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Aberrant activation of ERK due to mutations in upstream activators such as B-Raf is a
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Chapter 1
Background on ERK Signaling and its Role in Cellular Functions
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1.1 The Mitogen Activated Protein Kinase (MAPK) Family
The MAPK pathway is activated in response to an array of factors resulting in the
activation of a variety of cellular functions including cell proliferation and survival as
well as apoptosis, inflammation and stress responses. There are three major members of
the MAPK family, which include the stress activated proteins kinases (SAPKs) or c-Jun
amino terminal kinases (JNKs), the p38-MAP kinases (p38s), and the extracellular signal
regulated kinases (ERKs).
Although each member of the MAPK family has different functions, they do
share some common characteristics. All MAPK pathways have a sequence of events
consisting of at least three components, a MAPK kinase kinase (MAP3K/MKKK), a
MAPK kinase (MAP2K/MKK), and the MAPK. For instance, MAPK signaling
pathways involve at least two upstream activator kinases with the immediate upstream
kinase in the ERK pathway being MAPK/ERK kinases or MEK kinases (Figure 1.1) that
induce full activation via tyrosine and threonine phosphorylation [1, 2].
MAPKs are serine/ threonine kinases and phosphorylate these residues when
followed by a proline (i.e. S/TP). Also, inactivation of MAPKs occurs through
phosphatase activity typically involving the MAPK phosphatases (MKPs). MAPKs can
be inactivated by all three groups of MKPs: serine/threonine, tyrosine, and dual
specificity phosphatases [4]. Lastly, substrates and MAPKs have docking domains and
signaling is typically carried out by the help of scaffold proteins, which aid in signaling
specificity and efficiency [5].
Signaling events in the MAPK pathway rely on two major protein-protein
interaction events for efficient signaling: docking interactions and scaffolding [6].
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MAPKs contain docking domains that are conserved and allow for specific interactions
with downstream substrates. Scaffolding is achieved by the presence of an additional
protein that holds the enzymes in close proximity to one another, enabling the transfer of
signal, which is typically the incorporation of phosphate from adenosine tri-phosphate
(ATP).
Activation of JNK and p38 is primarily due to stress stimuli including ionizing
radiation and inflammatory cytokines however the downstream response differs based on
the stimulus and tissue [4]. JNK plays a role in the induction of apoptosis through
extrinsic and intrinsic mechanisms however p38 is largely involved in inflammation by
regulating cytokine production [7, 8]. Conversely ERK activation is largely due to
mitogens (i.e. growth factors) resulting in cell proliferation likely due to cell cycle
regulation as well as cell survival mechanisms. Interestingly, p38 is able to negatively
regulate both ERK and JNK due to phosphatase activity or via a deactivating
phosphorylation of upstream activators, respectively [7], suggesting there is a
sophisticated interplay of signals amongst the MAPK pathway.
The MAPK pathways are involved in several disease processes, such as
Alzheimers, Parkinsons, amyotrophic lateral sclerosis (ALS), and cancer (reviewed in
[9]) thus making them likely targets for therapeutic intervention. Through continual
activation, JNK and p38 MAPKs are thought to mediate neuronal cell death in
Alzheimers, Parkinsons, and ALS. However, constitutive activation of the ERK pathway

Figure 1.1. Overview of the Mitogen Activated Protein Kinase (MAPK) family pathway
members and their down stream effects. Adapted from Roberts and Derr (2007) Oncogene
(26):p. 3291-3310.
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is believed to play a role in tumorigenesis through cell proliferation and cell survival
mechanisms.

1.2 ERK Activation, Signaling and Specificity
The Ras/Raf/MEK/ERK or ERK pathway, a member of the mitogen activated
protein kinase (MAPK) super family, is a potent mediator of cell proliferation and
survival and is often found to be up-regulated in human cancers. ERK1 and ERK2, 44
kDa and 42 kDa, respectively, are the most prominent members of this pathway, and
have 83% sequence homology. The ERK1/2 proteins are ubiquitously expressed in all
tissues. Therefore, understanding and targeting this pathway for cancer therapy will aid
in a better understanding of its role in cellular transformations resulting in cancer [10,
11].
The crystal structure for both inactive (un-phosphorylated) and active
(phosphorylated) ERK2 has been solved and is consistent with most kinase proteins in
that it contains two domains connected by a linker region [12, 13]. The C-terminal
domain is primarily composed of α-helices however there are four short β-strands
involved in catalysis. On the other hand, the N-terminal domain contains primarily βsheets with two α-helices, one of which is contributed by the C-terminal domain. The
linker region of the protein is key to the flexibility of ERK and plays a role in activation
and substrate interaction.
The ERK pathway is activated in response to a variety of factors. For instance,
studies in cells revealed ERK activation in response to growth factors, phorbol esters (i.e.
PMA), and serum; activation to a lesser degree is achieved via microtubule
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disorganization, heterotrimeric G-protein coupled receptors, and osmotic stress [4].
Activation of the ERK pathway by any of these factors results in the recruitment and
activation of the small G-protein Ras by Son of Sevenless (SOS), a guanine nucleotide
exchange factor (GEF) typically found in the cytoplasm, which loads GTP onto Ras.
Adaptor proteins, such as Grb2, are recruited to the activated receptor via their SH2
domains and are involved in the recruitment of SOS and thus Ras to the membrane.
GTP-Ras is required for Raf-1 recruitment to the membrane; this interaction
enables Raf-1 phosphorylation and activation. Raf proteins are mitogen activated protein
kinase kinase kinases (MAPK3K/MKKK/MEKK) and are activated once phosphorylated
on activating residues contained in the kinase domain, although the exact mechanism is
poorly understood. However, it is hypothesized that Raf-1 cycles through closed
“inactive” and open “active” conformations that are involved in recruitment and
regulation of activity [14]. Phosphorylation of Raf-1 leads to the initiation of the kinase
cascade resulting in the phosphorylation and activation of the mitogen activated protein
kinase kinase (MAPKK) also known as the MAP/ERK kinases (MEK) 1 and 2, the only
known Raf substrates.
The MEK kinases were the first to be identified and are the only known ERK
activators [4, 15-17]. Raf-1 phosphorylates MEK1 on Ser217 and 221with
phosphorylation of both sites required for full activation. MEKs are dual specificity
kinases, meaning they are able to phosphorylate Ser/Thr as well as Tyr residues.
Importantly, constitutive activation of the MEK proteins is sufficient for NIH/3T3 cell
transformation [18]. Interestingly, the protein kinase suppressor of Ras (KSR) acts as a
scaffold and forms a complex by binding to Ras, MEK, and ERK aiding in the
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transmission of signal [19, 20]. However there is also evidence that KSR can interact
with γ-subunits of heterotrimeric G-proteins, suggesting that KSR may aid in ERK
activation through GPCR activity as well [21]. Since MEKs are the only known ERK
activators, this phenomenon lends to the importance of ERKs role in cell proliferation
and its hyperactivation in diseases such as cancer.
Full ERK2 activation requires phosphorylation on two sites, Thr 183 and Tyr185,
which results in a conformational change that allows for substrate interaction and
phosphoryl transfer from ATP [12]. Activation requires two separate enzymatic reactions
[22] suggesting a controlled mechanism in the hopes of preventing unwanted activation.
It is via this pathway that ERK is able to elicit its cell proliferation or anti-apoptotic
signals. As depicted in Figure 1.2, ERK activation has several downstream substrates
including caspase 9, MCT-1, and p90 ribosomal S6 kinase-1 (Rsk-1), all of which can
play a role in regulating apoptotic signaling. Therefore, targeting specific ERK substrate
interactions could potentially interfere with apoptotic signaling.
Importantly, ERK signaling and specificity is achieved via the presence of
interaction motifs. ERK substrates have two such motifs, the kinase interaction motif
(KIM) or docking sequence (D domain) and the docking site for ERK FXFP (DEF
domain/F site), which are present on substrates [23, 24]. The KIM/D-domain contains
two or more basic residues followed by a linker and hydrophobic residues in a LXL motif
(L, Leu; X, any hydrophobic amino acid). The DEF domain/F site contains a FXF/YP (F,
Phe; X, any amino acid; F/Y, Phe or Tyr; P, Pro) located C-terminal to the
phosphorylation site on the substrate. Additionally, ERK mediated phosphorylation

Figure 1.2. Overview of the extracellular signal-regulated kinase (ERK) pathway. Adapted from F.
Chen unpublished figure.
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of substrates is proline directed and occurs on either a Ser or Thr typically containing the
PXS/TP motif (P, Pro; X, any amino acid; S/T, Ser or Thr) [25].
ERK interacts with its substrates via docking domains containing specific residues
within the C-terminal domain; the first domains to be identified on ERK are the common
docking (CD) and ED docking domains [26, 27]. Substrates that contain a
KIM/D-domain includes p90 Ribosomal S6 Kinase-1 (Rsk-1) [26], Caspase-9 [28] as
well as multiple copies of a T-cell malignancy-1 (MCT-1) based on a survey of the
protein sequence. Additionally, another domain on ERK has been identified, the F
recruitment site (FRS), which is exposed upon activation [29]. Substrates that contain
DEF/F-sites are typically transcription factors, such as Elk-1, c-Fos, and c-Myc [30-32].
However, the proapoptotic Bcl-2 family member Bim [33] as well as the scaffold protein
KSR [30] have also been found to have F-sites.
Importantly, it has been suggested that the acidic residues of the CD/ED domain
on ERK interacts with the basic residues of the KIM/D-domain. Furthermore, the
hydrophobic pocket of the FRS interacts with the DEF Domain/F-site on substrates.
These interactions are an example of how specificity is conferred within the ERK
pathway even though ERK has over 100 substrates (reviewed in [34]).

1.3 ERK and Cancer
Cancer can be simply defined as uncontrolled cell growth, thus, ERK’s role in cell
proliferation and survival lends prospect to its ability to be involved in cancer. However,
cancer development is more complex and involves multiple factors resulting in the
transformation of a normal cell to a cancerous or transformed cell. Oncogenic mutations
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in upstream activators of the ERK pathway, such as Raf and Ras, have been shown to aid
in cell transformation and tumorigenesis [35].
Ras, a small membrane bound G-protein, leads to Raf-1 recruitment which
initiates the kinase cascade ultimately resulting in ERK activation is reportedly mutated
~30% in human cancers. For example, Ras mutations have been found in ~30% nonsmall cell lung cancers, ~50% of colon cancers, and ~90% of pancreatic cancers [36, 37].
Oncogenic mutations involving the K-Ras isoform, as demonstrated in transgenic mice,
results in constitutive activation of the ERK pathway promoting colon tumorigenesis [38,
39]. Unfortunately, there is difficulty in targeting Ras thus downstream targets such as
ERK prove to be a more efficient anti-cancer target.
Raf is recruited to the cell membrane by GTP-Ras and this interaction initiates the
kinase signaling cascade. B-Raf is mutated in greater than 50% of melanomas and is
associated with disease progression rather than initiation [40]. There are three genes
encoding the serine/threonine Raf kinases: A-Raf, B-Raf, and C-Raf (also known as Raf1). All Raf isoforms have a common activator and substrate, Ras and MEK, respectively,
the upstream activators of ERK [14]. Of all the Raf kinases (A-, B-, and C-), B-Raf
interacts with Ras the best [41, 42], and facilitates MEK and thereby ERK activation.
Furthermore, B-Raf phosphorylates MEK with the greatest efficiency in vitro [43-45],
providing another mechanism by which cancer is progressed in the presence of B-Raf
mutations. The most common Raf activating mutation involves the change of Val 600 to
Glu (V600E). Consequently, B-Raf mutations result in hyperactivation of the ERK
pathway aiding in tumorigenesis as well as providing another anti-cancer therapeutic
target.
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The epidermal growth factor receptor (EGFR), an ERK pathway activator, is also
associated with cancer with mutations occurring in colorectal and lung cancers [46, 47].
The EGFR is a member of the Erb family of transmembrane receptor tyrosine kinases
consisting of: HER1 (ErbB1), HER2 (ErbB2), HER3 (ErbB3), and HER4 (ErbB4).
Ligand binding results in hetero- or homodimerization resulting in receptor
autophosphorylation [48]. This pathway is dysregulated in a variety of cancers due to
increased ligand and/or receptor production as well as mutations resulting in constitutive
activation of the receptor [49]. Receptor mutations result in activation of downstream
signaling pathways involved in cell proliferation and survival, such as PI3K/Akt kinase
and ERK. Gefitnib and erlotinib are EGFR inhibitors that have been used in non-small
cell lung cancer [50] although their clinical effectiveness remains in question. The most
common mutation of the EGFR involves the kinase domain and is perhaps one reason for
EGFR inhibitors lack of broad-spectrum efficacy. Therefore, targeting downstream
proteins, such as ERK, may prove to have a better therapeutic outcome.
Overall, there are multiple ways in which ERK plays a role in cancer. Cell
proliferation as discussed previously as well as cell survival and migration. ERK’s role
in cell survival involves its effects on apoptotic signaling proteins, specifically the Bcl-2
family, which is due in part to direct and indirect mechanisms. For example, ERK
phosphorylates both pro- and anti-apoptotic Bcl-2 family members such as Bim and Mcl1, respectively, resulting in cell survival signals prevailing in cancer cells [51].
Furthermore, ERK is able to mediate cell migration mechanisms via induction of cell
matrix metalloproteinases, which degrade the extracellular matrix, allowing cancer cells
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to metastasize [52]. Taken together, ERK’s role in cancer is multifaceted and involves
cell proliferation and survival as well as migration mechanisms.

1.4 ERK’s Role in the Cell Cycle
One of the ways ERK is able to mediate cell proliferation is through its
involvement in the cell cycle. The cell cycle consists of a sequence of events that result
in DNA replication and segregation into two daughter cells. The sequence of events is
tightly regulated by a network of signaling and regulatory pathways, including ERK, to
ensure the sequence of events are executed in the proper order (reviewed in [53]).
There are four main phases of the cell cycle consisting of Gap 1 (G1), DNA
synthesis (S), Gap 2 (G2), and Mitosis (M). G0, which is a quiescent stage, occurs when
the cell is not receiving signals to enter the cell cycle. G1 is the first gap phase of the cell
cycle and is initiated by growth factors that signal the cell to start dividing. DNA
synthesis only occurs during the S-phase of the cell cycle. The second gap phase, G2,
occurs to ensure the cell has duplicated the DNA successfully prior to mitosis (M), which
is the phase consisting of actual segregation of the cell into two daughter cells. Two key
points of regulation occur during the cell cycle at the G1 to S (G1/S) phase transition and
the G2 to M (G2/M) phase transition. ERK is believed to play a role in both of these
transitions and will be discussed further.
It has been suggested that ERK is the master regulator of the G1 to S-phase
transition via mechanisms regulating growth and cell cycle progression (reviewed in
[54]). The key step for entry into the cell cycle by quiescent (G0) cells is the interaction
of newly synthesized cyclin-D and existing cyclin dependent kinase (CDK) 4/6
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complexes [55]. Importantly, this initiation is regulated by ERK, since sustained ERK
activation is required for cyclin D expression [56]. Regulation of cyclin D expression by
ERK was first suggested by Lavoie et. al. who showed that stimulating an exogenously
expressed chimera ΔRaf1:ER protein increased cyclin D expression and if they expressed
dominant negative MEK cyclin D expression was decreased [57]. Interestingly, even
after six hours of stimulation, blocking the ERK pathway with PD98509, a known MEK
inhibitor, results in cyclin D down regulation [55]. Additionally, it has been suggested
that ERK activity during G1 suppresses the expression of anti-proliferative genes [58].
These studies suggest that inhibition of ERK activity prevents G1 progression and thus
the entry of the cell into S-phase and progression of the cell cycle.
ERK’s role in the G2/M transition has been the center of debate and controversy.
In 1998 two reports showed that ERK was present on kinetochores and mitotic tubulin
during mitosis of HeLa and Ptk1 cells [59, 60] however it is now believed that this was
due to non-specific activity of the phospho-antibody used. Nonetheless, recent studies
have shown that ERK assists with the nuclear translocation of cyclin B, a key cyclin
during this phase, by phosphorylating a site within the cytoplasmic retention sequence
(CRS) [55]. Phosphorylation of all four sites of the CRS is required for cyclin B nuclear
translocation and the progression from G2 to M-phase of the cell cycle [61].
Furthermore, it is suspected that ERK’s role in the G2/M transition may vary by cell type
[62]. These studies showed that loss of ERK activity in fibroblast resulted in G1/S cell
cycle delays however in epithelial cells there was a G2/M cell cycle arrest.
In general, studies have shown that ERK localization and activity is likely
involved in several aspects of cell cycle regulation. Taken together, there is implication
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for ERK’s role in the regulation of both the G1/S and G2/M transitions of the cell cycle.
However, the exact mechanisms, such as the downstream ERK substrates involved in the
G2/M transition are not fully understood.

1.5 ERK and Apoptosis
Programmed cell death, or apoptosis, is an important process involved in development
and homeostasis. This process was first illustrated by Kerr, Wyllie and Currie who
described the biochemical and morphological changes that occur [63]. An overview of
ERK’s role in the apoptotic pathway is shown in Figure 1.3 and includes the mechanism
by which ERK typically plays a pro-survival role (e.g. via Bad, etc). The apoptotic
pathway is activated in primarily two ways. The extrinsic or receptor mediated pathway
requires ligand activation while the intrinsic or mitochondrial mediated pathway occurs
when the inner mitochondrial membrane potential is loss leaving pores in the membrane
and the release of cytochrome c and apoptosis inducing factor (AIF) [64-66]. Both
pathways lead to the activation of initiator caspases such as 8 and/or 10 (extrinsic) or 2
and/or 9 (intrinsic); initiator caspases then go on to activate executioner caspase 3, 6,
and/or 7 [67, 68]. Caspases are cysteine-aspartate proteases that are ubiquitously
expressed in their inactive form and activated via auto proteolysis, which involves
cleavage of the pro-domain. Executioner caspases cleave other proteins such as poly
(ADP-ribose) polymerase (PARP), a positive regulator of apoptosis and caspase 3
substrate [69, 70]. Interestingly, activating proteins within the apoptosis signaling
pathways are also being explored as potential therapeutic targets [71-73]. Therefore,
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Figure 1.3. An overview of the ERK pathway’s effects on apoptotic signaling
proteins. Taken from McCubrey et. al. (2008) Current Opinion in Investigational
Drugs p1474 [3]
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finding novel ways to induce this pathway is both feasible and warranted as a potential
cancer therapy.
Previous studies have shown that ERK mediates its pro-survival effects via
phosphorylation of Rsk-1, which has been suggested to phosphorylate and inactivate the
pro-apoptotic protein Bcl-xL/Bcl-2 associated death promoter (Bad) on Ser 112 [74].
Bad is a member of the Bcl-2 family that interacts with anti-apoptotic proteins to activate
the intrinsic apoptotic pathway [75]. Inhibition of Bad and thus apoptosis induction
occurs via phosphorylation events on three sites, Ser -112, -136 (Akt mediated), and -155
(Protein Kinase A – PKA mediated) with fully phosphorylated Bad, which is inactive,
being sequestered by 14-3-3 proteins [76]. Importantly, Ser 112 phosphorylation is
suggested to play a pivotal role in apoptosis prevention; if this site is dephosphorylated
Bad’s affinity for 14-3-3 proteins is decreased which enables sites -155 and -136 to be
dephosphorylated by phosphatase activity [77]. Hence, inhibition of Bad
phosphorylation on Ser 112 could potentially lead to apoptosis induction and provides a
mechanism by which inhibiting ERK can result in the induction of apoptosis.
Another pro-apoptotic member of the Bcl-2 family, Bim (Bcl-2-interacting
mediator of cell death), activity has been shown to be modulated due to ERK activity [7881]. For instance, ERK mediated phosphorylation of Bim subjects it to proteosomal
degradation, and provides another ERK mediated cell survival mechanism [79]. Studies
have shown that ERK inhibition due to sorafenib treatment was able to induce apoptosis
in acute myelogenous leukemia (AML) [82]. Also, aberrant ERK activity due to B-Raf
mutations, which are present in a variety of cancers, has been suggested to mediate
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anoikis resistance via Bim and Bad [83]. Therefore, Bim provides an alternative target
for anti-cancer therapy (reviewed in [84]) in response to elevated ERK activity.
Recently, ERK has been shown to interact with several new substrates, caspase-9,
MCT-1, and Mcl-1 [28, 85, 86], all which promote apoptosis. Caspase-9, an initiator
caspase of the intrinsic apoptotic pathway, has been shown to be regulated by
phosphorylation [87]. Notably, ERK has been shown to phosphorylate caspase-9 on Thr
125 leading to its inactivation [88]. Inactivation of caspase-9 will prevent caspase-3
activation thereby potentially preventing apoptosis. Structural studies have indicated that
ERK residues 157-160 are required for caspase-9 recognition [28]. Inhibition of ERK
mediated caspase-9 phosphorylation and thus inactivation provides another avenue of
apoptosis prevention by the ERK pathway.
Additionally, multiple copies in T-cell lymphoma-1 (MCT-1), a novel oncogene,
has been shown to require ERK mediated phosphorylation of Thr 81 for stability [86].
MCT-1 promotes malignant transformation of normal cells and inhibits apoptosis,
potentially through Akt activation and dysregulation of the cell cycle [89, 90]. Since
ERK is required for MCT-1 stability inhibition of ERK activity could potentially render
transformed cells susceptible to therapeutic agents. Accordingly, the use of ERKtargeted inhibitors in the presence of MCT-1 expressing cells could potentially decrease
cell proliferation and lead to apoptosis induction.
Interestingly, it has been suggested that ERK can mediate apoptosis induction via
apoptosis inducing factor (AIF) in breast cancer cells [91]. AIF is localized to
mitochondrial membrane and is released upon activation of death stimuli. Once released
AIF exerts pro-apoptotic effects by translocating to the nucleus and causing chromatin
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condensation and fragmentation [92] as well as PARP cleavage [93] both hallmarks of
apoptosis. Activation of AIF is essential for embryogenesis by mediating cavitations
during development in mice lending proof of a caspase-independent apoptotic pathway
[94]. It is suggested that ERK’s role in this process is related to p53 activity, which is
increased in response to ERK inhibition [91], however the exact mechanism of interplay
between ERK and AIF has yet to be deduced.
Furthermore, myeloid cell leukemia-1 (Mcl-1), a Bcl-2 anti-apoptotic family
member originally identified in myeloid cells, is upregulated in response to growth
factors such as epidermal growth factor (EGF) and MEK/ERK [95, 96]. Mcl-1 plays a
role in apoptosis induction as demonstrated by its rapid expression changes in response to
environmental changes [95]. ERK inhibition has been shown to induce apoptosis due to
down regulation of Mcl-1 in AML and in breast cancer cells when used in combination
with paclitaxel [85, 97]. However, these investigations suggest that ERK’s ability to
evade apoptosis involves multiple Bcl-2 family members, thus, ERK’s ability to dictate
protein expression of Mcl-1 provides another mechanism by which it allows cells to
evade apoptosis.

