#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

REVIEW

Kinase signaling cascades: an updated mechanistic

i '.) Check for updates ‘
landscape

Cite this: Chem. Sci, 2025, 16, 15815
Ruth Nussinov, & *@¢ Clil Regev® and Hyunbum Jang & 2°

Here, we shed physico-chemical light on major kinase signal transduction cascades in cell proliferation in
the Ras network, MAPK and PI3K/AKT/mTOR. The cascades respond to external stimuli. The kinases are
allosterically activated and relay the signal, leading to cell growth and division. The pathways are
crosslinked, with the output of one pathway influencing the other. The effectiveness of their allosteric
signaling relay stems from coordinated speed and precision. These qualities are essential for cell life—yet
exactly how they are obtained and regulated has challenged the community over four decades. Here,
we define their nature by their kinases' repertoires, substrate specificities and breadth, activation and
autoinhibition mechanisms, catalytic rates, interactions, and their dilution state. The cascades are lodged
in a dense molecular condensate phase at the membrane adjoining RTK clusters, where their assemblies
promote specific, productive signaling. Aiming to shed further physico-chemical light, we ask (i) how
starting the cascades with a single substrate and ending with hundreds is still labeled specific; (i) what
we can learn from their different number of mutations; and (iii) why B-Raf unique side-to-side inverse
dimerization slows ERK activation and signaling. We point to the (iv) chemical mechanics of the
distributions of rates of the crucial MAPK cascade: slower at the top and rapid at the bottom. Finally, the
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chemical outlook provides the molecular basis of targeting protein kinases in cancer and spans
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Introduction

Kinase signaling cascades underlie life processes, including
diseases.'® Through their interactions, allostery plays a major
role.”**> We focus on the classical components of the mitogen-
activated protein kinase (MAPK) and phosphoinositide 3-
kinase (PI3K)/protein kinase B (AKT)/mammalian target of
rapamycin (mTOR) cascades in the Ras signaling network and
their small molecule pharmacology. Numerous excellent
reviews have been written on kinases and their signaling,
especially focusing on these pathways, including by us (e.g., ref.
13-23). Here, we consider the attributes and characteristics of
kinases. We consider their mechanisms, roles, organization
and positions in their cascades, and whether their collective
differential characteristics can seed a new drug outlook.
MAPK is a complex interconnected kinase signaling cascade
(Fig. 1). Its multiple kinases are commonly mutated and tar-
geted in cancer. Drug resistance is a major problem, primarily
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because of pathway crosstalk and bypasses.'***?* Growth
factors (e.g., epidermal growth factor, EGF) bind the extracel-
lular domains of receptor tyrosine kinases (RTKs, e.g,
epidermal growth factor receptor, EGFR, and platelet-derived
growth factor receptor, PDGFR) spanning the cell membrane,
stimulating their signal transduction cascades.”’”*> The MAPK
cascade includes the Ras/Raf/mitogen-activated protein kinase
(MEK)/extracellular signal-regulated kinase (ERK)
pathway.'#**3* Ras, a key signaling protein, is activated by
growth factors binding to an RTK. Stimulated RTK recruits the
adaptor protein, growth factor receptor bound protein 2 (Grb2).
Grb2 recruits the Ras guanine nucleotide exchange factor (GEF),
such as Son of Sevenless 1 (SOS1), translocating SOS1 to the
plasma membrane. At the membrane, it binds membrane-
anchored Ras, activating it by exchanging GDP for GTP.*
Active Ras activates Raf, a serine/threonine kinase that relays
signals from Ras to the MAPK cascade.***” Raf activates MEK,
which then activates ERK. ERK phosphorylates proteins in the
cytoplasm and nucleus.'*****3%3% Translocating to the nucleus,
ERK at the bottom of the pathway promotes the transcription of
genes by phosphorylating and activating transcription factors,
culminating in the transcription of target genes acting down-
stream of the RTKs.***' Key among them are proliferation,
differentiation, and survival.'*** MAPK signaling initiates with
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single, specific substrates and peaks in activating multiple
specific cellular programs.

How can single specific substrates culminate in activating
multiple, specific cellular programs? MAPK signals in immensely
diverse cell types, each with a large number of different cell
states. Chromatin structures vary, and the environments differ
too, influencing the expression levels of specific proteins and
thus the protein-protein interactions in their respective cellular
networks. Cell types and states—over developmental time,
disease, and broadly changing environments—influence the
relative protein concentrations, thus homeostasis through
complex, regulated signaling crosstalks.***¢ The temporal
concentration of the substrates (ligands) in the cell type- and
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state-specific environment is vital. Extracellular ligands prefer-
entially select specific RTKs and allosterically stimulate specific
phosphorylation sites, thereby activating pathways. Pathway
propagation depends on the presence of multiple regulatory
proteins, including specific kinases and phosphatases. MAPK
and PI3K/AKT/mTOR kinases preferentially locate at the outer
surface of membrane-bound organelles** and in dynamic,
membraneless biomolecular condensates.”’” A decade ago, we
described them as transient ‘inter-connected nanocluster
assemblies with gel-like properties’ spanning over nano- to
micrometers.>**® In vivo, regulated multimolecular condensates
are far from equilibrium. They enhance target proximity and
increase local concentration.**> High dilution, e.g., upon rapid
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Fig. 1 The MAPK pathway. When stimulated by EGF, the EGFR recruits Grb2-SOS1 complexes, which activate Ras. This leads to the phos-
phorylation of kinase cascades, including Raf, MEK, and ERK. The scaffolding protein, KSR, is also involved in the MAPK pathway. Active ERK exists
as either a monomer or a dimer that can phosphorylate cytoplasmic targets. ERK phosphorylation activates or inhibits these targets, thereby
regulating their functions. Upon phosphorylation by ERK, RSK negatively regulates the Ras/ERK pathway by inhibiting SOS1 or positively regu-
lating it by phosphorylating CREB; MLCK increases MLC phosphorylation and cell motility; KLC1 acts as a cargo adaptor crucial for cell motility
and spreading; Cdc25 activates CDK1 to progress through the G,/M checkpoint; cPLA2 releases arachidonic acid and other fatty acids involved in
cellular processes of inflammation and cell growth; MNK phosphorylates elF4E, a key factor in mRNA translation and cell growth; IKKe is inhibited
by ERK, which leads to the suppression of NF-kB-dependent inflammatory genes; MCL-1 is an anti-apoptotic protein that is stabilized by
phosphorylation, thus promoting cell survival; BIM is a pro-apoptotic protein that is degraded by phosphorylation, thus promoting cell survival.
DUSP is a member of the MAPK phosphatase family that dephosphorylates and deactivates ERK via negative feedback. Active, monomeric, or
dimeric ERK translocates to the nucleus and activates transcription factors through phosphorylation. ERK directly activates the transcription
factors, such as c-Myc, ELK-1, c-Jun, c-Fos, and Est-1, leading to cell proliferation, cell growth and development. ERK indirectly activates CREB
by phosphorylating MSK1. Abbreviations: BIM, Bcl-2 interacting mediator of cell death; cPLA2, cytosolic phospholipase A2; CREB, cAMP-
responsive element binding protein; DUSP, dual-specificity phosphatase; IKKa, IkB kinase a; KLC1, kinesin light chain 1; MCL-1, myeloid cell
leukemia 1; MLCK, myosin light chain kinase; MNK, MAPK-interacting kinase; MSK1, mitogen- and stress-activated protein kinase 1; NF-«B,
nuclear factor-kappa B; RSK, ribosomal S6 kinase.
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mutant cell growth, degrades relay efficiencies, deteriorating
control and risking senescence. The large mammalian target of
rapamycin complex 1 (mMTORC1) multimolecular assembly in the
PI3K/AKT/mTOR pathway can control phase separation by
tuning crowding.>

The P13K/AKT/mTOR cascade, also a major drug target in
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synthesis in cell growth (Fig. 2). It too can be activated via RTKs
and Ras,* also promoting cell survival, growth, and proliferation
in response to RTK stimuli,®®** and with crosstalk with other
pathways, including MAPK.*-* PI3K, a lipid kinase, phosphory-
lates the signaling lipid, phosphatidylinositol 4,5-bisphosphate
(PIP,) to phosphatidylinositol (3,4,5)-trisphosphate (PIP;), an

cancer,”*® is tasked with metabolic signaling and protein action reversed by phosphatase and tensin homolog (PTEN), both
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Fig.2 The P13K/AKT/mTOR pathway. RTKs recruit and activate PI3K when stimulated by insulin or IGF. Active PI3K then converts PIP, to PIPs. AKT is
recruited to the membrane by PIPs and activated by PDK1 and mTORC2. Active AKT then phosphorylates a number of proteins, regulating their
functions. AKT phosphorylation activates or inhibits these targets, thereby regulating their functions. Upon phosphorylation by AKT, TSC1/2 is
inhibited, which increases the active form of RHEB, which then activates mTORCL allosterically at the lysosomal membrane. mTORC1 phosphor-
ylates S6K1 and 4E-BP1. S6K1 activates rpS6. The phosphorylation of 4E-BP1 removes its inhibitory role on elF4E. S6K1 and elF4E participate in
translational activation and regulate cell growth and metabolism; PRAS40 interacts with 14-3-3, inhibiting its function as a regulator of mTOR
signaling; MDM2 is activated and translocates to the nucleus, where it subsequently degrades p53 through ubiquitination. This results in the inhibition
of apoptosis and the promotion of cell survival and proliferation. p53 is a tumor suppressor that regulates cell cycle arrest, DNA repair, apoptosis,
autophagy, and metabolism; BAD binds to 14-3-3, thereby preventing its interaction with Bcl-xL and inhibiting apoptosis; FOXOL is inhibited, which
prevents its translocation to the nucleus and its function as a transcription factor for apoptosis and cell cycle arrest; GSK38 is inhibited, which has
a broad impact on various cellular processes, including the promotion of cell survival, growth, and proliferation, and the inhibition of apoptosis.
GSK3p, a serine/threonine kinase, plays a crucial role in metabolism, cell cycle regulation, cell proliferation, cell differentiation, cell survival, Wnt
signaling regulation, and neuronal development; YAP is inhibited by interacting with 14-3-3, which prevents its translocation to the nucleus and
functions as a transcriptional coactivator. YAP inhibition affects cell growth, differentiation, and apoptosis; ASK1 is inhibited, and its activity is
decreased, which promotes cell survival and inhibits apoptosis. ASK1 is involved in the activation of INK and p38 pathways, as well as inflammatory
cytokine production; IKKe is activated, which subsequently activates NF-kB. This leads to cell survival and proliferation. In contrast, ERK phos-
phorylation inhibits IKKa; CHK1 is inhibited and moves into the cytoplasm. When DNA is damaged, CHK1 inhibits CDC25 phosphatase activation on
CDK1 but activates Weel kinase inhibition on CDK1, resulting in Go/M checkpoint arrest; both p21 and p27 are inhibited and move into the cytoplasm.
These proteins (p21<P*, or p21Ve™, and p27"PY) are primarily CDK2 inhibitors, arresting the G,/S checkpoint. Abbreviations: 4E-BP1, eukaryotic
translation initiation factor 4E (elF4E)-binding protein; ASK1, apoptosis signal-regulating kinase 1; BAD, Bcl2-associated agonist of cell death; CDC25,
cell division cycle 25; CHK1, cell cycle checkpoint kinase 1; FOXO1, forkhead box protein O1, a.k.a. FKHR; IGF, insulin-like growth factor; IKKe, kB
kinase a; IRS, insulin receptor substrate; MDM2, murine double minute 2; NF-kB, nuclear factor-kappa B; PRAS40, proline-rich AKT substrate 40 kDa;
RHEB, Ras homolog enriched in brain; TSC1/2, tuberous sclerosis complex 1/2; YAP, Yes-associated protein.
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catalytic actions at the membrane.* In turn, phosphoinositide-
dependent protein kinase 1 (PDK1) binds to PIP; through its C-
terminal Pleckstrin homology (PH) domain, with high affinity.
This binding is essential for PDK1 to phosphorylate and activate
AKT kinase, which also binds PIP;, through its PH domain.®® AKT
is phosphorylated by PDK1 and mTORC2, the next kinase in the
cascade. Thus, PI3K, PTEN, PDK1, and AKT are all recruited to the
membrane through the signaling lipid—unphosphorylated (PIP,;
PI3K) or phosphorylated (PIP;; PTEN, PDK1, and AKT). PDK1
activation was proposed to involve trans-autophosphorylation by
a PIP;-mediated face-to-face dimer.*® Finally, both kinase
cascades enter the cell cycle, which also involves cascading cyclin-
dependent kinases (CDKs) interacting with their cyclins in each
of the phases.®”*

Below, we first describe the spatial structure of the cell
signaling systems, which permits efficiency and specificity. We
then ask how cascades, which start with single-substrate kinases,
and end at their bottoms with tens, or hundreds of substrates, can
still be designated specific. We discuss their mutations, asking why
some have multiple, or many mutations, whereas others may
have few or practically none. We further investigate the kinases'
activation mechanisms and autoinhibition, which has evolved
for some kinases, but not for others, raising questions about why
the difference exists, why activation rates differ, and how these
could have arisen. We discuss kinase signal transduction in the
chemical framework of molecular condensates and the risk of
high dilution resulting from signaling overdrive in cancer due to
rapid cell growth. Finally, we survey available drugs for the main
kinases in these major cell proliferation cascades, asking
whether the cascades’ distinct properties, organization and
environment can spawn new therapeutic strategies.

