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SUMMARY

The ability of cells to count and remember their divi-
sions could underlie many alterations that occur dur-
ing development, aging, and disease. We tracked the
cumulative divisional history of slow-cycling hemato-
poietic stem cells (HSCs) throughout adult life. This
revealed a fraction of rarely dividing HSCs that con-
tained all the long-term HSC (LT-HSC) activity within
the aging HSC compartment. During adult life, this
population asynchronously completes four traceable
symmetric self-renewal divisions to expand its size
before entering a state of dormancy. We show that
the mechanism of expansion involves progressively
lengthening periods between cell divisions, with
long-term regenerative potential lost upon a fifth divi-
sion. Our data also show that age-related phenotypic
changes within the HSC compartment are divisional
history dependent. These results suggest that
HSCs accumulate discrete memory stages over their
divisional history and provide evidence for the role of
cellular memory in HSC aging.

INTRODUCTION

Hematopoietic stem cells (HSCs) are bonemarrow (BM) resident

stem cells responsible for maintaining the hematopoietic system

throughout life and largely reside in a quiescent state (Naka-

mura-Ishizu et al., 2014). Studies on HSC cycling kinetics show

the presence of a rare population of dormant HSCs that divide

minimally over time and retain all the serially transplantable he-

matopoietic regenerative potential in the BM (Foudi et al.,

2009; Qiu et al., 2014; Wilson et al., 2008). These dormant

HSCs are identified by their ability to retain a pulsed histone

2B-green fluorescent protein (H2BGFP) label and are referred

to as label-retaining HSCs (LR-HSCs). LR-HSCs are believed

to act as a reserve stem cell population, which can resist chemo-
1296 Cell 167, 1296–1309, November 17, 2016 Published by Elsevier
therapeutic agents, but readily activate in response to stress

(Essers et al., 2009; Wilson et al., 2008). LR-HSCs are known

to retain labels for close to a year (van der Wath et al., 2009; Wil-

son et al., 2008), yet their role, or presence, throughout the en-

tirety of adult life remains unknown.

Upon aging, HSC regenerative potential declines. Aged HSCs

show reduced self-renewal (Dykstra et al., 2011), impaired

homing and engraftment upon transplantation (Dykstra et al.,

2011; Morrison et al., 1996), and myeloid-biased differentiation

(Beerman et al., 2010; Benz et al., 2012; Cho et al., 2008;

Muller-Sieburg et al., 2004; Rossi et al., 2005; Sudo et al.,

2000). Paradoxically, HSCs are reported to increase in number

with age, both in mice and humans (Beerman et al., 2010; Cho

et al., 2008; Dykstra et al., 2011; Morrison et al., 1996; Pang

et al., 2011; Sudo et al., 2000). Currentmodels of HSC aging sug-

gest that the increase in HSC numbers compensate for defects

that naturally occur with age, but evidence for this hypothesis

is lacking (Geiger et al., 2013).

Our previous work showed that as HSCs progressively divide,

they gradually lose regenerative capacity (Qiu et al., 2014). Many

characteristics of aged hematopoiesis can be replicated by en-

forcing HSC proliferation (Beerman et al., 2013; Walter et al.,

2015). Thus, we hypothesized that HSC aging may be a direct

result of extensive proliferative history accrued throughout life.

This requires a better understanding of howHSCs naturally cycle

over long periods of time.

Here, we report a population of HSCs capable of retaining

H2BGFP for at least 22 months in vivo. This population of stable

label-retaining HSCs (sLR-HSCs, cells capable of retaining a

pulsed H2BGFP label for >10 months) contains all cells capable

of robust multi-lineage engraftment in primary and secondary

transplantation (hereafter referred to as long-term [LT-] HSCs)

in aging BM when assayed at the clonal level. We find that LR-

HSCs decline in frequency within the stem cell compartment

but accumulate in absolute number in the BM with age. This

accumulation process follows a model in which LR-HSCs un-

dergo symmetric self-renewal events with progressively length-

ening periods between cell divisions until LR-HSCs reach a state

of complete dormancy after four traceable self-renewal events.
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Figure 1. LR-HSCs Persist in BM throughout Life and Contain All LT-HSC Activity in Aging BM

(A) Schematic of long-term dox treatments. Two- to 4-month-old 34/H2BGFP mice were placed on dox for periods ranging from 3–22 months. At the end of dox,

chase BM was analyzed for the presence of LR-HSCs.

(B) Histogram of the LSKCD48-Flk2–CD150+ HSC compartment before and after 12-month dox chase. LR-HSCs were determined by gating above the back-

ground GFP levels of single transgenic TetO-H2BGFP HSCs.

(legend continued on next page)
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Our results show a direct link between cell division events and

HSC behavior and suggest that HSCs can count and retain a

memory of their cell divisions during adult life.

RESULTS

A Small Population of LR-HSCs Exists throughout
Adult Life
To assess the cumulative divisional history of HSCs throughout

adult life, we used a tet-off hematopoietic stem and progenitor

cell (HSPC)-specific H2BGFP label-retaining system (Qiu et al.,

2014). This system allows HSPCs to be continuously labeled

with H2BGFP throughout development and ontogeny, ensuring

thorough and robust labeling of the HSC compartment (cells

defined as Lineage-Sca-1+cKit+CD48–Flk2–CD150+) at the

onset of doxycycline (dox) chase (Figure 1B). At the onset of

adulthood, a fully labeled HSC compartment can dilute GFP

seven to eight times before reaching background levels (Fig-

ure S1A). However, after the onset of adulthood, active regula-

tion of the hCD34 promoter to drive H2BGFP expression is

specific to only a subset of the HSC compartment (Figures

S1B–S1F).

We placed young adult mice on dox chases ranging from

3–22 months (Figure 1A). The percentage of H2BGFP+ cells

rapidly declines initially but plateaus after 10 months and re-

mains relatively constant for chases lasting nearly 2 years (Fig-

ure 1C). After 10–22 months on dox, sLR-HSCs represent

3.24% ± 1.26% (mean ± SD) of the HSC compartment (Fig-

ure 1D). To eliminate the possibility that sLR-HSCs are an arti-

fact of leaky H2BGFP expression, we analyzed the HSC

compartment of mice exposed to dox from conception until

adulthood (Figure S2A). These mice did not express H2BGFP

above background levels at adulthood (Figure S2B) or after

exposure to dox for up to 1 year (Figures S2C–S2E). Together,

these results show that a small population of cells within the

HSC compartment divides minimally throughout the majority

of adult life.

sLR-HSCs Contain All LT-HSC Activity within Aging BM
To test the function of sLR-HSCs, we performed competitive

transplants with aging GFPLo, GFPHi (sLR-HSCs), and Total

HSC populations sorted from 19-month-old mice chased with

dox for 15 months (Figure 1E). In primary recipients, all three

populations stably engrafted, but the GFPHi population showed

significantly higher levels of blood chimerism compared to the

GFPLo and Total populations (Figures 1F and 1G). The Total

HSC population showed intermediate levels of chimerism in pri-

mary recipients. In secondary hosts, only the Total and GFPHi
(C) Time course of label dilution after initiation of dox chase; n = 2–15 mice per t

(D) Percent of HSCs that are label-retaining after 10–22 months of dox chase (sL

(E–L) HSC populations were sorted from 19-month-old mice chased with dox for

population were competitively transplanted per mouse. (E) Gating strategy for Tot

(F), and total white blood cells (G) during primary and secondary transplants. (H–J

BM. Gating strategy (H) and quantification of donor-derived HSPCs in primary (I) a

Lineage distribution of donor-derived peripheral blood in primary (K) and seconda

independent experiments. Data are displayed as the mean ± SEM. *p < 0.05, **p

See also Figures S1 and S2 and Table S1.
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populations sustained secondary engraftment, while GFPLo

HSCs progressively declined until exhaustion by the end of

24 weeks (Figures 1F and 1G; Table S1). At sacrifice, we

analyzed regeneration of primitive HSPC compartments in the

BM (Figure 1H). We found that after both transplants, GFPHi cells

generated higher HSPC chimerism compared to GFPLo cells

(Figures 1I and 1J). However, when compared to the Total pop-

ulation, GFPHi cells showed greater regeneration only in the HSC

population after primary transplant, with no difference after sec-

ondary transplant. Taken together, the data show that the small

proportion of GFPHi sLR-HSCs—identifiable only by their mini-

mal divisional history—contain all of the LT-HSC potential within

the aging HSC compartment.