1.6 Inhibitors of the ERK Pathway
Inhibition of the ERK pathway has long been a target for impeding cell
proliferation and tumorigenesis [3, 98-102]. Unfortunately, the complexity of the
pathway due to many viable targets has led to a whirlwind of inhibitory molecules
involving growth receptors as well as individual protein components of the pathway.
Currently, inhibitors of the ERK pathway have been used as research tools to elucidate
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the functional characteristics of the ERK pathway as well as clinical tools for the
treatment of disease. An overview of the available tools to date that can block the ERK
pathway are provided in Table 1.1 and 1.2.

1.6.1 Epidermal Growth Factor Receptor (EGFR) Inhibitors:
EGFR’s role in colorectal and lung cancers make them a likely target for
therapeutic intervention. There are two classes of agents that target EGFR: monoclonal
antibodies and small molecules targeting EGFR tyrosine kinases. Even though both
classes target the EGFR, they differ in their modes of action, and these differences appear
to manifest in their clinical profiles.
As of the end of 2009 there are three monoclonal antibodies (mAbs) targeting
EGFR’s that are currently available for cancer treatment (reviewed in [103-106]).
Cetuximab (Erbitux®), a chimeric mouse-human antibody, was the first mAb to be
approved by the Food and Drug Administration (FDA) for the treatment of metastatic
colorectal cancer alone or in combination with irinotecan based chemotherapy [107],
which are a class of topoisomerase inhibitors. Cetuximab is also used for the treatment of
non-small cell lung cancer and squamous cell carcinoma of the head and neck [104].
Trastuzumab (Herceptin®), a humanized anti-HER2 mAb, is FDA approved for the
treatment of metastatic breast cancer with HER2 over expression alone or in combination
with paclitaxel. Trastuzumab, was the first FDA approved agent that specifically targeted
the ErbB2/HER2 isoform of the EGFR, however it has recently garnered publicity due to
resistance and cardiac complications [108]. Panitumumab (Vectibix®), a fully human

20
mAb, has been shown to be less immunogenic than cetuximab in the treatment of
metastatic colorectal cancer and reduced the risk of progression by 46% [109].
To date there are several mAbs being developed due to complications from the
aforementioned agents, with 4 agents currently in Phase I or II clinical trials. These
include Nimotuzumab (Phase I/II), Matuzumab (Phase II), and MDX-447 (Phase II),
which are humanized mAbs as well as Mab-806, a chimeric mAb that recognizes a
mutant form of the EGFR commonly upregulated in glioma [110] and is currently in
Phase I clinical trials. These mAbs target the extracellular domain of the EGFR and
compete with ligand-binding interactions, which results in less receptor dimerization and
thus downstream signaling events such as activation of the ERK pathway.
Small molecule tyrosine kinase inhibitors (TKIs) targeting the EGFR intracellular
domain have also been developed (reviewed in [104, 111]). To date, three agents are
currently available for cancer treatment. These include Gefitinib (Iressa®), Erlotinib
(Tarceva®), and Lapatinib (Tykerb®). However the latter is no longer in clinical
development for single agent treatment for non-small cell lung cancer, since it did not
meet its primary endpoints in Phase II clinical trials [112], but it is approved by the FDA
for breast cancer treatment. TKIs act by blocking tyrosine kinase activity resulting in
down regulation of intracellular signaling pathways including the ERK pathway.

1.6.2 Ras Inhibitors:
The small G-protein Ras is the most commonly mutated oncogene in human
cancers and has been thought of as a “Holy Grail” anti-cancer target [101, 113] however
there has been no clinical evidence to date that provides an effective cancer therapy. The
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most common modification in Ras activity is due to constitutive GTP binding however
targeting this mechanism has been unsuccessful. Thus, recent efforts have involved
prevention of post-translational modifications utilizing farnesyltransferase (FTase)
inhibitors (FTIs), which hamper Ras recruitment to the membrane. SCH66336/lanafarnib (Sarasar®) and R115777/tipifarnib (Zarnestra™) have reached Phase
II/III clinical trials for hematologic and other cancers. Unfortunately, these agents have
not been successful in the clinic alone and are likely due to the activity of an alternate
enzyme, geranylgeranyltransferase I, which prenylates Ras when FTases are inhibited
and allows membrane localization [114, 115]. Consequently, attention has focused on
other enzymes involved in Ras processing such as Ras converting enzyme 1(Rce1) and
isoprenylcysteine-O-carboxyl methyltransferase (ICMT) [116, 117]. These studies
suggest that a feasible target for Ras inhibition warrants further study.

1.6.3 Raf Inhibitors:
Due to aberrant Raf activity in a variety of human cancers [118], most notably
melanoma, make it a potential target in the treatment of cancer. Additionally, Raf is the
first kinase in the ERK signaling cascade making it a potential target for ERK signaling
inhibition. Currently, there are two ways of inhibiting Raf activity: antisense
oligonucleotides and small molecules.
Raf antisense oligonucleotides target mRNA and inhibit protein synthesis. ISIS5132, a 20 base phosphorothioate DNA oligonucleotide, has been shown efficacious in
preclinical xenograft models [119]. However in Phase II clinical trials there was a lack of
efficacy in patient response [120-122] and has thus been withdrawn from further study
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Table 1.1. Upstream Inhibitors of ERK Pathway Signaling
Agent

Molecular
Target

Tumor Type

Trial Phase

FDA
Approved

EGFR Inhibitors
Cetuximab

EGF Receptor

Trastuzumab
Panitumumab

EGF Receptor
EGF Receptor
Tyrosine
Kinase
Tyrosine
Kinase
Tyrosine
Kinase

Gefitnib
Erlotinib
Lapatinib
Ras Inhibitors
SCH-6636/
lanafarnib
R115777/
Tipifarnib
Raf Inhibitors

Ras
Ras

ISIS-5132

Raf

LErafAON

Raf

Sorafenib

Raf; VEGF;
PDGFRβ

Raf-265
PLX-4032/
PLX-4720

Raf; VEGF-2
Mutant B-Raf

Colorectal;
SCCHN
Breast
Colorectal

Yes
Yes
Yes

NSCLC
NSCLC;
Pancreatic
Breast; Renal;
Head and Neck
Hematologic/
other
Hematologic/
other
Colorectal;
Prostate;
Ovarian;
SCLC; NSCLC
Advanced
Malignancies
Advanced
Renal and
hepatocellular
carcinoma
Melanoma
Melanoma;
Thyroid

Yes
Yes
III

No

II/III

No

II/III

No

II

No

I

No
Yes

I/II

No

I/II

No

A-Raf; B-Raf;
Advanced solid
c-Raf; Mutant
I
No
tumors
B-Raf
Abbreviations: SCCHN, squamous cell carcinoma of the head and neck; NSCLC, nonsmall cell lung cancer; SCLC, small cell lung cancer
XL281
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in this formulation. In order to enhance efficacy, liposome encapsulation was explored
resulting in the development of LErafAON. LErafAON also shows antitumor activity in
tumor xenografts [123] however hypersensitivity and thrombocytopenia plagued patients
during clinical trials [124]. A new lipid formulation is being assessed to avoid these
complications and additional clinical trials are forthcoming.
Small molecule inhibitors of Raf have been in the drug discovery pipeline over
the last decade. Of them, Sorafenib (BAY43-9006/Nexavar®) was the first to receive
FDA approval. Sorafenib inhibits Raf activity as well as the vascular endothelial growth
factor receptor (VEGFR) 2 and 3; platelet derived growth factor receptor (PDGFR) β is
also a target [125]. However, sorafenib efficacy alone is not significant in advanced
melanoma and has led to its evaluation in combination with traditional chemotherapeutics
(i.e. carboplatin and paclitaxel) [126]. Therefore, sorafenib in combination with other
chemotherapeutics may be more effective.
The success of sorafenib has led to the development of additional Raf inhibitors.
These include RAF-265 (Novartis Inc.), XL281 (Exelixis Inc.), and PLX4032 (Plexxikon
Inc.). RAF-265 is a broad spectrum Raf kinase inhibitor in that it inhibits all three Raf
isoforms as well as inhibits VEGF-2. RAF-265 preclinical studies suggest tremendous
efficacy in melanomas containing B-Raf mutations [101, 127] and the Phase I/II clinical
trial results are eagerly anticipated. PLX4032 is a highly selective mutant (V600E) BRaf inhibitor with antitumor activity in melanoma and thyroid cancer cell lines in vitro
[128-130] and melanoma in vivo [130]. Phase I clinical trials suggest that PLX4032 is
well tolerated even at high doses and 960mg twice a day is currently being evaluated as
the highest maximum tolerated dose [131]. XL281 is another agent that has been
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developed which inhibits all Raf isoforms as well as mutant B-Raf [99]. However, in a
Phase I clinical trial patients experienced systemic toxicity and the development of
squamous cell carcinomas [131] suggesting that the efficacy of this agent is not worth the
adverse effects and that additional drug development is warranted. The increased
efficacy demonstrated by two of these second generation Raf inhibitors are encouraging
with a highly efficacious agent seemingly available in the near future.
Nonetheless, some evidence suggests the ATP-dependent Raf inhibitors, such as
those previously mentioned, that target mutant Raf are able to activate ERK signaling
rather than inhibit it in cells containing wild type Raf [132], which could be the case in
the disappointing clinical trial results of XL281. These studies imply that utilizing Raf
inhibitors could lead to transformation of normal cells, which express wild type Raf, and
ultimately result in the development of disease. Therefore, care must be taken in the
design and development of agents that inhibit Raf signaling.

1.6.4 MEK Inhibitors:
With MEK 1/2 being the only known activators of ERK 1/2 [133], it is not
surprising that these proteins would also be targeted to inhibit ERK signaling. Due to this
fact, targeting MEK allows true selectivity of ERK pathway inhibition since targeting
upstream may lead to effects on other signaling pathways. MEK inhibitors have become
valuable research tools with PD98059 and U0126 being the first to be developed.
However due to poor pharmacologic characteristics, they never reached the clinic [134,
135]. To date, four MEK inhibitors to reach clinical trials have been developed: CI-1040,
PD0325901, AZD6244, and XL518.
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PD98059 was the first MEK inhibitor identified from a compound library that
inhibited myelin basic protein (MBP) phosphorylation [134]. A few years later, U0126
was identified from a compound screen based on its ability to antagonize AP-1 gene
activation [136]. Both compounds were found to bind MEK outside of the ATP-binding
pocket and are thus ATP non-competitive; they rely on the subtle conformational changes
of the active enzyme for interactions [137]. However, due to pharmacological concerns
these agents have been limited to research tools and have proven invaluable in the
elucidation of ERK 1/2’s role in a variety of disease models.
CI-1040 (PD184352, Pfizer) is a potent and selective MEK 1/2 inhibitor and was
the first to reach clinical trials [138]. Preclinical evaluation showed effects on tumor
growth in vivo for colon and melanoma xenograft models [138]. Importantly, human
Phase I clinical activity was investigated in patient’s tumors post-treatment and ERK
phosphorylation was found to be significantly decreased [101]. These results led to
further evaluation in a Phase II trial, which had disappointing results that are believed to
be due to poor pharmacokinetic properties such as rapid metabolism and poor solubility
[139, 140]. However these studies suggest that chemical modifications of CI-1040 that
lead to improved pharmacokinetics may result in a viable pharmaceutical agent.
Due to CI-1040 success, PD0325901, also identified by Pfizer, was developed as
its derivative and has resulted in an improved pharmacokinetic profile [141].
Additionally, inhibition of ERK phosphorylation was also observed with PD0325901 in
>60% of patient tumors post-treatment of a Phase I trial [142]. An extended Phase I
evaluation resulted in ocular toxicity and a pilot Phase II trial of previously treated
patients with non-small cell lung cancer (NSCLC) was discontinued due to unacceptable
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toxicity [142, 143]. These studies suggest that though this second generation agent is
efficient at inhibiting its target MEK, as demonstrated by dramatic decreases in ERK
phosphorylation, more research for an improved formulation is needed to acquire a
successful agent in the clinic.
Astra Zeneca has also developed an ATP non-competitive MEK inhibitor,
AZD6244 (ARRY-142886) [144]. Like the previous agents, AZD6244 showed excellent
preclinical activity in several cell based and in vivo models of melanoma, colorectal,
NSCLC, hepatocellular and pancreatic cancers [145-148]. AZD6244 was well tolerated
in clinical trials with only minor treatment-related adverse effects and decreased ERK
phosphorylation was observed in tumor biopsies [99]. Additionally, AZD6244’s success
was encouraging and Astra Zeneca has developed several more selective ATP noncompetitive MEK inhibitors which are currently in clinical trials [131]. Due to
AZD6244’s well tolerated pharmacologic properties, continued evaluation of this agent
may lead to an even more improved pharmaceutical drug.
XL518, developed by Exelixis Inc., is another selective MEK inhibitor with
demonstrated preclinical activity in vitro and in vivo and is currently in clinical trials
[99]. Though these trials are underway, XL518 was found not to effect ERK
phosphorylation in mouse brain and may suggest a decreased potential for neurological
toxicities as compared to PD0325901 [99].

1.6.5 ERK Inhibitors:
Though extensive research has gone into the development of upstream inhibitors
of the ERK pathway, to date, very little effort has gone into the development of inhibitors
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that target the ERK proteins themselves. Complete ablation of the ERK pathway could,
in part, be the reason for the toxicity observed in clinical trials with agents that target
upstream of the pathway. In general, there are two types of enzyme inhibitors: ATP
dependent or ATP independent.

Table 1.2. MEK and ERK Inhibitors
Agent

Molecular
Target

MEK Inhibitors
U0126
PD98059

MEK 1/2
MEK 1/2

CI-1040

MEK 1/2

PD0325901

MEK 1/2

AZD6244/
ARRY-142886

MEK 1/2

XL518

MEK 1/2

Tumor Type

Breast; Colon;
Pancreatic;
NSCLC
Breast; Colon;
Melanoma;
NSCLC
Advanced solid
tumors
Advanced solid
tumors

Trial Phase

FDA
Approved

N/A
N/A

No
No

I/II

No

I/II

No

I/II

No

ERK Inhibitors
FR180204
ERK 1/2
N/A
76
ERK2
N/A
Abbreviations: NSCLC, non-small cell lung cancer; N/A, not applicable

