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A module of negative feedback regulators defines

growth factor signaling

Ido Amit"?, Ami Citri»®?, Tal Shayz, Yiling Lu3, Menachem Katz!, Fan Zhangs, Gabi Tarcic!, Doris Siwak?,
John Lahad?, Jasmine Jacob-Hirsch?, Ninette Amariglio4, Nora Vaisman’, Eran SegalG, Gideon Rechavi?,
Uri Alon’, Gordon B Mills?, Eytan Domany? & Yosef Yarden!

Signaling pathways invoke interplays between forward signaling and feedback to drive robust cellular response. In this study, we
address the dynamics of growth factor signaling through profiling of protein phosphorylation and gene expression, demonstrating
the presence of a kinetically defined cluster of delayed early genes that function to attenuate the early events of growth factor
signaling. Using epidermal growth factor receptor signaling as the major model system and concentrating on regulation of
transcription and mRNA stability, we demonstrate that a number of genes within the delayed early gene cluster function as
feedback regulators of immediate early genes. Consistent with their role in negative regulation of cell signaling, genes within

this cluster are downregulated in diverse tumor types, in correlation with clinical outcome. More generally, our study proposes
a mechanistic description of the cellular response to growth factors by defining architectural motifs that underlie the function

of signaling networks.

Cells respond in a stereotypic and highly reproducible manner to
external stimuli. A major focus of current research is elucidation of the
mechanisms underlying the regulation of this response. In the past,
considerable effort was invested in characterizing ‘forward-signaling’
components activated by external stimuli, with successful identifica-
tion of proteins involved in signaling cascades and immediate-early
genes encoding transcription factors. However, in recent years, the

aYe) focus of the signal transduction field has shifted to identification of

eedback regulatory components. The clinical rationale is obvious: the

function of these components, which define the specificity and extent
of growth factor signaling, is often imbalanced during oncogenic
transformation!. Although an increasing number of such gene pro-
ducts have been identified, an overall understanding of feedback
control within signal transduction systems has not been achieved.
The recent advent of systems biology suggests a potential strategy for
deciphering organizational principles of signaling networks by analyz-
ing the dynamics of network components, which we will exploit in
this study?.

The epidermal growth factor (EGF) ErbB system is one of the best
studied signaling networks*. Disregulated activation of this network
has been implicated in diverse types of human cancer, primarily in
carcinomas of secretory epithelia®. Here we address the dynamics
of signal transduction events induced by EGF at the level of

phosphorylation and gene expression, with the aim of uncovering
mechanisms of transcription-dependent signal attenuation. Conse-
quently, we can now identify a cluster of coexpressed genes that
function in feedback attenuation of growth factor signaling at specific
nodes within the network (for an overview, see Supplementary Fig. 1
online). In the case of EGE a central feedback node is at the tier of
mitogen-activated protein kinases (MAPKs) and is attenuated through
induction of specific phosphatases. Downstream, transcription regu-
lators and RNA-binding proteins further attenuate the initial burst of
transcription. The induction of negative regulators therefore serves to
attenuate the same pathway that induced their expression, leading to
the definition of an activation interval. The assembly of these
components into network motifs suggests organizational principles
coordinating robust growth factor signaling. Notably, the identities of
the active components vary between systems, but the overall signaling
architecture is conserved across cell types and stimuli.

Transcription-dependent attenuation of EGF signaling

The cellular response to EGF is initiated by rapid kinetics of receptor
activation, followed by phosphorylation-dependent activation of sig-
naling cascades. This is typically analyzed by observing activation of
the ERK MAPKs and subsequent transcriptional activation of
immediate-early genes (IEGs) such as the AP-1 components FOS
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and JUN or the zinc finger transcription factor EGRI (ref. 6). To assess
the role of transcription in attenuation of EGF signaling, we treated
HelLa cells (a common model system for investigation of growth factor
© signaling) with EGF in the presence or absence of the protein
translation inhibitor cycloheximide. We observed that attenuation of
=Y, ERK signaling (Fig. 1a), as well as attenuation of immediate-early
gtranscription (Fig. 1b), is dependent on de novo gene transcription.
=" This demonstrates a central role for transcription-mediated
feedback control in defining the interval of downstream phosphor-
ylation and transcriptional events, a finding consistent with
previous observations”®.
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MAPKSs constitute a node of feedback regulation

In order to define the nodes of EGF-activated phosphorylation
cascades subject to feedback regulation, we used the emerging tech-
nology of reverse-phase protein lysate arrays (RPPA; Fig. 1c and
Supplementary Table 1 online). This assay has been calibrated
extensively to ensure specificity and quantitative reliability in analysis
of a large number of samples across a variety of antibodies’ (see
Supplementary Methods online for explanation of the methodology
and description of the antibodies used). We used 32 different anti-
bodies, 19 of which addressed the phosphorylation state of 16 proteins
within the pathway.

