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Intercellular (between cell) communication networks maintain homeostasis and coordinate
regenerative and developmental cues in multicellular organisms. Despite the importance of
intercellular networks in stem cell biology, their rules, structure and molecular components are
poorly understood. Herein, we describe the structure and dynamics of intercellular and intracellular
networks in a stem cell derived, hierarchically organized tissue using experimental and theoretical
analyses of cultured human umbilical cord blood progenitors. By integrating high-throughput
molecular profiling, database and literature mining, mechanistic modeling, and cell culture
experiments, we show that secreted factor-mediated intercellular communication networks
regulate blood stem cell fate decisions. In particular, self-renewal is modulated by a coupled
positive-negative intercellular feedback circuit composed of megakaryocyte-derived stimulatory
growth factors (VEGF, PDGF, EGF, and serotonin) versus monocyte-derived inhibitory factors (CCL3,
CCL4, CXCL10, TGFB2, and TNFSF9). We reconstruct a stem cell intracellular network, and identify
PI3K, Raf, Akt, and PLC as functionally distinct signal integration nodes, linking extracellular,
and intracellular signaling. This represents the first systematic characterization of how stem
cell fate decisions are regulated non-autonomously through lineage-specific interactions with
differentiated progeny.

Molecular Systems Biology 6: 417; published online 5 October 2010; doi:10.1038/msb.2010.71

Subject Categories: metabolic and regulatory networks; signal transduction

Keywords: cellular networks; hematopoiesis; intercellular signaling; self-renewal; stem cells

This is an open-access article distributed under the terms of the Creative Commons Attribution
Noncommercial No Derivative Works 3.0 Unported License, which permits distribution and reproduction
inany medium, provided the original author and source are credited. This license does not permit commercial
exploitation or the creation of derivative works without specific permission.

Introduction

Intercellular communication networks maintain homeostasis
and coordinate regenerative and developmental cues in
multicellular organisms. These constitute local juxtacrine
and paracrine signaling for within-tissue cellular regulation,
and systemic endocrine signaling for organism-level interac-
tions. Adult or tissue-resident stem cells, while normally
quiescent, are activated under appropriate circumstances,
giving rise to a hierarchy of increasingly differentiated
progenitors, thereby regenerating damaged tissue. Intercellu-
lar networks are of particular relevance for stem cell biology as
stem and progenitor cell fate must be dynamically responsive
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to physiological demand and external perturbations. For
example, adult blood stem cell fate decisions in vivo are
regulated via interactions within the bone marrow micro-
environment—the stem cell ‘niche’. Recent progress has been
made in elucidating the physical location and -cellular
components of this niche, including molecular cross-talk
between hematopoietic stem cells (HSCs) and niche cells (Kiel
and Morrison, 2008). However, local interactions within the
microenvironment are insufficient to explain the dynamic
responsiveness of tissue-resident stem cells to systemic signals
(Mayack et al, 2010). Numerous studies have indirectly
demonstrated hematopoietic stem and progenitor cell fate as
responsive to systemic perturbations such as bleeding and
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irradiation via (undefined) feedback signaling from mature
cells (Kirouac and Zandstra, 2006). Such regulatory mechan-
isms appear to be a conserved feature in other adult stem cells,
including neural and epithelial tissues (Lander et al, 2009).

Despite the recognized importance of intercellular networks
in regulating adult stem and progenitor cell fate, the specific
cell populations involved, and underlying molecular mechan-
isms are largely undefined. Although much work has focused
on the reconstruction and analyses of intracellular networks
regulating stem cell fate (Macarthur et al, 2009), and a limited
number of studies have applied novel bioinformatic ap-
proaches to unravel intercellular signaling in other cell
systems (Frankenstein et al, 2006), a comprehensive analysis
of intercellular communication in a hierarchical tissue net-
work has yet to be reported.

Herein, using experimental and theoretical analyses of
cultured human umbilical cord blood (UCB) progenitors, we
describe the structure and dynamics of intercellular and
intracellular networks in a hierarchically organized tissue.
For organizational clarity, the experimental and computational
workflow used is represented schematically using a flow chart
in Figure 1, which we refer to throughout the manuscript. By
integrating high-throughput molecular profiling (transcrip-
tome and proteome), protein interaction and pathway
databases, literature curation, and mechanistic modeling
with cell culture experiments, we show that secreted factor-
mediated intercellular communication networks regulate
blood stem cell fate decisions. In particular, primitive
progenitor cell growth is modulated by a balance of
megakaryocyte-derived stimulatory growth factors (VEGF,
PDGF, and EGF) versus monocyte-derived inhibitory factors
(chemokines CCL3, CCL4, CXCL10, TGFB2, and TNFSF9),
forming a coupled positive-negative intercellular feedback
circuit. We reconstruct a stem cell-specific intracellular
signaling network, and show that this complex milieu of
endogenous signals is integrated and coherently processed by
this network, thereby linking extracellular and intracellular
signaling. We identify PI3K, Raf, Akt, and PLC as functionally
distinct self-renewal, proliferation, and survival signal inte-
gration nodes. This work, for the first time, systematically
describes how cell fate decisions are regulated non-autono-
mously through lineage-specific interactions with differen-
tiated progeny. Importantly, this serves as a foundational
platform to understand other stem cell systems, and suggests
novel strategies to manipulate stem cell fate decisions in a non-
cell autonomous manner.

