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ABSTRACT: Hematopoietic stem cells (HSCs) are the
progenitor cells that give rise to all blood cells. The ability to
control HSC differentiation has the potential to improve the
success of bone marrow transplants and the production of
functional blood cells ex vivo. Here we performed an unbiased
screen using primary human CD34+ hematopoietic stem and
progenitor cells (HSPCs) to identify natural products that
selectively control their differentiation. We identified a plant-
derived natural product, eupalinilide E, that promotes the ex
vivo expansion of HSPCs and hinders the in vitro development
of erythrocytes. This activity was additive with aryl hydro-
carbon receptor (AhR) antagonists, which are also known to
expand HSCs and currently in clinical development. These findings reveal a new activity for eupalinilide E, and suggest that it
may be a useful tool to probe the mechanisms of hematopoiesis and improve the ex vivo production of progenitors for
therapeutic purposes.

Despite the enormous utility of natural products in
research and medicine, their effects on stem cell fate

have been relatively unexplored. The few examples that do
exist, e.g., phorbol esters, which are widely used to induce
macrophage differentiation,1 suggest that natural products
might be useful tools in stem cell biology. To this end, we
have begun to explore the utility of natural products for the
expansion of stem cells in their undifferentiated state. Many
adult stem cells are difficult to isolate and not very proliferative,
including muscle satellite cells,2 pancreatic β cell precursors,3

oligodendrocyte progenitors,4 and hematopoietic stem cells
(HSCs).5 The latter cells are particularly relevant since HSC
transplants are currently used to treat blood diseases, including
leukemias and autoimmune diseases, and the success of a
transplant directly correlates with the number of HSCs used.
However, because HSCs differentiate spontaneously when
placed in culture ex vivo, it is difficult to expand the number of
cells prior to transplant. Overcoming this exhaustion
phenomenon has long been a focus of regenerative medicine,
but current protocols have had limited success and rely mostly
on cytokines and other secreted factors.6,7 We8 and others9

have focused on the identification of small drug-like molecules
that control the self-renewal or selective differentiation of
HSCs. Here we report the results of an imaged-based screen of
a library of natural products using primary human CD34+ cells
to identify natural products that selectively differentiate or
maintain HSCs.

Primary human CD34+ cells isolated from mobilized
peripheral blood (mPB) were seeded into 384-well plates
(2500 cells per well) in medium optimized for their self-
renewal, yet permissive to myelo-erythroid differentiation
(serum free medium supplemented with thrombopoietin
(TPO), stem cell factor (SCF), FLT3 ligand (Flt-3L), and
interleukin-6 (IL-6)).8,10 A Novartis library of 704 pure natural
products from microbial and plant origin, selected to optimize
chemotype diversity, was added at a final concentration of 1
μM. The cells were incubated for 7 days, at which point the
cultures, consisting of a mixture of CD34+ and differentiated
cells, were analyzed by flow cytometry. The numbers and
percentages of HSCs, hematopoietic stem and progenitor cells
(HSPCs), and lineage-committed cells were determined based
on their immunophenotype: THY1+ (HSCs), THY1−CD34+

(HSCs and progenitors), and CD34− (lineage-committed
cells). Using this assay, we identified the plant natural product
eupalinilide E (Figure 1) as a promoter of HSPC self-renewal.
Treatment of CD34+ cells with 600 nM eupalinilide E (EC50,

210nM) did not change the total number of nucleated cells
after 7 days of culture, but induced a 50% increase in the
percentage of CD34+ cells and a 2-fold increase in the number

Received: January 10, 2013
Accepted: February 26, 2013
Published: February 26, 2013

