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Abstract
The Ras-ERK (extracellular signal-regulated kinase) and PI3K (phosphatidylinositol 3-kinase)-
mTOR (mammalian target of rapamycin) signaling pathways are the cell’s chief mechanisms for
controlling cell survival, differentiation, proliferation, metabolism, and motility in response to
extracellular cues. Components of these pathways were among the first to be discovered when
scientists began cloning proto-oncogenes and purifying cellular kinase activities in the 1980s. Ras-
ERK and PI3K-mTOR were originally modeled as linear signaling conduits activated by different
stimuli, yet even early experiments hinted that they might intersect to regulate each other and co-
regulate downstream functions. The extent of this crosstalk and its significance in cancer
therapeutics are now becoming clear.

Core components
The Ras-ERK pathway

ERK (extracellular signal-regulated kinase) is a MAPK (mitogen-activated protein kinase)
that functions as the major effector of the Ras oncoprotein. MAPK pathways consist of an
initial GTPase (guanosine triphosphatase)-regulated kinase (MAPKKK), which
phosphorylates and activates an intermediate kinase (MAPKK), which in turn
phosphorylates and activates an effector kinase (MAPK, Box 1). In the ERK-MAPK
pathway, these components are the Ras GTPase and the protein kinases Raf, MEK, and ERK
(Figure 1a). Ras and the ERK-MAPK pathway are activated by growth factors, polypeptide
hormones, neurotransmitters, chemokines, and phorbol esters, which signal through their
cognate RTKs (receptor tyrosine kinases) and GPCRs (G protein-coupled receptors), or by
direct activation of PKC (protein kinase C) (Figure 1a) [1, 2].

Box 1

Types of Ras-ERK and PI3K-mTOR signaling proteins

GTPases

These proteins have the intrinsic ability to catalyze the conversion of GTP (guanine tri-
phosphate) to GDP (guanine di-phosphate). GTPases are generally active when bound to
GTP and inactive when bound to GDP. GEFs (guanine nucleotide exchange factors)
activate GTPases by inducing GTPases to release their bound GDP and thereby
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facilitating GTP binding. GAPs (GTPase activating proteins) inactivate GTPases by
inducing the GTPases to hydrolyze their bound GTP to GDP and become inactive.

Kinases

These proteins have the intrinsic ability to catalyze the transfer of the gamma-phosphate
from an ATP molecule to another protein. Most kinases require phosphorylation of their
activation loop of the catalytic kinase domain to be in an active conformation. Many
kinases are additionally phosphorylated at several other residues, which can regulate
recruitment of the activation loop kinase, kinase folding and stability, or kinase
localization.

Phosphatases

These proteins have the intrinsic ability to catalyze the removal of a phosphate from
another protein.

Adaptor proteins

These proteins physically bridge two signaling proteins through protein–protein
interaction domains. Such interaction domains can bind peptide sequences, modified
peptide sequences that are phosphorylated, methylated, acetylated, or ubiquitylated, or an
identical interaction domain within other proteins.

Docking proteins

Similar to adaptor proteins, docking proteins are generally larger and contain a
membrane-recruitment domain and multiple protein–protein interaction motifs.

Activated ERK phosphorylates cytoplasmic signaling proteins, including RSK (p90
ribosomal S6 kinase), and end-point effectors such as transcription factors. RSK similarly
phosphorylates several cytoplasmic targets and transcriptional regulators. ERK nuclear
targets include the TCF (Ternary Complex Factor) transcription factors, which play a major
role in inducing IEG (Immediate Early Gene) expression. The IEG products, such as c-Fos
and c-Myc, induce late-response genes that promote cell survival, cell division, and cell
motility [3, 4]. Confoundingly, non-physiological hyper-activation of Ras-ERK signaling
can induce the expression of CDK (cyclin-dependent kinase) inhibitors and trigger cell cycle
arrest [5].

The target specificity of active ERK is controlled by substrate availability (cell type, cell
cycle phase, and extracellular environment), by ERK scaffolding, and by subcellular
localization. Scaffolding proteins tether MEK and ERK to specific substrates and subcellular
locales and are required for ERK phosphorylation of the corresponding bound or local
substrates [1].