The results demonstrate that the ERK and STAT5 cascades are those
most robustly activated by EGF in HeLa cells. In the presence of the
translational inhibitor cycloheximide (or the transcriptional inhibitor
actinomycin D; data not shown), the activation interval of the MAPK
tier (ERK, JNK and p38) was markedly prolonged. Notably, we did not
observe any obvious effects on the kinetics of other tiers within the

phosphorylated forms of the indicated proteins.
(d) Serum-starved Hela cells were stimulated
with EGF for the indicated time intervals,
followed by analysis of RNA expression using
Affymetrix Hu-133A oligonucleotide microarrays
(containing ~22,000 human probe sets). The
465 genes whose expression was induced to at
least twice the baseline level were ordered
according to their peak expression time.

same cascade, nor did we find any effect on other signaling cascades
(Fig. 1c and Supplementary Table 1). Thus, transcription-dependent
attenuation acts at specific nodes within signal transduction cascades,
with the MAPK tier being the major target of this mechanism within
EGF-activated cascades.

Notably, proteins previously characterized as EGF-induced
negative-feedback regulators, such as Sprouty-2 and Mig-6 (ref. 10),
have been demonstrated to repress the activity of the EGF receptor or
other proteins at a similarly high level in the signaling hierarchy. As
the peak induction of these proteins occurs 60-120 min after
stimulation (data not shown), they are active only after the EGF
receptor has been degraded, suggesting that they do not function as
feedback regulators of signaling. Rather, we are led to assume that
these proteins maintain a ‘refractory period’ that decouples the cell
from repetitive stimulation (ref. 11 and data not shown). Recent
observations concerning the function of Sprouty proteins in tooth
development are congruent with this hypothesis!2.

The circuitry of growth factor-induced transcription

As we aimed to identify the mechanisms of transcription-dependent
feedback attenuation of growth factor signaling, we constructed a
comprehensive kinetic profile of the transcriptional response of HeLa
cells to EGF (Fig. 1d and Supplementary Table 1). We were surprised
at the coherence of the resulting expression matrix, which showed
clearly defined waves of transcription. The initial wave demonstrated
rapid induction of a small number of previously characterized IEGs at
the first time point (20 min; 14 genes). Examining the identity of
genes within subsequent waves of transcription, we realized that the
coordinate expression could be strongly correlated with similarity of
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publications'>!6 can be extended to the clus-

ter of coexpressed nucleotide-binding pro-
teins. Adopting this theme as a guide for
annotating gene function, we propose a nega-
tive regulatory function for the noncharac-
terized gene products found within the
cluster of DEGs.

With that in mind, we searched for exam-
ples of delayed induction of a transcriptional
attenuator and found several cases. In many
instances, the transcriptional attenuator
forms a physical complex with and attenuates
the function of a transcriptional activator
that is induced earlier: for example, NAB2
binds and inhibits active complexes of EGR1
(ref. 18); FOSL1 binds with and inhibits
active AP-1 complexes!®; JUNB engages
AP-1 complexes and inhibits activation of
JUN?® and ID2 is induced in a delayed
fashion to inhibit the activation of the TCF
complex?!. Finally, ATF3 is induced in a
delayed fashion and binds elements found
in proximity to AP-1 and NFkB elements,
repressing gene transcription by these two
transcription activators??. Extending these
observations to a wider group of transcrip-
tion regulators, we constructed a network
map describing the nodes, ‘transcriptional
edges’ and previously documented physical
interactions within this set (see URLs for the
Human Protein Reference Database in Meth-

Putative transcription repressor

transcripts induced by EGF in HelLa cells. Shown are transcripts that encode nucleotide-binding

proteins, according to the Gene Ontology database. Genes were ordered according to their peak
expression time. Gene symbols are color coded according to their reported predominant function in
signaling networks (green, transcription activators; red, transcription repressors). (b) Interaction map
of proteins implicated as participating in the EGF-induced transcriptional program. The genes are
organized according to their peak induction time (note alignment with the expression matrix

shown in a).

ods and Supplementary Table 1), as well as
relationships with phosphoregulated tran-
scription factors reported to be activated by
EGF (STAT, CREB and TCF). We displayed
the connectivity against the time of peak
induction (Fig. 2b) for both previously

protein function. This observation is in line with the concept that
coordinately expressed genes often share similar cellular function!3-1°,
Obvious candidate proteins responsible for the attenuation of MAPK
signaling are the MAPK phosphatases (MKPs, or dual-specificity
phosphatases), a number of which have been reported to undergo
transcriptional induction after growth factor activation!’. Indeed, we
observed coordinate induction of multiple dual-specificity phospha-
tases in EGF-treated HelLa cells (see below).

