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A global analysis of cross-talk in a mammalian cellular

signalling network

Madhusudan Natarajan'?, Keng-Mean Lin'?, Robert C. Hsueh'?, Paul C. Sternweis'? and Rama Ranganathan'>*

Cellular information processing requires the coordinated activity of a large network of intracellular signalling pathways. Cross-
talk between pathways provides for complex non-linear responses to combinations of stimuli, but little is known about the density
of these interactions in any specific cell. Here, we have analysed a large-scale survey of pathway interactions carried out by the
Alliance for Cellular Signalling (AfCS) in RAW 264.7 macrophages. Twenty-two receptor-specific ligands were studied, both
alone and in all pairwise combinations, for Ca?* mobilization, cAMP synthesis, phosphorylation of many signalling proteins and
for cytokine production. A large number of non-additive interactions are evident that are consistent with known mechanisms of
cross-talk between pathways, but many novel interactions are also revealed. A global analysis of cross-talk suggests that many
external stimuli converge on a relatively small number of interaction mechanisms to provide for context-dependent signalling.

To define ‘complexity’ in terms of cellular signalling consider all pos-
sible combinations of input stimuli that might initiate signalling events
in a cell as a set of unique ‘messages’ that can be sent by the external
environment. Even if we simplify the analysis by treating stimuli as
binary inputs, the number of such messages grows dramatically with
the number of stimuli — for even 20 inputs, over a million possible
unique combinations are possible. How does a cell process this enor-
mous number of potential messages in making output responses? At
the limit of minimal complexity, signalling events initiated by ligands
could be entirely independent of one another, with no cross-talk or
mutual influence. In this case, the response to any combination of
stimuli requires knowledge of only the single ligand responses as any
unsaturated response must be simply a linear, weighted summation of
these responses. This mechanistic independence of transduction events
does not prevent the cell from having many output states to combina-
tions of stimuli — it only means that all the output states are predictable
from combinations of single ligand responses. At the limit of maximal
complexity, however, the responses of ligands would be fully context-
dependent; that is, the response to any given ligand depends on the
specific background of others. In this case, the total cellular response
to any combination of stimuli is fundamentally unpredictable from
responses to other combinations of ligands. Each ligand combination
produces an irreducible unique output state and knowledge of single
ligand response is insufficient to describe any of these states.

This operational definition of complexity — the unpredictability
of responses to arbitrary combinations of stimuli given knowledge of
responses to their simpler combinations — is intimately linked to the

wiring complexity of the underlying signalling system. The more unpre-
dictable the response to combinations of stimuli, the more intercon-
nected and structurally complex the transduction network must be. To
provide an experimental assessment of functional interactions between
stimuli in one cell type, the Alliance for Cellular Signaling (AfCS, http://
www.signaling-gateway.org/)" carried out systematic measurements of
output responses of RAW 264.7 macrophages to the application of 22
receptor-specific ligands and all 231 pairwise combinations of these lig-
ands. The ligands were identified through examination of the literature,
receptor expression studies and preliminary dose-response experiments
(see Supplementary Information, Fig. S1). Selected agonists provide for
stimulation of a diverse set of signalling pathways (Toll-like receptors
(TLRs), G protein-coupled receptors (GPCRs), cytokine receptors and
tyrosine kinase receptors; see Supplementary Information, Table S1),
many of which are co-activated during physiological signalling events
(see Supplementary Information, Table S2). Output measurements
fell into two categories: (1) final outputs, comprised of measurements
of secretion of 18 cytokines; and (2) intermediate outputs, comprised
of the kinetics of intracellular calcium mobilization and cAMP syn-
thesis and the phosphorylation of 21 signalling proteins. Analysis of
these data describe a basic architecture of the signalling network in
which only a few input stimuli are able to independently control cel-
lular outputs and the majority of inputs primarily act as modulators
of signalling. The data suggest that the regulatory cross-talk between
signalling cascades may be comprised of a limited number of interac-
tion mechanisms and thus provide the basis for a systematic dissection
of these mechanisms.
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Figure 1 The single ligand screen in RAW 264.7 cells. The matrix shows
the experimental responses (columns) of RAW cells to stimulation with the
22 ligands (rows) that comprise the scope of the AfCS study. Responses
are in Z-scores (see text) that represent the number of standard deviations
that each experimental result is removed from unstimulated controls. Each
block of columns represents a time series of observation (Ca?* — rising