The PI3K-mTOR pathway
The cell’s other key mechanism for controlling cell survival, division and metabolism is the
PI3K (phosphatidylinositol 3-kinase)-mTOR (mammalian target of rapamycin) pathway.
mTOR complex 1 (mTORC1) responds to growth factors, energy status, amino acid levels,
and cellular stress. Growth factors activate the lipid kinase PI3K through either direct PI3K
recruitment to the growth factor receptors or indirect recruitment involving the IRS (insulin
receptor substrate) or GAB (GRB2-associated binder) docking proteins. PI3K generates
PIP3 (phosphatidyl inositol 3,4,5 tri-phosphate), which recruits the protein kinase AKT to
the plasma membrane where it is activated by 3-phosphoinositide-dependent kinase 1
(PDK1) and the second mTOR complex, mTORC2 (see below). AKT phosphorylates many
survival, proliferation, and motility factors as well as the TSC2 (tuberous sclerosis complex
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2) GAP (GTPase activating protein). AKT phosphorylation of TSC2 releases TSC inhibition
of the GTPase RHEB (Ras homolog enriched in brain). RHEB-GTP directly activates
mTORC1 ([6], Figure 1b).

mTORC1 consists of the Ser/Thr kinase mTOR, a scaffolding protein RAPTOR (regulatory-
associated protein of mTOR) and mLST8 (mammalian lethal with Sec13 protein 8). This
complex phosphorylates eukaryotic initiation factor 4E (eIF4E)-binding protein (4E-BP) and
S6K (p70 ribosomal S6 Kinase), events which modulate ribosome biogenesis and the
translation of proteins that promote cell growth and division, including c-Myc and cyclin D
(Figure 1b). Notably, 4E-BP phosphorylation inhibits its ability to bind and sequester the
eIF4E mRNA cap-binding protein, thereby permitting the assembly of the cap-binding
complex and subsequent translation initiation. S6K, by contrast, is activated by mTORC1
phosphorylation. S6K acts on many substrates, including transcription factors, the ribosomal
protein S6, RNA helicases and other protein substrates involved in translation initiation and
elongation [6].

Amino acid availability, energy status, and oxygen levels feed into this core PI3K-mTORC1
pathway. Amino acids positively regulate mTORC1 through many mechanisms, one of
which involves activation of the Rag GTPases, which recruit mTORC1 to lysosomes where
it co-localizes with RHEB (Figure 1b). Glucose deprivation and hypoxia negatively regulate
mTORC1 by increasing AMP:ATP ratios, resulting in AMPK (5’ AMP-activated protein
kinase) activation. Activated AMPK then phosphorylates TSC2, priming it for additional
activating phosphorylations by GSK3 (glycogen synthase kinase 3) α and β. Activation of
the GAP function of TSC results in inhibition of RHEB-mTORC1 signaling. AMPK also
suppresses mTORC1 signaling by directly phosphorylating RAPTOR [6].

mTOR also functions in a second protein complex called mTORC2, which contains the
scaffolding protein RICTOR (rapamycin-insensitive companion of mTOR), and the
regulatory proteins mLST8 and mSIN1 (mammalian stress-activated protein kinase
interacting protein). Just as RAPTOR scaffolds mTOR to mTORC1 substrates, RICTOR
directs mTOR to mTORC2 substrates [7]. Growth factors and PI3K signaling activate
mTORC2; however, the mechanism is poorly understood. mTORC2 phosphorylates and
activates AKT, SGK (serum glucocorticoid-induced kinase), and specific PKC isoforms
(Figure 1b). mTORC2 activity regulates cytoskeleton organization, cell survival, and lipid
metabolism, but the relative roles of AKT, SGK, and PKC in these phenotypes has not been
thoroughly investigated [8].

Ras-ERK and PI3K-mTORC1 signaling dynamics
The intensity and duration of pathway activation are regulated by the strength of the
stimulus and by feedback loops. Importantly, the agonists involved in Ras-ERK activation
only partially overlap with those that signal to PI3K-mTORC1. PMA (phorbol 12-myristate
13-acetate) is generally a strong activator of the Ras-ERK pathway. By contrast, insulin, and
IGF1 (insulin growth factor-1) are weaker Ras-ERK activators, but strong PI3K-mTORC1
activators [9, 10]. However, the degree of pathway activation by specific growth factors
often depends on the amount of growth factor, the expression and cell surface localization of
their cognate RTKs, and the expression of receptor family members and various docking
proteins. [11]

Signaling dynamics are also often greatly influenced by positive feedforward and negative
feedback loops, which function in both the Ras-ERK and PI3K-mTORC1 pathways. One
positive loop involves the GAB docking proteins, which bind the GRB2–SOS complex on
activated RTKs. GABs can bind RasGAP, SHP2, PI3K, and PIP3 (Src homology 2 domain-
containing protein-tyrosine phosphatase). SHP2 dephosphorylates the RasGAP docking sites
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on GAB1 and its associated RTKs, thereby reducing Ras inactivation and augmenting Ras-
ERK signaling [12]. GAB1 recruitment of PI3K generates local PIP3, which recruits
additional GAB1 to the membrane and further increases PI3K signaling [11, 12].

