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Both intrinsic cell state changes and variations in the composition of stem cell populations have been implicated as contrib-

utors to aging. We used single-cell RNA-seq to dissect variability in hematopoietic stem cell (HSC) and hematopoietic pro-

genitor cell populations from young and oldmice from two strains. We found that cell cycle dominates the variability within

each population and that there is a lower frequency of cells in the G1 phase among old compared with young long-term

HSCs, suggesting that they traverse through G1 faster. Moreover, transcriptional changes in HSCs during aging are inversely

related to those upon HSC differentiation, such that old short-term (ST) HSCs resemble young long-term (LT-HSCs), sug-

gesting that they exist in a less differentiated state. Our results indicate both compositional changes and intrinsic, popula-

tion-wide changes with age and are consistent with a model where a relationship between cell cycle progression and self-

renewal versus differentiation of HSCs is affected by aging and may contribute to the functional decline of old HSCs.

[Supplemental material is available for this article.]

A rare population of multipotent hematopoietic stem cells (HSCs)

is required for the continuous production of millions of mature

blood cells whilemaintaining a correct balance between the differ-

ent lineages. At the apex of the hematopoietic hierarchy reside the

most primitive long-term reconstitutingHSCs (LT-HSCs). LT-HSCs

can undergo three types of cell division: (1) a renewal symmetric

cell division to produce two LT-HSC daughter cells that replenish

the LT-HSC pool; (2) a commitment symmetric division to replen-

ish committed cells producing short-term reconstitutingHSCs (ST-

HSCs) and, subsequently, multipotent progenitors (MPPs); and (3)

asymmetric division, where one daughter cell remains a stem cell

while the other becomes committed.

This remarkable capacity of HSCs declines with age as reflect-

ed by an accumulation of HSCs in the bone marrow (BM)

(Morrison et al. 1996; de Haan et al. 1997; Sudo et al. 2000; Rossi

et al. 2005) that shows decreased regenerative potential (Morrison

et al. 1996; Sudo et al. 2000; Kim et al. 2003; Rossi et al. 2005; Dyk-

stra et al. 2011) and a myeloid-skewed differentiation potential

(Sudo et al. 2000; Kim et al. 2003; Liang et al. 2005; Rossi et al.

2005). Relatedly, in the elderly, there is an increased incidence of

myeloid diseases such as leukemias (Lichtman and Rowe 2004), a

decreased competence of the adaptive immune system (Linton

and Dorshkind 2004), and the onset of anemia (Beghe et al. 2004).

Despite extensive studies documenting the decline of HSC

function during aging, the molecular mechanisms underlying

HSC aging have remained obscure. Current views of stem cell ag-

ing converge to two main models: (1) clonal selection, implying

that multiple HSC clones with specific phenotypes coexist but

their relative frequencies change with age, and (2) a global pop-

ulation shift in intrinsic cell states, in which all HSCs in the

population undergo coordinated changes in functional potential

with age. Previous transcriptional profiling limited to populations

of young and old LT-HSCs demonstrated up-regulation of myeloid

genes and down-regulation of lymphoid and cell cycle genes with

age (Rossi et al. 2005; Chambers et al. 2007; Sun et al. 2014).

However, such population measurements may obscure important

cell-to-cell variability in gene expression and couldnot definitively

distinguish between these twomodels and thus cannot determine

whether there are distinct, cell-intrinsic, functional states of HSCs

that are age dependent or whether the observed transcriptional

differences between bulk populations reflect changes in the pro-

portions of subgroups of cells.

New advances in single-cell genomics (Wills et al. 2013),

especially single-cell RNA-seq (Hashimshony et al. 2012; Ramskold

et al. 2012), have opened the way to characterize distinct
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functional states of individual cells, even within seemingly homo-

geneous immune cell populations (Shalek et al. 2013, 2014;

Mahata et al. 2014). These should allow us to distinguish changes

that arise from cell-intrinsic differences in transcriptional states

from those that reflect changes in the proportion of subpopula-

tions. Furthermore, single-cell analysis should allow us to relate

prospective profiles of HSCs that have just been isolated with

known heterogeneity in their retrospective functional capacity

in transplantation assays.

Here, we leveraged single-cell RNA-seq to directly assess tran-

scriptional heterogeneity within the HSCs and how it may change

with age in the steady-state unperturbed hematopoiesis. Given

that HSCs are functionally heterogeneous as revealed through

transplantation studies (Dykstra et al. 2007; Challen et al. 2010;

Muller-Sieburg et al. 2012), wehypothesized that this retrospective

variability (assessed through the outcome of a transplant) would

be prospectively reflected in the transcriptional profiles of cells

in unperturbed conditions.

Results

Single-cell RNA-seq of approximately 1200 HSCs

To systematically characterize the global transcriptional landscape

of individual cells in the course of the first steps of mouse hemato-

poiesis, we usedmultiparameter fluorescence-activated cell sorting

(FACS) followed by single-cell RNA-seq using SMART-seq, as previ-

ously described (Methods) (Ramskold et al. 2012; Shalek et al.

