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SUMMARY

Stem cells determine homeostasis and repair of many tissues and are increasingly recognized as
functionally heterogeneous. To define the extent of—and molecular basis for—heterogeneity, we
overlaid functional, transcriptional, and epigenetic attributes of hematopoietic stem cells (HSCs) at
a clonal level using endogenous fluorescent tagging. Endogenous HSC had clone-specific
functional attributes in vivo. The intra-clonal behaviors were highly stereotypic, conserved under
the stress of transplantation, inflammation, and genotoxic injury, and associated with distinctive
transcriptional, DNA methylation, and chromatin accessibility patterns. Further, HSC function
corresponded to epigenetic configuration but not always to transcriptional state. Therefore,
hematopoiesis under homeostatic and stress conditions represents the integrated action of highly
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heterogeneous clones of HSC with epigenetically scripted behaviors. This high degree of
epigenetically driven cell autonomy among HSCs implies that refinement of the concepts of stem

cell plasticity and of the stem cell niche is warranted.
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INTRODUCTION

Heterogeneity among cells within tissues is increasingly recognized in both normal and
malignant conditions (Ding et al., 2012; Lemischka et al., 1986; Notta et al., 2011). Data in
the hematopoietic system increasingly point to populations of cells being comprised of
subpopulations with divergent properties. These include cells that have distinctive behaviors
in terms of cell production and lineage bias (Dykstra et al., 2007; Picelli et al., 2013).
Hematopoietic stem cells have been demonstrated to exhibit bias toward myeloid, lymphoid,
or megakaryocytic lineage upon transplantation of single cells (Dykstra et al., 2007, 2011;
Morita et al., 2010), on ex vivo barcoding and transplantation of populations (Aiuti et al.,
2013; Gerrits et al., 2010; Jordan and Lemischka, 1990; Lemischka, 1993; Lemischka et al.,
1986; Lu et al., 2011; Mazurier et al., 2004; Shi et al., 2002; Snodgrass and Keller, 1987), or
by retrotransposon tagging of endogenous cells (Sun et al., 2014b). Further, single-cell
transplant data have been coupled with single-cell gene expression analysis on different cells
to resolve subpopulations with corresponding gene expression and repopulation potential
(Wilson et al., 2015). Overlaying in vivo functional behavior of endogenous HSC clones
with their gene expression and epigenetic characteristics represents a key unresolved
challenge. The coupling of function with gene expression and chromatin state at clonal
resolution is important for defining what governs stem cells; particularly for defining if HSC
function is bounded by cell-autonomous epigenetic constraints. To test whether divergent
HSC behaviors could be defined at a clonal level under homeostatic conditions and whether
these behaviors were epigenetically determined, we created a multi-fluorescent mouse
model that enables both molecular profiling and functional tracking of live cells in vivo.
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Generation and Validation of the Multi-color Hue Mouse Model as a Clonal Tracking Tool

We took advantage of the fluorescent tagging system first developed for clonal lineage
tracking in the nervous system to generate a transgenic animal bearing fluorescence protein
encoding genes that could be recombined to provide a range of distinct colors (Livet et al.,
2007). We created a new mouse strain (termed “HUe”) in which the fluorescent tags were
driven by a ubiquitously expressed chicken actin promoter with intervening stop sequences
flanked by LoxP sites followed by a fluorescent cassette containing GFP, EYFP, tDimer2,
and Cerulean intercalated by multiple LoxP pairs (Figure 1A) to enable Cre-induced
stochastic recombination and expression. The design is very similar to the independently
created “Confetti” mouse (Snippert et al., 2010) with the distinction that the HUe mouse has
~20 tandemly integrated cassettes enabling a wider range (theoretically >103) of possible
colors generated by random combinations, in analogy to the color range generated by a
television screen using three basic color hues (red, blue, green). We crossed HUe with
various promoter-driven Cres to demonstrate marking in mesenchymal or hematopoietic
tissue (Figures 1C-1F).

To examine the efficiency of HUe in marking hematopoietic cells, we crossed the HUe
mouse with the interferon-inducible Mx1-Cre strain (Kiihn et al., 1995) (herein Mx1-
Cre;HUe). We did not observe background fluorescence in the absence of Cre including in
transplantation-mediated stress settings (data not shown). We activated endogenous
hematopoietic cell labeling by administering polyinosinic:polycytidylic acid (plpC) into
Mx1-Cre;HUe mice and evaluated mice after an interval (>30 days) when the effects of
interferon induction have been long shown to subside (Essers et al., 2009). Intra-vital
imaging in live animals showed labeling of cells in the calvarial bone marrow (Figure 1E).
These cells can be harvested from the bone marrow, stained with hematopoietic cell surface
markers (Table S1), isolated by flow cytometry, and re-visualized by fluorescent microscopy
(Figures 1F and 1G). We confirmed HUe fluorescence fidelity upon 12 days of cell division
and differentiation by single cell colony assay in vitro (Figure S1A) and transplantation in
vivo (Figures S1B and S1C).

Clusters of cells exhibiting distinct color signatures were apparent in the setting of Mx1-Cre-
activated HUe mice (Figure 1G). To evaluate whether such clusters represented cell clones,
we transplanted single LT-HSCs of distinct colors into 214 lethally irradiated recipients to
define the boundaries of clonal populations by flow cytometry (Figure S1C). At 30 weeks
post-transplant, the fluorescent positive population in blood and bone marrow was evaluated.
We then used similar gates to isolate cells from the bone marrow of activated Mx1-Cre;HUe
mice. Single clusters of cells with immunophenotypic signature of granulocyte monocyte
progenitor (GMP) were sorted and transplanted into sublethally irradiated mice. Spleens
were harvested at day 11 and DNA fingerprinting performed (Figure S2), demonstrating
clonal signatures distinctive for each cluster. Clusters of cells with the same color, therefore,
likely represent clonal descendants. However, overlapping boundaries can hamper our ability
to distinguish individual clones. To minimize that issue, our analyses only involved animals
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with up to 15 color clones and used statistical treatment that did not require explicit
partitioning of clones (Figure S3).

Hematopoiesis Is the Composite Product of Dissimilar Clones with Stereotypical

Behaviors

We used Mx1-Cre;HUe mice to examine the clonal dynamics of native hematopoiesis.
Sixteen Mx1-Cre;HUe mice were injected with plpC to induce endogenous labeling of
hematopoietic cells. Bone marrow aspirates were collected at 2, 3, 5, and 10 months of age
and subjected to flow cytometry to quantify the total number of existing HUe fluorescent
clones and the size of each clone (Figure 2; “Statistical Analysis” in the STAR Methods).

Results revealed that the hematopoietic tissue is composed of both persistent and fluctuating
clones. We identified 5-11 clones per mouse with >15 cells throughout the 10-month chase
period in a total of 16 animals (Figure 2). The clones had uneven, near-exponential
distribution in size, with 1-4 large clones accounting for 80% of all cells in each animal
(Figure S4A). Although clonal changes between month 2 and 3 were more pronounced,
clonal dynamics were relatively consistent from month 3 to month 10 (Figures 2 and S4B).
All animals showed one to four clones that was found at month 2 and persisted until month
10. Among the clones that persisted, some were stable in size, while some others fluctuated
over time. Ten out of 16 mice had one to three clones identified at month 2 but disappeared
at month 10. Twelve animals showed emergence of one to two new clones during the chase
period, and sometimes these new clones became the dominant clones at later time points.
Overall, our results show that native murine hematopoiesis is composed of a few major
labeled clones that persist and others that expand, disappear or newly emerge.

