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a b s t r a c t
The Mitogen-Activated Protein Kinase (MAPK) pathway represents one of the most conserved signaling
cascades in multicellular organisms, since its cytoplasmic components can also be found in single-celled
eukaryotic organisms such as yeast. With this broad view in mind, we can ask ourselves not only what are
the seminal features and functions of the pathway in Drosophila, but also what have the studies in Drosophila taught us about the pathway in the wide range of organisms where it functions. We discuss the
linearity of the MAPK signaling pathway in developmental decisions, and the ability of the developing
organism to discriminate between different receptor tyrosine kinases that converge on the common
MAPK pathway. Diverse modes of regulating the dynamics and level of MAPK signaling are presented.
Finally, the convergence of MAPK signaling with other pathways is reviewed.
Ó 2014 Elsevier Inc. All rights reserved.

1. Universality and architecture of MAPK pathways
The Mitogen-Activated Protein Kinase (MAPK) pathway represents one of the most conserved signaling cascades in multicellular
organisms, since its cytoplasmic components can also be found in
single-celled eukaryotic organisms such as yeast [1]. In fact, even
in yeast the pathway is involved in sensing and relaying external
inputs including osmolarity stress. With this broad view in mind,
we can ask ourselves not only what are the seminal features and
functions of the pathway in Drosophila, but also what have the
studies in Drosophila taught us about the pathway in the diverse
range of organisms where it functions.
In all multicellular organisms the linear order of the pathway is
ﬁxed. Ligand binding to receptor tyrosine kinases triggers dimerization of the receptors. This process relays external information
to the cytoplasmic side of the receptor [2]. Broadly speaking, the
cytoplasmic domain is structurally and functionally separated into
the tyrosine kinase domain, and tyrosine phosphorylation sites
that will serve as docking anchors. Alteration in the position and
conformation of the cytoplasmic domains upon receptor dimerization leads to trans-phosphorylation of tyrosine residues [3]. Adaptor proteins such as Grb2 and Shc bind phosphorylated tyrosines
on the receptor, and provide a new docking site, usually by virtue
of an SH3 domain. Most notable is the Guanine exchange factor
Sos, which then triggers membrane associated Ras protein. In turn,
Ras initiates a cascade of phosphorylation of three kinases, Raf,
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MAPKK (MEK) and MAPK (also termed ERK). Raf and MEK have a
very restricted substrate speciﬁcity that deﬁnes the linear arrangement of the pathway. In contrast, MAPK has an extremely broad
substrate speciﬁcity, including both nuclear and cytoplasmic proteins. It functions as the ‘‘workhorse’’ of the pathway, triggering
in parallel a range of protein activities that are necessary to execute pathway task [4,5] (Fig. 1).
The MAPK pathway relays information following activation of
all receptor tyrosine kinases (RTKs) in Drosophila. There is some
variability in terms of the adaptor proteins used by different RTKs.
In some cases (e.g. EGFR or Torso) the adaptor Grb2 is directly associated with the receptor, while in other cases an intermediate
adaptor is used to bind Grb2 (Dof in the case of FGF receptors
and Shc for the insulin receptor). However, once Sos is recruited
by Grb2, all pathways utilize exactly the same downstream cascade [2].
There are several implications to this convergence of signaling
modules. First, it means that the biological function of a particular
signaling pathway can best be uncovered genetically by disrupting
the pathway at the level of the ligand or the receptor. Mutations in
cytoplasmic components may reveal phenotypes reﬂecting lack of
signaling by more than one receptor type. Only once the biological
function of a module has been uncovered spatially and temporally,
can the downstream components be manipulated in the relevant
space and time, to yield meaningful conclusions. This converging
architecture raises the issue of speciﬁcity and the capacity of a cell
to distinguish which RTK led to the activation of the common
MAPK pathway at that particular point in time.
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Fig. 1. Signaling by the EGF receptor pathway. On the cell surface of the signal-receiving cells, the ligands encounter the EGF receptor, which upon dimerization triggers the
canonical Sos/Ras/Raf/MEK/MAPK pathway. Ksr1 functions as a scaffold, to increase the efﬁciency of signaling. The cardinal transcriptional output of the pathway is mediated
by the ETS protein Pointed (Pnt). One isoform (PntP2) is activated by MAPK phosphorylation, while the second isoform (PntP1) is constitutively active, and its transcription is
activated by MAPK. The MAPK-dependent ETS protein that triggers pntP1 expression (marked by?) may be PntP2 in the context of the eye [83], and is unknown in the setting
of the embryo where PntP2 is not expressed in the same tissue. In addition, Yan provides a constitutive repressor which competes for Pnt-binding sites, and can be removed
from the nucleus and degraded upon phosphorylation by MAPK. Capicua (Cic), an HMG-box protein represents a second repressor that can be removed upon MAPK
phosphorylation. Several negative regulators keep the pathway in check. Especially important are inducible components, which constitute a negative-feedback loop. Argos is
a secreted molecule which sequesters the ligand Spitz, while Sprouty and Kekkon attenuate signaling within the signal-receiving cell.