No
No
No

In 2005, a Japanese group identified an ATP dependent ERK inhibitor,
FR180204, which inhibited ERK kinase activity with Ki values of less than 0.5µM [149].
Additionally, in 2007 a group discovered a series of pyrazolylpyrrole compounds that
bind ERK in an ATP dependent manner through a high throughput screen [150].
However, development of ATP dependent inhibitors is difficult due to the high levels of
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ATP present in vivo which must be competed off with the inhibitor; this inevitably leads
to high dosage requirements for efficacy.
To that extent, our lab has developed ERK-targeted inhibitors that are ATP
independent. We have utilized the identification of ERK docking domains as a target to
specifically inhibit ERK substrate interactions [26, 27]. In silico modeling has been
employed to design compounds that target these specific sites on active and inactive (i.e.
unphosphorylated) ERK [151, 152]. Furthermore, these low molecular weight
compounds have been shown previously to decrease cell proliferation and specifically
inhibit ERK mediated substrate phosphorylation of Elk-1 and Rsk-1, both of which are
involved in cell proliferation signaling [151, 153].
Putative binding sites on ERK have been identified within the substrate binding
regions using computer aided drug design (CADD) (Figure 1.4). Four docking sites are
currently being targeted to design compounds. Site one occupies a region between the
CD (D316, D319) and ED (T157, T158) domains while site two involves residues L114,
S151, W190, Y191, E218, and N222, which are located transverse to the CD and ED
domains. Site three contains residues S221, R223, H237, and R275. Lastly, site four
involves residues S244, L265, and P266, which are located below the activation loop.
Taken together, the implications for using substrate selective ERK inhibitors as a
cancer therapy are promising. A variety of cancers arise in part due to aberrant ERK
activity, which implies that targeting ERK could be effective. ERK mediated
phosphorylation of substrates such as Rsk-1, MCT-1, Bim, caspase-9, and Mcl-1, which
are involved in apoptotic and/or cell proliferation signals, provides potential for ERK as a
conceivable cancer therapeutic target. Furthermore, this indicates that inhibition of ERK
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alone or in combination with current therapies holds the potential for new cancer
therapies.
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Figure 1.4. Putative Binding Sites on the ERK2 protein as identified by CADD.
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Chapter 2
Characterization of ERK Docking Domain Inhibitors that Induce
Apoptosis by Targeting Rsk-1 and Caspase-9
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2.1 Introduction
The extracellular signal-regulated kinase 1/2 (ERK 1/2) proteins are members of
the mitogen activated protein kinase (MAPK) super family and act as intermediate
sensors to facilitate down stream effects of signals received from upstream activators.
Fully active ERK, which is dually phosphorylated, mediates cell proliferation and
survival signals in response to stimuli. Thus, it is not surprising that ERK has been
implicated in cancer due to the prevalence of mutations in pathway activators such as BRaf, Ras, and upstream receptors (e.g. epidermal growth factor receptor- EGFR) [1-4].
ERK mediates cell survival signals through inhibition of pro-apoptotic proteins
and the activation of anti-apoptotic proteins via direct and indirect mechanisms [5]. For
example, ERK can directly phosphorylate caspase-9, the initiator of the intrinsic
apoptotic pathway on Thr 125, which prevents caspase-9 processing [6]. Moreover,
direct phosphorylation of Bim (Bcl-2-interacting mediator of cell death) by ERK proteins
has been shown to inhibit Bim’s pro-apoptotic functions [7]. ERK can also
phosphorylate the anti-apoptotic protein Mcl-1 (myeloid cell leukemia-1), also a Bcl-2
family member, which facilitates stability of the protein [8]. Furthermore, ERK can
mediate cell survival signals through indirect mechanisms involving the phosphorylation
of p90 Rsk-1, which inactivates the pro-apoptotic protein Bad (Bcl-xL/Bcl-2 associated
death promoter), another Bcl-2 family member [9, 10]. Thus, targeting ERK for
inhibition in cancer may lead to decreased survival signals and the induction of apoptotic
pathways.
ERK-substrate interactions are guided by interaction motifs that are present on
ERK as well as its substrates allowing for selective protein-protein interactions; this is
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important since ERK may have over 100 substrates (reviewed in [11]) [12]. The ERK
proteins are Pro directed Ser/Thr kinases, meaning they phosphorylate these residues
when followed by Pro in the +1 position. However, it has been suggested that a Pro in
the -2 position may also play a role in directing phosphorylation [13]. To date, two
docking domains have been identified on the ERK proteins and include the common
docking (CD) and ED domains as well as the F-recruitment site (FRS), both of which are
located on the C-terminal lobe of the kinase [14, 15]. Interestingly, the common docking
domain of ERK shares similar components with p38 MAP kinase however adjacent
residues are important for determining substrate specificity [16]. The CD domain
involves the Asp residues 317/319 and the ED domain contains Thr residues 157/158,
which are labeled for ERK2 and are conserved for ERK1; these residues are located
opposite the activation loop [14]. The FRS contains Leu 198, 232, and 235 as well as Tyr
231 and 261; these residues are also labeled for ERK2 although conserved for ERK1 and
are located near the activation loop [15].
Additionally, ERK substrates also have two interaction motifs that aid in substrate
recognition and phosphorylation; the kinase interaction motif (KIM) or D-domain and the
docking site for ERK FXP motif (DEF) or F-site [13, 17, 18]. Notably, the F-site is
always located C-terminal to the substrates phosphorylation site however the KIM can be
either C- or N-terminal to the phosphorylation site[13]. The KIM domain contains two or
more basic residues followed by a linker and hydrophobic residues in an LXL motif.
Substrates containing a KIM include caspase-9, p90Rsk-1 and the transcription factor
Elk-1 [19-21]. In similar fashion, Bim and Elk-1 contain F-sites that mediate their ERK
interactions [15, 22].
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Due to the identification of specific docking motifs required for ERK-substrate
interactions, we utilized computer aided drug design (CADD) to identify low molecular
weight (LMW) compounds that target the groove between the CD/ED domain which
could be used to disrupt these interactions [23-25]. These studies led to the identification
of several lead ERK-targeted compounds that were able to prevent ERK-mediated
phosphorylation of p90Rsk-1 and Elk-1, both of which are involved in cell proliferation
and survival signals [23, 24]. Due to the lead compounds success, they were subjected to
similarity searching to identify compounds with similar structures with the goal of
identifying more selective and potent compounds. In the current studies, we investigated
the effects of this family of ERK-targeted compounds on cell proliferation and substrate
phosphorylation events. We demonstrated that these compounds are able to decrease cell
proliferation and induce apoptosis in transformed cells. Apoptosis induction was
mediated by decreases in p90Rsk-1 mediated phosphorylation of the pro-apoptotic
protein Bad as well as caspase-9 phosphorylation inhibition suggesting an intrinsic
mechanism of induction. Importantly, these compounds did not induce apoptosis in nontransformed epithelial cells. Taken together, these studies suggest that targeting ERK
with LMW compounds can be used to disrupt ERK-substrate interactions and restore
apoptotic signaling mechanisms in transformed cells.

2.2 Materials and Methods
2.2.1 Cells and reagents
HeLa S3 (human cervical carcinoma) and retinal pigment epithelial cells that
stably express human telomerase (hTERT-RPE) were purchased from American Type

51
Culture Collection (ATCC, Manassas, VA) and maintained in complete medium
consisting of Dulbecco's modified Eagle medium (DMEM) plus 10% fetal bovine serum
(FBS, Atlanta Biologicals, Lawrenceville, GA) and antibiotics (Penicillin, 100 U/ml;
Streptomycin, 100 µg/ml) (Invitrogen, Carlsbad, CA). Hygromycin B, 0.01 mg/mL,
(Roche, Indianapolis, IN) was used to maintain selection for the hTERT-RPE cells.
Epidermal growth factor (EGF) and etoposide were purchased from Sigma (St. Louis,
MO) and used at final concentrations of 25 ng/ml and 50 µM, respectively. The ERK
(pT183/pY185) and α-tubulin antibodies were purchased from Sigma. Antibodies against
phosphorylated Bad (pS112 or pS136), total Bad, phosphorylated Rsk-1 (pT573),
phosphorylated Akt substrates (RXRXXpS/T), Mcl-1, phosphorylated p38
(pT180/pY182), phosphorylated caspase-9 (pT125), and total caspase-9 were purchased
from Cell Signaling (Beverly, MA). Antibodies against poly ADP-ribose polymerase
(PARP), total Rsk-1, total p38, and ERK5 were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). U0126, SB203580, and Akt Inhibitor I were purchased
from Calbiochem and used at final concentrations of 10 µM, 20 µM, and 25 µM,
respectively. LY294002 was purchased from Cell Signaling and used at a final
concentration of 25 µM. Test compounds were purchased from Chembridge (San Diego,
CA) and stored as 25 mM stock solutions in DMSO. The general caspase inhibitor, ZVAD-FMK, was purchased from BD Biosciences (San Jose, CA) and used at a final
concentration of 20µM.
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2.2.2 Protein expression
Plasmids for mammalian and bacterial expression of caspase-9 (catalytically
inactive C287A mutant) were purchased from Addgene (catalog #11819 and 11830). The
His6-tagged caspase-9 (C287A) was purified from BL21(DE3) cells as described [26].
Briefly, BL21(DE3) cells were induced with 0.2 mM isopropyl β-D-1thiogalactopyranoside for 4 hours and harvested with BugBuster protein extraction
reagent (EMD Biosciences, San Diego, CA). Lysates were loaded onto a Talon Co2+IMAC affinity resin column (BD Biosciences, San Jose, CA) and eluted with imidazole.
GST-p90Rsk-1 was expressed and purified as previously described [27]. His6-tagged
ERK was expressed and purified as previously described [24]. The mammalian
expression plasmid for Bad was provided by Dr. Michael Greenberg (Harvard
University). Transient expression of Bad and caspase 9 (C287A) in HeLa cells was done
using Lipofectamine (Invitrogen).

2.2.3 Immunoblotting
Cells were washed with cold phosphate buffered saline (PBS, pH 7.2; Invitrogen)
and protein lysates were collected with 2X SDS-PAGE sample buffer (4% SDS, 5.7M βmercaptoethanol, 0.2M Tris pH 6.8, 20% glycerol, 5mM EDTA). Lysates collected in
TLB were centrifuged at 20,000 (X g) to remove insoluble material and then diluted with
an equal volume of 2X SDS-sample buffer. Proteins were separated by SDS-PAGE and
analyzed by immunoblotting using enhanced chemiluminesence (ECL, GE Healthcare,
United Kingdom). The relative protein levels were determined by densitometry scanning
(Alpha Innotech), keeping the pixel intensity within the linear range of detection.
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2.2.4 Cell proliferation assays
Cell proliferation was evaluated by colony formation or by water soluble
tetrazolium-1 (WST-1) assays. For colony formation, cells (~250 cells/mL) were plated
and allowed to recover for 24 hours before treatment with test compounds. Cells were
grown for 10-14 days and colonies that formed (approximately 40 cells or more) were
fixed for 10 minutes in 4% paraformaldehyde and stained with 0.2% crystal violet in 20%
methanol for 1-2 minutes. The number of colonies in the treated samples was expressed
as a percentage of the controls, which consisted of 75, 146, or 154 colonies from 3
separate experiments, respectively. WST-1 assay was done according to manufacturer’s
instructions and cleavage of WST-1 to formazan by cellular mitochondrial
dehydrogenases is used as an indicator of viable cells. Briefly, cells (~250 /mL) were
seeded in 96 well plates and allowed to recover overnight followed by test compound
treatment for 7 days. WST-1 reagent was added and absorbance was read at 450nm with
background readings taken at 650nm. After background subtraction, values were
normalized to the control (DMSO only) cells.

2.2.5 Kinase assays
Active ERK2 (2 ng, New England BioLabs, Ipswich, MA) was incubated with 0.5
µg His6-tagged caspase 9 (C287A) or p90RSK-1 for 60 minutes at 30°C in 50 mM TrisHCl, 10 mM MgCl2, 1 mM EGTA, 2 mM DTT, 0.01% Brij 35 (pH 7.5) containing 20
µM ATP and 2 µCi γ-32P-ATP. Reactions were stopped with an equal volume of 2x SDSPAGE sample buffer and the proteins were resolved by SDS-PAGE. The gels were
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stained with coomassie blue, dried, and 32P incorporation into substrate was determined
by phosphoimager analysis.

2.2.6 Caspase activity assays
HeLa cells were seeded at equal density and treated with indicated compound for
5 hours. Cells were harvested and frozen at -20°C. Fluorometric kits (Calbiochem) were
used according to manufacturer’s instructions to determine the activity of caspases-8 and
9 in cell lysates. Briefly, cell pellets were resuspended with 100 µL sample buffer and
incubated on ice for 10 minutes. Samples were centrifuged at 10,000 X g for 10 minutes
at 4°C; 50 µL of clarified lysate was transferred to a black walled 96 well plate and 50 µL
of assay buffer was added. Fluorescent caspase substrate was added and a baseline
reading was taken utilizing 400nm/505nm excitation/emission filters. The plates were
incubated at 37°C for two hours and read again utilizing the same filters as baseline.
Data shown reflects the mean difference ± SEM of relative fluorescence units (RFU) for
three independent experiments.

2.2.7 Fluorescent Activated Cell Sorting (FACS) Analysis
For apoptotic analysis, HeLa cells were plated at equal density and treated with
50µM of indicated test compound. Cells were washed and stained according to
manufacturers protocol (Calbiochem). Briefly, ~5x105 cells were incubated for 15
minutes with AnnexinV-FITC. Cells were centrifuged at 1,000 X g for 5 minutes and
resuspended in 0.5mL of cold 1X binding buffer. Propidium Iodide (PI) was added and
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samples were immediately analyzed by flow cytometry (FACScan Analyser; Becton
Dickinson, Franklin Lakes, NJ). Ten thousand cells were counted under each condition.
For cell cycle analysis, HeLa cells were synchronized at the G1/S boundary or Mphase as previously described [28]. Briefly, 50% confluent cells were treated with
complete media containing 2 mM thymidine for 16 hours. Cells were washed with Hanks
Balanced Salt Solution (HBSS, Invitrogen), incubated in complete media without
thymidine for 8 hours, and treated a second time with medium containing 2 mM
thymidine for 16 hours. M-phase enrichment was done by treating cells with nocodazole
(0.1 mg/ml) for 12-14 hours. Synchronized cells were released into the cell cycle after
washing with HBSS and incubating with complete media in the presence or absence of
test compounds for the indicated times. Cells were collected by trypsinization, washed
with PBS, and fixed in cold 70% ethanol. DNA content was measured by flow cytometry
(FACScan Analyser; Becton Dickinson, Franklin Lakes, NJ) after staining with 50µg/mL
propidium iodide (Calbiochem, Gibbstown, NJ) dissolved in 0.2 M Tris pH 7.5, 20 mM
EDTA, 10 µg/mL RNase A (Roche, Indianapolis, IN). Ten thousand cells were counted
under each condition.

2.2.8 Statistical Analysis
Comparisons between control or EGF and treated samples were performed
utilizing an unpaired students t-test with equal variance using KaleidaGraph software
(Synergy Software, Reading, PA). Comparisons within treated groups were performed
utilizing a one-way analysis of variance (ANOVA) followed by a Tukey’s post hoc
analysis with an α-value of 0.05. Statistical significance was indicated with an asterisk
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(*) if the p value was equal to or less than 0.05 or a number sign (#) if the p value was
equal to or less than 0.01.

2.3 Results
2.3.1 ERK-targeted Inhibitors Inhibit Cell Proliferation
Previous studies identified LMW compounds from CADD and cell-based assays
that are able to interact with ERK as well as inhibit ERK-mediated substrate
phosphorylation and cell proliferation [23, 24]. Additional CADD studies identified
compounds with similar structures of the lead compounds 17 and 76 that were evaluated
for their effects in the current studies. Chemical similarity was determined utilizing the
MAC-BITS fingerprints in combination with the Tanimoto Similarity Index, as
previously described, from a screen of a virtual database containing over one million
commercially available compounds [29]. Five compounds similar to 17 and 10
compounds similar to 76 (Figure 2.1) were identified and examined for their ability to
inhibit cell proliferation. As seen with compound 76, ERK-targeted inhibitors 76.2, 76.3,
and 76.4 inhibited cell proliferation of HeLa cells at 100µM (Figure 2.2A). In contrast,
the compounds similar to 17 had little effect on the proliferation of HeLa cells and were
not pursued further. Further examination of 76.2, 76.3, and 76.4 effects on cell
proliferation showed dose dependent decreases of cell proliferation in response to
treatment (Figure 2.2B). On the other hand, 76 displayed similar inhibitory effects on
cell growth in the presence of all doses. Importantly, these effects were seen to a much
lesser extent, with the exception of 76, on non-transformed epithelial cells that stably
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Figure 2.1. Structure of test compounds used in these studies. The area circled represents the
thiazolidinedione core with aminoethyl side group that is common to compounds showing similar
biological activity
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express the enzyme telomerase (TERT) (Figure 2.2C), which are useful cellular tools for
drug discovery, since they retain a normal geno- and phenotype and do not acquire cancer
cell characteristics [30]. Even though 76.2, 76.3, and 76.4 have similar structures to 76,
the cell proliferation data suggest that they may have differences in their mechanism of
action as illustrated by the variability in their effects.

2.3.2 ERK-targeted inhibitors delay cell cycle progression
The ERK proteins have been implicated in the mediation of cell cycle progression
at both the G1 to S (G1/S) and G2 to M (G2/M) phase transitions [31, 32]. Therefore, we
examined whether the ERK-targeted inhibitors effects on cell proliferation were due to
the induction of a cell cycle arrest. Monitoring DNA content by fluorescent activated cell
sorting (FACS) analysis revealed that cells were delayed in the G2/M phase following
release from synchronization at the G1/S boundary in the presence of 25µM 76, 76.2,
76.3, and 76.4 (Figure 2.3). The lower number of cells present in the G1 peak illustrates
this more apparently 8 hours after synchronization release as compared to control.
Furthermore, 76.1, which had minimal effects on cell proliferation, did not induce the
same effect and look more like the control sample. Surprisingly, there were no delays in
the progression of cells through the G1/S phases as compared to controls in the presence
of the ERK-targeted inhibitors following release from M-phase enrichment. These data
suggest that a delay in the G2/M phase of the cell cycle is one mechanism by which the
ERK-targeted inhibitors mediate their effects on cell proliferation and is consistent with
previous reports that show loss of ERK induces a G2/M arrest in epithelial cells [32].
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Figure 2.2. Effects of ERK targeted docking domain inhibitors on cell
proliferation. (A) HeLa cells were plated at low density in the presence or absence
of 100µM of the indicated ERK inhibitor. After 10-14 days, cell colonies were
fixed with formaldehyde and stained with crystal violet. Colonies were counted
and normalized to the controls for each experiment. Data represent mean ± SD
from 3 experiments. HeLa (B) or non-transformed retinal pigment epithelial cells
that stably express human telomerase reverse transcriptase (TERT) (C) were
seeded at 250 cells/mL and then treated for 7 days with indicated dose (µM) of
ERK inhibitor. The proliferation in treated cells is shown as a percentage of
control (DMSO only, 100%) cells following analysis using the WST-1 assay. Data
represent mean ± SEM from 3 experiments. * and # indicates statistical
significance compared to untreated controls, p ≤ 0.05 and p ≤ 0.01, respectively.
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2.3.3 Activation of the intrinsic apoptotic pathway by ERK-targeted inhibitors
We next evaluated whether the changes in cell proliferation caused by the ERKtargeted inhibitors translated into an apoptotic response. HeLa cells were treated with
50µM indicated test compound for 5 hours and examined for the cleavage of poly (ADPribose) polymerase (PARP), which is a marker for the induction of apoptosis. 76, 76.2,
76.3, and 76.4 treatment resulted in the induction of apoptosis as indicated by PARP
cleavage (Figure 2.4A) and this response was blocked by the general caspase inhibitor
ZVAD-FMK, confirming that this process is caspase mediated (Figure 2.4B). We also
evaluated the induction of apoptosis by monitoring annexinV and propidium iodide (PI)
staining in the presence of our ERK targeted inhibitors (Figure 2.4A right panel).
AnnexinV/PI staining increased in a similar fashion as PARP cleavage and provides
another measure of apoptosis induction. Importantly, the normal epithelial TERT cells
did not undergo apoptosis induction even after a longer exposure time (16 hours) to the
active inhibitors (Figure 2.4C). Since ZVAD-FMK inhibited the induction of apoptosis
in response to treatment with our ERK-targeted inhibitors, we wanted to determine which
caspases were responsible for this response. Apoptosis is mediated through extrinsic or
intrinsic mechanisms involving caspase-8 or -9, respectively. Utilizing fluorometric kits
we evaluated which caspase was activated resulting in the induction of apoptosis
observed in Figure 2.4A. The ERK-targeted inhibitors that caused PARP cleavage also
activated caspase-9, not caspase-8, suggesting that the apoptotic response seen is
mediated by intrinsic mechanisms (Figure 2.4D).
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Figure 2.3. ERK-targeted inhibitor effects cell cycle progression during G2/M-phase. HeLa cells synchronized
at G1/S-phase with excess thymidine were released back into the cell cycle with or without 25µM 76, 76.1, 76.2,
76.3, or 76.4. DNA content was evaluated by propidium iodide staining and flow cytometry after 0, 6, and 8
hours. Graphs represent the mean ± SEM fold change relative control of cells in G1, S, or G2/M phase of the
cell cycle from three independent experiments. * and # indicates statistical significance compared to untreated
controls, p ≤ 0.05 and p ≤ 0.01, respectively.
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2.3.4 Inhibition of ERK-mediated phosphorylation of pro-apoptotic proteins
Previous studies have shown that ERK mediates survival mechanisms indirectly
and directly via phosphorylation of the Bcl-2 family members Bad and Bim, respectively
[7, 33]. The pro-apoptotic protein Bad is phosphorylated on Ser112 by p90Rsk-1 and
Ser136 by Akt kinase, which prevents activity [33-36]. To further confirm the activation
of the intrinsic apoptotic pathway following treatment with the ERK-targeted inhibitors
we examined p90Rsk-1 (pRsk-1) phosphorylation. In the presence of 50µM 76.2, 76.3,
and 76.4 p90Rsk-1 phosphorylation was decreased by 40, 54, and 67%, respectively in
HeLa cells following stimulation with EGF (Figure 2.5A). The parent inhibitor 76 did
not significantly inhibit p90Rsk-1 phosphorylation at 50µM however previous studies did
show inhibition upon treatment with 100µM [24]. Importantly, there were no statistically
significant changes on ERK activation, which further suggest our ERK-targeted
inhibitors work by disrupting ERK-substrate interactions (Figure 2.5A). We also,
observed p90Rsk-1 phosphorylation in an in vitro kinase assay by monitoring phosphate
incorporation in the presence of our ERK-targeted inhibitors. As expected, 76, 76.2,
76.3, and 76.4 decreased the amount of phosphate incorporated into p90Rsk-1 in a dose
dependent manner (Figure 2.5B).
Examination of Bad phosphorylation revealed decreases in a manner that
correspond with changes in p90Rsk-1 phosphorylation. ERK-targeted inhibitors 76.3 and
76.4 were the most potent at inhibiting Bad Ser112 as well as p90Rsk-1 phosphorylation
however 76 and 76.2 also exhibited moderate decreases (Figure 2.5C). U0126, a known
MEK 1/2 inhibitor, and LY294002, a known PI3K inhibitor, were used as controls and
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Figure 2.4. ERK-targeted inhibitors induce the intrinsic apoptosis pathway.
(A) HeLa cells were treated in the absence or presence of ERK-targeted
inhibitors (50 µM) for 5 hours. Cell lysates were immunoblotted for total and
cleaved PARP (arrowhead). Right panel graph shows densitometry
quantification of cleaved PARP to α-tubulin ratios and AnnexinV/PI staining
relative control. PARP data represents the mean ± SEM from four independent
experiments; AnnexinV/PI data are representative of two independent
experiments. (B) HeLa cells were treated with 50µM of the indicated ERKtargeted inhibitor for 5 hours and assayed for cleaved PARP in the presence
and absence of the general caspase inhibitor ZVAD-FMK. (C) TERT cells
were treated in the absence or presence of ERK-targeted inhibitor (50 µM) for
16 hours. Cell lysates were immunoblotted for total and cleaved PARP
(arrowhead). (D) HeLa cells were treated in the absence or presence of 50 µM
of the indicated compound for 5 hours and assayed for caspase-8 or -9 activity.
Data represent the mean ± SEM from 3 independent experiments. * and #
indicates statistical significance compared to untreated controls, p ≤ 0.05 and p
≤ 0.01, respectively. C, Control; E, Etoposide
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inhibited Ser112 and Ser136 phosphosphorylation, respectively (Figure 2.5C). Even
though changes in Ser136 phosphorylation were seen in the presence of our ERKtargeted inhibitors, it was not to the extent of Ser112 phosphorylation. Furthermore, it
has been suggested that dephosphorylation of Ser112 acts as a gatekeeper for Bad
mediated apoptosis and facilitates Ser136 dephosphorylation [37].
We also evaluated the effects of the ERK targeted inhibitors on Bim
phosphorylation. Monitoring the presence of a slower migrating band via immunoblot
analysis was used to assess Bim phosphorylation, which is enhanced following
stimulation with EGF (Figure 2.5D). The MEK inhibitor U0126 but not LY294002,
SB203580, a known p38 MAP kinase inhibitor, or an Akt kinase inhibitor, inhibited Bim
protein migration, which suggests this is an ERK-mediated event. Interestingly, none of
the ERK-targeted inhibitors prevented Bim phosphorylation in spite of inducing
apoptosis in other assays. In short, these data suggest that our ERK-targeted inhibitors
selectively inhibit some but not all ERK-substrate interactions.