Results

Non-autonomous factors regulate blood stem cell
growth in vitro

As a model system to explore intercellular communication
networks in a hierarchical organized tissue, we cultured
human UCB-derived stem and progenitor cells in defined,
minimal cytokine-supplemented (stem cell factor (KITL), flt3
ligand (FLT3L), and thrombopoietin (THPO)), liquid culture.
This experimental system was chosen as complexities arising
from spatial organization, undefined serum components, and
extracellular matrix/stromal cell interactions are minimized.
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The self-renewal capacity of blood stem cells begins to decline
rapidly after ~4 days in culture, coinciding with the
accumulation of differentiated progeny and associated se-
creted ligands (Kirouac and Zandstra, 2006). This correlation
indicates the functional effects may be attributable to non-
stem cell autonomous factors. To test this hypothesis, we
designed a cell culture devise capable of semicontinuously
depleting differentiated cells and/or exchanging conditioned
media, thereby disrupting autocrine and paracrine signals
established in culture between stem and progenitor cells and
their differentiated progeny (Figure 2A). The system consists
of two gas permeable culture bags connected via a magnetic
column. Differentiated cells, defined via the expression of an
assortment of blood lineage-specific cell surface antigens
(Lin™), are immuno-magnetically depleted by passing the
cells through the column, and media exchange performed via a
sterile port (Madlambayan et al, 2006). We have previously
shown that performing both manipulations (cell selection and
media exchange) in tandem synergistically and specifically
enhances stem cell growth via a reduction in inhibitory
feedback signaling from differentiated cells (Madlambayan
et al, 2005).

Progenitor (Lin~) cell re-selection and media exchange
(‘SE’) was performed at culture day 4, (d4) thereby removing
mature (Lin™) cells and endogenous ligands that have
accumulated. Evaluation of fresh and culture-derived cells
using quantitative functional assays for total nucleated cell
(TNC), progenitor (colony forming cell; CFC), and primitive
progenitor (long-term culture initiating cells; LTCICs) content
revealed that primitive progenitor cell growth is enhanced at
culture day 8 (d8) in the manipulated compared with control
(no selection and no exchange; ‘NSNE’) condition. However,
performing an additional culture manipulation (SE) at day 8
and culturing the Lin™ cells for a further 4 days to day 12 (d12)
results in a decline in primitive progenitor content (LTCIC)
(Figure 2B and C), again coincident with the accumulation of
differentiated (Lin™) cells. The differentiation rate of Lin*
cells (d4; 40+16%, d8-NSNE; 61 +4%, d8-SE; 52+17%,
d12; 52 + 5%) is best described by a negative feedback control
loop between the Lin~ and Lin™ populations. The system
therefore naturally evolves towards and inhibitory state, such
that continued SE culture manipulations are required to
perturb this evolution and sustain stem cell growth. Although
not shown, extended culture (beyond d8) without successive
manipulations results in significant culture decline (Kirouac
et al, 2009). Thus, we have established culture conditions
wherein primitive progenitor (LTCIC) growth is differentially
modulated by non-cell autonomous factors (Figure 1; step 1).

Genome-wide expression patterns correlate with
cellular functional activity

To systematically explore the molecular and cellular dynamics
underlying primitive progenitor growth and differentiation,
fresh (day 0) and culture derived (day 4, day 8-SE, day 8-
NSNE, and day 12) cells were physically separated into
undifferentiated (Lin~) and differentiated (Lin*) subpopula-
tions for transcriptional profiling using Affymetrix GeneChips.
In parallel, phenotypic (CD133, C34, CD38, and Rhol23
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Figure 1 Experimental and computational workflow. Boxes represent independent research steps, successively numbered and color-coded according to experimental
(pink) versus computational (blue) work. After defining culture manipulations capable of differentially modulating stem cell growth via non-cell autonomous effects,
molecular profiling experiments were conducted to systematically explore the underlying molecular and cellular dynamics. Intercellular signaling networks were then
reconstructed using gene expression data. Endogenous ligands and differentiated cell populations comprising the intercellular networks were tested for functional effects
on blood stem cell growth in culture. An intracellular network associated with blood stem cell self-renewal was then constructed using molecular databases, as a platform
to identify core proteins onto which signaling pathways activated by the various functional ligands converge. Small molecule antagonists were then used to perturb these
intracellular targets, and a mechanistic model of blood cell development used to classify the effects of the extracellular and intracellular manipulations on cell population-
specific kinetic parameters (self-renewal and proliferation).

