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Key Points

• Purification strategies
developed for human Mk-E
progenitors, as well as
committed Mk and E
progenitors.

• MYB regulates the
biphenotypic fate decision
of human MEPs.

Bipotent megakaryocyte/erythroid progenitors (MEPs) give rise to progeny limited to the

megakaryocyte (Mk) and erythroid (E) lineages. We developed a novel dual-detection

functional in vitro colony-forming unit (CFU) assay for single cells that differentiates down

both theMk andE lineages (CFU-Mk/E), which allowed development and validation of a novel

purification strategy for the identification and quantitation of primary functional humanMEPs

from granulocyte colony-stimulating factor–mobilized peripheral blood and bone marrow.

Applying this assay to fluorescence-activated cell sorter–sorted cell populations, we found

that the Lin2CD341CD38midCD45RA2FLT32MPL1CD362CD412 population is much more

highly enriched for bipotent MEPs than any previously reported subpopulations. We also

developedpurification strategies for primary human lineage-committedMkandEprogenitors

identifiedasCFU-Mkandburst formingunit-E.Comparativeexpressionanalyses inMEP,MkP,

andErPpopulations revealeddifferential expressionofMYB.We testedwhether alterations in

MYB concentration affect theMk-E fate decision at the single cell level inMEPsand found that short hairpinRNA-mediatedMYB knockdown

promoted commitment of MEPs to the Mk lineage, further defining its role in MEP lineage fate. There are numerous applications for these

novel enrichment strategies, including facilitating mechanistic studies of MEP lineage commitment, improving approaches for in vitro

expansionofMkandEcells, anddeveloping improvedtherapies forbenignandmalignanthematologicdisease. (Blood. 2016;128(7):923-933)

Introduction

Megakaryocyte/erythroid progenitors (MEPs) are bipotent cells that
undergo a fate decision to become either megakaryocytes (Mk) or
erythroid (E) cells.Detailedmechanistic knowledge of the humanMEP
fate decision is not only critical for our understanding of normal and
perturbed hematopoiesis, but also has important therapeutic implica-
tions. Potential applications include refinement of regenerative ap-
proaches to produce platelets and red blood cells in vitro, providing
insight into engraftment of these lineages in clinical hematopoietic
transplantation, and development of therapeutic agents for treatment of
benign and malignant hematologic disease.

Previous studies of the MEP fate decision have primarily used
mouse bone marrow (BM),1,2 in vitro cell lines (of leukemic origin),3-6

and in vitro–expanded human CD341 cells.7-9 The existence of
bipotentMEPs in humanBMwasfirst reported in 1996;Debili et al10

identified bipotent MEPs within the CD341CD38lo and CD341

CD38mid fraction of BM. Since that time, multiple publications’ strat-
egies for MEP enrichment from CD341CD381Lin2 cells have been
described. Manz et al11 enriched MEPs using IL3RA2CD45RA2

selection. Edvardsson et al12 replaced the IL3RAwith thrombopoietin
receptor (myeloproliferative leukemia [MPL], CD110),13,14 and
showed that, in BM, theMPL1CD45RA2 fraction of CD341CD192

cells was restricted to Mk and E fates. They also found that other
CD341 cells did not stain for MPL, which was unexpected, as
hematopoietic stem cells (HSCs) express MPL mRNA, and TPO
promotes HSC self-renewal.15-18 This discrepancy was addressed
in later studies19 showing that the BAH-1 clone20 of anti-MPL
antibody used is not specific for MPL. Abbot et al,19 using more
sensitive and specific anti-MPL antibodies (clones 1.6 and 1.7),
showed thatMPL is expressed on a larger percentage of CD341 cells,
as expected. They also showed that the BAH-1 clone has both false-
positive and false-negative activity on MPL2 and MPL1 cells, re-
spectively. It is unknown if more specific MPL antibodies (eg, clone
1.6) are useful for purifyingMEPs, andwhich hematopoietic stem and
progenitor cells (HSPCs) subsets have surface expression of MPL.
A third21 published approach to enrich primary human MEP is the
FLT32CD45RA2 population, which was reported to contain almost
entirely E potential, and to lack granulocyte/monocyte differen-
tiation potential in methylcellulose colonies, but for which theMk or
E/Mk potential were not assessed. In summary, primary human MEP
purification strategies described to date are inconsistent in the source of
HSPCs and the assays used for quantifying biphenotypic potential. In
addition, these strategies have not been applied to the enumeration of
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MEPs inmobilized peripheral blood (MPB), the predominant source of
HSPCs used clinically.