2.3.5 ERK-targeted inhibitors effects pro- and anti-apoptotic protein expression
Further evaluation of the apoptotic mechanism involved following ERK-targeted
inhibitor treatment led us to investigate the protein expression levels of Bad as well as
Mcl-1, which is stabilized by ERK-mediated phosphorylation [8, 38]. Interestingly, there
was not a statistically significant difference in Bad protein levels despite nearly a 2-fold
induction following 16-hour treatments with active ERK-targeted inhibitors (Figure 2.6).
Nonetheless, there have been studies that show increased Bad expression following
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Figure 2.5 (Following page). ERK-targeted inhibitors reduce ERKmediated phosphorylation of p90Rsk-1 and Bad. (A) HeLa cells were
pre-treated for one hour in the presence or absence of 50 µM of the
indicated ERK-targeted inhibitor and then stimulated with EGF (25
ng/ml) for 10 minutes. Immunoblots of phosphorylated p90Rsk-1 (pRsk),
total Rsk (Rsk), phosphorylated ERK1/2 (ppERK), and total ERK2
(ERK2). α-tubulin was used as a loading control. Graph shows
densitometry quantification of pRsk-1 to total Rsk or ppERK2 to ERK2
ratios. Data represents the mean ± SEM from three independent
experiments. (B) In vitro kinase assays examining 32P incorporation into
p90Rsk-1 following incubation with active ERK2 and γ-32P-ATP for 60
min. in the absence or presence of 1-25µM of ERK-targeted inhibitor.
Relative phosphate incorporation was quantified by phosphoimager
analysis. (C) HeLa cells were serum starved overnight and pre-treated for
1 hr with 50 µM indicated test compounds, 10µM U0126 (U), or 25µM
LY294002 (L) prior to stimulation with or without EGF (25ng/ml).
Immunoblot analysis of Bad phosphorylated on Ser112 (pS112) or
Ser136 (pS136) and total Bad. α-tubulin was used as a loading control.
Data represents the mean ± SEM from three independent experiments.
(D) HeLa cells were treated as described for (C) and immunoblotted for
Bim. The arrow indicates the slower migrating phosphorylated form of
Bim, which can be inhibited with U0126 (U) but not LY294002 (L),
SB203580 (S, 20µM), and Akt Inhibitor I (A, 25µM). α-tubulin was used
as a loading control. * and # indicates statistical significance compared
to EGF treated controls, p ≤ 0.05 and p ≤ 0.01, respectively. C, Control;
E, EGF treated.
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treatment with PD98059, a known MEK 1/2 inhibitor [39]. On the other hand, Mcl-1
expression was decreased in the presence of all apoptosis inducing ERK-targeted
inhibitors and was statistically significant for 76.2, 76.3, and 76.4 (Figure 2.6). These
data further support an induction of the intrinsic apoptotic pathway and suggest this
response may also be due to increased expression of pro-apoptotic proteins and decreased
expression of anti-apoptotic proteins that are regulated by ERK.
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Figure 2.6. ERK-targeted inhibitors effect the expression of the pro- and antiapoptotic proteins, Bad and Mcl-1. Total Bad and Mcl-1 immunoblots from lysates
collected from HeLa cells treated for 16 hour with 50µM of indicated test
compounds (left panel) and fold expression quantified by densitometry (right
panels). α-tubulin was used as a loading control. Data represent the mean ± SEM
of three independent experiments. # indicates statistical significance compared to
untreated controls, p ≤ 0.01. C, Control
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2.3.6 ERK-targeted inhibitors inhibit caspase-9 phosphorylation
ERK-mediated phosphorylation of caspase-9 on Thr125 prevents proteolytic
cleavage and provides another mechanism by which apoptosis can be prevented [6]. To
that extent, we examined caspase-9 phosphorylation in the presence of our ERK-targeted
inhibitors following stimulation with EGF. ERK-targeted inhibitors that induced
apoptosis also decreased caspase-9 phosphorylation on Thr125 (Figure 2.7A). These
effects were further confirmed via in vitro kinase assays with the active ERK-targeted
inhibitors 76, 76.2, 76.3, and 76.4 decreasing caspase-9 phosphorylation in a dose
dependent manner (Figure 2.7B). Notably, 76.3 was the most potent inhibitor of
phosphate incorporation into caspase-9. These data suggest that the activation of
caspase-9 seen previously (Figure 2.4D) is facilitated by decreased ERK-mediated
phosphorylation on Thr125.

2.3.7 Specificity of ERK-targeted inhibitors on kinase signaling pathways
Akt kinase plays a major role in cell survival and the decreases in Bad Ser136
phosphorylation (Figure 2.5C) prompted us to look further at this pathway. It has also
been suggested that ERK5, another MAPK super family member, is able to mediate cell
survival mechanisms as well as synergize with ERK 1/2 to promote cell growth in cancer
[40]. However, examination of Akt kinase and ERK5 activation in the presence of our
ERK-targeted inhibitors revealed only minor changes in activation (Figure 2.8A).
Further examination of Akt kinase activation was accomplished with the
phosphorylation-specific Akt substrate antibody that recognizes the consensus
RXRXXpS/T sequence [41] revealed no dramatic effects on substrate phosphorylation as
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compared to LY294002, a known Akt kinase pathway inhibitor (Figure 2.8B). This
result could be related to the partial inhibition of Bad Ser136 phosphorylation seen earlier
in Figure 2.5C. Nonetheless, these data suggest that the induction of apoptosis observed
in the presence of our ERK-targeted inhibitors is not due to appreciable effects on Akt
kinase and ERK5.
Lastly, we examined another MAPK family member, p38, activation in the
presence of our ERK-targeted inhibitors, which resulted in relatively no inhibition as
compared to the anisomycin treated control (Figure 2.8C). Thus, these data suggest that
our ERK-targeted inhibitors do not have broad-spectrum effects on other MAPK family
members that contain at least 50% sequence homology as well as other growth factor
kinases such as Akt.

2.4 Discussion
In these studies we characterized a family of structurally similar compounds
currently being developed in our laboratory that are able to inhibit cell proliferation and
induce apoptosis. These processes are mediated by decreased phosphorylation of
survival and apoptotic proteins. Due to increased ERK signaling in a variety of human
cancers, methods of disrupting this signaling pathway has the potential for future
development as therapeutic agents [1]. However, ERK signaling is also involved in
homeostasis and complete inhibition of this pathway could lead to deleterious effects. To
that extent, our approach utilizes LMW molecules that are able to partially inhibit
downstream signaling events involving ERK.
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Our data demonstrate that selective inhibition of ERK attenuates cell proliferation
of transformed cells and to a lesser degree non-transformed cells. In addition, treatment
with our ERK-targeted inhibitors resulted in apoptosis induction in transformed but not
non-transformed cells. This finding suggests that utilizing small molecules to partially
inhibit ERK signaling is not overtly toxic to normal cells and was also demonstrated in
the whole organism model C. elegans [42], as well as mice harboring B-cell lymphomas
[43]. Furthermore, the parent compound 76 was able to significantly inhibit B-cell
lymphoma tumor growth in vivo due to decreases in ERK-mediated processes.
We showed that our ERK-targeted inhibitors prevented caspase-9 as well as
p90Rsk-1 mediated Bad phosphorylation. Both of these substrates contain CD domains
for ERK-substrate interactions [19, 21], which consist of the region predicted to be
targeted by our inhibitors. In contrast, our ERK-targeted inhibitors did inhibit Bim
phosphorylation, which is believed to interact with ERK via the FRS [22]. However,
structural studies are needed to determine the exact residues involved in ERK-inhibitor
interactions that could be used to further enhance binding and efficacy of future inhibitors
to this region. CD/ED domains are present in several other MAPK proteins however
there are subtle differences in the residues surrounding this region that account for
substrate selective interactions and this could also be examined to aid in the development
of more selective ERK-targeted inhibitors [16, 44].
ERK-mediated survival involves several substrates, most notably p90Rsk-1 [10]
however it is possible that substrates other than Bad are affected in response to treatment
with our ERK-targeted inhibitors. For instance, p90Rsk-1 also mediates survival through
direct and indirect mechanisms involving the phosphorylation of the death-associated
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protein kinase (DAPK) and the NF-κB inhibitor IκBα, respectively [45-47].
Furthermore, it is also possible that other survival proteins involved in the induction of
apoptosis are affected in the presence of our ERK-targeted inhibitors. We also note that
the ERK-targeted inhibitors did have some effects on the growth factor kinase Akt
although not to the extent of the known Akt pathway inhibitor LY294002. Nonetheless,
the activation of other MAPK’s that have similar sequences, such as ERK5 and p38
MAPK, are not effected in the presence of our ERK-targeted inhibitors. Thus the cell
proliferation and apoptotic responses observed in the presence of our ERK-targeted
inhibitors are primarily through effects on ERK signaling mechanisms.
Additionally we identified compounds that were structurally similar to the parent
compound 76 that showed increase potency and selectivity. Cell-based and in vitro
kinase assays demonstrated improved effects on the inhibition of ERK-mediated
phosphorylation of p90Rsk-1 and caspase-9 by 76.3, which suggest that it is a more
potent ERK-targeted inhibitor compound. Continued studies should focus on the subtle
differences of 76 and 76.3, which can be further exploited to identify future chemical
components that will lead to improved potency and selectivity. Our studies as well as
others [48] have demonstrated that LMW compounds can be used to disrupt the
macromolecular interactions of proteins. Furthermore, their effectiveness at disrupting
these protein-protein interactions has been confirmed in vitro as well as in vivo
suggesting that this is a viable approach for new therapeutics.
Inhibition of ERK signaling for the treatment of cancer has involved targeting
upstream activators of the pathway with small molecules, monoclonal antibodies, and
antisense nucleotides (reviewed in [1]). However, clinical responses to treatment with
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these approaches has led to minimal response rates and toxicity concerns potentially due
to compensatory mechanisms associated with complete ablation of ERK signaling. Thus,
our approach of partially inhibiting ERK signaling may be a more viable approach to the
treatment of cancer. Furthermore, partially inhibiting ERK signaling utilizing our ERKtargeted inhibitors can be used in combination with traditional chemotherapeutics and
may lead to improved outcomes in patient therapy.

2.5 References
1.

Roberts PJ and Der CJ (2007) Targeting the Raf-MEK-ERK mitogen-activated
protein kinase cascade for the treatment of cancer. Oncogene 26:3291-310.

2.

Shapiro P (2002) Ras-MAP kinase signaling pathways and control of cell
proliferation: relevance to cancer therapy. Crit Rev Clin Lab Sci 39:285-330.

3.

Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, Teague J,
Woffendin H, Garnett MJ, Bottomley W, Davis N, Dicks E, Ewing R, Floyd Y,
Gray K, Hall S, Hawes R, Hughes J, Kosmidou V, Menzies A, Mould C, Parker
A, Stevens C, Watt S, Hooper S, Wilson R, Jayatilake H, Gusterson BA, Cooper
C, Shipley J, Hargrave D, Pritchard-Jones K, Maitland N, Chenevix-Trench G,
Riggins GJ, Bigner DD, Palmieri G, Cossu A, Flanagan A, Nicholson A, Ho JW,
Leung SY, Yuen ST, Weber BL, Seigler HF, Darrow TL, Paterson H, Marais R,
Marshall CJ, Wooster R, Stratton MR and Futreal PA (2002) Mutations of the
BRAF gene in human cancer. Nature 417:949-54.

4.

Kohno M and Pouyssegur J (2006) Targeting the ERK signaling pathway in
cancer therapy. Ann Med 38:200-11.

5.

Balmanno K and Cook SJ (2009) Tumour cell survival signalling by the ERK1/2
pathway. Cell Death Differ 16:368-77.

6.

Allan LA, Morrice N, Brady S, Magee G, Pathak S and Clarke PR (2003)
Inhibition of caspase-9 through phosphorylation at Thr 125 by ERK MAPK. Nat
Cell Biol 5:647-54.

75
7.

Harada H, Quearry B, Ruiz-Vela A and Korsmeyer SJ (2004) Survival factorinduced extracellular signal-regulated kinase phosphorylates BIM, inhibiting its
association with BAX and proapoptotic activity. Proc Natl Acad Sci U S A
101:15313-7.

8.

Ding Q, Huo L, Yang JY, Xia W, Wei Y, Liao Y, Chang CJ, Yang Y, Lai CC,
Lee DF, Yen CJ, Chen YJ, Hsu JM, Kuo HP, Lin CY, Tsai FJ, Li LY, Tsai CH
and Hung MC (2008) Down-regulation of myeloid cell leukemia-1 through
inhibiting Erk/Pin 1 pathway by sorafenib facilitates chemosensitization in breast
cancer. Cancer Res 68:6109-17.

9.

Fang X, Yu S, Eder A, Mao M, Bast RC, Jr., Boyd D and Mills GB (1999)
Regulation of BAD phosphorylation at serine 112 by the Ras-mitogen- activated
protein kinase pathway. Oncogene 18:6635-40.

10.

Shimamura A, Ballif BA, Richards SA and Blenis J (2000) Rsk1 mediates a
MEK-MAP kinase cell survival signal. Curr Biol 10:127-35.

11.

Yoon S and Seger R (2006) The extracellular signal-regulated kinase: multiple
substrates regulate diverse cellular functions. Growth Factors 24:21-44.

12.

von Kriegsheim A, Baiocchi D, Birtwistle M, Sumpton D, Bienvenut W, Morrice
N, Yamada K, Lamond A, Kalna G, Orton R, Gilbert D and Kolch W (2009) Cell
fate decisions are specified by the dynamic ERK interactome. Nat Cell Biol
11:1458-64.

13.

Sheridan DL, Kong Y, Parker SA, Dalby KN and Turk BE (2008) Substrate
Discrimination among Mitogen-activated Protein Kinases through Distinct
Docking Sequence Motifs. J Biol Chem 283:19511-20.

14.

Tanoue T, Adachi M, Moriguchi T and Nishida E (2000) A conserved docking
motif in MAP kinases common to substrates, activators and regulators. Nat Cell
Biol 2:110-6.

15.

Lee T, Hoofnagle AN, Kabuyama Y, Stroud J, Min X, Goldsmith EJ, Chen L,
Resing KA and Ahn NG (2004) Docking motif interactions in MAP kinases
revealed by hydrogen exchange mass spectrometry. Mol Cell 14:43-55.

76
16.

Tanoue T, Maeda R, Adachi M and Nishida E (2001) Identification of a docking
groove on ERK and p38 MAP kinases that regulates the specificity of docking
interactions. Embo J 20:466-79.

17.

Jacobs D, Glossip D, Xing H, Muslin AJ and Kornfeld K (1999) Multiple docking
sites on substrate proteins form a modular system that mediates recognition by
ERK MAP kinase. Genes Dev 13:163-75.

18.

Fantz DA, Jacobs D, Glossip D and Kornfeld K (2001) Docking sites on substrate
proteins direct extracellular signal-regulated kinase to phosphorylate specific
residues. J Biol Chem 276:27256-65.

19.

Martin MC, Allan LA, Mancini EJ and Clarke PR (2008) The docking interaction
of caspase-9 with ERK2 provides a mechanism for the selective inhibitory
phosphorylation of caspase-9 at threonine 125. J Biol Chem 283:3854-65.

20.

Sharrocks AD, Yang SH and Galanis A (2000) Docking domains and substratespecificity determination for MAP kinases. Trends Biochem Sci 25:448-53.

21.

Dimitri CA, Dowdle W, MacKeigan JP, Blenis J and Murphy LO (2005) Spatially
separate docking sites on ERK2 regulate distinct signaling events in vivo. Curr
Biol 15:1319-24.

22.

Ley R, Hadfield K, Howes E and Cook SJ (2005) Identification of a DEF-type
docking domain for extracellular signal-regulated kinases 1/2 that directs
phosphorylation and turnover of the BH3-only protein BimEL. J Biol Chem
280:17657-63.

23.

Chen F, Hancock CN, Macias AT, Joh J, Still K, Zhong S, MacKerell AD, Jr. and
Shapiro P (2006) Characterization of ATP-independent ERK inhibitors identified
through in silico analysis of the active ERK2 structure. Bioorg Med Chem Lett
16:6281-7.

24.

Hancock CN, Macias A, Lee EK, Yu SY, Mackerell AD, Jr. and Shapiro P (2005)
Identification of novel extracellular signal-regulated kinase docking domain
inhibitors. J Med Chem 48:4586-95.

25.

Zhong S, Macias AT and MacKerell AD, Jr. (2007) Computational identification
of inhibitors of protein-protein interactions. Curr Top Med Chem 7:63-82.

77
26.

Deveraux QL, Roy N, Stennicke HR, Van Arsdale T, Zhou Q, Srinivasula SM,
Alnemri ES, Salvesen GS and Reed JC (1998) IAPs block apoptotic events
induced by caspase-8 and cytochrome c by direct inhibition of distinct caspases.
Embo J 17:2215-23.