staining) assays were performed on the cells, and conditioned expression data sets to extract gene sets characteristic of
media samples were analyzed for secreted protein content hematopoietic and non-hematopoietic cell types from a variety
using ELISA-based antibody arrays (Figure 1; step 2). mRNA of conditions (Supplementary Table S1). Activity scores were
expression indices statistically correlate with complex then calculated to statistically evaluate transcript expression
measures of proteome activity (protein secretion and cell levels for each gene set across each experimental cell
surface expression; see Supplementary Figure S1). The limited population (see Materials and methods and Supplementary
proteomic information thus lends confidence to the gene Figure S2), represented as an unsupervised hierarchically
expression data. clustered heat map (Eisen et al, 1998) (Figure 2D).

To interrogate the cellular composition and functional status This allowed us to compare molecular signatures of our
of each profiled population, we made use of published gene experimentally derived cells with functionally relevant cell
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Figure 2 Functional and molecular profiling of hematopoietic progenitor (Lin~) and differentiated (Lin™) cells propagated in liquid culture. (A) Schematic
representation of autocrine and paracrine signaling between Lin~ progenitor (blue) and Lin* differentiated (red) cells. These signals can be disrupted in vitro by
depleting Lin ™ cells (cell selection (S) versus no selection (NS)), and/or depleting secreted ligands (conditioned media exchange (E) versus no exchange (NE)). (B) Cell
culture methodology. Umbilical cord blood derived-Lin~ cells were cultured in serum-free cytokine-supplemented media for 8 days unmanipulated (no selection and no
exchange; ‘NSNE'), or for 12 days in total with Lin™ cell selection and media exchanges (‘SE’) performed every 4 days. (C) Total (TNC), progenitor (CFC), and primitive
progenitor (LTCIC) cell expansion as a function of culture condition. Error bars represent s.d, n=3-5. (D) Cell population dynamics and sample relationships inferred
from differential gene expression patterns; activity scores for published characteristic gene sets (indicated by first author—cell type) are depicted as a hierarchical
clustered heat map with associated dendograms. Only gene sets with activity scores >2 in at least one sample, and CV >20% across samples are included (21 in total).
For visualization, activity scores are mean-centered across samples and scaled to + 3 s.d. Gene sets are characterized by color coding as quiescent versus cycling (dark
gray versus green), and primitive versus differentiated (light gray versus yellow) cell types.

populations described in the published literature. Gene sets megakaryocytes, and CD34*CD38 -derived ‘fast dividing
cluster distinctly into quiescent versus cycling cells, whereas fraction”) are highly expressed in cultured Lin* cells, whereas
cell populations generally cluster into undifferentiated (Lin™) gene sets characterizing primitive cells (‘slow dividing
versus differentiated populations (Lin ™). Note that gene sets fraction’, and GoCD34" cells) are highly expressed in the
characterizing in vitro differentiated cell types (erythrocytes, undifferentiated Lin~ populations. Interestingly, gene sets
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characteristic of in vivo hematopoietic tissues (thymus, spleen,
monocytes) are highly expressed in uncultured (d0) Lin*
cells, demonstrating the dramatic changes in gene activation
and cellular composition that occur upon introducing primary
cells to culture. Few genes map to more than one gene set, and
surprisingly little overlap exists between gene sets, even for
closely related tissues (Supplementary Figure S3). Similarities
in activity scores thus represent biological characteristics of
the cell populations, rather than computational artefacts.
Broadly, this analysis indicates that gene expression patterns
are indicative of cellular functional activity, and therefore may
be used to elucidate functional differences between related cell
populations.