By contrast, negative feedback loops within each pathway can dampen Ras-ERK and PI3K-
mTORC1 signaling. For example, ERK phosphorylates and inhibits SOS, Raf, and MEK1,
thereby reducing ERK activation (Figure 1a, [4]). ERK also induces the expression of genes
encoding sprouty proteins which interfere with Raf-mediated MEK activation, as well as
MAPK phosphatases, which inactivate ERK [4]. Examples of PI3K-mTORC1 negative
feedback loops are S6K phosphorylation of IRS and RICTOR, which reduce AKT activity
and mTORC1 signaling (Figure 1b, [6, 13–15]).

Mechanisms of pathway integration
One of the first hints of Ras-ERK and PI3K-mTORC1 pathway integration arose during the
early 1990s when our lab described both PI3K-dependent and–independent inputs into
p70S6K activation [16]. In the intervening years, many mechanisms and modes of crosstalk
have been uncovered. These include cross-inhibition, cross-activation, and pathway
convergence on substrates (box 2).

Box 2

Mechanisms of pathway crosstalk

Negative feedback loop

In such loops, a member of one signaling pathway inhibits its own upstream activator.

Cross-inhibition

During cross-inhibition, a member of one pathway negatively regulates an upstream
component of another pathway, thereby inhibiting the other pathway’s ability to signal.

Cross-activation

In cases of cross-activation, a member of one pathway positively regulates an upstream
component of the another pathway, thereby increasing the activity of the other pathway.

Pathway convergence

This phrasing refers to instances in which two or more signaling pathways directly act on
the same complex or protein. The converging signaling pathways both positively or both
negatively regulate the complex or protein’s function.

Whereas some of the kinases (Raf, MEK, mTORC1) involved in these pathways have very
narrow substrate specificity, others (ERK, RSK, AKT, S6K) phosphorylate several members
of the core signaling pathways as well as numerous effector proteins. Accordingly, much of
the pathway integration occurs via these latter kinases. ERK is a proline-directed kinase that
phosphorylates PXS/TP motifs [17]. RSK, AKT, and S6K are all members of the AGC
kinase family and preferentially phosphorylate RXRXXS/T motifs [18]. Interestingly, ERK
and the AGC kinases often converge to phosphorylate the same substrate or complex (see
below).

Cross-inhibition
The Ras-ERK and PI3K-AKT pathways can negatively regulate each other’s activity. Such
cross-inhibition is often revealed when one pathway is chemically blocked, thereby
releasing the cross-inhibition and effectively activating the other pathway. For example,
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MEK inhibitors enhance epidermal growth factor (EGF)-induced AKT activation [19, 20].
This process might involve EGF-induced ERK phosphorylation of GAB1, which inhibits
GAB1-mediated recruitment of PI3K to the EGF receptor (EGFR) (Figure 2). ERK
phosphorylates four residues on GAB1, and substitution of these sites abrogates the ability
of constitutively active MEK to decrease phospho-AKT levels [21]. These ERK phospho-
sites could function to recruit SHP2, which not only dephosphorylates the RasGAP binding
sites (see above), but also regulates PI3K binding [22].

An analogous cross-inhibition between AKT and Raf is induced by strong IGF1 stimulation
[23]. AKT negatively regulates ERK activation by phosphorylating inhibitory sites in the
Raf N-terminus (Figure 2, [24–27]). In response to cAMP agonists, PKA (protein kinase A),
another AGC kinase, also phosphorylates the conserved 364/259 site [28, 29]. 14-3-3 dimers
recognize the phospho-site and sequester the auto-inhibited Raf in the cytosol, away from
Ras and MEK [29]. AKT’s inhibitory phosphorylations on Raf are removed by PP1 (protein
phosphatase 1) and/or PP2A during mitogen-stimulated Raf activation [1]. Interestingly, this
cross-inhibition is necessary for the progression of benign nevi or moles to melanoma. The
benign lesions harbor activating mutations in RAS or RAF, which induce Ras-ERK signaling
to such high and sustained levels that cell cycle arrest or senescence occurs. Secondary
mutations that activate PI3K-AKT dampen RAS-ERK signaling to levels that cooperate with
AKT to induce transformation [27].