27.

Fisher TL and Blenis J (1996) Evidence for two catalytically active kinase
domains in pp90rsk. Mol Cell Biol 16:1212-9.

28.

Fang G, Yu H and Kirschner MW (1998) Direct binding of CDC20 protein family
members activates the anaphase- promoting complex in mitosis and G1. Mol Cell
2:163-71.

29.

Macias AT, Mia MY, Xia G, Hayashi J and MacKerell AD, Jr. (2005) Lead
validation and SAR development via chemical similarity searching; application to
compounds targeting the pY+3 site of the SH2 domain of p56lck. J Chem Inf
Model 45:1759-66.

30.

Lee KM, Choi KH and Ouellette MM (2004) Use of exogenous hTERT to
immortalize primary human cells. Cytotechnology 45:33-8.

31.

Lavoie JN, L'Allemain G, Brunet A, Muller R and Pouyssegur J (1996) Cyclin D1
expression is regulated positively by the p42/p44MAPK and negatively by the
p38/HOGMAPK pathway. J Biol Chem 271:20608-16.

32.

Dumesic PA, Scholl FA, Barragan DI and Khavari PA (2009) Erk1/2 MAP
kinases are required for epidermal G2/M progression. J Cell Biol 185:409-22.

33.

Bonni A, Brunet A, West AE, Datta SR, Takasu MA and Greenberg ME (1999)
Cell survival promoted by the Ras-MAPK signaling pathway by transcriptiondependent and -independent mechanisms. Science 286:1358-62.

34.

Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y and Greenberg ME (1997)
Akt phosphorylation of BAD couples survival signals to the cell-intrinsic death
machinery. Cell 91:231-41.

35.

Datta SR, Katsov A, Hu L, Petros A, Fesik SW, Yaffe MB and Greenberg ME
(2000) 14-3-3 proteins and survival kinases cooperate to inactivate BAD by BH3
domain phosphorylation. Mol Cell 6:41-51.

78
36.

Datta SR, Ranger AM, Lin MZ, Sturgill JF, Ma YC, Cowan CW, Dikkes P,
Korsmeyer SJ and Greenberg ME (2002) Survival factor-mediated BAD
phosphorylation raises the mitochondrial threshold for apoptosis. Dev Cell 3:63143.

37.

Chiang CW, Kanies C, Kim KW, Fang WB, Parkhurst C, Xie M, Henry T and
Yang E (2003) Protein phosphatase 2A dephosphorylation of phosphoserine 112
plays the gatekeeper role for BAD-mediated apoptosis. Mol Cell Biol 23:6350-62.

38.

Domina AM, Vrana JA, Gregory MA, Hann SR and Craig RW (2004) MCL1 is
phosphorylated in the PEST region and stabilized upon ERK activation in viable
cells, and at additional sites with cytotoxic okadaic acid or taxol. Oncogene
23:5301-15.

39.

Boucher MJ, Morisset J, Vachon PH, Reed JC, Laine J and Rivard N (2000)
MEK/ERK signaling pathway regulates the expression of Bcl-2, Bcl-X(L), and
Mcl-1 and promotes survival of human pancreatic cancer cells. J Cell Biochem
79:355-69.

40.

Pearson G, English JM, White MA and Cobb MH (2001) ERK5 and ERK2
cooperate to regulate NF-kappaB and cell transformation. J Biol Chem 276:792731.

41.

Alessi DR, Caudwell FB, Andjelkovic M, Hemmings BA and Cohen P (1996)
Molecular basis for the substrate specificity of protein kinase B; comparison with
MAPKAP kinase-1 and p70 S6 kinase. FEBS Lett 399:333-8.

42.

Chen F, Mackerell AD, Jr., Luo Y and Shapiro P (2008) Using Caenorhabditis
elegans as a model organism for evaluating extracellular signal-regulated kinase
docking domain inhibitors. J Cell Commun Signal 2:81-92.

43.

Dai B, Zhao XF, Hagner P, Shapiro P, Mazan-Mamczarz K, Zhao S, Natkunam Y
and Gartenhaus RB (2009) Extracellular signal-regulated kinase positively
regulates the oncogenic activity of MCT-1 in diffuse large B-cell lymphoma.
Cancer Res 69:7835-43.

44.

Heo YS, Kim SK, Seo CI, Kim YK, Sung BJ, Lee HS, Lee JI, Park SY, Kim JH,
Hwang KY, Hyun YL, Jeon YH, Ro S, Cho JM, Lee TG and Yang CH (2004)
Structural basis for the selective inhibition of JNK1 by the scaffolding protein
JIP1 and SP600125. EMBO J 23:2185-95.

79
45.

Anjum R, Roux PP, Ballif BA, Gygi SP and Blenis J (2005) The tumor
suppressor DAP kinase is a target of RSK-mediated survival signaling. Curr Biol
15:1762-7.

46.

Ghoda L, Lin X and Greene WC (1997) The 90-kDa ribosomal S6 kinase
(pp90rsk) phosphorylates the N-terminal regulatory domain of IkappaBalpha and
stimulates its degradation in vitro. J Biol Chem 272:21281-8.

47.

Schouten GJ, Vertegaal AC, Whiteside ST, Israel A, Toebes M, Dorsman JC, van
der Eb AJ and Zantema A (1997) IkappaB alpha is a target for the mitogenactivated 90 kDa ribosomal S6 kinase. EMBO J 16:3133-44.

48.

Cerchietti LC, Ghetu AF, Zhu X, Da Silva GF, Zhong S, Matthews M, Bunting
KL, Polo JM, Fares C, Arrowsmith CH, Yang SN, Garcia M, Coop A, Mackerell
AD, Jr., Prive GG and Melnick A (2010) A small-molecule inhibitor of BCL6
kills DLBCL cells in vitro and in vivo. Cancer Cell 17:400-11.

Chapter 3
Targeted inhibition of ERK-mediated phosphorylation of Rsk-1
enhances growth arrest of melanoma cells treated with temozolomide or
carboplatin
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3.1 Introduction
Melanoma incidence has increased significantly over the last decade and, due to a
paucity of effective treatments, the 5 year survival of patients with late stage melanoma
with distant metastasis is less that 2% [1]. Melanoma tumor growth and survival can be
largely attributed to an activating B-Raf mutation found in greater than 60% of all cases
resulting in constitutive activation of the extracellular signal-regulated kinase (ERK)
pathway [2]. However, the mutations in B-Raf have been associated with progression of
melanoma rather than the initiation of the disease by transformation of melanocytes [2],
which suggests a reason why melanoma cells containing this mutation are more resistant
to therapy. Hyper-activation of the ERK pathway in mutant B-Raf melanomas mediates
cell proliferation and survival. Therefore, understanding and targeting mutated B-Raf
and the proteins it regulates will aid in the development of new and more effective
melanoma cancer therapies [3, 4]. The failure of traditional chemotherapeutics in the
treatment of melanoma warrants a more targeted approach to therapy [1]. Due to
increased activation of the ERK pathway in melanoma, targeting this pathway may
provide a method for preventing progression of the disease [5].
Small molecule inhibitors targeting Raf have been in the drug discovery pipeline
over a decade however Sorafenib was the first to receive FDA approval and is the most
widely studied. Nonetheless, sorafenib efficacy alone is not significant in advanced
melanoma and has led to its evaluation in combination with traditional chemotherapeutics
(i.e. carboplatin and paclitaxel) [6]. Sorafenib’s success has lead to the development of
additional Raf-targeting molecules: RAF-265, XL281, PLX4032 and PLX4720. Raf-265
and XL281 inhibit all Raf isoforms as well as mutant B-Raf. However PLX4032 and
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PLX4720 are selective mutant B-Raf inhibitors. Nonetheless the PLX compounds have
been shown to induce wild type Raf dimers and enhance ERK signaling in cells [7]
suggesting a need for targeted inhibition downstream of Raf. There have been three
moderately selective MEK inhibitors to reach clinical trials for melanoma: CI-1040,
AZD6244, and PD0325901 [8]. CI-1040 has not been developed further in its current
formulation due to lack of efficacy as a single agent however AZD6244 and PD0325901
received further clinical development due to improved pharmacokinetic profiles [9]. Of
these AZD6244 is the only agent to reach Phase II clinical trials however only 12% of
melanoma patients harboring B-Raf mutations had responses to therapy [9]. Nonetheless,
clinical responses to AZD6244 were greater than those treated with sorafenib suggesting
that targeting further down the kinase cascade may increase patient’s response to therapy
in melanoma [9, 10].
Previously, we have identified novel small molecules that target ERK substrate
docking domains that are able to specifically inhibit ERK mediated substrate
phosphorylation of Elk-1 and Rsk-1, both of which are involved in regulating cell
proliferation [11, 12]. Given that these compounds do not affect the ability for ERK1/2
to be activated by upstream MEK1/2 proteins, it is believed that these compounds act as
partial antagonists of ERK functions. ERK1/2 mediate pro-survival effects via
phosphorylation of p90-Ribosomal S6 Kinase (Rsk-1), which can inactivate the proapoptotic protein Bad (Bcl-xL/Bcl-2 associated death promoter) through phosphorylation
on Ser112 [13]. Rsk-1 mediated Bad phosphorylation plays a pivotal role in apoptosis
prevention. If Ser112 is dephosphorylated, Bad’s affinity for 14-3-3 proteins is
decreased, which enables additional inhibitory sites Ser155 and Ser136 to be
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dephosphorylated by phosphatase activity and the pro-apoptotic activity of Bad is
restored [14]. Additionally, it has been suggested that Rsk-1 plays a role in cell
proliferation by phosphorylating transcription factors, such as c-Fos, which is involved in
regulating transcription of cell cycle proteins, such as cyclin D1 [15]. Sustained ERK
activation is necessary to induce cyclin D1 expression [16] and promotes the transition
from G1 to S phase of the cell cycle [17, 18]. Interestingly, in melanoma cells harboring
the B-Raf mutation, cyclin D1 is constitutively expressed and ectopic expression of
mutant B-Raf in normal melanocytes sufficiently induces the cyclin D1 promoter [19]
suggesting this process is ERK regulated.
ERK1/2 proteins also activate Elk-1, a transcription factor involved in cell growth
promotion, by phosphorylation on Ser383 and Ser389, which enhances DNA binding
[20-22]. Elk-1 potentiates cell proliferation by inducing expression of c-Fos and
subsequent G1-phase cyclins, such as cyclin D1 (reviewed in [23]). In the current
studies, we explore the effects of our novel ERK-targeted inhibitors in A375 melanoma
cells, which harbor the V600E B-Raf mutation resulting in constitutive activity of the
Raf/MEK/ERK pathway. Notably, the inhibitors decreased ERK-mediated Rsk-1
phosphorylation and sensitized A375 melanoma cells to growth inhibition induced by
clinically relevant chemotherapeutic drugs, such as temozolomide and carboplatin. The
ability for ERK-targeted compounds to sensitize melanoma cells to chemotherapeutic
agents appeared to involve down regulation of cell cycle proteins, such as cyclin D1.
These results suggest targeted inhibition of ERK protein functions is an effective
approach to enhance the sensitivity of melanoma cells to traditional chemotherapeutics
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and may reduce toxicity associated with inhibitors that cause complete inhibition of the
ERK signaling pathway.

3.2 Materials and Methods
3.2.1 Cells and reagents
A375 melanoma cells were obtained from American Type Culture Collection
(ATCC, Manassas, VA) and maintained in complete medium consisting of Dulbecco's
modified Eagle medium (DMEM) plus 10% fetal bovine serum (FBS, Atlanta
Biologicals, Lawrenceville, GA), 2mM L-Glutamine (Mediatech, Manassas, VA), and
antibiotics (Penicillin, 100 U/ml; Streptomycin, 100 µg/ml) (Invitrogen, Carlsbad, CA).
Normal adult human epidermal melanocytes (NHEM) were purchased from Cascade
Biologics (Invitrogen, Carlsbad, CA) and maintained in Media 254 supplemented with
human melanocyte growth supplement-2, PMA free (HMGS-2, Cascade
Biologics/Invitrogen). The phosphorylation specific ERK1/2 (pT183/pY185) and αtubulin antibodies were purchased from Sigma. Antibodies against phosphorylated Rsk-1
(pT573), and phosphorylated MEK 1/2 (pS217/221), Mcl-1, and survivin were purchased
from Cell Signaling (Beverly, MA). Antibodies against phosphorylated Elk-1 (pS383),
total Rsk, total MEK1, poly (ADP-ribose) polymerase (PARP), p21CIP1, cyclin B1, and
cyclin D1 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). U0126 was
purchased from Calbiochem and used at a final concentration of 10µM. Test compounds
were purchased from Chembridge (San Diego, CA) and stored as 25 mM stock solutions
in DMSO. Temozolomide (TMZ) and carboplatin were purchased from Sigma.

85
3.2.2 Immunoblotting
Following treatments, cells were washed with cold 1X phosphate buffered saline
(PBS, pH 7.2; Invitrogen) and protein lysates were collected with 2X SDS-PAGE sample
buffer (4% SDS, 5.7M β-mercaptoethanol, 0.2M Tris pH 6.8, 20% glycerol, 5mM
EDTA). Proteins were separated by SDS-PAGE and analyzed by immunoblotting using
enhanced chemiluminesence (ECL, Pierce, Rockford, IL). The relative protein levels
were determined by densitometry scanning (Alpha Innotech), keeping the pixel intensity
within the linear range of detection.

3.2.3. Cell proliferation assays
Cell proliferation was evaluated by the water soluble tetrazolium salt-1 (WST-1)
assays. WST-1 assay was done according to manufacturer’s instructions. Briefly, cells
(1250/mL) were seeded in 96 well plates, allowed to adhere overnight followed by
incubation in the presence or absence of test compounds and/or chemotherapeutic agent
for 48 hours. WST-1 reagent was added and absorbance was read at 450nm with
background readings taken at 650nm. After background subtraction, values were
normalized to the control (DMSO only) cells. Data shown reflect the mean ± SEM for
three independent experiments done in triplicate.

3.2.4 Caspase activity assays
A375 melanoma cells were seeded at equal density and treated with indicated
compound and/or chemotherapeutic for 24 hours. Cells were harvested and frozen at 20°C. Fluorometric kits (Calbiochem) were used according to manufacturer’s
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instructions to determine the activity of caspases-8 and 9 in cell lysates. Briefly, cell
pellets were resuspended with 100µL sample buffer and incubated on ice for 10 minutes.
Samples were centrifuged at 10,000 X g for 10 minutes at 4°C; 50µL of clarified lysate
was transferred to a black walled 96 well plate and 50µL of assay buffer was added.
Fluorescent caspase substrate was added and a baseline reading was taken utilizing
400nm/505nm excitation/emission filters. The plates were incubated at 37°C for two
hours and read again utilizing the same filters as baseline. Data shown reflects the mean
difference ± SEM of relative fluorescence units (RFU) for three independent
experiments.

3.2.5 In vivo analysis of A375 melanoma xenograft model
Female nude (nu/nu) mice were housed under controlled conditions in a pathogen
free environment and received food and water ad libitum. A375 human melanoma cells
(5x106) in complete media (no FBS) and 33% matrigel were injected subcutaneously
(s.c.) in the right flank of six-week old nu/nu mice and monitored daily for tumor growth.
When tumors reached ~150mm3, animals were sorted into four groups and administered
vehicle (10% DMSO in saline), 3mg/kg 76.3, 60mg/kg temozolomide (TMZ), or 76.3
and temozolomide via intraperitoneal (i.p.) injection for five days.

3.2.6 Statistical Analysis
Comparisons between control and treated samples were performed utilizing an
unpaired students t-test with equal variance using KaleidaGraph software (Synergy
Software, Reading, PA). Comparisons of in vivo treated groups were performed utilizing
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a one-way analysis of variance (ANOVA) followed by a Tukey’s post hoc analysis with
an α-value of 0.05. Statistical significance was indicated with an asterisk (*) if the p
value was equal to or less than 0.05 or a number sign (#) if the p value was equal to or
less than 0.01.

3.3 Results
3.3.1 ERK-targeted inhibitors selectively reduce substrate phosphorylation
Using computer aided drug design, we previously identified a family of
compounds that targeted unique ERK2 substrate docking sites and inhibited
phosphorylation of substrates involved in cell proliferation and survival but did not block
activation of ERK by its upstream kinases [11, 24, 25]. Three compounds having similar
biological effects in preliminary screens were further evaluated in A375 melanoma cells
(A375), which harbor a V600E B-Raf mutation that results in constitutive activation of
the ERK pathway. To investigate whether the ERK-targeted compounds were affecting
ERK-mediated signaling events, we examined ERK substrate phosphorylation in A375
cells in the absence or presence of the lead compounds. ERK-mediated phosphorylation
of Rsk-1 and Elk-1 is elevated in A375 cells due to the B-Raf mutation and this
phosphorylation can be blocked using the MEK1/2 inhibitor, U0126 (Figure 3.1A).
However, compounds 76.2, 76.3, and 76.4 caused a dose dependent decrease in Rsk-1
phosphorylation (Figure 3.1B) but had little effect on the phosphorylation of ERK1/2 by
MEK (Figure 3.1D). Elk-1 phosphorylation was not inhibited in the presence of any
dose, even as high as 100µM, of ERK-targeted inhibitor (Figure 3.1C). Interestingly,
Elk-1 phosphorylation showed a dose-dependent increase in the presence of 76.3 and
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Figure 3.1. ERK-targeted inhibitors effects on ERK signaling pathways.
A375 cells were treated for 1 hour in the presence or absence of 25-100µM
of the indicated test compound. (A) Immunoblots of phosphorylated Rsk-1
(pRsk), total Rsk-1 (Rsk), phosphorylated ERK1/2 (ppERK),
phosphorylated Elk-1 (pElk), phosphorylated MEK (pMEK), and total
MEK (MEK). α-tubulin expression was used as a protein loading control.
Graphs show densitometry quantification of pRsk-1 to total Rsk-1 ratio (B)
and the ratio of pElk-1 (C) and ppERK2 (D) to α-tubulin. Data represent
the mean ± SEM for three independent experiments for pRsk and ppERK2
and the average of two independent experiments for pElk. Phosphorylation
ratios are shown as a percentage of the untreated control (100%). * and #
indicates statistical significance compared to untreated controls, p ≤ 0.05
and p ≤ 0.01, respectively, as determined by student’s t-test. C, control; U,
10µM U0126
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potentially with 76.4 (Figure 3.1C). The significance of this is unclear but it is possible
that lead compounds may bind to ERK proteins in a way that promotes substrate
interactions. Nonetheless, this data supports the lead compounds ability to directly target
ERK proteins and that they exhibit substrate selectivity, which is illustrated by inhibitory
effects on p90Rsk-1 but not Elk-1 phosphorylation.

3.3.2 Effects of ERK-targeted inhibitors on melanoma and normal melanocyte cell
proliferation
We next wanted to investigate whether the effects on Rsk-1 phosphorylation
translated into changes in cell proliferation. With the exception of compound 76.2, the
ERK-targeted inhibitors had minimal effects on A375 cell proliferation (Figure 3.2A).
Proliferation of normal human epidermal melanocyte (NHEM) cells in the presence of
compounds 76.3 and 76.4 was unaffected up to 50µM, however 76.2 caused apparent
increases in cell proliferation up to 50µM (Figure 3.2B). These data suggest that 76.2 is
the most potent inhibitor of A375 melanoma proliferation but activates growth of normal
melanocytes whereas 76.3 and 76.4 have little effect on either cell line at concentrations
up to 50µM. Moreover, these results indicate that these lead compounds on their own
have little bearing on melanoma cell growth and do not inhibit normal melanocyte
proliferation until the highest dose tested.

90

A375

A.

μM

# #

# #

#
##

B.