Pairwise sample comparisons identify cell
population dynamics and signaling pathways
associated with HSC expansion and depletion
in vitro
We next wished to use the gene expression data to identify
processes, pathways, and molecular signals associated with
primitive progenitor expansion and differentiation in culture
(Figure 1; step 3). To identify gene expression differences
associated with HSC expansion versus depletion, we per-
formed pairwise sample comparisons between related
conditions wherein numbers of primitive progenitors (LTCIC)
have significantly changed; d8-NSNE versus SE, d8-NSNE
versus d4, and d12 versus d8-NSNE, for both Lin~ and Lin ™
populations (Table S2). Differentially expressed genes were
then grouped into three categories based on consistency of
correlation with primitive progenitor (LTCIC) growth;
HSC-expansion correlated, HSC-depletion correlated, and
non-correlated (differentially associated with both directions,
therefore not functionally related to HSC growth). We
intuitively expect genes consistently scoring more than once
to carry greater biological significance; however, the molecular
mechanisms underlying stem cell growth may vary between
different conditions. Differentially expressed gene lists were
analyzed for biological process and pathway enrichment
(P<107%), and also filtered for known secreted ligands to
identify autocrine and paracrine factors mediating endo-
genous pathway activation (Supplementary Tables S3-S11).
HSC expansion was consistently correlated with mega-
karyocyte development (blood clotting; Table S3, and blood
coagulation pathways; Supplementary Table S6), whereas
HSC-depletion correlated with monocyte development
(macrophage-mediated immunity; Supplementary Table S5),
consistent with compositional analysis presented in Figure 2D.
HSC expansion was also associated with cell adhesion
(Supplementary Table S3), specifically upregulation of ICAM2,
ICAM3, SELL, and SELP genes (Supplementary Table S9),
likely related to megakaryocyte enrichment. HSC-depletion
correlated (P<0.005) with TGF-B signaling (Supplementary
Table S8), a well-known inhibitor of HSC growth (Larsson and
Karlsson, 2005), corresponding to upregulation of the TGF-§
ligands TGFBZ2 and FST, and downregulation of the TGF-B
inhibitor LTBP1 (Supplementary Tables S11 and S9). Analo-
gously, HSC expansion correlated with activation of VEGF
signaling (Supplementary Table S6) and upregulation of
VEGFC (Supplementary Table S9).
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Surprisingly, HSC expansion was found to correlate with
GPCR neurotransmitter signaling (SHT2, a-adrenergic, Meta-
botropic glutamate, and Muscarinic acetylcholine receptor
signaling; Supplementary Table S6). This is consistent with
reports suggesting a role for neurological signals in regulating
stem cell fate in vivo (Spiegel et al, 2008), but novel in that
these signals are apparently being activated endogenously by
hematopoietic cells, rather than by niche-infiltrating neurons.
To validate that these pathways are truly being activated by an
endogenous neurotransmitter, we screened conditioned media
samples for serotonin (5HT), based on evidence that this
molecule is stored in circulating platelets (Yang et al, 1996).
Indeed, serotonin was detected at concentrations of ~200-
450 pg/ml in all samples tested (Supplementary Figure S4),
supporting the pathway analysis. In summary, we have
identified both known and novel pathways, cell populations,
and endogenous secreted factors associated with stem cell
expansion and depletion in culture.

Intercellular network reconstruction

In order to better understand the dynamic relationships
between differential cell population development, ligand
secretion, and stem cell growth, we next sought to use the
expression data to systematically reconstruct the intercellular
signaling networks established in culture. On the basis of the
coexpression patterns of a manually curated set of 234 secreted
ligand-receptor pairs (Supplementary Table S12), we defined
‘autocrine’ and ‘paracrine’ signaling interactions between
Lin~ and Lin™* cell populations (see Supplementary informa-
tion). We applied this intercellular network reconstruction
algorithm to each time point/culture condition studied, and
included secreted factors that were differentially expressed
at the transcriptional level and/or consistently detected in
conditioned media, producing a non-redundant list of 74
intercellular signaling molecules for further analysis (Supple-
mentary Table S13). To interrogate how these 74 molecules (as
well as the three exogenously provided ligands KITL, FLT3L,
and THPO) mediate interactions between the Lin~ and
heterogenous Lin* cells produced in culture, we mapped the
Lin™ ligand/receptor expression patterns onto published
megakaryoblast, erythroblast, and monoblast expression
profiles (Ferrari et al, 2007). This information was converted
to a directed graph representing a set of theoretical cell-cyto-
kine-cell interactions, with vertices (cells and ligands) color-
coded according to correlation with HSC expansion (green),
depletion (red), or neither (yellow) corresponding to predicted
endogenous stimulators, inhibitors, and non-functional effec-
tors of HSC growth, respectively (Figure 3Ai). Although
derived from gene expression, note that a robust statistical
correlation exists between secreted factor transcript expres-
sion above approximately the 50th percentile (for which the
gene expression data are filtered), and corresponding protein
detection (Supplementary Figure S1B).

