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How to build a network?
Knock out:

Cut wire ‘w’

Observation:
computer’s heat goes up!

wire w

Cooling system

Component b54 is involved in the heat shock response of the system 
(Smith and Doe, 2004)
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Tumor adaptation and resistance to RAF 
inhibitors
Piro Lito1,2, Neal Rosen1,2 & David B Solit1,3

RAF kinase inhibitors have substantial therapeutic effects in patients with BRAF-mutant melanoma. However, only 
rarely do tumors regress completely, and the therapeutic effects are often temporary. Several mechanisms of resistance 
to RAF inhibitors have been proposed. The majority of these cause ERK signaling to become insensitive to treatment 
with RAF inhibitors by increasing the amount of RAF dimers in cells, whereas others bypass the dependence of the 
tumor on mutant RAF. One motivation for studying mechanisms of drug resistance is that such efforts may suggest 
new therapeutic targets or rational combination strategies that delay or prevent the emergence of drug-resistant clones. 
Here, we review the current model of RAF inhibitor resistance with a focus on the implications of this model on ongoing 
laboratory and clinical efforts to develop more effective therapeutic strategies for patients with BRAF-mutant tumors.

RAF kinases (A, B and C) are key regulators of the mitogen-activated 
protein kinase (MAPK) cascade1–4. In its simplest description, this path-
way is activated when extracellular mitogens bind to their cognate recep-
tors at the cellular membrane, typically receptor tyrosine kinases5 (RTKs; 
Fig. 1). Ligand binding results in activation of the receptor, which, in 
turn, leads to the recruitment of adaptor proteins to the plasma mem-
brane that propagate the signal to intracellular effectors, including the 
RAS small GTPases6,7. In the absence of an upstream stimulus, RAF 
kinases adopt a closed conformation, in which the N terminus inhib-
its the catalytic C terminus8,9. This inactive conformation is stabilized 
through phosphorylation of key residues on RAF (such as S259 on CRAF 
and S365 on BRAF)10. These residues serve as docking sites for the adap-
tor protein 14-3-3 (refs. 11,12), and their dephosphorylation by phos-
phatases such as protein phosphatase 2A results in the displacement of 
14-3-3, thus facilitating RAF activation13,14.

Although the RAF pathway has been the subject of intense investiga-
tion for several years, the exact mechanism whereby RAF is activated in 
response to growth factor stimulation remains elusive. Key in this pro-
cess is the interaction between GTP-bound RAS and the RAS-binding 
domain (RBD) of RAF, which is located within its N terminus15–18. 
RAF also interacts with lipid moieties on RAS through a cysteine-rich 
domain adjacent to the RBD19–21. The end result of RAS-RAF binding 
is the translocation of RAF to the membrane and its shift to an ‘open’ 
conformation through the disruption of the autoinhibitory interaction 
between its N and C termini22. Subsequent to these processes, RAF is 

phosphorylated on key residues, including S338 and Y441 on CRAF (or 
S445 on BRAF), in its N region, a negatively charged domain located 
near the C terminus23,24. This domain is thought to regulate the autoin-
hibitory interaction with the N terminus, and phosphorylation of these 
sites is necessary for maximal kinase activity of RAF and for its ability to 
bind MAPK kinase (MEK)25,26. The phosphorylation of residues within 
the activation segment of RAF (that is, T491 and S494 on CRAF or T599 
and S602 on BRAF) is also necessary for its maximal activation27.

A key element of the RAF activation process is the formation of RAF 
homo- and heterodimers28–30. Dimerization is required for the activity 
of wild-type RAF proteins but is also necessary for the transforming 
ability of some BRAF mutants found in human tumors31. Additional 
regulatory interactions that deserve mention include those between RAF 
kinases and chaperone or scaffold proteins. In particular, the chaperone 
protein heat shock protein 90 (HSP90) regulates RAF protein stability in 
an isoform- and mutation-specific fashion32. The adaptor protein 14-3-3 
also has a role in stabilizing the active conformation of RAF, in addition 
to stabilizing the inactive state as described above33. Finally, kinase sup-
pressor of Ras 1 (KSR1), a pseudokinase scaffold protein, interacts with 
RAF proteins and regulates extracellular signal–regulated kinase (ERK) 
signaling by binding to additional components of the MAPK cascade, 
including MEK and ERK. KSR1 also forms heterodimers with RAF and 
in this manner can trigger RAF activation34,35.