HSC Behavior Is Highly Cell Autonomous

A major advantage of the HUe model is that we can measure and characterize the behavior
of endogenous HSC in vivo, then selectively isolate live HSCs based on fluorescent tagging,
transplant them into new hosts, and study their long-term behavior in competition or under
varying stress conditions. This cannot be achieved by DNA barcoding or transposon
insertion analyses because these methods require the destruction of cells. Transplanting
equal aliquots of randomly fluorescent-tagged donor HSCs into 20-40 C57BL/6J recipients
resulted in an unanticipated consistency of clonal behavior in recipients (p < 10716) (Figures
3A, S4C,and S5A-S5C). That is, the individual clones in the recipients behaved after
transplant as they had as endogenous HSC in the donor in terms of cell proliferation (defined
by clone size) and lineage commitment. Each color-defined clone behaved similarly in
different recipients, consistently exhibiting cell activation, proliferation, and lineage
differentiation characteristics distinct from the other clones. The individual HUe fluorescent
profiles of different cell types (Figure 3A, e.g., B cells from recipient 1) collected from
multiple recipients were analyzed using unbiased hierarchical clustering. Clustering of the
HUe fluorescent profiles grouped the same cell types together even though they were from
different recipients (Figure 3B). This demonstrates that the extent and consistency of clone-
specific biases was sufficiently large to distinguish different hematopoietic cell types in
recipient mice solely based on their clonal composition, as measured by the fluorescent
distribution of each cell type. We termed the group of transplanted recipients a “recipient
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cohort.” The consistency of behavior in a recipient cohort was striking and suggests cell
autonomy governs the in vivo behavior of HSCs.

HSC Cell Autonomy Is Persistent upon Stress

Using recipient cohorts, we could then test how individual HSC clones respond to a
particular stress or perturbation. We divided a recipient cohort into sub-cohorts that received
either saline control or inflammatory stress (0.3 mg/kg lipopolysaccharide [LPS],
intraperitoneal) (Figure 4A) Similarly, another recipient cohort was divided into sub-cohorts
that received either no treatment or genotoxic stress (4.5 Gy total body irradiation) (Figure
4B). Stressed and non-stressed sub-cohorts were harvested and analyzed by flow cytometry.
Notably, while individual clones behaved differently (decreased or increased in clone size)
in response to stress, consistency of response for a given clone was again observed in all
recipients (Figures 4C and 4D). For example, while both HSCs and progenitors responded to
LPS, there was a significant reduction in the size of myeloid lineage clones at 12 hr
immediately following LPS stress (Figure 4E) but an overall increase in the number of
clones (Figure S5D, p < 0.036), consistent across the treated recipient cohort (Figure 4C, p <
0.001). In contrast to LPS, irradiation reduced overall hematopoietic clonal complexity
(Figure S5E) and caused expansion of the remaining clones, most notable at day 44 post-
radiation when the hematopoietic system had returned to homeostasis (Figure 4F). Again,
we observed statistically significant consistency of clonal response at all levels of the
hematopoietic hierarchy across all recipient cohorts subjected to irradiation (Figure 4D, p <
0.001).

Immunophenotypically Equivalent Stem Cell Subpopulations Have Distinct Functional
Attributes that Are Associated with Distinct Transcriptional and Regulatory States

To explore the molecular mechanisms that underpin the remarkably consistent behavior
observed in HSC clones, we examined epigenetic and transcriptional states of select clones
in parallel with flow cytometric analysis of the functional output of these clones in terms of
clonal expansion and lineage outcome. LT-HSCs (Lineage-°Sca*cKit*CD48~CD150%)
belonging to two clones (“Cohortl.Y” and “Cohort1.R”) were picked, and their DNA
methylation and transcriptome states were assessed using whole-genome bisulfite
sequencing and RNA sequencing (RNA-seq) assays, respectively (Figure 5A). Analysis of
clonal contributions to different lineages (Figure 5B) indicated that the exemplar Cohort1l.R
clone exhibited higher proliferation rates (i.e., contributes higher than expected fraction of
cells to the multipotent progenitor [MPP] compartment) (Figure 5C) and biased toward
myeloid differentiation (Figure 5D). By contrast, the “Cohort1.Y” clone showed lower
proliferation rates and exhibited strong bias toward lymphoid production (i.e., contributed to
the common lymphoid progenitor [CLP] but not common myeloid progenitor [CMP]
compartment) (Figures 5C and 5D).

Comparing the DNA methylation patterns of the HSCs from the two isolated clones, we
found that while both clones were in the epigenetic state of non-differentiated HSCs (Figure
6A), the Cohort1.R clone showed significantly higher DNA methylation at HSC-specific
enhancers and promoters and lower transcriptional expression magnitude of such genes
(Figure 6B). Consistently, the Cohort1.R clone showed higher expression of genes
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associated with HSC proliferation (Kittler et al., 2007; Venezia et al., 2004) and G1 phase
(Oki et al., 2014) and lower expression of genes characteristic of unmobilized HSCs
(Chambers et al., 2007; Forsberg et al., 2010) and GO phase (Oki et al., 2014) compared to
the Cohortl.Y clone (Figure 6C). These consistent patterns of multiple epigenetic and
transcriptional regulation highly reflected the enhanced proliferation rate observed for the
dominant Cohort1.R clone by flow cytometry.

The strong lymphoid bias observed for the Cohort1.Y clone was reflected in the epigenetic
state of regulatory regions with significantly lower DNA methylation levels in CLP-specific
enhancer regions (Figure 6D). However, no significant differences were observed in the
expression magnitude of the CLP- or CMP-specific genes or the DNA methylation state of
their promoters (not shown). These results suggest that physiological differences between
clones, such as lineage bias, can arise due to distinct epigenetic configuration of the
regulatory regions at the level of HSCs (Figure 6E). Furthermore, these differences may not
manifest themselves in transcriptional differences until later stages of differentiation.
Therefore, a “poised” equipotent state may be evident in the transcriptome, but the
epigenome provides lineage-constraining boundaries within which lineage bias will
eventually be resolved.

Given that the enhancer DNA methylation state was particularly informative about lineage
bias, we also examined whether other aspects of epigenetic state, such as chromatin
accessibility, are also informative about inter-clonal variation. We have isolated an
independent set of HSC clones (“Cohort2.G” and “Cohort2.P”) and in addition to measuring
gene expression and DNA methylation, applied assay for transposase-accessible chromatin
with high-throughput sequencing (ATAC-seq) (Lara-Astiaso et al., 2014) to assess genome-
wide chromatin accessibility profile for each clone, in parallel with flow cytometric analysis
of their functional output (Figure 7A). Analysis of clone size and clonal contribution to
different lineages showed that while the Cohort2.G HSC clone was larger and contributed to
both myeloid and lymphoid production, the Cohort2.P HSC clone was smaller and mostly
contributed to lymphoid production (Figures 7B and 7C). Analysis of both chromatin
accessibility and DNA methylation states of known enhancer regions confirmed that the
regulatory state of the collected cells was more similar to that of HSCs than progenitor or
effector cells (Figures 7D and 7E). The Cohort2.G clone exhibited epigenetic signatures of
CMP-specific enhancers (Figure 7F), associated with a strong myeloid output as measured
by flow cytometry (Figures 7B and 7C). The ATAC-seq differences were particularly
prominent, revealing significantly higher chromatin accessibility of the CMP-specific
enhancers in the Cohort2.G clone when compared between the two clones or to a set of
CLP-specific enhancers within the Cohort2.G clone (Figure 7F). At the same time, analysis
of RNA-seq data did not show significant differences in CMP/CLP transcriptional bias
between the clones (data not shown).