Complexity of the network can be reduced by focusing on
families of ligands—Figure 3 Aii and iii depict two subnetworks
extracted from the total network; the TGF-B, and receptor
tyrosine kinase (RTK) signaling growth factor (EGF, PDGF,
and VEGF) modules, respectively. Although all populations
secrete TGF-B ligands, megakaryocytes also secrete the
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TGF-B inhibitor LTBP1, as well as all three of the expansion-
associated RTK growth factors. It is also notable that RTK
pathways are known to display overlapping and functional
synergistic effects (Fambrough et al, 1999). Examination of
select subnetworks hence provides mechanistic insight behind
the putative cell population-ligand functional interactions.

Focusing on differentially expressed ligand interactions
highlights the complex and dynamic signals, which underlie
culture evolution towards stem cell supportive versus non-
supportive conditions. Figure 3B highlights the relative
dominance of Megakaryocyte-associated signals in stem cell
supportive cultures, and the relative dominance of monocyte-
associated signals in the stem cell non-supportive condition.
This analysis provides a visual depiction of the dynamic
secreted factor interactions that occur during primary cell
propagation, and insights into how the evolution of different
cell types may be controlled in vitro.

Intercellular network validation

We next sought to functionally test the correlative data derived
from the gene expression studies through a series of cell
culture experiments (Figure 1; step 4). Cultures were designed
to replicate the conditions under which the putative regulatory
factors were identified, thereby capturing both direct and
indirect effects. UCB Lin~ cells were cultured in serum-free
cytokine-supplemented media for 8 days, with or without
saturating amounts of exogenous putative regulatory ligands,
and assayed for total cell (TNC), progenitor (CFC), and
primitive progenitor (LTCIC) population-fold expansions.
Ligands for validation were selected based on the level of
expression (Probe Match/Mismatch (PM/MM) >100), inter-
cellular signaling activity, and commercial availability. We
tested 18 of the potential regulatory factors; expansion-
correlated ligands EGF, PDGB, IL16, SPARC, and VEGF;
depletion-correlated ligands CCL2, CCL3, CCL4, CXCLI0,
FST, TNFSF9, and TGFB2; non-correlated ligands CCLS5,
CXCL8, HGF, and THBS1; as well as two proteins consistently
detected in conditioned media but not differentially expressed,
ADIPOQ and CXCL7.

Total cell (TNC), progenitor (CFC), and primitive progenitor
(LTCIC) population expansions normalized to control cultures
(supplemented with KITL, FLT3L, and THPO alone) are shown
in Figure 4A. TGFB2 was the only factor found to significantly
affect TNC and CFC output (negatively), consistent with
previous studies (Cashman et al, 1990). Remarkably, at the
level of primitive progenitor (LTCIC) population outputs, 3/5
novel predicted stimulatory ligands (EGF, PDGFB, and
VEGF) displayed significant positive effects, 5/7 predicted
inhibitory factors (CCL3, CCL4, CXCL10, TNFSF9, and TGFB2)
displayed negative effects, whereas only 1/5 non-correlated
ligands (CXCL7) displayed an effect. P-values (based on
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hypergeometric Z-scores) for this distribution of stimulatory,
inhibitory, and null effects are 0.0042, 0.039, and 0.041,
respectively (see Materials and methods), hence patterns of
differential expression predict, with statistical significance,
functional effects on primitive progenitor (LTCIC) output in
culture. We also tested the functional activities of the small
molecules serotonin (SHT1), and the TGFBRI antagonist SB-
505124. Consistent with predictions but at subthreshold levels
of significance, serotonin stimulation specifically enhanced
LTCIC output, whereas inhibition of endogenous TGF-§
signaling enhanced CFC but inhibited LTCIC expansions
(Supplementary Figures SSA and B). Although factorial design
experiments required to thoroughly assess functional interac-
tions between endogenous ligands are currently unfeasible,
select experiments using multiple stimulatory (EGF, VEGF, and
HGF) and inhibitory (CCL3, CCL4, CXCL8, and CXCL10)
ligands reveal non-linear effects; the functional effects of
individual ligands are nullified or reduced in combination
(Supplementary Figure S2C). Although it is difficult to draw
mechanistic insight from this limited set of experiments, the
data clearly demonstrates the complex context-dependent
relationship between external stimuli and cellular responses,
motivating future combinatorial experiments.

We similarly wished to test, for the first time, the functional
effects of the Lin™* subpopulations on primitive progenitor
(LTCIC) expansion. This involved recreating specific suppor-
tive and non-supportive cell-cell interactions to validate our
cell-type specific gene expression patterns with functional
activity. To accomplish this, we developed a novel coculture
bioassay to test direct functional interactions between mature
cell populations and highly enriched primitive stem and
progenitor cells (Lin"Rho'°CD34 *CD387), schematically de-
picted in Supplementary Figure S6 and described in the
Materials and methods. As shown in Figure 4B, in comparison
to control cultures CD33 "CD14" monocytes (MONO) and
CD71"CD235a™ erythrocytes (E) had a significant inhibitory
effect, whereas megakaryocytes CD41 " (MEG) had a sig-
nificant stimulatory effect on primitive progenitor (LTCIC)
expansion.