A recently published study suggests that adult humans do not
have MEPs and that megakaryocytes are derived directly from
HSCs or multipotent progenitors (MPPs).22 Consistent with these
findings, murine studies have revealed that HSPCs under stress
conditions may commit to the Mk lineage without seeming to go
through the MEP stage of differentiation. Strong molecular and
functional data suggest that there are von Willebrand factor–
expressing murine HSPCs that are biased toward the Mk lineage.23,24

Also,murine single cell transplantation of daughter cells produced in
vitro provided evidence for a relatively long-term (;6months) self-
renewing population of Mk-committed hematopoietic stem/
progenitor cells.25

In vitro, a MEP should retain both Mk and E potential and should
lack the potential to differentiate down other myeloid lineages
(monocytes, granulocytes). Such MEPs are distinct from unipotent
megakaryocyte and erythroid progenitors (MkPs and ErPs), as well as
more multipotent progenitors, such as common myeloid progenitors
(CMPs) and MPPs. To distinguish between assumed marker-pure
subsets from functionally pure subsets, one needs an assay with single
cell resolution, but with high capacity so that hundreds of cells can be
assayed simultaneously to assess not only the quantification of this
purified population, but also themolecularmechanisms onwhich their
function relies.

Together, these data indicate that improved approaches for both
purification and functional characterization of human MEPs are
needed. In this report, we describe a novel dual detection approach
for single cell colony-forming unit (CFU) capable of differentiation
down both theMkandE lineage,whichwe call CFU-Mk/E, allowing
the identification and quantitation of functional MEPs. Applying this
assay tofluorescence-activated cell sorter (FACS)-sorted populations,we
find that the Lin2CD341CD38midCD45RA2FLT32MPL1CD362

CD412 population is much more highly enriched for bipotent MEPs
than populations previously reported. We also developed sorting
strategies for purifying primary human MkPs and ErPs, assessed as
CFU-Mk and CFU-E.

These highly enriched populations can be used to better understand
the Mk vs E lineage fate decision of MEPs. Transcription factors are
major drivers of hematopoiesis, guiding a cascade of gene expression
programs that determine the fate decision of different types of stem and
progenitor cells.26Comparative expression analyses inMEP,MkP, and
ErP cells revealed differential expression of the transcription factor
MYB, a known participant in Mk-E lineage choice. MYB targets genes
important forEdifferentiation27,28; however, its role in thebiphenotypic
fate decision in human MEPs has been unknown. We tested whether
alterations in MYB concentration affect the Mk-E fate decision at the
single cell level in bipotent MEPs and found that MYB knockdown
promoted commitment of MEPs to the Mk lineage, further defining
its role inMEP lineage fate. Thus, the improved approaches for the
identification and quantitation of primary functional human MEPs
provide novel tools for studies of biphenotypic fate decisions innormal
and altered hematopoiesis.

Materials and methods

Cell source, preparation, and FACS

Human granulocyte colony-stimulating factor (G-CSF) MPB was either CD34-
enriched (CliniMACS; Miltenyi) and cryopreserved in 10% dimethyl sulfoxide
for future use or was used fresh for sorting. Human BM was purchased from

Lonza (Walkersville, MD). For non–CD34-selected cells, immunomagnetic
lineage depletion was performed using biotinylated antibodies against CD2,
CD11b, CD14, CD15, CD20, and CD56 (full list of antibodies in supplemental
Table 1, available on the Blood Web site) followed by streptavidin-coated
BD-IMAGbeads (BectonDickinson) according to themanufacturer’s instructions.