The analysis of molecular signatures underlying clonal biases can be limited by intra-clonal
variability. To evaluate how the degree of transcriptional variability within each clone relates
to the variability between clones, we performed single-cell RNA-seq analysis on HSCs
associated with different clones in an independent cohort (see the STAR Methods). We
found that consistent with the bulk measurements, different clones showed statistically
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significant bias in their distribution within the transcriptional space. However, the extent of
intra-clonal variation varied from one clone to another (Figure S6). For instance, while one
of the clones was preferentially found outside of the transcriptional state with a mitotic
signature indicating overall lower cell-cycle frequency, there were cells from that clone that
were also found within the mitotic state. Presence of high-coverage whole-genome bisulfite
sequencing (WGBS) data also allowed us to check whether the clones isolated from each
cohort showed notable genomic differences that could potentially impact their phenotype
(see the STAR Methods). Despite good sensitivity of the approach, genomic copy number
variation (CNV) analysis showed no difference between clones that belong to the same
cohort (Figure S7), suggesting that the different HSC phenotypes we observed in these
clones is a true biological phenomenon and not due to transgene-induced aberrant
chromosome rearrangement. Together, these data show that HSC clones exhibit inter-clonal
variation in behavior that is mirrored by the differences in their epigenetic state.

DISCUSSION

Our data demonstrate that endogenous clonal behavior can be quantitatively monitored in
vivo under varying conditions and the clonal cells can be contemporaneously assessed for
transcriptional and epigenetic characteristics. The results indicate that endogenous
hematopoiesis is a composite of highly heterogeneous clones with very different cell
kinetics, roughly balancing multipotent clones that are transient (generating cells for short
intervals) with clones that provide persistent cell output. These data are consistent with the
recent findings of Busch et al. (2015) where pulsed labeling of the pool of HSC was used to
model cell kinetics. HSC were found to infrequently (~1/110 HSC per day) generate
downstream progeny producing blood cells while maintaining the HSC pool. Our data are
also consistent with recent data in mouse (Verovskaya et al., 2014) and human (Biasco et al.,
2016), that the majority of the hematopoietic population is sustained by a few major HSC
clones despite the existence of smaller clones. This is in contrast to the report by Sun et al.
(2014b), which suggests that murine hematopoiesis is maintained by thousands of progenitor
clones rather than HSCs. This discrepancy in clone number is likely due to the limited
sensitivity of our method and the inability to measure clone size in the transposon-based
tagging method. We found that a few labeled clones support the production of progeny for
up to ~1 year, but we cannot estimate what proportion of the active HSC were labeled by our
method. Of note, we did not find labeled progenitors without a corresponding labeled stem
cell, but again our method does not have the ability to comprehensively scan for cell clones.
Rather, we can define the attributes of a limited number of clones over time. Inferring from
them, our data support a model where hematopoiesis is the composite of multipotent stem
cells where some HSC persist for long intervals while others are transient. The advantages of
such a composite model where clones turn cell production “on” and “off” or maintain cell
production “on” seem self-evident as a means of sustaining hematopoiesis in the context of
widely varying and at times hostile, physiologic challenges.

In addition, our data points to an unanticipated stereotypical behavior of clones upon
transplantation. While it has been previously reported that single isolated cells can be
serially transplant with retained behavior (Dykstra et al., 2007; Picelli et al., 2013), it is not
clear that this behavior reflects the behavior of the endogenous cells. The system reported
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here enables comparison of endogenous and transplanted HSC. While the transient induction
of interferon with plpC used to activate the Mx-1 promoter may not be considered an
unperturbed state, it is modest compared with transplantation, and it has been shown that
HSC functions revert to baseline shortly after plpC exposure (Essers et al., 2009). Overall,
our data are consistent with behavioral features of individual HSC clones being established
in development prior to young adulthood and persistently manifest under varying conditions.

Lineage bias and proliferative potency has been demonstrated previously (Dykstra et al.,
2007; Morita et al., 2010; Muller-Sieburg et al., 2004; Picelli et al., 2013), including at the
clonal level (Sun et al., 2014b). The data here indicate that multiple other characteristics
including sensitivity to inflammation or radiation are also clone-specific features. The
consistency of these characteristics despite clones residing in different hosts again points to
rather remarkable cell autonomy. While stem/progenitors are generally thought of as
relatively plastic cells with the capacity to respond variably to their specific environment, a
wide range of behaviors appear to be highly constrained by cell intrinsic features. The
functional characteristics of cell pools are therefore likely to reflect an ensemble phenotype
of individual clones with much more bounded behaviors. These stereotyped behaviors have
distinct molecular features at least as we defined by using the fluorescence system for
isolation and analysis of clones with specific functions. While we assessed a limited number
of cells with particular functional attributes, we envision that these data will encourage a
more comprehensive analysis of clones with different lineage biases. proliferation, and
response to inflammation or tolerance of genotoxicity as we defined here, but include a far
greater range of activities. From the data we have and the consistency of behaviors in
multiple hosts, we anticipate that each of the functional clonal behaviors will have molecular
signatures. Defining these signatures may provide both new insights into how in vivo HSC
functions are governed and identify points where molecular manipulation can change
specific in vivo outcomes.

Accomplishing a link of functional features with gene expression and epigenetic
characterization is a challenging dimension of stem cell biology as noted and explored by
others (Wilson et al., 2015). Single cell studies of function and gene expression have been
conducted (Tsang et al., 2015; Wilson et al., 2015), however, they are generally performed
on different cells within an immunophenotypically, not functionally or clonally isolated
subset. Similarly, detailed epigenetic characteristics have been assessed in populations of
cells isolated by immunophenotype (Bock et al., 2012; Sun et al., 2014a). We have
attempted to accomplish these analyses at a clonal level with clonal functional features
defined in vivo. The result is that HSCs appear to have epigenetic features dictating how
they will behave. The transcriptome was not consistently correlated with behavior. Rather,
DNA methylation and chromatin accessibility data provide a clearer window into the
ultimate function of specific clones. HSCs therefore appear to establish and retain a memory
imposed on them prior to the testing we conducted in the young adult stage of organism
development. This epigenetic memory is persistent and guides their function even with stress
at times when they are presumably exposed to highly different exogenous conditions.

On their surface, the results of this study argue against the concept of the HSC as a plastic
cell capable of different functions in response to particular organismal needs. Rather, our
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data indicate that HSC have clone-specific stereotyped behavior that is epigenetically
constrained. Varied responses by the HSC pool to particular stresses may therefore reflect
differential activation of clones of cells that each have their own predefined function, rather
like a set of chess pieces. Achieving a nuanced, condition-specific response may then reflect
differential activation of particular clones or particular combinations of clones. The data also
argue against at least some aspects of the niche hypothesis: that cells are dependent upon a
specific microenvironment for their regulated self-renewal and differentiation. HSC
behaviors such as lineage and proliferation outcomes were preserved even after
transplantation into an independent host and thereby, a presumably independent niche. It
may be that the niche governs only fundamental aspects of HSC behavior like survival or
aspects of cell state other than the ones we measured. However, the data are also consistent
with a facultative model where the niche is generic and responds to stem/progenitor cells to
provide the specific support functions dictated by the particular stem/progenitor cells it
serves. The largely cell autonomous HSC might “condition” its own niche. An alternative
model is that specific HSC clones find and localize to very specific niches that match their
needs. There may be a heterogeneity among niches comparable in complexity to the HSC
pool and transplantation succeeds when specific functional niches pair with specific
functional HSC partners. Distinguishing between these alternatives will help define the
relative importance of niche components to hematopoietic function and guide efforts to
control cell production.