2. Linearity of developmental RTK pathways
The striking feature regarding signaling triggered by most RTKs
in Drosophila is the linearity of the signaling pathway that is employed downstream of the receptor. In contrast, multiple parallel
pathways are activated downstream of the activated RTK in vertebrates, including PLCc and PI3K. How do we know that this is not
the case in Drosophila? First, removal of cardinal pathways that
function as auxiliary ones in vertebrates, such as PLCc, has no effect on RTK signaling downstream to the receptor. Second, elimination of successive components in the canonical RTK pathway gives
rise to identical phenotypes, again strengthening the notion of a
linear pathway. A third experimental line of support for the linearity of the pathways comes from the expression of consitutively active elements. Similar phenotypes are again observed,
strengthening the notion of pathway linearity.
The linear RTK pathways, including Torso [6], EGFR [7] (Fig. 1),
FGFR (Heartless (Htl) and Breathless (Btl)) [8–10], Alk [11] and
Sevenless [12] are all critical for cell fate determination during

development. Therefore, there may be an operational logic for this
architecture. The developmental decisions are irreversible and
should be triggered in an unambiguous fashion. Furthermore, in
cases where the pathways do not function as an ‘‘On/Off switch’’
but rather the actual strength of signaling is informative, the linearity may facilitate a more direct and less muddled quantitative
output. For example, patterning along the leg proximal–distal axis
is driven by graded activation of EGFR, which gives rise to different
cell fates [13].
Linearity of RTK signaling is supported by a scaffold protein that
links three consecutive elements, thus enhancing the linear relay of
information, as well as the speed of signaling. Kinase suppressor of
Ras-1 (KSR1) is a protein that displays homology to the kinase domain of Raf, but does not possess an active kinase domain. Distinct
binding sites in KSR1 for Raf, MEK and MAPK were identiﬁed, supporting the notion that the three proteins could be simultaneously
brought together by a scaffolding activity of KSR1. The possibility
that some of these binding events would be promoted by signaling
provides an additional mode of regulating the pathway. In

Author's personal copy

B.-Z. Shilo / Methods 68 (2014) 151–159

accordance with the scaffolding role, increasing levels of KSR1
gives rise to a bell shaped effect on signaling levels, since high levels of KSR1 act as a dominant-negative by sequestering signaling
components instead of combining them in the same signaling complex [14]. Interestingly, it was also demonstrated that despite lacking an active kinase domain, KSR1 can form side-to-side dimers
with Raf, thereby triggering activation of Raf independent of upstream signaling [15].
It is interesting to contrast this linearity feature with two Drosophila RTK pathways which appear to activate branched signaling
cascades, triggered by the insulin receptor or the PDGF/VEGF
receptor (PVR). These pathways play a metabolic role and are thus
controlling reversible processes. Since they maintain the homeostasis of ATP levels, the more elaborate circuitry may facilitate a
versatile and adaptable outcome [2].
3. Cellular view of MAPK signaling
The canonical players in the MAPK pathway were uncovered at
the level of the whole organism, by forward genetic screens or by
reverse genetics. For many of these genes both maternal and zygotic contribution needs to be removed, in order to expose the full
ﬂedged phenotype. Genetic epistasis screens elucidated the order
by which the components function in the pathway. While the genetic assays proved to be extremely powerful, a troubling question
loomed regarding the possibility of additional components that
were not uncovered. Those may represent players that function
only in speciﬁc cell types, or alternatively elements that modulate
and ﬁne tune the activity of the pathway, but are not part of the
core machinery.
To uncover such elements, a new approach was required, where
the output of the pathway would be monitored quantitatively, and
even small changes in the efﬁciency of signaling could be detected.
With the introduction of high throughput technologies to manipulate and monitor signaling in cultured Drosophila cells, this became
possible [16].
Initially, quantitative outputs for MAPK signaling were assayed
by monitoring the level of dual phosphorylation of MAPK following
stimulation of the EGF or insulin receptors. The availability of a
comprehensive library of RNAi molecules covering most if not all
the Drosophila genes, allowed to systematically test their effect
on the level of MAPK signaling [17]. In addition to the known
canonical members of the pathway, tens to hundreds of new components affecting the level of signaling were identiﬁed, with a continuous and broad range of effects. Why are so many new elements
picked up? They may fall into several categories. First, some of
them may represent components that impinge on the pathway
and modulate it, but are not part of the canonical hardware. Second, we should note that the developmental signaling pathways
do not operate in a vacuum, but rather in the elaborate context
of the cell. It is thus possible that a more general effect on cell biological properties such as trafﬁcking or endocytosis, will also affect
the activity of a given signaling pathway that utilizes this general
machinery. Finally, since the assays are conducted in cultured cells,
it is possible that there may be elements that operate only in this
particular cell type.
Cell homeostasis in culture, which reﬂects metabolic steadystate, may be quite distinct from normal developmental signaling
in the context of the whole organism. The jury is still out whether
the large number of modulators identiﬁed in cultured cells calls
into question the linearity of developmental RTK signaling pathways highlighted above. Alternatively, it may represent adjustment mechanisms that are exogenous to the linear core signaling
pathway.
Following the cell-based screens, the challenge then becomes to
identify signiﬁcant regulators that were missed by the conven-