Altogether, our review stands apart in its innovative frame-
work, which we hope will help inspire new, creative therapies.

The dynamic spatial structure of cell
signaling systems

The common, simplified representation of the cell and signaling
pathways is helpful.*®* Pathway diagrams depict single protein
nodes connected by edges, linking extracellular domains of
membrane-spanning receptors through the cytoplasm to the
nucleus. From the biophysical standpoint such diagrams may be
misleading, obscuring cell coordination.” Signaling requires
coordinated, transient physical interactions, which are not
captured in the classical MAPK and PI3K/AKT/mTOR diagrams.
They do not discern, or epitomize, exactly how a signal is regu-
lated and relayed. In reality, the kinases do not lie as rigid bodies
on a two-dimensional surface. A high level of cellular organiza-
tion requires signaling that imparts homeostasis, with the
internal environment varying in different cell types and cell
states. That is, the interactions (edges) between the proteins
should be transient, likely with certain time frames. For kinases,
the time is commonly short. The phosphorylation reaction often
occurs within seconds or minutes,” typically between 13 and 35
seconds for the receptors and between 25 and 200 seconds for
downstream kinases, underscoring the gap between simplified
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diagrams and cell coordination. Our view of cell signaling has
been in terms of dynamic, short-lived, allosteric interactions
within and among distinct, spatially organized transient clusters.

Clustering is often at the membrane, with some cluster
members anchored. This is the case for MAPK (Fig. 1) and Ras/
PI3K/AKT/mTOR (Fig. 2). While MEK and ERK are not
membrane anchored, Ras activation is, as is Raf's, and their
activation is in response to signals received at the membrane,
making them functionally linked to the membrane and trans-
ducing membrane-transduced signals. As to PI3K/AKT/mTOR,
PI3K binds the PIP, signaling lipid which recruits it, and PIP;
recruits PDK1, AKT, and PTEN. mTOR is also at the cluster,
phosphorylating AKT. Nawrocki et al” offered an additional
advantage to dynamic clustering at the membrane. Their molec-
ular dynamics simulations suggested that nonspecific protein—-
membrane interactions create a water-rich protein depletion zone
between the membrane and the crowded environment, leading to
an increased propensity of proteins to aggregate in bulk, but also
allow for accelerated diffusion on the surface of the membrane
when proteins occasionally come closer to the surface. Consid-
ering the crowded cytosols and membrane surfaces, this provides
a tantalizing hypothesis. Their results further suggested that
crowding near the membrane could constitute a nonspecific
mechanism for protein-induced membrane curvature formation.
At the same time, considering the rapid cell growth in cancer,
there is a risk of high dilution in the membraneless condensates.
The sparser protein interactions in the highly diluted environ-
ment can stall physiological processes, blocking the cell cycle, and
precipitating senescence.”®”* The key pathway in cell growth is
PI3K/AKT/mTOR, consistent with the observation that highly
active mTORC1 is a key player.”

Mesoscale assemblies are favored by active crowded envi-
ronments.”® Mechanistically, dynamic clusters can be viewed as
membraneless assemblies, formed by phase separation at the
membrane and extending into the cell, enhanced by scaffolding
proteins and the cytoskeleton.>**®* Membrane-associated
proteins participate in the phase separation.”” They maintain
the relevant homeostasis of their protein-protein interaction
networks.”® Membraneless molecular condensates involving
specific interactions appear to be an apt description for specific
and efficiently regulated kinase cascades.”” Their site-specific
localizations at the RTK (e.g., EGFR and PDGFR) oligomer
clusters, and the crosslinked signaling that they stimulate upon
growth factor binding, could be a prime example of how basic
physical chemistry guides efficient biological processes. We
propose that site-specific kinase condensates and the chemi-
cally specific interactions of their assemblies, as their core
composition, promote allostery and phosphorylation reactions,
regulating signaling and gene expression.

The cascades: number of substrates
and of mutations

The functions of the kinases clarify their associated substrates
and mutation numbers. As to substrates, both cascades start
with single, specific substrates for upstream kinases and
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culminate with many, coinciding with their diverse functions.
As to the number of mutations, the situation appears more
complex. While each of the PI3K/AKT/mTOR kinases evidences
multiple mutations, that is not the case for the MAPK components.

What we can learn from the number of substrates

Considering the number of substrates, B-Raf has one primary
substrate, which is MEK, specifically the isoforms MEK1 and
MEK2.7°#® C-Raf (Raf-1) and A-Raf also primarily have only MEK.
MEK also phosphorylates a single substrate, ERK. This is its sole
function. ERK can phosphorylate hundreds of proteins (key
target proteins of ERK are shown in Fig. 1), with estimates
reaching over 1000 substrates.** However, several kinases can
phosphorylate B-Raf, including AMP-activated protein kinase
(AMPK), which phosphorylates B-Raf at Ser729 and ERK at
Ser151 and Thr401, in a negative feedback loop. AMPK also
negatively regulates mTOR signaling.®> MEK is mainly phos-
phorylated by MEK kinase (MEKK1 or MAP3K1) and Raf, both
phosphorylate MEK on specific serine residues in its activation
loop.*® ERK is activated by MEK. As to PI3K/AKT/mTOR, PI3K
phosphorylates a single substrate PIP,. PDK1 is estimated to
phosphorylate approximately 23 proteins.®* AKT is estimated to
phosphorylate over 100 proteins®®* (key target proteins of AKT
are shown in Fig. 2) and mTOR is estimated to phosphorylate
several hundred proteins.*® PI3K is not directly phosphorylated
by a single protein but activated mostly by conformational
changes triggered through interactions with RTKs. PDK1 is
activated by autophosphorylation.®®*® While mTORC2 and
mTORC1 phosphorylate AKT and S6K1, respectively, leading to
activation, active S6K1 can directly phosphorylate mTOR,*®
indicating a bidirectional relationship.

So how does the specificity of the cascades work when starting
with a single substrate and ending with hundreds and still being
labeled specific? The numbers above tell the story, and they are
supplemented by considering cell types and cell states. We
believe that at least two main factors are at play. First, specific
cell types and states may be associated with different functions.
For example, cell differentiation occurs over developmental
time, while cancer involves overexpression of certain proteins
during evolution and metastasis. Second, not all possible
substrates are available in the condensates, which limits the
temporal repertoire and related regulatory mechanisms.

What we can learn from the number of mutations

As to mutations, the situation varies but can be understood.
PI3Ka (encoded by PIK3CA) has multiple mutations, the most
common hotspots at residues E542 and E545 in the helical
domain and H1047 in the kinase domain,®*** as does PTEN,?>*¢
which has over 110 germline and 332 somatic mutations iden-
tified. There is no count for PDK1, although some are docu-
mented.”” Numerous possible mutations occur in the gene, with
varying prevalence in AKT*** and a significant number in
mTOR."***** As to the MAPK pathway, B-Raf has over 30 muta-
tions, with the most prevalent being the V600E mutation, often
observed in melanoma. It is also the most common in glio-
blastoma,'** in addition to papillary thyroid cancer, colorectal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cancer, and serous ovarian cancer.'® MEK has over 20
mutations.'**'°® However, ERK mutations are rare.

So how to understand these numbers? Overall, mutations in
kinases in PI3K/PDK1/AKT/mTOR (including PTEN phospha-
tase) are more abundant than in MAPK. Both pathways feed into
the cell cycle in the G; phase. We suggest that the numbers are
consistent with PI3K/PDK1/AKT/mTOR being a cell growth
pathway, and MAPK is the major pathway driving cell prolifer-
ation. Oncogenic driver mutations lead to stronger
signaling.'>***® Excessive cell growth causes cytoplasm dilution
and contributes to senescence.” Signaling which is too strong
can elicit OIS, oncogene induced senescence. The absence of
driver mutations in ERK indicates that cells cannot sustain
signaling, which is too strong. In line with this, the critical role
of ERK in cell proliferation could be why it has no auto-
inhibition mechanism and is the sole phosphorylation target of
MEK, which is the sole target of Raf. The catalytic rate of ERK is
high compared to many other protein kinases, ~5 mM ™' min ™"
mg~'; that is, in its fully activated state one ERK molecule can
catalyze the phosphorylation of a substrate at a rate of 5 milli-
moles per minute per milligram of enzyme protein. It is 5 to 6
orders of magnitude higher than ERK basal activity.**'*” In
addition to its single-substrate high selectivity, the catalytic rate
of MEK is also high, which is why it is used commercially. Raf
has a slower rate, likely due to its mechanism of activation
involving dimerization and autophosphorylation.*®

Collectively, this informs us about the chemistry of the selectivity
and the chemical mechanics of the distributions of rates of the
MAPK cascade: slower at the top and rapid at the bottom.

The kinase structural organization,
activation and autoinhibition

The MAPK signaling pathway involves a cascade of three main
kinases, Raf, MEK, and ERK (Fig. 1). These kinases share some
structural similarities in their conserved kinase domains but
have distinct structural characteristics that allow them to
perform their specific functions in the cascade (Fig. 3). These
structural traits imply that kinases have different characteristics
and that they exhibit context-dependent behaviors shaped by
many different traits.'® Raf and MEK are primarily cytoplasmic
kinases, while ERK can be found both in the cytoplasm and in
the nucleus. MAPK initiates with Raf.''*''* B-Raf is auto-
inhibited by its Ras binding domain (RBD) and cysteine-rich
domain (CRD) interacting with its kinase domain and the 14-
3-3 dimer. 14-3-3 interaction stabilizes the autoinhibited
‘closed’ state, interfering with the kinase domain dimerization,
which is required for B-Raf activation.”® For monomeric B-Raf,
this autoinhibited conformation is highly populated, domi-
nating the landscape. Activated monomeric B-Raf is in the
‘open’ state. Since this is an unstable conformation, its pop-
ulation is a minor species. Membrane-anchored, GTP-bound
Ras interacts with the RBD, stabilizing the open B-Raf confor-
mation, which is further stabilized by the high affinity CRD-
membrane interaction. This allosterically shifts the equilibrium
toward the now stable open state.”* The released RBD-CRD
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promotes fluctuations of the kinase domain, predisposing it for
its unique side-to-side inverse dimerization.">"'®* We discovered
that the driving force for the side-to-side inverse dimerization is
the intermolecular -7 stacking at the dimer interface, which
replaces the intramolecular -7 stacking, thereby stimulating
the OFF-to-ON transition. Subsequent conformational events
culminate in the ON-state kinase domain stabilized by the N-
terminal basic motif in the dimer for Raf signaling."*® Why did
evolution opt for this unique side-to-side transverse dimerization
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scenario? We suggest that the main reason is slow kinetics in the
first MAPK step, whose subsequent steps are fast, thereby reining
proliferation.

