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SUMMARY

Hematopoiesis provides an accessible system for
studying the principles underlying cell-fate decisions
in stem cells. Proposed models of hematopoiesis
suggest that quantitative changes in lineage-specific
transcription factors (LS-TFs) underlie cell-fate deci-
sions. However, evidence for such models is lacking
as TF levels are typically measured via RNA expres-
sion rather than by analyzing temporal changes in
protein abundance. Here, we used single-cell mass
cytometry and absolute quantification bymass spec-
trometry to capture the temporal dynamics of TF pro-
tein expression in individual cells during human
erythropoiesis. We found that LS-TFs from alternate
lineages are co-expressed, as proteins, in individual
early progenitor cells and quantitative changes of
LS-TFs occur gradually rather than abruptly to direct
cell-fate decisions. Importantly, upregulation of a
megakaryocytic TF in early progenitors is sufficient
to deviate cells from an erythroid to amegakaryocyte
trajectory, showing that quantitative changes in pro-
tein abundance of LS-TFs in progenitors can deter-
mine alternate cell fates.

INTRODUCTION

Hematopoiesis provides an ideal model to understand the princi-

ples underlying cell fate choices in stem cells (Bresnick et al.,

2018; Doulatov et al., 2012; Orkin and Zon, 2008). Recent studies

using this system are changing our interpretation of the mecha-

nism underlying cell fate decisions from a ‘‘stepwise’’ model, in

which cells are thought to differentiate by jumping fromone stable

state to the next, to a ‘‘continuous’’ model, in which lineage

commitment occurs gradually along divergent trajectories (Lau-
renti and Göttgens, 2018). However, lineage fate decisions have

only been analyzed at the level of RNAs encoding lineage-specific

transcription factors (LS-TFs) in ‘‘snapshots’’ of populations or in-

dividual cellswithout temporalmeasurements (Olssonetal., 2016;

Tusi et al., 2018; Zheng et al., 2018). It is currently not known

whether the proteins representing LS-TFs of alternate lineages

are co-expressed in single hematopoietic stem and progenitor

cells (HSPCs) or whether the levels of such proteins change

over time as cells differentiate. It therefore remains to be deter-

mined whether quantitative changes in the abundance of LS-TF

proteins expressed throughout the time course of differentiation

play a role in establishing and/or maintaining lineage trajectories.

Based on RNA analyses, lineage choice has long been pro-

posed to occur in bipotential progenitors through quantitative

changes in the relative levels of LS-TFs (Graf and Enver, 2009;

Orkin, 2000). Although several pairs of LS-TFs have been pro-

posed to mediate cell fate decisions (e.g., GATA1 vs PU.1 at

the erythroid vs myeloid branch point; Huang et al., 2007;

KLF1 vs FLI1 at the erythroid vs megakaryocyte branch point;

Bouilloux et al., 2008; Siripin et al., 2015), a more recent study,

using fluorescently tagged TFs, concluded that LS-TFs associ-

ated with alternative cell fates are not co-expressed in hemato-

poietic progenitors (Hoppe et al., 2016). However, endogenous

LS-TFs have not been measured at the protein level in single

cells, and thus, the question remains whether LS-TFs from alter-

nate lineages are co-expressed in hematopoietic progenitors.

Here, we studied changes in the expression of key LS-TFs as

HSPCs differentiate along the pathway to erythroid cells using

mass cytometry time of flight (CyTOF) (Spitzer and Nolan,

2016), which allowed us to simultaneously measure 27 proteins

(16 LS-TFs and 11 cell surface markers) in single cells. Further-

more, temporal barcoding (Bodenmiller et al., 2012; Zunder

et al., 2015) also enabled us to perform multiplex analysis of

these proteins at 13 sequential time points during erythropoiesis.

This provided us with an unprecedented opportunity to effec-

tively capture the temporal and quantitative dynamics of TFs at

the protein level asmultipotent hematopoietic cells undergo line-

age specification and differentiate into erythroid cells.
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Figure 1. Time Course Analysis of Human Erythropoiesis by Mass Cytometry

(A) Schematic of sample collection, temporal barcoding, and mass cytometry analyses. CD34+ HSPCs were isolated from cord blood and differentiated ex vivo

along the erythroid lineage. Cells stained with May-Gr€unwald-Giemsa are shown (magnification 403).

(B) Cell subset identification by unsupervised clustering with the PhenoGraph algorithm. Each dot represents a cell (48,076 cells total). t-stochastic neighbor

embedding (t-SNE) plot of colored PhenoGraph clusters is shown.

(C) Temporal deconvolution of PhenoGraph clusters.

(D) Reconstitution of the human erythroid trajectory based on temporal appearance of PhenoGraph clusters (Figure S1B). MPP/CMP/ E-MEP/CFU-e1/

CFU-e2 / ProEB / Baso_EB / Poly_EB / Ortho_EB. Non-erythroid clusters are shown in gray.

(legend continued on next page)
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RESULTS

Time Course Analysis of Human Erythropoiesis by Mass
Cytometry
Although erythropoiesis has been studied using single-cell RNA

sequencing (RNA-seq) in mice (Tusi et al., 2018), models derived

from this study have not incorporated temporal protein abun-

dance measurements, and thus, the dynamics of erythroid line-

age progression remains unclear. To address this, we performed

a time course experiment whereby cord-blood-derived human

CD34+ HSPCs were differentiated toward the erythroid lineage

as previously described (Palii et al., 2011). This system fully reca-

pitulates the various stages of erythropoiesis (Figure 1A). Cells

were collected every 2 days between the formation of early

HSPCs and terminally differentiated erythroid cells (22 days in

total). At each time point, cells were barcoded with palladium

isotopes (Bodenmiller et al., 2012) and pooled into a single

tube prior to staining with a cocktail of 27 antibodies selected

to cover a broad range of hematopoietic (Majeti et al., 2007;

Notta et al., 2011) and erythropoietic (Hu et al., 2013) markers

(Table S1). Such temporal barcoding allowed us to compare

the levels of key proteins between previously defined stages of

erythropoiesis (Figure S1A). A graph-based, unsupervised clus-

tering algorithm PhenoGraph (Chen et al., 2016; Levine et al.,

2015) was applied to the pooled time points, identifying 18 sub-

populations (Figures 1B and S1B) that represent all previously

characterized stages of erythroid differentiation (Table S2). Sub-

sequent barcode deconvolution of single cells revealed the

temporal appearance and disappearance of these populations,

effectively capturing the dynamics of progression along the

erythroid lineage (Figures 1C–1E). Interestingly, our data also

reveal considerable heterogeneity within the previously defined

colony-forming unit-erythroid (CFU-e) population. Indeed, in

addition to early CFU-e1 (cluster 13) and late CFU-e2 (cluster

10) that differ by CD38 expression, we identified CFU-e3 (cluster

11), a population expressing the same combination of proteins

as CFU-e2 except at a lower level, and a CFU-e-like population

(cluster 7) that is highly similar to CFU-e3 with the exception of

having lost CD36 and CD71 markers (Figures 1D and S1B).

