PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES return on or before date due.
MAY BE RECALLED with earlier due date if requested.

DATE DUE DATE DUE DATE DUE

5/08 K:/Proj/Acc&Pres/CIRC/DateDue.indd




NECESSITY AND SUFFICIENCY OF MITOGEN-ACTIVATED
PROTEIN KINASE KINASE SIGNALING PATHWAYS
FOR MELANOMA CELL PROLIFERATION
By

CHIH-SHIA LEE

A DISSERTATION
Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of
DOCTOR OF PHILSOPHY
Biochemistry and Molecular Biology

2010



ABSTRACT
NECESSITY AND SUFFICIENCY OF MITOGEN-ACTIVATED PROTEIN
KINASE KINASE SIGNALING PATHWAYS FOR MELANOMA CELL
PROLIFERATION
By

CHIH-SHIA LEE

The mitogen activated protein kinase kinases (MKK or MEK) signaling pathways
are critical for melanoma survival. Although MEK1 and MEK2 generally are considered
functionally redundant, a few studies have indicated that they may have distinct
biological functions. However, in assessing the relative contribution of MEK1 and
MEK?2 towards extracellular signal-regulated kinase (ERK)-mediated biologic response,
investigators have relied on tests of necessity, not sufficiency. Dissecting both necessity
and sufficiency of MEK signaling pathways is important to understand the intel_'play of
the signaling network. To do so, I used two complementary approaches to determine the
necessity and sufficiency of MEK1 and MEK2 signaling pathways for melanoma cell
proliferation. To determine the necessity, I used isoform-specific siRNA to knock down
either MEK1 or MEK2 in human melanoma SK-MEL-28 cells. An effect on
proliferation was observed only when both MEK 1 and MEK2 were knocked down,
indicating that neither of the individual isoforms is necessary for SK-MEL-28 cell
proliferation. To determine the sufficiency, I have developed a novel experimental
system that allows only one MEK/MKXK signaling pathway to be present in cells. In this
system, anthrax lethal toxin (LeTx), a pan-MEK/MKK protease, is used to inhibit
multiple endogenous MEK/MKXKs in cells, and either MEK1 or MEK2 signaling pathway

is simultaneously rescued by the cleavage-resistant form of MEK (MEKcr). Surprisingly,



ERK activity persisted in LeTx-treated cells expressing MEK2cr but not MEK 1 cr.
Microarray analysis revealed groups of non-overlapping downstream transcriptional
targets of MEK1 and MEK2, and indicated a substantial rescue effect of MEK2cr on
proliferation pathways. Furthermore, LeTx efficiently inhibited the cell proliferation and
anchorage-independent growth of SK-MEL-28 cells expressing MEK 1cr but not MEK2cr.
These results indicate MEK2 signaling is sufficient for ERK activation, melanoma cell
proliferation, and anchorage-independent growth, and demonstrate that in SK-MEL-28
cells MEK1 and MEK2 signaling pathways are not redundant and interchangeable for

cell proliferation. I conclude that in the absence of other MKK, MEK?2 is sufficient for
SK-MEL-28 cell proliferation. MEK1 can conditionally compensate for MEK2 only in

the presence of other MKK.
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Chapter I.  General introduction: MEK signaling pathway and cancer

1.1. Introduction to MEK signaling pathway
1.1.1. Exploring the Raf-MEK-ERK signaling pathway

In late 1980s, Ray and Sturgill (1987; 1988a) observed that soluble fractions of
cell extracts prepared from insulin-treated 3T3-L1 adipocytes were capable of
phosphorylating the microtubule-associated protein 2 (MAP-2) protein. Initially this
protein kinase was termed microtubule-associated protein (MAP) kinase, as it catalyzed
the phosphorylation of MAP-2 on serine and threonine residues (Sturgill & Ray, 1986).
Later, MAP kinase activity was shown to be stimulated not only by insulin but also by
other mitogenic factors such as serum, insulin-like growth factors, epidermal growth
factor (EGF), and phorbol 12-myristate 13-acetate (PMA; also called TPA) (Rossomando
et al., 1989; Erickson et al., 1990). Therefore, this enzyme was also named mitogen-
activated protein (MAP) kinase (Rossomando et al., 1989) or extracellular signal—
regulated kinase (ERK) (Boulton ef al., 1990). Since growth factor—stimulated MAP-2
phosphorylation was accompanied by DNA synthesis and cell cycle progression (Sato et
al., 1985; Sato et al., 1986), Ray and Sturgill’s seminal discovery opened the way to
exploring the MAP kinase signal transduction pathway through which these cellular
events were regulated.

Ray and Sturgill (1988b) also showed that ERK was phosphorylated at threonine
and tyrosine residues upon stimulation, and serine/threonine phosphatase as well as
tyrosine phosphatase could completely deactivate ERK (Anderson e al., 1990). These

findings indicated that ERK itself was a phosphoprotein and that activation of ERK



involved phosphorylation by another protein kinase having threonine and tyrosine
specificity. Soon after, the activator for ERK was identified and purified from EGF-
stimulated cells by Ahn (1991) and colleagues (Seger et al., 1992). This dual-specificity
protein kinase (both serine/threonine and tyrosine specificity) (Gomez & Cohen, 1991;
Nakielny et al., 1992; Seger et al., 1992) was called MAP kinase kinase (MAPKK,
MAP2K or MKK) (Gomez & Cohen, 1991) or MAPK/ERK kinase (MEK) (Crews &
Erikson, 1992). Similarly, MEK was characterized as a phosphoprotein that required
serine/threonine phosphorylation for its own kinase activity (Gomez & Cohen, 1991).
Serine/threonine protein phosphatase 2 (PP2A) — but not tyrosine phosphatases — was
shown to inactivate MEK activity (Gomez & Cohen, 1991; Nakielny et al., 1992). This
indicated that downstream of the growth factor receptors (which were tyrosine kinases)
there must be at least one serine/threonine protein kinase that functioned as the MEK
activator. Subsequent to this, the Raf family of protein kinases, cellular homologues of
the acutely transforming viral oncogene v-raf (Rapp et al., 1983), were identified as
direct activators of MEK (Dent et al., 1992; Kyriakis et al., 1992). c-Mos has also been
identified as a kinase that activates MEK, though its normal expression is limited to

oocytes (Sagata et al., 1988).