To identify potential feedback regulators responsible for the
attenuation of EGF-driven transcription, we examined the subset of
genes whose transcription peaked between 20 and 240 min after
stimulation and that are classified as nucleotide-binding according
to the Gene Ontology database (Fig. 2a; see URLs in Methods section).
This set of 50 genes contained mainly transcriptional regulators and
RNA-binding proteins. The classic IEGs, FOS, JUN and EGRI, which
are ‘forward-driving’ transcription factors (peaking at 20—40 min),
belong to a relatively small subset, whereas a large fraction (25/47) of
the genes induced at later time points (peaking at 40-240 min
(hereafter referred to as delayed early genes or DEGs)) have been
implicated in negative transcriptional regulation (for functional anno-
tation and references, see Supplementary Table 1). The theme
of coordinated expression and function alluded to in previous

known feedback regulators as well as those

that we identified and confirmed for the first
time in this work. This network map suggests a coordinated, time-
dependent change in the composition of transcriptional complexes
after recruitment of newly synthesized DEGs. We propose that the
recruitment of these regulators into existing transcriptional complexes
results in attenuation of their transcriptional activity. These kinetics
would permit transient activation of specific transcription complexes,
followed by rapid attenuation, consistent with the observed waves of
EGF-induced transcription (Fig. 1d). These waves of transcription are
specifically demonstrated by the peak induction (60-120 min) of a
cluster of ligands and cytokines, a common physiological measure of
growth factor—driven response (output) regulated by AP-1 activity?>2*
(Supplementary Fig. 2 online).

KLF2 and MAFF are feedback regulators

To verify the regulatory function of potential novel transcriptional
repressors within the DEG cluster, we focused on three molecules
(Fig. 3a): the Kruppel-like factors 2 and 6 (KLF2 and KLF6) and
avian musculoaponeurotic fibrosarcoma oncogene family, protein F
(MAFF). The KLFs are SP1-like transcription factors®>, and MAFF is a
small MAF family protein, lacking the transactivation domain?®
characteristic of active transcription factors (similar to the transcrip-
tional repressor FOSL1 (ref. 27)). We verified EGF-mediated
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Figure 3 The delayed early genes MAFF, KLF2 and KLF6 repress EGF-driven gene transcription.

(a) EGF-induced expression of KLF6, KLF2 and MAFF, in comparison with FOS (derived from the Hela
transcriptional data set). (b) HelLa cells were cotransfected with 100 ng plasmids encoding GFP (con),
GFP-MAFF, GFP-KLF2, GFP-KLF6 or NAB2, along with the indicated luciferase reporter plasmid, as
illustrated in the schematic below the graph. Twenty-four hours after transfection, cells were serum
starved for 16 h and stimulated with EGF for 4 h, and then luminescence was determined. The results
are presented as a percentage of the maximal signal (green bars) + s.d. of three replicates. (c) Serum-

starved Hela cells were treated with EGF for the indicated time intervals, and extracts were subjected

to immunoprecipitation (IP) of KIf6, followed by immunoblotting (IB) as indicated. Note the doublet of
KLF6 (arrows) and the heavy chain of immunoglobulins (Hc).
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expression of these genes by quantitative PCR (data not shown) and
confirmed the induction of MAFF and KLF6 gene products in
different epithelial cell lines by immunoblotting (Supplementary
Fig. 3 online and data not shown). Ectopic expression of the cloned
cDNAs at levels comparable to those attained upon stimulation with
EGF resulted in inhibition of EGF-driven transcription through
SRE- and STAT-responsive promoter elements as well as inhibition
of the transcriptional activity of EGRl and AP-1, which are

encoded by IEGs (Fig. 3b; for additional evidence, see Supplementary

la.l Fig. 3).
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Figure 4 Induction of the ZFP36 ensures rapid degradation of transiently induced
genes. (a) EGF-induced transcripts (Fig. 1d) were probed for the presence of AU-rich
elements (AREs) using the ARED3 database (see URLs in Methods). The percentage
of genes containing AREs is presented according to their peak expression time. P
values describe enrichment according to hypergeometric distribution. (b) Hela cells
were cotransfected with increasing amounts of a plasmid encoding a ZFP36-GFP
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The inhibitory activity of MAFF and KLF2 was also

200

apparent on TNFo-driven NFkB transcrip-
tional activity (Supplementary Fig. 3).
Consistent with recent observations?®, these
results demonstrate the potential relevance of
our observations to other signaling pathways.
Notably, when testing the effects of KLF2
and MAFF on EGF-induced SP1 activity, we
observed repression of SP1 activity by MAFF
but activation of SP1 by KLF2 (Supplemen-
tary Fig. 3). As we discuss below, this may
illustrate the time- and context-dependent
flexibility of transcriptional modulators,
which act as repressors in some contexts
and activators in others. Numerous analo-
gous examples are available in the literature;
even the classic transcriptional activator
FOS has been found to repress transcription
in some contexts?®, and the transcrip-
tional repressors NAB2 (ref. 30), ATF*! and
JUND?? have been found to promote
context-dependent transcriptional activation.
We postulate time-dependent incorporation
of the newly expressed DEGs into trans-
criptional complexes, and, as expected, we
observed a physical association of the
EGF-induced KLF6 protein with the FOS
complex (Fig. 3c¢).