Cell sorting

Lineage-depleted or CD34-selectedMPB or BM cells were stained with desired
antibodies and sorted on a FACSAria. The sorted populations were collected
in culture medium and counted for cell concentration and postsort viability
(range, 86-95%).

Modified MegaCult assays

For the Dual Mk/E colony assay, 250 sorted cells were plated in 2 plates
(125 cells per plate) of MegaCult C Medium plus Lipids (Stem Cell
Technologies) with rhEPO (recombinant human erythropoietin) (3.0 U/mL),
recombinant human interleukin rhIL-3 (10 ng/mL), rhIL-6 (10 ng/mL), and
rhSCF (recombinant human stem cell factor) (25 ng/mL), with/without
rhTPO (recombinant human thrombopoietin) (50 ng/mL). All cytokines
were purchased from ConnStem (Cheshire, CT) except rhEPO (Amgen).
Fixed and dried MegaCult cultures were then stained using a dual immuno-
histochemistry assay adapted frompublishedmethods,29 using rabbit anti-GlyA
antibody (1:1500, ABD Serotec, clone YTH89.1), horse anti-rabbit Impress-
horseradish peroxidase secondary kit (Vector Labs) signal amplification,
and nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate.30 For Mk
staining, we used mouse anti-human CD41a antibody (BD), and then goat
anti-mouse Impress-AP secondary (Vector Labs), ABC-AP, followed by
detectionwithVector Red substrate (Vector Labs). Alternatively, we also stained
Mks with anti-vWF antibody clone F8/86 (Dako) and detected the signal with
Vector SG (Vector Labs). Colonies were scored based on GlyA and CD41a
staining as megakaryocyte only (CFU-Mk), erythroid only burst forming unit
(BFU)-E, ormegakaryocyte1 erythroid (CFU-Mk/E).We also performed liquid
culture of sortedMEPs in StemSpan Serum Free ExpansionMedium (Stem Cell
Technologies) with rhEPO (3.0 U/mL), rhIL-3 (10 ng/mL), rhIL-6 (10 ng/mL),
and rhSCF (25 ng/mL) with/without rhTPO (50 ng/mL) for 48 hours.

Methylcellulose assay

Cells were plated inMethocult (StemCell Technologies) per the manufacturer’s
instructions.

Statistical analysis

Average cloning frequencies for each colony assaywere comparedusingStudent
t tests.

Gene expression analysis

RNAwas extracted from sorted MEPs, MkPs, and ErPs using the RNAqueous-
Micro Total RNA Isolation Kit (Ambion). Briefly, 1 to 10 ng total RNA was
reverse transcribed using the iScript cDNA synthesis system (BioRad).
Polymerase chain reaction (PCR) was performed in triplicate for each reverse
transcriptase (RT) product, following the manufacturer’s protocol with Syber
Green on a CFx96 Real Time System, and threshold cycles forGATA1,GATA2,
ITGA2B, ITG3B, CD36, GFI1B, KLF1, CA1, FLI1, IL6R, NFE2, TFRC, VWF,
andMAXwere normalized toGAPDH expression. ForMYB (Hs00920556_m1)
mRNA analysis, RT-PCR was performed using TaqMan (Applied Biosystems),
and threshold cycles were normalized to Ct values of corresponding 18S
(4333760T) rRNA reactions. Relative gene expressionwas calculated as 22DDCT.

MYB vector cloning and production. Lentiviral vector pLKO.8 was
produced in the laboratory of Jun Lu (Yale University), by replacing the
puromycin resistance gene in pLKO.231with enhanced green fluorescent protein
(GFP) cDNA amplified by oligonucleotide pairs: agcggatcctcgccaccatggtgag
caag and aggggtaccagctagctactagctagtc from pMIRWAY-GFP.32,33 pLKO.8
was used with short hairpin RNA (shRNA) against MYB or against luciferase
(shLuc). The sequences of the shRNAs against humanMYB were obtained
from the RNAi Consortium (http://www.broad.mit.edu/genome_bio/trc/):
shMYB-1 and shMYB-2 clones areTRCN0000040058andTRCN0000009853,
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respectively. For lentivirus production, 90% confluent 293T cells were
transfected with pLKO.8 shMYB-1/2 (or pLKO.8 shLuc), Gag/VSVG, and
Gag/Rev with FuGENEHD (Promega). Virus was collected 24, 36, 48, and 60
hours after transfection, and each collection was 0.45-mm filtered, concentrated
usingAmiconfilters (Millipore, Billerica,MA), and frozen in aliquots at280°C.