NHEM
#

#

μM

*
#

#

*
#

Figure 3.2. ERK-targeted inhibitor compounds effects on melanoma and
normal melanocyte cell proliferation. A375 melanoma (A) or nontransformed human epidermal melanocytes (NHEM) (B) were treated for
48 hours with 25-100µM of the indicated ERK-targeted inhibitor. The
proliferation in treated cells is shown as a percentage of control (DMSO
only, 100%) cells following analysis using the WST-1 assay. Data
represent the mean ± SEM from 3 independent experiments done in
triplicate. * and # indicates statistical significance compared to untreated
controls (DMSO only), p ≤ 0.05 and p ≤ 0.01, respectively, as determined
by student’s t-test. C, Control
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3.3.3 ERK-targeted inhibitors enhance melanoma growth inhibition of
chemotherapeutic agents
The effects of our ERK docking domain inhibitors were assessed for their ability
to sensitize A375 cells to the effects of chemotherapeutics agents used to treat melanoma
(temozolomide and carboplatin). The ERK inhibitor compound dose chosen (25µM) was
used as it had, with the exception of 76.2, little effects on melanoma cell proliferation but
still caused inhibition of Rsk-1 substrate phosphorylation. Treatment of A375 melanoma
cells with 76.2, 76.3, and 76.4 in combination with varying doses of temozolomide
resulted in significantly greater cell growth inhibition as compared to temozolomide
alone at concentrations of 10 to 100µM (Figure 3.3A). Compounds 76.3 and 76.4
appeared to enhance the growth inhibition by temozolomide through synergistic
mechanisms whereas compound 76.2 effects were additive, since 76.2 inhibited
melanoma cell growth by ~50% on its own (Fig. 3.2A). Importantly, no additive or
synergistic growth inhibition effects of the combinatorial treatment on NHEM were
observed (Figure 3.3B). A similar enhancement of melanoma cell growth inhibition with
the ERK-targeted inhibitors was observed in combination with carboplatin (Figure 3.3C).
As seen with temozolomide, the combination treatment had little effect on the growth of
NHEM cells (Figure 3.3D).
As a comparison with agents that cause complete inhibition of the ERK pathway,
we have examined the growth inhibitory effects of the MEK1/2 inhibitor U0126. As
shown in figure 3.3E, U0126 alone is a potent inhibitor of A375 cell growth and can
enhance the effects of temozolomide in these cells. However, treatment with U0126 alone
or in combination with temozolomide also inhibits the growth of NHEM cells (Figure
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Figure 3.3. ERK-targeted inhibitors enhance chemosensitivity to temozolomide and carboplatin. A375 (A and C) or
NHEM (B and D) cells were treated for 48 hours with increasing doses of temozolomide (graphs A and B) or
carboplatin (graphs C and D) alone or in combination with 25µM 76.2, 76.3, or 76.4. (E) A375 or (F) NHEM cells
were treated for 48 hours with the indicated doses of temozolomide alone or in combination with U0126. The
proliferation in treated cells is shown as a percentage of control (DMSO only, 100%) cells following analysis using
the WST-1 assay. * and # indicates statistical significance compared to untreated controls (ERK inhibitor
alone/chemotherapeutic alone) or chemotherapeutic alone (combination treatments), p ≤ 0.05 and p ≤ 0.01,
respectively; as determined by student’s t-test.
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3.3F). Thus, these data suggest that targeted inhibition of ERK functions in combination
with chemotherapeutic agents is an effective approach to inhibiting melanoma cell
growth but may have fewer toxic effects on normal cells as compared to MEK inhibitors.
These data suggest that the combination of our ERK-targeted inhibitors with traditional
chemotherapeutic agents leads to greater inhibition of melanoma cell growth as compared
to these agents alone and may have less toxic effects on normal melanocytes as compared
to MEK inhibition.

3.3.4 ERK-targeted inhibitors down regulate cyclin D1 expression
To further investigate the enhanced inhibition of cell proliferation, we examined
the expression of cell cycle proteins in the presence of our ERK-targeted inhibitors and
chemotherapeutics following 24 hours of treatment. Cell cycle progression was
measured by monitoring cyclin B1 expression, which is involved in the G2/M transition
and cyclin D1 and p21Cip1 expression, which are involved in the G1/S transition (Figure
3.4). A375 melanoma cells did not exhibit dramatic changes in cyclin B1 expression
after treatment with ERK-targeted inhibitors alone or in combination with
chemotherapeutic agents. On the other hand, treatment of A375 cells with ERK-targeted
inhibitors alone resulted in a statistically significant decrease in cyclin D1 expression
(Figure 3.4). The addition of temozolomide at doses of 25 or 50µM in combination with
the ERK-targeted inhibitors enhanced the decrease in cyclin D1 (Figure 3.4A). Not until
concentrations of 250µM, which also inhibited A375 cell growth, did temozolomide
cause reduction in cyclin D1 expression irrespective of the presence of 76.2, 76.3, and
76.4 (Figure 3.4A). However, when combined with carboplatin the enhancement of
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Figure 3.4. ERK-targeted inhibitors reduce cyclin D1 expression. A375
cells were treated for 24 hours with increasing doses of temozolomide (A)
or carboplatin (D) alone or in combination with 25µM 76.2, 76.3, or 76.4.
Immunoblots show expression of cyclin D1, p21Cip1 (p21), and cyclin B1.
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and D and show the mean ± SEM from three independent experiments. *
and # indicates statistical significance compared to untreated controls
(ERK inhibitor alone/chemotherapeutic alone) or chemotherapeutic alone
(combination treatments), p ≤ 0.05 and p ≤ 0.01, respectively, as
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95
cyclin D1 down regulation was less pronounced until 50µM (Figure 3.4D). This result is
consistent with previous reports that suggest prolonged inhibition of Rsk-1, as
demonstrated in Figure 3.1, causes a G1 arrest [26].
The expression of p21Cip1 increased in a manner corresponding with decreased
cyclin D1 expression further indicating a G1 arrest. Interestingly, the induction of p21Cip1
expression was blunted upon treatment with 76.3 and 76.4 alone as well as in
combination with carboplatin as compared to carboplatin alone and this effect was more
pronounced in the presence of temozolomide (Figure 3.4C/F). However, it has been
suggested that a relationship exists irrespective of cell cycle between p21Cip1 and cyclin
D1 expression levels in some human malignancies [27, 28]. In fact, previous studies
have shown that cyclin D1 mediates stability of p21Cip1 in the presence of elevated ERK
signaling [28]. Conceivably, the blunted expression of p21Cip1 could be due to changes in
protein stability in response to cyclin D1 down regulation following treatment with our
ERK-targeted inhibitors. These data suggest that the ERK-targeted inhibitors act as
cytostatic factors to enhance inhibition of melanoma cell growth by chemotherapeutic
agents and is consistent with previous reports that suggest Cyclin D1 expression is
dependent upon MEK activation in melanoma cells harboring B-Raf mutations [19].

3.3.5 ERK-targeted inhibitors enhance down regulation of Mcl-1 by temozolomide.
Due to the apparent cytostatic effects of our ERK-targeted inhibitors we wanted to
determine whether this result also translated into a cell death response. To test this we
observed the expression levels of two apoptotic proteins, Mcl-1 and survivin, whose
expression has a direct correlation with the activity of the ERK pathway following 24
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hour treatment with our ERK-targeted inhibitors and chemotherapeutics alone or in
combination (Figure 3.5). Mcl-1 requires ERK-mediated phosphorylation for
stabilization (reviewed in [29]), and survivin expression is decreased when the ERK
pathway is inhibited with the known MEK inhibitor U0126 [30]. However, we observed
only a slight decrease in Mcl-1 expression in the presence of 76.2 and 76.3 alone (Figure
3.5A/B). Temozolomide alone exhibited a dose dependent decrease in Mcl-1 expression
and this effect was enhanced in the presence of 76.2 and 76.3. However the enhancement
observed with temozolomide did not occur with carboplatin (Figure 3.5D/E).
Interestingly, there were no significant effects on survivin expression in the presence of
our ERK inhibitors or chemotherapeutics alone as well as in combination (Figure 3.5).
Furthermore, at this time period of exposure to our inhibitors and
chemotherapeutic agents, there was no evidence for the induction of apoptosis upon
examination of caspase-8 and -9 activity or PARP cleavage (Figure 3.6). These data
suggest that the cytostatic effects observed do not translate into an apoptotic response
under these conditions despite effects on Mcl-1 expression in the presence of
temozolomide.

3.3.6 ERK-targeted inhibitor 76.3 enhances the efficacy of temozolomide in vivo
We next investigated whether the ERK-targeted inhibitors could enhance the efficacy of
temozolomide in an in vivo A375 melanoma cell xenograft model. We first established a
sub-optimal dose for temozolomide in the xenograft model. Mice harboring A375 tumors
were treated with vehicle, 50, or 100 mg/kg of temozolomide daily for the first 5 days
and then tumor volumes were measured after an additional 9 days. A dose dependent
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decrease in tumor volume was observed with the lower dose being statistically unchanged
from vehicle control (Figure 3.7A). Next, mice with A375 cell tumors were treated for
the first 5 days as described previously with vehicle, ERK-targeted inhibitor 76.3
(3mg/kg), temozolomide (60 mg/kg), or 76.3 together with temozolomide. As shown in
figure 3.7B, 76.3 or temozolomide alone were relatively ineffective at inhibiting tumor
growth. However, the combination of the two treatments resulted in a significant decrease
of tumor growth as early as day seven of the study. Importantly, no apparent toxicity or
weight loss was observed in control or treated animals. These data support the cell-based
findings and demonstrate the feasibility of using ERK-targeted inhibitors to enhance
chemotherapeutic drugs like temozolomide in preventing melanoma tumor growth in
vivo.

3.4 Discussion
Hyperactivation of the ERK pathway has long been associated with the
progression of melanoma primarily due to the prevalence of a B-Raf mutation, an
upstream activator of the pathway [2, 31]. Thus, targeting growth factor pathways such
as ERK in the treatment of melanoma has the potential for improved outcomes in patient
therapy [9, 32]. However, the effectiveness of these agents alone is questionable due to
only marginal increases in survival, suggesting that for optimal efficacy these agents be
combined with traditional chemotherapeutics [33]. Therefore, our approach in the
current studies of evaluating novel ERK-targeted inhibitors in combination with
traditional chemotherapeutic agents is warranted.
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Figure 3.7. ERK-targeted inhibitor 76.3 enhances the efficacy of
temozolomide in vivo. A375 melanoma cells were injected subcutaneously
into female nude (nu/nu) mice and allowed to grow until mean tumor
volume reached ~180mm3. Mice were then injected i.p. with vehicle or test
compound with or without temozolomide daily for the first 5 days and then
tumor volume was monitored for up to 17 days. (A) Tumor volumes at 14
days after the start of treatment with vehicle, 50, or 100mg/kg
temozolomide (TMZ). (B) Tumor volumes at days 1, 4, 7, 10, 14, and 17
after the start of treatment with vehicle, 3mg/kg 76.3, 60 mg/kg TMZ, or a
combination of 76.3 and temozolomide. Data represents the mean tumor
volume ± SEM of each treatment group over time. * and # indicates
statistical significance of 76.3 alone compared to temozolomide plus 76.3,
p ≤ 0.05 and p ≤ 0.01, respectively, as determined by one-way ANOVA.
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The ERK-targeted inhibitors used in the current studies are a family of
structurally similar compounds that target ERK-substrate interactions [24] that have
similar but distinct biological effects and are able to sensitize melanoma cells to
temozolomide and carboplatin. This is illustrated, in part, by all three ERK-targeted
inhibitors eliciting a dose dependent decrease in Rsk-1 phosphorylation, however there
were no inhibitory effects on Elk-1 phosphorylation. Moreover, these effects were not
due to inhibition of ERK activation and support the action of our ERK-targeted inhibitors
being on ERK substrate interactions. Furthermore, 76.2 is the only inhibitor to decrease
cell proliferation alone. However upon treatment of our ERK-targeted inhibitors in
combination with the traditional chemotherapeutics temozolomide and carboplatin we
saw additive with 76.2 and synergistic with 76.3 and 76.4 decreases in cell proliferation
by the inhibitors. These combinatorial effects were translated in an in vivo model, where
we observed significantly less tumor growth in response to a combination of our ERKtargeted inhibitor 76.3 and temozolomide. Undoubtedly, these dramatic cell proliferation
effects are not seen in normal human melanocytes and suggest that our ERK-targeted
inhibitors alone or in combination with traditional chemotherapeutics are not toxic to
normal cells.
Interestingly, my previous studies demonstrated that all the ERK-targeted
inhibitors used in this investigation induced apoptosis in HeLa cells however this effect
was not translated in A375 cells where the response is more cytostatic and may be
attributed to the B-Raf mutation commonly found in melanoma. Furthermore, several
studies have shown that treatment of melanoma with agents targeting the ERK pathway,
including Raf and MEK inhibitors, result in the induction of a G1 arrest [34-37]. This is
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consistent with previous reports demonstrating that cyclin D1, an important G1 cyclin,
expression is ERK dependent [19] and that prolonged inhibition of Rsk-1 with SL0101 or
siRNA causes a G1 arrest in melanoma cells [26]. Likewise our results, which
demonstrated decreases in cyclin D1 expression in response to treatment with our ERKtargeted inhibitors alone, and is slightly enhanced with the chemotherapeutics
temozolomide and carboplatin correlates with this dogma.
Recent studies suggest that ATP-competitive inhibitors specific for mutated BRaf are a promising new approach to selectively inhibit melanoma cell growth [38].
However these inhibitors induced activation of the ERK pathway in cells containing
wild-type Raf but inhibited activation in mutant Raf cells [7]. These results were found
to be a consequence of activating wild-type Raf dimers and could give reason for the
drug resistance. Inhibitors of MEK1/2 are also promising approaches to treating
melanoma [39]. AZD6244 is an allosteric MEK1/2 inhibitor that shows selectivity for
blocking proliferation of transformed cells containing Ras and B-Raf mutations [40].
However, melanoma cells can develop resistance to AZD6244 through mechanisms
involving increased activation of Akt regulated survival pathways [41, 42]. Thus
targeting down stream of these activators, such as our approach to target ERK proteins
with ERK-targeted inhibitors, may alleviate this concern and evade any deleterious
outcomes as a result of increases in pathway stimulation upstream or the development of
compensatory mechanims. Additionally, A375 melanoma cells have been found to be
resistant to cisplatin via ERK-mediated phosphorylation of Rsk-1 [43]. However this
resistance is overcome upon inhibition of the ERK pathway with the MEK inhibitor
U0126 and is consistent with the results presented here that show increased sensitivity of
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A375 melanoma cells to temozolomide and carboplatin, which is primarily Rsk-1
mediated.
These studies also indicate that lower doses of chemotherapeutics can be used in
combination with ERK-targeted inhibitors, which may possibly alleviate some of the
toxic consequences seen with chemotherapy. Therefore, our approach may evade some
of the inherent problems of traditional chemotherapeutics as well as complete ablation of
the ERK pathway as seen with Raf and MEK inhibitors by only partially inhibiting ERK
functions.
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Identification and Evaluation of Lead Compounds Targeting Potentially
Novel ERK2 Substrate Interaction Sites
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4.1 Introduction
Cell proliferation and survival signals are mediated by the extracellular signal
regulated kinase 1 and 2 (ERK 1/2) proteins. These proteins are members of the mitogen
activated protein kinase (MAPK) super family and are activated in response to growth
factors and cytokines that stimulate cell growth and prevent apoptosis [1, 2]. Mutations
in the upstream activators of this pathway, such as growth factor receptors, the small Gprotein Ras, and the Raf family of kinases have been identified in cancer resulting in
increased activity within the ERK signaling pathway [3]. As the incidence of cancer
continues to rise, the requirement for more targeted treatment options becomes more
apparent. In that regard, the ability of the ERK proteins to regulate processes involved in
cancer development and progression makes them viable therapeutic targets for cancer
treatment.
The ERK proteins have over 100 substrates, which underscores the importance of
these proteins in the regulation of a variety of cellular functions, some of which are
involved in cancer [3-5]. Of these, cell proliferation and survival signaling effects are the
most prominent relating to cancer. The substrate p90 Ribosomal S6 Kinase-1 (Rsk-1) is
a prime example since its role is two fold involving the regulation of both cell growth and
survival effects [6]. For instance, Rsk-1 mediates cell survival signals by
phosphorylating and inactivating the pro-apoptotic protein Bad on Ser112, which is a
member of the Bcl-2 family of apoptotic proteins [7, 8]. Additionally, the
phosphorylation of death-associated protein kinase (DAPK) inactivates this pro-apoptotic
protein and provides another mechanism by which ERK can mediate cell survival signals
[9]. Furthermore, it is suggested that Rsk-1 plays a role in the regulation of cell cycle
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progression, and thus cell growth, by phosphorylating the transcription factor c-Fos,
which regulates immediate early genes including the cell cycle protein cyclin D1 [10].
These examples show the potential for ERK’s involvement in cell proliferation and
survival with just one substrate therefore the downstream effects regulated by this
pathway with potentially over 100 substrates are limitless.
ERK proteins interact with survival and cell growth substrates through very
specific docking interactions that have been well characterized in the literature. For
instance, the ERK proteins contain two docking domain sites on the C-terminal lobe, the
common docking (CD) and ED (CD/ED) domains [11, 12], which were the first to be
identified, and the F-recruitment site (FRS), which is exposed following activation [13],
that are used for substrate interactions. It has been recently suggested that it is through
these docking sites that the ERK proteins are able to interact with over 100 substrates [4].
Additionally, there are docking motifs that are present on substrate proteins as well.
These include the kinase interaction motif (KIM) or docking sequence (D-domain) and
the docking site for ERK FXFP (DEF domain/F-site) [14, 15]. Nonetheless due to the
macromolecular nature of these protein-protein interactions, the existence of additional
interaction sites on the C-terminal lobe is likely [16].
Our group was the first to identify ERK-targeted inhibitors that act independently
of the ATP binding site [17, 18]. However, these studies used the groove between the
CD/ED domains on ERK2 as the target location for the identification of test compounds,
which was called site 1. Here we utilized CADD to identify novel putative binding sites
on ERK2 outside of the known docking domains that are potentially involved in ERK
substrate interactions. Over 150 ERK-targeted inhibitor compounds were identified from
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a virtual database that target specific regions on the ERK2 protein and were labeled as
sites 2, 3, and 4. We evaluated these ERK-targeted inhibitors for their ability to inhibit
cell proliferation and ERK-mediated substrate phosphorylation events in transformed cell
lines resulting in the identification of lead inhibitor compounds.

4.2 Materials and Methods
4.2.1 CADD Screening
The computer-aided drug design (CADD) screening approach [17] was used to
identify selective inhibitors for ERK2 taking advantage of 3D structure of
unphosphorylated form of ERK2 [19, 20]. Three putative binding sites were identified
using the binding response method [21], named site 2, 3, and 4 respectively on the
surface of ERK2. To prepare the structures for binding pocket identification and
docking, atomic partial charges were assigned using the program Molecular Operating
Environment (MOE) (Chemical Computing Group Inc.). All database screenings were
performed with in-house modified MPI version of DOCK4 [22] using flexible ligand
docking based on the anchored search method [23]. The solvent accessible surface [24]
was calculated with the program DMS [25] using surface density of 2.76 vertex points
per Å2 and a probe radius of 1.4Å. Sphere sets, required for initial placement of ligands
for targeting binding site, were obtained with the program SPHGEN within DOCK
package.
A virtual database of more than 1.5 million low-molecular weight commercially
available compounds in the MacKerell laboratory was used for the primary virtual
screening. Scoring of compounds from the primary docking was performed using the
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vdW attractive interaction energy (IE) to evaluate the shape complementarity between
ligand and protein binding site component. Due to the contribution of the molecular size
to the energy score, compound selection favors higher molecular weight (MW)
compounds [26]. To avoid this size bias, vdW attractive IE was normalized based on the
number of non-hydrogen atoms N raised to a power x, as shown in equation 1[26].