ZFP36 regulates stability of EGF-induced mRNA molecules

Early work® suggested that the superinduction of IEGs observed upon
stimulation of cells in the presence of protein synthesis inhibitors
occurs through disruption of two complementary processes: attenua-
tion of transcription and induction of mRNA degradation. The
robust, transient induction of the RNA-binding protein ZFP36 (also
known as TTP and TIS11) (Supplementary Fig. 4 online) suggests
that it may function in degradation of short-lived, inducible mRNAs.
ZFP36 binds to AU-rich elements (AREs), which are predominantly
found within the 3 UTR of unstable mRNAs>3, and promotes
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determined in triplicate 24 h later. Error bars in b and ¢ represent s.d. (c) Hela cells
were transfected with ZFP36-specific siRNA (50 nM) oligonucleotides or with control oligonucleotides (50 nM). Twenty-four hours later, cells were serum-
starved (12 h), stimulated with EGF (30 min) and exposed to actinomycin D for the indicated time intervals, followed by analysis of FOS mRNA by
quantitative PCR. (d) MCF10A cells were transfected with control or ZFP36-specific siRNA oligonucleotides. Twenty-four hours later, the growth medium was
changed to medium containing the indicated EGF concentrations. After an additional 24 h, cells were stained with crystal violet.
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Figure 5 Transcription-repressor and RNA-binding DEGs are coordinately downregulated

in multiple human tumors. (a) A subset of 25 DEGs was analyzed against a human cancer
compendium?3 comprising 1,975 published microarrays across 22 tumor types, using the
Genomica software package (see URLs in Methods). Shown are the arrays in which expression
of the module changed significantly, where red indicates induction, and green, repression.
Gray pixels represent missing values. Indicated below the matrix are tissues in which

we observed significant repression (left) or induction (right) of the 25 DEGs. (b) The subset
of 25 genes was analyzed against a data set derived from 30 ovarian tumors and 7 normal
ovarian tissues. The expression matrix presents 14 genes in which we observed a significant
difference between normal and malignant tissues. t-test P values are shown. (c) A group of
78 individuals with prostate cancer®® was used to analyze the association between expression
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of transcription-repressor DEGs and survival time of affected individuals (different Kaplan-Meier
survival analyses are shown). The color scale represents the fraction of individuals with no
evidence of disease. DFI, disease-free interval. P values from Cox analysis are shown.

deadenylation and subsequent exosomal degradation of target
mRNAs*%. In order to characterize ZFP36 substrates (ARE-containing
mRNAs), we grouped genes according to their peak expression time
and determined, in each group, the frequency of ARE-containing
transcripts (via the ARE Database search engine; see URL in Meth-

Yoy 0ds>®). We found a significant preponderance of these motifs within

@the 3" UTR of genes induced during the early waves of transcription

=" (20-120 min; Fig. 4a and Supplementary Table 1). ZFP36 inhibited

the transcriptional activity of AP-1 while not affecting transcription
driven by the SRE. This result was expected, as AP-1 components are
encoded by inducible ARE-containing mRNAs, and the SRE is
activated by constitutively expressed phosphoregulated transcription
factors®® (Fig. 4b and Supplementary Fig. 4). Furthermore, small
interfering RNA (siRNA) knockdown (Supplementary Fig. 4)
demonstrated that ZFP36 is necessary for degradation of FOS
mRNA (Fig. 4c and Supplementary Fig. 4). siRNA knockdown of
ZFP36 in MCF10A cells, which dissociate from epithelial clusters and
migrate in response to EGF stimulation’, resulted in greatly
enhanced sensitivity to EGF-driven cell motility, as measured by an
increase in cell scattering (Fig. 4d) and migration (Supplementary
Fig. 4). These results confirm the role of ZFP36 as an inducible
attenuator of EGF signaling, promoting degradation of rapidly
induced genes and thus restricting the responsiveness of the cell to
stimulation. Observation of oncogenic mutations within the ARE of
the FOS gene provides physiological evidence of the importance
of this mode of regulati0n38. As we discuss below, in the context of
a network, the activity of ZFP36 may promote the speed of
IEG transcription by forming incoherent feed-forward loops®.
Additional RNA-binding proteins of similar potential function were

induced by EGF (Supplementary Fig. 4); for example, the late
induction of heterogeneous nuclear ribonucleoprotein D (HNRPD,
also known as Aufl)*® is suggestive of a role in regulation of
the expression of a subset of genes different from those regulated
by ZFP36.