Transduction. CD341 cells were cultured at 5 3 105 cells/mL in ex-
pansion media (100 ng/mL hFLT3, 100 ng/mL SCF, 20 ng/mL IL-3, 20 ng/mL
IL-6, and 20 ng/mL hTPO) in StemSpan Serum Free Expansion Medium (Stem
CellTechnologies) for16hours, transducedwith lentivirusatMOI9, andsorted for
GFP1Lin2CD341CD38midCD45RA2FLT32MPL1CD362 cells 24 hours later.

Human subjects. All work was conducted according to Declaration of
Helsinki principles.Collection anduseof humancellswere approved by theYale
University institutional reviewboard.Healthydonorswhowere alreadydonating
cells for allogeneic transplantationprovidedwritten informedconsent prior to use
of their extra G-CSF mobilized cells for research.

Results

Assay for quantitating biphenotypic MEPs

To date, no method for purifying primary human MEPs yields a
homogeneous, bipotent population of cells. Instead, current methods
yield a population of cells that is a mix of bipotent progenitors (MEPs),
unipotent progenitors (MkPs and ErPs), and progenitors with broader
myeloid potential. To determine the relative numbers of each progeni-
tor type in these populations, we developed an assay combining
modification of a commercial collagen-based colony assay (MegaCult)
with dual immunohistochemistry for CD41a and GlyA (Figure 1A). In
this Dual CFU-Mk/E assay, we cultured candidate MEP subpopula-
tions with cytokines that promote simultaneous Mk and E differenti-
ation. Three types of colonies were quantitated: (1) BFU-Ewith typical
BFU-E morphology and GlyA staining; (2) CFU-Mk, which had
typical CFU-Mk morphology and CD41a staining; and (3) dual CFU-
Mk/E colonies,which hadmorphologic characteristics ofCFU-Mkand
BFU-E, plus dual staining for CD41a and GlyA (Figure 1B).

Direct comparison of previous MEP purification methods

Three published methods were compared for enrichment of primary
human MEPs from the CD341CD381Lin2 population (Figure 2A).

Each method identified granulocyte-monocyte progenitor (GMP) as
CD45RA1. Thus, the primary difference in thesemethods is in how the
CD45RA2 populations were separated (Figures 2B-D) based on
IL3RA,11 FLT3,21 orMPL.12 For all 3 strategies, we used fluorescence
minus one (FMO) to gate for the negative populations (Figure 2E). In
our hands, the staining patterns for IL3RA and FLT3 were consistent
with the original publications.However,MPL staining (Figure 2D)was
different, likely due to the use of antibody clone 1.6 (as discussed in
the “Introduction”). Perhaps surprisingly, nearly all CD341CD381

cells expressed higher levels of MPL than the FMO, suggesting that
in addition to HSCs, most hematopoietic progenitors express MPL.
Therefore, we gated on MPLlo/2 vs MPL1 cells.