RESULTS

The single ligand screen

A clustered matrix representation of the single ligand screen — the
profiling of output responses to all 22 ligands applied individually — is
shown in Fig. 1. Each pixel of the matrix shows the mean signal for one
experimentally measured variable (a column) on stimulation with one
ligand (a row). The measured variables came from several experimen-
tal assays that differed in units of measurement, signal-to-noise ratio
and intrinsic day-to-day variability - for example, measurements of
intracellular Ca?* (in nM) were typically rapid (seconds), showed good
dynamic range and were sampled every 3 s for 10 min. In contrast,
measurements of phosphoprotein responses (fold change over basal)
over a time-scale of many minutes showed relatively weaker dynamic
range, and were sampled only four times over 30 min. Thus, we trans-
formed all raw measurements into Z-scores to provide a uniform statis-
tical representation of the data suitable for comparison (see Methods).
Hierarchical clustering reveals a robust classification of ligands into
known functional groups (separated by dotted lines) on the basis of
their output response profiles. Ligands for the TLRs, lipopolysaccharide
(LPS), PAM2CSK4 (P2C), PAM3CSK4 (P3C) and resiquimod (848)
emerge as a single cluster distinguished by their dominant action in
cytokine secretion and similar patterns of protein phosphorylation.
TLRs signal through the proximal adaptor protein MyD88, which
results in activation of NF-kB and MAP kinase pathways®. Consistent
with this, Z-scores for the TLR ligands show time-evolving phospho-
rylation of an NF-xB signalling component (p65 subunit), ribosomal
S6 protein and S6 kinase (RSK), proteins in the phophatidylinositol-3-
OH-kinase (PI(3)K) pathway (Akt, GSKo and GSKP) and MAP kinase
signalling proteins (p38MAPK, ERK1, ERK2, JNKL, JNKS), as well as
cytokine production. The interferons (IFNs: IFNo, IFNf and IFNY)
cluster with interleukin 6 (IL6) by their pattern of STAT phosphoryla-
tion®. GPCR agonists isoproterenol (ISO) and prostaglandin E2 (PGE)
cluster together due to their strong cAMP responses. 2-methylthio-ATP
(2MA), platelet activating factor (PAF) and uridine diphosphate (UDP)
cluster together by strong Ca?* and phosphoprotein responses®®. Other
GPCR agonists, lysophosphatidic acid (LPA) and complement C5A,
cluster with the tyrosine kinase receptor agonist macrophage colony
stimulating factor (MCF). In general, the single ligand matrix shows
excellent consistency with known signalling mechanisms and classifies

Phosphoproteins

-10

phase and peak, initial falling phase, slow decay to steady state, plateau;
cAMP - 0.33, 0.66, 1.5, 5 and 20 min; phosphorylation - 1, 3, 10 and
30 min; cytokine production - 2, 3 and 4 h). The matrix is hierarchically
clustered by ligand, with functional groups divided by dashed lines. The
colour scale ranges from — 10c (blue) to + 100 (red), with all insignificant
values within = 1o in white.

ligands into functional groups based on characteristic ligand signa-
ture responses — a finding that provides confidence in the analytic
method for assembly of disparate experimental data into a single output
response profile.

The double ligand screen

To evaluate cross-talk between pathways, the AfCS also carried out the
so-called ‘double-ligand’ screen. This experiment was designed to meas-
ure output responses for all ligands applied both singly and in pairwise
combinations in matched experiments (231 combinations for 21 lig-
ands). If two ligands act independently to alter any particular output
variable, then the response to their combined application is expected
to be the additive effect of applying them individually. If the combined
application produces a value that is different from that expected from
addition of their individual applications, then the two ligands interact
by that output variable and to the extent measured by the difference.
Appropriately weighted for propagated errors of measurement, this ‘non-
additivity’ (AAZ; see Methods) is the quantitative measure of cross-talk
between a pair of transduction events. It is worth noting that this type
of analysis of cross-talk can detect interactions between signalling path-
ways, but remains largely unbiased with regard to the underlying molec-
ular mechanisms. Indeed, cross-talk may be achieved through multiple
mechanisms ranging from direct communication between intracellular
pathways to more indirect feedback processes such as autocrine signal-
ling. Regardless of mechanism, all of these processes contribute to the
complexity of unique signalling states in cells and therefore fall into the
sphere of interest of the double-ligand screen experiment.