DEGs are potential tumor suppressors

Proteins that function as negative regulators of growth factor signaling
have been found to act as tumor suppressors*!. Exploring a large
human cancer compendium'?® (comprising 1,975 published micro-
arrays spanning 22 tumor types; see URLs for Genomica in Methods
section), we examined the expression of genes from the DEG cluster of
transcription repressors and RNA-binding proteins (Supplementary
Table 1). We observed that a large proportion of these genes (18 of 25)
were coordinately downregulated in multiple epithelial tumor types
(Fig. 5a). Specifically addressing the expression of this group of genes
in ovarian tumors (for which patient follow-up survival data were
available), we found coordinate downregulation of a large subset of
the transcription repressors (14 of 25) in tumor samples, consistent
with observations of downregulation of KLF2 and KLF6 in ovarian
tumors®>*2 (Fig. 5b). By contrast, expression of EGF-inducible
ligands found in our data set (the output of forward signaling) was
significantly upregulated in these tumors (Supplementary Fig. 5
online). Furthermore, clinical follow-up showed that survival of
affected individuals with low DEG level was significantly shorter
than that of individuals with high levels of DEG. This held true for
several other epithelial tumors (data not shown), including prostate
cancer (Fig. 5c) as well as the ovarian cancer study presented here
(Supplementary Fig. 5).

NATURE GENETICS VOLUME 39 | NUMBER 4 | APRIL 2007

507



ARTICLES

a b

EGF stimulation Serum stimulation

components differed significantly (Supple-
mentary Table 1). The transcriptional pro-

(min): 0 20 40 60 120 240 480 (min): 0 20 40 60 120 240 480 files of MCF10A cells treated with either EGF

time of peak expression.

2 or serum shared 47% identity, whereas those
of EGF-treated MCF10A and EGF-treated

100 = ! HelLa shared 36% identity.
8 As the three expression matrices share a
G 0 common architecture, while differing in their
200 components, we postulate that the particular
B combination of induced genes defines the
300 ,  identity of the active cellular pathways®,
Focusing on the pattern of induction of
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(Fig. 1c), mirrored by the transcriptional

Pathway-specific induction of feedback attenuation

To assess the implications of our observations beyond the model of
EGEF-stimulated HeLa cells, we turned to MCF10A, a normal human
breast epithelial cell line. In these cells, EGF drove migration through
the dominant circuit of ERK-EGRI1 (see below, Supplementary Fig. 6
online and data not shown), whereas serum factors (‘serum’) drive
proliferation, predominantly through JNK-AP1 (data not shown).
When examining the kinetic profile of EGF- and serum-induced gene
expression in these cells, we found marked similarity in the pattern of
gene expression induced by EGF in Hela cells and the patterns
induced by EGF and serum in MCF10A cells (Fig. 6a,b). Although
the kinetics of induction of the gene clusters

of IEGs, DEGs and cytokines (Supplemen-

tary Fig. 6) were conserved across the three
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induction of a large number of DUSPs

(Fig. 7a), which feed back to attenuate the
activity of the MAPKs. Although some DUSPs are specific to ERK,
others preferentially inactivate p38 and JNK!7. In MCF10A cells, EGF
stimulation resulted in specific activation of ERK, whereas serum
specifically activated JNK (Fig. 7b). Consistent with pathway specifi-
city in the induction of the DUSPs, EGF treatment of MCF10A cells
resulted in predominant induction of ERK-specific DUSP3, DUSP4,
DUSP6 and DUSP7, whereas serum treatment resulted in predomi-
nant induction of the p38- and JNK-specific DUSP1 and DUSPI10
(Fig. 7c). Moreover, inhibition of MEK in HeLa cells abolished the
induction of the ERK-specific DUSP6, whereas treatment with a
mixture of JNK and p38 inhibitors resulted in slightly elevated

transcriptional profiles, the identity of the A EGF (min): 020 40 60 120240480 b EGF Serum
busp2 0 30 60 15 45 120
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Figure 8 Potential network motifs used by the EGF-induced transcription program. (a) The early peak of FOS expression may be (at least in part) explained
by a negative autoregulatory loop in which the newly synthesized FOS protein binds to its own promoter to attenuate transcription. (b) A composite negative
feedback loop comprising a transcription activator (for example, TCF) whose activity is attenuated by its target gene (for example, a KLF family protein),
resulting in transient activation of gene expression. (c) Two coupled feed-forward loops (FFLs) may generate expression profiles of late-induced cytokine
genes like /L8. The ‘coherent’ FFL (potentially involving TCF (X) and AP-1 or EGR1 (Y)) generates a delay owing to a necessary accumulation of a
transcriptional activator (such as AP-1 or EGR1), whereas the ‘incoherent’ FFL (potentially involving TCF (X) and KLF2, KLF6 or ATF3 (Y’)) shows an
intrinsic delay (1) in the induction of the transcriptional repressor Y’. This structure enables delayed induction of the target gene Z, which is shut down by
the delayed activation of the repressor Y’. (d) Cascaded FFLs can generate a late wave of gene expression: Y’ participates as a repressor in an incoherent FFL
(as in c), whereas it functions as an activator in a coherent FFL together with Y. This motif demonstrates a mechanism for slow accumulation of effectors,
which may promote the transition to a new cellular state. All expression profiles are derived from the Hela transcriptional data set.