Increased Divisional History Marks Increased Myeloid
Potential
Aged HSCs show increased myeloid cell output upon transplan-

tation (Beerman et al., 2010; Benz et al., 2012; Cho et al., 2008;

Dykstra et al., 2011; Gekas and Graf, 2013; Sudo et al., 2000). To

understand how proliferative history correlates with lineage

reconstitution, we measured lineage output in the blood of pri-

mary and secondary transplant recipients. While all three aging

HSC populations show increased myeloid output in primary

transplant, similar to the blood of unmanipulated agingmice (Fig-

ure 1K), only GFPHi cells maintained this myeloid output in sec-

ondary recipients (Figure 1L). As GFPLo grafts exhausted by

the end of secondary transplantation (Figure 1F; Table S1), we

hypothesized that this fraction may be enriched for myeloid pro-

genitors foundwithin the HSC compartment lacking self-renewal

capacity.

While highly enriched for HSCs, the HSC compartment is het-

erogeneous. CD41 has been reported to mark myeloid and

megakaryocyte progenitors within the HSC compartment

(Haas et al., 2015; Yamamoto et al., 2013) and its expression in-

creases with age (Gekas and Graf, 2013). Given that myeloid-

restricted repopulating cells accumulate in aged mice (Dykstra

et al., 2011; Sudo et al., 2000), we hypothesized that by exam-

ining CD41 expression, we would better understand both the

heterogeneity and the myeloid potential within aging HSC

compartments.

We first compared the primitive stem and progenitor compart-

ments of young and aging mice. Consistent with other reports

(Beerman et al., 2010; Dykstra et al., 2011), CD150+ cells

marking the HSC compartment increase with age (Figures 2A,

2B, S3A, and S3B). However, the vast majority of this expanded

compartment is CD41+ (Figures 2C, 2D, S3C, and S3D). Within

the HSC compartment, CD41+ cells accumulate with age (Fig-

ures 2E, 2F, S3E, and S3F). Dissecting the HSC compartment
ime point.

R-HSCs). n = 42 mice from 12 independent experiments.

15 months into Total, GFPHi, and GFPLo HSC populations. 200 cells from each

al, GFPHi, and GFPLo HSC fractions. (F and G) Blood chimerism of granulocytes

) Analysis of donor-derived stem and progenitor cell compartments in recipient

nd secondary (J) transplantations after 22 and 24 weeks, respectively. (K and L)

ry (L) hosts at 22 and 24 weeks, respectively. n = 8–14mice per group from two

< 0.01, ***p < 0.001 by Welch’s t test.



Figure 2. CD41 Expression on Young, Ag-

ing, and LR-HSCs

FACS analysis and quantification of the primitive

HSPC compartment from young and aging mice.

(A) CD150+ cells marking the HSC compartment in

young and aging BM.

(B) Quantification of (A).

(C) The same populations in (A) displayed as a

function of CD150 and CD41 expression.

(D) Quantification of (C).

(E) CD41 expression on Total, GFPLo, and GFPHi

HSCs.

(F) Quantification of CD41 expression on Total

HSCs.

(G) Ratio of CD41– to CD41+ cells found in Total,

GFPLo, and GFPHi HSCs. Data are displayed as the

mean ± SEM of 9–11 mice per group from three

independent experiments. *p < 0.05, **p < 0.01,

***p < 0.001 by Welch’s t test.

See also Figures S3 and S4.
further using label-retention, we find the Total and GFPLo popu-

lations show similar increases in CD41 expression with age, but

young and aging GFPHi populations are depleted of CD41+ cells

(Figures 2E and 2G). Cell-cycle analyses show CD41+ cells have

a lower percentage of cells in G0 than CD41� cells (Figures S3I

and S3J) and retain lower levels of H2BGFP over time (Figures

S3K and S3L). These data show that CD41 expression on

HSCs correlates with diminished quiescence and a higher rate

of cycling in vivo. Examining megakaryocyte potential, we found

that the Total, GFPLo, and GFPHi HSC populations from young

and aging animals all generated colonies in vitro that contained

large cells with megakaryocyte morphology (Figures S4E and

S4G), but only the Total and GFPLo populations generated col-

onies exclusively containing large megakaryocytes (Figures

S4D and S4G).
Cell
Clonal Analysis of Aging HSC
Populations Based on Label-
Retention and CD41 Expression
Lineage reconstitution, cell-surface

marker, and cell-cycle analyses suggest

that the expanded aging HSC compart-

ment may be dominated by myeloid pro-

genitors rather than HSCs. To test this,

we performed limiting cell number serial

transplants of aging HSC populations

based on label-retention and CD41

expression. We sorted the HSC compart-

ment from 19-month-old mice chased

with dox for 17 months into four popula-

tions: GFPHiCD41–, GFPHiCD41+,

GFPLoCD41–, andGFPLoCD41+ (as in Fig-

ure 2E). Fifteen cells from each population

were then competitively transplanted and

the donor-derived myeloid, B, and T cell

contributions to peripheral bloodwere fol-

lowed in both primary and secondary

hosts. Because we were looking for any
form of repopulating activity and not just stem cell activity, we

considered a mouse repopulated if at any point during primary

transplantation we found any donor-derived lineage to con-

tribute to >0.1% of total circulating leukocytes (Figure 3A)

(Yamamoto et al., 2013). Based on this definition of repopulation,

we performed limiting dilution analysis to determine the clonality

of our transplanted populations, revealing that most of the mice

were repopulated at or very near clonal levels (Table S2).

As a further measure to validate clonality, we transplanted BM

from a single primary host into two secondary hosts. Daughter

HSCs generated from the same initial parent HSC in vivo show

synchronous repopulation kinetics when transplanted into sepa-

rate hosts (Müller-Sieburg et al., 2002). Thus, in secondary trans-

plants we followed the kinetics of total donor-type (CD45.2+)

repopulation in paired secondary hosts and measured the
167, 1296–1309, November 17, 2016 1299



Figure 3. Clonal Analysis of the Aging HSC Compartment Based on CD41 Expression and Label-Retention

The HSC compartment was sorted from 19-month-old mice chased with dox for 17 months into four populations based on CD41 expression and label retention,

and transplanted at a dose of 15 cells per mouse.

(legend continued on next page)
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degree of synchronicity between them using Hamming distance

clustering (Sieburg andMüller-Sieburg, 2004). A total of 37 of the

46 mice initially transplanted survived through 6 months in pri-

mary hosts. Twenty-four of those showed repopulation above

threshold in primary recipients andwere used for paired second-

ary transplantation. A total of 23 of the 24 secondary transplant

pairs were used for Hamming distance analysis, as one of the

mice in the 24th pair died before the first blood analysis. From

the 23 pairs analyzed, 18 showed synchronous kinetics of

donor-type repopulation in secondary hosts, indicative of clonal

repopulation (Figure S5).

For analysis of repopulating patterns, all 24 repopulated mice

were considered. From the 24 repopulated mice, we observed

five distinct repopulation patterns: myeloid-restricted, bipotent

progenitor, short-term HSC (ST-HSC), intermediate-term HSC

(IT-HSC), and LT-HSC patterns (Figure 3B). We quantified the

heterogeneity of repopulation patterns within each sorted popu-

lation and found LT-HSC repopulation was exclusively confined

to the GFPHi fractions (Figure 3C). GFPHi cells showed only IT-

and LT-HSC repopulation patterns, which were similarly repre-

sented regardless of CD41 expression (Figure 3C). In contrast,

the GFPLo cells showed limited self-renewal potential and

greater heterogeneity of repopulating patterns. We found CD41

expression enriched for myeloid-restricted repopulating cells

within the GFPLo compartment (Figure 3C). Finally, we used

the proportion of repopulating cell types found within each

sorted HSC fraction to extrapolate the representation of repopu-

lating cell types found within the total aging HSC compartment.

Remarkably, LT-HSCs only represent �1% of the repopulating

cells of the total aging HSC compartment (Figure 3C). Instead,

we found that cells with limited self-renewal represent �80%

of repopulating cells of the aging HSC compartment, with 38%

myeloid progenitors (Figure 3C).