STAR*METHODS

Detailed methods are provided in the online version of this paper and include the following:

KEY RESOURCES TABLE
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CONTACT FOR REAGENTS AND RESOURCE SHARING

Requests should be addressed to and will be fulfilled by Lead Contact David T. Scadden
(david_scadden@harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of the HUe Mouse Model—Development of the HUe transgenic construct
utilized a fluorescent cassette that was originally adapted for the neural system (Livet et al.,
2007), with some modifications. In brief, a STOP sequence flanked by a pair of LoxP
variants was inserted in front of a fluorescent cassette containing GFP, EYFP, tDimer2, and
Cerulean cDNA sequence interspersed by multiple LoxP sites such that no background
fluorescence was expressed in the absence of Cre recombinase (Figure S1). The whole
construct was placed under a ubiquitous chicken beta actin promoter and the linearized
construct was microinjected into C57BL6/J embryos to generate transgenic mouse lines. Six
founder lines were established and fluorescence was observed in multiple founders.
Experiments performed in this study used founder six, which has approximately 20 copies of
transgene insertion.

Mouse Models—HUe, Prx1-CreER, Mx1-Cre, Col(I1)-CreER, and C57BL6/J strains were
used and cross-bred as needed in this study. Mouse strains HUe and Prx1-CreER were made
in-house, while B6.Cg-Tg(Mx1-cre)1Cgn/J (Mx1-Cre), FVB-Tg(Col2al-cre/
ERT)KA3Smac/J (Col(I1)-CreER), and C57BL6/J were obtained from Jackson Laboratory.
To image labeled cells of limb bud mesenchyme, Prx1-CreER was crossed with HUe to
create Prx1-CreER;HUe. 2mg of 40H-tamoxifen and 1mg of progesterone was injected into
< 20 g pregnant females at E18.5. Mice were sacrificed for imaging at post-natal day 1 to 1
month of age. To image cells of labeled cartilage, Col(I1)-CreER was crossed HUe to create
Col(I1)-CreER;HUe. Col(I1)-CreER;HUe mice at 2 months of age was injected with 2mg of
40H-tamoxifen and sacrificed for imaging 2—4 weeks post-injection. To study
hematopoiesis, Mx1-Cre was crossed with HUe to create Mx1-Cre;HUe strain. To induce
hematopoietic cell labeling, Mx1-Cre;HUe mice were injected with 12.5ug plpC/g BW at
two weeks of age. For most transplantation studies, 6-8 months old Mx1-Cre;HUe and
C57BL6/J mice were used. To track endogenous hematopoiesis, bone marrow aspirates were
obtained from Mx1-Cre;HUe mice at 2, 3, 5, and 10 months old. For all studies, age
matched littermates were used as experimental controls. All animal housing, usage, and
procedures performed were approved by the Institutional Animal Care and Use Committee
of Massachusetts General Hospital.

METHOD DETAILS

Flow Cytometry—For each mouse, tibiae, femurs, iliac crests, and spines were collected
for bone marrow cells. Isolation and enumeration of different hematopoietic cell types was
performed by flow cytometry. Bone marrow cells harvested from each animal were ACK
lysed before antibody staining. We routinely stain 5x107 cells per sample for the stem
population, and 1x107 cells per sample for each progenitor and mature population. Lineage
cocktail consists of biotinylated B220, CD3e, CD4, CD8a, CD19, CD11b, Grl, Ter119,
CD11c, and NK1.1 antibodies. Fluorescence conjugated to streptavidin was used to
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recognize lineage cocktail. Using the following antibody combinations, we were able to
identify hematopoietic subpopulations at the stem-cell level: hematopoietic stem cells
(HSCs) (Lineage-Pacific Orange, cKit-APC-Cy7, Sca-PE-Cy7, CD48-APC, CD150-PE-
Cy5), at the stem/progenitor level: multipotent progenitor cells (MPPs) (Lineage-Pacific
Orange, cKit-APC-Cy7, Sca-PE-Cy5), common lymphoid progenitors (CLPs) (Lineage-
Pacific Orange, cKit-APC-Cy7, Sca-PE-Cy5, CD127-PE-Cy7), common myeloid
progenitors (CMPs), granulocyte macrophage progenitors (GMPs), megakaryocyte erythroid
progenitors (MEPs) (all three with Lineage-Pacific Orange, cKit-APC-Cy7, Sca-PE-Cy5,
CD16/32-PE-Cy7, CD34-efluor660), as well as mature lineages: B cells (B220-APC), T
cells (CD3-APC), monocytes (Macl-APC), granulocytes (Gr1-APC), and erythroid cells
(Ter119-APC) using a BD FACSAria Il Cell Sorter equipped with ultraviolet, violet, blue,
yellow/green, red lasers.

Bone Marrow Aspiration—Bone marrow aspiration was performed under full body
anesthesia using 3% isoflurane and 2 L/min O,. Fur was removed from the knee joint to
expose intact skin. A PBS-wetted 27-gauge needle coupled with a ImL syringe was inserted
from the femur-tibial joint longitudinally into the bone marrow cavity of the tibia with
negative pressure applied to extract 10ul of bone marrow. Mice after surgical procedure were
placed under the heat lamp for 3-5 min to aid recovery from anesthesia and were monitored
daily for any signs of discomfort following the Pain Assessment Protocol published by the
National Research Council (US) Committee. All animal usage and procedures performed
were approved by the Institutional Animal Care and Use Committee of Massachusetts
General Hospital.

Generation of the HUe Recipient Cohort—PIpC induced Mx1-Cre;HUe mice at 6-8
weeks old were used as donors. Bone marrow cells from 8-12 donors were pulled, lineage-
depleted and flow sorted for Lineage-°Sca*cKit* cells before transplantation. One hundred
thousand flow sorted fluorescent Lineage-°Sca*cKit* cells mixed with 500,000 Sca™
C57BL/6J support cells were transplanted into each of 20 lethally irradiated C57BL/6J
recipients. Sixteen weeks were allowed for hematopoietic reconstitution. Experiment was
repeated 6-8 times.

LPS Stress Experiment—A HUe recipient cohort (15 mice) was divided into three sub-
cohorts: saline control (5 mice), treatment at 12 hr prior to tissue harvest (5 mice), and 44
days prior (5 mice). Mice received an intraperitoneal injection of either PBS or 0.3mg/kg
BW LPS at the respective time points and all three groups of mice were euthanized for bone
marrow harvest on the same day. Bone marrow cells were stained with antibodies
summarized in Table S1 to identify HSCs, CLPs, GMP, MEPs, B cells, T cells, monocytes,
granulocytes, and erythroid cells by flow cytometry, n = 5 for each data point. Experiment
was independently performed twice with different recipient cohorts.