expression of DUSP6 (Fig. 7d). These observations are suggestive of a
conserved architecture of signaling pathways whereby the output of
the system depends on the precise dynamics of induction of forward-
and backward-acting components. Furthermore, transcription-
dependent attenuation of signaling involves induction of regulators
specific to the inducing pathway.

Common motifs within the EGF-induced transcriptional network
Based on the kinetic data sets produced in this study and on previous
observations relating to interactions between components of the

la.l network, we performed an initial analysis of the EGF network in

erms of its functional architecture. In particular, we identified circuit

=" elements called network motifs? that have been studied primarily in

unicellular organisms. These are simple building blocks of robust
networks, comprising a small number of components whose
connectivities display a recurrent logic. Recognition of such elements
may uncover the mechanisms underlying the kinetics of response to
growth factor activation as well as the foundations of network
robustness. Here we propose a set of simplified network motifs
that model the activity of parts of the EGF-induced trans-
criptional program.

Examples of such motifs can be suggested for each epoch of gene
expression (Fig. 8). Thus, FOS, the gene induced earliest by EGE, is
regulated by a negative autoregulatory loop (Fig. 8a and ref. 29) that
has been found to accelerate the response time within transcriptional
networks?. The next wave of transcription (peaking at 40-60 min
post-stimulation) undergoes ‘superinduction’ in the presence of
cycloheximide, in common with the initial burst of IEG
expression (data not shown). We propose that this wave may be
regulated by a composite negative feedback loop in which the function
of a ‘forward-driving’ transcription factor is attenuated by the protein
product of its target gene(s) (Fig. 8b). This motif is found in
diverse systems and organisms, where it generates a robust and
transient induction?.

The regulation of the next wave of gene expression (Fig. 8¢c; peaking
at around 120 min after stimulation) may be explained as the output
of two feed-forward loop motifs (FFLs)%. Each FFL consists of a
transcription factor (Y) that activates a second transcription factor
(Y"), both of which regulate a target gene, Z. One FFL is ‘coherent,
meaning that all arrows are of the same sign (in this case, positive).
A coherent FFL generates a delay in activation because the trans-
criptional activator Y (for example, AP-1 or EGR1) must accumulate
in order to drive induction of the output gene Z (exemplified
by cytokines). The second type of FFL is an incoherent FFL (arrows
are not of the same sign). In this FFL, Y’ is a slowly induced repressor
that functions to attenuate the signaling in a delayed fashion.
Thus, the output gene Z is induced with a delay by the coherent
FFL, followed by delayed attenuation through the action of the
incoherent FFL.

The last wave of gene expression in this study peaks at 240—480 min
post-stimulation (Fig. 8d). A possible gene circuit that can correspond
to these dynamics is a coherent FFL, based on two intermediate
transcription factors (Y and Y’). In this proposed circuit, Y* partici-
pates as a repressor in an incoherent FFL as well as an activator in a
coherent FFL driving the expression of the late genes (for an example
of opposite effects of a transcriptional regulator, see the effects of KLF2
on transcription driven by AP-1 or SP1 in Supplementary Fig. 3).
Such a design has been found to generate a wave of late gene
expression during Bacillus subtilis sporulation**, A similar mechanism
has been demonstrated for the FOS gene product, where a ‘master
regulator’ of transcription attenuates a preceding wave of transcription
while positively promoting the subsequent wave of transcription®.
Several additional network motifs tentatively identified in this system
(Supplementary Fig. 7 online) include a composite negative feedback
loop involving transcription of DUSPs (to attenuate MAPK activa-
tion) as well as a self-attenuating FFL involving MAFF (Supplemen-
tary Fig. 7). However speculative, these motifs provide a useful
platform to generate experimentally testable hypotheses.
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DISCUSSION

In this study, we address the network architecture underlying the robust
cellular response to growth factor stimulation, focusing on mechanisms
of transcription-dependent feedback. Consistent with previous reports,
we provide evidence that attenuation of MAPK signaling and IEG
expression are dependent on de novo protein synthesis (Fig. 1a,b and
refs. 7,8). In an attempt to identify the architecture of signaling pathway
regulation, we have carried out a kinetic analysis of growth factor—
driven transcription and have observed that distinct waves of transcrip-
tion are induced after stimulation of cells.

