perez, K.R. Kief-
fer-Kwon, A.L. Sanborn, S.E. Johnstone, G.D. Bascom, I.D. Bochkov, et al. 
2017. Cohesin Loss Eliminates All Loop Domains. Cell. 171:305–320.e24. 
https:// doi .org/ 10 .1016/ j .cell .2017 .09 .026

Rosenberger, G., I. Bludau, U. Schmitt, M. Heusel, C.L. Hunter, Y. Liu, M.J. 
MacCoss, B.X. MacLean, A.I. Nesvizhskii, P.G.A. Pedrioli, et al. 2017. 
Statistical control of peptide and protein error rates in large-scale tar-
geted data-independent acquisition analyses. Nat. Methods. 14:921–927. 
https:// doi .org/ 10 .1038/ nmeth .4398

Rossi, D.J., D. Bryder, J.M. Zahn, H. Ahlenius, R. Sonu, A.J. Wagers, and I.L. 
Weissman. 2005. Cell intrinsic alterations underlie hematopoietic stem 
cell aging. Proc. Natl. Acad. Sci. USA. 102:9194–9199. https:// doi .org/ 10 
.1073/ pnas .0503280102

Sakata, N., M. Yasui, T. Okamura, M. Inoue, K. Yumura-Yagi, and K. Kawa. 
2001. Kinetics of plasma cytokines after hematopoietic stem cell trans-
plantation from unrelated donors: the ratio of plasma IL-10/sTNFR 
level as a potential prognostic marker in severe acute graft-versus-host 
disease. Bone Marrow Transplant. 27:1153–1161. https:// doi .org/ 10 .1038/ 
sj .bmt .1703060

Schambach, A., M. Galla, U. Modlich, E. Will, S. Chandra, L. Reeves, M. Col-
bert, D.A. Williams, C. von Kalle, and C. Baum. 2006. Lentiviral vectors 
pseudotyped with murine ecotropic envelope: increased biosafety and 
convenience in preclinical research. Exp. Hematol. 34:588–592. https:// 
doi .org/ 10 .1016/ j .exphem .2006 .02 .005

Schmieder, R., and R. Edwards. 2011. Quality control and preprocessing of 
metagenomic datasets. Bioinformatics. 27:863–864. https:// doi .org/ 10 
.1093/ bioinformatics/ btr026

Schwarzer, W., N. Abdennur, A. Goloborodko, A. Pekowska, G. Fudenberg, Y. 
Loe-Mie, N.A. Fonseca, W. Huber, C. H Haering, L. Mirny, and F. Spitz. 
2017. Two independent modes of chromatin organization revealed by co-
hesin removal. Nature. 551:51–56. https:// doi .org/ 10 .1038/ nature24281

Song, Z., J. Wang, L.M. Guachalla, G. Terszowski, H.R. Rodewald, Z. Ju, and 
K.L. Rudolph. 2010. Alterations of the systemic environment are the 
primary cause of impaired B and T lymphopoiesis in telomere-dys-
functional mice. Blood. 115:1481–1489. https:// doi .org/ 10 .1182/ blood 
-2009 -08 -237230

Starr, M.E., M. Saito, B.M. Evers, and H. Saito. 2015. Age-associated increase in 
cytokine production during systemic inflammation-II: The role of IL-1β 
in age-dependent IL-6 upregulation in adipose tissue. J. Gerontol. A Biol. 
Sci. Med. Sci. 70:1508–1515. https:// doi .org/ 10 .1093/ gerona/ glu197

Stöckel, D., T. Kehl, P. Trampert, L. Schneider, C. Backes, N. Ludwig, A. Ger-
asch, M. Kaufmann, M. Gessler, N. Graf, et al. 2016. Multi-omics en-
richment analysis using the GeneTrail2 web service. Bioinformatics. 
32:1502–1508. https:// doi .org/ 10 .1093/ bioinformatics/ btv770

Storey, J.D. 2002. A direct approach to false discovery rates. J. R. Stat. Soc. Series 
B Stat. Methodol. 64:479–498. https:// doi .org/ 10 .1111/ 1467 -9868 .00346

Sudo, K., H. Ema, Y. Morita, and H. Nakauchi. 2000. Age-associated charac-
teristics of murine hematopoietic stem cells. J. Exp. Med. 192:1273–1280. 
https:// doi .org/ 10 .1084/ jem .192 .9 .1273