MEK1 is activated by phosphorylation of Ser218 and Ser222
in its activation segment catalyzed by Raf, with the kinase
suppressor of Ras (KSR) proposed as a scaffold."” Still, key
questions remain,"” including why, despite the similarity of the
kinase domains of B-Raf and KSR1, B-Raf is the key activator of
MEK—not KSR—and what the exact role of KSR is. We observed

Domain structures of key kinases in the MAPK pathway

Raf-1 5259 T491 5493 621 ERK T185 Y187
1 i
fom| ’ .
1(] ) Kinase domain msw
25 313
1599 5602 s728 MEK

5218 5222
|

B-Raf $365 & ‘

)| Kinase domain 766 1 Kinase domain

157 225232 280 457 n7 68 361

‘ Kinase domain structures

. .
Substitute Allosteric activator

Side-to-side inverse Raf/KSR heterodimer

r'm@> Substituted by ——

i | allosteric activator | MEK

\ cobe |

el ‘ MEK
Kinase

Fig.3 Kinasesin the MAPK pathway. The domain structures of Raf-1, B-Raf, MEK (shown here for the MEK1 isoform), and ERK (shown here for the
ERK2 isoform) are depicted (top panel). The phosphorylation sites are marked in red. Phosphorylation in the kinase domain occurs at the
activation loop (A-loop). In the case of Raf, phosphorylation in the linker and C-terminal tail targets the 14-3-3 binding during activation. Kinase
domain structures of Raf-1, B-Raf, MEK, and ERK (middle panel). The modeled kinase domain structures of Raf-1 and B-Raf were derived from
their respective crystal structures (PDB IDs: 9AYA and 6NYB). The modeled kinase domain structures of MEK and ERK were adopted from their
respective crystal structures (PDB IDs: 7JUW and 8ZJV). Raf-1 exhibits active conformation, whereas B-Raf, MEK, and ERK exhibit inactive
conformations. Crystal structures of the B-Raf/MEK tetrameric complex (PDB ID: 4MNE) and the modeled KSR/MEK heterodimer derived from
the crystal structure (PDB ID: 7JUW) (bottom panel). The schematics of the Raf/MEK and Raf/KSR/MEK tetramers are provided below. Thus, Raf
activation requires relieving its autoinhibited monomeric state by binding to active Ras and high affinity membrane attachment,*'® and formation
of a side-to-side inverse homodimer.**> MEK phosphorylation also requires the formation of a tetramer in a specific organization.*? The KSR/MEK
heterodimer acts as an allosteric activator for Raf. In the tetrameric complex, Raf and KSR form a side-to-side inverse heterodimer.!*2 Formation
of Raf dimers in this organization slows Raf activation. Formation of the Raf/MEK tetramer for MEK phosphorylation slows MEK activation. We
suggest that these organizations were adopted by nature to slow MAPK signaling upstream.
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that if KSR1 were to adopt an active configuration with an
extended A-loop resembling that in other protein kinases, then
the MEK1 proline-rich loop (P-loop) would extend as in the
active B-Raf/MEK]1, triggering a more flexible MEK1 A-loop and
rendering KSR1 B-Raf-like. KSR1/MEK1 can serve as a scaffold
or an allosteric activator."* As a scaffold, in the heterodimer,
KSR1 interacts with B-Raf through a side-to-side interface,
resulting in the Raf/KSR1/MEK1 complex translocating to an
active B-Raf dimer which phosphorylates it."**'** As an allosteric
activator, KSR1/MEK1 blocks KSR1 autoinhibition, which
promotes KSR/B-Raf side-to-side heterodimerization (refer to

View Article Online
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the schematics in Fig. 3) with a B-Raf monomer that has already
been recruited to the membrane by active Ras. Active B-Raf
phosphorylates a second MEK1 kinase."* This mechanistic
scenario can explain MEK1 activation.

ERK dynamics has been reviewed in detail."**"'** Its activa-
tion mechanism poses a few questions, including why two
phosphorylation events occur on tyrosine and threonine residues in
the activation loop and why there appears to be a preferred phos-
phorylation order, first pY187 and then pT185,"**"*" and why no
autoinhibition. As to the phosphorylation, our recent molecular
dynamics simulations suggested that tyrosine is more

Domain structures of key kinases in the PI3K/AKT/mTOR pathway
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408

5 108 150
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1 )I Kinase domain J PH ))555
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‘ Structural similarity between AKT and PDK

Autoinhibition
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mTOR (1385-2549)
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Similar kinase domain structures

L
Superimposition of kinase domains
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| PDK |

Fig. 4 Kinases in the PI3K/AKT/mTOR pathway. The domain structures of AKT (shown here for the AKT1 isoform), PDK (shown here for the PDK1
isoform), PI3Ka, and mTOR are depicted (top panel). As marked in red, phosphorylation in the kinase domains of AKT and PDK occurs at the
activation loop (A-loop). Molecular structures of PI3Ka and mTOR, and the superimposition of their kinase domains (middle panel). The in silico
structures of PI3Ka and mTOR were derived from their respective crystal structures (PDB IDs: 40VV and 4JSP). Molecular structures of AKT and
PDK (bottom panel). The modeled AKT structure in an autoinhibited state was derived from the crystal structure (PDB ID: 4EJN). The modeled
PDK structure in an autoinhibited state adopted the AKT autoinhibition structure. Despite the structural similarity of PDK and AKT, the relative
stabilities of their autoinhibited states differ.8” AKT has been crystallized in its autoinhibited state, whereas PDK was not, due to the absence of
specific variable loop-mediated interaction between the PH and kinase domains, resulting in a sparsely populated autoinhibited state. PDK is
estimated to phosphorylate approximately 23 proteins, whereas AKT phosphorylates over 100. This evolutionary advantage of PDK is likely to
have arisen from a weak interaction between the PH and kinase domains compared to AKT, ensuring that PDK effectively phosphorylates its
substrate while binding PIPs, but phosphorylates S6K, SGK, and RSK kinases independently of PIPs. Abbreviations: PHD, Pleckstrin homology
domain; FAT, FRAP, ATM, and TRRAP; FRB, FKBP-rapamycin binding.
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accessible than threonine.”®> Phosphorylating it extends the
activation loop favoring the successive phosphorylation of
threonine by making it more accessible, establishing an allo-
steric phosphorylation code in ERK activation. ERK phosphoryla-
tion states—unphosphorylated, monophosphorylated, and dual
phosphorylated—can effectively modify the strength of the
interactions of the lobes and ATP binding and stabilize ERK
active state, in which the catalytic domain can facilitate phos-
phoryl transfer. This is crucial for a kinase that activates over
hundreds of substrates,®" and whose sustained activation lasts
several hours, with a transient activation peaking at
~20 min."**** As we noted above, the apparent absence of an
autoinhibited state underscores its critical role in cell prolifer-
ation, activating a very large number of substrates in different
environments and spatial locations and over developmental
time.
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The major kinases in the cell growth pathway include PI3K,
PDK1, AKT, and mTOR (Fig. 2). PI3K is a lipid kinase, whereas
PDK1, AKT, and mTOR are protein kinases. The structure of the
kinase domain of PI3K is similar to that of mTOR, as both are
members of the PI3K-related kinase family (Fig. 4). The PI3K/
AKT/mTOR pathway initiates with PI3K activation by an RTK,
supported by active Ras at the membrane."**** As to PDK1, its
PH domain structure resembles that of AKT, as they belong to
the AGC family of kinases. However, the linker and C-terminal
region differ. We surmised that PDK1 samples AKT-like auto-
inhibited states. Consistently, the simulations identify
a conformation resembling that of AKT.*” As to why the auto-
inhibited PDK1 structure has not been captured by crystallog-
raphy while AKT was,”® unlike AKT, the monomeric
autoinhibited state of PDK1 is relatively only stable, with low
kinetic barriers that appear to further facilitate PDK1 PIP;-
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convey the signal to downstream protein kinases, which activate a cascade involving at least three kinases: MAP3K, MAP2K, and MAPK. In the Ras/
ERK pathway, Rafs (MAP3Ks) activate MEK1/2 (MAP2Ks), which then activate ERK1/2 (MAPKs). Other MAP3Ks, including MEKKs, ASKs, MLKs, and
TAK1, activate MEK3/6 (or MKK3/6) and MEK4/7 (or MKK4/7), which then activate p38a/B/v/d and JNK1/2/3, respectively, in the p38 MAPK and
JINK pathways. In the ERKS pathway, Src activates MEKK2 and MEKK3, which then activate MEK5 (or MKK5) and subsequently ERK5. The MAPK
pathways activate multiple cytoplasmic proteins and nuclear transcription factors, resulting in various biological functions. Abbreviations: ASK,
apoptosis signal-regulating kinase; MEKK, MEK kinase; MLK, mixed lineage kinase; TAK1, transforming growth factor-B-activated kinase 1; TRAF,

tumor necrosis factor receptor-associated factor.
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mediated shift to its active state. PDK1 linker is the key player,
with intramolecular interactions between the kinase domain,
the PH domain, and the linker region.*” The detailed activation
mechanism of mTOR has been challenging, which is not
surprising given its complexity. Simulations coupled with
experimental data recently established how its motifs can allo-
sterically govern its kinase activity.’** The disordered negative
regulator domain (NRD) is a key regulator. When in the catalytic
cleft—it promotes a closed conformation; when outside—
mTOR prefers an open state, which exposes the substrate-
binding site on the FRB domain. mTOR's mechanism has
been dubbed “active-site restriction”. This mechanism features
protein domains partially blocking the catalytic site, acting as
a lever in permitting substrate access thereby controlling its
activity. Full activity requires specific signals unleashing
a conformational change to open the catalytic site allowing
substrate access.

Finally, above, we referred to the ‘classical’ MAPK cascade. In
mammals, MAPK has four cascades™’ (Fig. 5) including Ras/
ERK, p38, JNK, and ERK5 pathways (details in ref. 138). Some
feature alternatively spliced isoforms."* Some have different
modes of regulation."® They may be stimulated by different
signals and have distinct primary roles, although they may
complement each other under pharmacological regimes. The
ERK1/2 cascade is the key in proliferation, differentiation (in
development, including neurodevelopmental disorders*:**?),
and migration;'*® p38 in immune responses;'* JNK in
apoptosis;*** and ERK5 in cancer (proliferation),™** and known
to play a role in drug resistance to Raf."***

Learning the cascades to generate
pharmacological perspectives
Drugs approved in the pipeline

We learn the kinase cascades. We survey available drugs in
these cascades and then ask whether the pathways' properties
can spawn new strategies. Starting with Ras, approved K-Ras-
targeting drugs****> include sotorasib (Lumakras) and ada-
grasib (Krazati) for K-Ras®**“. Ras clinical trials include RMC-
6236, RMC-6291, and RMC-9805, and preclinical development
includes RMC-5127, RMC-0708, and RMC-8839 (Table 1), which
are being developed by Revolution Medicines, Inc.'® Recently,
RMC-7977 was developed as a broad-spectrum inhibitor tar-
geting both the mutant and wild type forms of multi-selective
Ras (ON).'**154155 These Ras (ON) drugs are small molecule
inhibitors that act as molecular glues, forming a tricomplex
with Ras and cyclophilin A (CypA), preventing effectors from
binding to Ras and thereby disrupting downstream signaling.
There are several kinase inhibitors that target different
points along the MAPK pathway (Table 2), including B-Raf,
MEK, and ERK inhibitors (Fig. 6). B-Raf inhibitors prescribed
for BRAF mutations include vemurafenib (Zelboraf), dabrafenib
(Tafinlar), and encorafenib (Braftovi). The combination of
dabrafenib with trametinib (Mekinist) has been approved for
solid tumors.”® The combination of encorafenib with cetux-
imab (Erbitux) and mFOLFOX6 (leucovorin calcium (folinic

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 1 Drugs targeting mutant Ras (ON, active state) in the MAPK pathway“

ClinicalTrials.gov

Compound name
(generic name)

Condition or disease

identifier (status)

Mechanism of action

Drug type

Target

NSCLC, CRC, PDAC,

Oral, tri-complex NCT05379985 (phase 1)

Non-covalent, non-degrading

molecular glue

Ras (ON) multi-selective

RMC-6236 (daraxonrasib)

advanced solid tumors

formation with CypA
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molecular glue
Non-covalent, non-degrading

molecular glue

“ Abbreviations: CRC, colorectal cancer; CypA, cyclophilin A; NSCLC, non-small cell lung cancer; PDAC, pancreatic ductal adenocarcinoma.
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acid) + fluorouracil (5-FU) + oxaliplatin) has also been approved
for metastatic colorectal cancer.*® More are in clinical trials,
including the pan-mutant BRAF inhibitor claturafenib.**® Allo-
steric drugs for MEK mutations include trametinib (Mekinist),
cobimetinib (Cotellic), binimetinib (Mektovi), selumetinib
(Koselugo), avutometinib (Avmapki Fakzynja Co-pack), and
mirdametinib (Gomekli). MEK inhibitors are often combined
with B-Raf inhibitors. Targeting ERK directly is challenging,™
although several inhibitors are available, including rineterkib,
HH2710, temuterkib, and SCH77298. Its multiple functions,
regulatory mechanisms, and complex feedback loops make it
difficult, leading to harnessing MEK drugs.