The rapid induction of a limited set of ‘forward-driving’ transcrip-
tion factors is followed by the delayed induction of a set of feedback
regulators (Figs. 1d, 2 and 6). In the case of the DUSPs, feedback
regulators are induced by the pathways whose activity they attenuate
(Fig. 7). A major constituent of this set are proteins that function in
attenuation of gene expression through inhibition of transcriptional
complexes, as well as by promoting degradation of the induced
mRNAs (Figs. 3 and 4). Considering their role in attenuating growth
factor signaling, we were not surprised to find that a significant
proportion of the negative regulators are downregulated in multiple
carcinomas (Fig. 5a,b). Furthermore, low expression of these genes
correlates with poor prognosis (Fig. 5¢). Association of the compo-
nents described above into simple network motifs (Fig. 8) serves to
clarify our understanding of how interactions between components of
the network may bring about the observed system dynamics, and it
serves as a basis for further experimentation.

The temporal organization uncovered in our study seems to be
conserved across diverse mitogenic stimuli, as well as in different cell
types. Indeed, similar patterns appear in distinct signaling cascades,
such as those stimulated by EGF and serum in HeLa and MCF10A
cells (Figs. 1 and 6), as well as tumor necrosis factor (TNF)-stimulated
fibroblasts*>. We propose that cells interpret information along the
temporal axis: namely, that the timing of a signaling event encodes
crucial information that may determine cellular decisions. Conse-
quently, investigation of a given effector within a particular system
should be most revealing in the appropriate temporal context.

The cellular response to stimulation involves the induction of a

e, limited set of forward-signaling events, followed by a large cellular

@)
@effort focused on signal attenuation in order to achieve tight control of

=" the system. The final outcome is defined by multiple levels of signal

integration. While one domain of integration is along the temporal
axis, another may involve convergence of parallel pathways on various
signaling nodes. In line with previous studies, temporal summation
occurs also at the interface of signaling and transcription, such that the
transcriptional activity of IEG protein products depends upon the
duration of upstream kinase activity. This forms a feed-forward loop
that functions as a persistence detector, enabling further signaling only
in the presence of prolonged upstream kinase activation®.

Notably, it has been demonstrated that prolonged versus brief
activation of a signaling pathway may promote different cellular
outcomes. This has been demonstrated for differentiation versus
proliferation of PC12 cells*’ as well as for the distinct biological
responses generated by TNF or lipopolysaccharide (LPS)*. These
phenomena may be explained by observing the balance between
forward-driving actions and feedback attenuation mechanisms.
Short activation may occur through inactivation of the input, such
as the rapid downregulation of the EGF receptor®’, favoring attenua-
tion of the signal through the action of induced negative regulators.
Conversely, the shift of the balance toward negative regulation may
take longer when signaling is driven through receptors that do not
undergo downregulation or inactivation, ultimately resulting in

prolonged signaling. Another possible mechanism could be based on
differing thresholds of transcriptional activation for positive effectors
versus negative effectors. This might explain the difference between
strong and transient induction of NFkB activity driven by TNE in
contrast to the persistent weak activation driven by LPS signaling?®,
In summary, we postulate the existence of a basic common
architecture underlying the transcriptional response of a cell to growth
factor stimulation. This structure evokes a dynamic temporal code of
transcriptional complexes, resulting in transient waves of gene expres-
sion. These distinct clusters of genes encode proteins of similar
function, ultimately defining the characteristics and outcome of
cellular signaling. We conclude that the DEG cluster functions as a
structured module defining the temporal domain of both signaling
and transcription events in response to growth factor stimulation.

METHODS

Cell lines and RNA preparation. HeLa cells were grown in DMEM with 10%
bovine serum supplemented with antibiotics, and MCF10A cells were grown in
DME:F12 medium supplemented with antibiotics (10 pg/ml insulin, 0.1 pg/ml
cholera toxin, 0.5 pg/ml hydrocortisone and heat-inactivated horse serum (5%
vol/vol), defined as ‘serum’ in the text) and 10 ng/ml EGE. After the indicated
treatments, cells (5 x 10° HeLa or 1 x 107 MCF10A cells per sample) were
collected by scraping in PBS on ice. Cell pellets were then extracted and RNA
was purified using Versagene’s RNA isolation kit according to the manufac-
turer’s protocol. The quality of RNA was verified by electrophoresis on a 1.5%
agarose gel and by real-time PCR.