After primary transplant, we analyzed recipient BM for donor-

derived regeneration of various stem and progenitor cell com-

partments (Figure 3D). When comparing regeneration based on

sorted cell phenotype, GFPHi cells repopulated each compart-

ment with higher efficiency than GFPLo cells. Notably, both

GFPHiCD41+ and GFPHiCD41– cells generated CD41– and

CD41+HSCswith similar efficiencies.Within theGFPLo fractions,

GFPLoCD41– cells more efficiently regenerated the more primi-

tive compartments than the GFPLoCD41+ cells, which primarily

made myeloid progenitors (Figure 3D). When comparing regen-

eration based on retrospectively assigned repopulating cell
(A) Reconstitution curves of donor-derived (CD45.2+) total white blood cells, my

primary and secondary recipients. The transition from primary to secondary transp

of successful reconstitution. Secondary transplants are displayed as the mean ±

(B) Examples of the five reconstitution patterns observed. Definition of repopula

genitors gave rise to myeloid and B cells; ST-HSCs showed transient repopulati

below threshold by 24 weeks after primary transplantation; IT-HSCs repopulated a

after secondary transplantation; and LT-HSCs maintained repopulation in al

transplantation.

(C) Distribution of repopulating cell types found within each aging HSC compart

(D) Heatmaps displaying the regeneration of primitive BMpopulations by clonally t

are listed above each column—initially sorted cell (left) and retrospectively categ

The darker the chamber, the greater the proportion of reconstituted mice regen

centage in decimal format of reconstituted mice with each cell type.

See also Figure S5 and Table S2.
type, as expected the most primitive cell types show the most

robust regeneration efficiencies, while themore developmentally

restricted cell types showed reduced regeneration capacities.

Interestingly, both LT- and IT-HSC patterns showed impaired

regeneration of common lymphoid progenitors (CLPs), consis-

tent with aging HSC phenotypes (Rossi et al., 2005).

Together, these data support the conclusion that LT-HSCs

residing in aging BM are exclusively found in the rare population

of sLR-HSCs (�3%), and the vast majority of the HSC compart-

ment (�97%) consists of repopulating cells with limited self-

renewal and restricted differentiation potential. This ability allows

us to see that the dramatic expansion of the phenotypic HSC

compartment with age is primarily due to the expansion of pro-

liferative progenitors with limited regenerative potential.

Tracking GFP Label Dilution Reveals that LR-HSCs
Symmetrically Self-Renew throughout Adult Life
Next, we wanted to address how functional HSC numbers

expand with age. While the HSC compartment expands dramat-

ically with age (Beerman et al., 2010; Dykstra et al., 2011; Rossi

et al., 2005; Sudo et al., 2000), functional LT-HSC numbers

within aging BM expand but to a lesser extent (Cho et al.,

2008; Morrison et al., 1996; Sudo et al., 2000). Our previous

studies showed, and this study confirms at the clonal level,

that independent of cell surface marker expression all LT-

HSCs are LR-HSCs (Figure 3) (Qiu et al., 2014). Thus, we inves-

tigated the phenomena of functional HSC expansion further by

utilizing information from our total LR-HSC populations, regard-

less of CD41 expression.

First, we examined H2BGFP label dilution in youngmice. In the

GFPHi HSC fraction, we find five distinct subpopulations of cells

associated with GFP peaks (Figure 4A). These peaks are identifi-

able using the proliferation index utility in Flowjo software (Trees-

tar), indicating that they are associated with successive cell divi-

sions where divisional history increases as cells progress from

peak 0 to peak 4. To test if the observed peaks represent actual

cell division events, we extracted GFP intensity data from GFPHi

HSCs of young mice and analyzed the relative positions of each

of the observed GFP peaks. We found that the positions of these

peaks are very well described by a simple model in which GFP

dilutes by a factor of 2 through each cell division (Figure 4C).

This suggests that these peaks are indeed marking cell division

events, and we can use the GFP peaks found within the GFPHi

cells to quantify cell divisions over time in vivo.
eloid, B cells, and T cells for each transplanted mouse through 24 weeks in

lantation is marked by the x axis break. The horizontal line marks the threshold

SEM.

tion patterns: myeloid-restricted only repopulated myeloid cells; bipotent pro-

on of all three lineages, with donor chimerism of at least one lineage dropping

ll three lineages, but had at least one lineage drop below threshold by 24weeks

l three lineages above threshold throughout both primary and secondary

ment. The zoomed region represents 10% of the Total HSC compartment.

ransplanted aging HSCs after primary transplant. Transplanted cell populations

orized repopulating cell (right). Regenerated HSPC types are listed to the right.

erated the given cell type. Numbers within each chamber represent the per-
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Next, we compared the GFP peaks from young and aging LR-

HSC populations. Although LR-HSCs from young mice display

five distinct GFP peaks, 97.4% of sLR-HSCs from aging mice

are found within peak 4 (Figures 4A and 4B). This suggests

that the vast majority of sLR-HSCs have completed four trace-

able cell divisions. We then quantified the absolute number of

LR-HSCs in the leg bones of young and agingmice. Even though

LR-HSC representation decreases between young and aging

mice (Figure 4D), we find that the absolute number of LR-

HSCs within the BM increases 2-fold with age (Figure 4E).

To summarize, transplantation experiments indicate that all

LT-HSC activity is contained within the LR-HSC fraction in

both young and aging mice (Figures 1 and 3). Thus, our findings

show that (1) LT-HSCs are exclusively LR-HSCs regardless of

age, (2) the absolute number of LR-HSCs increases over time,

(3) the majority of sLR-HSCs have completed four divisions dur-

ing the span of dox chase, and (4) H2BGFP is not re-expressed in

the presence of dox. Taken together, these data suggest that

expansion of LR-HSC numbers is due to symmetric self-renewal

events of LR-HSCs during the lifespan of the mouse.

To test this, we used a simplemodel to estimate the expansion

capacity of LR-HSCs from young mice (Figure 4F). First, we

quantified the absolute numbers of LR-HSCs found in each

peak in young mice. Because >95% of sLR-HSCs in aging

mice are found in peak 4, we modeled LR-HSC expansion with

age as population doublings of eachGFP peak as the cells divide

to dilute their H2BGFP level from their starting peak in young

mice to peak 4. This generated a prediction of sLR-HSC

numbers once every young LR-HSC had divided enough to

match the GFP intensity found in peak 4. We found that the pre-

dicted values closely matched the experimentally acquired data

from aging mice (Figure 4E). Of note, this model assumes no loss

of LR-HSC number due to cell death, differentiation, or cell divi-

sion events resulting in GFP dilution to levels below peak 4. The

correlation between predicted and experimental data suggests
Figure 4. HSCs Count Symmetric Self-Renewal Divisions throughout A

(A–C) Analysis of H2BGFP subpopulations within the GFPHi LR-HSC compartme

compartment of young (3–4months on dox) and agingmice (14–22months on dox

for young and aging mice, respectively. (C) Least-squares fitting of single cell GFP

mice. Observed experimental data are plotted as open circles, while predictions o

with each cell division is given by the dashed blue line. Experimental data were c

(D) Percentage of LR-HSCs within the HSC compartment. n=19 and 13 from you

(E) Absolute number of LR-HSCs per long bone in young and aging mice. Predic

young LR-HSC data point based on the distribution of cells found in peaks 0–4

distribution of cells found in aging mice in (B). n = 17 and 10 mice from five and

(F) Symmetric self-renewal expansionmodel of LR-HSCs. As LR-HSCs slowly divi

renewing to double their numbers with each cell division. Arrows in the histogram

peak 4. Numbers displayed are the average numbers of LR-HSCs in each peak per

the summation of LR-HSCs predicted to accumulate in peak 4 with aging.

(G) Mathematical modeling of cell-cycle progression as a function of divisional h

STAR Methods for details). Displayed are representations of cell-cycle time pr

determined (open circles) and model-predicted sLR-HSC numbers (dashed blue

function and super-exponential models are actual times predicted by the model

corresponding cell-cycle times are only visual representations.