The exact role of these diverse CFU-e-like populations remains

to be established.

Although clustering analyses define discrete cell populations,

we noticed that the levels of some proteins vary between cells

within a designated population, suggesting that there may not

be a clear-cut separation between populations and that cells

may merge from one cell population to another. To address

this, we used the K-nearest neighbor algorithm SPRING (Wein-

reb et al., 2018a). SPRING visualization of the pooled CyTOF

time series suggests a continuum of differentiation with no

clear separation of cell populations from early hematopoietic

progenitors to late erythroid cells (Figure 1F). Although cells

appear to pass gradually along the erythroid trajectory, transient

cell populations also accumulate at specific stages (Figure S1C).
(E) Expression level plots highlighting the hematopoietic early marker CD34 and

(F) Single-cell population trends over time visualized by the algorithm SPRING app

is color coded to indicate the day of identification.

See also Figure S1 and Tables S1 and S2.
Furthermore, temporal coloring of the SPRING plot (Figure 1F)

revealed the dynamics of differentiation, which correlates

remarkably well with the previously defined erythroid trajectory.

Thus, through unbiased clustering, trajectory visualization, and

temporal analysis of high-dimensional protein data, we were

able to define a hierarchical trajectory that includes the major

known as well as some novel stages of erythropoiesis from early

hematopoietic progenitors to late erythroid cells.

In addition to the main erythroid trajectory, our data reveal a

minor ‘‘myeloid’’ trajectory characterized by expression of early

myeloidmarkers (PU.1 andCD45RA—clusters 6 and 16), aminor

‘‘megakaryocytic’’ trajectory characterized by elevated levels of

CD49f and CD41 (cluster 9), and a population of basophils

(CD44high and GATA2high—cluster 12) recently proposed to

emerge from a common erythroid-megakaryocyte-basophil

progenitor (Tusi et al., 2018; Figures 1B, 1D, S1B, and S1C).

The kinetics of these minor trajectories (i.e., they appear after

day 2) shows that, even in an erythroid-promoting environment,

hematopoietic progenitors retain the potential to initiate other

hematopoietic lineages.

Lineage-Specific Transcription Factors Are Co-
expressed in Individual Bipotential Progenitors
Our temporal, multi-dimensional CyTOF dataset includes mea-

surements for 16 endogenous TFs and therefore provides an un-

precedented opportunity to examine co-expression of putative

LS-TFs at the protein level in single cells along the hematopoietic

and erythroid trajectory. Erythroid-biased megakaryocyte-

erythroid progenitor (E-MEP) cells (identified by unbiased clus-

tering analysis; Figure 1D) were previously shown to possess dif-

ferentiation potential toward both erythroid and megakaryocyte

lineages in single-cell assays (Psaila et al., 2016). Furthermore,

KLF1 and FLI1 were predicted to be key regulators of the

erythroid vs megakaryocytic decision point using single cell

RNA sequencing (scRNA-seq) data (Tusi et al., 2018). To deter-

mine whether KLF1 and FLI1 are co-expressed at the protein

level in individual progenitors, we gated E-MEP cells using a

previously established strategy (Psaila et al., 2016; Figure S2A).

As observed by unbiased clustering (Figure 1C), cells at the

E-MEP stage are most abundant between days 2 and 4 (Fig-

ure 2A, top). Most importantly, CyTOF data show that the major-

ity of E-MEPs co-express KLF1 and FLI1 proteins in individual

cells (Figure 2A, bottom) demonstrating co-expression of TF pro-

teins from competing hematopoietic lineages at the single-cell

level in bipotential progenitors. We similarly found single-cell

co-expression of the GATA1 and PU.1 pair of LS-TFs at the com-

mon myeloid progenitor (CMP) differentiation stage (Figure 2D).

Protein Levels of LS-TFs ChangeGradually (Rather Than
in a Switch-like Manner) along the Erythroid Trajectory
We next examined quantitative changes in LS-TFs as cells prog-

ress along the erythroid trajectory. In contrast to the stepwise

model predicting that cell fate decisions are made via switches
the erythroid marker GPA.

lied to mass cytometry data. Each dot represents a cell (20,314 cells total) and
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Figure 2. Co-expression of Lineage-Specific Transcription Factors in Individual Bipotential Progenitors

(A) Biaxial dot plots of mass cytometry data showing co-expression of KLF1 (erythroid) and FLI1 (megakaryocytic) proteins in E-MEPs.

(B) 2D scatterplots showing gradual changes in KLF1 and FLI1 protein levels in individual cells across time and populations.

(C) Ridge plots showing relative expression of KLF1 and FLI1 proteins in temporally ordered cell populations along the erythroid trajectory. (B) and (C) use

PhenoGraph cell populations.

(D) Biaxial dot plots of mass cytometry data showing co-expression of GATA1 and PU.1 proteins in CMPs.

See also Figure S2.
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Figure 3. KLF1 and FLI1 Protein Levels Change Gradually during Erythropoiesis

(A) Absolute quantification of KLF1 and FLI1 proteins across time by SID-SRM mass spectrometry.

(B andC) Representative results showing quantification of the indicated KLF1 (B) and FLI1 (C) peptides. Themain picture shows co-eluting peptides—the spiked-

in ‘‘heavy’’ standard peptides in blue and the endogenous ‘‘light’’ peptides in red. Inset picture shows specific transitions measured for each light peptide. These

transitions are summed to produce the red peak in the main graph.

Please cite this article in press as: Palii et al., Single-Cell Proteomics Reveal that Quantitative Changes in Co-expressed Lineage-Specific Transcription
Factors Determine Cell Fate, Cell Stem Cell (2019), https://doi.org/10.1016/j.stem.2019.02.006
in LS-TFs occurring in bipotential progenitors, we did not

observe an abrupt switch in KLF1 or FLI1 proteins immediately

after the E-MEP stage. Instead, we found that the levels of

both TFs change gradually (and oppositely) as cells progress

along the erythroid trajectory, with both factors being co-ex-

pressed until the pro-erythroblast (proEB) stage (Figures 2B,

2C, S2B, and S2C).