Current understanding of RAF activation has been elucidated pre-
dominantly through the study of CRAF. Because of the substantial 
sequence homology between RAF isoforms, ARAF and BRAF were 
presumed to be regulated in a similar manner. Important differences 
between isoforms have recently been elucidated that explain, in part, the 
predominance of BRAF mutations in human cancers36,37. For example, 
BRAF, but not CRAF, contains a phosphomimetic aspartic acid residue 
at position 448 within the N region (a site corresponding to Y441 on 
CRAF). BRAF is also constitutively phosphorylated on S445 (which cor-
responds to S338 on CRAF)23. These two differences cause BRAF to have 
a higher basal kinase activity than CRAF and allow a single  mutation in 
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(ref. 52), adding another layer of reciprocal regulation. SPRY proteins 
function as adaptors that regulate RTK signaling in a context-specific 
manner53. Specifically, SPRY proteins act as negative-feedback regula-
tors of ERK signaling by inhibiting the upstream activation of RAS by 
various RTKs54. SPRYs are phosphorylated on a conserved N-terminal 
tyrosine residue, which then serves as a docking site for the SH2 domain 
of growth factor receptor–bound protein 2 (GRB2)55. This mode of regu-
lation suggests that SPRYs impair RAS activation by tethering GRB2 
away from SOS. SPRY proteins have also been shown to interact with 
CRAF56, although the implications of this interaction remain under 
investigation. In addition, SPRED, a member of the SPRY family that 
is also transcriptionally regulated by ERK, has been reported to recruit 
NF1 to the plasma membrane, thus promoting inactivation of RAS57.

BRAF mutation in cancer
Since the initial report of BRAF mutations in cancer by Davies et al.58 in 
2002, BRAF mutations have been identified in various cancers including 
malignant melanomas (50–60%), thyroid (30–50%), colorectal (10%) 
and lung (3%) cancers, hairy cell leukemia (100%) and others59. The 
most common mutation, V600E, renders BRAF constitutively active. 
Insight into the mechanism by which this mutation activates the kinase 
can be derived from the crystal structures of wild-type BRAF and BRAF 
V600E bound to the ATP-competitive kinase inhibitor sorafenib31,37. In 
wild-type BRAF, there is a hydrophobic interaction between the G loop 
and activation segment (particularly the DFG motif and the P loop). This 
interaction displaces the activation segment and favors the adoption of 
an inactive conformation. Most other residues necessary for BRAF catal-
ysis, however, are folded in an active conformation. Phosphorylation of 
the activation segment residue T599 following binding of BRAF to RAS 
probably disrupts the G loop–activation segment interaction, leading to 
BRAF kinase activation. It has been proposed that substitutions of V600 
with bulky and charged amino acids, such as those found most com-
monly in tumors (that is, V600E, V600K, V600D or V600R), render the 
kinase constitutively active in a similar manner31. Although plausible, 
this model assumes that the inhibitor-bound conformations of wild-type 
BRAF and BRAF V600E are the same as their ATP-bound conforma-
tions. This may not be the case, as the inhibitor induces allosteric effects 
on the confirmation of the kinase, which may differ in the context of the 
wild-type or mutant proteins.

Other BRAF mutations that have been detected in tumors are located 
predominantly within the P loop and activation segments of the kinase. 
These often result in mutants with intermediate or low kinase activ-
ity. Biochemical studies suggest that a subset of these mutants promote 
ERK signaling through dimerization-mediated activation of CRAF31. 
In some instances, kinase-impaired and intermediate activity BRAF 
mutants have been found to coexist with RAS mutations, suggesting 
that BRAF and RAS have a cooperative contribution to tumor formation, 
a hypothesis supported by cellular and genetically engineered mouse 
studies60. In contrast to the wild-type protein and the kinase-impaired 
mutants, BRAF V600E is able to potently signal in the absence of RAF 
dimerization. This was demonstrated by the unchanged ability of BRAF 
synthetic mutants that have impaired dimerization (that is, BRAF V600E 
or R509H) to phosphorylate MEK and activate downstream signaling61.