Pathway cross-activation
The Ras-ERK pathway cross-activates PI3K-mTORC1 signaling by regulating PI3K, TSC2,
and mTORC1. Ras-GTP can directly bind and allosterically activate PI3K [30–32]. Strong
activation of the RAS-ERK pathway can also lead to mTORC1 activity by ERK and RSK
signaling to the TSC complex, an archetype of signal integration (Figure 2). As discussed
above, TSC2 is a heavily phosphorylated protein that senses a variety of growth factor and
stress signals [6]. EGF, phorbol esters, and constitutively active Ras mutants can induce
ERK and RSK-mediated phosphorylation of TSC2 [8, 33]. The ERK and RSK sites are
different from those phosphorylated by AKT, but similarly function to inhibit TSC’s GAP
function and promote mTORC1 activity and tumorigenesis [8]. Similar stimuli also induce
phosphorylation of RAPTOR by ERK and RSK. RAPTOR phosphorylation promotes
mTORC1 phosphorylation of 4E-BP [18, 34, 35]. In this way, phorbol esters and
constitutively active Ras and Raf induce PI3K-independent mTORC1 phosphorylation of
4E-BP and tumorigenicity [8, 18, 34–36]. mTORC1 activity towards S6K was not assayed
in these studies and the role of S6K-mediated phosphorylation of S6 in tumorigenesis in
currently unclear.

MAPK scaffolds appear to regulate several steps of the mTORC1 signaling pathway. MP1
(MEK1 scaffolding protein), which scaffolds MEK and ERK at late endosomes and is
required for sustained ERK activity, also scaffolds the Rag GTPases to the lysosome [1, 6,
37]. Thus, MP1 could provide a mechanism which co-localizes ERK and mTORC1
signaling, thereby promoting crosstalk. Recent reports indicate that the KSR (kinase
suppressor of Ras) MAPK scaffold interacts with mTOR, RAPTOR, RICTOR, and the
TSC2-activating kinases AMPK and GSK3 [38, 39]. In response to growth factors, KSRs
translocate from the cytoplasm to the cell membrane where they direct the co-localization of
RAF, MEK, and ERK needed for ERK activation [1]. A recent investigation in to the role of
KSR interaction with AMPK found KSR2 positively regulates AMPK activation[39] and
promotes glucose and fatty acid metabolism, a process also regulated by mTORC1 and
mTORC2 [8, 39]. Future research will hopefully clarify any role for KSRs in balancing
AMPK activation, which can inhibit mTORC1, with Ras-ERK activation.
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Pathway convergence
Once activated, ERK, RSK, AKT, and S6K often act on the same substrate, sometimes in
concert, to promote cell survival, proliferation, metabolism, and motility. Examples include
the FOXO (forkhead box O) and c-Myc transcription factors, BAD (BCL2-associated
agonist of cell death), and GSK3. FOXOs regulate the expression of apoptotic proteins and
cell cycle regulators to suppress cell survival and proliferation. ERK phosphorylates
FOXO3A Ser294, Ser344, and Ser425, which increases FOXO3A interaction with the E3-
ubiquitin ligase MDM2, thereby directing FOXO3A’s ubiquitin-proteasome-mediated
degradation [40]. AKT and SGK also phosphorylate FOXO1 and FOXO3A at Thr32,
Ser253, and Ser315 (FOXO3A numbering) (Figure 3, [41-44]). 14-3-3 proteins bind the
phosphorylated sites and sequester FOXOs in the cytosol, thereby precluding their ability to
enter the nucleus and activate quiescence and apoptotic gene expression programs [45].

c-Myc functions as an obligate heterodimer with Max to positively regulate growth and
survival transcriptional programs. The related transcription factor Mad1 competes with Max
for c-Myc binding, and the Myc–Mad heterodimer represses gene transcription of growth
and survival genes. ERK-mediated phosphorylation of Ser62 stabilizes c-Myc [46]. RSK
and S6K feed into this pathway by phosphorylating Mad1 on Ser145 (Figure 3). This
promotes Mad1 ubiquitylation and degradation, Myc–Max dimerization, and the induction
of pro-survival and growth genes [47].

BAD is a pro-apoptotic BCL2 family BH3-only protein. Hypophosphorylated BAD interacts
with and neutralizes the pro-survival BCL2 family proteins, which frees BAX and BAK to
induce apoptosis at the mitochondria. PKA and RSK phosphorylate BAD at Ser112 [48–50],
and AKT and S6K phosphorylate BAD on Ser136 (Figure 3, [41, 51]). In some cell types,
the related kinases PKC can also phosphorylate BAD on these and an additional site
(Ser155) [52, 53]. Both Ser 112 and Ser136 reside within RXRXXS consensus motifs that
when phosphorylated, are recognized by 14-3-3 proteins. 14-3-3 binding promotes cell
survival by sequestering BAD in the cytosol, away from the mitochondria and pro-survival
BCL2 family members [54]. Inhibition of both MEK and PI3K is required to release BAD
from 14-3-3 and induce apoptosis [55]. BIM, another pro-apoptotic BH3-only protein, is
also regulated by ERK phosphorylation-induced proteasomal degradation and AKT-induced
sequestration by 14-3-3 [56].