Letters

pubs.acs.org/acschemicalbiology

© 2013 American Chemical Society 866 dx.doi.org/10.1021/cb4000234 | ACS Chem. Biol. 2013, 8, 866−870

pubs.acs.org/acschemicalbiology


of THY1+ cells, two HSC cell surface markers (Figure 2A). To
further evaluate the ability of eupalinilide to expand

hematopoietic progenitors ex vivo, we carried out long-term
cultures of mPB and cord blood (CB) CD34+ cells in self-
renewal medium. As observed in the 7 day assay, eupalinilide E
(600 nM) maintained a higher percentage of CD34+ cells than
vehicle-treated (0.1% DMSO) cultures, and although it did not
completely prevent differentiation, it slowed the loss of this
marker with time. In addition, although total cell numbers
remained similar during the first 10 days of culture, eupalinilide-
treated cultures significantly outgrew control cultures at longer
times. Interestingly, the magnitude of this effect differed
strongly between mPB (2-fold increase in total cell numbers

after 18 days) and CB (4.5-fold increase after 18 days), with
eupalinilide-treated CB cultures still growing after 40 days,
whereas vehicle-treated cultures were exhausted and consisted
of only differentiated cells. Consequently, after 45 days of CB
culture, the total number of cells was 45-fold greater in
eupalinilide E-treated cultures than vehicle-treated cultures
(Figure 2B). In differentiation-inducing medium (self-renewal
medium supplemented with four cytokines promoting differ-
entiation: erythropoietin (EPO), granulocyte-macrophage
colony stimulating factor (GMCSF), granulocyte colony
stimulating factor (GCSF), and interleukin-3 (IL3)), CD34+

cells proliferated slower in the presence of eupalinilide (600
nM), but whereas vehicle (0.1% DMSO) treated cultures
exhausted before 15 days, eupalinilide-treated cultures grew
past 20 days leading to a greater net expansion of cells (Figure
2B). These results support our hypothesis that the compound
promotes the expansion of an early hematopoietic progenitor.
We next assessed the differentiation potential of eupalinilide

E treated cells in colony-forming assays. MPB CD34+ cells
were cultured in self-renewal medium with eupalinilide E (600
nM) or DMSO (0.1%). After 7 and 14 days of bulk culture, the
resulting populations were transferred to semisolid differ-
entiation medium (which promotes full myeloerythroid
differentiation) for an additional 14 days, to allow for colony
formation. Eupalinilide E-treated day 7 cultures generated 2.3-
fold more total colonies compared to vehicle-treated cultures
(Figure 3A). A comparable increase was observed in erythroid
(E) and granulocyte-macrophage (GM) colonies and was
prominent with GEMM colonies, which increased 19-fold (a
difference visible macroscopically, see Supplementary Figure
2A). Day 14 cultures also showed a greater colony-forming
potential when treated with eupalinilide E instead of vehicle,
including a 3.6-fold increase in CFU-GM and 4.8-fold increase
in CFU-E (Supplementary Figure 1A). Together, these results
indicate that eupalinilide E promotes the maintenance of early,
mixed-lineage progenitors in cell cultures. Importantly, this
effect was also clear in cultures of cord blood (CB) CD34+
cells, where eupalinilide treatment (600 nM) led to a 13-fold
increase in CFU-GEMM and 15-fold increase in CFU-GM after
14 days, relative to control (0.1% DMSO) cultures (Supple-
mentary Figure 1B).
The results of the colony-forming assays further suggest that

eupalinilide E does not alter the fate of hematopoietic
progenitors irreversibly since CFUs in the eupalinilide-treated
samples retained the capacity to proliferate and differentiate
once inoculated in compound-free medium. However, in long-
term cultures under differentiation conditions, the presence of
eupalinilide E inhibits culture exhaustion and differentiation
(Figure 2B). This latter result suggests that the outcome of the
colony-forming assays might be different if eupalinilide E is
present during the semisolid culture. To test this notion, mPB
CD34+ cells were first cultured in self-renewal medium with
600 nM eupalinilide E. After 7 days, the compound was washed
out, and cells from this single pool were then inoculated into
either DMSO-treated (0.01%) or eupalinilide E-treated (600
nM) semisolid differentiation medium. Colonies were scored
after 14 days of culture (Figure 3B). Importantly, the total
number of colonies formed in the presence of eupalinilide and
in the presence of vehicle was similar, further confirming that
the compound does not inhibit the proliferation of CFUs.
However, while numerous E and GEMM colonies formed in
the presence of vehicle, these colonies formed in much lower
numbers in the presence of eupalinilide E, suggesting that the

Figure 1. Structure of eupalinilide E.