IE norm =

IE
Nx

(Eq. 1)

The top 50,000 compounds obtained from the primary database screen were
subjected to a more rigorous and computationally demanding docking procedure, referred

€

to as secondary docking. The total ligand-receptor IE and vdW attractive IE were then
normalized separately as described above. The top 1000 compounds for each site were
selected from the secondary searches.
Final selection of compounds for experimental assay involved maximizing
chemical and structural diversity of the compounds as well as considering their
physicochemical properties with respect to bioavailability.

4.2.2 Cells and reagents
HeLa S3 (human cervical carcinoma), retinal pigment epithelial cells that stably
express human telomerase (hTERT-RPE), SKMEL-28, and A375 melanoma cells were
obtained from American Type Culture Collection (ATCC, Manassas, VA) and
maintained in complete medium consisting of Dulbecco's modified Eagle medium
(DMEM) plus 10% fetal bovine serum (FBS, Atlanta Biologicals, Lawrenceville, GA),
2mM L-Glutamine (Mediatech, Manassas, VA), and antibiotics (Penicillin, 100 U/ml;
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Streptomycin, 100 µg/ml) (Invitrogen, Carlsbad, CA). Hygromycin B, 0.01 mg/mL,
(Roche, Indianapolis, IN) was used to maintain selection for the hTERT-RPE cells.
Normal adult human epidermal melanocytes (NHEM) were purchased from Cascade
Biologics (Invitrogen, Carlsbad, CA) and maintained in Media 254 supplemented with
human melanocyte growth supplement-2, PMA free (HMGS-2, Cascade
Biologics/Invitrogen). Epidermal growth factor (EGF) and etoposide were purchased
from Sigma (St. Louis, MO) and used at final concentrations of 25 ng/ml and 50µM,
respectively. The phosphorylation specific ERK1/2 (pT183/pY185) and α-tubulin
antibodies were also purchased from Sigma. Antibodies against phosphorylated Bad
(pS112 or pS136), total Bad, phosphorylated p38 MAPK (pT180/pY182), phosphorylated
caspase-9 (pT125), and total caspase-9 were purchased from Cell Signaling (Beverly,
MA). Antibodies against poly (ADP-ribose) polymerase (PARP), total p38 MAPK were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). U0126 was purchased
from Calbiochem and used at final concentrations of 10µM. Test compounds were
purchased from Chembridge (San Diego, CA) and stored as 25 mM stock solutions in
DMSO.

4.2.3 Immunoblotting
Following treatments, cells were washed with cold 1X phosphate buffered saline
(PBS, pH 7.2; Invitrogen) and protein lysates were collected with 2X SDS-PAGE sample
buffer (4% SDS, 5.7M β-mercaptoethanol, 0.2M Tris pH 6.8, 20% glycerol, 5mM
EDTA). Proteins were separated by SDS-PAGE and analyzed by immunoblotting using
enhanced chemiluminesence (ECL, Pierce, Rockford, IL). The relative protein levels
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were determined by densitometry scanning (Alpha Innotech), keeping the pixel intensity
within the linear range of detection.

4.2.4 Cell proliferation assays
Cell proliferation was evaluated by colony formation and the water soluble
tetrazolium salt-1 (WST-1) assays. For colony formation, cells (~250 cells/mL) were
plated and allowed to recover for 24 hours before treatment with ERK-targeted inhibitor
compounds. Cells were grown for 7 days and colonies that formed (approximately 40
cells or more) were fixed for 10 minutes in 4% paraformaldehyde and stained with 0.2%
crystal violet in 20% methanol for 1-2 minutes. Data shown reflect at least three
independent experiments.
WST-1 assay was done according to manufacturer’s instructions. Briefly, cells
(1250/mL) were seeded in 96 well plates, allowed to adhere overnight followed by
incubation in the presence or absence of ERK-targeted inhibitor compounds for 48 hours.
WST-1 reagent was added and absorbance was read at 450nm with background readings
taken at 650nm. After background subtraction, values were normalized to the control
(DMSO only) cells. Data shown reflect the mean ± SEM for three independent
experiments done in triplicate.

4.2.5 Kinase assays
Active ERK2 (2ng, New England BioLabs, Ipswich, MA) was incubated with
0.5µg p90RSK-1 for 60 minutes at 30°C in 50mM Tris-HCl, 10mM MgCl2, 1mM EGTA,
2mM DTT, 0.01% Brij 35 (pH 7.5) containing 20µM ATP and 2µCi γ-32P-ATP.
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Reactions were stopped with an equal volume of 2x SDS-PAGE sample buffer and the
proteins were resolved by SDS-PAGE. The gels were stained with coomassie blue, dried,
and 32P incorporation into substrate was determined by phosphoimager analysis.

4.2.6 Fluorescent Activated Cell Sorting (FACS) Analysis
For apoptotic analysis, HeLa cells were plated at equal density and treated with
100µM of indicated test compound. Cells were washed and stained according to
manufacturers protocol (Calbiochem). Briefly, ~5x105 cells were incubated for 15
minutes with AnnexinV-FITC. Cells were centrifuged at 1,000 X g for 5 minutes and
resuspended in 0.5mL of cold 1X binding buffer. Propidium Iodide (PI) was added and
samples were immediately analyzed by flow cytometry (FACScan Analyser; Becton
Dickinson, Franklin Lakes, NJ). Ten thousand cells were counted under each condition.

4.2.7 Statistical Analysis
Comparisons between control and treated samples were performed utilizing an
unpaired students t-test with equal variance using KaleidaGraph software (Synergy
Software, Reading, PA). Statistical significance was indicated with an asterisk (*) if the
p value was equal to or less than 0.05 or a number sign (#) if the p value was equal to or
less than 0.01.
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4.3 Results
4.3.1 ERK-targeted inhibitor identification and screening
Our laboratory has previously utilized computer aided drug design (CADD) to
identify ERK-targeted inhibitors designed against ERK docking domains [17, 18]. In
these studies three novel putative binding sites on ERK2 have been identified within the
substrate binding regions using CADD. Site 2 involves residues Leu114, Ser151,
Trp190, Tyr191, Glu218, and Asn222, which are located transverse to the CD and ED
domains. Site 3 contains residues Ser221, Arg223, His237, and Arg275. Lastly, site 4
involves residues Ser244, Leu265, and Pro266, which are located below the activation
loop. The results of the CADD screening identified over 150 compounds: Site 2 – 56
compounds (2.1 – 2.56); Site 3 – 33 compounds (3.1 – 3.33); Site 2 and 3 – 7 compounds
(2.3.1 – 2.3.7); Site 4 – 62 compounds (4.1 – 4.62) and the putative binding sites are
shown in Figure 4.1. All the ERK-targeted inhibitors identified were first screened for
their ability to induce apoptosis due to ERKs involvement in survival signals. To
determine whether these inhibitors were able to induce apoptosis, we evaluated the
cleavage of poly (ADP-ribose) polymerase (PARP), which is a key regulator of
apoptosis, following a 24 hour treatment with 25-100µM of the ERK-targeted inhibitors
in HeLa cells (Figure 4.2A). From these screens 24 ERK-targeted inhibitors, with
representatives from all sites, resulted in the cleavage of PARP and were evaluated
further.
Next, we examined the ability of these 24 inhibitors to prevent cell proliferation
since ERK is a major regulator of cell proliferation signals. Several of the active ERKtargeted inhibitors had inhibitory effects on HeLa cell proliferation at 100µM, as
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Figure 4.1. Putative Binding Sites on the ERK2 protein as identified by CADD. Site 1 (S1) was identified in previous
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studies and involves the groove between the CD/ED domains. Site 2 (S2) involves residues Leu114, Ser151, Trp190,
Tyr191, Glu218, and Asn222, which are located transverse to the CD and ED domains. Site 3 (S3) contains residues
Ser221, Arg223, His237, and Arg275. Site 4 (S4) involves residues Ser244, Leu265, and Pro266, which are located
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observed with the colony formation and water soluble tetrazolium salt (WST) assays
(Figure 4.2B/C). As an additional screening method, we evaluated the ability of the
active ERK-targeted inhibitors to prevent phosphorylation of the pro-apoptotic protein
Bad on Ser112, since this is regulated indirectly by ERK-mediated Rsk-1
phosphorylation signals. We also evaluated the direct phosphorylation of caspase-9,
which is the initiator of the intrinsic apoptotic pathway and whose activation is negatively
affected by ERK phosphorylation [27, 28]. These studies showed that the active ERKtargeted inhibitors were able to inhibit ERK-mediated phosphorylation events and are
summarized in Table 4.1.
As an additional screening tool, the ERK-targeted inhibitors were examined for
their ability to interact with ERK2 using fluorescence quenching, which takes advantage
of ERKs inherent fluorescence due to the presence of three tryptophans. Incubation with
25µM of active ERK-targeted inhibitors showed decreases in ERK2 fluorescence, which
is an indicator of ERK2-inhibitor interactions. Taken together, these studies suggest that
we were able to identify additional novel putative binding sites on the ERK2 protein that
are potentially involved in ERK-substrate interactions.

4.3.2 Active ERK-targeted inhibitors effects on cell proliferation
Based on the screening studies, six compounds were determined to be leads and
were evaluated further for their ability to inhibit cell proliferation. The criteria used to
determine lead ERK-targeted inhibitors include the fluorescence quenching studies that
showed the ERK-targeted inhibitors were able to interact with ERK2, inhibition of cell
proliferation by ≥ 40%, and inhibition of caspase-9 and/or Bad phosphorylation by
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Figure 4.2. Screening of ERK-targeted inhibitors. (A) HeLa cells were
treated for 24 hours with 25-100µM indicated inhibitor. Representative
immunoblot of PARP (cleaved PARP indicated by the arrow head) from
the screening of Site 2, 3, and 4 inhibitiors. (B) Colony formation assay.
HeLa cells were seeded at 250 cells/mL and then treated for 7 days with
100µM indicated inhibitor. Data are representative of at least 3
independent experiments. (C) HeLa cells were seeded at 1250 cells/mL and
treated for 48 hours with 100µM indicated inhibitor. Data represent the
mean ± SEM for three independent experiments. C, control; Etop, 50µM
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Table 4.1 Summary of substrate phosphorylation effects
Compound

pBad
Ser112 (%)

pCasp9
Thr125
(%)

Compound

pBad
Ser112 (%)

pCasp9
Thr125
(%)

2.3

117.2

81.1

3.24

61.0

113.9

2.5

143.8

83.9

3.29

62.4

35.1

2.6

107.7

86.2

3.30

43.1

48.2

2.51

94.0

44.5

3.31

44.4

62.9

2.3.5

125

0

3.32

0

0
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42.9

3.33

118

9.3
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4.26

129
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4.33
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79
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Effects of ERK-targeted inhibitors on substrate phosphorylation. HeLa cells were treated
for 1hour with 100µM indicated inhibitor compound and stimulated with 25ng/mL EGF.
The values given are relative EGF only control (100%)

≥ 30%. A screen of 3.15, 3.30, 4.9, 4.26, 4.33, and 4.44 at doses of 25-100µM showed
these ERK-targeted inhibitors were able to inhibit cell proliferation as evident by
decreased cell proliferation in multiple transformed cell lines. Of these, 3.30 and 4.44
were consistently potent at inhibiting cell proliferation of HeLa and A375 melanoma
cells, which harbor a B-Raf mutation resulting in constitutive activation of the ERK
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pathway (Figure 4.3). However, 4.9, 4.26, and 4.33 exhibited dose dependent inhibition
of HeLa cell proliferation but were less effective in A375 cells. All the active ERKtargeted inhibitors demonstrated measurable inhibitory effects on the proliferation of nontransformed cells with the exception of 3.15 in epithelial cells that stably express the
enzyme telomerase (TERT) and normal human melanocytes (NHEM) (Figure 4.3). On
the other hand, 4.33 and 4.44 inhibited the proliferation of NHEM (Figure 4.3).
Interestingly, 4.9 inhibited A375 melanoma cell proliferation with an approximate IC50 of
50µM but induced dose dependent increases in NHEM cell proliferation; 4.26 also caused
apparent increases in NHEM proliferation. Notably, the lead inhibitors were relatively
ineffective at inhibiting the proliferation of SK-MEL28 melanoma cells, which also
contain a B-Raf mutation. These results indicate that these lead compounds are effective
at inhibiting transformed cell growth notwithstanding inhibitory effects on normal cells.

4.3.3 Active ERK-targeted inhibitors induce apoptosis
We next examined the ability of the lead ERK-targeted inhibitors to induce
apoptosis. HeLa cells were treated with 100µM indicated inhibitor for 16 hours and
examined for annexinV-FITC and propidium iodide staining (PI), which can be used to
distinguish cell populations in early (annexinV-FITC only) and late (annexinV-FITC and
PI) apoptosis. 4.9, 4.26, and 4.44 treatment resulted in the most prominent appearance of
annexinV-FITC positive cells, indicating that they are in the early stages of apoptosis
(Figure 4.4). Poly (ADP-ribose) polymerase (PARP) cleavage, which is a late apoptotic
marker, was also monitored under the same conditions and showed that 3.30, 4.9, and
4.44 were the most effective at inducing PARP cleavage (Figure 4.4). Notably, the
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Figure 4.3. ERK-targeted inhibitor compounds effects on cell
proliferation. HeLa cervical carcinoma, retinal pigment epithelial cells
that stably express the enzyme telomerase (TERT), A375 melanoma,
SK-MEL28 melanoma, and non-transformed human epidermal
melanocytes (NHEM) were treated for 48 hours with 25-100µM of the
indicated ERK-targeted inhibitor compound. The proliferation in treated
cells is shown as a percentage of control (DMSO only, 100%) cells
following analysis using the WST-1 assay. Data represent the mean ±
SEM from 3 independent experiments done in triplicate. * and #
indicates statistical significance compared to untreated controls (DMSO
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ERK-targeted inhibitors that showed PARP cleavage also had a higher population of cells
staining for annexinV-FITC and PI, which further confirms the presence of cells in the
later stages of apoptosis. These studies show that our ERK-targeted inhibitors are able to
elicit an apoptotic response.

4.3.4 Active ERK-targeted inhibitors effects on survival signals
We next wanted to determine if the apoptotic response seen in the previous
studies were due to ERK-mediated effects. To that extent we examined the
phosphorylation status of the intrinsic apoptotic activator caspase-9 on Thr125 and the
pro-apoptotic protein Bad on Ser112, both of which are involved in ERK-mediated
survival signals [27, 29]. Caspase-9 phosphorylation on Thr125 was monitored in HeLa
cells following a one-hour pre-incubation with 10-100µM of lead ERK-targeted
inhibitors after 10 minute epidermal growth factor (EGF) stimulation to activate the ERK
pathway. These conditions resulted in dose dependent decreases in ERK-mediated
caspase-9 phosphorylation with 3.30 and 4.44 being the most potent and having IC50
values of ~10µM (Figure 4.5).
Examination of Bad phosphorylation on Ser112 under the same conditions
yielded less dramatic results showing less apparent dose dependent effects for 3.30, 4.26,
and 4.44 with approximate IC50 values of 100µM (Figure 4.6A). To further confirm that
the Bad phosphorylation changes were due to ERK we assessed the phosphorylation
status of p90Rsk-1 by ERK2 in the presence of 3.30, 4.26, and 4.44 utilizing an in vitro
kinase assay. All three ERK-targeted inhibitors showed dose dependent decreases in
phosphate incorporation into p90Rsk-1 however 4.26 and 4.44 were the most potent
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inhibitors (Figure 4.6B). Taken together, these results indicate that the apoptotic
response seen in our earlier studies is at least in part due to decreases in ERK-mediated
phosphorylation of survival proteins.

4.3.5 ERK-targeted inhibitors effects on p38 MAPK activation
The MAPK super family contains several members including p38 MAPK, which
is activated in response to environmental stresses and inflammatory cytokines but not
appreciably by mitogenic/growth factors [30]. Importantly, p38 MAPK shares 50%
sequence homology with ERK2 [31] making it an excellent marker for measuring off
target effects of our ERK-targeted inhibitors. With the exception of 3.30 and 4.9, the
effects on p38 MAPK activation following anisomycin stimulation in the presence of
100µM ERK-targeted inhibitors were minimal (Figure 4.7). These data suggest that the
effects of our inhibitors are not due to effects on p38 MAPK even though they share 50%
sequence homology with ERK2.

4.4 Discussion
The identification of ERK-targeted inhibitors is a unique approach to the
development of targeted therapies for cancer treatment. We predict that targeting and
inhibiting the ERK proteins utilizing sites potentially involved in ERK-substrate
interactions will increase the effectiveness of these agents as therapeutics as compared to
other kinase inhibitors targeting the upstream activators MEK and Raf. The ERK
proteins have over 100 substrates that are used to mediate cell proliferation and survival
as well as homeostatic signals [4] providing an excellent target for anticancer therapies.
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Our approach of identifying ERK-targeted inhibitors that disrupt ERK-substrate
interactions of novel sites utilizing CADD could be effective at inhibiting signaling
processes involved in cancer and maintain those processes involved in homeostasis.
The ERK-targeted inhibitors used in these studies were identified from novel
ERK-substrate interaction sites of ERK2. Several compounds showed differential effects
on cell proliferation of transformed cell lines. For example, 3.30 is more potent at
inhibiting A375 melanoma cell proliferation, which harbors a B-Raf mutation resulting in
hyperactivation of the ERK pathway, than HeLa cells that contain wild-type B-Raf.
These studies suggest that increased ERK activity makes A375 melanoma cells more
susceptible to the inhibitory effects of this ERK-targeted inhibitor. Additionally, 3.30
was a potent inhibitor of ERK-mediated caspase-9 phosphorylation with an IC50 value of
~10µM and displayed substrate selectivity as indicated by minimal effects on p90Rsk-1
phosphorylation in HeLa cells. Unexpectedly, 3.30 displayed noticeable effects on p38
MAPK activation suggesting that the apoptotic response observed could potentially be
due to off target effects on this fellow member of the MAPK super family. Nonetheless,
3.30 shows promise as a lead ERK-targeted inhibitor and some chemical modifications
may improve the effectiveness of this inhibitor on ERK-mediated signaling events and
minimize off target effects on p38 MAPK.
Interestingly, none of the lead ERK-targeted inhibitors were effective at inhibiting
SK-MEL28 cell proliferation. SK-MEL28 cells contain an inactivating p53 mutation
[32] and suggests a potential reason for the lack of cell proliferation effects seen in these
cells. Mutations in p53 have been associated with inhibiting drug-induced apoptosis and
may play a role in tumor cell resistance [33, 34]. SK-MEL28 melanoma cells are
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Figure 4.6. ERK-targeted inhibitors reduce ERK-mediated
phosphorylation of p90Rsk-1 and Bad. (A) HeLa cells transfected with
Bad were pre-treated for 1 hour with 10 -100 µM of indicated test
compound, stimulated with EGF (25ng/ml), and immunoblotted for
phosphorylated Bad (pS112) or total Bad. Graph shows the mean ± SEM
for relative phosphorylation as determined by densitometry scanning from
3 independent experiments. (B) In vitro kinase assays examining 32P
incorporation into p90Rsk-1 following incubation with active ERK2 and γ32
P-ATP for 60 min. in the absence or presence of 1-25µM of ERKtargeted inhibitor compounds. Relative phosphate incorporation was
quantified by phosphoimager analysis. C, Control; E, EGF treated; L,
25µM LY294002; U, 10µM U0126
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historically resistant to chemotherapeutic agents such as temozolomide [35] or interferons
[36], which are commonly used in clinical treatment for melanoma. Furthermore, it has
been suggested by David Weber (University of Maryland Baltimore, College of
Medicine) and colleagues that the Raf/MEK/ERK pathway plays a role in regulating the
calcium binding protein S100B since inhibition of B-Raf or MEK resulted in decreased
S100B expression levels (personal communication). Additional studies have shown that
inhibition of S100B can sensitize melanoma cells to UV radiation in the presence of WT
p53 but not the inactivating mutant found in SK-MEL28 cells [37]. Taken together these
studies suggest a mechanism of resistance in SK-MEL28 melanoma cells mediated in
part by p53 and perhaps through S100B however the exact mechanisms involving the
ERK pathway have yet to be elucidated.
The involvement of additional regions on ERK proteins for substrate interactions
has been eluded too and warrants further study to continue the understanding of ERKsubstrate interactions [16]. Overall, our current studies suggest the presence of novel
putative binding sites on ERK2 that are involved in ERK-substrate interactions. Three
lead ERK-targeted inhibitors 3.30, 4.26, and 4.44 were shown to be the most promising
as demonstrated by the induction of apoptosis as well as inhibition of cell proliferation
and ERK-mediated phosphorylation events. Moreover, the identification of these novel
putative binding sites can be further evaluated to identify substrates that utilize these
regions for ERK binding.