Although CyTOF allows one to measure quantitative changes

in KLF1 and FLI1 proteins during erythroid differentiation, it does
not provide information on the relative levels between the two

proteins. To address this, we used a targeted mass spectrom-

etry approach (stable isotope dilution [SID]-selected reaction

monitoring [SRM]) to quantify the absolute concentration of the

proteins (Picotti and Aebersold, 2012). Nuclear extracts were

prepared at regular intervals during the course of erythropoiesis,

and SID-SRM assays were performed to quantify FLI1 and KLF1

proteins at each time point (Figure 3). These data show that KLF1

and FLI1 proteins are present at equimolar levels (i.e., �3,000
Cell Stem Cell 24, 1–9, April 4, 2019 5



Figure 4. Overexpression of FLI1 in Bipotential Progenitors Is Sufficient to Deviate the Erythroid Trajectory toward a Megakaryocytic Fate

(A) Schematic of sample collection, temporal barcoding, and mass cytometry analyses upon expression of a FLAG-tagged FLI1 protein in early progenitors.

(B) Single-cell population trends over time visualized by SPRING applied to CyTOF data. Each dot represents a cell (9,000 cells total), and its color indicates the

measured day.

(C) Graph indicating the percentage of FLAG-negative and FLAG-positive cells that follows a megakaryocytic path (defined as CD41+) over time.

(D) SPRING plot from (B) colored for FLAG expression (yellow for positive; black for negative).

(legend continued on next page)
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molecules of each TF per nucleus) around day 2, which corre-

sponds to the time point with the highest proportion of cells at

the E-MEP stage. SID-SRM quantification at subsequent time

points indicates a gradual increase vs decrease in KLF1 vs

FLI1 protein levels, respectively, consistent with the CyTOF

data. Thus, single-cell CyTOF and SID-SRM-based mass spec-

trometry independently confirm a gradual change in KLF1 and

FLI1 protein levels as hematopoietic cells progress along the

erythroid trajectory.

Overexpression of FLI1 in Bipotential Progenitors
Deviates the Erythroid Trajectory toward a
Megakaryocytic Fate
Our finding that KLF1 and FLI1 proteins are co-expressed in sin-

gle cells at the E-MEP stage together with the observation that

their levels gradually change in opposite directions as cells

pass along the erythroid trajectory suggests that quantitative

changes in KLF1 and FLI1 proteins underlie the erythroid versus

megakaryocytic cell fate choice. However, the question remains

whether such changes direct cell fate decisions or whether they

merely reinforce lineage identity. To test this, we overexpressed

the putative megakaryocyte-promoting LS-TF (FLI1) in E-MEPs

and asked whether this deviated progenitors from the erythroid

trajectory. We reasoned that, if LS-TFs are only involved in rein-

forcing lineage decisions, overexpression of a LS-TF from an

alternate lineage might interfere with differentiation, but not pro-

mote an alternate lineage. On the other hand, if quantitative

changes in the levels of LS-TFs play a role in establishing cell

fate, overexpression of alternate TFs in progenitors should direct

differentiation toward an alternate lineage trajectory. Briefly,

cells at the E-MEP stage (day 2) were infected with lentiviruses

expressing a FLAG-tagged version of the non-erythroid TF

FLI1 (FLAG-FLI1) (Figure 4A). Again, we performed CyTOF with

temporal barcoding whereby introduction of a FLAG antibody al-

lowed us to track the fate of thousands of cells over time upon

ectopic FLI1 expression (along with thousands of unperturbed

cells), enabling us to directly assess the consequences of quan-

titative changes in the level of a TF protein on cell fate decision in

single cells. In addition to the expected erythroid trajectory,

SPRING analysis revealed a second trajectory with a similar ki-

netic (Figure 4B) characterized by gradual upregulation of mega-

karyocytic markers (e.g., CD41, CD49f, and CXCR4) instead of

erythroid markers (e.g., CD71 and GPA; Figures 4E, S3D, and

S4A) showing that cells along this trajectory have deviated

from an erythroid fate toward a megakaryocytic fate. Strikingly,

this alternative trajectory is almost exclusively composed of cells

that express the ectopic FLAG-FLI1 protein (Figures 4C, 4D, and

S3C), strongly arguing that FLI1 not only interferes with erythroid

differentiation but also promotes a megakaryocytic fate.

In addition, gating for FLAG-positive and FLAG-negative cells

allowed us to directly compare dynamic changes in the levels of

TFs between the two cell populations over time (Figures 4F, S3,

and S4). In cells that do not express FLAG-FLI1, we observe the

expected time-dependent increase in KLF1 and GATA1 proteins
(E) SPRING plots from (B) colored for the indicated markers. Coloring scale from

(F) Cytobank histogram overlays of CyTOF data showing temporal variations in t

histogram) versus FLAG-FLI1-negative cells (front histogram). Peaks are shaded u

See also Figures S3 and S4 and Table S3.
that occurs during erythroid differentiation (Figure 4F, front

rows). In contrast, FLAG-FLI1-expressing cells fail to upregulate

these TFs (Figure 4F, back rows) or other erythroid markers (i.e.,

IKZF1, TAL1, CD71, and GPA; Figure S3D, back rows), suggest-

ing decreased erythroid differentiation. Furthermore, we found

that GATA2 protein levels increase with time in cells expressing

FLAG-FLI1, more so than in their FLAG-FLI1-negative counter-

parts (Figure 4F). This is consistent with GATA2’s role in favoring

megakaryocytic over erythroid differentiation (Ikonomi et al.,

2000). In addition, we found that FLAG-FLI1-expressing cells up-

regulate megakaryocytic markers, such as MafG, CD41, CD49f,

and CXCR4 (Figure S4A), showing an active role of FLAG-FLI1

in promoting megakaryocyte differentiation. Thus, even in a

strongly erythroid-promoting environment, ectopic expression

of FLI1 in bipotential progenitors can deviate cells from their

preferred erythroid trajectory toward an alternate megakaryo-

cytic fate. Collectively, these data strongly argue for an active

role of a LS-TF (FLI1) protein in the initiation of a cell fate decision

by promoting megakaryocytic differentiation at the expense of

an erythroid fate.