Sorted cells were analyzed using 2 different colony assays
(Figure 2F-G). The first was a standard methylcellulose assay
containing cytokines (EPO, IL-3, SCF, GM-CSF, G-CSF) that
promote growth of CFU-granulocyte/monocyte (G/M) and CFU-
granulocyte, erythrocyte, monocyte/macrophage, megakaryocyte
(GEMM)/Mix, as well as BFU-E. Highly enriched candidate MEP
populations, as well as MkP and ErP, should contain little to no G/M
or GEMM potential, whereas CMPs and granulocyte-monocyte
progenitors will contain CFU-GEMM and CFU-G/M or CFU-G/M,
respectively. Second, the dual Mk/E assay was used to quantitate
CFU-Mk/E, CFU-Mk, and BFU-E. Results showed that sorted
GMP (CD45RA1) contained no Mk or E potential (Figure 2F) and
purely CFU-G/M potential (Figure 2G). Populations enriched for
CMP (FLT31, IL3RA1) had mixed potential for all colony types,
as expected. All 3 MEP-enriched populations tested (FLT32,
IL3RA2, and MPL1) had similar CFU-Mk/E cloning potential
with;10% to 15% of cells being CFU-Mk/E (P. .05). However,
the CFU-G/M, CFU-GEMM, BFU-E, and CFU-Mk contents varied.
The FLT32 population had the lowest CFU-G/M contamination
(P, .05 vs IL3R2), and theMPL1 population had the lowest BFU-
E (P, .05 vs FLT32 or IL3R2), suggesting that MEP enrichment
could be improved by combining approaches to achieve better
BFU-E and CFU-G/M depletion. The MPLlo/2 population
contained little to no CFU-Mk/E or CFU-Mk potential, but retained
BFU-E and G/M potential, implying that true MEP express MPL
on their surface, which is lost after erythroid commitment. Note that
there was no statistical difference between the BFU-E quantitated in

+ +ErP MEP

FACS Sort Cells Collagen-based Colony Assay

Fix and Stain for
CD41a + GlyA

13-15 days
culture

MkP

A B

ii

iii iv

i

GlyA CD41a

Figure 1. Use of the dual CFU-Mk/E assay to quantify bipotent MEPs. (A) Schematic of the dual CFU-Mk/E assay to determine Mk/E potential of FACS-sorted

populations. Candidate MEPs are plated in a collagen-based colony assay with EPO, TPO, SCF, IL-3, and IL-6 to promote growth of megakaryocyte and erythroid colonies.

After 13 to 15 days of culture, colonies are fixed and stained for CD41a (Mk specific) and GlyA (E specific). (B) Representative images of different colony types are shown. (i)

Typical BFU-E stains for GlyA (purple) only. (ii) CFU-Mk stains for CD41a (red) only. (iii-iv) Two representative CFU-Mk/E colonies show prominent CD41a1 Mk within a burst

of GlyA1 cells. Scale bar, 100 mm.
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Megacult vs methylcellulose assays (paired t test, P 5 .58, n 5 68
conditions).

Two caveats prevent precise quantification of the frequency of
MEP: (1) colonies with both Mk and E cells can result from MEP,
CMP, or pre-CMPpopulations and (2) anMEPmaynot alwaysgrowas
a colonywith bothmatureMk andE being apparent. Therefore, we can
at least provide the current best approach for enriching cells that have
both Mk and E potential and lack potential to form colonies with
granulocytes and/or monocytes.

Improved MEP enrichment by selection for FLT32MPL1 cells

We tested whether MEP enrichment could be improved by combining
sorting approaches. Based on results from Figure 2, we combined

sorting for FLT32 and MPL1 cells. We did not further pursue IL3RA
because the IL3R2 and IL3R1 fractions had nearly equivalent CFU-
Mk/E potential (P. .05). To be able to sort cells that were MPL1 and
FLT32 cells, we modified the approach for simultaneous staining of
FLT3 andMPL (Figure 3A). Comparedwith total Lin2CD341CD381

FLT32 cells, the Lin2CD341CD381FLT32MPL1 fraction had 36%
improved enrichment for CFU-Mk/E and the FLT3-MPLlo/2 fraction
had a 44% decrease in CFU-Mk/E (Figure 3B). The FLT32MPL1

population had a high cloning efficiency (726 6.7 colonies/100 cells),
25% of which were CFU-Mk/E, with the rest being CFU-Mk and
BFU-E. The FLT32MPLlo/2 fractionwasmostly comprised ofBFU-
E. The FLT32MPL1 fraction had only 0.73% CFU-G/M 1 CFU-
GEMM (Figure 3C). Although there is inter-donor variation, in every
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Figure 2. Comparison of 3 different MEP purification strategies for enrichment of CFU-Mk/E. Human MPB mononuclear cells were fractionated using 3 different