153

tional genetic screens carried out at the level of the whole organism. One example of such a regulator is PLCc (Small wing). As
mentioned earlier, in ﬂies the pathways triggered by RTKs are
mostly linear, and PLCc is not an essential component. In fact, PLCc
mutant ﬂies are viable, and display small wings and rough eyes
[18]. However, an RNAi screen conducted originally in cell culture,
has uncovered it as a more subtle regulator of the pathway: A curious feature of EGFR ligand processing in ﬂies that will be discussed
later, is that the cleaved form of the ligand Spitz can be retained in
the ER. In a screen for RNAi molecules that compromise the ER
retention of cleaved Spitz, PLCc was picked up. Further biological
characterization has indeed demonstrated that it is required in
the eye in the cells that process the ligand, rather than in the cells
that receive the signal [19].
To expand the RNAi screens, they were combined with proteomic analysis of protein complexes that are generated with the key
elements of the pathway following signaling [20]. While the RNAi
screens detect functionally relevant elements that could act indirectly, protein–protein interaction (PPI) networks provide an
orthogonal representation of network regulators by revealing
physical associations. The PPI analysis proved to be highly effective, and identiﬁed, for example, a direct interaction of MAPK with
the cyclin-dependent kinase cdc2 implying a direct regulation of
the cell cycle. Most of the novel elements that were uncovered
and are shared between different RTKs represent adaptor proteins.
Interestingly, expression of 25% of the genes identiﬁed by PPI
was altered following pathway modulation, implying a high level
of feedback regulation. When examining the global compilation
of all the results, only a small fraction of the total number of hits
was isolated independently by the different assays, and those represented the known canonical MAPK pathway components. This
result supports the conclusions from the original genetic analysis,
that implicated a linear canonical pathway. The additional components identiﬁed can thus be regarded as cell-type speciﬁc or RTK
speciﬁc modulators, rather than obligatory hubs.

4. Speciﬁcity of RTK pathways
Convergence of different RTK pathways on the same linear
MAPK cascade raises the question of speciﬁcity. Can cells ‘‘tell’’
by the mode of MAPK activation which RTK triggered the stimulus
and respond accordingly? This issue was tested by replacing the
cytoplasmic domain of the FGF receptors Btl and Htl, guiding tracheal cell migration and mesodermal spreading, respectively, with
the corresponding domains of Torso and EGFR. In all cases the
migration defect was rescued by the hybrid receptors, implying
the absence of speciﬁcity at the level of cytoplasmic signaling. As
expected, when replacing the cytoplasmic domains, the speciﬁc
obligatory downstream adaptor for FGF receptors Dof, was no longer required [21].
The apparent lack of RTK signaling speciﬁcity brings forward an
alternative model, where the timing and context of signaling dictates the outcome of cellular responses. An obligatory requirement
of this model is that the activation of different RTKs would be segregated in time, with no overlap in RTK activation within the same
cell. Examination of air sac development during the larval stages
identiﬁed distinct roles for the Btl/FGF-receptor and EGF-receptor,
regulating cell migration vs. cell division and maintenance, respectively. The analysis of mutant phenotypes is compatible with an
early activity of the FGF receptor, followed by a distinct subsequent
phase of EGFR activation. It is possible that the activation by FGF
triggers the expression or processing of ligand for EGFR [22].
The global timing of MAPK activation by RTKs was examined directly when the atlas of MAPK activation was compiled. This was
made possible by an antibody that speciﬁcally recognizes the dual
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phosphorylated form of MAPK (dpERK), and can thus provide a
snapshot of all activation events at any given point in time
[23,24]. Obviously, this general tool displayed complex and dynamic activation patterns, during embryogenesis and at subsequent developmental stages. However, since principal RTKs were
already characterized molecularly and genetically at that time, it
was possible to attribute each of the dpERK patterns to the corresponding RTK, by examining the missing patterns in mutants for a
given RTK or its ligand.
A sweeping conclusion was that for each of the RTK mutants
tested, the corresponding dpERK pattern could be completely eliminated, even in cases where two RTKs converged on the same tissue. For example, EGFR and Btl/FGFR are required for early
tracheal development and migration. However, the EGFR-induced
dpERK pattern is observed in the tracheal placodes before invagination, while the FGFR-induced pattern is seen after invagination
and throughout the migration phase [23]. Despite the lack of temporal overlap, a recent analysis of the processes that uncovered in
detail the steps of tracheal invagination, indicates some functional
overlap between EGFR and Btl signaling [25] (Fig. 2). Mitotic
rounding of two cells at the center of the tracheal placode releases
the resistance of these cells to centripetal forces. EGFR is activated