Kinase inhibitors that target different points along the PI3k/
AKT/mTOR pathway (Table 3) include PI3K, PDK1, AKT, and
mTOR inhibitors (Fig. 7). Drugs that treat PI3K include alpe-
lisib (Piqray), copanlisib (Aliqopa), duvelisib (Copiktra), ide-
lalisib (Zydelig), and inavolisib (Itovebi).** Allosteric drugs for
PI3K mutations include tersolisib, RLY-2608, and LOXO-
783.13°71%1 As to PDK1, there are no direct FDA-approved drugs,
but several are in clinical trials, including GSK2334470, BX-
795, leelamine, OSU-03012, and PS210.'*> Drugs that target

‘ Orthosteric B-Raf inhibitors targeting V600E/K mutations

Dabrafenib
(c23HZOF3NSOZSZ)

Vemurafenib
(Cy3H;5CIF,N;0,S)
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AKT in cancer include capivasertib (Truqap), ipatasertib, MK-
2206, perifosine, and miransertib.'*® For mTOR, rapamycin
and its analogs are the main inhibitors, including ridafor-
olimus (Taltorvic), sirolimus (Rapamune), everolimus (Afini-
tor), and temsirolimus (Torisel). Sirolimus, everolimus, and
temsirolimus have already been approved by the FDA. Ros-
koski has recently updated the kinase-targeting small mole-
cule drugs, including their molecular weight, number of
hydrogen bond donors/acceptors, polar surface area, potency,
solubility, lipophilic efficiency, and ligand efficiency.'*
Combinations of drugs listed above often target mutants of the
same proteins, as well as different kinases in the same and in
complementary pathways.*1%

The cascades offer pharmacological perspectives

Drug resistance may emerge, and temporal drug combinations
are expected to have better outcomes than consecutive single
drugs. Our chemical framework underscores several points
when planning a pharmacological regimen. (i) Regulation of the
signal is at least on two levels: efficient kinase activation and
inhibition at the protein level, and homeostasis at the systems
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(c18H15CI2F2N5035)
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Fig. 6 Molecular structures of drugs targeting the Ras/ERK pathway. Examples of drugs targeting the B-Raf, MEK, and ERK kinases in the cell
proliferation pathway. The molecular formula of each drug is given in parentheses. The three-dimensional drug structures were obtained from
PubChem (https://pubchem.Ncbi.nlm.nih.gov), a public chemical database of the National Library of Medicine (NLM). In the pathway diagram,
orthosteric drugs are colored red and allosteric drugs are colored blue. Table 2 summarizes the details of drugs in the Ras/ERK pathway.
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Fig.7 Molecular structures of drugs targeting the PI3K/AKT/mTOR pathway. Examples of drugs targeting the PI3K, PDK1, and AKT kinases in the
cell growth pathway. The molecular formula of each drug is given in parentheses. The three-dimensional drug structures were obtained from
PubChem (https://pubchem.Ncbi.nlm.nih.gov), a public chemical database of the National Library of Medicine (NLM). In the pathway diagram,
orthosteric drugs are colored red and allosteric drugs are colored blue. Table 3 summarizes the details of drugs in the PI3K/AKT/mTOR pathway.

level. (ii) Considering cell types and cell states is vital, as is (iii)
tumor evolution. To overcome drug resistance, learning single-
cell transcriptomes over time could offer valuable insights into
tumor evolution. Learning single cell data helps address the
tumor heterogeneity challenge. The variability in tumor
behavior is not random.*® Cell types and states are determined
by their networks and their transitions.*»'*® The network of
a skin cell differs from that of a liver cell. Cells metastasize to
tissues where their normally expressed proteins are overex-
pressed. Melanomas overexpress the highest number of brain-
selective genes and this may contribute to melanoma metas-
tasis to the brain.'®” Combining experimental and clinical data
with computational (AI) tools can unravel how these complex
data change over time. (iv) Position in the pathway matters:
single substrate B-Raf is upstream of the MAPK pathway and its
activation is slow. ERK downstream is challenging due to its
feedback loops, large number of substrates, fast kinetics and
continuous ON state,'*®*"”* suggesting their pharmacological
combination. However, (v) kinases with high activation rates are
commonly considered better drug targets because their dysre-
gulation can have a more significant impact on cellular

15828 | Chem. Sci,, 2025, 16, 15815-15835

processes.’”*'7* (vi) Accounting for pathway crosslinks, feed-
back loops and connectors.****”* Finally, (vii) kinase cascades
exist in biomolecular condensates associated with LLPS, liquid-
liquid phase separation. The condensates can be drug targets.'”®
The condensates may also enrich and prolong the retention of
small-molecule drugs."”® Even though the principles and func-
tions of condensate modifying drugs have been considered,”
development of specific drugs is challenging.

Conclusions

A single, constitutively active kinase can transform a healthy cell
into an oncogenic cell;'”® pharmacology can vanquish kinase
activity, decimating oncogene ‘addicted’ cancer cells, while
sparing others. The active—but not the autoinhibitory—kinase
conformation has a flawlessly organized structure. Next-
generation inhibitor development requires knowledge of the
activation mechanism and an insight into how activating
mutations transform a kinase into its constitutive state, and
importantly, foretell the emerging mechanism of drug resis-
tance. Acquired relapse mutations interfere with drugs that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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block signaling by compensating for mutational lesions in the
same kinase or by an aberrant kinase hijacking an alternative
pathway, vertically or horizontally bypassing the blockade. The
future challenge of small molecule kinase inhibitors relies on
combinations of optimized drugs to target individual learned
cancer subtypes. It should also benefit from innovative
perspectives.

Here, we learn kinase cascades to foster such innovations.
Formalizing and computing a biological multivariable system,
as here, is a complex challenging task. A possible avenue could
include a protein language model, which includes a protein
sequence model and its 3D structure, integrated with
a computer vision model to image information about the cell,
such as its type, localization, and spatial features.'”

Author contributions

R. Nussinov: conceptualization, formal analysis, funding
acquisition, investigation, project administration, supervision,
validation, and writing - original draft. C. Regev: validation and
writing - review & editing. H. Jang: conceptualization, data
curation, investigation, methodology, resources, validation,
visualization, and writing - review & editing.

Conflicts of interest

There are no conflicts to declare.

Data availability

No primary research results, software or code have been
included and no new data were generated or analysed as part of
this review.

Acknowledgements

This research was supported by the Cancer Innovation Labo-
ratory, Center for Cancer Research, National Cancer Institute,
National Institutes of Health Intramural Research Program
(project number ZIA BC 010441) and federal funds from the
National Cancer Institute, National Institutes of Health, under
contract HHSN2612015000031. The contributions of the NIH
authors were made as part of their official duties as NIH federal
employees, are in compliance with agency policy requirements,
and are considered Works of the United States Government.
However, the findings and conclusions presented in this paper
are those of the authors and do not necessarily reflect the views
of the NIH or the U.S. Department of Health and Human
Services.

Notes and references

1 E. C. O'Shaughnessy, S. Palani, J. J. Collins and C. A. Sarkar,
Tunable signal processing in synthetic MAP kinase
cascades, Cell, 2011, 144, 119-131.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

2 L. L. Yuan, E. Wauson and V. Duric, Kinase-mediated
signaling cascades in mood disorders and antidepressant
treatment, /. Neurogenet., 2016, 30, 178-184.

3 Y. Zhang, P. D. Smolen, L. J. Cleary and J. H. Byrne,
Quantitative description of the interactions among kinase
cascades underlying long-term plasticity of Aplysia
sensory neurons, Sci. Rep., 2021, 11, 14931.

4 J. Rauch, N. Volinsky, D. Romano and W. Kolch, The secret
life of kinases: functions beyond catalysis, Cell Commun.
Signaling, 2011, 9, 23.

5 Y. Keshet and R. Seger, The MAP kinase signaling cascades:
a system of hundreds of components regulates a diverse
array of physiological functions, Methods Mol. Biol., 2010,
661, 3-38.

6 L. Zhong, Y. Li, L. Xiong, W. Wang, M. Wu, T. Yuan,
W. Yang, C. Tian, Z. Miao, T. Wang and S. Yang, Small
molecules in targeted cancer therapy: advances,
challenges, and future perspectives, Signal Transduction
Targeted Ther., 2021, 6, 201.

7 R. Nussinov, C. J. Tsai and J. Liu, Principles of allosteric
interactions in cell signaling, J. Am. Chem. Soc., 2014, 136,
17692-17701.

8 N. Wu, M. Barahona and S. N. Yaliraki, Allosteric
communication and signal transduction in proteins, Curr.
Opin. Struct. Biol., 2024, 84, 102737.

9 T.Modi, S. B. Ozkan and S. Pressé, Information propagation
in time through allosteric signaling, Phys. Rev. Res., 2020, 2,
023367.

10 T. Haliloglu, A. Hacisuleyman and B. Erman, Prediction of
allosteric  communication pathways in  proteins,
Bioinformatics, 2022, 38, 3590-3599.

11 O. Bozovic, J. Ruf, C. Zanobini, B. Jankovic, D. Buhrke,
P. J. M. Johnson and P. Hamm, The Speed of Allosteric
Signaling Within a Single-Domain Protein, J. Phys. Chem.
Lett., 2021, 12, 4262-4267.

12 R. Nussinov, C. J. Tsai and H. Jang, Allostery, and how to
define and measure signal transduction, Biophys. Chem.,
2022, 283, 106766.

13 F. Liu, X. Yang, M. Geng and M. Huang, Targeting ERK, an
Achilles’ Heel of the MAPK pathway, in cancer therapy, Acta
Pharm. Sin. B, 2018, 8, 552-562.

14 C. Braicu, M. Buse, C. Busuioc, R. Drula, D. Gulei, L. Raduly,
A. Rusu, A. Irimie, A. G. Atanasov, O. Slaby, C. Ionescu and
I. Berindan-Neagoe, A Comprehensive Review on MAPK: A
Promising Therapeutic Target in Cancer, Cancers, 2019,
11, 1618.

15 Y.J. Guo, W. W. Pan, S. B. Liu, Z. F. Shen, Y. Xu and L. L. Hu,
ERK/MAPK signalling pathway and tumorigenesis, Exp.
Ther. Med., 2020, 19, 1997-2007.

16 L. Gossage and T. Eisen, Targeting multiple kinase
pathways: a change in paradigm, Clin. Cancer Res., 2010,
16, 1973-1978.

17 N. Pathi, S. Viswanath, A. Pathak, A. Rathore and
A. Prukayastha, Receptor tyrosine kinase signaling
pathways: areview, Int. J. Adv. Med., 2016, 3, 783-789.

Chem. Sci., 2025, 16, 15815-15835 | 15829


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04657b

Open Access Article. Published on 19 aolt 2025. Downloaded on 06/02/2026 10:23:26.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

18 R. Nussinov, B. R. Yavuz and H. Jang, Molecular principles
underlying aggressive cancers, Signal Transduction Targeted
Ther., 2025, 10, 42.

19 B. R. Yavuz, M. K. Arici, H. C. Demirel, C. J. Tsai, H. Jang,
R. Nussinov and N. Tuncbag, Neurodevelopmental
disorders and cancer networks share pathways, but differ
in mechanisms, signaling strength, and outcome, npj
Genomic Med., 2023, 8, 37.