Figure 2. Eupalinilide E increases HSPC stemness markers and culture
expansion. (A) MPB CD34+ cells were cultivated for 7 days in self-
renewal medium with vehicle (DMSO) or eupalinilide E (600nM).
Total number of cells and numbers of CD34+ and THY1+ cells were
measured by flow cytometry. (B) Cord blood CD34+ cells were
cultured in self-renewal medium or differentiation medium (self-
renewal medium supplemented with 50 ng/mL EPO, GMCSF, GCSF,
and IL3) and treated with DMSO or eupalinilide E (600nM). Cells
were passaged regularly to maintain cell density below 1 million/mL,
and total cell numbers were counted at regular intervals as indicated.
Data shown are representative of at least 3 independent experiments.
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compound has an inhibitory effect on erythropoiesis. Instead,
cells inoculated in the eupalinilide treated medium formed
higher numbers of myeloid (M, GM, and G) colonies.
Interestingly, M and GM colonies in eupalinilide-treated
samples were also significantly larger and, unlike their
counterparts from the untreated cultures, were easily visible
with the naked eye (Supplementary Figure 2B).One explan-
ation for this observation is that the compound increases the
number of GEMM-colony forming progenitors in the culture
but prevents these progenitors from differentiating down the
erythrocyte lineage. As a result, large GEMM colonies form but
do not acquire pigmentation and are therefore scored as GM.
Alternatively, the block on erythroid differentiation may divert a
larger number of these mixed-progenitors toward myeloid
lineages. Together these results are consistent with the
phenotype observed after 7 day cultures and support our
hypothesis that eupalinilide E promotes the expansion of
erythro-myeloid progenitors by generally slowing their differ-
entiation and, at least in part, by blocking erythroid
differentiation.
To further investigate the effects of eupalinilide E on the

hematopoietic hierarchy, we tested whether the compound
influences the emergence of different hematopoietic progeni-
tors, including megakaryocyte-erythrocyte progenitors (MEPs,
CD34+CD110+) and granulocyte-monocyte progenitors
(GMPs, CD34+CD45ra+). Human mPB CD34+ cells were

cultured with 600 nM eupalinilide E or 0.1% DMSO, in self-
renewal medium lacking TPO to prevent the endocytosis of
CD110 (the TPO receptor). After 7 days in culture, the
number of MEPs was 25% lower with eupalinilide E than in
control cultures (Figure 4A). Simultaneously, cells expressing
CD45RA decreased 20% in the presence of eupalinilide E (data
not shown). The observation that the development of these
two committed progenitors is inhibited by eupalinilide E is
consistent with the colony forming assay results indicating that
the progenitors expanded by eupalinilide possess dual
erythroid-myeloid potential mand may bear more resemblance
to common myeloid progenitors (CMP, CD34+CD45ra−
CD110−).
To determine the effects of eupalinilide on erythrocyte

differentiation, we cultivated HSPCs in self-renewal medium
supplemented with EPO, a cytokine critical for the survival and
proliferation of erythroblasts. Analysis of markers specific for
the erythrocyte lineage (CD71 and glycophorin A) revealed
that although eupalinilide E did not prevent the development of
erythroblasts (CD71+GlyAlow cells), it significantly decreased
the percentage of terminally differentiated erythrocytes
(CD71+GlyAhi cells) after 7 days of culture (Figure 4B).
Intriguingly, CD71+GlyA− cells doubled in the presence of
eupalinilide E. Moreover, under self-renewal conditions,
eupalinilide E induced a 2.6-fold increase in CD71+ cells after
7 days (Figure 4C,D). Although CD71, the transferrin receptor,
is widely used as a marker for early erythrocytes, it is specifically
expressed by dividing blood cells.11,12 We therefore cannot
exclude that the CD71 increase observed with eupalinilide E
may not reflect an increase in early erythrocytes, but instead
stem from an induction of proliferation by the compound, as
we observed in long-term cultures in self-renewal medium.
Together these results are consistent with the results of the
colony forming assays and suggest that eupalinilide E inhibits
erythropoiesis at two levels, MEP emergence and terminal
erythrocyte maturation.
Finally, although the lack of synthetic routes to eupalinilide E