DISCUSSION

In the present study, we used single-cell proteomics to define the

temporal hierarchy of human erythropoiesis. Through the devel-

opment of a unique approach that integrates time-dependent,

single-cell protein measurements, we were able to effectively

capture the dynamic progression and hierarchical relationships

of hematopoietic cells as they transition betweenmultiple stages

along the erythroid trajectory. Importantly, we provide these data

as an interactive web tool to facilitate visualization and further

analyses.

The classical stepwise model of hematopoiesis whereby ho-

mogeneous populations of progenitors are faced with a succes-

sion of binary choices between mutually exclusive lineages has

recently been replaced by a continuous model of differentiation

whereby lineage-biased hematopoietic stem and progenitor

cells gradually differentiate along a continuum of lineage-spe-

cific trajectories without clearly defined cell populations (Laurenti

and Göttgens, 2018). However, these trajectories rely on tran-

scriptomic rather than proteomic measurements, and they are

based on algorithms that use snapshot scRNA-seq measure-

ments to predict lineage trajectories by organizing cells along a

pseudo-time axis according to their relative phenotypic similarity

(Kester and van Oudenaarden, 2018). Although valuable and

insightful, such static data have a number of known limitations

(Weinreb et al., 2018b), and the lack of temporal information

makes it more difficult to assess true ascendant and descendant

relationships. For instance, there is some uncertainty on the

positioning of megakaryocytes within the hematopoietic hierar-

chy, as some studies have suggested that they originate directly

from hematopoietic stem cells (HSCs) (Notta et al., 2016) and

other studies have proposed that they originate from MEPs

(Tusi et al., 2018), and yet other studies have not been able to
black (no expression) to green (high expression) is shown.

he relative level of each indicated marker in cells expressing FLAG-FLI1 (back

sing a color scale based on the raw values of medians for each x axis channel.
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conclude (Zheng et al., 2018). Here, our analyses incorporate

time-dependent single-cell proteomic measurements, allowing

us to define a trajectory that is based not only on protein similar-

ity but also on the time-dependent appearance of different cell

types. As such, we were able to observe that, in the system

analyzed here, megakaryocytes originate from MEPs, not

HSCs. Furthermore, although our results are consistent with a

continuous rather than a stepwise model of erythropoiesis, our

data reveal a timely ordered appearance and disappearance of

transient cell populations or stages that accumulate at various

positions along the erythroid trajectory with cells undergoing

gradual transitions between these stages. Notably, these stages

include previously defined cell subpopulations that, despite their

transient nature, can be isolated from cord blood using combina-

tions of cell surface markers (An et al., 2014; Chen et al., 2014;

Psaila et al., 2016), providing in vivo validation of our temporal

hierarchy of human erythropoiesis.

Quantitative changes in the relative amounts of LS-TFs have

historically been considered as a key mechanism for lineage

determination. Indeed, in the stepwise hematopoiesis model,

cell fate choice was thought to occur through quantitative on

or off switches between LS-TFs that are co-expressed in bipo-

tential progenitors (Graf and Enver, 2009; Orkin, 2000). However,

a study using knocked in fluorescently labeled pairs of LS-TFs

Gata1 and Pu1 in mice reported an inability to detect co-expres-

sion of the two fluorescent markers in a large number of hemato-

poietic progenitors (Hoppe et al., 2016), raising doubt whether

LS-TFs are in fact co-expressed in single cells at the protein

level. We note, however, that expression of TFs from different lin-

eages is expected to be very low in early progenitors, possibly

below the limit of detection for fluorescent markers. Further-

more, fluorescent tags may alter protein stability and disruption

of genomic loci during tag insertion may tamper with cis-regula-

tory elements, thereby affecting mRNA expression and/or stabil-

ity. Our temporal, single-cell measurements of 16 endogenous

unmodified TFs at the protein level during human erythropoiesis

reveal that at least 2 previously proposed pairs of LS-TFs are co-

expressed as proteins in individual hematopoietic progenitors,

namely PU1 and GATA1 at the CMP stage, and KLF1 and FLI1

at the E-MEP stage. However, in contrast to what has been pro-

posed in the stepwise model, there is no abrupt switch in protein

levels between these LS-TFs following the progenitor stages.

Instead, quantitative changes in TFs occur gradually along the

hematopoietic and erythroid trajectory. Despite being gradual,

quantitative changes in lineage-determining TFs actively

contribute to cell fate decisions, as single-cell temporal tracking

of progenitors overexpressing FLI1 shows a clear deviation from

the erythroid trajectory to take on a megakaryocyte cell fate.

Thus, our data strongly support the concept that the choice to

differentiate along a specific lineage trajectory is intimately linked

to changes in the abundance of LS-TFs, even though this pro-

cess occurs gradually and takes longer (i.e., several cell stages)

than previously anticipated in the stepwise model.

We have established a resource for analyzing human erythro-

poiesis at the level of single cells. Using this, we now describe a

dynamic model of human erythropoiesis that is based on tempo-

ral single-cell proteomics measurements and demonstrate that

quantitative changes in the abundance of LS-TFs protein levels

are key for cell fate decisions in the context of continuous lineage
8 Cell Stem Cell 24, 1–9, April 4, 2019
trajectories. It seems likely that these principles established in

the hematopoietic system will apply to similar cell fate decisions

that occur in many other tissues throughout development and

differentiation.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Marjorie

Brand (mbrand@ohri.ca).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Hematopoietic stem/progenitor cells isolation
Umbilical cord blood from full-term deliveries was obtained from Canadian Blood Services ‘‘Cord Blood for Research program’’

(CBR-2014-001). CD34+ hematopoietic stem/progenitor cells were isolated as previously described (Palii et al., 2011) using a

2-step protocol. For the first step, fresh cord bloodwas incubated with 5 ml/ml RosetteSep Human Cord Blood CD34 Pre-Enrichment

Cocktail (STEMCELL Technologies cat#15631) for 10 min at RT, then diluted with an equal volume of the recommended medium

(PBS supplementedwith 2%Fetal Bovine Serumand 1mMEDTA) and layered on the top of the Ficoll-PaqueTMPLUS (GEHealthcare,

cat# 17-1440-03). After centrifugation for 30 min at 400 x g at RT, with the brake off, CD34-pre-enriched mononuclear cells were

recovered from the Ficoll-PaqueTM PLUS: plasma interface, washed two times with the above recommended medium and either

frozen or subjected to the EasySep Human CD34 Positive Selection (STEMCELL Technologies cat#18096). For the second step,