1.1.2. Activation mechanism of the MAP kinase cascade

MAP kinase pathways are evolutionarily conserved signaling pathways that
transduce signals from the cell membrane to the nucleus in eukaryotic cells (reviewed by
English et al., 1999; Chen et al., 2001; Pearson et al., 2001; Johnson & Lapadat, 2002;

Roux & Blenis, 2004). Signal transduction through the Raf-MEK-ERK pathway (Figure



1) begins with the binding of extracellular growth factors to specific transmembrane
receptors. This results in dimerization and/or conformational changes in the receptors,
leading to a series of cytoplasmic protein recruitment/activation steps that include the Raf
falﬁily of proteins. Raf then activates MEK1 and MEK?2, the only known MEK isoforms,
by phosphorylating them on the conserved serine residues in the activation loop
(Ser218/Ser222 of human MEK1 and Ser222/Ser226 of human MEK?2) (Alessi et al.,
1994; Zheng & Guan, 1994). Active MEK1 and MEK2 then in turn activate ERK1 and
ERK2, the only known substrates of MEK, by phosphorylating the threonine and tyrosine
residues in the conserved T-E-Y motif (Thr202/Tyr204 of human ERK1 and
Thr185/Tyr187 of human ERK?2) (Payne ez al., 1991). After activation, ERK
phosphorylates and activates downstream effectors regulating a variety of cellular events
at the transcriptional and posttranslational levels (reviewed by English et al., 1999; Chen
et al., 2001; Pearson et al., 2001; Johnson & Lapadat, 2002; Roux & Blenis, 2004).

Why does the MAP kinase pathway employ three tiers of protein kinases to
transduce signals instead of one? To simulate MAPK phosphorylation and activation,
Huang and Ferrell (1996) constructed an elegant mathematical model and then tested
predictions of this model in cytoplasmic extracts of Xenopus oocytes. They found that
whereas Raf behaved as a typical Michaelis-Menten enzyme, MEK and ERK behaved as
“ultrasensitive” enzymes. In other words, MEK and ERK are relatively less sensitive to
low concentrations of stimuli but above a threshold level stimuli evoke a strikingly rapid
response. This makes MEK and ERK respond to stimuli in an all-or-none fashi;)n, like a
switch. Moreover, according to their model, the ultrasensitivity of this reaction is directly

linked to the dual phosphorylation that is required to activate MEK and then ERK. This



observation has profound functional implications and should be an important

consideration in designing strategies to inhibit this pathway.

1.2. Involvement of MEK signaling pathway in human cancers

The Raf-MEK-ERK pathway is an important signaling pathway that, in response
to growth factor signals, promotes cell cycle progression and cell proliferation (reviewed
by English et al., 1999; Chen et al., 2001; Pearson et al., 2001; Johnson & Lapadat, 2002;
Roux & Blenis, 2004). Therefore, it is not surprising that deregulated activities of the
kinases in this pathway disrupt growth control, which can lead to cancers. The
hypothesis that elevated activity of the Raf-MEK-ERK signaling pathway may lead to
cancer was tested more than ten years ago when constitutively active MEK-ERK
signaling was shown to be sufficient to transform mammalian cells (Mansour et al.,
1994a). In support of this, screening of somatic mutations in a panel of human cancer
cell lines identified the presence of the constitutively active B-Raf mutant V600E, which
results in a persistent activation of the downstream pathway, in 66% of human
melanomas and in a lower percentage of other types of cancers (Davies et al., 2002).
Based on these findings, targeting the Raf-MEK-ERK signaling pathway became a

prospective strategy for treating human cancers.

1.3. Targeting the Raf-MEK-ERK pathway as a strategy for treating cancers
In principle inhibitors can be designed that will block any step in this pathway
(reviewed by Kohno & Pouyssegur, 2003; Sebolt-Leopold & Herrera, 2004; Kohno &

Pouyssegur, 2006). However, because this is an amplifying signal cascade, it makes



most sense to block that signal as close to the stimulus (receptor tyrosine kinase) as
possible. This is particularly true in this case as MEK and ERK respond to stimuli in an
all-or-none fashion. Therefore, it might be argued that Raf kinases are the preferred point
of intervention. However, in an unexpected twist several investigators now report that B-
Raf inhibitors paradoxically can activate MEK-ERK signaling in cells that express wild-
type B-Raf (Hatzivassiliou et al., 2010; Heidorn et al., 2010; Poulikakos et al., 2010). It
appears that the binding of ATP-competitive B-Raf inhibitors .causes conformational
changes in the kinase that promotes dimerization and transactivation of non—drug-bound
C-Rafin an active Ras-dependent fashion. So, while it makes sense to target tumors
harboring B-Raf mutations with B-Raf inhibitors, it may actually be disadvantageous to
use these drugs to treat tumors with wild-type B-Raf since they may enhance
proliferation of tumor cells and may have adverse effects on normal cells with active Ras.
In this case MEK inhibitors may be the most appropriate therapeutic option.

A great deal of effort has gone into looking for highly selective MEK inhibitors.
Many of these are commonly used in laboratories as powerful tools in the study of the
MEK-ERK signaling pathway, and select inhibitors are currently in cancer clinical trials,
having shown promising anti-cancer activity in preclinical studies. In the following
sections, I will review the discoveries, properties, and clinical applications of two
categories of highly selective MEK inhibitors: non—ATP-competitive small-molecule
inhibitors and biological inhibitors. By focusing on their MEK selectivity and inhibition
mechanisms, the following review will provide insights into the potential of these

inhibitors as tools for studying the Raf-MEK-ERK pathway and as anti-tumor agents.



1.3.1. Small-molecule inhibitors

In this section, the best known and commonly used non—ATP-competitive MEK
inhibitors will be reviewed. These inhibitors result in MEK-specific inhibition by an
allosteric mechanism which contributes to highly selective inhibition of MEK without

affecting other protein kinases that have structurally similar ATP binding pockets.

1.3.1.1. PD 098059
By screening a compound library using an in vitro kinase cascade
phosphorylation assay, Dudley et al. (1995) identified PD 098059, 2-(2'-amino-3'-

methoxyphenyl)-oxanaphthalen-4-one (Figure 2a), as a synthetic inhibitor of the MAPK

pathway. PD 098059 inhibits MEK (ICsg = 10 uM, see Table I) but not other

components of the MAPK pathway. In later studies, PD 098059 showed no significant
effect on a spectrum of other protein kinases, including protein kinase A (PKA), protein

kinase C (PKC), and other kinase members in the MAPK family pathways such as p38

MAP kinase, c-Jun NH>-terminal kinase (JNK), p38 MAP kinase kinase, and MKK4

(Alessi et al., 1995; Davies et al., 2000). Kamakura et al. (1999) showed that PD 098059
had no effect on MEK5 (a MEK/MKK family member which is independent from the
MEK1/2-ERK1/2 pathway) in vitro, but did have an inhibition effect on intracellular
MEKS activity. This was later confirmed by Mody et al. (2001), although a high
concentration (100 pM) of PD 098059 was required. PD 098059 inhibits growth factor—
stimulated MAPK activation and DNA synthesis in Swiss 3T3 cells (Dudley et al., 1995),
suggesting the membrane permeability and in-cell inhibitory activity of PD 098059.