To test whether these lineage-specific functional activities
could be attributable to differential secretome profiles, activity
scores for the stimulatory, inhibitory, and non-functional
ligand gene sets were evaluated for the CD14* monocyte,
CD41 " megakaryocyte, and CD235a™" erythrocyte expression
profiles from Ferrari et al (2007). As shown in Figure 4C,
stimulatory ligands were, as predicted, significantly enriched
in megakaryocytes, accounting for the functional activity of
this lineage on primitive progenitor growth. Conversely,
inhibitory ligands are expressed at moderately higher and
lower levels in monocytes and megakaryoctes, respectively,
and the non-functional ligands are expressed at very high
levels across all three differentiated cell lineages. Although it is

Figure 3 Reconstructed intercellular signaling networks. Signaling between culture-derived Lin- progenitors (LIN-) and differentiated megarkaryocytes (MEG),
erythrocytes (E), and monocytes (MONO) mediated via secreted proteins. Cells and ligands are color coded according to differential expression patterns, corresponding
to predicted stimulators (green), inhibitors (red), and non-function effectors of stem cell growth. (Ai) Total network, consisting of four cells populations and 77 secreted
proteins. (Aii) TGF-p subnetwork. (Aiii) VEGF/EGF/PDGF subnetwork. Functional interactions between secreted proteins are indicated via gray connections in the two
subnetworks; LTBP1 inhibits TGF-f3 ligands from activating the corresponding receptors (Aii), and PDGF is known to display intracellular synergism with both EGF and
VEGF signaling (Aiii). (B) Dynamic representation of network; only differentially expressed ligands (at the transcriptional level) are included, and cell populations are size
coded according to relative compositional changes inferred from gene expression data.
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to control cultures. Error bars=s.d., n=4-8. (B) Seven day LTCIC expansion from an enriched primitive cell population (Lin“Rho'°CD34 * CD38~) cocultured with
in vitro-generated megakaryocytes (MEG; CD41*), erythrocytes (E; CD235a "), and monocytes (MONO; CD14 ™) in comparison to control cultures. Error bars=95%
Cl, n=3. (C) Activity scores for secreted protein gene sets correlated with stem cell expansion (green), depletion (red), and non-correlated (yellow), for megakaryocyte
(MEG), erythrocyte (E), and monocyte (MONO) cell population expression profiles from Ferrari et al (2007).

not possible to distinguish between secreted factor versus cell-
cell contact mediated interactions from the bio-assay results,
these patterns indicate the functional effects of mature cell
lineages on progenitor cell growth can be attributed to the
balance of secreted stimulatory versus inhibitory molecules in
their cell population-specific secretome profiles.

Model simulations enable functional classification
of endogenous regulatory ligands
Cellular responses to external stimuli, particularly in hetero-

geneous and dynamic cell populations, represent complex
functions of multiple cell fate decisions acting both directly

8 Molecular Systems Biology 2010

and indirectly on the target (stem cell) populations. Experi-
mentally distinguishing the mode of action of cytokines is thus
a difficult task, as phenotypic markers for human stem cells
and self-renewal are unreliable in culture (Ito et al, 2009). We
traced proliferation and apoptosis of CD34* (progenitor
enriched) cells by CFSE and AnnexinV staining for a limited
set of cultures (see Supplementary Figure S7). From the
earliest stages of culture (day 2) and throughout, TGFB2
suppressed proliferation, whereas VEGF and CCL4 had no
effect. Apoptosis appeared to be slightly increased by TGFB2,
CCL4 displayed unusual time-dependant effects, and VEGF
had no effect. From these data, it is evident that TGFB2 is
directly suppressing progenitor growth; however, differences
in proliferation and apoptosis rates cannot account for the
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Figure 5 Simulated activities of theoretical proliferation and self-renewal regulatory factors functionally classify experimentally identified ligands. (A) Schematic
diagram representing theoretical interactions between endogenous secreted factors and cellular kinetic parameters. Self-renewal and the proliferation rates of stem cells
and progenitors are regulated by the balance of endogenous inhibitory (SF2, SF1) and stimulatory (SF4, SF3) secreted regulatory factors. The LTCIC and CFC
populations lie at successive stages downstream of the HSC within the Lin™ population, whereas the TNC readout encompasses all cells (B) Simulated dose-response
relationships between theoretical ligand concentrations (expressed as EDs values) and 8-day fold total cell (TNC), progenitor (CFC), and primitive progenitor (LTCIC)
expansions, normalized to control culture output. Experimental data from Figure 4 are overlaid for visual depiction of the model-based functional classifications of the
ligands. Boxes indicate + 1 s.d., overlaid at estimated ligand EDsy concentrations. Asterisks indicate marginally optimal ligand classifications.