Cells expressing BRAF V600E exhibit hyperactive ERK signaling and 
elevated ERK-dependent transcriptional output49,50. A consequence of 
this elevated ERK transcriptional output is feedback suppression of 
signaling downstream of RTKs, including the EGFR, HER3 and MET 
receptors62. This feedback suppression occurs at multiple levels and 
results in low levels of RAS-GTP expression in most BRAF-mutant cells 
(Fig. 1b). Thus, in the setting of low RAS-GTP, BRAF V600E is believed 
to exist predominantly as a monomer that is sensitive to selective RAF 

the BRAF kinase domain to confer constitutive and high-level kinase 
activation37. As more than one mutation in CRAF is required to achieve 
a similar degree of kinase activation, these differences have been pos-
tulated as the primary reason for the high frequency of BRAF but not 
CRAF mutations in human tumors.

Activated RAF kinases phosphorylate and activate MEK1 and MEK2 
(ref. 2). These are dual-specificity kinases that in turn phosphorylate 
and activate ERK1 and ERK2 in what constitutes the RAF-MEK-ERK 
signaling cascade (or classical MAPK cascade). Active ERK phosphory-
lates serine or threonine residues within the Ser/Thr-Pro motif in many 
cytoplasmic and nuclear proteins38. In this way, ERK regulates cellular 
survival, proliferation, cell adhesion, migration and cell differentiation 
in a context-specific manner. More than 50 cytoplasmic substrates of 
ERK have been identified, including kinases (for example, p90 ribo-
somal S6 kinase), apoptotic regulators (for example, BIM), cytoskeletal 
proteins (for example, paxillin) and others. In the nucleus, ERK regu-
lates transcription factors, including members of the ternary complex 
factor and E-twenty-six (ETS) families. Ultimately, this results in the 
transcriptional activation of immediate-early and late response genes, 
including MYC, FOS and CCND1 (cyclin D1), that play key parts in cell 
cycle progression. Regulation of ERK transcriptional output thus occurs 
via the direct phosphorylation of transcription factors by ERK or, indi-
rectly, via activation of signaling intermediaries such as p90 ribosomal 
S6 kinase and MNK. In sum, ERK exerts transcriptional control over a 
large number of genes, including those encoding other transcriptional 
regulators (for example, ETV1–ETV5 and ID2), lipid phosphatases (for 
example, inositol polyphosphate-5-phosphatase and PPA2B), feedback 
regulators (see below) and others.

ERK-dependent feedback
A complex network of negative-feedback interactions limit activation 
of ERK signaling39. Negative-feedback regulation is mediated through 
direct phosphorylation of almost all components of the RTK-RAS-
MAPK cascade by ERK (Fig. 1). As an example, ERK phosphorylates 
epidermal growth factor receptor (EGFR) at T669, which stimulates 
receptor turnover in response to sustained ligand stimulation40. ERK, 
or its immediate substrate RSK, also phosphorylates son of sevenless 1  
(SOS1) at several residues, inhibiting its activity and thus negatively regu-
lating RAS activity41,42. SOS2 does not seem to be subject to this mode of 
regulation, although the implications of this difference remain unclear41. 
Recent findings also suggest that ERK phosphorylates neurofibromin 1 
(NF1), an event that probably regulates NF1 stability43. NF1 is a GTPase-
activating protein that inactivates RAS by augmenting the rate of GTP 
hydrolysis, thus promoting the formation of the inactive GDP-bound 
state of RAS44. Further downstream in the pathway, ERK phosphorylates 
CRAF on several residues, including S29, S43, S289, S296, S301 and S642 
(ref. 45). Collectively, these phosphorylation events decrease the kinase 
activity of CRAF. S43 is also phosphorylated by protein kinase A, and 
phosphorylation at this site impedes RAS-RAF binding46. Surprisingly, 
phosphorylation of the S289, S298 and S301 residues of CRAF by ERK 
has also been shown to increase CRAF activation47, suggesting the exis-
tence of bimodal regulation in which the degree of ERK activation may 
dictate the predominant effect of feedback regulation on CRAF kinase 
activity. Finally, ERK has been reported to phosphorylate MEK1 (ref. 48), 
although the importance of this event remains unclear.