by processing of ligand at the center of the placode, and triggers
recruitment and activation of MyosinII in the adjacent epithelial
cells, leading to rapid epithelial buckling. Active cell motility, triggered by activation of Btl in the tracheal cells by expression of
Branchless (Bnl) in the adjacent non-tracheal cells [26], expands
the invaginated placode further (Fig. 2).
Once the tracheal cells begin migration, the source of the Bnl ligand is dynamic [26]. All tracheal cells express the Btl receptor, but
they encounter the ligand in a graded manner, leading to restricted
activation of MAPK signaling only in the tip cells that are closest to
the ligand source [23] (Fig. 2). Two additional mechanisms then
utilize and maintain the graded activation pattern. High levels of
Btl activation at the tip induce a further induction of Btl expression,
generating an effective receptor pool that can trap the ligand, preventing it from diffusing to more distant tracheal cells [27]. In
addition, high and intermediate levels of Btl activation induce
the expression of Sprouty, which in a cell-autonomous manner
attenuates signaling of the pathway, such that only the cells receiving maximal signaling will overcome this repression and attain a
‘‘tip cell’’ fate [28,29].
The dpERK atlas displayed visually what was previously implicated by genetic studies, regarding the pleiotropy of RTKs. Some

Fig. 2. Successive activation of EGFR and FGFR during tracheal development. (A) EGFR is activated in the cells constituting the tracheal placode before it invaginates, following
production of active ligand by Rhomboid expressed by the placode cells, and leading to apical constriction of the cells. The mitotic rounding of the cells at the center of the
placode (marked in green) facilitates invagination, in conjunction with the EGFR-induced constriction. (B) After EGFR-mediated placode invagination is terminated, the
system is regulated by activation of the FGF receptor Breathless (Btl). All tracheal cells express Btl, and the activating ligand Branchless (Bnl) is produced by deﬁned clusters of
cells outside the placode. The graded presentation and activation of Btl leads to cell migration towards the ligand source. Since the expression of Bnl is dynamic, the tracheal
cells continue to move towards the source, as it progresses. To maintain the graded activation, expression of Btl is triggered by its activation, generating a sink for the ligand.
In parallel, induction of the inhibitory protein Sprouty in a broader domain attenuates signaling, and restricts the highest levels of activation to the leading tracheal cells.
Subsequently, only these cells assume the fate of tip cells.
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RTKs like Torso, are specialists that act only at a single stage during
development. Others, operate multiple times in a highly dynamic
manner, EGFR being the champion. The cytoplasmic components
of the pathway are maternally provided and ubiquitously expressed zygotically, providing the cells with the competence to respond to the different RTKs at all times. Some receptors, such as
EGFR or Torso are broadly expressed, while others such as Htl/FGFR
or Btl/FGFR are restricted to particular tissues. Still as a rule, the
major determinant in the time and place where each pathway is
activated is the expression or availability of active ligands. Delineating the dynamic activation of each pathway thus focuses on
the cells that provide the ligand.
Another aspect that was revealed by the dpERK staining relates
to the range of signaling by RTKs at each phase. The observed proﬁle represents the ﬁnal outcome of ligand diffusion and presentation, as well as the combined activity of the different negative
feedback loops that may modulate and stabilize the signaling proﬁle. Indeed, differences in the range of signaling were observed for
different pathways, or even for the same pathway in different tissues. In some cases, prominent signaling was observed several cell
diameters away from the ligand source, e.g. activation of EGFR in
the embryonic ventral ectoderm by a ligand that emanates from
the midline [30]. In other cases such as the wing veins in the imaginal disc, activation of EGFR is restricted to the vein cells that produce the active ligand [24].