2013, 2014). We prospectively isolated three cell types using LSK

(lineage−, SCA1+, KIT+) and SLAM (signaling lymphocyte activa-

tion molecule) markers whose expression is conserved across

mouse strains and during aging (Kiel et al. 2005; Yilmaz et al.

2006): long-term HSCs (LSK CD150+CD48−), ST-HSCs (LSK

CD150−CD48−), and MPPs (LSK CD150−CD48+) from young

(2–3 mo) and old (>22 mo) C57BL/6 mice (Fig. 1A–C). Consistent

with previouswork (Morrison et al. 1996; deHaan et al. 1997; Sudo

et al. 2000; Rossi et al. 2005), we observed a significant expansion

of LT-HSCs with age (approximately sixfold, P < 0.001) in total BM

(Fig. 1D) and in the stem cell compartment (Fig. 1E). In contrast,

ST-HSC frequency within the LSK compartment of old mice was

comparable and MPP frequency decreased, possibly indicating

an imbalance between self-renewal and differentiation.

We generated 1152 single-cell RNA-seq profiles, along with

corresponding population controls, from six populations: three

cell types (LT-HSCs, ST-HSCs, and MPPs) at each of the two ages

(2–3 and >22mo; nearly 200 cells per cell type and age). Our strin-

gent filtering criteria retained 1059 high-quality libraries for sub-

sequent analyses (about 176 per cell type and age on average; for

QC details and filtering criteria, seeMethods). Aggregated in silico,

the average single-cell gene expression profile of the individual

cells from a given cell type reproduced the gene expression profile

of its matching population control (r∼ 0.9 on average) (Fig. 1F,G).

Additionally, profiles of populations or aggregated single cells were

highly correlated between young and old mice, indicating that

aging-related differences may be subtle (Fig. 1G). Finally, the

RNA expression levels of markers used for sorting these cell types

or known to correlate with them reproduced known associations

(Fig. 1H).

Cell cycle is a main source of transcriptional

variation between HSCs

To uncover the main sources of variation, we performed principal

component analyses (PCA) for each cell type and age separately.

Strikingly, in every case, the top principal components (PCs)

were associated primarily with cell cycle–related genes (Fig. 2A),

indicating that transcriptome heterogeneity here is dominated

by cell cycle status. Furthermore, analysis of known mouse hema-

topoietic transcriptional modules (Jojic et al. 2013; Shay et al.

2013) showed strong coregulation across single cells only for genes

in cell cycle modules (Supplemental Fig. S1A). When we analyzed

only those cells without appreciable expression of cell cycle genes

(65% of all cells), the highest remaining coregulation was for a

ribosome module, with an average correlation lower than 0.1 in

each of the six populations (Supplemental Fig. S1B). We thus con-

cluded that cell cycle reflects the main source of heterogeneity

within the transcriptomes of each HSC cell type and age.

To further dissect the cell cycle states, we scored each cell

for its likely cell cycle phase using signatures for the G1/S, S, G2,

and G2/M phases defined based on functional annotations (The

Reference Genome Group of the Gene Ontology Consortium

2009) and profiles from synchronized HeLa cells (Whitfield

et al. 2002) and further refined by coexpression in our profiles

(Methods). To directly confirm that these signatures correspond

to different cell cycle phases, we separated cell cycle phases of

KIT-enriched cells by concurrent pyronin Y and Hoechst staining

(Fig. 2B). RNA sequenced from 11 gates representing the cell cycle

continuum showed precise partitioning based on our signatures

as expected (Fig. 2C). Lastly, we confirmed that these signatures ro-

bustly detect cell cycle phases in other single-cell data sets from

human and mouse (Supplemental Fig. S2; Macosko et al. 2015).

Clustering all HSCs by the expression of these signatures un-

covered three distinct groups of cells: cluster 1, which expresses

primarily G2/M-phase genes (e.g., mitosis genes); cluster 2, with

high expression of G1/S-phase genes (e.g., DNA replication genes);

and cluster 3, which does not show expression of cell cycle genes

(noncycling or quiescent cells) (Fig. 2D; Supplemental Fig. S3B).

The frequency of cells in theG1/S andG2/M clusters (cycling cells)

was considerably higher inMPPs than in LT- and ST-HSCs (Fig. 2E;

Supplemental Fig. S3C–E), consistent with the knownhigh level of

proliferation of MPPs (Wilson et al. 2008).

Almost a third of the analyzed genes (2708 genes,∼32%)were

found to have significant cell cycle–dependent expression changes

that were consistent among multiple HSC types or ages (Supple-

mental Fig. S4A; Supplemental Table S1). The vast majority of

cell cycle–regulated genes (92%) were up-regulated in cycling ver-

sus noncycling cells (for phase-specific up-regulation, see Supple-

mental Table S1); the minority of cell cycle–regulated genes (8%)

that were up-regulated in noncycling versus cycling cells included

several transcription factors that could be important for regulat-

ing HSC quiescence (e.g., Stat1, Stat3, Meis1, Pbx1, Klf6, Nfia)

(Supplemental Table S1).