Activated ERK also induces the expression of genes that inhibit 
activation of the pathway49,50. Of these, dual-specificity phosphatases 
(DUSPs) and Sprouty (SPRY) proteins deserve special mention. DUSPs 
dephosphorylate ERK, and ERK induces the transcriptional activation 
of multiple DUSPs51, which, in turn, dephosphorylate ERK1 and ERK2. 
In addition, ERK phosphorylates and induces the degradation of DUSP1 
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(ref. 52), adding another layer of reciprocal regulation. SPRY proteins 
function as adaptors that regulate RTK signaling in a context-specific 
manner53. Specifically, SPRY proteins act as negative-feedback regula-
tors of ERK signaling by inhibiting the upstream activation of RAS by 
various RTKs54. SPRYs are phosphorylated on a conserved N-terminal 
tyrosine residue, which then serves as a docking site for the SH2 domain 
of growth factor receptor–bound protein 2 (GRB2)55. This mode of regu-
lation suggests that SPRYs impair RAS activation by tethering GRB2 
away from SOS. SPRY proteins have also been shown to interact with 
CRAF56, although the implications of this interaction remain under 
investigation. In addition, SPRED, a member of the SPRY family that 
is also transcriptionally regulated by ERK, has been reported to recruit 
NF1 to the plasma membrane, thus promoting inactivation of RAS57.

BRAF mutation in cancer
Since the initial report of BRAF mutations in cancer by Davies et al.58 in 
2002, BRAF mutations have been identified in various cancers including 
malignant melanomas (50–60%), thyroid (30–50%), colorectal (10%) 
and lung (3%) cancers, hairy cell leukemia (100%) and others59. The 
most common mutation, V600E, renders BRAF constitutively active. 
Insight into the mechanism by which this mutation activates the kinase 
can be derived from the crystal structures of wild-type BRAF and BRAF 
V600E bound to the ATP-competitive kinase inhibitor sorafenib31,37. In 
wild-type BRAF, there is a hydrophobic interaction between the G loop 
and activation segment (particularly the DFG motif and the P loop). This 
interaction displaces the activation segment and favors the adoption of 
an inactive conformation. Most other residues necessary for BRAF catal-
ysis, however, are folded in an active conformation. Phosphorylation of 
the activation segment residue T599 following binding of BRAF to RAS 
probably disrupts the G loop–activation segment interaction, leading to 
BRAF kinase activation. It has been proposed that substitutions of V600 
with bulky and charged amino acids, such as those found most com-
monly in tumors (that is, V600E, V600K, V600D or V600R), render the 
kinase constitutively active in a similar manner31. Although plausible, 
this model assumes that the inhibitor-bound conformations of wild-type 
BRAF and BRAF V600E are the same as their ATP-bound conforma-
tions. This may not be the case, as the inhibitor induces allosteric effects 
on the confirmation of the kinase, which may differ in the context of the 
wild-type or mutant proteins.

Other BRAF mutations that have been detected in tumors are located 
predominantly within the P loop and activation segments of the kinase. 
These often result in mutants with intermediate or low kinase activ-
ity. Biochemical studies suggest that a subset of these mutants promote 
ERK signaling through dimerization-mediated activation of CRAF31. 
In some instances, kinase-impaired and intermediate activity BRAF 
mutants have been found to coexist with RAS mutations, suggesting 
that BRAF and RAS have a cooperative contribution to tumor formation, 
a hypothesis supported by cellular and genetically engineered mouse 
studies60. In contrast to the wild-type protein and the kinase-impaired 
mutants, BRAF V600E is able to potently signal in the absence of RAF 
dimerization. This was demonstrated by the unchanged ability of BRAF 
synthetic mutants that have impaired dimerization (that is, BRAF V600E 
or R509H) to phosphorylate MEK and activate downstream signaling61.

Cells expressing BRAF V600E exhibit hyperactive ERK signaling and 
elevated ERK-dependent transcriptional output49,50. A consequence of 
this elevated ERK transcriptional output is feedback suppression of 
signaling downstream of RTKs, including the EGFR, HER3 and MET 
receptors62. This feedback suppression occurs at multiple levels and 
results in low levels of RAS-GTP expression in most BRAF-mutant cells 
(Fig. 1b). Thus, in the setting of low RAS-GTP, BRAF V600E is believed 
to exist predominantly as a monomer that is sensitive to selective RAF 

the BRAF kinase domain to confer constitutive and high-level kinase 
activation37. As more than one mutation in CRAF is required to achieve 
a similar degree of kinase activation, these differences have been pos-
tulated as the primary reason for the high frequency of BRAF but not 
CRAF mutations in human tumors.