5. Regulating the level of RTK signaling
The key determinant for the time and place of activation of a given RTK is the expression and presentation of active ligand. For
some ligands, such as the FGF ligands Thisby, Pyramus [31,32]
and Bnl [26], dynamic expression patterns have been documented,
while the actual processing and secretion of the ligand does not appear to be limiting. The dynamic expression pattern is especially
striking in the case of Bnl, since it is stereotypically expressed
ahead of the migrating tracheal branches and preﬁgures the structure of the tracheal tree.
The ligand of the Torso RTK, Trunk, is ubiquitously expressed in
its precursor form. However, the ligand is processed and presented
to the receptor only at the termini of the embryo. This restriction
depends on the Torso-like protein, that is speciﬁcally expressed
during oogenesis in the terminal follicle cells, leading to the conditioning of the vitelline membrane at these domains [33].
In the case of the EGFR ligands, both restricted localization of ligand expression and tight regulation of ligand processing were
shown to dictate the ﬁnal pattern of receptor activation. The symmetry-breaking event in dorso-ventral patterning during oogenesis
is the random migration of the oocyte nucleus to an anterior corner
of the egg. The transcripts of the EGFR ligand Gurken, which are
produced in the nurse cells, are trafﬁcked and anchored around
the oocyte nucleus [34]. Tight localization of gurken transcripts
leads to local translation of the protein that is secreted out of the
egg, generating a dorsally-centered gradient of EGFR activation in
the adjacent follicle cells [35]. Patterning the follicle cells is later
relayed to the developing embryo.
EGFR has four ligands. Gurken is dedicated to oogenesis, while
Spitz (Spi), Keren and Vein operate at other developmental stages
[36–38]. Except for Vein, which is produced as a secreted protein,
the other three are produced as membrane precursors that need to
undergo cleavage, in order to produce an active ligand [39,40]. The
most extensive work was done on the processing of Spi, which represents the chief EGFR ligand at most stages of development. Combined analysis in cell culture and in ﬂies demonstrated that the Spi
precursor is broadly expressed, but is retained in the ER, thus
shielding it from the non-speciﬁc activity of proteases at the cell
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surface. In the ER, Spi associates with the transmembrane protein
Star, which facilitates its trafﬁcking to a late secretory compartment by inhibiting retrograde trafﬁcking to the ER [41,42].
Once in the late secretory compartment, Spi precursor encounters Rhomboid, a seven-transmembrane domain intra-membrane
protease. Rhomboid cleaves Spi within its transmembrane domain
to release the cleaved form that is biologically active [43] (Fig. 3A).
The course of ligand processing relies heavily on intracellular trafﬁcking between compartments. Rhomboid and Star are exclusively
dedicated to the processing of ligands in the EGFR pathway, and
hence their mutant phenotypes are similar to spi [44,45]. While
spi and Star are broadly expressed, the expression of rhomboid is
highly dynamic, and was shown to correlate with the sites of MAPK
activation by EGFR [24,46]. Ectopic expression of rhomboid leads to
the corresponding activation of EGFR, implying that it is the only
restrictive element [47]. Thus, the spatial and temporal key to
the dynamic activation of EGFR lies in the elaborate promoter/enhancer structure of rhomboid. The central role of Rhomboid is manifested most dramatically in the differentiation of photoreceptor
cells in the eye disc, where multiple rounds of EGFR activation lead
to successive induction of photoreceptor cell fates [48]. At each
round, the receiving cells where EGFR activation took place, now
induce the expression of Rhomboid. These cells now become a
source for active processing of ligand that will recruit the next cohort of photoreceptor cells.
It is interesting to note that in some cases the elaborate ligand
processing machinery is also utilized to modulate the amount of ligand that will be secreted, and hence the range of EGFR activation.
Two additional members of the Rhomboid family, Rhomboid-2 and
Rhomboid-3 are expressed in the germline and the eye, respectively [49]. While possessing the same structure and ligand speciﬁcity as Rhomboid-1, their intracellular localization includes not
only the late secretory compartment but also the ER. The ability
of the processing machinery to operate also in the ER has two major consequences. First, active ligand is generated already in the ER,
but this ligand is not utilized since it is retained in the ER by an unknown machinery that also requires PLCc [19]. The ligand precursor appears to be in excess so that this process has no
consequences for signaling. The chaperone Star is also a substrate
for Rhomboid proteases [50]. When Star is cleaved and inactivated
in the ER, the effective level of chaperone drops, and as a result the
amount of ligand that is trafﬁcked to the secretory compartment is
compromised (Fig. 3B). This restriction is signiﬁcant in the germline and eye, where the range of EGFR activation needs to be highly
conﬁned [51,52].
The process of intramembrane proteolysis entails speciﬁc structural and mechanistic constrains in terms of substrate recognition
by Rhomboid proteases, and the capacity to perform the cleavage
reaction that relies on hydrolysis within the hydrophobic membrane environment. A detailed examination of the process in a
reconstituted system demonstrated that gating of the potential ligand into the catalytic site of the Rhomboid protease is the limiting
event, rather than substrate binding. Moreover, catalysis of each
molecule is a slow process lasting on the order of minutes, providing another level of interrogation of potential substrates and exclusion of non-substrates [53]. The functional implications are that
such a system can only generate a limited number of active ligand
molecules, even when active at maximal capacity.
Following EGFR activation, three inducible feedback loops stabilize the spatial pattern of activation. Argos is a secreted protein
that is induced by high levels of EGFR activation, and forms an
inactive complex with Spi [54–56]. While produced only in cells
receiving the highest signaling levels, by virtue of its effect on
Spi levels and distribution, Argos limits long-range effects by
restricting ligand spread. Two additional proteins operate within
the cell. Kekkon is a transmembrane protein that forms inactive
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Fig. 3. Modulation of EGFR ligand levels by the Rhomboid processing machinery. (A) Trafﬁcking of the ligand precursor mSpi from the endoplasmic reticulum (ER) to the
secretory compartment is facilitated by the chaperone Star. Rhomboid-1 is located only at the secretory compartment, and mediates high signaling levels by cleaving the
ligand precursor and releasing the active, secreted form (cSpi). (B) Rhomboid2/3 are localized both to the ER and the secretory compartment. Their activity in the two
compartments leads to an attenuated signal, primarily due to cleavage of the ligand chaperone, Star, in the ER. Thus, only the residual Star molecules that escaped cleavage in
the ER can trafﬁc the ligand precursor to the secretory compartment, where cleavage will lead to secretion of active ligand. The cleaved ligand (cSpi) generated in the ER, is
retained by a Small wing (Sl) dependent mechanism, and will not be secreted.