(H and I) Distribution of LR-HSCs across each GFP peak (H), and quantification of

to the length of dox chase. Data are representations of two to six independent e

(J) Cell-cycle analysis of GFP Peak cells in young (5months old, 3month dox chas

represents an independent experiment. Data are displayed as the mean ± SEM.

See also Figure S6.
LR-HSCs cycle symmetrically, generating two daughter LR-

HSCs with each division, which we can visualize a maximum of

four times, and LR-HSCs found in peak 4 in young mice remain

deeply dormant throughout adult life.

LR-HSC Cell-Cycle Times Extend with Divisional History
until Dormancy Is Reached after Four Traceable
Divisions
To investigate this age-related LR-HSC number expansion, we

used LR-HSC numbers from young mice as initial conditions

for a series of mathematical models to determine whether divi-

sional history impacts LR-HSC cell-cycle progression (see the

STAR Methods). The first model assumes that cells divide at a

constant rate regardless of divisional history (Figure 4G; Con-

stant). Because GFP will ultimately dilute away in all cells under

this model, it cannot explain LR-HSC accumulation with age and

suggests that divisional history impacts LR-HSC cell-cycle pro-

gression time. To account for this accumulation, we considered

a revised model in which individual cells cycle at a constant rate

until they have divided four times, at which point they stop

dividing. This modified model explains the data well (Figure 4G,

Step Function), but makes the strong assumption that cells cycle

normally until they have divided four times and then suddenly

stop dividing. We reasoned that this was not likely, but rather

that successive cell divisions become progressively less likely

to occur the more a cell has divided previously. This prompted

us to further adjust our model to understand how cell-cycle entry

alters with divisional history. Both linear and exponential exten-

sions of cell-cycle entry times with divisional history did not

accurately predict cell numbers in aging mice. However, a su-

per-exponential extension was found to fit the experimental

data well (Figure 4G). This model predicts that the times between

cell-cycle events for cells in peak 0, 1, and 2 are short, but as

cells undergo further divisions, this time dramatically lengthens

until the expected time to the next cell cycle in peak 4 is
dult Life and Progress toward Dormancy

nt. (A) Histogram displaying the H2BGFP peaks 0–4 visible within the LR-HSC

). (B) Quantification of (A). n = 21 and 13mice from six independent experiments

intensity data collected from LR-HSCs found within each GFP peak of young

f a theoretical model in which H2BGFP concentration is reduced by a factor of 2

ollected from 1,568 single LR-HSCs from six independent experiments.

ng and aging mice, respectively.

ted LR-HSC numbers were generated by extrapolating the expansion of each

for each mouse using the model in (F), then corrected based on the average

three independent experiments for young and aging mice, respectively.

de throughout adult life they transition frompeak 0 to peak 4, symmetrically self-

depict the expansion capacity of cells as they progressively divide to reach

long bone from 17 youngmice in five independent experiments. Boxed in red is

istory within the LR-HSC compartment. Five models were considered (see the

ogressions for each model (red dashed lines), as well as the experimentally

curves) found in each GFP peak of aging mice. Cell-cycle times for the step

. As the constant, linear, and exponential models do not fit the data well, their

LR-HSC absolute numbers after various lengths of dox chase (I). Legends refer

xperiments per group.

e, n = 3) and aging (11months old, 9month dox chase, n = 2) mice. Eachmouse

**p < 0.01, ***p < 0.001 by Welch’s t test.

Cell 167, 1296–1309, November 17, 2016 1303



1,256 days, or �3.5 years. Importantly, this model predicts

rather than assumes, that cells enter a dormant state once

they reach peak 4 and therefore explains why cells found in

peak 4 in young mice are still present in aged mice.

To test these predictions, we examined the change in GFP

peak distribution and LR-HSC absolute numbers after various

lengths of dox chase. Consistent with the super-exponential

model of cell-cycle extension, we find cells in peaks 0, 1, and 2

are almost completely lost after a 3–4 month chase, and the

vast majority of LR-HSCs are found in peak 4 as soon as

9 months after the start of dox (Figure 4H). Additionally, LR-

HSC doubling is seen as early as 12 months after dox treatment

and is maintained until at least 22months on dox, corresponding

to 25months of age (Figure 4I). If peak 4 cells were to continue to

proliferate during these long chases, LR-HSC numbers should

decrease over time. Rather, we find that LR-HSCs numbers

are stable, suggesting that once cells reach peak 4, they are

dormant. We found one exception, where a 24-month-old

mouse had significantly lower numbers of sLR-HSCs than

what would be predicted (Figure 4I, red asterisk). Upon dissec-

tion, this mouse had an enlarged liver with multiple tumors

(data not shown), indicative of a severe systemic stress, which

may have led to the activation and depletion of sLR-HSCs in

this mouse. Cell-cycle profiles of young and aging peak 4 cells

showed >90% of cells in G0, suggesting that the cell cycle of

these cells do not change with time (Figures 4J and S6). Taken

together, these analyses suggest that LR-HSCs double their

cell numbers with time by entering a dormant state after four

traceable symmetric self-renewal divisions, indicating that LR-

HSCs count their cell divisions throughout life.

CD41+ sLR-HSCs Are Generated from CD41– LR-HSCs
throughout Adult Life
In order to see if a cell division counting mechanism could under-

lie other changes seen in the HSC compartment with age, we re-

examined the hierarchical relationship between CD41– and

CD41+ LR-HSCs. CD41+ cells do not function as LT-HSCs at

the clonal level in young adult mice (Yamamoto et al., 2013),

but in the aging HSC compartment CD41+ HSCs have been

shown to reside at the top of the hematopoietic hierarchy (Gekas

and Graf, 2013). In order to understand howCD41+ cells develop

LT-HSC potential with aging, we compared the H2BGFP label

dilution of CD41– and CD41+ cells within the GFPHi LR-HSC frac-

tions of young and aging mice. We observe that young CD41–

LR-HSCs are distributed throughout all five GFP peaks, while

the vast majority of young CD41+ cells are primarily found in

peak 4, similar to the distribution of the aging compartment (Fig-

ure 5A). CD41+ LR-HSCs increase considerably in number and

frequency with age (Figures 5D, S3G, and S3H), but given that

the majority of CD41+ LR-HSCs can no longer divide and retain

LT-HSC potency, it would not be possible for young CD41+

LR-HSC to generate the expanded population of CD41+ sLR-

HSCs found in aging mice. Thus, we wondered whether CD41–

LR-HSCs from young mice are responsible for generating the

expanded population of CD41+ sLR-HSCs found in aging mice.

Direct comparison of CD41– and CD41+ LR-HSCs from young

mice showed that CD41– LR-HSCs have a greater proportion of

cells with a minimal divisional history in GFP peaks 0–3 than
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CD41+ LR-HSC (Figure 5B). However, with aging both CD41–

and CD41+ sLR-HSCs have similar GFP distributions where

most cells reside in peak 4 (Figure 5B). To quantify this, we

measured GFP fluorescence intensities of each population and

observed brighter GFP in young CD41� over CD41+ LR-HSCs,

but find indistinguishable intensities in aging mice (Figure 5C).

Importantly, CD41– cell GFP intensity drops with age, but the

GFP intensity of the CD41+ population does not change. As

CD41+ cellsmore rapidly proliferate than CD41– cells (Figure S3J)

and theCD41+LR-HSCpopulationexpandswith time (Figure5D),

either CD41– LR-HSCs found in GFP peaks 0–3 directly generate

CD41+LR-HSCs,orCD41expressionbecomesdynamicwithage

and CD41– LR-HSCs turn on CD41 expression in a manner that

does not alter their regenerative potential (Figures 3C and 3D).

To test this, we compared the change in absolute numbers of

CD41� and CD41+ LR-HSCs with age to their predicted expan-

sion capacity from young mice (as in Figure 4F). We found that

while CD41� cells expand minimally from young to aging mice,

young CD41� LR-HSCs have the capacity to expand nearly

3-fold and still retain the GFP label (Figure 5D). In contrast,

CD41+ LR-HSCs show a 3-fold expansion from young to aging

mice, but contain no endogenous expansion capacity (Fig-

ure 5D). Thus, in order for CD41+ LR-HSC numbers to expand,

CD41� LR-HSCsmust generate CD41+ LR-HSCs as they divide.