Activated RAF kinases phosphorylate and activate MEK1 and MEK2 
(ref. 2). These are dual-specificity kinases that in turn phosphorylate 
and activate ERK1 and ERK2 in what constitutes the RAF-MEK-ERK 
signaling cascade (or classical MAPK cascade). Active ERK phosphory-
lates serine or threonine residues within the Ser/Thr-Pro motif in many 
cytoplasmic and nuclear proteins38. In this way, ERK regulates cellular 
survival, proliferation, cell adhesion, migration and cell differentiation 
in a context-specific manner. More than 50 cytoplasmic substrates of 
ERK have been identified, including kinases (for example, p90 ribo-
somal S6 kinase), apoptotic regulators (for example, BIM), cytoskeletal 
proteins (for example, paxillin) and others. In the nucleus, ERK regu-
lates transcription factors, including members of the ternary complex 
factor and E-twenty-six (ETS) families. Ultimately, this results in the 
transcriptional activation of immediate-early and late response genes, 
including MYC, FOS and CCND1 (cyclin D1), that play key parts in cell 
cycle progression. Regulation of ERK transcriptional output thus occurs 
via the direct phosphorylation of transcription factors by ERK or, indi-
rectly, via activation of signaling intermediaries such as p90 ribosomal 
S6 kinase and MNK. In sum, ERK exerts transcriptional control over a 
large number of genes, including those encoding other transcriptional 
regulators (for example, ETV1–ETV5 and ID2), lipid phosphatases (for 
example, inositol polyphosphate-5-phosphatase and PPA2B), feedback 
regulators (see below) and others.

ERK-dependent feedback
A complex network of negative-feedback interactions limit activation 
of ERK signaling39. Negative-feedback regulation is mediated through 
direct phosphorylation of almost all components of the RTK-RAS-
MAPK cascade by ERK (Fig. 1). As an example, ERK phosphorylates 
epidermal growth factor receptor (EGFR) at T669, which stimulates 
receptor turnover in response to sustained ligand stimulation40. ERK, 
or its immediate substrate RSK, also phosphorylates son of sevenless 1  
(SOS1) at several residues, inhibiting its activity and thus negatively regu-
lating RAS activity41,42. SOS2 does not seem to be subject to this mode of 
regulation, although the implications of this difference remain unclear41. 
Recent findings also suggest that ERK phosphorylates neurofibromin 1 
(NF1), an event that probably regulates NF1 stability43. NF1 is a GTPase-
activating protein that inactivates RAS by augmenting the rate of GTP 
hydrolysis, thus promoting the formation of the inactive GDP-bound 
state of RAS44. Further downstream in the pathway, ERK phosphorylates 
CRAF on several residues, including S29, S43, S289, S296, S301 and S642 
(ref. 45). Collectively, these phosphorylation events decrease the kinase 
activity of CRAF. S43 is also phosphorylated by protein kinase A, and 
phosphorylation at this site impedes RAS-RAF binding46. Surprisingly, 
phosphorylation of the S289, S298 and S301 residues of CRAF by ERK 
has also been shown to increase CRAF activation47, suggesting the exis-
tence of bimodal regulation in which the degree of ERK activation may 
dictate the predominant effect of feedback regulation on CRAF kinase 
activity. Finally, ERK has been reported to phosphorylate MEK1 (ref. 48), 
although the importance of this event remains unclear.

Activated ERK also induces the expression of genes that inhibit 
activation of the pathway49,50. Of these, dual-specificity phosphatases 
(DUSPs) and Sprouty (SPRY) proteins deserve special mention. DUSPs 
dephosphorylate ERK, and ERK induces the transcriptional activation 
of multiple DUSPs51, which, in turn, dephosphorylate ERK1 and ERK2. 
In addition, ERK phosphorylates and induces the degradation of DUSP1 
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(ref. 52), adding another layer of reciprocal regulation. SPRY proteins 
function as adaptors that regulate RTK signaling in a context-specific 
manner53. Specifically, SPRY proteins act as negative-feedback regula-
tors of ERK signaling by inhibiting the upstream activation of RAS by 
various RTKs54. SPRYs are phosphorylated on a conserved N-terminal 
tyrosine residue, which then serves as a docking site for the SH2 domain 
of growth factor receptor–bound protein 2 (GRB2)55. This mode of regu-
lation suggests that SPRYs impair RAS activation by tethering GRB2 
away from SOS. SPRY proteins have also been shown to interact with 
CRAF56, although the implications of this interaction remain under 
investigation. In addition, SPRED, a member of the SPRY family that 
is also transcriptionally regulated by ERK, has been reported to recruit 
NF1 to the plasma membrane, thus promoting inactivation of RAS57.