Initial observation showed that PD 098059 did not inhibit MEK1 that had been
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maximally phosphorylated by c-Raf (Alessi et al., 1995; Ahn et al., 2001), raising a
possibility that PD 098059 did not bind to the active site of MEK but instead bound to
another allosteric pocket. The allosteric inhibition mechanism was later confirmed by

using classical Michaelis-Menten methods (Favata et al., 1998).

1.3.1.2. U0126

U0126, 1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene (Figure
2b), was the second compound identified as an allosteric inhibitor of MEK. Favata et al.
(1998) screened a total of 40,000 compounds for their ability to inhibit activator protein 1
(AP-1)—driven transcription using a luciferase reporter assay. They reported that U0126
inhibited both AP-1—driven gene expression and TPA-induced up-regulation of c-Jun and
c-Fos at the protein and the mRNA levels, suggesting that U0126 targeted the upstream
activators of c-Jun and c-Fos. Indeed, U0126 inhibits MEK (see Table I), but not other
MKK members and MAP kinases (Davies et al., 2000) except for MEKS (Kamakura et
al., 1999; Mody et al., 2001). In addition, U0126 showed a 100-fold greater potency than
PD 098059 (Favata et al., 1998). This was later confirmed by Davies et al. (2000).
Consistent with PD 098059 studies, U0126 has a much lower effect on activated wild-
type MEK than constitutively active MEK (Alessi ef al., 1995; Ahn et al., 2001),
suggesting that the conformational change in MEK upon activation interferes with the
binding of these inhibitors. In addition, this implied that these two MEK inhibitors might
not compete with the ATP binding pocket of MEK. Using classical Michaelis-Menten

enzyme modeling, Favata et al. (1998), confirmed the non—ATP-competitive mechanism



of these MEK inhibitors the structural basis of which will be discussed in detail later in
this section.

The results of in vitro kinase assays using purified proteins suggested that PD
098059 and U0126 inhibited the phosphorylation and activation of MEK but not the
ability of MEK to phosphorylate ERK (Alessi et al., 1995; Ahn ef al., 2001). However,
in later studies, the inhibitory effect of PD 098059 and U0126 on MEK phosphorylation
was not observed in intact cells when using antibodies specifically against phospho-MEK
(Ahn et al., 2001). A possible explanation for this controversy is that the action of these
two inhibitors in intact cells is mediated by inhibition of MEK phosphoryl-transferase
activity, and that both inhibitors may interfere with Raf-dependent MEK phosphorylation
in vitro, only when other intracellular components are absent. This controversy was also
pointed out and discussed by Kohno and Pouyssegur (2003).

PD 098059 and U0126 are widely used in laboratories as powerful tools for
studying the MEK signaling pathway. Both molecules are commercially available and
have thousands of entries in the PubMed database. However, neither of them has entered

clinical trials due to their limited in vivo bioactivity.

1.3.1.3. PD 184352 (CI-1040)

PD 184352 (Figure 2c), also known as CI-1040, was identified by Sebolt-Leopold
et al. (1999) as a potent MEK inhibitor (IC5¢ = 17 nM; see Table I) in an in vitro kinase
cascade assay using GST-fusion proteins of MEK1 and MAPK. PD 184352 has a higher

potency than PD 098059 and U0126 (Table I), and has no effect on other kinases tested

(Sebolt-Leopold et al., 1999; Davies et al., 2000). Similar to PD 098059 and U0126, PD



184352 inhibits intracellular MEKS activity at a much higher concentration than that
required to inhibit the activation of ERK (Mody et al., 2001). PD 184352 is not
competitive with ATP or ERK (Sebolt-Leopold e al., 1999), suggesting a similar
allosteric inhibition mechanism for PD 184352 as for PD 098059 and U0126. The

cellular consequences of MEK inhibition by PD 184352 include a complete suppression

of platelet-derived growth factor (PDGF)-induced ERK activation, induction of G cell

cycle arrest, reversion to untransformed morphology, and inhibition of anchorage-
independent growth in colon cancer cells as well as in other cancer cell lines (Table I)
(Sebolt-Leopold et al., 1999). Interestingly, PD 184352 showed a stronger effect on
three colon cancer cell lines that had high ERK activity relative to cancer cell lines with
low ERK activity, suggesting that the inhibitor is more potent for cancer cells that are
addicted to MEK signaling. This was further confirmed by Solit ez al. (2006), who
showed that the B-Raf V600E oncogenic mutation in cancer cell lines was associated
with enhanced and selective sensitivity to PD 184352 when compared with B-Raf wild-
type cell lines. In addition to the in vitro effects, Sebolt-Leopold et al. (1999)
successfully showed that PD 184352 actively suppressed ERK activation in colon cancer
cell xenograft tumors in mice within one hour after oral administration. More
importantly, this in vivo efficacy was achieved over a wide range of doses (48-200 mg/kg,
two treatments per day for 14 days) without signs of toxicity. This was the first study
demonstrating the in vivo efficacy of MEK inhibition by a small-molecule inhibitor.

A phase I study of PD 184352 was conducted to test the toxicity,
pharmacokinetics, pharmacodynamics, maximum tolerated dose, food effect, and clinical

activity in patients with advanced cancers, including colorectal, non-small cell lung,



pancreatic, and kidney cancers, as well as melanoma (Allen et al., 2003; LoRusso et al.,
2005b). PD 184352 was administrated orally in single to multiple daily doses from 100
mg to 1,600 mg for 21 days, followed by 7 days off, for a total of three cycles. After the
maximum tolerated dose profile was determined, the “holiday” week between treatment
cycles was removed to test the safety profile of continuous dosing. Blood and urine
samples were collected throughout the treatment for pharmacokinetics and biomarker
assessments. Phospho-ERK levels were assessed in blood samples and tumor biopsies to
determine the clinical targeting activity of PD 184352. The study results showed that PD
184352 was well tolerated at a treatment of 800 mg twice daily, with common grade 1 or
2 drug-related adverse events including diarrhea, asthenia, rash, nausea and vomiting.
Although this was a phase I study initially designed only to assess toxicity, some patients
showed promising signs of efficacy: one out of 66 patients had partial response lasting
355 days, and 19 patients (29%) achieved stable disease for 4-17 months with a median
of 5.5 months.