A G1-specific depletion in old LT-HSCs

Age did not typically affect the proportion of cells within each

cluster, with one notable exception of old LT-HSCs, where the

frequency of cells in cluster 1 (G1/S cluster) was significantly de-

creased in old versus young cells (7.6% vs. 22%; P = 0.0023, hyper-

geometric test) (Fig. 2E; Supplemental Fig. S3E). The depletion of

cells in the G1/S phases was specific to old LT-HSCs and was

not observed for either old ST-HSCs or MPPs. We confirmed a

decrease in the frequency of old LT-HSCs that are in the G1 phase

by an orthogonal approach of staining BMcells with Ki67/Hoechst

paired with bromodeoxyuridine (BrdU) incorporation followed

by FACS (approximately two- to threefold decrease; P = 0.012
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Figure 1. Single-cell RNA-seq of young and old HSCs. (A) Overview of experimental design. (B,C ) Sorting strategy for isolating LT-HSCs (LSK
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independent samples t-test) (Fig. 2G,H) with similar proliferation

rates by in vivo BrdU incorporation (mean 19.6% and 20.1% for

old and young, respectively; P = 0.916 independent samples

t-test) (Fig. 2I,J).

A decreased proportion of cells observed in specific cell cycle

phases (G1/S here) suggests more rapid transitions through these

phases (Kafri et al. 2013), implying shorter G1 and/or S phases.

Multiple studies, in mouse and human cells, established that G1

length varies widely among different cell types, is short specifically

in self-renewing cells, and increases with differentiation (Li et al.

2012; Coronado et al. 2013).We thus reasoned that the same trend

may hold in LT-HSCs, where aging could be accompanied by a

decrease in G1 length and LT-HSC accumulation.

To refine our hypothesis of a G1-specific depletion in old LT-

HSC, we performed a higher-resolution analysis of cell cycle pro-

gression using our single-cell profiles. Plotting the average expres-

sion of G1/S versus G2/M genes in each cell revealed a complete

cell cycle trajectory (Fig. 2F). By using the location of cells on

that trajectory, we ranked cells with respect to their cell cycle pro-

gression (Kafri et al. 2013; Trapnell et al. 2014). We roughly esti-

mated the range of cell ranks that might correspond to distinct

phases of the cell cycle, with ∼20%, 6%, and 9% of cells in G1,

S, and G2/M, respectively, and 65% of cells in the G0 noncycling

state (Supplemental Fig. S4B; Supplemental Table S2). Comparing

the frequencies of old to young LT-HSCs along the cell cycle pro-

gression ranks revealed the most pronounced depletion within

the late G1 phase (approximately fourfold) (Supplemental Fig.

S4C–E). To confirm this finding, we isolated and sequenced an

additional 200 single cells of LT-HSCs and ST-HSCs from an addi-

tional set of old C57BL/6 mice. Once again, we observed a signifi-

cant age-dependent decrease in the frequency of cells in G1 phase

among LT-HSCs but not ST-HSCs (Supplemental Fig. S4D). Taken

together, our experiments and analyses all support the finding

that old LT-HSCs specifically have a smaller pool of cells in the

G1 phase.

G1 phase is a sensitive period during which cell fate decisions

are made (Takahashi et al. 1995; Sherr 2000; Calegari and Huttner

2003; Massague 2004; Pauklin and Vallier 2013). Furthermore,

mouse embryonic stem cells continue to self-renew and thus avoid

differentiation by eliminating or greatly shortening their early G1

phase (Savatier et al. 1994;White et al. 2005). Recent work has also

demonstrated that unlike the majority of slow-cycling cells with

stochastic and inefficient reprogramming to pluripotency, a small

subset of hematopoietic cells with rapid G1 can be deterministi-

cally reprogrammed, raising the possibility that G1 length may

be linked to dedifferentiation (Guo et al. 2014). We therefore spec-

ulated that a short G1 in old LT-HSCsmight be linked to a dediffer-

entiated state. This hypothesis is also consistent with recent

epigenomic analyses of young and old HSCs (Sun et al. 2014).

Opposing transcriptional states for aging

and differentiation in HSCs

To test for a possible link between HSC aging and self-renewal/dif-

ferentiation, we first excluded the 367 cycling cells (to avoid the

dominant effects of the cell cycle) and performed a joint PCA on

the remaining 692 noncycling cells (contains all cell types and

ages). Each of the first two PCs segregated HSCs by cell type and

age (Fig. 3A–E; for additional PCs, see Supplemental Fig. S5A).

Accordingly, with respect to these two PCs, young LT-HSCs are

clearly distinct from the old LT-HSCs (due to an age effect) (Fig.

3B,E, the same plot as in Fig. 3A but only specific pairs of popula-

tions that differ by age are displayed), as well as from the young

ST-HSCs (due to a differentiation effect) (Fig. 3C,E, the same plot

as in Fig. 3A but only specific pairs of populations that differ by dif-

ferentiation are displayed). Interestingly, young LT-HSCs are simi-

lar to the old ST-HSCs that differ in both age and differentiation

state (Fig. 3D,E). Consistently, both PC1 andPC2were inversely as-

sociated with differentiation and aging, scoring high for cells both

from younger animals (Fig. 3A,B) and from more differentiated

cells (e.g., MPPs and ST-HSCs from either young or old mice score

higher than their age-matched LT-HSC counterparts) (Fig. 3A,C)

and scoring low both for old cells and for less-differentiated cells.