BRAF mutation in cancer
Since the initial report of BRAF mutations in cancer by Davies et al.58 in 
2002, BRAF mutations have been identified in various cancers including 
malignant melanomas (50–60%), thyroid (30–50%), colorectal (10%) 
and lung (3%) cancers, hairy cell leukemia (100%) and others59. The 
most common mutation, V600E, renders BRAF constitutively active. 
Insight into the mechanism by which this mutation activates the kinase 
can be derived from the crystal structures of wild-type BRAF and BRAF 
V600E bound to the ATP-competitive kinase inhibitor sorafenib31,37. In 
wild-type BRAF, there is a hydrophobic interaction between the G loop 
and activation segment (particularly the DFG motif and the P loop). This 
interaction displaces the activation segment and favors the adoption of 
an inactive conformation. Most other residues necessary for BRAF catal-
ysis, however, are folded in an active conformation. Phosphorylation of 
the activation segment residue T599 following binding of BRAF to RAS 
probably disrupts the G loop–activation segment interaction, leading to 
BRAF kinase activation. It has been proposed that substitutions of V600 
with bulky and charged amino acids, such as those found most com-
monly in tumors (that is, V600E, V600K, V600D or V600R), render the 
kinase constitutively active in a similar manner31. Although plausible, 
this model assumes that the inhibitor-bound conformations of wild-type 
BRAF and BRAF V600E are the same as their ATP-bound conforma-
tions. This may not be the case, as the inhibitor induces allosteric effects 
on the confirmation of the kinase, which may differ in the context of the 
wild-type or mutant proteins.

Other BRAF mutations that have been detected in tumors are located 
predominantly within the P loop and activation segments of the kinase. 
These often result in mutants with intermediate or low kinase activ-
ity. Biochemical studies suggest that a subset of these mutants promote 
ERK signaling through dimerization-mediated activation of CRAF31. 
In some instances, kinase-impaired and intermediate activity BRAF 
mutants have been found to coexist with RAS mutations, suggesting 
that BRAF and RAS have a cooperative contribution to tumor formation, 
a hypothesis supported by cellular and genetically engineered mouse 
studies60. In contrast to the wild-type protein and the kinase-impaired 
mutants, BRAF V600E is able to potently signal in the absence of RAF 
dimerization. This was demonstrated by the unchanged ability of BRAF 
synthetic mutants that have impaired dimerization (that is, BRAF V600E 
or R509H) to phosphorylate MEK and activate downstream signaling61.

Cells expressing BRAF V600E exhibit hyperactive ERK signaling and 
elevated ERK-dependent transcriptional output49,50. A consequence of 
this elevated ERK transcriptional output is feedback suppression of 
signaling downstream of RTKs, including the EGFR, HER3 and MET 
receptors62. This feedback suppression occurs at multiple levels and 
results in low levels of RAS-GTP expression in most BRAF-mutant cells 
(Fig. 1b). Thus, in the setting of low RAS-GTP, BRAF V600E is believed 
to exist predominantly as a monomer that is sensitive to selective RAF 

the BRAF kinase domain to confer constitutive and high-level kinase 
activation37. As more than one mutation in CRAF is required to achieve 
a similar degree of kinase activation, these differences have been pos-
tulated as the primary reason for the high frequency of BRAF but not 
CRAF mutations in human tumors.

Activated RAF kinases phosphorylate and activate MEK1 and MEK2 
(ref. 2). These are dual-specificity kinases that in turn phosphorylate 
and activate ERK1 and ERK2 in what constitutes the RAF-MEK-ERK 
signaling cascade (or classical MAPK cascade). Active ERK phosphory-
lates serine or threonine residues within the Ser/Thr-Pro motif in many 
cytoplasmic and nuclear proteins38. In this way, ERK regulates cellular 
survival, proliferation, cell adhesion, migration and cell differentiation 
in a context-specific manner. More than 50 cytoplasmic substrates of 
ERK have been identified, including kinases (for example, p90 ribo-
somal S6 kinase), apoptotic regulators (for example, BIM), cytoskeletal 
proteins (for example, paxillin) and others. In the nucleus, ERK regu-
lates transcription factors, including members of the ternary complex 
factor and E-twenty-six (ETS) families. Ultimately, this results in the 
transcriptional activation of immediate-early and late response genes, 
including MYC, FOS and CCND1 (cyclin D1), that play key parts in cell 
cycle progression. Regulation of ERK transcriptional output thus occurs 
via the direct phosphorylation of transcription factors by ERK or, indi-
rectly, via activation of signaling intermediaries such as p90 ribosomal 
S6 kinase and MNK. In sum, ERK exerts transcriptional control over a 
large number of genes, including those encoding other transcriptional 
regulators (for example, ETV1–ETV5 and ID2), lipid phosphatases (for 
example, inositol polyphosphate-5-phosphatase and PPA2B), feedback 
regulators (see below) and others.