complexes with EGFR [57], and Sprouty is a cytoplasmic protein
that inhibits the canonical RAS/MAPK pathway at several junctions
[28,29,36,58]. Since Sprouty affects the canonical pathway, it is utilized by several RTKs in Drosophila, most notably EGFR and Btl/
FGFR, where it was ﬁrst discovered. Sprouty is conserved and its
vertebrate homologues play prominent roles in RTK signaling and
in cancer.
6. Competition between MAPK substrates
MAPK has a broad speciﬁcity of substrates in the nucleus and in
the cytoplasm. Since the levels of activated MAPK may be limiting,
the concentration of each substrate should be considered not only
with respect to its afﬁnity to MAPK, but also regarding its effect on
the capacity of MAPK to phosphorylate other substrates at the
same time. Most MAPK substrates contain, in addition to the phosphorylation site, a separate docking site that facilitates the association between the two proteins. Depending on the afﬁnity of
binding through the docking site, such an interaction may not be
transient, thus impinging on the pool of free activated MAPK [4].
A prominent example for the effect of multiple substrates on
the activity of MAPK was described for early patterning of the
embryonic termini. The Torso pathway is activated at both poles
of the embryo, and the level of dpERK indicates a similar level of
activation at each pole. On the other hand, when the consequences
of MAPK activation are monitored by the phosphorylation and degradation of the ubiquitous transcriptional repressor Capicua, the
effects are much more pronounced at the posterior pole. At this
early stage of embryogenesis, there are very few asymmetries
along the anterior-posterior axis, the most prominent being the
translation of Bicoid (Bcd) at the anterior pole. It turns out that
Bcd is a substrate for MAPK, and thus coopts some of the MAPK
activity at the anterior pole [59,60]. The effect of a given substrate