Real-time quantitative PCR and oligonucleotide microarray hybridization.
cDNA was generated by the use of an Invitrogen SuperScriptll first-strand
synthesis kit. Real-time PCR analysis was performed using SYBR Green I as a
fluorescent dye, according to the manufacturer’s guidelines. All experiments
were carried out in triplicate, and results were normalized to beta-2 micro-
globulin RNA levels. Real-time PCR primers were designed using ProbeLibrary
(see URLs below), and primer sequences are available in Supplementary
Methods online. For oligonucleotide microarray hybridization, 10 pg RNA
was labeled, fragmented and hybridized to an Affymetrix HG-U133A oligonu-
cleotide array. After the arrays were scanned, the expression value for each gene
was calculated using Affymetrix Microarray software 5.0 (MAS5). The average
intensity difference values were normalized across the sample set. Probe sets
that were absent in all samples according to Affymetrix flags were removed. All
values lower than 50 were replaced by 50. Only probe sets that were upregulated
by twofold or more were analyzed further in this study.

Luciferase reporter assays. STAT3, EGR1, SRE, NFkB, SP1 and AP-1 activities
were measured after transfection of cells with plasmids (0.5 g DNA) encoding
the indicated response element fused to a luciferase reporter gene. Cells were
subsequently split to 24-well plates and serum starved overnight before
treatment as indicated with EGF (20 ng/ml) for 4 h. The luciferase reporter
assay was performed using a Promega luciferase assay system. Light intensity
was measured using a luminometer.

Expression vectors and siRNA. pEGFP vectors encoding GFP-KLF2 and GFP-
MAFF were cloned from HeLa cDNA prepared from cells stimulated with EGF
for 60 min. Deletions and point mutants were generated using the QuikChange
mutagenesis kit (Stratagene) and PCR-based strategies. The following plasmids
were gifts: ZFP36-GFP from P. Blackshear (National Institutes of Health), an
IL8 reporter plasmid from M. Kracht (Medical School Hannover), EGR1
reporter plasmid from J. Milbrandt (Washington University School of Medi-
cine) and a STAT3 reporter plasmid from A. Gertler (Hebrew University).
siRNA oligonucleotide pools directed to ZFP36 and control siRNA were
obtained from Dharmacon. Oligofectamine and Lipofectamine (Invitrogen)
were used for siRNA and plasmid transfections, respectively.

Lysate preparation and immunoblotting analysis. Cells were washed briefly
with ice-cold saline and then scraped in solubilization buffer (50 mM HEPES
(pH 7.5), 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM EDTA, 1 mM

510

VOLUME 39 | NUMBER 4 | APRIL 2007 NATURE GENETICS



EGTA, 10 mM NaFE 30 mM f-glycerol phosphate, 0.2 mM NazVO, and a
protease inhibitor cocktail). For equal gel loading, protein concentrations were
determined using the Bradford technique. After gel electrophoresis, proteins
were electrophoretically transferred to a nitrocellulose membrane. Membranes
were blocked in TBST buffer (0.02 M Tris-HCI (pH 7.5), 0.15 M NaCl and
0.05% Tween 20) containing 10% low-fat milk, blotted with a primary
antibody for 1 h, washed with TBST and incubated for 30 min with a secondary
antibody linked to horseradish peroxidase (HRP). Immunoreactive bands were
detected using chemiluminescence.

Transwell cell migration assay. MCF10A cells (4 x 10* cells/well) were plated

http://www.nature.com/naturegenetics

in the upper compartment of a 24-well Transwell tray (Corning) and allowed to
adhere for 16 h at 37 °C in full medium lacking EGF. Thereafter, the medium in
the lower compartment of the chamber was either refreshed or replaced with
medium containing EGE, and cells were allowed to migrate through the
intervening nitrocellulose membrane (8 pm pore size) for 16 h at 37 °C. The
filter was removed and fixed for 15 min in PBS containing paraformaldehyde
(3%), followed by cell permeabilization in Triton X-100 (0.05%, in PBS) and
staining with methyl violet. Cells growing on the upper side of the filter were
scraped using a cotton swab, and cells growing on the bottom side of the filter
were photographed and counted.

Survival analysis. The outcome correlation analysis reports the P value of the
COX analysis. The cutoff of the high and low groups was optimized to achieve
the most significant P value with at least 20% patients at each group. A color-
code display of fraction of survival or disease-free interval replaces the

traditional Kaplan-Meier survival curves. In this display (Fig. 5c and Supple-

Reference Database: http://www.hprd.org; ARED3 database: http://rc.kfshrc.

© 2007 Nature Publishing Group

mentary Fig. 5), every row is a gene, and every column is a time period in the
high-expression group or the low-expression group. A color code gives the
fraction of surviving or disease-free individuals in the group with high or low
expression of this gene at a given time point. For additional information see
Supplementary Methods.

Accession codes. The complete microarray data sets are available from the
Gene Expression Omnibus (GSE6786).

URLs. Gene Ontology database: http://www.geneontology.org; Human Protein

edu.sa/ared3/Search_Main.aspx; Genomica: http://genomica.weizmann.ac.il;
ProbeLibrary: http://www.probelibrary.com.

Note: Supplementary information is available on the Nature Genetics website.
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