These results were reproduced also with the expression profiles

from the replicate experiment (about 200 LT-HSCs and about

200 ST-HSCs; differentmice obtained, sorted, and profiledmonths

apart) (Supplemental Fig. S5B). Thus, the transcriptional program

of old LT-HSCs and ST-HSCs resembles a less differentiated state

than their young counterparts, which could reflect loss of balance

between self-renewal and differentiation. This could be linked to

the recent finding of a developmental switch, where in embryonic

development LT-HSCs are the main contributors for most of the

blood-cell production in unperturbed hematopoiesis, while in

adult life, ST-HSCs assume that role (Busch et al. 2015). To investi-

gate the clonogenic potential of individual LT-HSCs and ST-HSCs

from young and oldmice regardless of their reconstituting activity

in vivo, we assessed colony formation on methylcellulose. While

young LT-HSCs and ST-HSCs gave rise to a similar number of col-

onies, both old counterparts formed significantly more colonies

(1.4 and 1.3 increase in LT-HSCs [P < 0.001] and ST-HSCs [P =

0.01], respectively, independent samples t-test) (Fig. 3F).

Notably, PC1 and PC2 also correlatewith an expression signa-

ture of megakaryocyte progenitors (MkP) (Fig. 3F; for other signa-

tures, see Supplemental Fig. S4C; as defined by Sanjuan-Pla et al.

2013), such that old cells express, on average, higher levels of

MkP signature genes than their young counterparts, and less-

differentiated cells have higher MkP expression levels than more

differentiated cells (P < 10−6 for all pairwise comparisons by

Mann–Whitney U test) (Fig. 3F). This is largely consistent with

the reported myeloid bias of old HSCs (Rossi et al. 2005), but

MkP signature genes, and more generally, myeloid-related genes

appear to account for only a minority of a larger expression pro-

gram that is altered during HSC differentiation and aging. For ex-

ample, the 792 genes that are enriched in at least one of four

myeloid progenitor cell types (MkP, pre-CFU, preMegE, preGM)

(Sanjuan-Pla et al. 2013) include only 24 of the top 100 genes

that correlate negatively with PC1 + PC2, and therefore increase

with age, and only 16 of the top 100 genes that correlate positively

with PC1 + PC2.

To identify candidate genes that may underlie this inverse re-

lationship, we compared the expression of each gene between

pairs of populations that differed by differentiation (LT-HSCs vs.

ST-HSCs) or by age (young vs. old) but were matched for the other

parameter. Overall, weperformed three comparisons for the effects

of differentiation (LT-HSCs vs. ST-HSCs in young mice and in two

replicates of oldmice) and four comparisons for the effects of aging

(young vs. old LT-HSCs and ST-HSCs, each with two replicates) to

first identify significant differences (P < 0.05, two-sample t-test; no

correction for multiple tests) between each pair of conditions. We

then identified 78 genes with a consistent aging and differentia-

tion effect (FDR < 0.05; Methods) (Supplemental Table S3). Of

these, all but one gene (Ctnnal1) showed an opposite trend with

aging and differentiation, suggesting an inverse relationship be-

tween these variables (Fig. 4A,B). This list of genes includes several
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important regulators of hematopoiesis

and/or self-renewal, such as Flt3, Cd34,

Vwf, Il16, Nfia, Id2, Itgb3, Runx1t1, and

Cd44 (Fig. 4A). Expression changes for

some of these genes were consistent

with a potential imbalance between

self-renewal and differentiation or a

defect in the differentiation of old

LT-HSCs, as Flt3 and Cd34 (lowest in

old LT-HSCs) have previously been

linked to HSC differentiation.We further

validated at the protein level that CD34

and FLT3 decrease with aging and in-

crease with differentiation (Fig. 4C).

An age-independent expression

program among MPPs but not other

cell types

While the aging-differentiation expres-

sion program described above appears

to dominate the variability among all

noncycling HSCs (i.e., from the three

cell types together), we next asked

whether we could identify additional

sources of variability within each indi-

vidual cell type. PCA performed indepen-

dently on the noncycling LT-HSCs (Fig.

5A) and ST-HSCs (Fig. 5B; as opposed to

a joint PCA for all cells and ages in Fig.

3) showed that aging dominates the

cell-to-cell variability within both of

these cell types, and we could not find

additional major independent sources

of variability, such as additional subsets

of cells. This suggests that most varia-

tions discernible within LT-HSCs or ST-

HSCs and not related to cell cycle status

are associated with cell-intrinsic changes

that manifest rather uniformly across

each population rather than with the

emergence of specific subsets.We discuss

how this relates to known functional het-

erogeneity below (see Discussion).