Wnt, insulin, and other growth factors inactivate the GSK3 α/β Ser/Thr kinases. This
releases GSK3-mediated inhibition of pro-survival, proliferation, and motility proteins, such
as adhesion proteins and the β-catenin transcription factor that drives the expression of
cyclin D and MYC. Among many other substrates involved in these functions, GSK3 also
phosphorylates TSC2, thereby activating TSC2 and inactivating mTORC1 [6]. ERK
phosphorylates GSK3β at Thr43, which primes GSK3β for subsequent phosphorylation and
inactivation by RSK (Ser9) (Figure 3, [57]). In different cell types and under different
stimulatory conditions, AKT, PKA, PKC, and S6K can each phosphorylate this AGC kinase
site and will be further discussed in the following section.

AGC kinase promiscuity
The Ras-ERK and PI3K-mTOR pathways additionally converge via AGC kinase
promiscuity. RSK’s N-terminal kinase domain, AKT, S6K, SGK, and PKC are all AGC
kinases that share a similar architecture and a requirement for PDK1 phosphorylation of
their activation loop [18]. The AKT–PDK1 interaction requires PDK1 interaction with PIP3
at the plasma membrane. By contrast, RSK, S6K, SGK, and PKC interact with PDK1 in the
cytosol via their phosphorylated hydrophobic motifs [3, 18]. When RSK’s C-terminal kinase
domain’s activation loop is phosphorylated by ERK, the C-terminal kinase domain
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autophosphorylates the hydrophobic motif within the N-terminal kinase domain [3].
mTORC1 phosphorylates the hydrophobic motif on S6K and mTORC2 phosphorylates the
hydrophobic motifs of AKT, PKC and SGK [18]. The data do not exclude contributions
from other kinases to the phosphorylation of these AGC kinases’ hydrophobic motifs under
specific conditions. In addition, AKT hydrophobic motif phosphorylation increases AKT
kinase activity, but its role in mediating AKT activity towards specific substrates is unclear.

Owing to their propensity to phosphorylate RXRXXS/T motifs, RSK, S6K, AKT and SGK
often, but not always, phosphorylate the same regulatory sites on the same substrates (Figure
3). AKT strictly requires an Arg in the -5 position, whereas RSK, S6K, and SGK
phosphorylate motifs with either Arg or Lys in this position [41]. Some RSK, AKT, S6K,
and SGK substrates are also targeted by conventional PKCs that recognize RKXS/TXR
motifs [58]. A specific substrate can be phosphorylated by one or a combination of AGC
kinases at a given time in any given cell type, depending on the stimulus type, strength, and
duration and the individual AGC kinase’s expression level, subcellular location, and cell
cycle-dependent activation status.

Common AGC kinase substrates: cell survival, proliferation, and motility
The AGC kinases co-regulate several proteins involved in ERK- and PI3K-mTOR-mediated
cell survival, proliferation, and motility. As discussed above, the GSK3 α/β kinases regulate
cell survival, proliferation, metabolism, and motility through their phosphorylation of
transcription factors, and cytosolic, cytoskeleton, and adhesion proteins. AGC kinases
phosphorylate GSK3 α/β on Ser21/Ser9, which creates pseudo-substrate sites that induce
intra-molecular inhibition (Figure 3, [8, 41, 59]). RSK phosphorylates these sites in response
to EGF and phorbol ester stimulation and HBX (hepatitis virus B protein X) expression [57,
60, 61]. AKT phosphorylates these sites in response to insulin and IGF stimulation [8, 41,
60]. However, when AKT is inhibited by an S6K-mediated negative feedback loop, S6K
phosphorylates GSK3β Ser9 [18]. PKA, which is activated by cAMP, can also
phosphorylate these sites [62]. Furthermore, conventional PKCs can phosphorylate GSK3β,
but not GSK3α, in vitro [63]. HBX, insulin, and in vitro RSK and S6K-induced GSK3
phosphorylation inhibit GSK3 activity towards many substrates including β-catenin and
glycogen synthase [55, 62, 63].

RSK, AKT, and S6K also co-regulate cell survival and proliferation by phosphorylating the
Mad1, YB1 (Y-box binding protein 1), and ERα (estrogen receptor α) transcription factors.
These transcription factors are widely expressed in human cancers, and they respectively
bind E-boxes, Y-boxes, and EREs (estrogen-response elements) in the promoters of their
unique and mutual target genes, thereby inducing pro-growth and motility genes and
repressing cell death and cell cycle arrest genes. As mentioned above, RSK and S6K
phosphorylate Mad1 on Ser145, inducing its proteasomal degradation and allowing Myc
heterodimerization with Max (Figure 3, [47]). Myc–Max induces the expression of genes
that promote cell division, protein biosynthesis, and metabolism and represses the
expression of genes that induce cell adhesion and inhibit cell division [47].