Tang, D., S. Tao, Z. Chen, I.O. Koliesnik, P.G. Calmes, V. Hoerr, B. Han, N. Geb-
ert, M. Zörnig, B. Löffler, et al. 2016. Dietary restriction improves repop-
ulation but impairs lymphoid differentiation capacity of hematopoietic 
stem cells in early aging. J. Exp. Med. 213:535–553. https:// doi .org/ 10 
.1084/ jem .20151100

Thanos, D., and T. Maniatis. 1995. NF-κ B: a lesson in family values. Cell. 
80:529–532. https:// doi .org/ 10 .1016/ 0092 -8674(95)90506 -5

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/216/1/152/1761310/jem
_20181505.pdf by guest on 24 April 2024

https://doi.org/10.1016/j.cell.2017.12.031
https://doi.org/10.1016/j.cell.2017.12.031
https://doi.org/10.1186/gb-2013-14-4-r36
https://doi.org/10.1186/gb-2013-14-4-r36
https://doi.org/10.1038/ng.2731
https://doi.org/10.1093/bioinformatics/bts611
https://doi.org/10.3389/fimmu.2016.00502
https://doi.org/10.3389/fimmu.2016.00502
https://doi.org/10.1016/j.jid.2017.08.042
https://doi.org/10.1016/j.jid.2017.08.042
https://doi.org/10.1126/science.7660125
https://doi.org/10.1126/science.7660125
https://doi.org/10.1074/jbc.M307663200
https://doi.org/10.1074/jbc.M307663200
https://doi.org/10.1038/nm1201-1291
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1074/jbc.M116.715953
https://doi.org/10.1186/1471-2105-10-161
https://doi.org/10.1371/journal.pone.0053912
https://doi.org/10.1084/jem.20091318
https://doi.org/10.1038/nm0996-1011
https://doi.org/10.1084/jem.20151323
https://doi.org/10.1084/jem.20151323
https://doi.org/10.1016/j.immuni.2006.04.008
https://doi.org/10.1016/j.cell.2017.05.004
https://doi.org/10.1016/j.cell.2017.05.004
https://doi.org/10.1016/j.cell.2008.01.011
https://doi.org/10.1083/jcb.201102131
https://doi.org/10.1083/jcb.201102131
https://doi.org/10.1038/ncb3346
https://doi.org/10.1016/j.devcel.2018.01.016
https://doi.org/10.1016/j.celrep.2018.05.012
https://doi.org/10.1016/j.cell.2017.09.026
https://doi.org/10.1038/nmeth.4398
https://doi.org/10.1073/pnas.0503280102
https://doi.org/10.1073/pnas.0503280102
https://doi.org/10.1038/sj.bmt.1703060
https://doi.org/10.1038/sj.bmt.1703060
https://doi.org/10.1016/j.exphem.2006.02.005
https://doi.org/10.1016/j.exphem.2006.02.005
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1038/nature24281
https://doi.org/10.1182/blood-2009-08-237230
https://doi.org/10.1182/blood-2009-08-237230
https://doi.org/10.1093/gerona/glu197
https://doi.org/10.1093/bioinformatics/btv770
https://doi.org/10.1111/1467-9868.00346
https://doi.org/10.1084/jem.192.9.1273
https://doi.org/10.1084/jem.20151100
https://doi.org/10.1084/jem.20151100
https://doi.org/10.1016/0092-8674(95)90506-5


Journal of Experimental Medicine
https://doi.org/10.1084/jem.20181505

Chen et al. 
Cohesin mediates NF-κB–induced HSC differentiation

175

Thota, S., A.D. Viny, H. Makishima, B. Spitzer, T. Radivoyevitch, B. Przycho-
dzen, M.A. Sekeres, R.L. Levine, and J.P. Maciejewski. 2014. Genetic al-
terations of the cohesin complex genes in myeloid malignancies. Blood. 
124:1790–1798. https:// doi .org/ 10 .1182/ blood -2014 -04 -567057

van Os, R., L.M. Kamminga, A. Ausema, L.V. Bystrykh, D.P. Draijer, K. van 
Pelt, B. Dontje, and G. de Haan. 2007. A Limited role for p21Cip1/Waf1 
in maintaining normal hematopoietic stem cell functioning. Stem Cells. 
25:836–843. https:// doi .org/ 10 .1634/ stemcells .2006 -0631

Velasco-Hernandez, T., P. Säwén, D. Bryder, and J. Cammenga. 2016. Potential 
Pitfalls of the Mx1-Cre System: Implications for Experimental Model-
ing of Normal and Malignant Hematopoiesis. Stem Cell Reports. 7:11–18. 
https:// doi .org/ 10 .1016/ j .stemcr .2016 .06 .002