CD34-pre-enriched mononuclear cells were resuspended at 2 3 108 cells/ ml in the above recommended medium and incubated

with 100 ml/ml EasySep Positive Selection Cocktail for 15min at RT, followed by a second incubation with 50 ml/ml Mix EasySepMag-

netic Nanoparticles for 10min at RT. Cell suspension was diluted to a total volume of 5mL (for < 108 cells) or 10mL (for 13 108 – 8.53

108 cells) in the same recommended medium and placed into ‘‘The Big Easy’’ Silver EasySep Magnet (STEMCELL Technologies

cat#18001) for 5 min. After 4 washes of 5 min each in the same recommended medium, CD34-positive cells were recovered from

the magnet. Purified cells were analyzed by FACS for CD34 expression using the PE Mouse Anti-Human CD34 antibody (BD Biosci-

ences, cat# 555822) and either cryopreserved in 10%DMSO or cultured directly as described below. All procedures were approved

by the Ottawa Health Science Network Research Ethics Board (2007804-01H).
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Ex vivo human erythropoiesis and cell harvest
CD34+ cells were differentiated along the erythroid lineage using a previously described 4-step protocol (Palii et al., 2011). The first

step (Day0 to Day11) consists of cultivating CD34+ cells in serum-free IMDMmedium supplemented with 1%penicillin/streptomycin,

4x10�3M L-glutamine, 40 ug/ml inositol, 10 ug/ml folic acid, 1.6x10�4Mmonothioglycerol, 90 ng/ml ferrous nitrate, 900 ng/ml ferrous

sulfate, 20% albumin-insulin-transferrin (BIT), also containing the following cytokines: 10�6 M hydrocortisone (HC), 100 ng/ml stem

cell factor (SCF), 5 ng/ml interleukin 3 (IL-3) and 3 IU/ml erythropoietin (EPO) for 8 days followed by 3 days in supplemented IMDM

medium containing only SCF and EPO. For the second step (Day12 to Day14), cells were co-cultured on a layer of stromal MS-5 cells

in the supplemented IMDMmedium containing only EPO. For the third step (Day15 toDay18), cells were co-cultured on a layer ofMS-

5 cells in the supplemented IMDMmedium with no cytokines. For the fourth step (Day19 to Day24), cells were co-cultured on a layer

of MS-5 cells in the supplemented IMDMmedium in the presence of 10% fetal bovine serum. Every second day, cells were counted

andmonitored for viability (trypan blue exclusion), cell surface expression of the followingmarkers: CD34 (CD34-PE, BDBiosciences,

cat# 555822), CD36 (CD36-PE, BD Biosciences, cat# 555455), CD71 (CD71-FITC, Beckman Coulter, cat# IM0483U), GPA (CD235a-

PE, BD Biosciences, cat# 555570) and LDS751 (Molecular Probes, cat# L7585) by FACS and hemoglobin production (benzidine

staining). Cells were harvested at regular intervals (as indicated) during the course of differentiation and cryopreserved in their

respective culture media supplemented with 10% DMSO.

Lentivirus preparation and infection
Lentiviral particles expressing Flag-tagged FLI1 (Flag-FLI1) were prepared as previously described (Palii et al., 2011). Specifically,

293T cells were transfected with the pMD2.G envelope vector (Addgene #12259), the psPAX2 packaging vector (Addgene

#12260) and the pTRIPdU3-MND-FlagFLI1-IRES-GFP lentiviral expression vector using calcium phosphate precipitation. To

generate the lentiviral vector, a C-terminally Flag tagged human FLI1 (NM_002017) cDNA was obtained from GenScript (plasmid

name: pcDNA3.1-Flag-FLI1) and subcloned into the pTRIPdU3-MND-IRES-GFP lentiviral expression vector (Renou et al., 2017).

Lentiviral particles were harvested, concentrated by ultracentrifugation and used to infect cells at the Day2 time-point with a MOI

of 20. Lentiviral infection was repeated 24h later in the same conditions. Cells were washed and differentiation was left to proceed

in the same conditions.

To test for potential effects of lentiviral infection on erythroid and/or megakaryocyte differentiation in the absence of Flag-FLI1

expression, the above experiment was repeated using either the pTRIPdU3-MND-FlagFLI1-IRES-GFP lentiviral vector (to induce

the expression of GFP and Flag-FLI1 proteins) or the pTRIPdU3-MND-IRES-GFP lentiviral vector (to induce the expression of

GFP only) as a control. Cells expressing the megakaryocytic marker CD41 or the erythroid marker GPA were measured by FACS

within the infected cell population (gated for GFP expression) at regular time-points for up to 14 days after infection. This experiment

revealed thatmost GFP+ cells infectedwith the Flag-FLI1 vector express CD41 after 14 days. In contrast, GFP+ cells infectedwith the

non-Flag-FLI1 expressing vector do not express CD41 (data not shown) indicating that lentiviral infection itself (in the absence of

Flag-FLI1 expression) does not trigger megakaryocytic differentiation. Furthermore, cells infected with the non-Flag-FLI1 expressing

vector expressGPA, consistent with proper erythroid differentiation (data not shown). Collectively, these results indicate that lentiviral

infection per se does not perturb erythroid or megakaryocyte differentiation.

METHOD DETAILS

May-Gr€unwald Giemsa staining
Cells at the indicated time-points were harvested, washed with PBS, cytospun and fixed in ethanol for 2 min prior to staining with

May-Gr€unwald (SIGMA cat# 63590) for 5 min and Giemsa stain modified solution (SIGMA cat#48900) for 10 min.

Antibody labeling with metal conjugates
Antibodies were purchased pre-conjugated when commercially available. Otherwise, purified antibodies were conjugated to specific

lanthanide metals using Maxpar X8 Antibody Labeling Kit according to manufacturer instruction (Fluidigm cat#PRD002 Version 7) as

described below. Partial reduction of 100 mg of each antibody was performed by incubation in 4mMTCEP for 30min at 37�C. Partially
reduced antibodies were then conjugated with lanthanide-loaded polymer for 1h at 37�C. Conjugated antibodies were quantified by

measuring the absorbance at 280 nm prior to storage at 4�C in Candor Biosciences Antibody Stabilizer (cat#130050) supplemented

with 0.05% sodium azide. Antibody cocktails used for mass cytometry are listed in Tables S1 and S3.