Irradiation Stress Experiment—A HUe recipient cohort (15 mice) was divided into
three sub-cohorts including no treatment control (5 mice), 4.5 Gy irradiation at 14 days prior
to tissue harvest (5 mice), and 4.5 Gy irradiation 44 days prior (5 mice). All mice were
euthanized for bone marrow harvest on the same day. Bone marrow cells were stained with
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antibodies to identify HSCs, CLPs, GMP, MEPs, B cells, T cells, monocytes, granulocytes,
and erythroid cells by flow cytometry (n = 5 for each data point). Experiment was
independently performed twice with different recipient cohorts.

Whole Genome Bisulfite DNA Sequencing (WGBS) and Bulk RNA-Seg—A HUe
recipient cohort of 36 mice was divided into two sub-cohorts: one group for monitoring
lineage output using flow cytometry, one group for isolation of LT-HSC clones. Cells from a
red and a yellow LT-HSC (Lineage-°Sca*cKit*CD48~CD150%) clone were flow sorted from
multiple recipient cohort mice by flow cytometry and subjected to whole genome bisulfite
DNA sequencing (WGBS) and RNA-seq. For WGBS, purified genomic DNA was
fragmented to a size range of 100-400bp, 20-50ng of DNA fragments from each sample
were end-repaired and ligated with indexed adapters using the NuGen’s Ovation Ultralow
Methyl-Seq Library Systems. Adaptor-equipped DNA fragments were subjected to bisulfite
treatments using the QIAGEN Epitect Bisulfite kit followed manufacture’s recommendation
with modifications. Bisulfite converted library DNA was PCR-amplified and sequenced at
the Broad Institute Genomics Platform. For RNA-seq, RNA was extracted from sample,
reverse transcribed to cDNA, and was subjected to whole genome sequencing at Partners
Healthcare Center for Personalized Genetic Medicine. Each data point represents triplicate
of samples. The differential expression analysis was performed using CuffDiff 2.0, and the
GSEA analysis was conducted on the resulting log-fold change values.

Single-cell RNA-Seg—HUe mice were induced by plpC two weeks before single-cell
sort of LKS SLAM cells. Whole bone marrow was isolated from femurs and tibiae by softly
crushing bones, filtered by 40 um cell strainer, and resuspended in Media 199
(ThermoFisher Scientific) supplemented with 2% fetal bovine serum (ThermoFisher
Scientific) and RNase Out (ThermoFisher Scientific). Cells were stained for LKS SLAM
markers, Calcein AM (ThermoFisher Scientific) and propidium iodide for cell viability
detection. Single-cells were sorted using a BD FACSAria 1l (BD Biosciences) into PCR 384
well plates (ThermoFisher Scientific) containing standard lysis buffer. Whole transcriptome
amplification was performed using the Smart-seq2 protocol (Picelli et al., 2013), and
libraries prepared by Nextera XT (Illumina). Samples were pooled and sequenced on an
I1lumina Nexseq 500 instrument using a 50 bp paired-end-reads. The analysis was carried
out using PAGODA package v1.99.3(Fan et al., 2016).

ATAC-Seq—We used an independent cohort of HUe recipient mice to select new clones to
for a second set of experiment that integrated ATAC-, DNA- and RNA-seq analysis in
correlation with HSC behavior. A new HUEe recipient cohort of 32 mice was divided into two
sub-cohorts: one group for monitoring lineage output using flow cytometry, one group for
isolation of LT-HSC clones. Two new LT-HSC (Lineage-°Sca*cKit*CD48~CD150™) clones
(Red2 and Yellow?2) were isolated from multiple recipient cohort mice by flow cytometry
and subjected to ATAC-Seq, WGBS, and RNA-seq. For ATAC-Seq, 10,000 cells of each
clone were lysed in 50 pL of cold lysis buffer (10 mM Tris-HCI pH 7.4,20 mM NaCl, 3 mM
MgCl,, 0.1% IGEPAL CA-630) and immediately subjected to a transposition reaction at
37°C for 30 min with 2.5 pL transposase enzyme (Illumina Nextera DNA Preparation Kit).
Transposed DNA was purified using QIAGEN MinElute PCR purification Kit and subjected
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to library amplification using NEBNext High-Fidelity 2X PCR Master Mix, Invitrogen
SYBR Green | Dye, and primers (Table S2). Prior to sequencing, the ATAC-Seq library was
assayed for quality using TapeStation and BioAnalyzer instruments, and g°PCR. WGBS and
RNA-seq libraries were prepared as described previously. All libraries of this second set of
experiment were sequenced at the Bauer Core Facility of Harvard FAS Center for Systems
Biology.

QUANTIFICATION AND STATISTICAL ANALYSIS

Identifying Significant Differences between Fluorescence Patterns—The
fluorescent patterns between any two samples were compared based on the density of cells
on a unit sphere in the space of color composition. The uncertainty of the color composition
measured for each cell was determined based on the intensity of each color, using power law
dependency between intensity and the variance. The power coefficients were fit based on
technical replicates of homeostatic condition mixtures, and were in the 0.5-0.75 range. To
determine regions of statistical significance, 1000 sampling rounds were performed,
resampling the exact positions of every cell on the color composition surface using the
appropriate variance for each cell. Smoothed cell density was calculated on the surface, and
compared using Student’s t test with degrees of freedom corresponding to n-2, where n is
the minimum number of cells in either sample. The color composition regions showing
significant differences (Z-score < 3) were identified as regions of significant differences
between the samples. The change in the fractional cell density between the samples was
measured as a fraction of the total number of cells recorded in a given experiment.

Enumerating Individual Clones—Because of the naturally occurring intensity
differences, the clones can have highly non-spherical shape, making identification and
separation of individual clones particularly challenging. To provide the initial definition of
the clones, all pairwise cell-to-cell distances were calculated in terms of the number of
standard deviations (based on the intensity-variance model for each color). The distance
structure was then projected into a 2D space using non-metric multi-dimensional scaling (as
implemented in MASS R package). The clones were identified using elliptical clustering
method implemented by the MClust R package. Despite such approach, some of the very
similar clones occurring in different samples were split or merged. In such cases, the count
was corrected manually.

Whole-Genome Bisulfite Sequencing (WGBS) Processing—To calculate DNA
methylation estimates for individual CpG positions (beta values), whole genome-bisulfite
sequencing libraries were aligned to the mouse genome mm9/NCBI Build 37 using BSMap
2.7 with the following parameters: -v 10 -f 40 -q 5 -S 1. Subsequently, CpG methylation
calls were made, excluding duplicate reads as well as the first four bases of each read, only
taking into account CpGs with quality scores = 20 as well as requiring that surrounding
bases exhibit quality scores = 10. Here, CpG methylation calling is defined as the
computation of the number of reads overlapping a particular CpG harboringa C or a T at the
cytosine coordinate of the CpG. Let m be the number of C’s and u be the number of T’s. The
value beta = m/(m + u) then gives the methylation ratio of each CpG that was used as a basis
of subsequent analysis.
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CNV Analysis of WGBS Data—To determine whether there are significant genomic
alterations that may distinguish clones within the same mouse/cohort, we used BIC-seq2 (Xi
et al., 2016), a read-depth-based CNV calling algorithm to detect copy number variation
(CNVs) from the bisulfite WGBS data of the mouse clones. Briefly, BIC-seq2 divides
genomic regions into disjoint bins and counts uniquely aligned reads in each bin. Then, it
combines neighboring bins into genomic segments with similar copy numbers iteratively
based on Bayesian Information Criteria (BIC), a statistical criterion measuring both the
fitness and complexity of a statistical model. BIC-seq2 provides two different CNV calling
methods: 1) paired-sample CNV calling that takes a pair of samples as input and detects
genomic regions with different copy numbers between the two samples, and 2) control-free
CNYV calling that takes only one sample as input and calls CNVs in the sample. We used a
bin size of ~1000 bp and a lambda of 50 (a smoothing parameter for CNV segmentation).
We called segments as copy gain or loss when their log, copy ratios were larger than 0.2 or
smaller than —0.2, respectively.