approaches and analyzed for colony formation in the dual Mk/E assay and methylcellulose as described. (A) Starting from previously gated Lin2 cells, CD341CD381 cells (*)

were equivalently selected using each of 3 MEP purification strategies. (B-D) The candidate MEP population (orange) is CD45RA2 (x-axis) and either IL-3Ra2 (CD123,

strategy 1), FLT32 (CD135, strategy 2), or MPL1 (CD110, strategy 3). The corresponding CMP (blue) and GMP (purple) populations are highlighted for each strategy. CMPs

were also sorted for comparison. Percentages of total CD341Lin2 cells appear with gates. (E) FMO control used for strict gating of PE negative (bottom left gate) vs positive

events shown in B-D. (F) For the dual Mk/E assay, colonies were enumerated based on dual immunohistochemistry for CD41a and GlyA. (G) For methylcellulose, colonies

were enumerated based on typical morphology and validated with Wright-Geimsa–stained cytospins of selected colonies (data not shown). Results presented as an average
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experiment performed, there was enrichment for CFU-Mk/E in
FLT32MPL1 compared with total FLT32 (P 5 .02) or FLT3-

MPLlo/2 (P 5 .01) cells (data not shown).

MEPs are primarily in the CD38mid subpopulation

When we assessed the separate CD382, CD38lo, CD38mid, and CD38hi

populations ofLin2CD341CD45RA2FLT32MPL1cells,we found that
CFU-Mk/E were enriched, and CFU-G/M together with CFU-GEMM
were depleted from the CD38mid population (Figure 4), excluding the
possibility of containing CMPs or MPPs. Analysis of the proportion of
CFU-Mk/E in the different populations reveals that 70% of CFU-Mk/E
are in the MPL1 population (supplemental Figure 1A), and within the
MPL1 population, 63% of CFU-Mk/E are in the CD38mid population
(supplementalFigure1B).Similarly,.60%ofCFU-Mkare in theMPL1

population. In contrast, the majority of BFU-E are in the MPL2 fraction
(supplemental Figure 1A).We observed a higher proportion of CFU-Mk
in the CD382 fraction; however, this population also gives rise to a high
number of other myeloid colonies (CFU-G/M and especially CFU-
GEMM), so we cannot rule out their MPP/CMP potency (Figure 4B-C).

Simultaneous enrichment approaches for MEPs, MkPs,

and ErPs

Importantly, we observed that gating on CD38hi cells provides a
significant increase in enrichment for CD361 cells and for BFU-E

in both the dual CFU-Mk/E and methylcellulose assays even when
the cells are MPL1 (Figure 4B-C). Based on this observation, we
developed strategies to enrich for ErPs (Lin2CD341CD38highFLT32

CD45RA2MPL2) and MkPs (Lin2CD341CD38midFLT32

CD45RA2MPL1CD362CD411) as shown (Figure 5A). Although
the resultant populations are not 100% pure, they result in the highest
purifications todate of primary humanMEPs,MkPs, andErPs.TheErP
population is greatly enriched (80% purity) for BFU-E with a small
percentage of CFU-Mk/E and CFU-Mk. The absolute CFU-Mk/E
content of the MEP population (Lin2CD341CD38midFLT32MPL1

CD362CD412) varies from 45% to 60% of cells plated, and this
percentage is consistently higher than in the MkP population, which is
comprised of.70% CFU-Mk. Although the fractions of CFU-Mk/E,
BFU-E, andCFU-Mkare not identical fromdonor to donor, the relative
enrichment of each in the 3 sorted populations is consistent (n 5 5
donors). We next tested whether these sorting strategies for MEPs,
MkPs, and ErPs are also applicable in primary human BM. We
performed CFU assays on sorted BM subpopulations and found
that they were enriched for CFU-Mk/E, CFU-Mk, and BFU-E in
proportions very similar to MPB (Figure 5B-E).