131

44

4.

33

4.

26
4.

9

4.

U

30

SB

3.

A

3.

C

15

Anisomycin

p-p38
p38

Figure 4.7. Effects of ERK-targeted inhibitors on the activation of
p38 MAPK. HeLa cells were pre-treated for 1 hour with 100µM of
indicated inhibitor compound, 20µM SB203580 (SB), a p38 MAPK
inhibitor, or 10µM U0126 (U), stimulated with anisomycin (A)
(25µg/ml), and immunoblotted for phospho-p38 MAPK (p-p38), and
total p38 MAPK (p38). Data are representative of at least three
independent experiments. C, Control; A, Anisomycin treated

132
4.5 References
1.

Chang F, Steelman LS, Shelton JG, Lee JT, Navolanic PM, Blalock WL, Franklin
R and McCubrey JA (2003) Regulation of cell cycle progression and apoptosis by
the Ras/Raf/MEK/ERK pathway (Review). Int J Oncol 22:469-80.

2.

McCubrey JA, Steelman LS, Chappell WH, Abrams SL, Wong EW, Chang F,
Lehmann B, Terrian DM, Milella M, Tafuri A, Stivala F, Libra M, Basecke J,
Evangelisti C, Martelli AM and Franklin RA (2007) Roles of the Raf/MEK/ERK
pathway in cell growth, malignant transformation and drug resistance. Biochim
Biophys Acta 1773:1263-84.

3.

Dhillon AS, Hagan S, Rath O and Kolch W (2007) MAP kinase signalling
pathways in cancer. Oncogene 26:3279-90.

4.

von Kriegsheim A, Baiocchi D, Birtwistle M, Sumpton D, Bienvenut W, Morrice
N, Yamada K, Lamond A, Kalna G, Orton R, Gilbert D and Kolch W (2009) Cell
fate decisions are specified by the dynamic ERK interactome. Nat Cell Biol
11:1458-64.

5.

Kim EK and Choi EJ (2010) Pathological roles of MAPK signaling pathways in
human diseases. Biochim Biophys Acta 1802:396-405.

6.

Anjum R and Blenis J (2008) The RSK family of kinases: emerging roles in
cellular signalling. Nat Rev Mol Cell Biol 9:747-58.

7.

Bonni A, Brunet A, West AE, Datta SR, Takasu MA and Greenberg ME (1999)
Cell survival promoted by the Ras-MAPK signaling pathway by transcriptiondependent and -independent mechanisms. Science 286:1358-62.

8.

Shimamura A, Ballif BA, Richards SA and Blenis J (2000) Rsk1 mediates a
MEK-MAP kinase cell survival signal. Curr Biol 10:127-35.

9.

Anjum R, Roux PP, Ballif BA, Gygi SP and Blenis J (2005) The tumor
suppressor DAP kinase is a target of RSK-mediated survival signaling. Curr Biol
15:1762-7.

133
10.

Chen RH, Abate C and Blenis J (1993) Phosphorylation of the c-Fos
transrepression domain by mitogen-activated protein kinase and 90-kDa
ribosomal S6 kinase. Proc Natl Acad Sci U S A 90:10952-6.

11.

Tanoue T, Adachi M, Moriguchi T and Nishida E (2000) A conserved docking
motif in MAP kinases common to substrates, activators and regulators. Nat Cell
Biol 2:110-6.

12.

Tanoue T, Maeda R, Adachi M and Nishida E (2001) Identification of a docking
groove on ERK and p38 MAP kinases that regulates the specificity of docking
interactions. Embo J 20:466-79.

13.

Lee T, Hoofnagle AN, Kabuyama Y, Stroud J, Min X, Goldsmith EJ, Chen L,
Resing KA and Ahn NG (2004) Docking motif interactions in MAP kinases
revealed by hydrogen exchange mass spectrometry. Mol Cell 14:43-55.

14.

Liu S, Sun JP, Zhou B and Zhang ZY (2006) Structural basis of docking
interactions between ERK2 and MAP kinase phosphatase 3. Proc Natl Acad Sci U
S A 103:5326-31.

15.

Sheridan DL, Kong Y, Parker SA, Dalby KN and Turk BE (2008) Substrate
Discrimination among Mitogen-activated Protein Kinases through Distinct
Docking Sequence Motifs. J Biol Chem 283:19511-20.

16.

Zhang J, Zhou B, Zheng CF and Zhang ZY (2003) A bipartite mechanism for
ERK2 recognition by its cognate regulators and substrates. J Biol Chem
278:29901-12.

17.

Chen F, Hancock CN, Macias AT, Joh J, Still K, Zhong S, MacKerell AD, Jr. and
Shapiro P (2006) Characterization of ATP-independent ERK inhibitors identified
through in silico analysis of the active ERK2 structure. Bioorg Med Chem Lett
16:6281-7.

18.

Hancock CN, Macias A, Lee EK, Yu SY, Mackerell AD, Jr. and Shapiro P (2005)
Identification of novel extracellular signal-regulated kinase docking domain
inhibitors. J Med Chem 48:4586-95.

19.

Canagarajah BJ, Khokhlatchev A, Cobb MH and Goldsmith EJ (1997) Activation
mechanism of the MAP kinase ERK2 by dual phosphorylation. Cell 90:859-69.

134
20.

Zhang F, Strand A, Robbins D, Cobb MH and Goldsmith EJ (1994) Atomic
structure of the MAP kinase ERK2 at 2.3 A resolution. Nature 367:704-11.

21.

Zhong S and MacKerell AD, Jr. (2007) Binding response: a descriptor for
selecting ligand binding site on protein surfaces. J Chem Inf Model 47:2303-15.

22.

Kuntz ID, Blaney JM, Oatley SJ, Langridge R and Ferrin TE (1982) A geometric
approach to macromolecule-ligand interactions. J Mol Biol 161:269-88.

23.

Kuntz ID (1992) Structure-based strategies for drug design and discovery.
Science 257:1078-82.

24.

Connolly ML (1983) Solvent-accessible surfaces of proteins and nucleic acids.
Science 221:709-13.

25.

Ferrin TE, Huang, C.C., Jarvis, L.E., Langridge, R. (1988) The MIDAS display
system. J. Mol. Graphics 6:13-27.

26.

Pan Y, Huang N, Cho S and MacKerell AD, Jr. (2003) Consideration of
molecular weight during compound selection in virtual target-based database
screening. J Chem Inf Comput Sci 43:267-72.

27.

Allan LA, Morrice N, Brady S, Magee G, Pathak S and Clarke PR (2003)
Inhibition of caspase-9 through phosphorylation at Thr 125 by ERK MAPK. Nat
Cell Biol 5:647-54.

28.

Martin MC, Allan LA, Mancini EJ and Clarke PR (2008) The docking interaction
of caspase-9 with ERK2 provides a mechanism for the selective inhibitory
phosphorylation of caspase-9 at threonine 125. J Biol Chem 283:3854-65.

29.

Allan LA and Clarke PR (2009) Apoptosis and autophagy: Regulation of caspase9 by phosphorylation. FEBS J 276:6063-73.

30.

Roux PP and Blenis J (2004) ERK and p38 MAPK-activated protein kinases: a
family of protein kinases with diverse biological functions. Microbiol Mol Biol
Rev 68:320-44.

135
31.

Chen Z, Gibson TB, Robinson F, Silvestro L, Pearson G, Xu B, Wright A,
Vanderbilt C and Cobb MH (2001) MAP kinases. Chem Rev 101:2449-76.

32.

O'Connor PM, Jackman J, Bae I, Myers TG, Fan S, Mutoh M, Scudiero DA,
Monks A, Sausville EA, Weinstein JN, Friend S, Fornace AJ, Jr. and Kohn KW
(1997) Characterization of the p53 tumor suppressor pathway in cell lines of the
National Cancer Institute anticancer drug screen and correlations with the growthinhibitory potency of 123 anticancer agents. Cancer Res 57:4285-300.

33.

Johnstone RW, Ruefli AA and Lowe SW (2002) Apoptosis: a link between cancer
genetics and chemotherapy. Cell 108:153-64.

34.

Fan S, Smith ML, Rivet DJ, 2nd, Duba D, Zhan Q, Kohn KW, Fornace AJ, Jr.
and O'Connor PM (1995) Disruption of p53 function sensitizes breast cancer
MCF-7 cells to cisplatin and pentoxifylline. Cancer Res 55:1649-54.

35.

Zheng M, Bocangel D, Ramesh R, Ekmekcioglu S, Poindexter N, Grimm EA and
Chada S (2008) Interleukin-24 overcomes temozolomide resistance and enhances
cell death by down-regulation of O6-methylguanine-DNA methyltransferase in
human melanoma cells. Mol Cancer Ther 7:3842-51.

36.

Bae SI, Cheriyath V, Jacobs BS, Reu FJ and Borden EC (2008) Reversal of
methylation silencing of Apo2L/TRAIL receptor 1 (DR4) expression overcomes
resistance of SK-MEL-3 and SK-MEL-28 melanoma cells to interferons (IFNs) or
Apo2L/TRAIL. Oncogene 27:490-8.

37.

Lin J, Yang Q, Wilder PT, Carrier F and Weber DJ (2010) The calcium-binding
protein S100B down-regulates p53 and apoptosis in malignant melanoma. J Biol
Chem 285:27487-98.

Chapter 5
Future Directions

136

137
5.1 Introduction
The extracellular signal-regulated kinase 1 and 2 (ERK 1/2) proteins are potent
mediators of cell proliferation and survival signals however they also play a role in
homeostatic processes. The ERK proteins have been implicated in cancer due to the high
incidence of mutations in upstream activators such as growth factor receptors, the small
G-protein Ras, and the Raf kinase family [1]. These upstream mutations result in
hyperactivation of the ERK pathway leading to dysregulated cell growth and increased
survival signals, both of which are hallmarks of cancer. Thus, selective inhibition of
ERK proteins for inhibition of cancer related signals while still maintaining homeostatic
processes would be ideal and could lead to the development of new anti-cancer therapies.
Proteins within the ERK signaling pathway have long been targets in the
development of cancer therapeutics [2-5]. Current therapies used in the treatment of
cancer target upstream activators of ERK signaling pathway and include monoclonal
antibodies, antisense oligonucleotides, and small molecules [2]. However, the
effectiveness of these therapeutics as single agents have been minimal and suggests that
the approach should consist of a combination of agents that target distinct aspects of
cancer such as traditional chemotherapeutics which target DNA and inhibitors targeting
growth factor signals.
However, despite the elucidation of mechanisms involved in the activation and
regulation of the ERK pathway, little attention has been directed toward targeting the
ERK proteins themselves. To date, only a few groups other than ours has focused their
attention on developing ERK-targeted inhibitors [6-8]. The first two groups to
approaching this task identified ATP-dependent ERK inhibitors however due to the
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conservative nature of this region these agents may lack specificity and could potentially
lead to off target effects on other kinases. To that end, our group was the first to
approach inhibition of ERK signals in an ATP-independent manner utilizing the
identification of ERK-substrate interaction domains as targets for the development of
small molecules via computer aided drug design (CADD) [9, 10]. We have proven the
validity of this approach in our previous studies and have further confirmed the
effectiveness of these agents in the current studies to inhibit ERK-mediated signals in
vitro and in vivo.

5.2 Future Studies
5.2.1 Similarity Searching/Lead Optimization
As discussed in Chapters 2 and 3, we successfully identified a family of ERKtargeted inhibitors that are similar in structure but have distinguishable biological effects.
These findings validate the CADD approach for compound identification and
demonstrated the ability to develop a class of molecules with the desired biological effect
of inhibiting ERK-substrate interactions. Therefore, additional active molecules
identified, such as 3.30 in Chapter 4, can also be subjected to similarity searching. This
process will identify additional compounds with similar structures that may potentially
have more selective biological responses and increased potency.
Additionally collaboration with an organic chemist will unlock the potential of
lead optimization by identifying common moieties that enable the ERK-targeted inhibitor
to elicit the desired biological responses resulting in increased efficacy. For instance, the
common thiazolidinedione core found in 76, 76.2, 76.3, and 76.4 could be further
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modified to increase the potency of this family of ERK-targeted inhibitors resulting in the
identification of new compounds that could be further modified and so on ultimately
resulting in a highly efficacious molecule(s). Additionally, other commonalities observed
in active compounds could be exploited to generate active inhibitors. However
evaluating the effectiveness of these agents in biological assays would be cumbersome
but could be quickly overcome via high-throughput screening abilities.

5.2.2 Further Characterization of identified ERK-targeted inhibitors
The active ERK-targeted inhibitors were limitedly characterized due to limited
resources for the detection and activity of ERK substrates. However there are a diverse
number of substrates that could be affected by these ERK-targeted inhibitors that were
not assessed here. Additionally, our current studies focused on ERK-mediated apoptosis
induction that was caspase dependent however it is suggested that the ERK proteins may
play a role in caspase-independent apoptosis. For instance, studies have shown that ERK
activity is involved in the release of apoptosis inducing factor (AIF) from the
mitochondria [11], which mediates the induction of apoptosis that is poly (ADP-ribose)
polymerase (PARP) independent [12]. Thus, some inhibitor compounds may have been
eliminated based on the screening criteria used in these studies.
Tumor cells have evolved multiple ways of avoiding apoptosis through the
mediation of survival signals. One of the ways this is exploited is through
hyperactivation of growth factor pathways such as ERK. The ERK proteins mediate
these survival signals via additional apoptotic signaling proteins that were not evaluated
here. For instance, additional Bcl-2 family members are regulated by ERK proteins and
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include Bcl-xL and Bcl-2 [13]. Therefore, monitoring the expression levels of these prosurvival proteins could be used to further characterize the inhibitory effects of our ERKtargeted compounds.
Additionally, the focus of the current studies was to evaluate the effects on
apoptotic signaling proteins for implications in the development of cancer therapeutics
however ERK proteins are involved in other diseases as well. As an example,
Alzheimer’s is a neurodegenerative disease characterized by the formation of amyloid-β
(Aβ) and neurofibrillary tangles containing the microtubule-associated protein Tau
(reviewed in [14]). The ERK proteins have been implicated in the hyperphosphorylation
of Tau found in neurofibrillary tangles [15, 16] and thereby play a role in the
development of Alzheimers disease. Thus the evaluation of our ERK-targeted inhibitors
in additional disease models may lead to the development of additional therapeutics.

5.2.3 Combination studies with traditional chemotherapeutics
In Chapter 3 we demonstrated that using our ERK-targeted inhibitors in
combination with the traditional chemotherapeutics temozolomide and carboplatin
enhanced the efficacy of these agents however these studies represent only one class (i.e.
DNA alkylating) of chemotherapeutics that are currently used in the treatment of cancer.
Nonetheless, the efficacy of taxanes, such as paclitaxel, whose mode of action involves
the stabilization of microtubules, was also enhanced in melanoma when used in
combination with our ERK-targeted inhibitors (Figure 5.1). However, topoisomerase
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Figure 5.1. ERK-targeted inhibitor compounds enhance chemosensitivity
to paclitaxel. A375 cells were treated for 48 hours with increasing doses of
paclitaxel alone or in combination with 25µM 76.2, 76.3, or 76.4. The
proliferation in treated cells is shown as a percentage of control (DMSO
only, 100%) cells following analysis using the WST-1 assay. Data
represent the mean ± SEM of three independent experiments.

inhibitors such as etoposide as well as DNA intercalating agents such as doxorubicin,
which are commonly used in the clinic, should also be assessed for enhancement of
efficacy in the presence of our ERK-targeted inhibitors. This may identify classes of
chemotherapeutics that can be efficiently combined with agents targeting growth factor
pathways such as our ERK-targeted inhibitors.
Additionally, the combination of traditional therapeutics and our ERK-targeted
inhibitors can be explored in other cancers containing hyperactivation of the ERK
pathway caused by Ras and B-Raf mutations. Notably, cancers containing B-Raf
mutations should be of particular interest since the transformative properties of these
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cancers may rely more heavily on the ERK proteins. For instance, papillary thyroid
(50%), colon (10%), and most notably melanoma (>60%), which was explored here,
contain B-Raf mutations and would make excellent platforms for the evaluation of the
clinical potential of our ERK-targeted inhibitors. Importantly, additional in vivo studies
in these models should be carried out as well to determine the efficacy in advanced tumor
models
Current clinical therapies involve the complete ablation of ERK signals through
Raf and MEK inhibitors however these agents have been relatively unsuccessful as single
agents. Complete inhibition of the ERK pathway could lead to the induction of
compensatory mechanism for cell proliferation by way of the activation of other growth
factors such as Akt kinase. Furthermore, recent studies have suggested that agents
targeting mutant B-Raf actually increased ERK activity by transactivating wild-type BRaf dimers [17]. Nonetheless, these agents are very successful at inhibiting ERK
signaling in melanoma tumors however they could prove to be deleterious and lead to
drug resistance through the induction of other growth signals as well as over expression
of wild-type Raf isoforms, which was recently reported in melanoma [17, 18]. Taken
together, these results suggest that complete inhibition of ERK signals may do more harm
in the long run and validates our approach of selectively inhibiting ERK-mediated growth
and survival signals potentially avoiding any desire of the cell to counteract its inhibition.
Moreover, the development of cancer relies on multiple oncogenic events involving
somatic mutations and increased expression of growth receptors that leave the cell “hot
wired” for growth and the evasion of apoptosis. Therefore, to effectively treat cancer the
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approach should be multifaceted and target several mechanisms involved in
transformation such as growth factors and DNA, which are the building blocks of life.

5.2.4 Co-crystallization of ERK-inhibitor complexes
The results from all the studies completed here and by previous members of our
group point to the ability of the ERK-targeted inhibitors developed in our laboratory to
facilitate decreases in ERK-mediated phosphorylation events. Even though we have
utilized CADD to target sites on ERK2 that are involved in ERK-substrate interactions,
the exact location of ERK-inhibitor interactions remains unknown. To that extent, the
only way to determine the sites of interactions between our ERK-targeted inhibitors and
ERK is to perform co-crystallization studies. These studies may reveal that our ERKtargeted inhibitors are not interacting at our targeted location and may reveal additional
regions on the ERK2 protein that could be exploited for their involvement in ERKsubstrate interactions.

5.3 Conclusion
Our ultimate research goal is to identify small molecule ERK-targeted inhibitors
that selectively inhibit substrate interactions. Ideally, this would involve the inhibition of
substrates involved in cell growth and survival that are aberrant in cancer but maintain
limited ERK activity required for homeostasis, such as differentiation which is required
for the maintenance of the epidermis. To that extent we have shown here the ability of
our ERK-targeted inhibitors to prevent ERK-mediated phosphorylation events in
response to exogenous stimuli (i.e. epidermal growth factor) as well upstream mutations
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(i.e. B-Raf). Certainly, the cell proliferation effects of our ERK-targeted inhibitors is
abrogated in melanoma, which harbors a B-Raf mutation, however this can be overcome
when used in combination with traditional chemotherapeutics. These studies suggest a
new therapeutic regimen for cancer involving the combination of traditional
chemotherapeutics with small molecule ERK-targeted inhibitors. Moreover, the presence
of additional ERK-substrate interaction sites is likely and the preliminary studies shown
here provide a foundation for the development of ERK-targeted inhibitors designed
against novel putative binding sites on the ERK2 protein.
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