Examples of non-additivity between ligand responses in RAW cells
are shown (Fig. 2). Each panel indicates the experimentally observed
effects on one variable of a pair of ligands applied either individually
(in black) or together (in red). The curve in blue represents the sig-
nal expected for the combined addition of the two ligands if they act
independently; thus, the difference between the red and blue curves
indicates the degree of non-additivity. C5A and UDP both mobilize
Ca?*, but the combined effect of the two is greater than that expected for
their independent action at the peak of the calcium transient (Fig. 2a).
Thus, C5A and UDP show synergy in signalling — one manifestation of
cross-talk. ISO elevates intracellular cAMP markedly, whereas sphin-
gosine-1-phosphate (S1P) does not (Fig. 2b). However, ISO and S1P
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Figure 2 Non-additivity between pairs of ligands applied to RAW 264.7 cells
in all four experimental assays. Each panel shows the effects of two ligands
applied individually (black; see legend for ligands) or applied together (red).
The calculated additive response for independent simultaneous action of
the two ligands is shown in blue. The difference between the observed
effect of combined addition of two ligands (the red curve) and the expected
effect in the case that the ligands act independently (blue curve) is the
degree to which the two ligands interact. Note that the interaction could

be either positive (a, b, d) or negative (c). Error bars in all plots represent
standard error of mean (n = 3-7 depending on assay). In panel a, symbols
are shown every 10 data points.

synergize to produce a much greater than expected effect in the early
phase of cAMP production. P2C and P3C both stimulate p38 MAPK
phosphorylation, but the effect of the simultaneous addition of the two
produces the same level of p38 phosphorylation as each ligand applied
alone (Fig. 2¢), suggesting saturation of a common upstream signalling
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component, another manifestation of cross-talk. Finally, IL6 and LPS
alone both induce IL10 production, but show synergistic secretion of
IL10 when combined (Fig. 2d).

Because of its size, the complete double ligand screen for all 231 lig-
and pairs in the RAW 264.7 cell is provided as supplementary informa-
tion (see Supplementary Information, Fig. 2). Fig. 3 shows a subset of
these data that allow validation of the analytic methods against known
mechanisms of cross-talk and that demonstrate novel predictions. The
data are shown as a matrix of AAZ interaction scores for many pairs
ofligands (rows) for all experimental variables (columns). Thus, each
pixel indicates the degree of non-additivity for one ligand pair in one
experimental measurement. For clarity, we have numbered pixels in
Fig. 3 by order of presentation below. Note that most numbers high-
light multiple pixels.

Interactions between all pairs of TLR ligands show systematic less-
than-additive effects on many cytokines and on components of MAPK,
PI(3)K and NF-xB pathways (Fig. 3a), consistent with known mecha-
nisms of stimulation and saturation of known pathways®”. As expected,
TLR ligands also cooperatively interact with IFNy and IFN*'°, giving
greater-than-additive IL6 and RANTES production (1). The LPS-IFN
synergism is more muted (1), which may be accounted for by auto-
crine effects of LPS-induced IFNP production that blunt the response
to exogenously added interferon'!. Interestingly, IFNS-TLR but not
IFNY-TLR combinations show synergistic IL10 production (2) consist-
ent with the notion that Type I IFNs selectively promote the anti-inflam-
matory actions of macrophages'?. Moreover, consistent with its close
clustering with the Type I IFNs in the single ligand screen (Fig. 1) and
its anti-inflammatory action'®, IL6 also interacts with TLRs to stimulate
IL10 production (3) and to suppress TNFo. release (3). AllIFN-TLR and
TLR-IL6 combinations show reduced STAT1 and STAT3 phosphoryla-
tion at 30 min (4, 5), a result consistent with findings that TLR signalling
leads to delayed inhibition of select cytokine signalling through produc-
tion of suppressors of cytokine signalling (SOCS) proteins'*'.

ISO and PGE decreased the production of TLR-induced cytokines
MIP1lo and TNFa (6), corroborating a known ISO-mediated decrease
of LPS-induced TNFo production'®. Interestingly, these ligand combina-
tions also show increased GCSF and IL10 production (7), supporting
the general notion that GPCR signalling through Gois counteracts the
TLR-mediated inflammatory response'’-"°. A specific interaction was
observed for PGE and the TLR ligand P3C in synergistic IL6 production
(8); this interaction has been previously described and it is argued that
the suppression of TNFo production is in part mediated by increased
IL6 production®. In summary, analysis of the AAZ matrix demonstrates
strong consistency with available knowledge of interactions between
signalling pathways.

New interaction mechanisms derived from the AAZ

interaction matrix

The AAZ interaction matrix also demonstrates novel interactions
between signalling pathways. Consider the interactions between ligands
inducing cAMP production (ISO, PGE) and Ca?*-mobilizing ligands
(2MA, C5A, LPA, PAF and UDP; Fig. 3). Nearly all combinations of
these ligand groups cause synergistic increases in cAMP (9) coupled
with synergistic inhibition of Ca** mobilization (10). These data strongly
suggest a general mutual feedback interaction between these second
messenger systems in RAW 264.7 cells in which receptor-stimulated Ca**
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Figure 3 A subset of the double ligand screen in RAW 264.7 cells.