To precisely gauge CD41� contribution to the CD41+ LR-HSC

pool over time, we modified our super exponential model of

cell-cycle extension to allow CD41� LR-HSCs to gain CD41

expression with a fixed probability each time they divide. This

model accurately fits the data for both CD41� and CD41+ LR-

HSC expansion in aging mice and estimates that in order for

the CD41+ LR-HSC pool to expand, approximately one in ten di-

vision events within the CD41� LR-HSC pool must give rise to a

CD41+ LR-HSC (Figure 5E). This shows that in the context of

homeostatic hematopoiesis, CD41� LR-HSCs reside at the

apex of the hematopoietic hierarchy, generating the expanded

CD41+ LR-HSC population found with age.

DISCUSSION

Cells take in and store information about previous events that in-

fluence their subsequent behavior. In Drosophila and Aplysia,

activated synapses of neurons convert CPEB to a self-propa-

gating state allowing specific synapses to ‘‘remember’’ their

previous activation to facilitate long-term memory storage

(Majumdar et al., 2012; Si et al., 2003a, 2003b). B cells undergo

permanent somatic hypermutation after stimulation by foreign

antigens to produce antibodies with increased antigen affinity

(MacLennan and Gray, 1986). The differentiation of cells during

development from a pluripotent to a committed state is generally

considered an irreversible process that is epigenetically re-

corded to prevent aberrant expression of alternative cell-type-

specific genes (Ang et al., 2011; Efroni et al., 2008). Cell division

‘‘counting’’ might also be an important manifestation of cellular

memory. Such a mechanism has been proposed to account

for the loss of function and senescence of cells with age, where

cells ‘‘count’’ cell divisions via telomere length (Harley et al.,

1990). While cells may be storing information about their cumu-

lative divisional history, technical challenges associated with



Figure 5. Young CD41– LR-HSCs Generate CD41+ sLR-HSCs in Aging Mice

(A) Distributions of CD41– (left) and CD41+ (right) LR-HSCs in young and aging mice across GFP peaks 0–4.

(B) Representative histograms directly comparing GFP levels in CD41– and CD41+ LR-HSCs from young (left) and aging (right) mice.

(C) GFPmean fluorescence intensity (MFI) of CD41– and CD41+ LR-HSCs in young and agingmice. n = 9–11mice per group from three independent experiments.

(D) Quantification of CD41� and CD41+ LR-HSCs in young and aging mice. Predicted expansion capacity of young HSCs as predicted by the model in Figure 4F.

n = 6–7 mice from two independent experiments.

(E) Mathematical modeling of CD41� LR-HSC contribution to the CD41+ LR-HSC compartment. Predictions of a model in which the cell-cycle time extends

super-exponentially with the number of cell divisions (see Figure 4G) and in which CD41� LR-HSCs gain CD41 expression with probability 1 � a each time they

divide are given in blue (full model details in the STAR Methods). This model most accurately fits the data when a = 0.88, suggesting that approximately one in

every ten CD41� LR-HSC divisions gives rise to a CD41+ daughter cell. Data are displayed as themean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 byWelch’s t test

or paired t test.
accurately documenting large numbers of cell divisions in vivo

have largely precluded observations of these phenomena.

Here, we used H2BGFP label dilution to track HSC cell divisions

accrued through the process of aging and investigate their

impact on regenerative potential.

Divisional History and Heterogeneity of the Aging HSC
Compartment
Previous work using H2BGFP label-retention suggests that the

fewer times HSCs cycle over time, the greater their transplant-
able regenerative potential (Foudi et al., 2009; Qiu et al., 2014;

Wilson et al., 2008). We showed that label-retaining cells within

the functionally heterogeneous LSK population could long-

term repopulate a mouse at a frequency of 1 in 2.9 cells (Qiu

et al., 2014). Here, we used label-retention to dissect the hetero-

geneity of the aging HSC compartment. We find that clonal sLR-

HSCs function exclusively with IT- or LT-HSC potential. On the

other hand, the proliferative non-LR-HSCs contain a diverse

class of progenitors with reduced self-renewal and differentia-

tion potential. This non-LR-HSC population, being the product
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of accumulated divisional history, may be the source of myeloid-

repopulating cells described in clonal transplantation experi-

ments (Dykstra et al., 2011; Sudo et al., 2000; Yamamoto

et al., 2013). The degree of functional heterogeneity we find

within the aging non-LR-HSC population is consistent with evi-

dence from young animals that cell surface-marker combina-

tions alone cannot select for functionally homogeneous

populations when analyzed at the single-cell level (Paul et al.,

2015; Perié et al., 2015; Yamamoto et al., 2013). Additionally,

the reduced regenerative capacity of the proliferative non-LR-

HSC population is also supported by studies indicating that

increasing cell cycle often reduces HSC function (Bowie et al.,

2006; Pietras et al., 2011). Taken together, the accumulation

of divisional history and its inferred link to myeloid potential

in the aging non-LR-HSC population may contribute to the

development of mutations that lead to myelofibrosis in aging

populations.

Of note, our sLR-HSCs do not repopulate with absolute effi-

ciency. This could be explained by a number of defects that

characterize aging HSC populations, including defects in cell-

cycle entry, replication stress, and repair of DNA damage accu-

mulated from long-term quiescence (Beerman et al., 2014; Flach

et al., 2014; Mohrin et al., 2010; Rossi et al., 2007). However, all

repopulating sLR-HSCs repopulate with LT- or IT-HSC func-

tional potential. Thus, we propose that label-retention is a

powerful tool for discriminating cells with HSC potential from

populations of functionally heterogeneous progenitors, espe-

cially in the context of an aged system. This could prove benefi-

cial when studying defects of aging HSCs by eliminating

confounding results that describe defects among the diverse

HSPCs invariably contained within the HSC compartment.

Tracking HSC Divisional History throughout Adult Life
Reveals HSCs Document Their Cell Divisions
The use of our label-retaining system enabled us to track and

quantify single cell divisions over the lifespan of a mouse. We

find that LT-HSCs are capable of executing four traceable divi-

sions prior to the loss of LT-HSC potential. This can be visualized

by the dilution of H2BGFP intensity over time. This experimen-

tally supports the mathematical models of previous work on

LR-HSCs predicting that LR-HSCs divide five times during the

lifespan of a mouse (Wilson et al., 2008). In light of our data,

this fifth cell division would result in a complete loss of LT-HSC

potential and most likely the initiation of an irreversible decline

of the hematopoietic system.

Our approach enabled us to make inferences about LR-HSC

expansion and cell division patterns. We conclude that age-

associated expansion can be reached only if (1) LR-HSCs exclu-

sively undergo symmetric self-renewal divisions throughout life,

and (2) they reach dormancy after completing the fourth trace-

able division. LR-HSCs divide asynchronously, but regardless

of when a cell completes its fourth traceable division, we can as-

sume it enters a dormant state because each cell found in young

mice can be accounted for mathematically in aging mice. If

dormancy were not achieved after this fourth division, LR-

HSCs could not accumulate to the extent they do with age, indi-

cating that HSCs count and maintain a record of their divisions.

Our data also allowed us to conclude that the LR-HSC popula-
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tion, which contains all LT-HSC activity, cannot be contributing

to homeostatic hematopoiesis. This suggests that the popula-

tions maintaining a continuous supply of blood at steady state

and the populations that act as stem cells during transplantation

are distinct. These findings are in agreement with recent work on

homeostatic hematopoiesis (Busch et al., 2015; Sun et al., 2014),

as well as on crypt cells in the gut (Buczacki et al., 2013). Our

data suggest that single cell divisions of LR-HSCs impact cell-

cycle entry, and in the case of the fifth traceable division, a com-

plete loss of LT-HSC activity results. Thus, not only are HSCs

counting their divisions, but also single cell divisions can impact

HSC behavior and regenerative potential.

A Mechanism of Cell Division Counting May Underlie
Age-Related Changes to the HSC Compartment
We used our system to infer information about the hierarchical

relationship of CD41+ and CD41– HSCs, both in the context of

regeneration and homeostasis. We initially thought that the

expanded CD41+ HSC compartment in aging mice exclusively

contained cells with myeloid-restricted regenerative potential.