To evaluate the sensitivity of our CNV calling method for bisulfite whole genome
sequencing data, we analyzed published bisulfite whole genome sequencing data for two
different mouse strains: 129P2 (GSE56986) (Lu et al., 2014) and BALBcJ (GSE60485) (Wu
etal., 2015). The CNVs for the three mouse strains were annotated by Sanger mouse
genome project. We downloaded the FASTQ files from the NCBI GEO database and
mapped the reads using the same procedure as described in the previous section. We then
applied BIC-seg2 with the same parameters (bin size and lambda) as we analyzed our own
data. We also downloaded annotation files for structural variation of the three mouse strains
from the Sanger mouse genome project web site (http://www.sanger.ac.uk/science/
programmes/mouse-and-zebrafish-genetics). Using annotated deletions larger than 10 kbp as
a gold standard set, we calculated the sensitivity as the fraction of the gold standard CNVs
that were detected by BIC-seq2. The estimated CNV sensitivity was 58.6% and 44.7% for
129P2 and BALBcJ.

Computational Validation of the HSC States of the Selected Clones—To validate
that the Cohortl.Y, Cohortl.R, Cohort2.G, Cohort2.P clones are at the HSC states, we
compared DNA methylation levels of enhancers activated at different hematopoietic stages.
The enhancer positions and their epigenetic states within hematopoiesis were taken from
Lara-Astiaso et al. (2014). Following the described methods, we tallied H3K4mel and
H3K27ac ChlP-seq read counts for 48415 enhancers across 16 hematopoietic cell types. The
H3K4mel read counts were used to categorize the states of enhancers, ‘on’, ‘off’ or
‘intermediate’, and H3K27ac read counts were used to further determine whether enhancers
with ‘on’ states are ‘active’ or “‘poised’, as described previously (Lara-Astiaso et al., 2014).
We focused on early lymphopoiesis involving the ‘LT-HSC’ (long-term HSC), ‘ST-HSC’
(short-term HSC), ‘“MPP’ (multipotent progenitors) and ‘CLP’ (lymphoid progenitors)
stages. For each stage, we selected a set of enhancers that were ‘on’ in that cell type as well
as all downstream cell types, but ‘off’ in all upstream cell types. For instance, for MPP
enhancers we selected those that are ‘on” in MPP and CLP, but are off in LT-HSC and ST-
HSC. Average DNA methylation (beta values) were calculated within each enhancer region
and compared between the selected clones, respectively (e.g., Figures 6A and 7D).
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For the ATAC-seq data, the signal for each enhancer was quantified as a number of the
ATAC-seq fragment centers that fall within the + 1kb region around the enhancer center,
normalized by the library size (measured in million of reads). The read counts were based on
the paired-end alignment (using bowtie2) to the mm9 genome assembly, removing duplicate
reads.

Gene Set Enrichment Analysis for Testing Cell Type Bias of Clones—Gene set
enrichment analysis (GSEA) was performed to investigate whether gene expression profiles
of the selected clones show bias toward a specific hematopoietic cell type. In the GSEA, the
genes were ranked by the Z score corresponding to the p value of the expression differences
between the clones (using tophat2 (Kim et al., 2013) with default parameters, and DESeq
(Anders and Huber, 2010) with local fit option). GSEA was used to test gene sets obtained
based on differential expression analysis of RNA-seq data across 16 different hematopoietic
cell types from Lara-Astiaso et al. (2014). Following the same steps as described by Lara-
Astiaso, the RNA-seq data (GEO: GSE60101) were aligned to the mm9 mouse genome
assembly using bowtie2 (Langmead and Salzberg, 2012) with default parameters. Read
counts of genes were calculated using ‘analyzeRNA.pl” from the Homer package (Heinz et
al., 2010). Differential gene expression analysis was performed based on DESeq between a
given pair of cell types (7.e. HSC and MPP). Genes significantly higher expression in a given
cell type (FDR-corrected p value < 0.05) were selected as a set for GSEA analysis (Figure
6B).

GSEA was also applied to test whether the selected clones also show significant bias in
DNA methylation at promoters (within 2 kb upstream of transcription start sites) of the
identified cell-type-specific genes (Figure 6B). In the GSEA, promoters were ranked based
on the maximum likelihood estimates of log, fold ratio of promoter methylation of the
clones, calculated based on the SPP package (Kharchenko et al., 2008).

Finally, GSEA was also employed to study potential cell type bias of the two clones in DNA
methylation of enhancers (Figures 6B and 6D). For the GSEA, enhancers were ranked by the
maximum likelihood estimates of log, fold ratio of DNA methylation of the “Yellow’ and
‘Red’ clones. For a given pair of cell types (HSC versus MPP in Figure 6B, or CLP versus
CMP in Figure 6D), we selected top 500 enhancers that are most “active’ (as determined by
the H3K27ac read counts) in one cell type and are not ‘on’ (determined by H3K4mel
counts) in the paired cell type, and vice versa, for the GSEA analysis.

DATA AND SOFTWARE AVAILABILITY

HUe RNA-seq, WGBS and ATAC-seq data accessible through GEO datasets (GEO:
GSE87527).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Clonal tracking demonstrates clone-specific functional heterogeneity /in vivo
Stereotypical functions of HSCs are preserved under stress or tissue injury
HSC clonal behavior is associated with a distinct epigenetic pattern

HSC is epigenetically constrained with limited plasticity in response to cues
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Figure 1. Endogenous Labeling of Individual Cells with Different Colors
(A) HUe transgene construct contains GFP, EYFP, tDimer2, mCerulean fluorescent cDNAS

arranged in tandem invertible segments flanked by four LoxP sites. A LoxP variant floxed
STOP sequence was inserted in front of the fluorescent cassette, thereby prohibiting
background fluorescence in the absence of Cre recombinase.

(B) Cre-mediated excision of the STOP sequence and random inversion or excision of the
fluorescent cassette generates four possible color outcomes. Color complexity is further
increased by insertion of multiple copies of transgene into the mouse genome. A HUe
founder line with 20 copies of transgene inserted can have 103 color combinations.

(C) Testing the efficiency of expression of fluorescent proteins by crossing the HUe mice
with different strains containing a Cre-driving promoter. When the HUe mouse was crossed
to the limb mesenchyme-specific Prx1-CreER strain, we observed efficient endogenous
labeling of cells in a fracture callus with various colors.

(D) Chondrocytes were labeled with color diversity when the HUe mouse was mated to a
collagen-specific Cre driver, Col(Il)-CreER.

(E) Hematopoietic cell labeling was assessed by crossing the Mx1-Cre strain with HUe
(Mx1-Cre;HUe). When the Mx1-Cre;HUe mouse was given a pulse of plpC, multi-colored
hematopoietic cells within the calvarial cavity could be visualized using an intra-vital
fluorescent microscopy system.