To compare our findings to 2 recent papers that rely on CD71
expression to distinguish cells with erythroid potential22,34 and also on
CD105 as a marker for commitment to BFU-E, we assessed CD71
and CD105 expression in our newly established MEP, MkP, and
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ErP populations and also in subpopulations separated according to
differential CD38 expression (CD382, CD38low, CD38mid, CD38high).
In our hands, there is no difference in CD105 expression between any
of the populations analyzed; however, there is a strong correlation
between CD38 and CD71 expression, as CD38high cells (ErP) have the
highest intensity of CD71 compared with MEPs and MkPs, as well as
CD38mid, CD38low (supplemental Figure 2).

Purification of MEPs, MkPs, and ErPs provides an excellent
system for elucidating how exogenous factors may influence

the fate decision. In preliminary studies, we performed the dual
CFU-Mk/E assay with sorted MEPs in the presence and absence of
TPO to test whether this cytokine affects the Mk vs E fate decision.
We observed that TPO plays a role in the proliferation/survival of
all colony types (Mk/E, Mk, and E), but does not affect the rela-
tive distribution of colony types (supplemental Figure 3A). Dual
CFU-Mk/E assays performed in the absence of EPO grew only Mk
colonies, consistent with the role of EPO in erythroid maturation
(data not shown).
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Use of purified MEP to assess the role of MYB in the MEP

fate decision

We next compared the gene expression profiles of highly purified
MEPs, MkPs, and ErPs. The data show differential expression with
MkP, expressing the high levels of ITGA2B (CD41), ITG3B (CD49C),
NFE2, and VWF. The unique ErP signature includes expression of
CD36, CA1, and KLF1 and elevated levels of MYB compared with
MEPs and MkPs (Figure 6A). This is consistent with published

data28,35,36 that MYB expression promotes erythroid differentiation
while inhibitingMk differentiation. Also, these data suggest thatMEPs
are not biphenotypic, with known unique markers of both Mk and E
cells that are lost on differentiation.

No studies have directly shown that MYB can influence lineage
choice in human MEPs. We knocked downMYB expression in MEPs
isolated as described above with 2 different shRNAs against MYB
(Figure 6B-C). Inhibition was .60% for both MYB mRNA and
protein. To assess the effect of MYB knockdown on the Mk vs E fate
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decision, 24 hours after transduction, GFP1 (transduced) MEPs were
sorted as Lin2CD341CD38midFLT32MPL1CD362CD412 cells and
plated in the CFU Mk/E assay. Knockdown of MYB increased
CFU-Mk at the expense ofCFU-Mk/EandBFU-E (shCTRvs shMyb#1,
P5 .01 and shCTRvs shMyb#2,P5 .0009), confirming thatMYBplays
a role in theMEPfatedecision inhibitingMkcommitment andpromoting
E commitment (Figure 6D). Consistent with the lack of effect of TPO on
CFU distribution, there is no statistically significant difference in MYB
expression level betweenMEP cultured in the presence vs in the absence
of TPO (supplemental Figure 3B).

Discussion

The process of hematopoiesis is one of the best-studied models of
lineage choice and cell fate determination.However, our understanding
of this process is far from complete. Transcriptome-based studies
demonstrate the complexity of this process, even between closely
relatedprogenitor populations.37Remarkably, strategies to functionally
identify or to purify homogeneous populations of human MEPs, a
critical cell in Mk and E fate choice, have been lacking. To determine
the efficacy of different MEP purification strategies, we developed a
method to quantitate functionalMEPs as single cells capable ofMk and
E differentiation exclusively. By assessing the same populations in
standard methylcellulose assays, we excluded the presence of more
multipotent progenitors, such as CMP and multipotent progenitors,
which would differentiate down the granulocytic and monocytic
lineages in addition to Mk and E.38

Using this assay, we performed the first direct comparison of MEP
purification methods from MPB. This allowed us to develop an
improved strategy for enrichingMEPs fromMPB and BM in the Lin2

CD341CD38midFLT32MPL1CD362CD412 population. The bipo-
tent MEPs are distinct from unipotent MkPs and ErPs, which were
also purified in this study. Although our approach is a significant
improvement over prior methods, there is room for improvement in
precisely defining human MEPs. Combining our dual detection with
other emerging technologies may allow further refinement in the MEP
population.