We found, in agreement with published data (Gekas and Graf,

2013), that some CD41+ cells exhibit LT-HSC regenerative po-

tential at the clonal level. These CD41+ LT-HSCs were found

exclusively within the sLR-HSC compartment. Analysis of BM re-

generated from retrospectively identified LT-HSCs after trans-

plantation revealed that on the clonal level, both CD41– and

CD41+ HSCs had similar propensities to regenerate each other,

suggesting that in the context of transplantation CD41 may not

be an indicator of HSC hierarchical primitiveness. However,

CD41 expression within the non-LR-HSC population did enrich

for cells with myeloid-restricted regenerative potential, suggest-

ing that CD41, and perhaps other cell surface markers, are

greater predictors of cellular function once cells have left the

label-retaining population. Interestingly, our label retention sys-

tem also allowed us to make inferences about the hierarchical

relationship of CD41 expressing cells within the LR-HSC. As

GFP fluorescence intensity can only be lost over time in a cell di-

vision-dependent manner, this enabled us to use the H2BGFP

label-retaining system as a means to track the origin of expand-

ing cell populations. Doing so showed that CD41– LR-HSCs

must give rise to the expanded CD41+ sLR-HSC population in

aging mice.

It is important to state that while much of our evidence on ho-

meostatic hematopoiesis is supportive of recent studies (Busch

et al., 2015; Sun et al., 2014), and is supported by our mathemat-

ical models, further experiments need to be performed to fully

validate these conclusions, possibly using a dual label-retaining

and lineage-tracing genetic system that identifies progeny of

label-retaining populations over time (Buczacki et al., 2013).

We cannot exclude the possibility that a small number of LR-

HSCs undetectable by our experimental strategy divide beyond

peak 4 to leave the LR-HSC compartment and eventually

contribute to active hematopoiesis. However, if this were the

case, it must be a comparatively rare event. Nevertheless,

viewed overall, our findings permit us to suggest a model for

the aging of the HSC compartment (Figure 6) in which the

dormant label-retaining compartment that contains all LT-HSC

activity decreases in frequency within the HSC compartment



Figure 6. Self-Renewal Counting Model of Hematopoietic Stem Cell Aging

The HSC pool can be segregated into two populations based on label-retention. The LR-HSC pool contains all of the transplantable LT-HSC activity, while the

non-LR-HSC pool is comprised of cells with minimal self-renewal and restricted regenerative capacity. With aging, both the LR- and non-LR-HSC pools expand.

The LR-HSC pool asynchronously undergoes four traceable symmetric self-renewal events, increasing the functional stem cell pool size over time while

simultaneously diluting the GFP label with each cell division. After a fourth traceable self-renewal event, LR-HSCs enter a state of dormancy—as a fifth cell

division would result in complete loss of LT-HSC potential—indicating that the LR-HSC population counts their cell divisions throughout life. The fact that the LR-

HSC pool exclusively undergoes symmetric cell divisions before entering a stably dormant state means that they contribute minimally, if at all, to homeostatic

hematopoiesis, unless activated to divide again by stress. The non-LR-HSC pool represents the vast majority of the stem cell pool in aging mice. Within the non-

LR-HSC pool CD41+ cells enriched for myeloid progenitor activity accumulate with time and dominate the aging HSC compartment. It is most likely that the non-

LR-HSC pool maintains active hematopoiesis during steady state conditions. In the context of regeneration, we identified five types of stem and progenitor cells

with regenerative potential after transplantation within the total HSC compartment. When analyzed as a total HSC population, the predominance of myeloid

progenitors and cells with limited self-renewal potential contributes to increased myeloid representation in regenerated peripheral blood and reduced long-term

engraftment. Image by J. Gregory (2015) Mount Sinai Health System.
but actually expands over time. This partially explains the obser-

vation that aging HSCs show impaired function upon transplan-

tation due to the diminished frequency of LR-HSCs within the

stem cell compartment, while also revealing how LT-HSCs in-

crease with aging via increased absolute number of LR-HSCs

within the whole BM. This compartment symmetrically self-re-

news over time precluding contribution to homeostatic hemato-

poiesis. The non-LR-HSC compartment also expands over time,

but to a greater extent, and contains cells with limited self-

renewal and differentiation capacity upon transplantation. These

cells are likely to support homeostatic hematopoiesis. With ag-

ing, the non-LR-HSC compartment becomes dominated by

CD41 expressing cells enriched for myeloid-restricted repopula-

tion potential and partially accounts for the increased propensity

of the compartment as a whole to produce greater myeloid cell

output with age.
It remains uncertain whether the non-LR-HSC compartment is

directly derived from the LR-HSC compartment as a function of

continuously accumulated proliferative history. As the aging

non-LR-HSC compartment shows attenuated repopulation po-

tential and increased myeloid cell output, it would be consistent

with recent studies indicating that increased divisional history re-

capitulates these hallmarks of aged HSCs (Beerman et al., 2013;

Walter et al., 2015). However, it is not yet clear if the aging LR-

and non-LR-HSC compartments differ in other described phe-

notypes of aged HSCs including the surrogate DNA damage

marker gH2AX foci or cdc42 localization.

It will be interesting to investigate the underlying molecular

mechanisms responsible for this cellular memory. Several

studies have tracked cell division numbers in Bacillus subtillis

sporulation, Drosophila spermatogenesis, and oligodendrocyte

precursor differentiation. These studies reveal that after several
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rounds of division a genetic factor accumulates, reaching a

threshold to initiate a cell fate change (Dugas et al., 2007; Insco

et al., 2009; Levine et al., 2012). Alternatively, one could imagine

dilution of a factor wherein progressive loss of this factor extends

cell-cycle progression leading to dormancy during homeostatic

aging. Further studies are necessary to reveal this mechanism.

Within it may lay the key to understanding the maintenance of

self-renewal so long lacking in the field.
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Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory Stock No: 000664

Mouse: B6.SJL-Ptprca Pepcb/BoyJ The Jackson Laboratory Stock No: 002014

Mouse: Tg(tetO-HIST1H2BJ/GFP)47Efu/J The Jackson Laboratory Stock No: 005104

Mouse: HuCD34-tTA Radomska et al., 2002 N/A

Software and Algorithms

ELDA: Extreme Limiting Dilution Analysis Hu and Smyth, 2009 http://bioinf.wehi.edu.au/software/elda/
CONTACT FOR REAGENT AND RESOURCE SHARING

Information and requests for reagents may be directed to the lead contact Kateri Moore (kateri.moore@mssm.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Tg(tetO-HIST1H2BJ/GFP)47Efu/J (TetO-H2BGFP), hCD34-tTA (hCD34), C57BL/6 (B6), and the congenic B6.SJL-Ptprca Pepcb/

BoyJ (SJL) mice were acquired and maintained as previously described (Qiu et al., 2014). Double transgenic mice 34/H2BGFP

mice were derived from crossbreeding the single transgenic TetO-H2BGFP and hCD34 mice. F1 mice from this cross were used

for all experiments, with the exception of cell cycle analysis in Figures S2I and S2J, which was performed on B6 BM. The F1 progeny

of crosses from TetO-H2BGFP and B6mice were used for background GFP gating controls in all label-dilution experiments. Dox was

administered through the drinking water at 1 mg/ml to mice beginning between 2-4 months of age and changed twice weekly. Both

male and female mice were used in all experiments. Sample sizes for experiments were determined without formal power calcula-

tions. Animal experiments were approved by the Institutional Animal Care and Use Committee and conducted in accordance with the

Animal Welfare Act.