20 R. Nussinov, C. ]J. Tsai and H. Jang, A New View of Activating
Mutations in Cancer, Cancer Res., 2022, 82, 4114-4123.

21 R. Nussinov, H. Jang, G. Nir, C. J. Tsai and F. Cheng, A new
precision medicine initiative at the dawn of exascale
computing, Signal Transduction Targeted Ther., 2021, 6, 3.

22 R. Nussinov, C. ]. Tsai and H. Jang, Are Parallel Proliferation
Pathways Redundant?, Trends Biochem. Sci., 2020, 45, 554—
563.

23 E. Guven-Maiorov, C. J. Tsai and R. Nussinov, Oncoviruses
Can Drive Cancer by Rewiring Signaling Pathways Through
Interface Mimicry, Front. Oncol., 2019, 9, 1236.

24 N. Rauch, O. S. Rukhlenko, W. Kolch and B. N. Kholodenko,
MAPK kinase signalling dynamics regulate cell fate
decisions and drug resistance, Curr. Opin. Struct. Biol.,
2016, 41, 151-158.

25 D. Fey, D. R. Croucher, W. Kolch and B. N. Kholodenko,
Crosstalk and signaling switches in mitogen-activated
protein kinase cascades, Front. Physiol., 2012, 3, 355.

26 R. Nussinov and H. Jang, Dynamic multiprotein assemblies
shape the spatial structure of cell signaling, Prog. Biophys.
Mol. Biol., 2014, 116, 158-164.

27 P. Wee and Z. Wang, Epidermal Growth Factor Receptor
Cell Proliferation Signaling Pathways, Cancers, 2017, 9, 52.

28 E. Levantini, G. Maroni, M. Del Re and D. G. Tenen, EGFR
signaling pathway as therapeutic target in human cancers,
Semin. Cancer Biol., 2022, 85, 253-275.

29 F. Gross, A. Mancini, B. Breton, H. Kobayashi,
P. H. S. Pereira, C. Le Gouill, M. Bouvier, S. Schann,
X. Leroy and L. Sabbagh, EGFR signaling and
pharmacology in oncology revealed with innovative BRET-
based biosensors, Commun. Biol., 2024, 7, 250.

30 R. Avraham and Y. Yarden, Feedback regulation of EGFR
signalling: decision making by early and delayed loops,
Nat. Rev. Mol. Cell Biol., 2011, 12, 104-117.

31 M. L. Uribe, I. Marrocco and Y. Yarden, EGFR in Cancer:
Signaling Mechanisms, Drugs, and Acquired Resistance,
Cancers, 2021, 13, 2748.

32 M. Scaltriti and J. Baselga, The epidermal growth factor
receptor pathway: a model for targeted therapy, Clin.
Cancer Res., 2006, 12, 5268-5272.

33 I. Wortzel and R. Seger, The ERK Cascade: Distinct
Functions within Various Subcellular Organelles, Genes
Cancer, 2011, 2, 195-209.

34 M. E. Bahar, H. J. Kim and D. R. Kim, Targeting the RAS/
RAF/MAPK pathway for cancer therapy: from mechanism
to clinical studies, Signal Transduction Targeted Ther.,
2023, 8, 455.

15830 | Chem. Sci,, 2025, 16, 15815-15835

View Article Online

Review

35 D. K. Simanshu, D. V. Nissley and F. McCormick, RAS
Proteins and Their Regulators in Human Disease, Cell,
2017, 170, 17-33.

36 M. Dillon, A. Lopez, E. Lin, D. Sales, R. Perets and P. Jain,
Progress on Ras/MAPK Signaling Research and Targeting
in Blood and Solid Cancers, Cancers, 2021, 13, 5059.

37 H. Chong, H. G. Vikis and K. L. Guan, Mechanisms of
regulating the Raf kinase family, Cell. Signalling, 2003, 15,
463-469.

38 U. Degirmenci, M. Wang and J. Hu, Targeting Aberrant RAS/
RAF/MEK/ERK Signaling for Cancer Therapy, Cells, 2020, 9,
198.

39 Y. D. Shaul and R. Seger, The MEK/ERK cascade: from
signaling specificity to diverse functions, Biochim. Biophys.
Acta, 2007, 1773, 1213-1226.

40 M. Cargnello and P. P. Roux, Activation and function of the
MAPKs and their substrates, the MAPK-activated protein
kinases, Microbiol. Mol. Biol. Rev., 2011, 75, 50-83.

41 M. A. Lemmon and ]. Schlessinger, Cell signaling by
receptor tyrosine kinases, Cell, 2010, 141, 1117-1134.

42 A. Plotnikov, K. Flores, G. Maik-Rachline, E. Zehorai,
E. Kapri-Pardes, D. A. Berti, T. Hanoch, M. J. Besser and
R. Seger, The nuclear translocation of ERK1/2 as an
anticancer target, Nat. Commun., 2015, 6, 6685.

43 B. N. Kholodenko, W. Kolch and O. S. Rukhlenko, Reversing
pathological cell states: the road less travelled can extend
the therapeutic horizon, Trends Cell Biol., 2023, 33, 913-
923.

44 H. Liu, M. Yuan, R. Mitra, X. Zhou, M. Long, W. Lei,
S. Zhou, Y. E. Huang, F. Hou, C. M. Eischen and W. Jiang,
CTpathway: a CrossTalk-based pathway enrichment
analysis method for cancer research, Genome Med., 2022,
14, 118.

45 H. Nishi, E. Demir and A. R. Panchenko, Crosstalk between
signaling pathways provided by single and multiple protein
phosphorylation sites, J. Mol. Biol., 2015, 427, 511-520.

46 L. Martini, S. H. Baek, I. Lo, B. A. Raby, E. K. Silverman,
S. T. Weiss, K. Glass and A. Halu, Detecting and
dissecting signaling crosstalk via the multilayer network
integration of signaling and regulatory interactions,
Nucleic Acids Res., 2024, 52, e5.

47 A. S. Holehouse and S. Alberti, Molecular determinants of
condensate composition, Mol. Cell, 2025, 85, 290-308.

48 R. Nussinov, The spatial structure of cell signaling systems,
Phys. Biol., 2013, 10, 045004.

49 J. L. Watson, E. Seinkmane, C. T. Styles, A. Mihut,
L. K. Kruger, K. E. McNally, V. J. Planelles-Herrero,
M. Dudek, P. M. MccCall, S. Barbiero, M. Vanden Oever,
S. Y. Peak-Chew, B. T. Porebski, A. Zeng,
N. M. Rzechorzek, D. C. S. Wong, A. D. Beale,
A. Stangherlin, M. Riggi, J. Iwasa, J. Morf, C. Miliotis,
A. Guna, A. ]J. Inglis, J. Brugues, R. M. Voorhees,
J. E. Chambers, Q. J. Meng, J. S. O'Neill, R. S. Edgar and
E. Derivery, Macromolecular condensation buffers
intracellular water potential, Nature, 2023, 623, 842-852.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04657b

Open Access Article. Published on 19 aolt 2025. Downloaded on 06/02/2026 10:23:26.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

50 J. A. Villegas, M. Heidenreich and E. D. Levy, Molecular and
environmental determinants of biomolecular condensate
formation, Nat. Chem. Biol., 2022, 18, 1319-1329.

51 J. A. Villegas and E. D. Levy, A unified statistical potential
reveals that amino acid stickiness governs nonspecific
recruitment of client proteins into condensates, Protein
Sci., 2022, 31, e4361.

52 M. MacAinsh, F. N. K. Muhammedkutty, R. Prasad and
H. X. Zhou, Membrane Association of Intrinsically
Disordered Proteins, Annu. Rev. Biophys., 2025, 54, 275-302.

53 M. Delarue, G. P. Brittingham, S. Pfeffer, I. V. Surovtsev,
S. Pinglay, K. J. Kennedy, M. Schaffer, J. 1. Gutierrez,
D. Sang, G. Poterewicz, J. K. Chung, ]J. M. Plitzko,
J. T. Groves, C. Jacobs-Wagner, B. D. Engel and L. J. Holt,
mTORC1 Controls Phase Separation and the Biophysical
Properties of the Cytoplasm by Tuning Crowding, Cell,
2018, 174, 338-349.

54 B.T.Hennessy, D. L. Smith, P. T. Ram, Y. Lu and G. B. Mills,
Exploiting the PI3K/AKT pathway for cancer drug discovery,
Nat. Rev. Drug Discovery, 2005, 4, 988-1004.

55 J. H. Lee, C. Kim, J. Y. Um, G. Sethi and K. S. Ahn, Casticin-
Induced Inhibition of Cell Growth and Survival Are
Mediated through the Dual Modulation of Akt/mTOR
Signaling Cascade, Cancers, 2019, 11, 254.

56 P. S. Ong, L. Z. Wang, X. Dai, S. H. Tseng, S. J. Loo and
G. Sethi, Judicious Toggling of mTOR Activity to Combat
Insulin Resistance and Cancer: Current Evidence and
Perspectives, Front. Pharmacol, 2016, 7, 395.

57 A. Glaviano, A. S. C. Foo, H. Y. Lam, K. C. H. Yap, W. Jacot,
R. H. Jones, H. Eng, M. G. Nair, P. Makvandi, B. Geoerger,
M. H. Kulke, R. D. Baird, ]J. S. Prabhu, D. Carbone,
C. Pecoraro, D. B. L. Teh, G. Sethi, V. Cavalieri, K. H. Lin,
N. R. Javidi-Sharifi, E. Toska, M. S. Davids, J. R. Brown,
P. Diana, ]J. Stebbing, D. A. Fruman and A. P. Kumar,
PI3K/AKT/mTOR signaling transduction pathway and
targeted therapies in cancer, Mol. Cancer, 2023, 22, 138.

58 B. D. Manning and L. C. Cantley, AKT/PKB signaling:
navigating downstream, Cell, 2007, 129, 1261-1274.

59 L. Y. Tian, D. J. Smit and M. Jucker, The Role of PI3K/AKT/
mTOR Signaling in Hepatocellular Carcinoma Metabolism,
Int. J. Mol. Sci., 2023, 24, 2652.

60 I. Ahmad, M. Hoque, S. S. M. Alam, T. A. Zughaibi and
S. Tabrez, Curcumin and Plumbagin Synergistically Target
the PI3K/Akt/mTOR Pathway: A Prospective Role in
Cancer Treatment, Int. J. Mol. Sci., 2023, 24, 6651.

61 G. Hoxhaj and B. D. Manning, The PI3K-AKT network at the
interface of oncogenic signalling and cancer metabolism,
Nat. Rev. Cancer, 2020, 20, 74-88.

62 M. H. Yang, J. H. Lee, J. H. Ko, S. H. Jung, G. Sethi and
K. S. Ahn, Brassinin Represses Invasive Potential of Lung
Carcinoma Cells through Deactivation of PI3K/Akt/mTOR
Signaling Cascade, Molecules, 2019, 24, 1584.

63 K. S. Siveen, K. S. Ahn, T. H. Ong, M. K. Shanmugam, F. Li,
W. N. Yap, A. P. Kumar, C. W. Fong, V. Tergaonkar,
K. M. Hui and G. Sethi, Y-tocotrienol inhibits
angiogenesis-dependent growth of human hepatocellular
carcinoma through abrogation of AKT/mTOR pathway in

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

an orthotopic mouse model, Oncotarget, 2014, 5, 1897-
1911.

64 R. L. Dillon, D. E. White and W. J. Muller, The phosphatidyl
inositol 3-kinase signaling network: implications for
human breast cancer, Oncogene, 2007, 26, 1338-1345.

65 A. Toker and C. C. Dibble, PI 3-Kinase Signaling: AKTing up
inside the Cell, Mol. Cell, 2018, 71, 875-876.

66 A. Levina, K. D. Fleming, J. E. Burke and T. A. Leonard,
Activation of the essential kinase PDK1 by
phosphoinositide-driven trans-autophosphorylation, Nat.
Commun., 2022, 13, 1874.

67 L. Ding, J. Cao, W. Lin, H. Chen, X. Xiong, H. Ao, M. Yu,
J. Lin and Q. Cui, The Roles of Cyclin-Dependent Kinases
in Cell-Cycle Progression and Therapeutic Strategies in
Human Breast Cancer, Int. J. Mol. Sci., 2020, 21, 1960.