The matrix shows the interactions between many ligand pairs (rows) for
all experimental measurements (columns). The interaction is measured
in AAZ scores, which quantitatively report the non-additivity of responses
to a pair of ligands (see text) in dimensionless units. The matrix is
divided by receptor classes: a, TLR-TLR combinations; b, interferon-TLR

elevation potentiates cAMP production, and cAMP in turn antagonizes
Ca?" mobilization. No single ligand or single perturbation analysis could
have revealed this process as it is fundamentally defined by the coopera-
tive interaction between two active signalling pathways. Thus it is only
revealed in the double ligand experiment. We use the term ‘interaction
agent’ to describe a signalling circuit that is uniquely involved in the cou-
pling of distinct signalling pathways. By providing context dependence
of signalling events and increasing the number of irreducible signalling
states, interaction agents increase the total processing complexity of the
signalling network in cells.

To better understand the Ca*-cAMP interaction mechanism, we
examined how the non-additivity between Ca** and cAMP signalling
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combinations; ¢, cytokine-TLR combinations; d, GPRCR-TLR combinations;
and e, GPCR-GPCR combinations. Specific interactions discussed in the
text are highlighted in black boxes and numbered according to the order of
discussion in the text. Note that most numbers highlight multiple pixels.
The colour scale for AAZ ranges from — 56 (blue) to + 5o (red), with all
insignificant values within + 1o in white.

is affected by perturbation of intracellular calcium and cAMP levels
(Fig. 4). ISO-mediated cAMP increase is potentiated by the presence
of UDP, a Ca**-stimulating agonist (Fig. 4a; compare dark grey and
black bars). This synergy persists for approximately 90 s, consistent
with the time course of the UDP-dependent calcium response in RAW
264.7 cells. Pretreatment of cells with 1 LM thapsigargin, an agent that
depletes intracellular stores of Ca®* by inhibiting re-uptake through
Ca®*-ATPases, partially inhibited the synergy (Fig. 4a, yellow bars),
supporting a causal link between Ca?* mobilization and potentiation
of cAMP production by ISO. Pretreatment of cells with 2 mM extra-
cellular EGTA, a calcium chelator, did not inhibit the synergy at early
times (20 s), but inhibited at later times (40 and 90 s), consistent with
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Figure 4 Testing the predicted interaction agent between calcium

and cAMP. (a) Histograms represent normalized cAMP responses
(mean + s.d., n = 3) to stimulations with ISO (dark grey), ISO + UDP
(black), and to 1ISO + UDP after pretreatment with EGTA (light blue) or
thapsigargin (light yellow). Responses that were statistically different
(P <0.05) from ISO and ISO + UDP are indicated (double and single
asterisk, respectively). All responses were statistically significant from
media alone (white). (b) Normalized cAMP responses (mean =+ s.d.,

n = 3) to stimulation with ISO alone (dark grey) or following pretreatment
with either ionomycin (black), EGTA (light blue) or thapsigargin (light
yellow) are shown. Responses on pretreatment were not statistically
different from ISO alone. All treatments were significantly elevated over
responses to media alone (white). (c) The time course of intracellular

the observation that UDP-dependent intracellular calcium mobilization
comes in two phases — initial release from thapsigargin-sensitive intra-
cellular stores followed by influx through plasma membrane calcium
channels (Fig. 4a, blue bars). Pretreatment of cells with thapsigargin,
EGTA or 2 uM ionomycin (a calcium ionophore that raises intracel-
lular calcium to an extent similar to that induced by UDP) also had no
effect on ISO-mediated cAMP production (Fig. 4b; light yellow, blue
and black bars, respectively). Thus, calcium mobilization alone, in the
absence of receptor stimulation, is insufficient to support synergistic
control of ISO signalling. Taken together, these results indicate that
ISO-mediated cAMP production is specifically upregulated by recep-
tor-mediated calcium mobilization.

calcium levels in response to Cba (blue, mean + s.d., n = 6,) was
significantly inhibited by 8BrcAMP (black). Pretreatment with H89
(red) blocked the inhibitory influence of 8BrcAMP. (d) A schematic
representation of the interaction agent mediating cross-talk between
Ca?* and cAMP. GPCR ligands (blue ovals) act on cognate receptors
(dark yellow ovals; grouped by Ca?* and cAMP stimulators) and activate
appropriate Go-subunits and subsequent signalling cascades (all
signalling shown as black arrows). A receptor-dependent Ca®* increase
(symbolized as a logical AND gate) synergizes (red arrow) with the Gas-
stimulated production of cAMP. Feedback from cAMP inhibits levels of
intracellular calcium by a PKA-dependent mechanism (green line). An
interaction agent summarizing and defining the conditional cross-talk
between Ca?* and cAMP is highlighted by a blue hexagon.