Based on these results, a phase Il trial was initiated to assess the antitumor
activity and safety of PD 184352 in patients with advanced breast, colon, non-small-cell
lung, and pancreatic cancers (Rinehart et al., 2004). In this study, PD 184352 was given
to patients at 800 mg twice daily and continuously, and was reduced later in 200-mg
decrements for patients with grade 2 or greater adverse event severity. Continuous PD
184352 treatment exceeding one year was well tolerated without cumulative toxicities,
and 81% of the patients experienced only grade 1 or 2 adverse events. However, PD

184352 was terminated in the phase II trial because no complete or partial responses were
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observed, although eight patients (12%) achieved stable diseases lasting 4-18 months
with a median of 4.4 months.

The change in ERK activity in the tumors after PD 184352 treatment was not
available from the phase II study as the study was not designed to assess it in tumor
biopsies. However, in the earlier phase I study, ERK activation was inhibited by 46% to
100%, with an average of 73% in tumor biopsies from ten out of ten (100%) patients
(LoRusso et al., 2005b). This suggests that the lack of response to PD 184352 in the
phase II study might not be solely due to incomplete inhibition of ERK activity in the
tumors. In addition, the authors of this study also attributed the lack of response to the
poor metabolic stability of PD 184352. PD 0325901, a PD 184352 analog, was then
developed as a second-generation MEK non—ATP-competitive inhibitor with improved
potency and pharmaceutical properties, and it has since entered clinical trials (discussed

immediately below).

1.3.14. Derivatives of PD 184352

PD 0325901 (Figure 2d), an analog of PD 184352, is also a non—ATP-competitive
inhibitor and possesses high selectivity for MEK (Sebolt-Leopold et al., 2004). PD
0325901 has a 500-fold higher cellular effect on ERK activation than does PD 184352
(see Table I). It is believed that this improvement is the result of several factors,
including better solubility and higher metabolic stability. Similar to PD 184352, PD
0325901 has higher potency for xenograft tumors harboring the B-Raf V600E mutation
than for tumors with wild-type B-Raf (Solit et al., 2006). In recent studies, PD 0325901

showed in vivo potency for oncogenic B-Raf-induced lung adenocarcinoma and

11



melanoma (Dankort et al., 2007; Dankort ef al., 2009a). More importantly, in preclinical
studies, PD 0325901 suppressed ERK phosphorylation by more than 50% at a single oral
dose of 25 mg/kg at 24 hours after treatment. In comparison, PD 184352 suppressed
ERK phosphorylation at a much higher dose of 150 mg/kg for only eight hours, and the
phospho-ERK level returned to the control level within 24 hours after treatment (Sebolt-
Leopold et al., 2004).

The improved biological profile and promising preclinical activity of PD 0325901
moved it into a phase 1-2 clinical study of patients with advanced cancers, including
breast, colon, and non-small-cell lung cancers as well as melanoma (LoRusso et al.,
2005a; Menon et al., 2005). Based on preclinical studies, cycles of PD 0325901 were
administrated orally from 1 mg once daily to 1, 2, 4, 8, 15, 20 or 30 mg twice daily for 21
days and then repeated every four weeks. The study was designed to focus on
pharmacokinetics, pharmacodynamics, and effectiveness. For this purpose, before and
during treatment, tumors were biopsied to assess ERK activation and proliferation index,
and blood samples were collected to measure the amount of circulating drug and its
metabolite. The results showed that PD 0325901 was well tolerated. In addition to
common toxicities (including rash, diarrhea, nausea, and vomiting), some patients had
visual effects including blurred vision and halos. Strong inhibitory effects of PD
0325901 treatment on phospho-ERK and proliferation marker Ki67 were observed at a
minimum dose of 2 mg twice daily: ERK phosphorylation was consistently suppressed by
an average of 84%, while cell proliferation (measured by Ki67 immunostaining) declined
by an average of 60%. Although one partial response (melanoma) and five stable disease

cases (four melanoma and one non-small-cell lung carcinoma) were observed, this study
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was terminated prematurely in 2007 mainly due to the safety concerns about the ocular
and neurological toxicity that presented at 10 mg twice daily and higher
(ClinicalTrials.gov Identifier: NCT00147550).

As both PD 184352 and PD 0325901 have failed in clinical trials, Pfizer recently
has developed and investigated a series of PD 184352 derivatives, among which one
compound has showed relatively superior ERK inhibition and better solubility then PD
184352 [compound 12a reported by Warmus et al. (2008)]. More importantly, the

metabolic stability of this compound is much better than that of PD 184352.

1.3.1.5. ARRY-142886 (AZD6244)

ARRY-142886, or 6-(4-bromo-2-chloro-phenylamino)-7-fluoro-3-methyl-3 H-
benzoimidazole-5-carboxylic acid (2-hydroxy-ethoxy)-amide (Figure 2g), also called
AZD6244, was disclosed in 2004 as another second-generation MEK small molecular
inhibitor (Wallace et al., 2004). Like PD 0325901, ARRY-142886 was developed based
on the PD 184352 structure, and therefore was highly selective for MEK and

noncompetitive with ATP (Lyssikatos et al., 2004; Yeh et al., 2007). In an in vitro assay,
ARRY-142886 inhibited the activity of purified MEK with an IC5q of 14.1 nM (Table I),
but had no effect on more than 40 other kinases and a minimal inhibitory effect on MEKS
(Yeh et al., 2007). Similar to other MEK noncompetitive inhibitors, ARRY-142886
inhibits MEK activity but not the phosphorylation and activation of MEK in intact cells

(Yeh et al., 2004; Yeh et al., 2007). ARRY-142886 has been shown to inhibit

intracellular phosphorylation of ERK1/2 in several cancer cell lines including melanoma,

colon, and pancreatic cancer lines, with an IC5q below 40 nM (Table I), but has no effect
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on MEKS (Yeh et al., 2007; Haass et al., 2008). Cellular responses to ARRY-142886

include an inhibition in proliferation and cell cycle arrest at the G{/S transition (Yeh et al.,

2004; Yeh et al., 2007; Haass et al., 2008), whereas prolonged treatment (72 h) results in
only limited apoptosis in some cell lines (Haass ef al., 2008). The cytostatic inhibitory
effect of ARRY-142886 was also observed in a three-dimensional culture model of
melanoma (Haass et al., 2008).