METHOD DETAILS

Sample Preparation and Flow Cytometry
BM cells were harvested from tibias, femurs, and pelvic bones by crushing with a mortar and pestle in a PBS buffer supplemented

with 5%newborn calf serum (NCS, GIBCO). Cells were triturated to obtain a single cell suspension, and bone debris was removed by

filtering through a 70 mm cell strainer (BD). Red cells were lysed with an ammonium chloride lysis buffer. For staining, cells were first

incubated with biotin-conjugated lineage markers anti-CD3ε, anti-B220, anti-Gr-1, anti-CD11b, and anti-Ter119, and on occasion

also with biotin-conjugated anti-CD48 and anti-Flk2, followed by anti-biotin superparamagnetic beads (Dynabeads Biotin Binder,

Life technologies), and lineage marker expressing cells were depleted via magnetic separation. The fraction enriched for

Lineage-/low cells was further incubated with antibodies against CD150, CD48, c-Kit, Sca1, CD41, Flk2, IL-7Ra, CD34, FcgRIII,

and fluorophore-conjugated streptavidin. Dead cells were excluded by staining with 4’, 6-diamidino-2-phenylindole (DAPI, Sigma),

or propidium iodide (PI, Sigma). Cells were analyzed on an LSRII (Becton Dickenson) flow cytometer and sorted on an Influx (Becton

Dickenson). The various stem and progenitor populations were defined as follows: HSCs (Lin–Sca-1+c-Kit+CD48–Flk2–CD150+

or Lin–Sca-1+c-Kit+CD48–CD150+), MPPs (Lin–Sca-1+c-Kit+CD48–CD150–), HPC-1 (Lin–Sca-1+c-Kit+CD48+CD150–), HPC-2

(Lin–Sca-1+c-Kit+CD48+CD150+), MkPs (Lin–Sca-1–c-Kit+CD150+CD41+), CMPs (Lin–Sca-1–c-Kit+CD34+FcgRIII–), GMPs (Lin–Sca-

1–c-Kit+CD34+FcgRIII+), MEPs (Lin–Sca-1–c-Kit+CD34–FcgRIII–), CLPs (Lin–Sca-1midc-KitmidFlk2+IL7Ra+). Label retention was

defined by gating above the background GFP levels found in heterozygous single transgenic TetO-H2BGFP HSCs. Antibodies

are listed in Table S3.

Transplantation Assays
HSCs were sorted from 34/H2BGFP mice (CD45.2) that were 19 months of age, and had been chased with dox for 15 or 17 months

into various populations based on label retention. Sorted cells from each population were injected retro-orbitally into lethally irradi-

ated SJL (CD45.1) mice (2 rounds of 550 rads, three hours apart) at a dosage of 200 sorted cells plus 1.3x105 cells of Lin/CD48/Flk2-

depleted competitor BM (CD45.1) per mouse. Mice were bled at timed intervals post transplantations from the retro-orbital venous

plexus, red blood cells were lysed, and the contribution of donor derived CD45.2+ cells were assessed for contribution to the B cell

(B220+), T cell (CD4/CD8+), andMyeloid (CD11b/Gr1+) lineages. Granulocytes were identified as SSCHiCD11b/Gr1+ cells. Secondary

transplants were performed at 24 weeks post primary transplant and 5x106 cells of pooled whole BM from each group were

transplanted into secondary hosts.
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Limiting dilution transplantations were performed by transplanting 15 sorted HSCs from 19-month old mice chased with dox for

17months along with 2x105 cells of congenic un-manipulated competitor bone (CD45.1) into lethally irradiated young SJLmice. Sec-

ondary transplants were performed 24 weeks post primary transplantation by transplanting 5x106 cells of whole BM from a single

primary recipient mouse into two new hosts (CD45.1).

Limiting Dilution Analysis
Limiting dilution analysis was performedwith peripheral blood reconstitution data at 24weeks after primary transplant using the freely

available ELDA software (http://bioinf.wehi.edu.au/software/elda/).

Cell-Cycle Analysis
Cells were stained and prepared as above, then fixed in 2%methanol-free paraformaldehyde diluted in PBS. Cells were thenwashed

three times with PBS containing 5% NCS, permeabilized in 0.2% Triton X-100, then stained with anti-Ki-67 (PE, eBioscience), and

DAPI prior to analysis. For cell cycle analysis of GFP peak cells, LSKCD48-Flk2-CD150+ cells were first enrichment sorted prior to

fixation, subsequent staining, and cell cycle analysis.

In Vitro Analysis of Megakaryocyte Potential
Single LSKCD48-Flk2-CD150+ cells were sorted into U-shaped 96-well plates in 200ml StemSpan SFEM (StemCell Technologies)

supplemented with 10% FBS (HyClone), 1% b-mercaptoethanol (0.1 mM, Sigma-Aldrich), 1% penicillin/streptomycin (GIBCO)

and cytokines mIL-3 (20 ng/ml, R&D Systems), mSCF (50 ng/ml, R&D Systems) and hTpo (50 ng/ml, R&D Systems). Colony

morphology and size were evaluated on day 13. Colonies were collected for cytospin preparation and hematoxylin and eosin staining

to determine the presence of megakaryocytes and other myeloid cells.

Hamming Distance Analysis
The Hamming distance was measured for pairs of leukocyte repopulation kinetics from secondary recipient mice as described

(Müller-Sieburg et al., 2002). Thereby, the numerical kinetics of total peripheral blood white blood cell chimerism from paired

secondary recipients were first transformed into symbolic dynamics based on the slopes of consecutive pairs of donor-type cell

values over time as described. Symbolic dynamics are defined as sequences of symbols from the sign of the slope (‘‘+’’ = positive

slope, ‘‘-’’ = negative slope, ‘‘�’’ = close to zero slope). Next, the Hamming distances of all pairs of symbolic dynamics were deter-

mined. Pairs of secondary transplant kinetics were defined as synchronous if their Hamming distance was below an empirically set

threshold (the smallest possible Hamming distance = 0 indicated that the two kinetics were identical based on this clustering mea-

sure). All pairs of kinetics with Hamming distances above the threshold were considered asynchronous.

Mathematical Modeling
Assuming that GFP dilutes by a factor of 2with each cell division, the relative positions of theGFP peaks in the LR-HSCpopulation are

described by the following model:

yn =

�
y0 � c

2n

�
+ c;
where yn is themean fluorescence intensity at the nth peak and c is
 a constant that accounts for background fluorescence. TheMFI of

GFP levels in HSCs of single transgenic TetO-H2BGFP mice was used to estimate c.

Expansion of LR-HSC numbers during aging was described by the following model:

dx0
dt

= � k0x0;

dx1
dt

= 2k0x0 � k1x1;

dx2
dt

= 2k1x1 � k2x2;

dx3
dt

= 2k2x2 � k3x3;

dx4
dt

= 2k3x3 � k4x4;
where xnðtÞ is the expected number of cells per long bone that hav
e divided n( = 0, 1, 2, 3, 4) times since dox chase, and lnð2Þ=kn is the
expected length of time to the next division for a cell that has previously divided n times. The above system is linear andmay therefore

be directly integrated and easily compared with experimental data. To determine how divisional history affects cell cycle time we fit

the following functional forms for kn to experimental data using least-squares fitting.
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1. Let kn = k for all n. In this model, cells cycle on average at the same rate regardless of how many times they have divided pre-

viously. In this case there is one free parameter k = lnð2Þ=t, where t is the expected cell cycle time.

2. Let kn = k for n< 4 and k4 = 0. In the first model xn/0 as t/N for all n (i.e., GFP ultimately dilutes away in all cells). However, in

thismodification xn/0 as t/N for n< 4 and x4/16x0ð0Þ+ 8x1ð0Þ+ 4x2ð0Þ+ 2x3ð0Þ+ x4ð0Þ, where xnð0Þ is the initial number of

cells in state n. This model assumes the cells proliferate normally until they have undergone four divisions, at which point they

adopt a permanently quiescent state.

3. Let kn = k0 + nb for all n. In this model the cell cycle time grows linearly with divisional history: each cell cycle is, on average, b

hours longer than the last.

4. Let kn = kbn, with b< 1 for all n. In this model the expected cell cycle time grows exponentially with divisional history: each cell

cycle is, on average, 1=b times longer than the last.

5. Let k0 = k and kn = kb2
n

with b< 1 for all n> 0. In this model the expected cell cycle time grows super-exponentially as the cells

divide: the ðn+ 1Þth cell cycle is, on average, 1=b2
n

times longer than the nth.