The mechanisms by which increase in cAMP production leads to sup-
pression of receptor-mediated intracellular calcium mobilization were
further explored. The GPCR agonist C5a induces a large transient eleva-
tion in intracellular calcium (Fig. 4c, blue), but in cells pretreated with a
cell-permeable, non-hydrolysable analogue of cAMP (8BrcAMP, 2 mM),
this response was significantly attenuated (Fig. 4c, black). Interestingly,
the effect of 8BrcAMP could be completely blocked by the pretreatment
of cells with 12.5 uM H89, a selective inhibitor of protein kinase A (PKA;
Fig. 4¢, red). These data argue that cAMP-mediated control of calcium
signalling operates through a PKA-dependent process.

Taken together, these data provided an initial mechanistic model for a
novel signalling circuit that represents the Ca**~cAMP interaction agent
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Figure 5 The complete double ligand screen in RAW 264.7 cells describing
non-additivity in the secretion of cytokines in response to all 231 pairwise
combinations of 22 input ligands. The matrix is hierarchically clustered, and
follows the same colour scheme in Fig. 3. Ligand pairs for select clusters
(labelled 1-3) are displayed (see Supplementary Information, Fig. S2 for

(Fig. 4d, blue hexagon). Receptor-mediated elevations of intracellular
calcium lead to potentiation of concurrent cAMP signalling. In turn,
cAMP production operates through activation of PKA to inhibit receptor
mediated Ca’* mobilization. Further work will be necessary to com-
pletely expose the details of operation of this circuit, but these data serve
to illustrate the core concept of the interaction agent — a network of sig-
nalling reactions that are silent during single pathway signalling events,
but that become active during the simultaneous activation of multiple
signalling pathways and provide the capacity for context dependence of
signal processing. Analysis of the AAZ interaction matrix is one practical
experimental approach for recognizing these interaction agents and for
designing new experiments to mechanistically understand them.

A global assessment of signalling cross-talk

To examine the total density of cross-talk between signalling pathways.
we performed a complete assesment of non-additive interactions for all
231 ligand pairs, focused on the six cytokines that represent the signifi-
cant final outputs of RAW 264.7 cells in our screen (Fig. 5). The matrix
shows the non-additivity in the production of these cytokines (rows) for
all ligand pairs (columns) and is clustered so that ligand pairs displaying
a similar pattern of non-additivity are grouped together. The statistical
significance of clusters was assessed by comparing the clustering of the
actual data with that resulting from 1000 trials of randomly scrambling
the AAZ matrix (see Supplementary Information, Fig. 3 and Methods).
Significant clusters are indicated by bold divisions.

The data show that all of the 22 ligands that are included in this study
display at least one non-additive interaction with another ligand in mod-
ulating cytokine production (Fig. 5, columns and see Supplementary
Information, Fig. S2). Similarly, every cytokine is apparently subject to
both synergistically-positive and synergistically-inhibitory regulation
through distinct pairwise combination of ligands (Fig. 5, rows and see
Supplementary Information, Fig. S2). This is true despite the fact that
many of these ligands failed to show any effect on cytokine production
when applied individually (for example, ISO, PGE, and TGFp; Fig. 1).
Thus we conclude that: first, interactions are many, providing a rich capac-
ity for context dependent signalling in RAW 264.7 cells; and second, that
the physiological role of most signalling pathways is not autonomous

all labels). Analysis of clustering patterns shows that the primary effect

of most ligands is exerted through modulation of cytokine production as
against direct control; for example, cluster 1 shows that IFNs, which do not
directly stimulate significant production of cytokines (Fig. 1), are capable of
significant modulation of TLR-induced cytokine release.

control over main cellular outputs, but is instead context-dependent regu-
lation of a few signalling pathways that can exert direct control.

At first glance, the finding that there are many pairwise interactions
between ligands suggests the possibility that a vast number of interaction
agents exists, each serving to mediate the synergistic activity of unique
ligand combinations. However, the clustering of the AAZ matrix sug-
gests otherwise. Though many non-additive interactions are evident, lig-
and pairs fall into a modest number of clusters (approximately 40) based
on the pattern of non-additivity (Fig. 5). These observations lead to the
hypothesis that clusters represent the convergence of signalling path-
ways onto a small set of interaction mechanisms that combine to yield a
limited number of unique cytokine regulatory programs. For example,
consider cluster 1 in Fig. 5, which comprises TLR agonists paired with
the GPCR ligands ISO and PGE. Activation of TLR signalling on its own
leads to strong increases in production of all the cytokines included in
this analysis (Fig. 1). However, according to the clustering, the coinci-
dent activity of a GPCR that mobilizes cAMP leads to a unique cytokine
expression program that could not have been predicted from knowledge
of the TLR or GPCR ligand responses taken independently: GCSE, IL6,
RANTES and IL10 are variously potentiated, and MIP1o. and TNFa.
are suppressed. Note that no other cluster shows this cytokine expres-
sion program; it is a specific feature of these ligand combinations alone.
These results suggest the existence of a generic interaction agent that
links cAMP production to the specific modulation of TLR signalling.