Like an earlier study of PD 184352 (Solit et al., 2006), ARRY-142886 had a
much stronger inhibitory effect on cancer cells harboring Ras or Raf oncogenic mutations
than on those without the mutations or on normal fibroblast cells (Yeh et al., 2004; Yeh
et al., 2007; Haass et al., 2008). Moreover, ARRY-142886 is active when given orally
and shows in vivo efficacy. In mouse xenograft models, ARRY-142886 not only inhibits
the growth of colon cancer and melanoma in a dose-dependent manner, but also induces
pancreatic xenograft tumor regression (Lee et al., 2004; Yeh et al., 2007; Haass et al.,
2008). Although ARRY-142886 effectively inhibits melanoma xenograft tumor growth,
it does not induce apoptosis in the tumor cells unless combined with microtubule-
stabilizing agents (Haass et al., 2008). Interestingly, xenograft tumor growth recovers
after cessation of ARRY-142886 administration, and the tumors regress again upon re-
administration (Yeh et al., 2007). This supports the idea that the effect of ARRY-142886
is cytostatic as opposed to cytotoxic and that continuous treatment may be necessary to
maintain the inhibitory effect.

With its promising in vivo antitumor activity, ARRY-142886 entered phase I
clinical trial in 2004, which was initiated to assess the maximum-tolerated dose,

pharmacokinetics, and pharmacodynamics in patients with advanced cancers, including
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breast cancer, colorectal cancer, and melanoma (Adjei et al., 2008). This study had two
parts. Part A was to determine the maximum-tolerated dose. Patients were orally given
ARRY-142886 at doses of 50, 100, 200, or 300 mg twice daily for 28-day cycles.
Although the maximum-tolerated dose obtained from part A was 200 mg twice daily, this
dose was discontinued in the second part of the study (Part B) because a substantial
number of patients in Part A required dose reductions, treatment holidays, or even
termination due to drug-related toxicities including rash, diarrhea, nausea, fatigue, and
blurred vision. Therefore, a dose of 100 mg twice daily was recommended for the Part B
study. The results showed that ARRY-142886 was well tolerated at 100 mg twice daily
with grade 1 or 2 adverse events. Promising targeting effects of ARRY-142886 were
observed in post-treatment tumor samples: ERK phosphorylation was strongly inhibited
by an average of 79%, while greater than 50% inhibition of cell proliferation (measured
by Ki67 immunostaining) was seen in 25% of the patients. One patient enrolled in this
study with malignant melanoma had a 70% reduction of tumor size after three cycles of
treatment but eventually developed brain metastases. Although no objective response
was achieved in the phase I study, nine patients (16%) had stable disease for more than
five months. Based on the promising targeting effect and recommended dosage obtained
from the phase I study, ARRY-142886 is now in several phase II studies, including

studies involving combination therapies.

1.3.2. Mechanism of allosteric inhibition
Initially both PD 098059 and U0126 were found to have a stronger effect on less

active MEK than highly active MEK (Alessi et al., 1995; Favata et al., 1998), suggesting
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that these kinase inhibitors do not bind to the enzyme active site of MEK. In addition,
Favata et al. (1998) also confirmed the non—ATP-competitive mechanism of these MEK
inhibitors by using classical Michaelis-Menten methods. While these inhibitors do not
compete with ATP or ERK, they do compete with each other, indicating that the
inhibitors share a common binding site independent of the ATP or ERK binding sites
(Favata et al., 1998). Ohren et al. (2004) identified the binding pocket of non—ATP-
competitive MEK inhibitors by co-crystallizing MEK with MgATP and two PD 184352
derivatives [PD 318088 (Figtlre 2¢) for MEK1 and PD 334581 (Figure 2f) for MEK2] as
ternary complexes with satisfactory resolutions. The crystal structures indicate that the
MEK inhibitors bind to MEK in a pocket adjacent to the MgATP binding site. The
inhibitor binding pocket and the MgATP binding pocket are physically separated by the
side chains of Lys97 and Met143, which are conserved in the MEK active site. This was
the first structural study directly revealing the allosteric binding pocket of these MEK
inhibitors.

Ohren et al. (2004) also showed that the diaryl amine (A ring and B ring, Figure
2c-g) structure of PD 184352 and its de;ivatives — including PD 0325901, PD 318088,
PD 334581, and ARRY-142886 — was the key to stabilizing the inhibitors in the
allosteric binding site. The A ring and the B ring form a crucial hydrogen-bond
interaction and numerous non-covalent interactions, respectively, with the hydrophobic
pocket formed by several residues. The binding of the inhibitors results in a series of
conformational changes in MEK, leading to interference with the catalytic residue Lys97
(MEK1) and thus inactivation of MEK activity. In other words, upon inhibitor binding,

MEK adopts a “closed” conformation of an active protein kinase, and the phosphoryl-
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transferase activity of MEK is inhibited. This is supported by a fact that PD 184352
treatment inhibits ERK activation in human melanoma SK-MEL-28 cells without
affecting the activation of MEK1 (Figure 3). The structures of MEK1 and MEK2, co-
crystallized with MgATP plus the inhibitor, share high homology (Ohren et al., 2004),
indicating that the same mechanism of inhibition is involved in both. Most recently, it
was shown that U0126 binds to MEK in the same pocket as PD 0325901 (Fischmann et
al., 2009). Since the two earliest non—-ATP-competitive MEK inhibitors, PD 098059 and
U0126, compete with each other (Favata et al., 1998), it is very likely that all of the MEK
inhibitors discussed above bind to the same pocket and use the same mechanism to
inhibit MEK.

The high selectivity of these allosteric inhibitors for MEK can be explained on the
basis of structure. First, these inhibitors do not compete with ATP, the major
intracellular energy source for all protein kinases; this decreases the binding affinity of
the inhibitors to other kinases. Second, these inhibitors bind to MEK in a unique binding
pocket, which is formed by several residues of MEK and stabilizes the inhibitor binding.
This pocket increases the MEK :inhibitor binding affinity as well as the complexity of the
binding, resulting in a high selectivity for MEK. Since the diaryl amines of these MEK
inhibitors are such a crucial structure for this MEK-specific inhibition mechanism, all the
second-generation MEK allosteric inhibitors have been developed based on this structure

in order to maintain the mechanism (Warmus ez al., 2008).