specific effects of VEGF and CCL4 on the LTCIC population. We
therefore used our previously published interactive model of
hematopoiesis (Kirouac et al, 2009) to classify the experimen-
tally identified regulatory ligands into distinct functional
categories (Figure 1; step 5). This is a differential equation-
based compartment model of hematopoiesis, relating unob-
servable variables to measurable cellular readouts (TNC, CFC,
and LTCIC growth), and incorporating kinetic parameters as
functions of endogenous secreted factors (see Supplementary
Figure S7A for details).

We simulated 8-day blood progenitor (UCB Lin™) cell
cultures with a range of exogenously supplemented regulatory
factors—proliferation and self-renewal inhibitors (SFI and
SF2) and stimulators (SF3 and SF4) (Figure 5A). Figure 5B
depicts theoretical dose-response relationships between SF
concentrations (normalized to EDs, values) and 8-day fold
expansions of total cell (TNC), progenitor (CFC), and primitive
progenitor (LTCIC) cell populations. On the basis of the
differential weighted residual sum of squares metric (AWRSS)

© 2010 EMBO and Macmillan Publishers Limited

for comparing experimental data and alternative model
simulations (see Supplementary information), ligands were
classified into one of the four theoretical categories (Supple-
mentary Figure S8C). TGFB2 displays SFI1-type effects, CCL4,
SPARC, and TNFSF9 display SF2-type effects, and EGF, VEGF,
and PDGFB display SF4-type effects. CCL3 is not clearly
distinguishable into SF I, 2, or 3, but fits closest to SF3, and
similarly CXCL10 classifies marginally as an SF2-type ligand.
Cell population expansion data presented in Figure 4A are
overlaid for direct comparison between theoretical and
experimental outputs. The TGFBR antagonist SB-505124
displays SF3-type effects (Supplementary Figures S5B),
consistent with the classification of TGFB2 as a proliferation
inhibitor (SFI). Note that intercellular feedback in the system
produces non-intuitive results. In particular, molecules that
solely stimulate proliferation (SF3-type CCL3 and SB-505124)
actually inhibit stem cell output. We are thus able to classify
the mode of action of exogenous stimuli on HSCs and
progenitors via parametric analysis of our model.
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Intracellular molecular network integration

Stem and progenitor cells exposed to combinatorial extra-
cellular signals must propagate this information through
intracellular molecular networks, and respond appropriately
by modifying cell fate decisions. Although many genes have
been demonstrated to significantly stimulate or repress blood
stem cell self-renewal divisions in isolation, how these are
integrated within the cell’s molecular circuitry remains poorly
defined. To explore how our experimentally identified positive
and negative regulatory signals are integrated at the intracel-
lular level, we constructed a literature-curated blood stem cell
self-renewal signaling network, and used it as a platform to
identify putative extracellular signaling integration nodes
(Figure 1; step 6). We compiled a list of 108 genes shown to
modulate HSC self-renewal (in both human and/or mouse), as
measured by in vivo repopulating assays (Supplementary
Table S14). This set of genes was then searched against the i2D
protein-protein interaction (PPI) database (Brown and Jur-
isica, 2005) for binding partners, producing a densely
connected network of 2131 vertices and 5490 (non-unique)
edges (Supplementary Figure S9A). The network was then
filtered for active genes, consistently scored Present in our
culture-generated Lin~ cells (n=1728).

We next looked at the ‘active’ self-renewal PPI network for
statistical enrichment of signaling molecules activated down-
stream of the various stimulatory and inhibitory ligands so as
to understand how signals propagate through the cell’s
molecular network to affect self-renewal. Gene sets were
compiled from PANTHER and KEGG pathway databases
comprising the experimentally validated stimulatory path-
ways (EGF, PDGF, and VEGF) and inhibitory signaling path-
ways as validated experimentally (chemokine), predicted from
gene expression data (Ras, and Insulin-IGF-MAPK), and from
literature (FasL) (Bryder et al, 2001). From these, we identified
30 signaling molecules shared by all stimulatory pathways,
and 15 signaling molecules shared by at least 3 of the
inhibitory pathways. In all, 17/30 stimulatory and 12/15
inhibitory common molecules were represented in the net-
work, of which six molecules were common to both sets. A
subnetwork based on the first neighbors of the common
signaling molecules consisting of 59 vertices and 138 (unique)
edges is shown in Figure 6A. This subnetwork captures 39 of
the self-renewal-associated proteins, a level of enrichment
against genes represented in the PANTHER Pathways database
corresponding to P < 10~® (hypergeometric Z-score). Although
PPI databases are notoriously error prone (Cusick et al, 2009),
the results are robust against increasingly stringent-filtered
networks (see Supplementary Figure S10). This provides a
mechanistic link between experimentally identified regulatory
ligands, the signal transduction pathways activated by those
ligands, and the entirety of published literature on the
molecular genetics of self-renewal.