To account for the gain of CD41 expression in the LR-HSC fraction during aging, we assume that CD41 negative LR-HSCs gain

CD41 expression with probability 1� a each time they divide. The dynamics of CD41 expression within the label-retaining fraction

are then described by the following model:

dx0
dt

= � k0x0;
dy0
dt

= � k0y0;

dx1
dt

= 2ð1� aÞk0x0 � k1x1;
dy1
dt

= 2k0y0 + 2ak0x0 � k1y1;

dx2
dt

= 2ð1� aÞk1x1 � k2x2;
dy2
dt

= 2k1y1 + 2ak1x1 � k2y2;

dx3
dt

= 2ð1� aÞk2x2 � k3x3;
dy3
dt

= 2k2y2 + 2ak2x2 � k3y3;

dx4
dt

= 2ð1� aÞk3x3 � k4x4;
dy4
dt

= 2k3y3 + 2ak3x3 � k4y4;
where xnðtÞ and ynðtÞ are the expected number of CD41-
 and CD41+ LR-HSCs cells per long bone that have divided

n ð= 0; 1; 2; 3; 4Þ times since dox chase. To minimize the number of free parameters we assumed that CD41 status does not alter

cell cycle progression and use model 5, above, to account for the onset of cellular quiescence. In this case the full model has three

free parameters ðk; b; and a).

QUANTIFICATION AND STATISTICAL ANALYSES

Data are presented asmean ±SEM. The sample size for each experiment and the replicate number of experiments are included in the

figure legends. Statistical significance was determined byWelch’s t test, Paired t test, or One-Way ANOVA followed by test for linear

trend using GraphPad Prism 6 (GraphPad Software, La Jolla, CA). P values < 0.05 were considered significant. P values for each

experiment are included in associated figure legends.
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Supplemental Figures

Figure S1. Dynamic Range of the hCD34-tTA 3 TetO-H2BGFP System and Specificity of the hCD34 Promoter to a Subset of HSCs during

Adulthood, Related to Figure 1

(A) Dynamic range of the H2BGFP reporter system in the absence of dox chase. Vertical lines indicate one-half dilutions in fluorescence intensity of the H2BGFP

label, indicating a range of 7-8 H2BGFP dilutions prior to reaching background level.

(B) Schematic for examining H2BGFP loss over time in 34/H2BGFP animals without dox treatment.

(C) Histograms depicting H2BGFP level in the LSKCD48-CD150+ BM HSC compartment from mice of various ages that have never been exposed to dox. The

upper and lower range of GFPHi HSC frequency is displayed for each age group.

(D) Quantification of GFPHi HSC frequency from mice of various age groups never exposed to dox (n = 3-12 mice per group). Data are displayed as the mean ±

SEM. Statistical significance was assessed by one-way ANOVA followed by test for linear trend; **p < 0.01.

(E) Schematic for testing active H2BGFP labeling of the HSC compartment after dox release. Single transgenic hCD34 and H2BGFPmice were mated together to

produce double transgenic 34/H2BGFPmice that were born on dox. Progeny were raised on dox until 8 weeks (56 days) of age, at which point dox was removed.

BM was then collected at various time points after dox removal, and LSKCD48-CD150+ cells were analyzed for the presence of H2BGFP above background

levels.

(F) Time course kinetics of H2BGFP labeling after dox release. Data are displayed as themean ±SEM (n = 3-5mice per group from two independent experiments).



Figure S2. Leakiness of the hCD34-tTA 3 TetOH2BGFP System, Related to Figure 1

(A) Experimental setup. Single transgenic hCD34-tTA and TetO-H2BGFP mice were mated while exposed to dox through the drinking water. Pups born from

these matings were maintained on dox until adulthood, at which point BM was analyzed for the presence of H2BGFP expression above background levels.

(B) Histogram showing GFP levels of LSKCD48-CD150+ cells from BM of 34/H2BGFP mice born on dox.

(C) Modified experimental timeline. Mice born on dox were analyzed after a year of continuous dox treatment.

(D) Histograms of GFP levels from three 34/H2BGFP mice born and maintained on dox for 1 year, and three single transgenic TetO-H2BGFPmice (background).

(E) Quantification of the brightest GFP intensity from each mouse displayed in (D).

Data are displayed as the mean ± SEM.



Figure S3. Quantification of Young and Aging HSC Populations, and Cell-Cycle Analysis of HSCs Based on CD41 Expression, Related to

Figure 2

(A and B) Frequency (A) and absolute number (B) of HSCs in young and aging bone marrow. n = 10-17 mice per group.

(C and D) Frequencies (C) and absolute numbers (D) of various HSPC populations (I-III) in young and aging bone marrow. n = 6-7 mice per group.

(E and F) Frequency (E) and absolute number (F) of CD41+ HSCs in young and aging bone marrow. n = 6-10 mice per group.

(G and H) Frequencies (G) and absolute number (H) of HSC populations characterized based on CD41 expression and label retention in young and aging bone

marrow. n = 6-10 mice per group from 2-3 independent experiments.

(I and J) Representative images (I) and quantification (J) of CD41– and CD41+ HSC snapshot cell cycle profiles. n = 6 mice per group from two independent

experiments.

(K) Histograms displaying the H2BGFP label retention over time of CD41– and CD41+ HSCs. Histograms are representations of young mice chased with dox for

12 weeks.

(L) Quantification of H2BGFP label retention in (K). n = 9-11 mice per group from three independent experiments. Data are displayed as the mean ± SEM. *p <

0.05, **p < 0.01, ***p < 0.001 by Welch’s t test (quantifications), or paired Student t test (cell cycle).



Figure S4. Megakaryocyte Potential of HSC Compartment with Aging Based on Divisional History, Related to Figure 2

Single cells from the GFPHi, GFPLo, and Total HSC populations were sorted from young (5 months old, dox treated 3 months) and aging (11 months old, dox

treated 9 months) mice into wells of a 96 well plate and were cultured in the presence of SCF, IL-3, and Tpo.

(A–D) Images of representative colonies after 13 days in culture.Mixed cell colonies containing both small and large cells (A andB), small cell only colonies (C), and

large cell only colonies (D). Yellow arrows mark large megakaryocyte-like cells.

(E and F) Representative images of cytospun mixed (E) and small cell only colonies (F) stained with H&E. Only mixed colonies showedmegakaryocytes with large

multi-lobed nuclei (black arrows). Large cell only colonies generated too few cells to be mounted on slides for staining.

(G) Quantification of colony types found from each sorted HSC population.

(H) Quantification of colony size at day 13 generated from each sorted HSC population. Data are displayed as the mean ± SEM of 64-130 single cells per group

from 4 independent experiments.



Figure S5. Synchronistic Repopulation Kinetics in Paired Secondary Transplantations, Related to Figure 3

Bonemarrow from eachmouse repopulated with 15 cells from aging HSC populations was transplanted into paired secondary hosts. Repopulation kinetics were

followed in both secondary recipients over 24 weeks to determine the degree of synchronicity of total white blood cell repopulation (%CD45.2+) in independent

hosts. We quantitatively defined the degree of synchronicity as the Hamming distance between pairs of time series.

(A) Repopulation curves grouped into 2 clusters based on the degree of synchronicity. The cluster boxed in gray contains curves with kinetics determined to be

synchronous, while the cluster boxed in red contains asynchronous kinetics for paired secondary hosts. The letter on the right side of each repopulation kinetic

indicates the retrospectively identified repopulating cell type. L, LT-HSC; I, IT-HSC; S, ST-HSC, B, Bipotent Progenitor, M, Myeloid Progenitor.

(B) Scaled paired secondary repopulation curves used to determine symbolic dynamics data from each secondary repopulation curve. The orange and blue

curves represent individual secondary recipients. Shaded plots indicate asynchronous repopulation behavior.

(C) Hamming distance measurements. Any two kinetics were defined to be asynchronous (red dots), if their Hamming distance was > 2. One exception occurred

where secondary repopulation was considered asynchronous with a Hamming distance of 2 due to a shorter symbolic dynamic sequence.



Figure S6. Cell-Cycle Profiles of HSCs from Each GFP Peak, Related to Figure 4

(A) Gating strategy for each HSC population. Cells were enrichment sorted on LSKCD48-Flk2-CD150+ cells, then fixed, stained for Ki67 and DAPI, then analyzed

by flow cytometry for cell cycle state. Displayed are cells sorted from a young mouse.

(B andC) Static cell cycle profile of Total, GFPHi, and Peak 0-4 cells fromYoung (5months old, 3months on dox; B) and Aging (11months old, 9months on dox; C)

mice. Between 5000-15000 events in the Total HSC gate were acquired for each sample. n = 3 and 2 for Young and Aging mice respectively.
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