17



1.3.3. Biological inhibitors
1.3.3.1. Anthrax lethal toxin

The MEK-specific inhibitory activity of anthrax lethal toxin (LeTx) was revealed
in the National Cancer Institute Antineoplastic Drug Screen project (Duesbery et al.,
1998). In this study, sixty human cancer cell lines (termed NCI-60 cell lines) were tested
for their sensitivity to a panel of anti-neoplastic molecules. It was shown that the
sensitivity profile of the MEK inhibitor PD 098059 was very similar to that of LeTx,
raising the possibility that they sensitized the cells by a similar mechanism. Based on this,
Duesbery et al. (1998) characterized the MEK-specific protease activity of LeTx. About
the same time, Vitale ef al. independently demonstrated the same proteolysis of MEK by
LeTx (Vitale et al., 1998).

Anthrax lethal toxin is a binary toxin secreted by the bacterium Bacillus anthracis.
It is composed of a binding moiety called protective antigen (PA) and an enzymatic
moiety, lethal factor (LF). During cellular intoxication, PA binds to the anthrax receptors
expressed on the host cell surface and then is cleaved by a furin-like protease. This

cleavage removes a 20-kDa N-terminal fragment and leaves a 63-kDa C-terminal

truncation, PAg3, on the cell surface. PAg3 then forms an oligomerized channel to which

the LF binds. After the binding of LF, the complex is internalized into cells through the

endosomal internalization pathway. The acidic environment of the endosome causes a
conformational change in PAgj3 that results in the formation of pores through which LF is
released into cytosol [reviewed by Singh et al. (2005)].

Since its initial identification as a MEK1/2-specific protease (Duesbery et al.,

1998), additional members of the MAP kinase kinase family, including MKK3, 4, 6 and 7
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but not MEKS, have also been found to be substrates of LF [(Vitale et al., 1998;
Pellizzari et al., 1999; Vitale et al., 2000) and discussed by Duesbery et al. (2001)].
However, unexpected results from this dissertation research suggested that MKK7 might
not be a preferred LF substrate. This will be discussed in Chapter II. LF specifically
cleaves the N-terminus of MEK and other MKK proteins at the consensus cleavage site:

three to four basic or proline residues followed by three variable residues followed by an
aliphatic residue: (B/P)3_4-(X)3-Al (Table II). The N-termini of this family of proteins

harbor MAP kinase docking sites that are required for the interaction between
MEK/MKK and MAPK (Tanoue et al., 2000). Not surprisingly, after LF cleavage, the
C-terminal part of MEK/MKK, which contains the kinase domain, loses its affinity for
the downstream MAP kinases (Chopra et al., 2003; Bardwell et al., 2004). In addition,
biochemical evidence has shown that loss of the amino terminus may destabilize MEK,
leading to the decreased intrinsic kinase activity that is observed following LF-mediated
proteolysis (Chopra et al., 2003). Thus, cleavage of MEK/MKK by LF results in a
blockade of not only the ERK pathway but also of the p38 MAPK and JNK pathways.
Because increased MAP kinase activity has been detected in many types of
human cancers, LeTx has potential as a cancer therapeutic. The first evidence for the
anti-tumor activity of LeTx was provided by Friedlander et al. (1998). Duesbery ef al.
(2001) then assessed its effects on cancer cells and found that LeTx not only efficiently
inhibited the proliferation and the soft agar colony formation of oncogenic Ras-
transformed NIH-3T3 cells, but it also caused the cells to revert to a nontransformed
morphology. LeTx treatment also inhibited the growth of Ras-transformed cells

implanted in nude mice, with no overt toxicity. Interestingly, LeTx-treated xenograft
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tumors had a pale appearance whereas control tumors were dark red-purple. This study
demonstrated the in vivo antitumor activity of LeTx and also suggested that LeTx could
inhibit tumor growth by targeting cell proliferation pathways as well as angiogenesis
pathways.

This finding has been confirmed in several tumor models including melanoma
(Koo et al., 2002; Abi-Habib et al., 2005), Kaposi's sarcoma (Depeille et al., 2007),
fibrosarcoma (Ding et al., 2008), kidney cancer (Huang et al., 2008), neuroblastoma, and
colorectal adenocarcinoma (Rouleau et al., 2008) cells in vitro, as well as in xenograft
tumor growth in vivo. In the earliest xenograft studies, LeTx was not administrated
systemically, but intratumorally. In these studies it was noted that intratumoral injection
of LeTx had a growth inhibitory effect on distal, uninjected tumors (Duesbery et al., 2001;
Koo et al., 2002). These observations revealed the systemic anticancer potential of LeTx.
Abi-Habib et al. (2006a) then determined the in vivo potency and safety of systemically
(intraperitoneally) administrated LeTx in athymic nude mice bearing human melanoma
xenograft tumors. In this study, the ratios of PA to LF giving the highest potency were

determined to be 3:1 and 5:1, and LeTx was well tolerated at a cumulative dosage of 24

ug total LF at a 5:1 ratio of PA to LF. An LD for a cumulative dose was estimated at
30-36 pgtotal LF. Since this preclinical study, a standard LeTx systemic treatment has
been established for human cancer xenograft tumors in nude mice: 10 ug of PA and 2 pg

of LF are pre-mixed and injected intravenously through tail vein every other day, for a

total of six injections in two weeks (a cumulative does of 12 pg total LF, which is less

than half the LDg dose). At 12 pg, LeTx effectively inhibits the growth of xenograft

tumors without apparent animal toxicity (Depeille et al., 2007; Ding et al., 2008; Huang
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et al., 2008). In addition LeTx has been modified to selectively target cancer cells
expressing high levels of urokinase plasminogen activators or matrix metalloproteases,
features of metastatic cancer cells (Abi-Habib et al., 2006b; Liu et al., 2008).

Several lines of evidence support the conclusion that LeTx acts in an anti-
angiogenic fashion. First, as noted above, gross inspection reveals that LeTx-treated
tumors have a pale appearance when compared to untreated tumors. Second, the mean
vascular density for LeTx-treated tumors is dramatically reduced (Depéeille et al., 2007,
Ding et al., 2008; Huang ef al., 2008). Finally, a recent study using high-resolution
ultrasound enhanced with contrast microbubbles revealed the rapid (within 24 hours)
inhibitory effect of LeTx on the perfusion of fibrosarcoma xenograft tumors, but
interestingly not in non-tumor host tissues (Ding et al., 2008). This suggests that the
inhibitory effect of LeTx on endothelial function is highly selective for tumor-associated
blood vessels.