Viny, A.D., C.J. Ott, B. Spitzer, M. Rivas, C. Meydan, E. Papalexi, D. Yelin, K. 
Shank, J. Reyes, A. Chiu, et al. 2015. Dose-dependent role of the cohesin 
complex in normal and malignant hematopoiesis. J. Exp. Med. 212:1819–
1832. https:// doi .org/ 10 .1084/ jem .20151317

Vizcaíno, J.A., A. Csordas, N. Del-Toro, J.A. Dianes, J. Griss, I. Lavidas, G. Mayer, 
Y. Perez-Riverol, F. Reisinger, T. Ternent, et al. 2016. 2016 update of the 
PRI DE database and its related tools. Nucleic Acids Res. 44:11033. https:// 
doi .org/ 10 .1093/ nar/ gkw880

Walter, D., A. Lier, A. Geiselhart, F.B. Thalheimer, S. Huntscha, M.C. Sobotta, 
B. Moehrle, D. Brocks, I. Bayindir, P. Kaschutnig, et al. 2015. Exit from 
dormancy provokes DNA-damage-induced attrition in haematopoietic 
stem cells. Nature. 520:549–552. https:// doi .org/ 10 .1038/ nature14131

Wan, J., Y. Shan, Y. Fan, C. Fan, S. Chen, J. Sun, L. Zhu, L. Qin, M. Yu, and Z. 
Lin. 2016. NF-κB inhibition attenuates LPS-induced TLR4 activation in 
monocyte cells. Mol. Med. Rep. 14:4505–4510. https:// doi .org/ 10 .3892/ 
mmr .2016 .5825

Wang, J., Q. Sun, Y. Morita, H. Jiang, A. Gross, A. Lechel, K. Hildner, L.M. 
Guachalla, A. Gompf, D. Hartmann, et al. 2012. A differentiation check-
point limits hematopoietic stem cell self-renewal in response to DNA 
damage. Cell. 148:1001–1014. https:// doi .org/ 10 .1016/ j .cell .2012 .01 .040

Wang, J., Y. Morita, B. Han, S. Niemann, B. Löffler, and K.L. Rudolph. 2016. 
Per2 induction limits lymphoid-biased haematopoietic stem cells and 
lymphopoiesis in the context of DNA damage and ageing. Nat. Cell Biol. 
18:480–490. https:// doi .org/ 10 .1038/ ncb3342

Yan, J., M. Enge, T. Whitington, K. Dave, J. Liu, I. Sur, B. Schmierer, A. Jolma, 
T. Kivioja, M. Taipale, and J. Taipale. 2013. Transcription factor binding 
in human cells occurs in dense clusters formed around cohesin anchor 
sites. Cell. 154:801–813. https:// doi .org/ 10 .1016/ j .cell .2013 .07 .034

Yu, B., J. Chang, Y. Liu, J. Li, K. Kevork, K. Al-Hezaimi, D.T. Graves, N.H. Park, 
and C.Y. Wang. 2014. Wnt4 signaling prevents skeletal aging and inflam-
mation by inhibiting nuclear factor-κB. Nat. Med. 20:1009–1017. https:// 
doi .org/ 10 .1038/ nm .3586

Zhao, J.L., C. Ma, R.M. O’Connell, A. Mehta, R. DiLoreto, J.R. Heath, and D. Bal-
timore. 2014. Conversion of danger signals into cytokine signals by he-
matopoietic stem and progenitor cells for regulation of stress-induced 
hematopoiesis. Cell Stem Cell. 14:445–459. https:// doi .org/ 10 .1016/ j .stem 
.2014 .01 .007

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/216/1/152/1761310/jem
_20181505.pdf by guest on 24 April 2024

https://doi.org/10.1182/blood-2014-04-567057
https://doi.org/10.1634/stemcells.2006-0631
https://doi.org/10.1016/j.stemcr.2016.06.002
https://doi.org/10.1084/jem.20151317
https://doi.org/10.1093/nar/gkw880
https://doi.org/10.1093/nar/gkw880
https://doi.org/10.1038/nature14131
https://doi.org/10.3892/mmr.2016.5825
https://doi.org/10.3892/mmr.2016.5825
https://doi.org/10.1016/j.cell.2012.01.040
https://doi.org/10.1038/ncb3342
https://doi.org/10.1016/j.cell.2013.07.034
https://doi.org/10.1038/nm.3586
https://doi.org/10.1038/nm.3586
https://doi.org/10.1016/j.stem.2014.01.007
https://doi.org/10.1016/j.stem.2014.01.007