Temporal barcoding and mass cytometry
Cryopreserved cells at the different time-points (33 106 cells per time-point) were thawed and incubated in their respective original

culture media (including cytokines) for 1h at 37�C. Barcoding and staining were then performed according to Fluidigm’s instructions

as described below. Briefly, cells were transferred into polystyrene tubes (10mL capacity), washedwithMaxpar PBSBuffer (Fluidigm

cat#201058) and stained with 0.5 mMfinal cisplatin (Fluidigm cat#201064) in 200 ml Maxpar PBS for 5min at room temperature (RT) to

exclude dead cells. The reaction was quenched by adding Maxpar Cell Staining Buffer (CSB; Fluidigm cat#201068). After 2 washes

with CSB, cells were fixed for 30min at RT in 1mLMaxpar Nuclear Antigen Staining Buffer 1X (Fluidigm cat#201063). Cells were then

permeabilized by washing twice with 2 mL Barcode Perm Buffer 1X (Fluidigm cat#201057) and resuspended in 400 ml Barcode Perm

Buffer 1X. 60 ml of unique Palladium Barcodes (Fluidigm; Cell-ID 20-Plex Pd Barcoding Kit cat#201060) were then added to cells at
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each time point prior to incubation for 30min at RT. Cells were thenwashed twicewith 2mLNuclear Antigen Staining Perm (1X) Buffer

(NP Buffer; Fluidigm cat#201063) and resuspended in 100 ml NP Buffer. Cells from all time-points were then combined into a single

tube, counted, resuspended at 2-63 106 cells/ml in NP Buffer and stained for 45 min at RT with an equal volume of antibody cocktail

(see Tables S1 and S3). Cells were then washed once with NP Buffer, and further stained with 156Gd-A-PE secondary antibody for

30 min at RT. After staining, cells were washed twice in CSB and incubated overnight at 4�C in 31.25 nM final Cell-ID Intercalator-Ir

(Fluidigm cat#201192A) in Maxpar Fix and Perm Buffer (Fluidigm cat#201067). Samples were washed twice in milliQ H2O filtered into

30 mm strained cap tubes and diluted in milliQ H2O containing 10% EQ Four Element Calibration Beads (Fluidigm cat#201078) to a

concentration of 0.53 106 cells/ml. Samples were acquired onHeliosMassCytometer (Fluidigm). Helios was tuned and performance

was checked before each run according to Fluidigm recommendation.

Nuclear extraction and targeted mass spectrometry
Cryopreserved cells at the different time-points were thawed and washed using IMDM supplemented medium. Cells were then

washed in ice-cold PBS buffer, resuspended in ice-cold Swelling Buffer (10 mM HEPES K+ pH7.9; 1.5 mM MgCl2; 10 mM KCl;

0.1% (v/v) NP40; protease inhibitor cocktail) and incubated on ice for 30 min. During incubation, cells were vortexed every 5 min

to allow cell lysis. Nuclei were then pelleted by centrifugation for 5 min at 1,500 rpm (4�C) and resuspended in 1 vol. of 37�C pre-heat-

ed Extraction Buffer 1 (50 mM HEPES K+ pH7.9; 1 mMMgCl2; 150 mM NaCl; 0.5% Na deoxycholate; 50 ng/ml Benzonase Millipore,

cat# 70746; protease inhibitor cocktail) prior to incubation at 37�Con a Thermomixer (14,000 rpm) for 15min. Proteins were extracted

first by 6 passages through a 27 ½ gauge needle prior to addition of 1 vol. of 37�C pre-heated Extraction Buffer 2 (50 mM HEPES K+

pH7.9; 150mMNaCl; 9.5%Na deoxycholate; 1 mMEDTA; protease inhibitor cocktail). Themixture was heated at 70�C for 5 min and

proteins were extracted further by 6 passages through a 27 ½ gauge needle prior to incubation at 40�C on a Thermomixer

(14,000 rpm) for 15 min. Nuclear extracts were recovered by centrifugation at 13,000 rpm for 15 min and snap frozen. Prior to

mass spectrometry analysis, extracted nuclear proteins were digested with Lys-C and Trypsin. Isotopically heavy peptide standards

(Pierce/Thermo Scientific) were spiked into samples after digestion, then peptides were purified together by mixed cation exchange

(MCX;Waters) chromatography. Selected reactionmonitoring (SRM) targetedmass spectrometry was performed on an Agilent 6490

triple quadrupole mass spectrometer, equipped with a chip cube interface. Peptides were separated online in a reversed-phase

microfluidics HPLC chip (160nL trap; Agilent) by application of a 3%–25% acetonitrile gradient over 60 min. Optimized transitions

(precursor-fragment ion pairs) were monitored with a 5min retention time window, and cycle times were set to yield aminimum dwell

time of 12 ms.

QUANTIFICATION AND STATISTICAL ANALYSIS

Mass cytometry data analyses
Files were processed following Fluidigm recommendation, including randomization and normalization using EQ Beads signal. Then

files were concatenated, debarcoded and randomized according to Fluidigm’s instructions using the CyTOF� Software. Gating to

identify and export live cells (see Figure S2A for the gating strategy) was done in Cytobank (Kotecha et al., 2010). Histograms (Figures

4F, S1A, S3D, and S4) and biaxial dot plots (Figures 2A and 2D) of mass cytometry data were generated in Cytobank. Clustering anal-

ysis was done with PhenoGraph (Levine et al., 2015) as part of the R Bioconductor package Cytofkit (Chen et al., 2016) using the

markers listed in Table S1 with up to 5,000 cells sampled per time point and the number of nearest neighbors equal to 30. The trans-

formation method used was cytofAsinh, and the visualization method was t-SNE. The 2D scatterplots and ridge plots (Figures 2B

and 2C) were generated using ggplot2 (RStudio) with PhenoGraph-defined cell populations. The K-nearest neighbor algorithm

SPRING (Weinreb et al., 2018a) was used for trajectory analyses with k = 5 and up to 2,000 cells sampled per time-point. Trajectories

were built using the markers listed in Table S1 without temporal data. Temporal coloring (Figure 1F) or population coloring (Fig-

ure S1C) were subsequently added to the graph. Similarly, for the Flag-FLI1 overexpression analysis, trajectories were first generated

using the markers listed in Table S3 without temporal data or Flag-expression data. Temporal information (Figure 4B), Flag expres-

sion (Figure 4D) and markers expression (Figure 4E) were subsequently added to the plot.