Although it is clear that LeTx reduces tumor vascularity, the mechanism by which
it does this is uncertain. The initial explanation that LeTx acted directly on tumor cells to
suppress the release of pro-angiogenic factors was supported by in vitro studies
demonstrating that LeTx suppressed release of angiogenic cytokines such as vascular
endothelial growth factor (VEGF), interleukin-6 (IL-6) and basic fibroblast growth factor
(bFGF). However, this hypothesis was questioned after LeTx was demonstrated in
subsequent studies to inhibit the growth of tumors that do not express toxin receptors (Liu
et al., 2008). Moreover, results from this dissertation research show that systemic LeTx
administration can inhibit growth of human melanoma SK-MEL-28 xenograft tumors

without directly targeting the MEK-ERK pathway in tumor cells (presented in Chapter
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III). These observations indicate that LeTx targets a non-tumor compartment, perhaps
endothelial cells. In support of this, endothelial cells have been reported to be potential
targets of LeTx (Kirby, 2004; Warfel et al., 2005; Alfano et al., 2009), and the MEK
signaling pathway is required for tumor-associated endothelial function (Mavria et al.,
2006). Regardless of the cellular target, these observations establish LeTx as an anti-
angiogenic agent. However, LeTx appears to be unique in this aspect since an anti-
angiogenic effect of other MEK inhibitors has not been reported. Thus this activity may
be related to its effects on other MKK signaling pathways

In summary, LeTx is a highly selective biological inhibitor of MEK and most
other members in the MKK protein family, and it shows very good potential to be a
potent cancer-targeting therapeutic. Although LeTx is unlikely to enter clinical trials
owing to its toxicity, it has become a powerful tool for studying the involvement of
MEK/MKXK signaling pathways, not only in cancers but also in other diseases such as
inflammatory diseases (Pellizzari et al., 1999; Park et al., 2002; Agrawal et al., 2003) and

eye diseases (Bromberg-White et al., 2009).

13.3.2. YopJ

YopJ is a member of the Yersinia outer protein (Yop) family of effectors proteins.
The Yops are virulence factors produced by Yersinia species including Yersinia pestis,
the bacterial pathogen that caused the bubonic plague or Black Death in the Middle Ages.
Upon infection, Yops are translocated into host cells through a contact-dependent type III
secretion system. Initial studies showed that YopJ was necessary and sufficient for the

pathogen to inhibit multiple eukaryotic signaling pathways, including all the parallel
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MAPK pathways (Palmer ef al., 1998; Palmer et al., 1999) and the nuclear factor kappa
B (NF-xB) pathway (Ruckdeschel et al., 1998; Schesser et al., 1998). Inhibition of these
multiple signaling pathways by YopJ results in disruption of cytokine secretion (which in
turn disrupts the innate immune response) and an induction of apoptosis in infected cells.
Later, Orth ef al. (1999) confirmed the direct and physical interactions of YopJ with
multiple signaling molecules (including IKKf, an NF-xB activator, and MKK1-5), but
not with the members of MKKK or MAPK. This finding suggested that YopJ inhibited
these signaling pathways by a mechanism that required direct binding to these signaling
molecules. Sequence comparisons showed that YopJ has a secondary structure similar to
that of the adenoviral protease (AVP) family. From this, Orth et al. (2000) demonstrated
the protease activity of YopJ and suggested that YopJ proteolytically inhibited the MAPK
and NF-xB pathways. However, whether proteolysis was the mechanism for YopJ
inhibition of the MAPK and NF-xB pathways was questionable, because the total amount
and molecular weight of MKK or IKKf were not affected by YopJ treatment (Orth et al.,
1999).

The biochemical mechanism for YopJ-mediated inhibition of eukaryotic signaling
pathways was not elucidated until recently, when studies identified YopJ as an O-acetyl
transferase that acetylates the serine/threonine residues in the activation loop of
MEK/MKK and IKK (Mittal et al., 2006, Mukherjee et al., 2006). Once acetylated,
those residues can no longer be phosphorylated and activated, resulting in inhibition of
the downstream MAPK and NF-kB pathways. A recent mutagenesis study has identified
the conserved G a-helix in the kinase domain of MEK as a YopJ-binding motif (Hao e?

al., 2008). In the study, a PCR random mutagenesis library was screened for mutant
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Pbs2 (MKK yeast homologue) proteins that were able to suppress YopJ-induced growth
inhibition in yeast. The conserved Ile579 residue of Pbs2 (corresponding to Ile317 of
human MEK1) was shown to be required for YopJ to bind and acetylate Pbs2. This
residue is in the conserved G o-helix in the kinase domain of MEK, and mutation of
several residues in this region has been shown to prevent interaction with YopJ (Hao et
al., 2008). Interestingly, the same region has been implicated in binding anthrax LF
(Chopra et al., 2003), and the G helix is also a part of the MEK homodimer interface
(Ohren et al., 2004). Although the link between MEK dimerization and LF/YopJ binding
has not been established, it is tempting to speculate that dimer disruption may be a factor
in MEK inhibition.

Based on the specific inhibitory effects of YopJ on the MAPK and NF-xB
signaling pathways, YopJ also has potential as a therapeutic for cancers and
inflammatory diseases. However, unlike LeTx, which can be internalized by host cells,
the delivery of YopJ into host cells is dependent on a type III secretion system that
requires a direct interaction between the pathogen and host cells (Ghosh, 2004).
Although YopJ can be expressed following transfection into mammalian cells, efficient
delivery of YopJ in a clinical setting must be realized in order to develop YopJ as a

therapeutic agent.

1.3.4. MEK inhibitors fail to generate clinical responses
Two categories of MEK inhibitors that inhibit the pathway activity were reviewed
in this chapter: small-molecule inhibitors that bind and inactivate MEK by a non—ATP-

competitive mechanism, and biological inhibitors that are produced by bacteria and
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inactivate MEK by posttranslational modifications. The MEK inhibitors in each of these
categories have advantages and disadvantages as therapeutic agents. Small-molecule
inhibitors are generally orally active and non-immunogenic, whereas the biological
inhibitors need to be administrated by injection and may cause an undesirable immune
response. On the other hand, small-molecule inhibitors are “washable” and they do not
physically destroy MEK, whereas the posttranslational modifications of MEK by
biological inhibitors are enzyme-mediated and irreversible in cells. Despite their pre-
clinical successes, the MEK small-molecule inhibitors have not performed well in cancer
clinical trials because of issues such as a lack of clinical response, insufficient efficacy,
and safety concerns. Several facts may explain why these MEK inhibitors work well on
xenograft tumors in nude mice but fail to generate clinical responses in human patients.
First, individuals enrolled in cancer clinical trials are generally those patients who do not
respond to conventional treatments and whose diseases have progressed to late stages
with metastasis. The tumor responses in these patients to MEK inhibitors may not be
well represented by subcutaneous xenografts in nude mice. Second, it has been shown
that cancer cells having constitutively active mutations in MEK activators are relatively
sensitive to MEK inhibition, whereas cells without these mutations are resistant (Yeh et
al., 2004; Solit et al., 2006; Yeh et al., 2007; Haass et al., 2008). However, patients
enrolled in most of the cancer clinical trials for MEK inhibitors were not initially selected
for the preferred mutations. Therefore, patients’ responses may not correlate well with
preclinical predictions. In the Phase I study of ARRY-142886, Ras and Raf mutations
were determined in biopsies, and 38% (10 of 26 assessable biopsies) had Ras (n = 9) or