68 M. Ord and M. Loog, How the cell cycle clock ticks, Mol
Biol. Cell, 2019, 30, 169-172.

69 A. J. Pluta, C. Studniarek, S. Murphy and C. J. Norbury,
Cyclin-dependent kinases: Masters of the eukaryotic
universe, Wiley Interdiscip. Rev.: RNA, 2023, 15, e1816.

70 C. J. Tsai, B. Ma and R. Nussinov, Protein-protein
interaction networks: how can a hub protein bind so
many different partners?, Trends Biochem. Sci., 2009, 34,
594-600.

71 M. Blazek, T. S. Santisteban, R. Zengerle and M. Meier,
Analysis of fast protein phosphorylation kinetics in single
cells on a microfluidic chip, Lab Chip, 2015, 15, 726-734.

72 G. Nawrocki, W. Im, Y. Sugita and M. Feig, Clustering and
dynamics of crowded proteins near membranes and their
influence on membrane bending, Proc. Natl. Acad. Sci. U.
S. A., 2019, 116, 24562-24567.

73 Z. N. Demidenko and M. V. Blagosklonny, Growth
stimulation leads to cellular senescence when the cell
cycle is blocked, Cell Cycle, 2008, 7, 3355-3361.

74 G. E. Neurohr, R. L. Terry, J. Lengefeld, M. Bonney,
G. P. Brittingham, F. Moretto, T. P. Miettinen,
L. P. Vaites, L. M. Soares, J. A. Paulo, J. W. Harper,
S. Buratowski, S. Manalis, F. J. van Werven, L. J. Holt and
A. Amon, Excessive Cell Growth Causes Cytoplasm
Dilution And Contributes to Senescence, Cell, 2019, 176,
1083-1097.

75 A. 1. Goranov, A. Gulati, N. Dephoure, T. Takahara,
T. Maeda, S. P. Gygi, S. Manalis and A. Amon, Changes in
cell morphology are coordinated with cell growth through
the TORC1 pathway, Curr. Biol., 2013, 23, 1269-1279.

76 T. Shu, G. Mitra, J. Alberts, M. P. Viana, E. D. Levy,
G. M. Hocky and L. J. Holt, Mesoscale molecular assembly
is favored by the active, crowded cytoplasm, bioRxiv, 2023,
preprint, DOI: 10.1101/2023.09.19.558334.

77 N. Kim, H. Yun, H. Lee and ]. Y. Yoo, Interplay between
membranes and biomolecular condensates in the
regulation of membrane-associated cellular processes,
Exp. Mol. Med., 2024, 56, 2357-2364.

78 Y. Li, Y. Liu, X. Y. Yu, Y. Xu, X. Pan, Y. Sun, Y. Wang,
Y. H. Song and Z. Shen, Membraneless organelles in
health and disease: exploring the molecular basis,

Chem. Sci., 2025, 16, 15815-15835 | 15831


https://doi.org/10.1101/2023.09.19.558334
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04657b

Open Access Article. Published on 19 aolt 2025. Downloaded on 06/02/2026 10:23:26.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

physiological roles and pathological implications, Signal
Transduction Targeted Ther., 2024, 9, 305.

79 Y. Kondo, J. W. Paul 3rd, S. Subramaniam and J. Kuriyan,
New insights into Raf regulation from structural analyses,
Curr. Opin. Struct. Biol., 2021, 71, 223-231.

80 D. Matallanas, M. Birtwistle, D. Romano, A. Zebisch,
J. Rauch, A. von Kriegsheim and W. Kolch, Raf family
kinases: old dogs have learned new tricks, Genes Cancer,
2011, 2, 232-260.

81 J. E. Klomp, J. A. Klomp and C. J. Der, The ERK mitogen-
activated protein kinase signaling network: the final
frontier in RAS signal transduction, Biochem. Soc. Trans.,
2021, 49, 253-267.

82 C. H. Shen, P. Yuan, R. Perez-Lorenzo, Y. Zhang, S. X. Lee,
Y. Ou, J. M. Asara, L. C. Cantley and B. Zheng,
Phosphorylation of BRAF by AMPK impairs BRAF-KSR1
association and cell proliferation, Mol Cell, 2013, 52,
161-172.

83 C. F. Zheng and K. L. Guan, Activation of MEK family
kinases requires phosphorylation of two conserved Ser/
Thr residues, EMBO J., 1994, 13, 1123-1131.

84 M. P. Scheid, M. Parsons and J. R. Woodgett,
Phosphoinositide-dependent phosphorylation of PDK1
regulates nuclear translocation, Mol. Cell. Biol., 2005, 25,
2347-2363.

85 N. Balasuriya, N. E. Davey, ]J. L. Johnson, H. Liu,
K. K. Biggar, L. C. Cantley, S. S. Li and P. O'Donoghue,
Phosphorylation-dependent substrate selectivity of protein
kinase B (AKT1), J. Biol. Chem., 2020, 295, 8120-8134.

86 P. Baskaran, S. R. Mihaylov, E. Vinsland, K. Shah, L. Granat,
S. K. Ultanir, A. R. Tee, J. Murn and J. M. Bateman,
Phosphorylation of the novel mTOR substrate Unkempt
regulates cellular morphogenesis, J. Biol. Chem., 2023,
299, 102788.

87 L. Xu, H. Jang and R. Nussinov, Capturing Autoinhibited
PDK1 Reveals the Linker's Regulatory Role, Informing
Innovative Inhibitor Design, J. Chem. Inf. Model., 2024, 64,
7709-7724.

88 M. K. Holz and ]. Blenis, Identification of S6 kinase 1 as
a novel mammalian target of rapamycin (mTOR)-
phosphorylating kinase, J. Biol. Chem., 2005, 280, 26089-
26093.

89 O. Martinez-Saez, N. Chic, T. Pascual, B. Adamo, M. Vidal,
B. Gonzalez-Farre, E. Sanfeliu, F. Schettini, B. Conte,
F. Braso-Maristany, A. Rodriguez, D. Martinez, P. Galvan,
A. B. Rodriguez, A. Martinez, M. Munoz and A. Prat,
Frequency and spectrum of PIK3CA somatic mutations in
breast cancer, Breast Cancer Res., 2020, 22, 45.

90 M. L. Jenkins, H. Ranga-Prasad, M. A. H. Parson,
N. J. Harris, M. K. Rathinaswamy and ]. E. Burke,
Oncogenic mutations of PIK3CA lead to increased
membrane recruitment driven by reorientation of the
ABD, p85 and C-terminus, Nat. Commun., 2023, 14, 181.

91 N. K. VanLandingham, A. Nazarenko, J. R. Grandis and
D. E. Johnson, The mutational profiles and corresponding
therapeutic implications of PI3K mutations in cancer,
Adv. Biol. Regul., 2023, 87, 100934.

15832 | Chem. Sci., 2025, 16, 15815-15835

View Article Online

Review

92 D. Bonneau and M. Longy, Mutations of the human PTEN
gene, Hum. Mutat., 2000, 16, 109-122.

93 N. Fusco, E. Sajjadi, K. Venetis, G. Gaudioso, G. Lopez,
C. Corti, E. G. Rocco, C. Criscitiello, U. Malapelle and
M. Invernizzi, PTEN Alterations and Their Role in Cancer
Management: Are We Making Headway on Precision
Medicine?, Genes, 2020, 11, 719.

94 L. Yehia, E. Keel and C. Eng, The Clinical Spectrum of PTEN
Mutations, Annu. Rev. Med., 2020, 71, 103-116.

95 H. Jang, J. Chen, L. M. Iakoucheva and R. Nussinov, Cancer
and Autism: How PTEN Mutations Degrade Function at the
Membrane and Isoform Expression in the Human Brain, J.
Mol. Biol., 2023, 435, 168354.

96 R. Nussinov, C. ]J. Tsai and H. Jang, How can same-gene
mutations promote both cancer and developmental
disorders?, Sci. Adv., 2022, 8, eabm2059.

97 L. Cordon-Barris, S. Pascual-Guiral, S. Yang, L. Gimenez-
Llort, S. Lope-Piedrafita, C. Niemeyer, E. Claro,
J. M. Lizcano and J. R. Bayascas, Mutation of the 3-
Phosphoinositide-Dependent Protein Kinase 1 (PDK1)
Substrate-Docking Site in the Developing Brain Causes
Microcephaly with Abnormal Brain Morphogenesis
Independently of Akt, Leading to Impaired Cognition and
Disruptive Behaviors, Mol. Cell. Biol., 2016, 36, 2967-2982.

98 K. H. Yi and J. Lauring, Recurrent AKT mutations in human
cancers: functional consequences and effects on drug
sensitivity, Oncotarget, 2016, 7, 4241-4251.

99 T. Shrestha Bhattarai, T. Shamu, A. N. Gorelick,
M. T. Chang, D. Chakravarty, E. 1. Gavrila,
M. T. A. Donoghue, J. Gao, S. Patel, S. P. Gao,

M. H. Reynolds, S. M. Phillips, T. Soumerai, W. Abida,
D. M. Hyman, A. M. Schram, D. B. Solit, L. M. Smyth and
B. S. Taylor, AKT mutant allele-specific activation dictates
pharmacologic sensitivities, Nat. Commun., 2022, 13, 2111.

100 B. C. Grabiner, V. Nardi, K. Birsoy, R. Possemato, K. Shen,
S. Sinha, A. Jordan, A. H. Beck and D. M. Sabatini, A diverse
array of cancer-associated MTOR mutations are
hyperactivating and can predict rapamycin sensitivity,
Cancer Discovery, 2014, 4, 554-563.

101 A. K. Murugan, A. Alzahrani and M. Xing, Mutations in
critical domains confer the human mTOR gene strong
tumorigenicity, J. Biol. Chem., 2013, 288, 6511-6521.

102 V. Di Nunno, L. Gatto, A. Tosoni, S. Bartolini and
E. Franceschi, Implications of BRAF V600E mutation in
gliomas: Molecular considerations, prognostic value and
treatment evolution, Front. Oncol., 2022, 12, 1067252.

103 P. T. Wan, M. J. Garnett, S. M. Roe, S. Lee, D. Niculescu-
Duvaz, V. M. Good, C. M. Jones, C. J. Marshall,
C. J. Springer, D. Barford, R. Marais and P. Cancer
Genome, Mechanism of activation of the RAF-ERK
signaling pathway by oncogenic mutations of B-RAF, Cell,
2004, 116, 855-867.

104 L. Bardwell, Cancer Mutations: Molecular MEKanisms,
Curr. Biol., 2020, 30, R222-R224.

105 Y. Kubota, Y. Fujioka, A. Patil, Y. Takagi, D. Matsubara,
M. lijima, I. Momose, R. Naka, K. Nakai, N. N. Noda and
M. Takekawa, Qualitative differences in disease-

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04657b

Open Access Article. Published on 19 aolt 2025. Downloaded on 06/02/2026 10:23:26.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

associated MEK mutants reveal molecular signatures and
aberrant signaling-crosstalk in cancer, Nat. Commun.,
2022, 13, 4063.

106 C. E. Whitehead and J. S. Sebolt-Leopold, Deciphering the
Complexity of MEK Mutations in the Clinic, Cancer Res.,
2020, 80, 4042-4043.

107 F. Zhang, A. Strand, D. Robbins, M. H. Cobb and
E. J. Goldsmith, Atomic structure of the MAP kinase
ERK2 at 2.3 A resolution, Nature, 1994, 367, 704-711.

108 K. Hibino, T. Shibata, T. Yanagida and Y. Sako, Activation
kinetics of RAF protein in the ternary complex of RAF,
RAS-GTP, and kinase on the plasma membrane of living
cells: single-molecule imaging analysis, J. Biol. Chem.,
2011, 286, 36460-36468.

109 K. Henzler-Wildman and D. Kern, Dynamic personalities of
proteins, Nature, 2007, 450, 964-972.

110 M. Zhang, H. Jang, Z. Li, D. B. Sacks and R. Nussinov, B-Raf
autoinhibition in the presence and absence of 14-3-3,
Structure, 2021, 29, 768-777.

111 C. ]J. Tsai and R. Nussinov, Allosteric activation of RAF in
the MAPK signaling pathway, Curr. Opin. Struct. Biol.,
2018, 53, 100-106.