Annotation of cell populations identified by PhenoGraph
Cell clusters corresponded to well-defined cell populations, and were manually annotated based on their expression of previously

characterized differentiation markers (Table S2 and Figure S1B). At Day 0, the main population consists of hematopoietic multipotent

progenitors (MPP, defined as CD34+ CD38low, CD90- CD45RA- CD49f-; cluster 3) that are progressively replaced by common

myeloid progenitors (CMP, defined as CD34+ CD38+ CD45RA- CD123 (IL3-Ra)low; cluster 5) and erythroid-biased megakaryo-

cyte-erythroid progenitors (E-MEP, defined as CD34+ CD38+ CD45RA- CD123 (IL3-Ra)- CD44mod CD71+ CD41- (Psaila et al.,

2016); cluster 8) at Day 2. From Day 4 to Day 10, we observe the progressive disappearance of these early CD34-positive hemato-

poietic progenitors (Figure 1E top panel) that are replaced by a succession of CD34-negative erythroid progenitor populations pre-

viously defined as colony-forming unit erythroid (CFU-e) that we named CFU-e1 (CD34- CD38+ CD45RA- CD123 (IL3-Ra)- CD36+

CD71+ CD235a (GPA)-; cluster 13) and CFU-e2 (CD34- CD38- CD45RA- CD123 (IL3-Ra)- CD36+ CD71+ CD235a (GPA)-; cluster

10) followed by pro-erythroblasts (ProEB, defined as CD34- CD38- CD45RA- CD123 (IL3-Ra)- CD36+ CD71+ CD235a (GPA)+/�; clus-
ter 15). At Day 14, we observe the emergence of the first cell population expressing high levels of the terminal erythroid marker GPA

(also called CD235ab) (Figure 1E bottom panel), namely basophilic erythroblasts (Baso_EB, defined as CD34- CD38- CD45RA-
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CD123 (IL3-Ra)- CD36++ CD71++ CD235a (GPA)+; cluster 14), followed by polychromatic erythroblasts (Poly_EB, defined as CD34-

CD38- CD45RA- CD123 (IL3-Ra)- CD36+ CD71+ CD235a (GPA)+; cluster 17) and finally orthochromatic erythroblasts (Ortho_EB,

defined as CD34- CD38- CD45RA- CD123 (IL3-Ra)- CD36- CD71low CD235a (GPA)+; cluster 18), which correspond to the last stage

of erythroid differentiation prior to enucleation. (Figures 1B–1E and S1).

Mass spectrometry data analyses
Raw data was processed using Skyline (MacLean et al., 2010) and peaks were manually verified. Absolute quantification was per-

formed with stable isotope dilution of AQUA peptides and the generation of standard curves based on the method described by

Aebersold and colleagues (Ludwig et al., 2012; Schubert et al., 2013). For this, the peak areas of the two most intense, interference

free transitions were summed together (quantifier transitions). Additional transitions (1-2) were used to confirm correct peak identi-

fication (qualifier transitions). Quantifications were generated from biological duplicates.

DATA AND SOFTWARE AVAILABILITY

Mass cytometry data is deposited in the FlowRepository database under accession numbers FR-FCM-ZYPS and FR-FCM-ZYPT.

http://flowrepository.org/public_experiment_representations

ADDITIONAL RESOURCES

An interactive web tool to visualize protein changes along the hematopoietic/erythroid trajectory is provided at the following link:

http://trena.systemsbiology.net/login

user: cytof

password: cytof
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Figure S1 (related to Figure 1). Time-course analysis of human erythropoiesis 

by mass cytometry. 

(A) Histogram overlays showing temporal variations in the expression of each 

indicated marker as measured by mass cytometry. The peaks are shaded using 

a color scale based on the raw values of medians for each x-axis channel. (B) 

Heatmap showing mean markers expression of PhenoGraph cell clusters. 

Column labels represent the marker names and row labels represent the cluster 

IDs and the phenotypic annotation of each cluster. (C) Single-cell population 

trends visualized by the algorithm SPRING applied to CyTOF data. Each dot 

represents a cell (20,314 cells total) and is color-coded to indicate cell 

populations/clusters identified in panel B and Fig.1. 

Data generated in this figure used the antibody cocktail 1 described in Table S1. 

  





Figure S2 (related to Figure 2). Single-cell visualisation of KLF1 and FLI1 

proteins along the erythroid trajectory. 

(A) Gating strategies for E-MEP and CMP using mass cytometry data performed 

in Cytobank. (B) Single-cell visualisation of FLI1 and KLF1 protein levels along the 

erythroid trajectory shown as a t-SNE plot on the left. Each dot represents a cell 

(48,076 cells total). Other proteins can be visualised using our interactive web tool. 

(C) Single-cell visualisation of FLI1 and KLF1 protein levels along the erythroid 

trajectory shown as a SPRING plot on the left. Each dot represents a cell (20,314 

cells total). Coloring scale from black (no expression) to green (high expression). 

  





Figure S3 (related to Figure 4). Overexpression of FLI1 in bipotential 

progenitors deviates the erythroid trajectory towards a megakaryocytic fate. 

(A) Schematic of sample collection, temporal barcoding and mass cytometry 

analyses upon expression of a Flag tagged version of FLI1 in early progenitors. 

(B) Schematic model of erythroid vs. megakaryocyte differentiation indicating 

quantitative differences in the relative levels of known markers. (C) SPRING plot 

of CyTOF data showing Flag-positive cells branching towards a megakaryocytic 

trajectory (defined by high level of CD41 protein). This is the same SPRING plot 

shown on Figure 4D except that Flag-positive and Flag-negative cells are not 

colored based on Flag expression but instead have been separated for full 

visualisation. (D) Cytobank histogram overlays of CyTOF data showing temporal 

variations in the relative levels of each indicated marker in cells expressing Flag-

FLI1 (back histogram) versus Flag-FLI1 negative cells (front histogram). Peaks 

are shaded using a color scale based on the raw values of medians for each x-

axis channel. Markers shown are upregulated in erythroid vs. megakaryocyte 

trajectory. 

Data generated in this figure used the antibody cocktail 2 described in Table S3. 

  





Figure S4 (related to Figure 4). Overexpression of FLI1 in bipotential 

progenitors deviates the erythroid trajectory towards a megakaryocytic fate. 

Cytobank histogram overlays of CyTOF data showing temporal variations in the 

relative levels of each indicated marker in cells expressing Flag-FLI1 (back 

histogram) versus Flag-FLI1 negative cells (front histogram). Peaks are shaded 

using a color scale based on the raw values of medians for each x-axis channel. 