To test this, we examined the effect of LPS, a TLR agonist, on production
of these six cytokines with or without treatment of cells with 8BrcAMP
(Fig. 6a). The data confirm that cAMP elevation is sufficient to induce the
same modulation of TLR signalling to yield the same cytokine expression
pattern as in the double-ligand experiment. The modulatory effects of
cAMP are also demonstrated at the gene expression level (http://www.
signaling-gateway.org/data/micro/cgi-bin/micro.cgi); application of LPS
alone induces cytokine and other genes, ISO or PGE do little on their own,
but the costimulation with either ISO plus LPS, or PGE plus LPS, leads
to synergistic induction of many genes including GCSE, IL6 and IL10,
and synergistic repression of genes including TNFo. (Fig. 6b). These data
support the model that ISO-PGE signalling modulates TLR signalling
through a cAMP-dependent process that is comprised of an interaction
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Figure 6 Testing the predicted interaction agent between Gas—-GPCRs and
TLRs. (a) GCSF, IL6, RANTES, IL10, MIP1o and TNFo secretion at 2 and

3 h after stimulation by LPS (blue) or LPS+8BrcAMP (red; mean + s.d.,

n =2, normalized to maximum LPS response). (b) The regulation of 21
genes (mean fold change over responses in untreated cells) in response to
stimulation by each of ISO, PGE and LPS (30 microarrays; 1, 2 and 4 h)

is shown in the left panel (red pixels indicate upregulation; white pixels
indicate unchanged; blue pixels indicate downregulation). Some genes

have the same descriptive names but have different nucleotide sequences
(systematic names) on the chip. The panel on the right shows the non-
additivity of responses to the pairs of ligands ISO + LPS and PGE + LPS (red
pixels indicate synergy; blue pixels indicate inhibition). Note the systematic
inhibitory influence of Gass on several members of the inflammatory cascade
(for example, interleukin-1b, cd83 antigen abd mip2) that are upregulated

agent — a signalling circuit that provides generic communication between
these signalling pathways and that is only exposed in the coincident activ-
ity of the pathways (Fig. 6d). From a biological point of view, this interac-
tion agent makes sense; Gois-signalling in macrophage cells is known to
attenuate the inflammatory response due to TLR activity'?'.

To characterize possible cAMP-dependent processes that may be
involved in this cross-talk, the effect of the PKA inhibitor H89 on the ability
of 8BrcAMP to suppress LPS-dependent TNFo. production was examined

by TLR signalling. (c) Levels of TNFa transcript assayed by quantitative
RT-PCR 2 h after stimulation (n = 3, mean =+ s.d., normalized to maximum
LPS response). The response to LPS (black) is completely inhibited in the
presence of 8BrcAMP (light blue). This inhibition is not mediated by PKA
as H89 does not significantly reduce the inhibition of 8BrcAMP on the LPS-
induced TNFo response (light yellow). Controls responses to H89 (red),
8BrcAMP (light green) and H89 + 8BrcAMP (dark yellow) are not different
from untreated cells (white) at 2 h. (d) A schematic representation of the
interaction agent mediating cross-talk between Gas-GPCRs and TLRs.
Colour convention is similar to Fig. 4d. TLR agonists induce secretion

of multiple cytokines (red ovals). Stimulation of Gas—GPCRs selectively
mediates both synergy and inhibition of TLR-induced cytokine responses
through an unknown interaction agent (blue hexagon), that is independent of
PKA activation in the regulation of at least one cytokine.

(Fig. 6¢). The data show that H89 does not significantly affect the modu-
latory effect of cAMP on LPS signalling. Thus, at least with regard to the
LPS-induced TNFa. production, PKA is unlikely to be part of the cAMP-
dependent modulatory cascade. These data show how the same signalling
molecule (for example, CAMP) can be involved in multiple interaction
agents. In this case, cCAMP-dependent control of receptor-mediated Ca**
mobilization occurs through a PKA-dependent process, and modulation of
aspects of TLR signalling occurs through a PKA-independent process.
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Figure 7 A schematic compilation of input-output relationships observed in the
single and double-ligand screens. The representations follow previous examples
(Figs 4d and 6d). Assayed parameters in the ligand screens are shown as
light yellow ovals. Other known mechanisms (not assayed) are depicted as
white ovals. Transcription factors (collectively described for each group of
ligands, white rounded rectangles) are activated and undergo translocation