In contrast, we found that among

noncycling MPPs, expression variability

is largely independent of age (Fig. 5C),

and we detected an age-independent

expression program whose levels vary

considerably within the immunopheno-

typically defined MPP compartment

(Fig. 5D). This uncovered two cell states

within MPPs that have discrete molecu-

lar signatures—gene set 1 and gene set 2

(Fig. 5D; Supplemental Table S4)—yet

represent part of a continuous spectrum,

irrespective of age (Fig. 5E). Enrichment

analysis using gene sets from lineage-re-

stricted progenitors (Pronk et al. 2007;

Sanjuan-Pla et al. 2013) revealed a lym-

phoid bias for gene set 1 and premegakar-

yocyte/erythroid and megakaryocyte
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progenitor bias for gene set 2 (Fig. 5F). This highlights MPPs

as a heterogeneous population likely including both lymphoid-

biased and myeloerythroid-biased progenitors, in line with MPPs

giving lymphoid and myeloerythroid reconstitution in competi-

tive transplants (Oguro et al. 2013).

Age-associated changes are conserved between mouse strains

Life span and aging vary between mouse strains. For example,

C57BL/6 mice are long-lived compared with the short-lived

DBA/2 mice (Turturro et al. 1999). To test the generality of our ob-

servations, we also examined LT-HSCs, ST-HSCs, and MPPs in

young and old mice from the DBA/2 strain, which originates

from a distinct breeding lineage (Fox 1997).

By using SLAM markers with conserved expression among

mouse strains (Kiel et al. 2005) and ages (Fig. 6A; Supplemental

Fig. S6A,B; Yilmaz et al. 2006), we quantified the frequency of

LT-HSCs, ST-HSCs, and MPPs in BM by flow cytometry (Fig. 6B)

and stem cell compartment (LSK) of young and old DBA/2 mice

(Supplemental Fig. S6C). We observed an age-associated increase

of LT-HSCs frequency, albeit to a lower extent (approximately two-

fold, P < 0.001) than in C57BL/6 (approximately sixfold, P < 0.001)

(Fig. 6B). Moreover, hemoglobin concentration and red blood cell

(RBC) numbers were significantly lower in agedmice (hemoglobin

10.3 vs. 12.7 g/dL, P = 0.001, and RBC 8.2 vs. 9.2 × 106/µL, P = 0.04;

independent samples t-test), indicating anemia, than in C56BL/6

mice (hemoglobin 11.8 vs. 14 g/dL, P = 0.001, and RBC 8.38 vs.

9.9 × 106/µL, P < 0.001).
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Next, we used two approaches to compare the cell cycle distri-

bution between young and old LT-HSCs from DBA/2 mice. First,

we performed single-cell RNA-seq with prospectively isolated LT-

HSCs, ST-HSCs, and MPP from young and old DBA/2 mice. Our

high-resolution cell cycle analysis again revealed the entire cell cy-

cle trajectory (Fig. 6C) and a modest (approximately twofold)

depletion of old LT-HSCs in a region of the cell cycle trajectory

that presumably reflects the earlyG1 phase (Fig. 6E). Second, stain-

ing BM with Ki67/Hoechst showed a decrease in the frequency of

old LT-HSCs that are in the G1 phase (Fig. 6D; Supplemental Fig.

S6D). FACS analysis showed a similar, albeit nonsignificant, trend

for ST-HSCs (Supplemental Fig. S6D). Taken together, a specific

depletion of old LT-HSCs in the G1 phase appears to be conserved

between the C57BL/6 and DBA/2 strains.

Finally, we examined the conservation of the expression pro-

grams described above. PCA of all noncycling DBA/2 cells recapit-

ulated the results in C57BL/6 and showed that the first two PCs are

negatively associated with age (Supplemental Fig. S6E,F) and pos-

itively associated with differentiation (i.e., ST-HSCs vs. LT-HSCs)

(Supplemental Fig. S6E,G). As in C57BL/6,

young LT-HSCs are more similar to old ST-

HSCs than to old LT-HSCs inDBA/2 (Supple-

mental Fig. S6H). Moreover, while the genes

associated with PC1 and PC2 partially differ

between the two strains, by using the top

genes that discriminate age and differentia-

tion states in C57BL/6 as a signature, we re-

capitulated the same effect in DBA/2 (Fig.

6F). As in C57BL/6, PCA among noncycling

cells within each cell type showed the dom-

inant effect of age for LT-HSCs and ST-HSCs,

but not forMPPs (Supplemental Fig. S7A–C).

MPPs showed a similar pattern as in C57BL/

6, where two cell states—one lymphoid-

biased and the other myeloid-biased (Sup-

plemental Fig. S7G)—coexist within the

phenotypically defined MPPs (Supplemen-

tal Fig. S7D,E). Taken together, all of our

main results in C57BL/6 are largely recapitu-

lated in DBA/2, further strengthening their

generality.

Discussion

Cellular heterogeneity of young HSCs

Despite markers that can give high levels

of HSC purity, HSC populations remain

functionally heterogeneous both with re-

spect to their self-renewal potential upon

transplantation (Benveniste et al. 2010;

Morita et al. 2010) and in the ratio of mye-

loid to lymphoid cells that they generate

upon transplantation into irradiated mice

(Muller-Sieburg et al. 2002; Dykstra et al.

2007; Kent et al. 2009; Beerman et al.

2010; Challen et al. 2010; Morita et al.