hinders the generation of affinity probes for target identi-
fication, we investigated a number of potential cellular pathways
that may be modulated by the compound. First, we determined
whether the activity of eupalinilide E was dependent on the
cytokines present in the self-renewal medium, which are known
to play important roles in ex vivo HSC cultures. Surprisingly,
the stem cell phenotype induced by eupalinilide E was
independent of the 4 cytokines included in the self-renewing
medium. The compound maintained higher percentages of
CD34+ and THY1+ cells, regardless of the cytokines present in
the medium, as long as one cytokine was present to allow cell
survival and proliferation (Supplementary Figure 3).
Eupalinilide E is a sesquiterpene lactone natural product

whose isolation was first reported in 2004 from the plant
Eupatorium lindleyanum.13 The only activity reported so far for
this compound is cytotoxicity against P-388 and A-549 tumor
cell lines. However, several sesquiterpene lactones have been
shown to inhibit NF-κB signaling by alkylating cysteine residues
in the NF-κB DNA-binding domain, leading to its inactiva-
tion.14,15 We tested 4 sesquiterpene lactone analogues of
eupalinilide E, some described as NF-κB inhibitors in the
literature (Supplementary Figure 4) in the standard 7-day HSC
differentiation assay. While the EC50 we observed for
eupalinilide E is 211 nM (EC100 < 1 μM), none of the
other compounds recapitulated eupalinilide’s phenotype.
Importantly, except for an analogue of cumambrin B, all

Figure 3. Eupalinilide E increases CFU-GEMM and CFU-E but
inhibits the development of erythrocytes in HSPC cultures. (A) MPB
CD34+ cells were cultured for 7 days in self-renewal medium in the
presence of 600 nM eupalinilide E or DMSO, then transferred into
methylcellulose semisolid differentiation medium for colony for-
mation. Colonies were scored after 14 days. (B) MPB CD34+ cells
were cultivated in self-renewal medium for 7 days with 600 nM
eupalinilide E. Cells were then washed and inoculated into serum-free
methylcellulose with or without eupalinilide E (600nM). Colonies
were scored after 14 days. Data are represented as mean ± standard
deviation. p-values were obtained with Student’s t-test.
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sesquiterpene lactones tested showed cytotoxicity at the same
concentration as eupalinilide E (starting around 1 μM), thereby
excluding the possibility that the lack of activity of the
analogues is due to an insufficient dose. These results suggest
that the activity of eupalinilide E on HSPC differentiation is
mediated by pathways other than NF-κB.
Antagonism of the aryl hydrocarbon receptor (AhR) also

promotes HSPC expansion.8 We therefore tested eupalinilide E
in an AhR antagonism assay that measures the ability of the
compound to inhibit the activation of an AhR-driven reporter
construct triggered by dioxin (a potent AhR agonist). This
reporter contains several dioxin response elements (DRE),
sequences that are bound by AhR in the presence of TCDD
(tetrachlorodibenzodioxin). Eupalinilide E did not inhibit DRE
activity (Supplementary Figure 5A) even at concentrations
equal to twice its EC100 (750 nM, see Figure 4D).
Furthermore, the combination of eupalinilide E and the AhR
antagonist SR1 had an additive effect on CD34+ cell expansion
(Supplementary Figure 5B), indicating that eupalinilide may be
acting through a different pathway. Interestingly, the increase in
CD71+ cells induced by eupalinilide E was not observed with
SR1, suggesting that eupalinilide E affects HSPC differentiation
by a distinct mechanism.
A number of small molecules have been reported that

increase HSPC expansion ex vivo, including AHR antago-
nists8,16 and p38 inhibitors.9 The effects of natural products on
somatic stem cells, however, remain largely unexplored. A
recent report described the ex vivo expansion of HSCs with
garcinol,17 a plant-derived histone acetyltransferase inhibitor.
Here we report the identification of a plant natural product,
eupalinilide E, as a promoter of the expansion of myelo-

erythroid hematopoietic progenitors. Our results suggest that
the compound acts by inhibiting differentiation, particularly to
the erythrocyte lineage. Although the biological target of
eupalinilide E remains unknown, this work highlights the ability
of natural products to modulate stem cell biology.

■ METHODS
Chemicals. Eupalinilide E and sesquiterpene lactone analogues

were obtained from the Chinese Institutes for Materia Medica through
their collaboration with the Novartis Natural Products Unit. The
isolation and purification of these compounds has been described
previously.13 TCDD was purchased from Crescent Chemical Co., Inc.