Other clusters in the AAZ matrix also support the notion of interac-
tion agents. For example, clusters 2 and 3 reveal systematic pairwise
interactions between interferon and TLR signalling pathways with regard
to production of cytokines, a finding that is consistent with many other
studies®'°. Several mechanisms have been proposed for mediating such
an interaction: first, up-regulation of TLRs by IFN signalling?*; second,
potentiation of NF-kB* and/or ERK and STAT?® signalling pathways;
and third, induction of the SOCS proteins**, a family of regulatory mol-
ecules that are induced by TLR signalling and act to modulate JAK-STAT
signalling such as through IFNs'*'*. Interestingly, the clustering pattern
demonstrates similarities and difference between IFNf and IFNYysignal-
ling in RAW 264.7 cells; both IENf and IFNYy potentiate the production
of IL-6 and RANTES by TLR signalling, but differ in that IFN alone
synergistically enhances IL-10 production, consistent with the known
anti-inflammatory role specific for Type I interferons.

Based on these results, we propose that clustering of ligand interac-
tions based on cytokine production originates from the existence of
a limited set of interaction agents that provide the capacity to inte-
grate specific signalling pathways to yield unique output responses.
The relatively small number of clusters suggests the possibility that
most of the combinatorial complexity of signalling may be accounted
for by the convergence of signalling cascades on a small number of
molecular mechanisms.

(thick black lines) to produce cytokines (red ovals), the final step in the input-
output relationship. Interactions from the double ligand screen are shown as
coloured arrows (red arrows indicate synergistic; blue arrows indicated less than
additive). For visual clarity, interactions within groups are not displayed (for
example, interactions between TLRs). Three interaction agents revealed by the
double ligand screen are also indicated (blue hexagons).

DISCUSSION

The work presented here provides initial insights into the architecture of
the intracellular signalling machinery in the RAW 264.7 cells and provides
important direction for further experimentation. A simplified picture
(Fig. 7) of the signalling network that emerges from the single and double
ligand screens serves to illustrate the basic results. Ligands taken individually
cluster into specific response classes that reflect commonality in their early
transduction mechanisms but fails to explain their physiological contribu-
tion to information processing. Taken in pairwise combinations, ligands
begin to reveal their context-dependent roles in modulating final cellular
outputs; indeed, the data suggest that the primary activity of many input lig-
ands is modulation of other signalling systems rather than direct control over
cellular outputs. The density of cross-talk demonstrates substantial capacity
for encoding combinatorial complexity in input stimuli, but the clustering of
non-additive response patterns places significant constraints on the mecha-
nistic complexity of ligand interactions. We suggest that the topology of the
signalling network in the RAW 264.7 cell is composed of modular transduc-
tion units representing the core transduction machinery downstream of
specific receptor classes linked by a limited set of interaction agents whose
number and promiscuity ultimately determine the processing complexity
of the cell. The availability of an open access, high quality dataset of ligand
responses, and the interactions between them in one cell type, should enable
the signalling community to systematically test this hypothesis.

578

NATURE CELL BIOLOGY VOLUME 8 | NUMBER 6 | JUNE 2006

©2006 Nature Publishing Group



METHODS

Single-ligand responses. An error model was constructed for each data variable
by collecting several datasets for mock-stimulated cells, which were defined as the
reference (or basal) state. This provided a mean value and an expected variance
for each variable with no applied stimulus. Each data variable collected on ligand
stimulation was then expressed as the number of standard deviations removed
from the error model (for example, the Z-score). Thus, for ligand i generating
a value of a, for the experimental variable x, the transformed representation of
the value is given by:

a,—a
7 i basal
! [§]
basal

where Z* is the significance of observing a, given the error model. Multiple
repeats of applying ligand i produced a distribution of Z-scores for variable x; thus,
the raw data variable is transformed into a mean Z-score with errors, and these
are used to derive parameters for ligand similarity and interaction.

Double-ligand screen. This screen was used to identify cross-talk between
ligands. Quantitatively, we define the ‘interaction’ of two ligands (1 and 2) on
experiment variable x as:

L=+ Z))

[2 2
O12+07 .2

where the difference between the observed effect of applying both ligands (Z*)
and the expected effect if they act independently (Z* + Z)¥) is weighted for the
propagated errors of measurement. We note that AAZ¥, is not merely the dif-
ference between two ligand responses; it is a new parameter that gives the degree
to which two ligands cooperatively determine each experiment variable. This
interaction could arise from many sources and by itself says little about the under-
lying molecular mechanism. Nevertheless, it indicates complexity as it detects the
context-dependence of specific output variables in the transduction of stimuli.