Alternate hierarchical models of hematopoiesis have been pro-
posed,wherein a pool of long-term self-renewing stem cells or cells that
have the surface phenotype of HSCs and MPPs are already Mk
committed39 or have the ability to commit directly to theMk lineage.40

In addition to murine studies cited in the introduction and above, a
recently published study suggests that in adult humans, Mk/E activity
together with multipotency are restricted to the stem cell compartment
with no intermediate bipotent progenitor.22 However, there are
numerous differences between our studies that may explain why these
investigators22 did not identify primary MEPs in adult humans. (1)
They present results from Lin2CD341CD38hi for the presumed MEP
gating strategy.We show thatmost of the cells fromCD38hi population
are erythroid committed, lacking both Mk and Mk/E potential,
corroborating one of the first studies to identify human MEP using
single cell assays, where they showed that 90% of CD341CD381 cells
give rise to erythroid colonies, whereas theMk andMk/E potential was
observed in both CD341CD38mid and CD341CD38low/2 fractions.10
(2) When they identified cells that give rise to both erythroid and
megakaryocyte colonies in the CD341CD38lo population, they identi-
fied these cells as being multipotent progenitors. We also found
significant Mk activity in the CD382 fraction, and it is likely that
someMEP are CD38lo. However, this population is also enriched for
CFU-G/M and CFU-GEMM, thus decreasing its utility in an MEP

purification strategy. (3) Perhaps themost significant differencebetween
our studies is the antibodies used. The BAH.1 antibody used by Notta
et al22 is known not to target MPL.19 Cell lines that are known to lack
MPL expression (eg, TF1 cells) stain positively with the BAH.1 clone,
and some cells that are known to be MPL1 (eg, 32D cells transduced
with human cMPL) do not stain with this monoclonal antibody. Thus,
the cell populations analyzed in this report are likely to be different from
the ones sorted herein using clone 1.6, which has been confirmed to be
directed against humanMPL.19 Overall, our findings do not exclude the
possibility of megakaryocytes being generated directly from cells in the
hematopoietic stem/multipotent progenitors pool, especially under
stress conditions. It is likely that there are multiple routes in vivo to
generate cells that are extremely important for survival such as platelets
(Figure 7). (4) Another difference between the studies is the single cell
assays used.We usedCFUs in semisolidmedium, whereas Notta et al22

cultured single cells on an MS5 feeder layer for 3 weeks and assayed
the progeny by FACS analysis.

Our improved MEP, MkP, and ErP purification strategies have
similar FACS gating patterns and dual CFU-Mk/E assay results in
MPB and BM. In addition, we provide new data showing wide
expression of MPL on hematopoietic stem and progenitor cells.
An example of the utility of our methodologies is our observation,
for the first time, of the role of MYB in lineage choice in human
MEPs. DecreasingMYB expression in MEPs resulted in increased
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Figure 7. Proposed model for human hematopoiesis. The classical model of

hematopoiesis was based in hierarchical and sequential differentiation from

hematopoietic stem cells to mature cells. However, recent studies provide evidence

that mature cells such as megakaryocytes could be derived directly from HSCs. We

propose a model that there is more than one origin of megakaryocytes, likely

dependent on need. We observed that the heterogeneous mixture of cells within the

Lin2CD341CD382 population includes cells that can give rise to megakaryocytes

directly. This is in addition to a strictly bipotent MEP population that gives rise to

megakaryocytes and erythrocytes. Solid arrows, validated in the manuscript.
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Mk colonies at the expense of erythroid and Mk/E colonies. This
observation complements studies of MYB knockdown by siRNA
in CD341 cells, which lead to increased megakaryocytic
differentiation.28 MYB favors erythropoiesis via binding to and
activation of KLF1 and LMO. More recent studies show MYB
induces erythropoiesis and restrains megakaryopoiesis through
the transactivation of miR-486-3p expression followed by
downregulation of MAF.27 Thus, these methodologies will have
broad applicability across studies of normal and perturbed
hematopoiesis, hematopoietic stem cell transplantation, and cell
fate determination.
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