Performing the same analysis on the common signaling
molecules shared by the five neurological pathways associated
with HSC expansion produces a subnetwork (15 vertices, 24
edges) of the larger stimulatory VEGF/EGF/PDGF network
(Supplementary Figure S9C), thus linking neurological signal-
ing pathways (and the functional effects of serotonin) with
stimulatory growth factor signaling and self-renewal.

10 Molecular Systems Biology 2010

To independently test both the utility, and in vivo biological
relevance of the self-renewal network as an analytical
platform, we queried for the presence of self-renewal effectors
identified from a recent in vivo screen wherein 16 novel
nuclear factors with stimulatory activities on murine HSC self-
renewal were identified (Deneault et al, 2009). Of the 15 genes
with human orthologs, 6 (40%) are present in the active PPI
network (Supplementary Figure S9D), a level of enrichment
corresponding to P<107°. This network is thus highly
enriched for novel genes with potent functional effects on
stem cell self-renewal.

This analysis therefore demonstrates that integrating
experimental gene expression data with lists of literature-
curated genes and protein interaction and pathway databases
(i2D, PANTHER) can yield novel insights into the molecular
mechanisms governing incompletely defined biological pro-
cesses—in this case how a novel set of signaling molecules can
modulate the self-renewal machinery of human blood stem
cells. In particular, we have identified key molecular control
points as targets for manipulation of self-renewal, information
that should significantly accelerate the process of small
molecule screening of blood progenitor cell fate modifiers, as
demonstrated below.

Targeted intracellular molecular network
perturbation

To experimentally test the intracellular signaling molecules
computationally predicted as regulators of stem cell self-
renewal, we searched for commercially available chemical
modulators of the conserved signaling components. We
obtained five small molecule antagonists of the kinases
Phosphatidylinositol 3-kinase (PI3K), Raf, Akt, Phospholipase
C (PLC), and MEK]1. Because of non-specificity for gene family
members, these five antagonists target 10 proteins represented
in the self-renewal subnetwork, as indicated via numbers in
Figure 6A and described in the adjacent table (Figure 1; step 7).
Liquid cultures were supplemented with the five molecules
individually, and resultant total cell (TNC), progenitor (CFC),
and primitive progenitor (LTCIC) expansions were compared
to control cultures. All five antagonists displayed differential
inhibitory effects on TNC, CFC, and LTCIC growth (Figure 6B).
The PLC antagonist U73122 was clearly inducing apoptosis, as
cell numbers significantly declined within 2 days (data not
shown) and did not recover. As the remaining four targets are
likely involved in multiple cellular processes, we again used
our model to deconvolute the functional effects on prolifera-
tion (and survival) versus self-renewal (Figure 1; step 8). We
simulated liquid progenitor cultures over a range of HSC self-
renewal probabilities (0-100%) and proliferation rates (0 to 4
per day), and compared TNC, CFC, and LTCIC outputs to our
control results (Figure 6C). Note that inhibiting self-renewal
has a more pronounced effect on progenitors (CFC and LTCIC)
compared with total cell (TNC) output, whereas inhibiting
proliferation has a very similar effect on all three cell
populations. Again using the differential weighted residual
sum of squares metric (AWRSS) for comparing experimental
data and alternative model simulations (Supplementary
information), the kinase inhibitors were classified into one
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Figure 6 Integration of endogenous regulatory signals in the HSC intracellular self-renewal network. (A) Endogenous secreted stimulators (VEGF, EGF, PDGF, and
5HT1) and inhibitors (CCL3, CCL4, CXCL10, TNFSF9, and TGFB2) activate cell surface receptors on HSCs, inducing signal transduction events, which are coherently
processed by the intracellular network to modulate rates of self-renewal versus differentiation. Common signal transduction molecules shared by stimulatory pathways
(left; green box), inhibitory pathways (right; red box), and both (center) are densely connected to known self-renewal effector genes. Physical protein—protein interactions
from stimulatory and inhibitory pathways are represented as green and red edges, respectively, whereas internal interactions are represented as blue edges. (B) Five
small molecule antagonists, described in the table with targets indicated by numbers on