AANZY =

Clustering methods. All clustering was performed using implementations of
hierarchical clustering in MATLAB (The Mathworks, Natick, MA). Distance
calculations were made using the cityblock metric and linkages were established
using the complete linkage method. Inconsistency coefficients® were calculated
for each node in a dendrogram to rank the significance of clustering for the AAZ
matrix (Fig. 5). Briefly, an inconsistency coefficient of zero places every leaf node
in a dendrogram in its own separate cluster while at the maximum inconsistency
score all leaf nodes comprise a single cluster. To determine a threshold inconsist-
ency score for partitioning leaf nodes in the AAZ matrix into an optimal number
of clusters the inconsistency scores for clustering the matrix were calculated fol-
lowing 1,000 trials of random permutation of the columns of the matrix. This
randomization scrambled any similarities in patterns of non-additivity between
ligand pairs; thus clustering in the randomized matrices is insignificant. A com-
parison of the number of clusters generated as a function of the inconsistency
coefficient for the AAZ matrix and the randomized trials provides the threshold
value for cluster significance (see Supplementary Information, Fig. S3).

Experimental methods. Detailed protocols for the ligand screens developed
by the AfCS are available online (http://www.signaling-gateway.org/data/
ProtocolLinks.html). Brief summaries of key procedures are described in the
Supplementary Methods.

cAMP assays. Intracellular cAMP levels were assayed identical to procedures in
the ligand screen (AfCS Procedure Protocol ID: PP00000175) using an enzyme-
linked immunoassay system (cAMP Biotrack EIA; Amersham Biosciences,
Piscataway, NJ). Cells were stimulated with ISO (50 nM, Sigma-Aldrich, St
Louis, MO), UDP (25 uM, Sigma-Aldrich) or both. Stimulations with combina-
tions of ISO + UDP were performed in the presence (pretreatment for 5 min)
and absence of thapsigargin (1 uM, Calbiochem, La Jolla, CA) or EGTA (2 mM,
Sigma-Aldrich). Reactions were stopped at the times indicated after addition
of stimulus and cAMP content was determined. To reduce day-to-day vari-
ability, cCAMP levels on each day were normalized by area normalization of the
ISO + UDP response for that experiment.

ARTICLES

Calcium assays. Assay of intracellular calcium followed the same procedure as
the ligand screen experiments (AfCS Procedure Protocol ID: PP00000176). Cells
were stimulated with C5a (100 nM, Calbiochem) in the absence and presence of
8BrcAMP (2 mM, Sigma-Aldrich), H89 (12.5 uM, Biomol, Plymouth Meeting,
PA) or both. Cells were pretreated with 8BrcAMP and H89 5 min and 10 min
before C5a stimulation, respectively. Data were normalized to the peak of the
C5a response for comparison.

Cytokine assays. Assay of cytokine secretion followed the same procedure as the
ligand screen experiments (AfCS Procedure Protocol ID PP00000209, -221, -223).
Cells were stimulated with LPS (100 ng ml™!, Sigma-Aldrich; all LPS treatments
were made with added LBP 250 pM, R&D Systems, Minneapolis, MN) or with
a combination of LPS and 8BrcAMP (1 mM). Supernatants were collected at 2
and 3 h after initiation of stimulation and assayed for cytokine content. Data
were normalized to the maximum secretion of each cytokine in response to LPS
treatment alone. For estimation of cytokine mRNA levels, cells treated as above
were lysed for mRNA extraction (RNeasy plus mini kit, Qiagen, Valencia, CA)
and subsequent cDNA synthesis ( Copy kit, Invitrogen, Carlsbad, CA) that was
used as template for quantitative RT-PCR reactions. Primers for the TNFo gene
were designed using Primer3 (ref. 31) based on design constraints of melting
temperatures >60 °C, GC content >50% and size <30 base pairs (bp), with the
final product spanning at least two introns (275 bp). The following primers were
used: 2R-TNFo,, TACGACGTGGGCTACAGGCTTG; 2F-TNFo, GAAAGCAT-
GATCCGCGACGTGGA. A reference gene (18S) and reference cDNA synthe-
sized from RNA isolated from total spleen (a kind gift from J. Lee, UTSWMC)
were used for normalization for each reaction. Day-to-day variability between
experiments was reduced by normalizing to maximum LPS response.

Microarray experiments. Publicly available AfCS microarray data was used to
examine interactions between ligands. Data from 30 AfCS microarray experi-
ments (five ligands; ISO, PGE, LPS, ISO + LPS and PGE + LPS at three time-
points (1, 2 and 4 h), repeated twice; see Supplementary Information, Table S1
for ligand details) were downloaded and analyzed using custom scripts written
in MATLAB (R14, The Mathworks).

Note: Supplementary Information is available on the Nature Cell Biology website.
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