(F) Bone marrow cells of the same animal could be extracted and re-visualized on glass
sections with fluorescent confocal microscopy.

(G) Clonal quantification of hematopoietic sub-compartments. Flow cytometry can identify
and isolate hematopoietic stem cells (HSCs), progenitor cells: multipotent progenitors
(MPPs), common lymphoid progenitors (CLPs), granulocyte macrophage progenitors
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(GMPs), megakaryocyte erythroid progenitors (MEPS), and mature cells of different
lineages: B cells, T cells, monocytes, granulocytes, and erythroid cells. Endogenous HUe
fluorescence from these populations is shown in the 3D graphs with x axis(tDimer2, red
fluorescence),y axis(Cerulean, blue fluorescence), and z axis(EYFP, green fluorescence)
representing increasing fluorescent intensities in log scale. The panel shows that
hematopoietic cells at all hierarchy can be identified and clones within each compartment
can be isolated by flow cytometry.

See also Figures S1 and S2 and Table S1.
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Figure 2. In Vivo Hematopoietic Dynamics under Homeostatic Conditions
To assess in vivo hematopoietic dynamics in animals under homeostatic conditions, 16

plpC-induced Mx1-Cre;HUe mice (m1-m16) were subjected to bone marrow aspiration of
hematopoietic cells at months 2, 3, 5, and 10. Each uniquely colored circle represents an
individual clone in an animal. The area of the circle is proportional to the size of each clone.
Bone marrow hematopoietic clonal dynamics under homeostatic conditions were tracked
from month 2 to month 10. Clones < 15 cells throughout the tracking period were not
scored. See also Figures S3 and S4.
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Figure 3. Hematopoiesis Is Composed of Dissimilar Clones with Cell-Autonomous Behavior
(A) The HUe recipient cohort—a cohort of mice with highly similar clonal fluorescence

pattern. To generate a recipient cohort, Mx1-Cre;HUe mice induced with plpC were used as
donors. Randomly labeled fluorescent bone marrow cells from multiple Mx1-Cre;HUe
donors were pooled as one mixture and isolated by fluorescence-activated cell sorting
(FACS). Fluorescent HSPCs (Lineage-°Sca*cKit™) mixed with support cells from C57BL/6J
were transplanted into each of 20 lethally irradiated C57BL/6J recipients. After 16 weeks of
reconstitution, the recipients showed high consistency in clonal output including
proliferation, fluorescence, and lineage characteristics in all hierarchy of hematopoietic cell
types. HUe clonal fluorescent patterns of B cells, monocytes, and erythroid cells in multiple
recipients are shown, illustrating consistency among the recipients and the distinction
between different cell compartments.

(B) Unbiased hierarchical clustering of HUe fluorescence profiles. The distribution of HUe
fluorescence in each hematopoietic cell type (e.g., B cells in Figure 1G) represents the clonal
composition of that cell type in each mouse (Ctrl 1-5). Hierarchical clustering of such HUe
profiles is shown. The clustering groups the same cell type samples from different mice
together, illustrating that the pronounced pattern of proliferation and lineage bias exhibited
by the individual clones is sufficient to consistently distinguish individual cell types from
multiple recipients based on their clonal composition.

See also Figures S4 and S5.
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Figure 4. Hematopoietic Cell Autonomy Is Persistent upon Stress
(A) The experimental design to study hematopoietic response upon LPS-mediated

inflammatory stress. A HUe recipient cohort was generated by transplanting aliquots of the
same mixture of randomly labeled HSPCs into 15 lethally irradiated C57BL/6J recipients.
After 16 weeks of reconstitution, the cohort was divided into three sub-cohorts. One sub-
cohort received LPS injection 12 hr priorto analysis (12hrs), another sub-cohort at 44 days
prior(44 day), and a third sub-cohort received PBS treatment (control). All mice, including
the control group, were sacrificed on the same day and assayed by flow cytometry.

(B) The experimental design to study the effect of genotoxic stress on hematopoietic clonal
dynamics. An independent HUe recipient cohort was generated as in (A). Afterl6 weeks of
hematopoietic reconstitution, the cohort was divided into three sub-cohorts:a control group

that received no irradiation, one group received 4.5 Gy
collection (14 day), and another group received 4.5 Gy

irradiation 14 days prior to data
irradiation at 44 days prior to data

collection (44 day). All mice, including the control group, were harvested for data collection

on the same day.

(C) To test for consistency of clonal response to LPS treatment among cohort recipients, we
performed pairwise comparisons of the fluorescent clonal pattern for each hematopoietic
compartment (e.g., SLAM, LKS, CLP, etc.) and across each LPS-stressed and control
animal. For all pairwise comparisons,the correlation of the LPS-associated clonal changes
was significantly higher within a compartment than between compartments. In other words,
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the clonal response to the LPS insult was distinct among individual hematopoietic cell types,
but was highly consistent across multiple HUe recipients (*p < 10~/ significance when
comparing a given cell type with all other cell types).

(D) Consistency of the clonal response to irradiation treatment was assessed in the same way
as in (C). For the vast majority of pairwise comparisons, the clonal changes within a cell
compartment showed significantly higher correlation than between cell compartments. Each
cell type was significantly distinct when compared against all other cell types (*p < 1077)
but consistent across multiple recipients.

(E) LPS treatment led to reduction in output of existing clones. lllustration of the
hematopoietic clonal response to LPS inflammatory stress at 12 hr and day 44 in comparison
to saline-treated controls at the stem, progenitor, and mature stages. To quantify the effect of
LPS treatment, we performed pairwise comparison of mice from LPS-treated and control
groups, detecting parts of the fluorescent spectra showing statistically significant differences
in cell density. The barplot shows average change of cell numbers (measured as a fraction of
the total number of cells measured) within such regions (whiskers show 95% confidence
interval). The negative values correspond to decrease in the cell counts relative to control
group. The analysis shows that at 12 hr following LPS treatment, the majority of existing
clones were significantly reduced in size, accompanied by appearance of small new clones
(Figure S5D). Such changes preferentially impacted the HSC-MPP-CMP-GMP branch of
hematopoiesis, and were largely attenuated at 44 days post LPS treatment.

(F) Irradiation triggered expansion of existing clones. The barplots show the prevalent
direction of cell density changes at 14 or 44 days following irradiation treatment. The
changes were most pronounced at 44 days and showed widespread increase in the output of
individual clones, significantly affecting most of the hematopoietic cell types.

See also Figure S3.
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A Isolation of HSC Clones for Molecular Profiling
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Figure 5. Interrogation of the Molecular Signature Associated with Distinct Functions of HSC
Clones

(A) To examine molecular differences associated with phenotypically distinct HSC clones,
LT-HSC cells belonging to two selected clones (Cohortl.Y and Co- hortl.R) were harvested
from a HUe recipient cohort, subjected to RNA-seq (transcriptome), WGBS (DNA
methylation) assays, and flow cytometric measurement of multi-lineage reconstitution.
(B-D) Both long-term lineage contribution and clone size production of the two select LT-
HSC (Uneagel-°Sca*cKit*CD48~CD150") clones (Cohort1.Y and Cohort1.R) to HSC, MPP,
CLP, CMP, GMP, MEP, B cells, T cells, monocytes, granulocytes, and erythroid
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compartments were measured by flow cytometry (B and D) and analyzed as described in
Figure S3. The percentage of cells representing either Cohort1.Y or Cohortl.R among all
fluorescent cells in each hematopoietic compartment was shown. The Cohort1.R clone
exhibited higher proliferation rate as it increased in size (density of cells) from HSC to MPP
compartment (C and D) and was present in all hematopoietic compartments particularly
toward myelopoiesis. In contrast, the Cohort1.Y clone showed lower proliferation rate (i.e.,
decreased clone density from HSC to MPP) and a strong presence in the CLP compartment
(C), but reduced production in the CMP, GMP, and downstream myeloid compartments.