CD34+ Cell Culture. All experiments were performed in HSC
expansion media (StemSpan SFEM, StemCell Technologies)
supplemented with 1× antibiotics and the following recombinant
human cytokines: thrombopoietin, IL6, Flt3 ligand, and stem cell
factor [100 ng/mL, R&D Systems]) unless otherwise indicated.
Human mPB CD34+ cells were purified from fresh human
leukophoresed mobilized peripheral blood (AllCells) using direct
CD34 progenitor cell isolation kits (Miltenyi Biotec) following
manufacturer’s protocols. Human CB cells were purified from fresh
cord blood (Bioreclamation), using the same protocol.

Small Molecule Screen. CD34+ cells were resuspended in HSC
expansion medium (5 × 104 cells/mL) before being aliquoted in 384-
well plates (Greiner Bio-One). Compounds were added immediately
after plating. Cells were cultured at 37 °C in 5% CO2.

Flow Cytometry. Cells were stained in staining medium (HBSS
supplemented with FBS [2%] and EDTA [2 mM]) at 4 °C for 1 h
with conjugated antibodies, then washed with staining medium and
analyzed. Multicolor analysis for cell phenotyping was performed on a
LSR II flow cytometer (Becton Dickinson). Antibodies used to detect
human epitopes were PerCP anti-CD34 (BD Bioscience), APC anti-
CD90 (BD Biosciences), PECy7 anti-CD45ra (eBiosciences), FITC
anti-CD71 (BD Bioscience), and PE anti-GlyA (BD Bioscience).

Figure 4. Eupalinilide E inhibits MEPs and terminal erythroid differentiation but induces an increase in CD71+ cells. (A) MPB CD34+ cells were
plated in self-renewal medium lacking TPO and cultivated for 7 days with vehicle (DMSO) or eupalinilide E (600nM) to measure the production of
MEPs (CD34+CD110+). (B) MPB CD34+ cells were plated in self-renewal medium with or without EPO to stimulate erythropoiesis and cultivated
for 7 days with vehicle (DMSO) or eupalinilide E (600nM). Expression of CD110, CD71, and glycophorin A was measured by flow cytometry. (C,
D) Human mPB CD34+ cells were cultivated for 7 days in self-renewal medium with vehicle (DMSO) or eupalinilide E (C, 600nM; D, indicated
concentrations). Total number of cells and numbers of CD34+, THY1+, and CD71+ cells were measured by flow cytometry. Data shown in panels A
and B are representative of at least 3 independent experiments. Data in panels C and D are represented as mean ± standard deviation. p-values were
obtained with Student’s t-test.
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Colony Forming Assays. Human mobilized peripheral blood
CD34+ cells were cultured for 14 days in the presence of eupalinilide E
or vehicle (DMSO) and passaged to keep the cultures between 2 ×
105−1 × 106 cells/mL. After 14 days, 1/20 of the cultures were
inoculated into serum-free methylcellulose containing SCF, interleukin
6, erythropoietin, interleukin 3, granulocyte, and granulocyte-macro-
phage colony stimulating factor (MethoCult SFH4436, StemCell
Technologies), supplemented with 1× antibiotics, thrombopoietin,
and Flt3 ligand, and distributed into three 35 mm dished. Colonies
were scored after 14 days with an inverted microscope at 40×
magnification. Numbers reported represent the average of the number
of colonies scored from three dishes.
Cell Culture. All cytokines were purchased from R&D Systems.

HEK293T cells were maintained in Dulbecco’s modified Eagle’s
medium (Cellgro) containing 10% fetal bovine serum (Gibco), at 37
°C, in 5% CO2.
Plasmid Constructs. pGudLuc was kindly provided by Prof. Gary

Perdew.
Luciferase Reporter Assay. HEK293 cells were plated 104 per

well of a 96-well plate. Cells were transfected with pGudLuc using
Fugene6 (Roche). Cells were treated with various concentrations of
eupalinilide E or DMSO with or without 3 nM TCDD and incubated
overnight. Luciferase production was then measured using Bright Glo
(Promega).
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