AKT- and RSK phosphorylate YB1 on Ser102, which upregulates its transcriptional activity,
thereby inducing proliferation and anchorage-independent growth (Figure 3, [66, 67]). YB1
also binds and represses the translation of cap-dependent pro-growth mRNAs; Ser102
phosphorylation inhibits this function [68]. Whereas YB1 can also promote the translation of
specific mRNAs involved in EMT (epithelial-to-mesenchymal transition) and motility, this
latter function is not known to be regulated by AGC kinase phosphorylation.

ERα also drives the expression of survival and proliferative genes, including cyclin D1,
EGFR, FOS, and MYC. RSK, AKT, and S6K phosphorylate ERα on Ser167; this confers
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estrogen-independent transcriptional activity (Figure 3, [69–71]). ERα Ser167 exemplifies
how RSK and S6K inputs on the same site can be temporally restricted: MEK inhibition
eliminates the phosphorylation of ERα that occurs within the first 2–15 minutes of PMA
stimulation, whereas mTORC1 inhibition eliminates the phosphorylation that occurs after
30–90 minutes of stimulation. The two time frames correlate with the activation status of
RSK and S6K, respectively, suggesting that the kinases’ signaling specificity is achieved by
their activation kinetics [69].

The AGC kinases additionally converge on p27kip1 and filamin A to regulate cell motility.
p27kip1 is a cell cycle regulatory protein that also functions in the cytoplasm to bind and
inhibit RhoA GTP-loading and Rho-associated, coiled-coil containing protein kinase
(ROCK) activation [72, 73]. p27kip1 is compartmentalized into the cytoplasm by 14-3-3
binding to phosphorylated Thr198 [74, 75]. Depending on the cell type and stimulus
condition, RSK, AKT, and/or SGK phosphorylate p27 on Thr198 [73, 75, 76]. AKT and
SGK also phosphorylate Thr157 [76, 77]. Ser10 and Thr187 are also phosphorylated by
AKT, although contributions from other AGC kinases cannot be excluded [74].
Interestingly, Ser10 and Thr157 phosphorylation regulates p27kip1 cytoplasmic localization
via a 14-3-3-independent mechanism. Ser10 phosphorylation promotes nuclear export and
Thr157 phosphorylation, which occurs in the cytoplasm during the G1 phase of the cell
cycle. Thr157 phosphorylation interferes with p27kip binding to importin α, thereby
preventing nuclear-re-entry [77].

Filamin A promotes cell motility by cross-linking and stabilizing actin filaments. RSK and
the un-related PAK (p21-activated kinase) phosphorylate filamin A at Ser2152 [78, 79] and
this phosphorylation is required for membrane ruffling. AKT or S6K might also
phosphorylate this site: the phosphorylation increases with IGF1 stimulation and is sensitive
to PI3K inhibition [80]. However, the data are not definitive given that PI3K activates GEFs
for the Rac and CDC42 (cell division control 42) GTPases, which can activate S6K and
PAK [81, 82]. Additional RSK and AKT substrates involved in cell motility, such as the
Fra-1 transcription factor, girdin and palladin actin-binding proteins, and the endosomal
sorting protein ACAP1, have not been thoroughly investigated for phosphorylation by other
AGC kinases.

Common AGC kinase substrates: protein synthesis
The AGC kinases are key regulators of protein synthesis and folding. In addition to
regulating unique substrates that influence protein synthesis, RSK, AKT, and S6K share the
ability to phosphorylate and regulate eIF4B (eukaryotic initiation factor 4B), eEF2K
(eukaryotic elongation factor 2 kinase), rpS6 (ribosomal protein S6), and the CCT
(chaperonin containing TCP1). eIF4B is a co-factor for the eIF4A ATPase/helicase that
unwinds the secondary structures of 5’ untranslated regions (UTRs) during translation
initiation [6]. RSK, AKT, and S6K phosphorylate eIF4B on Ser422, which promotes eIF4B
association with the pre-initiation complex [6, 83, 84]. RSK and S6K also phosphorylate
eIF4B Ser406. Phosphorylation of either Ser422 or Ser406 is required for efficient
translation [84]. RSK and S6K regulate translation elongation by phosphorylating eEF2K,
an inhibitor of the translation elongation factor eEF2. eEF2, in turn, promotes translocation
of growing polypeptide chains through the ribosome, and RSK and S6K inhibit eEF2K by
phosphorylating Ser366, thereby eliminating eEF2 inhibition and activating translation
elongation [18].

Originally identified as kinases that phosphorylate rpS6, RSK and S6K phosphorylate rpS6
Ser235/Ser236, and S6K additionally phosphorylates Ser240/244 (Figure 3). These
phosphorylations positively regulate rpS6 binding to the 7-methylguanosine cap complex,
subsequent cap-dependent translation, and cell size [85, 86]. RSK and S6K might also
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regulate protein synthesis at the level of folding. These two AGC kinases phosphorylate
CCTβ on Ser260. Although it is not known if the phosphorylation affects CCT’s binding to
or folding of substrates, the phosphorylation does promote cell proliferation [87].