112 R. C. Maloney, M. Zhang, Y. Liu, H. Jang and R. Nussinov,
The mechanism of activation of MEK1 by B-Raf and KSR1,
Cell. Mol. Life Sci., 2022, 79, 281.

113 M. Zhang, R. Maloney, Y. Liu, H. Jang and R. Nussinov,
Activation mechanisms of clinically distinct B-Raf V600E
and V600K mutants, Cancer Commun., 2023, 43, 405-408.

114 R. Nussinov, C. J. Tsai and H. Jang, Does Ras Activate Raf
and PI3K Allosterically?, Front. Oncol., 2019, 9, 1231.

115 M. Zhang, R. Maloney, H. Jang and R. Nussinov, The
mechanism of Raf activation through dimerization, Chem.
Sci., 2021, 12, 15609-15619.

116 M. Lauinger, D. Christen, R. F. U. Klar, C. Roubaty,
C. E. Heilig, M. Stumpe, ]J. J. Knox, N. Radulovich,
L. Tamblyn, I. Y. Xie, P. Horak, A. Forschner, M. Bitzer,
U. A. Wittel, M. Boerries, C. R. Ball, C. Heining,
H. Glimm, M. Frohlich, D. Hubschmann, S. Gallinger,
R. Fritsch, S. Frohling, G. M. O'Kane, ]. Dengjel and
T. Brummer, BRAF2P**C in-frame deletion mutants differ
in their dimerization propensity, HSP90 dependence, and
druggability, Sci. Adv., 2023, 9, eade7486.

117 R. Roskoski Jr, MEK1/2 dual-specificity protein kinases:
structure and regulation, Biochem. Biophys. Res. Commun.,
2012, 417, 5-10.

118 D. F. Brennan, A. C. Dar, N. T. Hertz, W. C. Chao,
A. L. Burlingame, K. M. Shokat and D. Barford, A Raf-
induced allosteric transition of KSR stimulates
phosphorylation of MEK, Nature, 2011, 472, 366-369.

119 J. Hu, H. Yu, A. P. Kornev, J. Zhao, E. L. Filbert, S. S. Taylor
and A. S. Shaw, Mutation that blocks ATP binding creates
a pseudokinase stabilizing the scaffolding function of
kinase suppressor of Ras, CRAF and BRAF, Proc. Natl.
Acad. Sci. U. S. A., 2011, 108, 6067-6072.

120 H. Lavoie, M. Sahmi, P. Maisonneuve, S. A. Marullo,
N. Thevakumaran, T. Jin, I. Kurinov, F. Sicheri and
M. Therrien, MEK drives BRAF activation through

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

allosteric control of KSR proteins, Nature, 2018, 554, 549-
553.

121 A. Ram, D. Murphy, N. DeCuzzi, M. Patankar, ]J. Hu,
M. Pargett and J. G. Albeck, A guide to ERK dynamics,
part 1: mechanisms and models, Biochem. J., 2023, 480,
1887-1907.

122 A. Wells, J. B. Welsh, C. S. Lazar, H. S. Wiley, G. N. Gill and
M. G. Rosenfeld, Ligand-induced transformation by
a noninternalizing epidermal growth factor receptor,
Science, 1990, 247, 962-964.

123 C. J. Marshall, Specificity of receptor tyrosine kinase
signaling: transient versus sustained extracellular signal-
regulated kinase activation, Cell, 1995, 80, 179-185.

124 K. Muroya, S. Hattori and S. Nakamura, Nerve growth factor
induces rapid accumulation of the GTP-bound form of
p21ras in rat pheochromocytoma PC12 cells, Oncogene,
1992, 7, 277-281.

125 T. T. Nguyen, J. C. Scimeca, C. Filloux, P. Peraldi,
J. L. Carpentier and E. Van Obberghen, Co-regulation of
the mitogen-activated protein kinase, extracellular signal-
regulated kinase 1, and the 90-kDa ribosomal S6 kinase
in PC12 cells. Distinct effects of the neurotrophic factor,
nerve growth factor, and the mitogenic factor, epidermal
growth factor, J. Biol. Chem., 1993, 268, 9803-9810.

126 C. Salazar and T. Hofer, Multisite protein phosphorylation-
from molecular mechanisms to kinetic models, FEBS J.,
2009, 276, 3177-3198.

127 K. Aoki, M. Yamada, K. Kunida, S. Yasuda and M. Matsuda,
Processive phosphorylation of ERK MAP kinase in
mammalian cells, Proc. Natl. Acad. Sci. U. S. A., 2011, 108,
12675-12680.

128 S. Y. Shvartsman, S. McFann, M. Wuhr and
B. Y. Rubinstein, Phase plane dynamics of ERK
phosphorylation, J. Biol. Chem., 2023, 299, 105234.

129 N. Lee, J. W. Lee, G. Y. Kang, S. H. Park and K. P. Kim,
Quantification of the Dynamic Phosphorylation Process of
ERK Using Stable Isotope Dilution Selective Reaction
Monitoring Mass Spectrometry, Proteomics, 2019, 19,
€1900086.

130 W. F. Waas, M. A. Rainey, A. E. Szafranska, K. Cox and
K. N. Dalby, A kinetic approach towards understanding
substrate interactions and the catalytic mechanism of the
serine/threonine protein kinase ERK2: identifying
a potential regulatory role for divalent magnesium,
Biochim. Biophys. Acta, 2004, 1697, 81-87.

131 T. Suwanmajo and J. Krishnan, Mixed mechanisms of
multi-site phosphorylation, J. R. Soc. Interface, 2015, 12,
20141405.

132 C. Regev, H. Jang and R. Nussinov, ERK Allosteric
Activation: The Importance of Two  Ordered
Phosphorylation Events, J. Mol. Biol., 2025, DOIL: 10.1016/
j.jmb.2025.169130.

133 M. Zhang, H. Jang and R. Nussinov, The mechanism of
PI3Ka activation at the atomic level, Chem. Sci., 2019, 10,
3671-3680.

Chem. Sci., 2025, 16, 15815-15835 | 15833


https://doi.org/10.1016/j.jmb.2025.169130
https://doi.org/10.1016/j.jmb.2025.169130
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04657b

Open Access Article. Published on 19 aolt 2025. Downloaded on 06/02/2026 10:23:26.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

134 M. Zhang, H. Jang and R. Nussinov, The structural basis for
Ras activation of PI3a lipid kinase, Phys. Chem. Chem. Phys.,
2019, 21, 12021-12028.

135 L. Truebestein, H. Hornegger, D. Anrather, M. Hartl,
K. D. Fleming, J. T. B. Stariha, E. Pardon, J. Steyaert,
J. E. Burke and T. A. Leonard, Structure of autoinhibited
Aktl reveals mechanism of PIP(3)-mediated activation,
Proc. Natl. Acad. Sci. U. S. A., 2021, 118.

136 Y. Liu, M. Zhang, H. Jang and R. Nussinov, The allosteric
mechanism of mTOR activation can inform bitopic
inhibitor optimization, Chem. Sci., 2024, 15, 1003-1017.

137 W. Peti and R. Page, Molecular basis of MAP kinase
regulation, Protein Sci., 2013, 22, 1698-1710.

138 R. Seger, Special Issue: MAPK Signaling Cascades in
Human Health and Diseases, Int. J. Mol. Sci., 2024, 25,
11226.

139 G. Maik-Rachline, I. Wortzel and R. Seger, Alternative
Splicing of MAPKs in the Regulation of Signaling
Specificity, Cells, 2021, 10, 3466.

140 P. Coulombe and S. Meloche, Atypical mitogen-activated
protein kinases: structure, regulation and functions,
Biochim. Biophys. Acta, 2007, 1773, 1376-1387.

141 R. Nussinov, B. R. Yavuz, H. C. Demirel, M. K. Arici, H. Jang
and N. Tuncbag, Review: Cancer and neurodevelopmental
disorders: multi-scale reasoning and computational
guide, Front. Cell Dev. Biol., 2024, 12, 1376639.

142 R. Nussinov, B. R. Yavuz, M. K. Arici, H. C. Demirel,
M. Zhang, Y. Liu, C. J. Tsai, H. Jang and N. Tuncbag,
Neurodevelopmental disorders, like cancer, are connected
to impaired chromatin remodelers, PI3K/mTOR, and
PAK1-regulated MAPK, Biophys. Rev., 2023, 15, 163-181.

143 S. C. Samson, A. M. Khan and M. C. Mendoza, ERK
signaling for cell migration and invasion, Front. Mol.
Biosci., 2022, 9, 998475.

144 S. Papa, P. M. Choy and C. Bubici, The ERK and JNK
pathways in the regulation of metabolic reprogramming,
Oncogene, 2019, 38, 2223-2240.

145 H. Xiao, A. Wang, W. Shuai, Y. Qian, C. Wu, X. Wang,
P. Yang, Q. Sun, G. Wang, L. Ouyang and Q. Sun, A first-
in-class selective inhibitor of ERK1/2 and ERK5
overcomes drug resistance with a single-molecule
strategy, Signal Transduction Targeted Ther., 2025, 10, 70.

146 L. Yang, L. Zheng, W. J. Chng and J. L. Ding,
Comprehensive Analysis of ERK1/2 Substrates for
Potential Combination = Immunotherapies, Trends

Pharmacol. Sci., 2019, 40, 897-910.

147 E. M. Goetz, M. Ghandi, D. J. Treacy, N. Wagle and
L. A. Garraway, ERK mutations confer resistance to
mitogen-activated protein kinase pathway inhibitors,
Cancer Res., 2014, 74, 7079-7089.

148 R. Nussinov and H. Jang, Direct K-Ras Inhibitors to Treat
Cancers: Progress, New Insights, and Approaches to Treat
Resistance, Annu. Rev. Pharmacol. Toxicol., 2024, 64, 231~
253.

149 J. Li, W. Wu, J. Chen, Z. Xu, B. Yang, Q. He, X. Yang, H. Yan
and P. Luo, Development and safety of investigational and

15834 | Chem. Sci., 2025, 16, 15815-15835

View Article Online

Review

approved drugs targeting the RAS function regulation in
RAS mutant cancers, Toxicol. Sci., 2024, 202, 167-178.

150 P. Filis, D. Salgkamis, A. Matikas and I. Zerdes,
Breakthrough in RAS targeting with pan-RAS(ON)
inhibitors RMC-7977 and RMC-6236, Drug Discovery
Today, 2025, 30, 104250.

151 J. Lokhandwala, T. B. Smalley and T. H. Tran, Structural
perspectives on recent breakthrough efforts toward direct
drugging of RAS and acquired resistance, Front. Oncol.,
2024, 14, 1394702.

152 M. Molina-Arcas and J. Downward, Exploiting the
therapeutic implications of KRAS inhibition on tumor
immunity, Cancer Cell, 2024, 42, 338-357.

153 Revolution Medicines, RevMed Pipeline,
www.revmed.com/pipeline.

154 M. Holderfield, B. J. Lee, J. Jiang, A. Tomlinson,
K. J. Seamon, A. Mira, E. Patrucco, G. Goodhart, J. Dilly,
Y. Gindin, N. Dinglasan, Y. Wang, L. P. Lai, S. Cai,
L. Jiang, N. Nasholm, N. Shifrin, C. Blaj, H. Shah,
J. W. Evans, N. Montazer, O. Lai, J. Shi, E. Ahler,
E. Quintana, S. Chang, A. Salvador, A. Marquez, J. Cregg,
Y. Liu, A. Milin, A. Chen, T. B. Ziv, D. Parsons, J. E. Knox,
J. E. Klomp, J. Roth, M. Rees, M. Ronan, A. Cuevas-
Navarro, F. Hu, P. Lito, D. Santamaria, A. ]J. Aguirre,
A. M. Waters, C. J. Der, C. Ambrogio, Z. Wang, A. L. Gill,
E. S. Koltun, J. A. M. Smith, D. Wildes and M. Singh,
Concurrent inhibition of oncogenic and wild-type RAS-
GTP for cancer therapy, Nature, 2024, 629, 919-926.