on the availability of active MAPK towards other substrates obviously depends on the relative abundance of that substrate, and
the total number of substrates that are displayed at a given point.
7. How MAPK affects its substrates
Two types of transcriptional outputs were identiﬁed for RTK
pathways. Most prominent is the ETS-domain protein Pointed
(Pnt), which is the principal activator of transcription downstream
of RTKs. Pnt itself is produced in two alternative forms, where
PntP2 represents a typical ETS protein that needs to be activated
by MAPK phosphorylation, while PntP1 is a constitutively-active
form that requires MAPK for its transcriptional induction [61–65].
Most tissues monitored use only one of the Pnt forms.
Another avenue by which MAPK impinges on transcription is
through the phosphorylation and inactivation of transcriptional
repressors. Yan is an ETS domain protein that lacks a transcription
activation domain, and hence blocks the binding of Pointed. Phosphorylation of Yan by MAPK leads to cytoplasmic export and degradation [66–68]. The combined output of Yan and Pnt facilitates a
robust bistable switch of target gene expression, triggered by
MAPK activation. Indeed, in multiple tissues where strong MAPK
activation was monitored, the presence of Yan and Pnt proteins
is mutually exclusive, displaying a clear complementary pattern
[69,70]. There are instances, however, where the presence of both
proteins is found. It is possible that in these instances another
repressor of transcription is playing a more central role.
Indeed, a second repressor of MAPK-target genes was identiﬁed.
Capicua (Cic) is an HMG-box transcriptional repressor. It is not
clear if the binding of Cic exerts a local effect on binding of other
transcription factors, or a longer range effect [71–73]. Again, phosphorylation of Cic by MAPK leads to its inactivation and subsequently to nuclear export [74]. Detailed kinetic measurements of
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functional inactivation of Cic have demonstrated that the protein
can be inactivated rapidly, even before export from the nucleus
[75,76].
MAPK also phosphorylates a multitude of cytoplasmic substrates in Drosophila and in other organisms [4,77]. A future challenge is to uncover the consequences of these phosphorylation
events. For example, MAPK phosphorylation of the RNA-binding
protein HOW was shown to facilitate its dimerization and capacity
to bind to target RNAs [78]. There are cases where the primary consequence of activating the RTK signaling pathway is not transcription, but cell migration. For example following highly polarized
activation of the Btl FGF receptor by Bnl during tracheal migration
[23,26], or during the migration of the border cells of the ovary that
is mediated by EGFR and PVR [79–82]. This raises the question
whether guided migration is triggered by MAPK phosphorylation
of cytoplasmic substrates, or whether a branch which is independent of MAPK is the primary effector.
8. Dynamics of MAPK signaling
While the MAPK atlas provides a high spatial resolution of activation, another important aspect is the dynamics of signaling. In
instances where MAPK activation continues for an extended period
of time, such as the embryonic ventral ectoderm, the signal reaches
steady-state and is stabilized by the employment of negative-feedback loops.
There are, however, cases where MAPK activation is transient.
In these cases it is important not only to examine in detail the
kinetics of activation, but also to understand how such a transient
activation can lead to sustained and robust signaling outcomes.
Further, deciphering which aspects of the transient signaling are
crucial, for instance the ability to reach a critical amplitude, or
rather signaling for a minimal time duration, is imperative. In the
embryonic ventral ectoderm, induction of rhomboid expression
leads to activation of the EGFR pathway, and eventually to the definition of distinct neuronal fates. The ability to morphologically deﬁne the stage of the embryo with a resolution of minutes, allows
monitoring of the kinetics of MAPK activation at an unprecedented
level of resolution and examination of the factors that impinge on
its dynamic properties [76].
When activation of MAPK is transient, sustaining the response
becomes a challenge. This issue is especially pertinent in view of
the fact that MAPK activation not only presses the ‘‘gas’’, but also
relieves the ‘‘brake’’ by removing proteins such as Yan and Cic. In
the absence of sustained activation, is the brake perpetually on?
This issue was examined for eye development, where the activation of the EGFR pathway at each cycle of photoreceptor recruitment is transient and the levels of active ligand are low. It was
shown that the two forms of Pnt are utilized successively. Low
and transient levels of MAPK activation trigger PntP2, which leads
(directly or indirectly) to the transcription of pntP1. Since the PntP1
protein is consitutively active, the activation of target genes will
persist as long as the protein and its RNA remain [83]. The system
thus switches from a regimen that depends of the kinetics of MAPK
phosphorylation and dephosphorylation, to one that relies only on
the stability of the PntP1 protein, allowing transcription to continue even after the EGFR/MAPK pathway was shut off.
Transient activation of the MAPK pathway can also be sustained
in cases where repressors of transcription are inactivated. Groucho
(Gro) is a co-repressor that is involved in numerous signaling pathways and biological processes, including MAPK. When Gro is phosphorylated by MAPK its repressor activity is compromised [84].
Interestingly, this phosphorylation is highly efﬁcient, such that
the majority of the Gro pool is phosphorylated. By employing antibodies that speciﬁcally recognize the phosphorylated vs. nonphosphorylated form of Gro, it was shown that the ‘‘memory’’ of
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a transient phosphorylation event persists for a long time, thus
allowing the expression of target genes that are normally repressed
by Gro [85].
The temporal aspects of the response to EGF receptor activation
were recently analyzed by quantitative mass spectroscopy in Rat-2
cells stimulated by EGF [86]. At a resolution of minutes, an extremely intricate set of responses was identiﬁed, mediated by multiple phosphorylation waves of the scaffold protein Shc1 that
regulate the temporal ﬂow of signaling information. The ﬁrst wave
triggers recruitment of the adaptor Grb2, leading to activation of
pro-mitogenic pathways. The second set of Shc1 phosphorylation
leads to AKT-mediated negative feedback, by recruitment of a
phosphatase. The ﬁnal wave leads to cytoskeletal reorganization
and signal termination of Shc1. A future challenge is to connect
such a detailed analysis carried out at the cellular level to an analysis with a similar temporal resolution at the organismal level, and
the inter-cellular communication events it involves.
An experimental system recently developed in mammalian cell
culture has demonstrated the ability to trigger reversibly by light
the translocation of Sos to the membrane, leading to the speciﬁc
activation of the Ras/MAPK cascade [87]. The speed and reversibility of this reaction suggest that it would be possible to use optogenetics in the whole organism to trigger the MAPK pathway, to
gain a deeper understanding of the dynamic control. For example,
one could ask for how long you need to activate the pathway within a given cell or tissue in the ﬂy, in order to elicit a response. It
would also allow to test if the developmental outcome of MAPK
activation depends only on the tissue and time of activation, or
whether the activation dynamics also impinges on the ﬁnal
outcome.