Common AGC kinase substrates: other cellular processes
As the known repertoire of AGC kinase substrates grows, novel co-regulated substrates
involved in various cellular functions continue to be discovered. For example, RSK and
AKT phosphorylate RanBP3 on S58, which promotes nuclear import by maintaining the
cytoplasmic to nuclear Ran gradient [88]. RSK, AKT, and SGK also phosphorylate the same
site on the Rab GAP AS160 (AKT substrate of 160 kDa). In unstimulated 3T3-L1
adipocyctes, AS160 restricts GLUT4 (glucose transporter) localization to intracellular
vesicles. AKT phosphorylates a series of residues on AS160 [18, 89, 90], of which Ser318,
Ser588, Thr642, and Ser751 phosphorylation are required for insulin-induced GLUT4
translocation to the plasma membrane [18]. These sites are probably also targeted by RSK
and SGK, given that the phosphorylations are sensitive to RSK inhibition and can occur in
vitro with purified RSK and SGK [89].

Therapeutic inhibition of Ras-ERK and PI3K-mTORC1
As major regulators of cell survival, proliferation, metabolism, and motility, the Ras-ERK
and PI3K-mTORC1 pathways are commonly activated during oncogenesis. Owing to cross-
activation and pathway convergence, the resulting activation of Ras-ERK and PI3K-mTOR
signaling could theoretically facilitate the development of resistance to therapeutics
targeting only one pathway. Indeed, concurrent KRAS/BRAF and PI3K/PTEN mutations
reduce the cytostatic response of cancer cell lines to AKT and mTOR inhibitors [8, 91].
Furthermore, [92, 93]chronic treatment of melanoma cells harboring activating BRAFV600E

mutations can induce resistance via Raf isoform switching, upregulation of the MAPKKK
COT (also called TPL2) and IGF1R-PI3K-AKT signaling pathways [94–96]. Tumor
samples from phase I clinical trials with Raf inhibitors also exhibit NRAS mutations and
PDGFR upregulation [97]. The Raf isoform switching, COT upregulation, and RAS
mutation mechanisms still rely on ERK signaling and would thus be susceptible to MEK or
ERK inhibition. However, RTK-mediated activation of alternative survival pathways
requires co-inhibition of PI3K-mTORC1 signaling. Encouragingly, treatment with inhibitors
to both pathways kills resistant melanoma lines and effectively inhibits tumor growth in
prostate and lung cancer mouse models [27, 92–94].

Even in cases of “oncogene addiction” in which one signaling pathway appears to drive
cancer progression, pathway cross-inhibition reduces the effectiveness of single agents.
Basal-like breast cancers exhibit high levels of activated ERK and EGFR and RAS-like
transcriptional profiles that predict a proliferation arrest to MEK inhibitors [20, 98].
However, treatment of basal-like cell lines with MEK inhibitors increases AKT activity and
is cytostatic, rather than cytotoxic. Supplementing MEK inhibition with PI3K inhibition
induced cell death in vitro and tumor regression in xenograft models [20, 98]. Conversely,
analysis of tumor biopsies from phase I clinical trials with an mTORC1 inhibitor revealed an
upregulation of ERK activity in metastatic breast cancer patients [97]. Studies in normal
cells and cancer cell lines uncovered an undefined mechanism of cross-inhibition in which
S6K signaling inhibits Ras-ERK activity [99].

Concluding remarks
The Ras-ERK and PI3K-mTORC1 pathways represent key mechanisms for cells to regulate
cell survival, proliferation, and motility. In addition to their independent signaling programs
that provide compensatory mechanisms, the pathways extensively cross-talk to both
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positively and negatively regulate each other. Encouragingly, co-inhibition of both pathways
has been successful in reducing tumor growth in xenograft cancer models and importantly,
also in genetically engineered mouse models [92, 93]. The utility of specific RTK inhibitors,
Raf versus MEK, or PI3K versus mTOR versus dual PI3K-mTOR inhibitors must be
assessed for each cancer subtype based on the known activation of RAS-MAPK and PI3K-
mTOR signaling. Thus, the ability to uncover a patient’s signaling signature will play a
major role in the future development of personalized therapies. Although more work is
required to understand this specificity (Box 3), two decades of experimentation aimed at
understanding the mechanisms of Ras-ERK and PI3K-mTORC1 signaling are beginning to
pay off.

Box 3

Outstanding questions

• How is positive cross-talk balanced with negative cross-inhibition?