2010). Here, we examined if this retrospec-

tive heterogeneity would be prospectively

reflected in the transcriptional profiles of

single cells. To approach this question, we

profiled, for the first time, a very large num-

ber of extremely rare single cells from three

different cell types (LT-HSCs, ST-HSCs, and MPPs), two ages

(young and old), and two strains (C57BL/6 and DBA/2) using sin-

gle-cell RNA-seq. This allowed us to assess the current or prospec-

tive view of potential HSC attributes through a direct approach

of surveying the current transcriptional state of individual cells

in steady-state unperturbed hematopoiesis to complement retro-

spective analysis by transplantation (perturbed hematopoiesis).

We identified extensive transcriptome variability among

HSCs and associated it to the cell cycle, differentiation, and age.

After accounting for these sources of variability, we do not observe

discrete subsets of cells within LT-HSCs and ST-HSCs from either

age or strain ofmice.We relied on a SLAMmarkers sorting strategy,

one of the best strategies to enhance HSC purity, as 47% of single

LSK CD150+CD48− BM cells (one in 2.1) give long-termmultiline-

age reconstitution (Kiel et al. 2005). Similarly, previously observed

patterns of long-term repopulation (α, β, δ, γ), although sorted

using a different strategy (isolated from CD45midlin−Rho−SP), oc-

cur in high frequencies: 27%, 39%, 22%, and 12% for α, β, δ, and

γ cells, respectively (Dykstra et al. 2007). These proportions are
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sufficiently high to ensure that if these 47% of LT-HSC SLAM

cells or α, β, δ, and γ cells have a transcriptional profile or signature

that prospectively (prior to transplantation) distinguishes them

from other cells, they will be readily discernible in the approxi-

mately 600 LT-HSCs we have analyzed. Surprisingly, that has not

been the case. While we have not seen a discernible profile that

characterizes a distinct subset of LT-HSCs (or ST-HSCs), our com-

putational methods readily discern subpopulations within MPPs

(whichmay indicate an initial specification of HSCs into myeloer-

ythroid and lymphoid lineages); thus the lack of detectable

HSC transcriptional subpopulations, within a given cell type and

age, is likely not due to a simple weakness in computational meth-

ods. In particular, we extensively searched for recently reported

platelet-biased LT-HSCs within our single-cell data set using previ-

ously defined signatures based on population studies (Sanjuan-

Pla et al. 2013), but we have not seen any subpopulations of cells

in either young and old mice from either strain (Supplemental

Fig. S8A–D).

The absence of discernible subpopulations in our study does

not in any way preclude functional heterogeneity, but it suggests

that this heterogeneity, for example, may be “stochastic” (Till

et al. 1964; Abkowitz et al. 1995; Kirkland 2004; Roeder et al.

2005) or related to a very small number of key genes (rather than

a broad state) or may manifest only under specific signals, such

as those the transplanted cells may encounter upon transplanta-

tion (Trentin 1971; Metcalf 1998; Moore and Lemischka 2006).

Another possibility is that the cell fate choice is coupled inextrica-

bly to cell cycle states, in which we have observed clear changes

with age.

Compositional and coordinated expression changes

associated with HSC aging

Aging could, in principle, be associated with changes in the fre-

quency of certain phenotypes or expression programs (clonal se-

lection model) or may be driven by the concerted change of cell

intrinsic states across the entire population of old HSCs (global

population shift model). Our results show evidence for both com-

positional changes and coordinated, population-wide shifts in cell

states, demonstrating the power of single-cell analysis in distin-

guishing these models. We observed, upon aging, a conserved re-

duction specifically of LT-HSCs in G1 phase, reflecting a change

in proportion of that subpopulation of cells. Previous studies re-

ported inconsistent cell cycle changes ranging from increased

to unchanged to decreased proliferation in old LT-HSCs (Flach

et al. 2014). In our hands, cell cycle analyses consistently showed

a decreased number of G1 cells in twomouse strains (C57BL/6 and

DBA/2) and by two independent approaches: as inferred from sin-

gle-cell RNA-seq data (in duplicate experiments done weeks apart,

and based on the entire gene signature) and byKi67/Hoechst stain-

ing paired with BrdU. Interestingly, a recent study reported de-

creased expression of genes related to cell cycle, DNA replication,

and DNA base excision repair (which are normally up-regulated

during G1/S) in old LT-HSCs (Sun et al. 2014). Our results suggest

that this observation may not be due to down-regulation of those

genes across most old LT-HSCs but rather due to a decreased pro-

portion of the subset of G1/S cells that highly express those genes.

Moreover, our single-cell RNA-seq approach revealed an entire cell

cycle trajectory based on coexpression of a large number of genes

that is consistent between cell types and species (Supplemental

Fig. S2). We detected amid quiescent cells, expression programs

that are observed in practically every single cell we sampled from

each cell type, age, and strainwithout identifiable discrete cell sub-

sets within LT-HSCs and ST-HSCs.

Self-renewal vs. differentiation-biased expression

programs in HSCs

Our analysis revealed an expression program of old HSCs that dif-

fers from young HSCs and is diametrically opposed to the expres-

sion program associated with differentiation (Fig. 3). In particular,

old ST-HSCs resembled transcriptionally young LT-HSCs, which

may be related to the recent demonstration that adult ST-HSCs

nearly fully self-renew and serve as the main source of hematopoi-

etic maintenance in mice (Busch et al. 2015). This raises the possi-

bility that HSCs can occupy distinct positions in gene expression

space such that those that are closer to the state of differentiated

cells have a higher propensity for differentiation (differentiation

biased), while those that are located in the opposite direction

have a higher propensity for self-renewal (self-renewal biased).