Markers shown are upregulated in erythroid vs. megakaryocyte trajectory. (A) 

Markers shown are upregulated in megakaryocyte vs. erythroid trajectory. (B) 

Markers shown are expressed at similar levels in megakaryocyte and erythroid 

trajectories. 

Data generated in this figure used the antibody cocktail 2 described in Table S3. 

 

 



Label Antibody Target Clone Source Catalog number RRID
149Sm CD34 581 Fluidigm 3149013B AB_2756285
155Gd CD36 5-271 Fluidigm 3155012B AB_2756286
175Lu CD71 OKT-9 Fluidigm 3175011B AB_2756287
172Yb CD38 HIT2 Fluidigm 3172007B AB_2756288
143Nd CD45RA HI100 Fluidigm 3143006B AB_2651156
151Eu CD123 6H6 Fluidigm 3151001B AB_2661794
164Dy CD49F G0H3 Fluidigm 3164006B AB_2756289
161Dy CD90 5E10 Fluidigm 3161009B AB_2756290
153Eu CD44 691534 Fluidigm 3153021B AB_2756291

89Y CD41 HIP8 Fluidigm 3089004B AB_2756292
141Pr CD235ab HIR2 Fluidigm 3141001B AB_2651154

PE GATA1 234739 R&D Systems C1779P AB_2108404
156Gd A-PE PE001 Fluidigm 3156005B AB_2756294
167Er PU1 7C6B05 Biolegend 658002 AB_2562720
160Gd ATRX 39f Abcam 218936 AB_2756295
176Yb c-Myc 9E10 Fluidigm 3176012B AB_2756296
165Ho KLF1 1B6A3 Abcam 175372 AB_2756297
169Tm FLI1 1312 Novusbio 47636 AB_2756298
162Dy TAL1 2TL242 Thermo 14-9101-82 AB_2572922
163Dy GATA2 polyclonal R&D Systems AF2046 AB_355123
158Gd RUNX1 polyclonal Thermo PA5-12409 AB_2184103
154Sm NFE2p45 polyclonal Genetex GTX102698 AB_1950992
171Yb BACH1 GO11-1A3 Thermo 37-0900 AB_2533297
159Tb IKZF1 polyclonal Thermo PA5-23728 AB_2541228
152Sm MAFG polyclonal Genetex GTX114541 AB_10619599
173Yb c-JUN 2HCLC Thermo 711202 AB_2633131
166Er KAT3B/p300 RW105 Novusbio NB100-616 AB_10002598
145Nd C/EBPa polyclonal Thermo PA5-26487 AB_2543987

this antibody was used as a secondary antibody to detect the PE-labelled GATA1 antibody

Table S1 (related to Figure 1). Antibody Panel 1 used for mass cytometry



MPP (multipotent progenitor) CD34+ CD38low CD45RA- CD49f- CD90-
CMP (common myeloid progenitor) CD34+ CD38+ CD45RA- CD123low
E-MEP (erythroid-biased megakaryocyte erythrocyte progenitor) CD34low CD38+ CD45RA- CD123- CD44mod CD71+ CD41-
CFU-e (colony forming unit erythroid) CD34- CD45RA- CD123 (IL3-Ra)- CD36+ CD71+ CD235a (GPA)-
ProEB (Pro-Erythroblast) CD34- CD45RA- CD123 (IL3-Ra)- CD36+ CD71+ CD235a (GPA)-/+
Baso_EB (Basophilic Erythroblast) CD34- CD45RA- CD123 (IL3-Ra)- CD36++ CD71++ CD235a (GPA)+
Poly_EB (Polychromatic Erythroblast) CD34- CD45RA- CD123 (IL3-Ra)- CD36+ CD71+ CD235a (GPA)+
Ortho_EB (Orthochromatic Erythroblast) CD34- CD45RA- CD123 (IL3-Ra)- CD36- CD71+ CD235a (GPA)+

Table S2 (related to Figure 1). Previously defined stages of differentiation



Label Antibody Target Clone Source Catalog number RRID
149Sm CD34 581 Fluidigm 3149013B AB_2756285
155Gd CD36 5-271 Fluidigm 3155012B AB_2756286
175Lu CD71 OKT-9 Fluidigm 3175011B AB_2756287
142Nd Flag tag L5 Biolegend 637301 AB_1134266
143Nd CD45RA HI100 Fluidigm 3143006B AB_2651156
151Eu CD123 6H6 Fluidigm 3151001B AB_2661794
164Dy CD49F G0H3 Fluidigm 3164006B AB_2756289
161Dy CD90 5E10 Fluidigm 3161009B AB_2756290
153Eu CD44 691534 Fluidigm 3153021B AB_2756291

89Y CD41 HIP8 Fluidigm 3089004B AB_2756292
141Pr CD235ab HIR2 Fluidigm 3141001B AB_2651154

PE GATA1 234739 R&D Systems C1779P AB_2108404
156Gd A-PE PE001 Fluidigm 3156005B AB_2756294
147Sm CD33 WM53 Biolegend 303419 AB_2562818
167Er PU1 7C6B05 Biolegend 658002 AB_2562720
160Gd ATRX 39f Abcam 218936 AB_2756295
176Yb c-Myc 9E10 Fluidigm 3176012B AB_2756296
165Ho KLF1 6B3 James Bieker NA AB_2756299
162Dy TAL1 2TL242 Thermo 14-9101-82 AB_2572922
163Dy GATA2 polyclonal R&D Systems AF2046 AB_355123
158Gd RUNX1 polyclonal Thermo PA5-12409 AB_2184103
154Sm NFE2p45 polyclonal Genetex GTX102698 AB_1950992
171Yb CXCR4 12G5 Biolegend 306523 AB_2562824
159Tb IKZF1 polyclonal Thermo PA5-23728 AB_2541228
152Sm MAFG polyclonal Genetex GTX114541 AB_10619599
173Yb c-JUN 2HCLC Thermo 711202 AB_2633131
166Er KAT3B/p300 RW105 Novusbio NB100-616 AB_10002598
145Nd C/EBPa polyclonal Thermo PA5-26487 AB_2543987
170Er HBA1 012 Creative Diagnostics DCABH-8054 AB_2481277

this antibody was used as a secondary antibody to detect the PE-labelled GATA1 antibody

Table S3 (related to Figure 4). Antibody Panel 2 used for mass cytometry
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