See also Figures S6 and S7.
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Figure 6. Immunophenotypically Equivalent HSCs Have Distinct Functional Attributes that Are
Associated with Distinct Transcriptional and Epigenetic Regulatory States

(A) The epigenetic state of both Cohortl.Y and Cohort1.R clones matched that expected of
the HSCs. The DNA methylation state of enhancers activated at different stages of
hematopoiesis was examined in the two clones. Both clones showed equally low methylation
levels at the enhancers active at the HSC stage, with higher methylation observed at the
enhancer regions activated at later MPP and CLP stages. Whiskers represent 95%

confidence interval.
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(B) Higher proliferative bias of the Cohort1.R clone was apparent from its epigenetic state.
Gene set enrichment analysis (GSEA) analysis showed higher DNA methylation of HSC-
specific enhancers and lower methylation of MPP-specific enhancers in the Cohort1.R clone
relative to the Cohortl1.Y clone. Similarly, Cohort1.R clone showed higher DNA methylation
at HSC-specific and lower at MPP-specific promoter regions. Combined with the
correspondingly higher expression of MPP- and lower expression of HSC-specific genes in
the Cohortl.R clone, all three types of molecular signatures reflect higher proliferative bias
of the Cohort1.R clone. In each GSEA plot, the genes (enhancer/promoters) are ranked
according to their relative expression (DNA methylation level) ration between Cohortl.Y
and Cohortl.R, with the highest Y/R ratios positioned on the left. The top plot shows rank
sum statistics with the point of maximum deviation from 0 considered to be the enrichment
score of that set (red vertical line). The middle plot marks the positions of the genes
(promoters/enhancers) that belong to the set. The bottom plots show log2 fold ratio of
expression (DNA methylation) magnitudes between Cohortl.Y and Cohortl.R.

(C) GSEA analysis showed higher expression of proliferation-associated genes and genes
associated with G1 phase in the Cohort1.R clone compared to the Cohortl.Y clone,
consistent with higher relative contribution of the Cohort1.R clone to the MPP compartment
observed in fluorescence data. Higher relative expression of genes associated with
unmobilized HSC and GO phase signature was seen in the Cohort1.Y clone.

(D) Enhancer state reflected lymphoid-specific bias of the Cohortl.Y clone. Consistent with
the pronounced lymphoid bias observed for the Cohort1.R clone in fluorescence data,
Cohortl.Y clone showed lower DNA methylation at CLP-specific enhancer elements and
higher methylation at CMP-specific enhancers relative to the Cohort1.R clone.

(E) Despite both Cohort1.R and Cohort1.Y clones having been immunophenotypically
defined as HSCs, molecular profiling of their epigenetic and transcriptional landscape
revealed distinctive signatures reflective of their differential functional behavior. Consistent
with its larger clone size, the Cohort1.R clone had distinctive DNA methylation pattern at
enhancer and promoter regions, as well as transcription of genes indicative of a proliferative
cell state. In comparison, the Cohort1.Y clone showed a pronounced lymphoid output and
such lineage preference was manifested by lower DNA methylation of lymphoid-specific
enhancer regions, while no discernable pattern was detected in terms of promoter
methylation or gene transcription.

See also Figures S6 and S7.

Cell. Author manuscript; available in PMC 2017 July 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Yu et al. Page 34

Isolation of HSC Clones for Molecular Profilin,
g
4 ; RNA-S
D & TN / @M‘L’ Clone ‘CO"O"Q'G"] WoBS
S g
'\® e e &% 16 weeks &}& O-—b Clone “Cohort2.P ATAC-Seq
Mx1Cre;HUe - \(,,\ﬁ'\ x@h

arhLml HUo Redpiant Coot Tracking Functional Qutput of Clones by Flow Cytometry

3

B B Cells vs Monocytes

clone C Lineage Contribution and Clone Size of the Two
’{Co‘lorﬂ.ﬁ Clones in Each Hematopoietic Sub-compartment

[ Clone Cohort2.G

1 T [ Clone Cohort2P
§ /{ clone g E
] s
Cohort2.p Ha
v B
53
Oz
=+ Blue Red-+ 5 E 1
higherin monoctes Z-score higherin  clt £
&
-3 ] 3 ¥ Gf f

Stage of activation:

=)
m

HELT-HsC
20 [EsT-HsC
S 8 ] é' = Cimer
£° g 28 Cewe
5 i i
: 3 il
5 g2
.§6 & <. E 5 0.5
w w ﬁ —
=]
g LT-HSC ST-HSC MPP CLP = LT-HEC ST-HSC MPP CLP o
Grep2  Grept [P.rop. |

Stage of Activation Stage of Activation

F Enhancer Accessibility (ATAC-seq)
o =] iy =]

o 2] =]

w
- P<10™

clone
Cohort2.P  Cohort2.G

CLP-specific enhancers
P10

clone

CMP-specific enhancers
WG rept @G, rep.2 HP rept [P, rep.2

Figure 7. Enhancer Methylation State Reflects Functional Differences between HSC Clones
(A) In a second independent experiment, LT-HSC cells belonging to two independently

selected clones (Cohort2.G and Cohort2.P) were harvested from an independent HUe
recipient cohort, subjected to RNA-seq (transcriptome), WGBS (DNA methylation), and
ATAC-seq (chromatin accessibility) assays, as well as flow cytometric measurement of clone
size and multi-lineage reconstitution.

(B and C) We assessed both long-term lineage contribution and clone size production of the
Cohort2.G and Cohort2.P clones toward myeloid (Mac™) and lymphoid (B220") lineages by
flow cytometry. The Cohort2.G clone had increased clone size (density of cells) at the HSC
stage (C). While it contributed moderately to lymphoid cells, it had a strong myeloid output
(C), consistent with the Zscore heatmap indicating statistically significant (p < 1073) bias of
the Cohort2.G clone toward the myeloid lineage (B). In comparison, the Cohort2.P HSC
clone was smaller, contributed moderately to lymphoid cells and had reduced production in
myeloid cells.
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(D) Both clones exhibited chromatin methylation pattern representative of LT-HSC and ST-
HSC but not progenitors at the lineage-specific enhancer regions.

(E) Average chromatin accessibility, as measured by the ATAC-seq assay, at the lineage-
specific enhancer regions in the Cohort2.G and Cohort2.P clones (two replicate
measurements are shown for each clone). Consistent with the DNA methylation results
shown in D, ATAC-seq assay indicated highest average accessibility at enhancers associated
with LT- and ST-HSC states.

(F) Analogous to (E), Cohort2.G clone showed higher accessibility of the CMP-specific
enhancers (relative to CLP-specific enhancers, and relative to the CMP-specific enhancers in
the Cohort2.P clone), consistent with the strong myeloid bias observed for the Cohort2.G
clone in the flow cytometric measurements.

(D)—(F) Whiskers give 95% confidence interval.

See also Figures S3, S6, and S7 and Table S2.
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