Accordingly, aging could shift LT-HSCs toward the self-renewal–

biased state and away from the differentiation-biased state (Fig.

7). This is consistent with a recently suggested link between aging

and self-renewal (Sun et al. 2014). Taken together, age-associated

accumulation of LT-HSCs and their functional decline may be

a consequence of the imbalance between self-renewal and differ-

entiation in favor of the former, and this imbalancemay be reflect-

ed by a self-renewal–biased expression program. While these

changes have consequences for the early steps of hematopoiesis,

it remains to be determined what effects these may cause to the

entire hematopoiesis (e.g., clonal hematopoiesis) (Holstege et al.

2014). Additional studies would be required to test this hypothesis

and examine the functional implications of a decrease in the dif-

ferentiation-related expression signature and whether it reflects

increased self-renewal capacity. This may require developments

of new tools given that ST-HSCs are the main contributors to

steady-state hematopoietic production in unperturbed conditions,

while they are relatively short lived in standard transplantation ex-

periments (Busch et al. 2015).

Our analysis identified a set of geneswhose expression is both

aging and differentiation dependent (Supplemental Table S3), and

these include several potentially causal regulators of HSC self-

renewal and differentiation. Flt3 and Cd34 have been implicated

in HSC differentiation (Osawa et al. 1996; Adolfsson et al. 2001;

Yang et al. 2005; Buza-Vidas et al. 2011) and are expressed at lower

levels in old versus young LT-HSCs. Notably, FLT3 is a cytokine ty-

rosine kinase receptor, which is mutated in about a third of acute

myeloid leukemia patients (Small 2006). Conversely,Nfia, Id2, and

Itgb3 have been implicated in self-renewal (Miller et al. 2013;

Imayoshi and Kageyama 2014; van Galen et al. 2014) and are ex-

pressed at higher levels in old versus young LT-HSC. Dedicated

studies are required to characterize these putative candidates in

this context.

A cell cycle–dependent interplay between aging

and differentiation

We observed a depletion in cells in the late G1 phase in old

LT-HSCs, suggesting a faster transition through G1 and into S,

which may shed light on the reduced expression of cell cycle–

related genes that was previously observed in old HSCs at the

population level (Chambers et al. 2007; Sun et al. 2014). This

is reminiscent of the short G1 phase in mouse and human embry-

onic stem cells. In embryonic stem cells, this is achieved by avoid-

ing a normal G1 checkpoint, which shifts the balance from
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differentiation to self-renewal (Savatier et al. 1994; White et al.

2005). Old LT-HSCs might avoid the G1 checkpoint through the

same or distinct mechanisms. Interestingly, one of the genes

whose expression increases with age and decreases with differenti-

ation (thereby is maximally expressed in old LT-HSCs) was Polo-

like kinase 2 (PLK2), a known checkpoint regulator that controls

progression during G1 and early S phases (for review, see van de

Weerdt and Medema 2006). PLK2 inactivation was shown to ex-

tend the length of the cell cycle and delayed the entry into S phase

(Ma et al. 2003), suggesting that PLK2 up-regulation in old LT-

HSCs could facilitate rapid progression through G1.

Since asymmetric distribution of cell-fate determinants en-

ables two daughter cells to follow different fates, the cell cycle

may be linked to cell fate through the establishment of cell polar-

ity, as shown in Caenorhabditis elegans andDrosophila melanogaster

(Noatynska et al. 2013). Previous work has shown that young

LT-HSCs undergo both symmetric and asymmetric division and

that the precise balance between the two is affected by various sig-

nals (Wu et al. 2007). Furthermore, LT-HSCs become largely apolar

with age (Florian et al. 2012), raising the possibility that the aging-

related changes describedhere are linked to the loss of cell polarity.

Accordingly, it is possible that apolar old LT-HSCs, which traverse

throughG1 phase faster than their younger counterparts, undergo

preferential symmetric divisions, thereby leading to amassing of

LT-HSCs with age.

Taken together, it is tempting to speculate that the accumu-

lation of LT-HSCs, their short G1 phase, and self-renewal-biased

expression program are mechanistically coupled. This could

be accomplished either by an altered cell cycle progression and

a shorter G1 phase driving a self-renewal-biased expression

program or by an expression program affecting the cell cycle,

which, in turn, results in a shorter G1 phase. Either scenario

may ultimately lead (perhaps through loss of polarity) to a sym-

metric cell division, where both daughter cells maintain LT-HSC

identity and, thereby, drive the increase of LT-HSCs frequencies

in BM and at the same time a disproportionally smaller number

of differentiated cells (i.e., ST-HSCs in the LSK compartment).

Additional work will be required to further examine these possibil-

ities and the role of potential candidate genes such as PLK2 in the

connection among cell cycle, aging, and differentiation-related ex-

pression states.