ERK-dependent feedback
A complex network of negative-feedback interactions limit activation 
of ERK signaling39. Negative-feedback regulation is mediated through 
direct phosphorylation of almost all components of the RTK-RAS-
MAPK cascade by ERK (Fig. 1). As an example, ERK phosphorylates 
epidermal growth factor receptor (EGFR) at T669, which stimulates 
receptor turnover in response to sustained ligand stimulation40. ERK, 
or its immediate substrate RSK, also phosphorylates son of sevenless 1  
(SOS1) at several residues, inhibiting its activity and thus negatively regu-
lating RAS activity41,42. SOS2 does not seem to be subject to this mode of 
regulation, although the implications of this difference remain unclear41. 
Recent findings also suggest that ERK phosphorylates neurofibromin 1 
(NF1), an event that probably regulates NF1 stability43. NF1 is a GTPase-
activating protein that inactivates RAS by augmenting the rate of GTP 
hydrolysis, thus promoting the formation of the inactive GDP-bound 
state of RAS44. Further downstream in the pathway, ERK phosphorylates 
CRAF on several residues, including S29, S43, S289, S296, S301 and S642 
(ref. 45). Collectively, these phosphorylation events decrease the kinase 
activity of CRAF. S43 is also phosphorylated by protein kinase A, and 
phosphorylation at this site impedes RAS-RAF binding46. Surprisingly, 
phosphorylation of the S289, S298 and S301 residues of CRAF by ERK 
has also been shown to increase CRAF activation47, suggesting the exis-
tence of bimodal regulation in which the degree of ERK activation may 
dictate the predominant effect of feedback regulation on CRAF kinase 
activity. Finally, ERK has been reported to phosphorylate MEK1 (ref. 48), 
although the importance of this event remains unclear.

Activated ERK also induces the expression of genes that inhibit 
activation of the pathway49,50. Of these, dual-specificity phosphatases 
(DUSPs) and Sprouty (SPRY) proteins deserve special mention. DUSPs 
dephosphorylate ERK, and ERK induces the transcriptional activation 
of multiple DUSPs51, which, in turn, dephosphorylate ERK1 and ERK2. 
In addition, ERK phosphorylates and induces the degradation of DUSP1 
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Formal reasoning vs. formal 
languages

Eléments d’Euclide, Livre I, prop.48. R. Descartes (XVIe siècle)



Literature
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knowledge representation

Big mechanism project



The cell as a graph
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Rule application

A pattern
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Syntax
• Agent signature     %agent: A(x~u~p~0,y,z) 

• Simple rule   

‘my_rule’    A(x~u?,y),A(x~p?,z) <-> A(x~u?,y!1),A(x~p?,z!1) @ 0.1,1 

• Initial state 

%init: 1000 A() 

• Variables 

%var: ‘Bound A’     |A(y!_,z)| + |A(y,z!_)| + |A(y!_,z!_)| 

%var: ‘bndA/A’     ‘Bound A’ / |A()| 



Exo 1  (*)

K is a kinase for S phosphorylation

K is active when phosphorylated at residue Tyr605 

P is a ubiquitous phosphatase



Exo 2 (***)
Encode double strand DNA  
on which enzymes can bind

Use Kappa to generate a 
circular oligomer of size n

Needed:  
• longest prefix convention 
• perturbation

N

N

N

N

3’
5’

5’
3’

3’
3’5’ 5’

A
T

C
G

o o

oo



Exo 3 (***)

Needed the file dna.ka from (or generated from Exo 2):
https://www.irif.univ-paris-diderot.fr/

~jkrivine/homepage/Teaching_files/dna.ka

Write a model of deamination and repair

Deamination: C -> U (stop when 2% of the C bases are 
deaminated)

Repair:  
• UDG binds and slides on DNA  
• On a U/G it removes the faulty base and detaches (U->AP) 
• The hole is then filled by BER enzymes (AP->C)



Static analysis 
and 

Simulation techniques 