• Do the regulatory loops cause signaling between the two pathways to oscillate,
and would such oscillations contribute to a cells’ ability to continuously respond
to sustained extracellular stimulation during growth, cell cycle progression,
development, or motility?

• Do MAPK scaffolds contribute to Ras-MAPK and mTORC1 cross-talk?

• Can biomarkers for nodes in each pathway be used to determine the relative
activity of cross-pathway signaling and predict which therapy combinations
would best target cancers of a specific tissue type (personalized therapy)?

• Could scaffolds or proteins involved in complex assembly and stability (such as
heat shock protein 90; HSP90), be viable therapeutic targets in combination
therapies with Ras-MAPK and PI3K-mTORC1 pathway inhibitors?
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Figure 1.
The Core Pathway Components. The RAS-MAPK and PI3K-mTOR pathways respond to
extracellular and intracellular cues to control cell survival, proliferation, motility, and
metabolism. (a) The Ras-ERK-MAPK Pathway. In quiescent cells, inactive Ras-GDP
associates with the plasma membrane and inactive Raf, MEK, and ERK are largely
cytoplasmic. GF (growth factor) binding activates RTK auto-phosphorylation, generating
binding sites for the SHC and GRB2 adaptor molecules that recruit SOS, the RasGEF
(GTPase exchange factor), to the membrane. SOS catalyzes Ras GTP exchange and Ras-
GTP then recruits Raf to the membrane, where it gets activated [1]. HNC (polypeptide
hormone, neurotransmitter, and chemokine) activation of GPCRs feed into the MAPK
cascade by trans-activating upstream RTKs, thereby inducing SOS translocation, and/or Raf
activation [2]. Cell-permeable phorbol esters such as PMA directly bind and activate PKC
by mimicking the natural PKC ligand diacylglycerol. The mechanism by which PKC
activates ERK is not resolved and could be through activation of SOS or Raf [2]. Raf
activates MEK and MEK activates ERK via activation loop phosphorylation. ERK also
feeds back to negatively regulate the pathway. (b) The PI3K-mTOR Pathway. In quiescent
cells, the lipid phosphatase PTEN maintains low levels of PIP3, resulting in AKT
inactivation. TSC2, in complex with TSC1, maintains RHEB in the GDP-bound state.
Insulin and IGF1 bind their cognate RTKs, and subsequent receptor autophosphorylation
creates binding sites that then recruit IRS, an adaptor protein for PI3K. Different RTKs
activate PI3K through distinct docking proteins, such as FRS (FGF Receptor Substrate) or
GAB (c-Met or EGFR), or via direct binding of PI3K (Platelet-derived Growth Factor
Receptor) [11]. Activated PI3K phosphorylates PIP2 to generate membrane-bound PIP3.
Pleckstrin homology (PH) domains in AKT and PDK1 recognize PIP3 and translocate to the
membrane. PDK1 phosphorylates the activation loop and mTORC2 phosphorylates the
hydrophobic motif of AKT, thus promoting AKT activation and phosphorylation of TSC2.
This TSC2 phosphorylation inhibits TSC2 GAP activity. RHEB-GTP localizes to the
lysosome and activates mTORC1 following its recruitment by the Rag GTPases [6].
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Figure 2.
Pathway Crosstalk. The Ras-MAPK and PI3K-mTORC1 pathways regulate each other via
cross-inhibition (red) and cross-activation (green). Each pathway has a mechanism to
negatively feed onto the other: ERK phosphorylation of GAB and AKT phosphorylation of
Raf. Components of the Ras-ERK pathway (Ras, Raf, ERK, and RSK) also positively
regulate the PI3K-mTORC1 pathway. TSC2 and mTORC1 are key integration points that
receive many inputs from both the Ras-ERK and PI3K signaling. Positive regulation of the
substrate protein is shown as an arrow. Negative regulation of the substrate protein is
depicted as a blunt-ended line.
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Figure 3.
Pathway Convergence and AGC Kinase Promiscuity. ERK and the AGC kinases often
regulate the same substrates to bring about the same phenotypic effects. Situations in which
the same residue is phosphorylated by multiple AGC kinases are symbolized in bold blue.
Representative substrates for different combination of ERK and AGC kinase inputs are
depicted in purple. FOXO and GSK3 are examples of Ras-ERK and PI3K-mTORC1
convergence at different residues on the same substrate via ERK and AGC kinase inputs.
The Myc–Mad1 and Myc–Max dimers are examples of the two pathways converging on
different members of the same complex. BAD and S6 are examples of AGC kinases
regulating different motifs in the same substrate. YB1 and ERα are examples of AGC kinase
promiscuity, in which several AGC kinases phosphorylate the same residue. For simplicity,
inputs from SGK and PKC are not included.
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