Methods

Isolation of hematopoietic stem and progenitor cells

Young (2- to 3-mo-old) female C57BL/6 and DBA/2 mice were

purchased from Taconic and The Jackson Laboratory, respective-

ly. Old female C57BL/6 (>22-mo-old) and DBA/2 (20-mo-old)

mice were obtained from the National Institute of Aging Mice

and housed in the Boston Children’s Hospital Animal facility

(IACUC 1012-104-15).

For single-cell sorting (BD FACSAriaII), total BM cells were

isolated from long bones and underwent erythrocyte lysis and

CD117 enrichment prior to antibody staining (CD11b, Gr1,

CD45R, CD3e, TER119, CD117, Sca1, CD48, CD150; all from

eBioscience and BioLegend). LT-HSCs, ST-HSCs, and MPPs were

double-sorted into 96-well plates preloaded with 5 µL of lysis buff-

er (TCL lysis buffer, Qiagen) supplemented with 1% (v/v) 2-mer-

captoethanol (Qiagen) and flash frozen. For populations, cells

were sorted directly into lysis buffer and RNA extracted using

PrepEase (Affymetrix).

For cell cycle, we used BDCytofix/Cytoperm and the Ki-67 kit

(BD) following the manufacturer’s instructions.

For in vivo BrdU incorporation, mice were intraperitoneally

injectedwith two doses of BrdU (BDPharmingen), 8 and 2 h before

sacrifice, at 50 μg/g b.wt., and we used the BrdU flow kit (BD

Pharmingen) for detection.

For colony-formation assays, 250 FACS-sorted LT-HSCs or

ST-HSCs from young and old C57BL/6 mice were plated on

MethoCult (M3434, STEMCELL Technologies) according to the

manufacturer’s instructions. The colonieswere counted on day 10.

RNA-seq library preparation and initial data processing

We prepared and profiled libraries as previously described (Patel

et al. 2014) from 1152 individual cells. Sequencing data were pro-

cessed as previously described (Patel et al. 2014). Before all subse-

quent analyses, we filtered and centered the data. First, we

filtered out cells with less than 2500 genes with log2(TPM+ 1) >

2. Second,we excluded geneswhose log2(TPM+ 1) < 4 in the aggre-

gated data for each of the six populations. Third, we centered the

data by subtracting for each gene its average expression [log2-
(TPM+ 1)] across all cells. MATLAB’s PCA function was used with

default parameters.

Clustering based analysis of cell cycle state

Cell cycle genes were defined as those with a “cell cycle process”

Gene Ontology annotation (downloaded from MSigDB version

3.1) (The Reference GenomeGroup of the GeneOntology Consor-

tium 2009) or identified as cycling in HeLa cells (Whitfield et al.

2002). We defined four cell cycle signatures (G1/S, S, G2/M, and

M) as the average expression [log2(TPM+ 1)] of phase-specific sub-

sets of the cell cycle genes as defined previously in synchronized

HeLa cells (Whitfield et al. 2002). We refined these signatures by

averaging only over those genes whose expression pattern in our

data correlated highly (r > 0.5) with the average signature of the

respective cell cycle phase (before excluding any gene) in order

Self-renewal

LT-HSC ST-HSC

LT-HSC

Higher rate of
self-renewal
(short G1)

ST-HSC

Hematopoietic 
reconstitution

Young

Old

Differentiation expression programSelf-renewal expression program

Differentiation

Lower rate of
differentiation

Figure 7. A model of age-dependent changes in LT-HSCs. Young LT-
HSCs (red; top) maintain an appropriate balance between efficient self-
renewal (semi-circular arrow) and differentiation into ST-HSCs (horizontal
arrow) that then further differentiate to reconstitute hematopoiesis. In
contrast, old LT-HSCs (bottom) are inappropriately shifted toward self-
renewal (thick semi-circular arrow) and thereby an accumulation of
LT-HSCs (depicted bymore copies of old LT-HSCs), ST-HSCs reduction (de-
picted by less copies of ST-HSCs), and less efficient reconstitution of hema-
topoiesis (dashed arrow). This can be due to either a short G1, which limits
the capacity of old LT-HSCs to receive differentiation signals, or an expres-
sion program that resembles a less differentiated state and might reflect
defects in differentiation, or both, as these might be causally linked.
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to remove the influence of genes that were previously detected in

HeLa cells but do not appear to cycle in our data.

High-resolution analysis of cell cycle progression

Plotting the average of theG1/S and S signatures versus the average

of the G2/M andM signatures for each cell (Fig. 2D; Supplemental

Fig. S3A) showed an approximate circle, which we assume reflects

all phases of the cell cycle. Based on this assumption, we ordered

all cells according to the apparent progression along the cell cycle

and assigned a rank of cell cycle progression to each cell

(Supplemental Fig. S3A; Supplemental Table S1).

Identification of aging- and differentiation-dependent

differentially expressed genes

Two-sample t-tests with a P-value of 0.05 and no correction for

multiple testing were initially used to identify potentially signifi-

cant differential expression in comparison of each pair of popula-

tions with matched cell types but different age (age effects) or

matched age but different cell type (differentiation effects).

Data access

Sequencing data from this study have been submitted to the NCBI

Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/

geo/) under accession number GSE59114.
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