U. N. Wasko, J. Jiang, T. C. Dalton, A. Curiel-Garcia,

A. C. Edwards, Y. Wang, B. Lee, M. Orlen, S. Tian,

. A. Stalnecker, K. Drizyte-Miller, M. Menard, J. Dilly,

S. A. Sastra, C. F. Palermo, M. C. Hasselluhn,

R. Decker-Farrell, S. Chang, L. Jiang, X. Wei,

Y. C. Yang, C. Helland, H. Courtney, Y. Gindin,

. Muonio, R. Zhao, S. B. Kemp, C. Clendenin, R. Sor,

W. P. Vostrejs, P. S. Hibshman, A. M. Amparo,

M

https://

155

A.

Hennessey, M. G. Rees, M. M. Ronan, J. A. Roth,
Brodbeck, L. Tomassoni, B. Bakir, N. D. Socci,
E. Herring, N. K. Barker, J. Wang, J. M. Cleary,
M. Wolpin, J. A. Chabot, M. D. Kluger, G. A. Manji,
Y. Tsai, M. Sekulic, S. M. Lagana, A. Califano,
Quintana, Z. Wang, J. A. M. Smith, M. Holderfield,
. Wildes, S. W. Lowe, M. A. Badgley, A. J. Aguirre,
H. Vonderheide, B. Z. Stanger, T. Baslan, C. J. Der,

. Singh and K. P. Olive, Tumour-selective activity of
RAS-GTP inhibition in pancreatic cancer, Nature, 2024,
629, 927-936.

156 National Cancer Institute, Dabrafenib-Trametinib
Combination Approved for Solid Tumors with BRAF
Mutations,  https://www.cancer.gov/news-events/cancer-
currents-blog/2022/fda-dabrafenib-trametinib-braf-solid-
tumors.

157 U.S. FDA, FDA grants accelerated approval to encorafenib
with cetuximab and mFOLFOX6 for metastatic colorectal
cancer with a BRAF V600E mutation, https://www.fda.gov/
drugs/resources-information-approved-drugs/fda-grants-

J

C
K
C
L
B
K
E
D
R

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://www.revmed.com/pipeline
https://www.revmed.com/pipeline
https://www.cancer.gov/news-events/cancer-currents-blog/2022/fda-dabrafenib-trametinib-braf-solid-tumors
https://www.cancer.gov/news-events/cancer-currents-blog/2022/fda-dabrafenib-trametinib-braf-solid-tumors
https://www.cancer.gov/news-events/cancer-currents-blog/2022/fda-dabrafenib-trametinib-braf-solid-tumors
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-grants-accelerated-approval-encorafenib-cetuximab-and-mfolfox6-metastatic-colorectal-cancer-braf
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-grants-accelerated-approval-encorafenib-cetuximab-and-mfolfox6-metastatic-colorectal-cancer-braf
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04657b

Open Access Article. Published on 19 aolt 2025. Downloaded on 06/02/2026 10:23:26.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

accelerated-approval-encorafenib-cetuximab-and-
mfolfox6-metastatic-colorectal-cancer-braf.

158 R. Yaeger, M. A. McKean, R. Haq, J. T. Beck, M. H. Taylor,
J. E. Cohen, D. W. Bowles, S. M. Gadgeel, C. Mihalcioiu,
K. P. Papadopoulos, E. L. Diamond, K. B. Sturtz, G. Feng,
S. K. Drescher, M. B. Reddy, B. Sengupta, A. K. Maity,
S. A. Brown, A. Singh, E. N. Brown, B. R. Baer, J. Wong,
T. C. Mou, W. I. Wu, D. R. Kahn, S. Gadal, N. Rosen,
J. J. Gaudino, P. A. Lee, D. P. Hartley and
S. M. Rothenberg, A Next-Generation BRAF Inhibitor
Overcomes Resistance to BRAF Inhibition in Patients with
BRAF-Mutant Cancers Using Pharmacokinetics-Informed
Dose Escalation, Cancer Discovery, 2024, 14, 1599-1611.

159 C. Belli, M. Repetto, S. Anand, C. Porta, V. Subbiah and
G. Curigliano, The emerging role of PI3K inhibitors for
solid tumour treatment and beyond, Br. J. Cancer, 2023,
128, 2150-2162.

160 L. Buckbinder, D. J. St Jean Jr, T. Tieu, B. Ladd, B. Hilbert,
W. Wang, J. T. Alltucker, S. Manimala, G. V. Kryukov,
N. Brooijmans, G. Dowdell, P. Jonsson, M. Huff,
A. Guzman-Perez, E. L. Jackson, M. D. Goncalves and
D. D. Stuart, STX-478, a Mutant-Selective, Allosteric
PI3Kalpha Inhibitor Spares Metabolic Dysfunction and
Improves Therapeutic Response in PI3Kalpha-Mutant
Xenografts, Cancer Discovery, 2023, 13, 2432-2447.

161 A. Varkaris, F. Fece de la Cruz, E. E. Martin, B. L. Norden,
N. Chevalier, A. M. Kehlmann, I. Leshchiner, H. Barnes,
S. Ehnstrom, A. M. Stavridi, X. Yuan, J. S. Kim, H. Ellis,
A. Papatheodoridi, H. Gunaydin, B. P. Danysh, L. Parida,
I. Sanidas, Y. Ji, K. Lau, G. M. Wulf, A. Bardia,
L. M. Spring, S. J. Isakoff, J. K. Lennerz, K. Del Vecchio,
L. Pierce, E. Pazolli, G. Getz, R. B. Corcoran and D. Juric,
Allosteric PI3Kalpha Inhibition Overcomes On-target
Resistance to Orthosteric Inhibitors Mediated by Secondary
PIK3CA Mutations, Cancer Discovery, 2024, 14, 227-239.

162 K. Nagashima, S. D. Shumway, S. Sathyanarayanan,
A. H. Chen, B. Dolinski, Y. Xu, H. Keilhack, T. Nguyen,
M. Wiznerowicz, L. Li, B. A. Lutterbach, A. Chi,
C. Paweletz, T. Allison, Y. Yan, S. K. Munshi, A. Klippel,
M. Kraus, E. V. Bobkova, S. Deshmukh, Z. Xu, U. Mueller,
A. A. Szewczak, B. S. Pan, V. Richon, R. Pollock, P. Blume-
Jensen, A. Northrup and J. N. Andersen, Genetic and
pharmacological inhibition of PDK1 in cancer cells:
characterization of a selective allosteric kinase inhibitor,
J. Biol. Chem., 2011, 286, 6433-6448.

163 M. Shariati and F. Meric-Bernstam, Targeting AKT for
cancer therapy, Expert Opin. Invest. Drugs, 2019, 28, 977-
988.

164 R. Nussinov, B. R. Yavuz and H. Jang, Anticancer drugs:
How to select small molecule combinations?, Trends
Pharmacol. Sci., 2024, 45, 503-519.

165 R. Nussinov, B. R. Yavuz and H. Jang, Allostery in Disease:
Anticancer Drugs, Pockets, and the Tumor Heterogeneity
Challenge, J. Mol. Biol, 2025, 169050, DOIL: 10.1016/
j.jmb.2025.169050.

166 O. S. Rukhlenko, M. Halasz, N. Rauch, V. Zhernovkov,
T. Prince, K. Wynne, S. Maher, E. Kashdan, K. MacLeod,

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

N. O. Carragher, W. Kolch and B. N. Kholodenko, Control
of cell state transitions, Nature, 2022, 609, 975-985.

167 J. B. Axelsen, J. Lotem, L. Sachs and E. Domany, Genes
overexpressed in different human solid cancers exhibit
different tissue-specific expression profiles, Proc. Natl.
Acad. Sci. U. S. A., 2007, 104, 13122-13127.

168 E. Aksamitiene, A. Kiyatkin and B. N. Kholodenko, Cross-
talk between mitogenic Ras/MAPK and survival PI3K/Akt
pathways: a fine balance, Biochem. Soc. Trans., 2012, 40,
139-146.

169 M. J. Mezynski, A. M. Farrelly, M. Cremona, A. Carr,
C. Morgan, ]J. Workman, P. Armstrong, ]. McAuley,
S. Madden, ]J. Fay, K. M. Sheehan, E. W. Kay, C. Holohan,
Y. Elamin, S. Rafee, P. G. Morris, O. Breathnach,
L. Grogan, B. T. Hennessy and S. Toomey, Targeting the
PI3K and MAPK pathways to improve response to HER2-
targeted therapies in HER2-positive gastric cancer, J.
Transl. Med., 2021, 19, 184.

170 C. Kenny, N. McDonagh, A. Lazaro, E. O'Meara, R. Klinger,
D. O'Connor, F. Roche, K. Hokamp and M. J. O'Sullivan,
Dysregulated mitogen-activated protein kinase signalling
as an oncogenic basis for clear cell sarcoma of the
kidney, J. Pathol., 2018, 244, 334-345.

171 W. Zhang, Y. Liu, H. Jang and R. Nussinov, Slower CDK4
and faster CDK2 activation in the cell cycle, Structure,
2024, 32, 1269-1280.

172 W. Zhang, Y. Liu, H. Jang and R. Nussinov, CDK2 and
CDK4: Cell Cycle Functions Evolve Distinct, Catalysis-
Competent Conformations, Offering Drug Targets, JACS
Au, 2024, 4, 1911-1927.

173 S. Silnitsky, S. J. S. Rubin, M. Zerihun and N. Qvit, An
Update on Protein Kinases as Therapeutic Targets-Part I:
Protein Kinase C Activation and Its Role in Cancer and
Cardiovascular Diseases, Int. J. Mol. Sci., 2023, 24, 17600.

174 R. Nussinov, T. Weichhart, Z. Dlamini, D. L. Gibbons, I. Van
Seuningen, J. Konen and H. Q. Ju, Directions to overcome
therapy resistance in cancer, Trends Pharmacol. Sci., 2024,
45, 467-471.

175 D. M. Mitrea, M. Mittasch, B. F. Gomes, I. A. Klein and
M. A. Murcko, Modulating biomolecular condensates:
a novel approach to drug discovery, Nat. Rev. Drug
Discovery, 2022, 21, 841-862.

176 T. Liang, Y. Dong, I. Cheng, P. Wen, F. Li, F. Liu, Q. Wu,
E. Ren, P. Liu, H. Li and Z. Gu, In situ formation of
biomolecular condensates as intracellular drug reservoirs
for augmenting chemotherapy, Nat. Biomed. Eng., 2024, 8,
1469-1482.

177 B. A. Conti and M. Oppikofer, Biomolecular condensates:
new opportunities for drug discovery and RNA
therapeutics, Trends Pharmacol. Sci., 2022, 43, 820-837.

178 C.]J. Tsai and R. Nussinov, The molecular basis of targeting
protein kinases in cancer therapeutics, Semin. Cancer Biol.,
2013, 23, 235-242.

179 X. Zhang, Y. Tseo, Y. Bai, F. Chen and C. Uhler, Prediction
of protein subcellular localization in single cells, Nat.
Methods, 2025, 22, 1265-1275.

Chem. Sci., 2025, 16, 15815-15835 | 15835


https://www.fda.gov/drugs/resources-information-approved-drugs/fda-grants-accelerated-approval-encorafenib-cetuximab-and-mfolfox6-metastatic-colorectal-cancer-braf
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-grants-accelerated-approval-encorafenib-cetuximab-and-mfolfox6-metastatic-colorectal-cancer-braf
https://doi.org/10.1016/j.jmb.2025.169050
https://doi.org/10.1016/j.jmb.2025.169050
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04657b

	Kinase signaling cascades: an updated mechanistic landscape
	Kinase signaling cascades: an updated mechanistic landscape
	Kinase signaling cascades: an updated mechanistic landscape
	Kinase signaling cascades: an updated mechanistic landscape
	Kinase signaling cascades: an updated mechanistic landscape
	Kinase signaling cascades: an updated mechanistic landscape

	Kinase signaling cascades: an updated mechanistic landscape
	Kinase signaling cascades: an updated mechanistic landscape
	Kinase signaling cascades: an updated mechanistic landscape
	Kinase signaling cascades: an updated mechanistic landscape

	Kinase signaling cascades: an updated mechanistic landscape
	Kinase signaling cascades: an updated mechanistic landscape
	Kinase signaling cascades: an updated mechanistic landscape
	Kinase signaling cascades: an updated mechanistic landscape
	Kinase signaling cascades: an updated mechanistic landscape