9. Cross talk between RTKs and other pathways
The linear nature of RTK signaling raises the issue of convergence with other developmental signaling pathways. As a rule,
extensive convergence takes place at the promoter/enhancer level
of target genes. These regulatory sequences become hubs for multiple inputs. The RTK-induced outputs include binding of Pnt and/
or removal of Cic and Yan. These outputs can trigger a convergence
of transcription factors at the same promoter, for example with
transcription factors activated by other developmental pathways,
which contribute to deﬁned temporal responses. In addition, binding of tissue-speciﬁc transcriptional activators at the same promoter, deﬁnes the cell type where transcriptional activation
takes place [88–90]. This combinatorial action provides the activation of gene expression with a high level of speciﬁcity, by the convergence in time and space of multiple developmental pathways
coupled to a tissue context. It should be emphasized that having
the major hub for convergence only at the ﬁnal step of the pathway
provides an enormous ﬂexibility, since the architecture of every
promoter/enhancer will essentially deﬁne its expression pattern.
This regulatory logic allows the adaptation of each promoter to
the relevant signaling pathways that are operating at the relevant
time in the tissue.
The speciﬁcation of cone cell fate in the developing eye highlights the spatial and temporal integration of information at the
promoter/enhancer level [91]. All the non-differentiated cells express the Runt-family transcription factor Lozenge. The differentiation to a cone cell requires expression of the D-Pax2 gene, and
thus its regulatory region comprises the hub that integrates the
distinct signals. It contains binding sites for the ETS transcription
factor Pnt activated by EGFR, and for Su(H) activated by Notch
[88]. When the EGFR pathway is triggered in an undifferentiated
cell, induction of rhomboid expression converts this cell to a source
of active and secreted Spi ligand. Activation of EGFR in the adjacent

Author's personal copy

158

B.-Z. Shilo / Methods 68 (2014) 151–159

Fig. 4. Cooperation between EGFR and Notch pathways in the developing compound eye. Once a photoreceptor cell fate is induced, the cell expresses Rhomboid and becomes
a source for the active EGFR ligand. Activation of EGFR in the neighboring cell induces photoreceptor cell fate and triggers expression of Delta. The next undifferentiated cell
encounters activation of the Notch pathway by Delta, as well as triggering of the EGFR pathway. These cells also express Lozenge (Lz). Combinatorial integration of the three
inputs at the regulatory region of the Pax2 gene induces its transcription and differentiation of the cell into a cone cell.

cell by this ligand also triggers expression of Delta, affecting the
next cell that is now exposed, to ligands that activate both EGFR
and Notch pathways. The simultaneous requirement for these
two pathways generates a feedforward mechanism, whereby the
initial EGFR activation will induce Delta expression with a delay,
but will have to persist after Delta appears, in order to induce DPax2 expression. Finally, the requirement for Lozenge binding provides the tissue context, and distinguishes the cells that experienced the EGFR and Notch signaling from the other cells in the
same tissue (Fig. 4).
Some cross regulation upstream of the promoter/enhancer level
has also been identiﬁed between RTKs and other developmental
pathways. Gro is a universal repressor of gene expression. It does
not contain a DNA-binding domain, and hence relies on association
with other DNA-binding proteins that operate in the context of different signaling pathways, such TCF in the Wnt pathway and bHLH
proteins impinging on the Notch pathway. Phosphorylation of Gro
by MAPK was shown to attenuate its activity [84]. In cases where
Gro inhibits RTK target genes, this may trigger the RTK transcriptional output, e.g. for genes induced by the Torso terminal pathway
[85]. In addition, attenuation of Gro activity by MAPK phosphorylation can impinge on the other signaling pathways that utilize
Gro in the same cells.
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