Raf (n = 1) mutations (Adjei et al., 2008). Although the three tumors showing the
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strongest reduction in Ki-67 staining were positive for Ras or Raf mutations, no
statistically significant difference in response was observed, possibly due to the small
sample number in this study. Third, along with cancer progression, tumor cells in late-
stage patients acquire more and more genetic alterations, which may activate MEK-
independent survival pathways, leading to a resistance to MEK-dependent growth
inhibition. This could explain why in the clinical studies of PD 184352 and its
derivatives, MEK inhibitors did show desirable ERK inhibition but failed to generate

clinical responses.

1.4. Introduction to cutaneous melanoma

Cutaneous melanoma is a malignancy of melanocytes, which develops in the skin.
Rarely melanomas can also develop in other parts of the body, such as brain, uvea, and
the interior of the body. Cutaneous melanomas count only 4% of all the skin
malignancies. However, 80% of deaths from skin cancers are melanoma. Two facts
result in the challenging management of melanoma. First, melanomas usually progress
rapidly without obvious changes on skin surface. Second, metastatic melanomas are very
resistant to radiation and currently available systemic therapies. Therefore, once
melanomas progress to metastatic stages, most patients are refractory to treatments. In
this section, an overview of melanoma will be presented with a focus on molecular
mechanisms of melanoma formation and currently available animal models for melanoma

research.
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1.4.1. Melanoma statistics
The American Cancer Society (2010) estimates that 68,130 new cutaneous

melanoma cases will be diagnosed in the United States this year. This ranks melanoma

th th . .
the 5 and the 7 most common cancer type in men and women respectively. The

incidence rate of melanoma has a race-dependent trend. It is more than 20 times higher
in whites than in African Americans (Altekruse et al., 2010). Among whites, the rate is
about 50% higher in men than in women. In the past 35 years, melanoma incidence rates
have been increasing in the population of white adults of 65 years and older (5.1% per
year in men since 1985 and 4.1% per year in women since 1975). Interestingly, a rapid
increasing of the incidence rate has also been observed among young white women aged
15 to 39 years (3.0% per year since 1992).

The American Cancer Society (2010) also estimates that 8,700 deaths from
melanoma will occur in the United States this year. If detected in the earliest stage,
melanoma is also highly curable. The S-year survival rate for localized melanoma
(confined to primary site) is 98%. Unlike other types of skin cancers, however,
melanoma is more likely to spread to other parts of the body, possibly due to its highly
motile nature inherited from neural-crest progenitors. If melanoma has spread to regional
lymph nodes, the 5-year survival rates range from 78% to 39%, depending on the
numbers of metastatic lymph nodes (Balch ef al., 2009). If systemic metastasis has
occurred, the 5-year survival rate drops to 15% (Altekruse et al., 2010) or even lower
than 10% depending on the substages (Balch et al., 2009). Therefore, early detection of

melanoma is necessary for better prognosis.
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1.4.2. Risk factors

The two major risk factors of melanoma are ultraviolet (UV) exposure
(environmental risk factor) and genetic abnormality (genetic risk factor). Higher
sensitivity to sunburn and/or a history of excessive sun exposure (including both
sunburns and use of tanning booths) increase the risk. Like many other types of cancers,
family history of melanoma is a strong risk factor. Many melanoma patients have
affected family members (Lynch et al., 1983). This led to cytogenetic studies and
mutation screenings in familial melanoma tumor samples. Genetic abnormalities of
several oncogenes and tumor suppressor genes are believed to be risk factors of

melanoma. These will be discussed later in the following sections.

1.4.3. Melanoma progression, the Clark model.

In 1984, Clark et al. reported a study of melanoma tumor progression. This flow
of melanoma progression, known as the Clark model, describes the six steps of
melanoma progression from normal melanocytes to metastatic melanoma. Each of these
steps is accompanied by histological changes. Table III summarizes these six steps. At
the first step, melanocytes may focally proliferate and the lesions are considered benign.
The proliferating melanocytes may follow a programmed differentiation pathway which
leads to disappearance of a nevus. If the differentiation pathway is not followed the
melanocytes become hyperplastic (the second step). At step 3, random dysplastic
melanocytes with atypical nuclei form. According to Clark’s observations, the vast
majority of dysplastic precursors are terminal lesions that do not progress to the next step

and form melanomas. If the dysplastic precursors do progress, they follow a two-phase
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growth pattern before they metastasize. The first phase is the radial growth phase (step 4
of the Clark model), which is characterized by an enlargement of the tumor lesion at its
periphery. Tumors at this step grow in the epidermis, and are not metastatic. The second
phase is the vertical growth phase (step 5 of the Clark model). In this step tumors acquire
the competence for metastasis. Tumors at this step grow vertically into the epidermis in

an expansive manner forming metastases, the last step of the Clark model.

1.4.4. Melanoma staging

The American Joint Committee on Cancer (AJCC) staging system is most often
used to describe the stages of melanoma. This system, also referred to as the TNM
staging system, is based on the size of the tumor (T), the extent of spread to the regional
lymph nodes (N), and the presence of distal metastasis (M). Combining these three
categories (T, N, and M), a grouped staging system is described using 0 and Roman
numerals from I to IV for melanoma (Balch et al., 2009; Gershenwald et al., 2010). In
melanoma staging system, subgroups are defined in each of Stages I to III depending of
the TNM status.

Stage 0. At this stage, the melanoma is in situ, and stays in the epidermis but has
not spread to the dermis. This stage is equivalent to the first step of the Clark model.

Stage I and Stage II. Melanomas at these two stages are still localized in the
skin and have not spread to regional lymph nodes. Therefore, melanomas at these two
stages may be between the second step and the fifth step of the Clark model. The major
criterion distinguishing the two stages is the tumor size. The melanoma with its thickness

smaller than 1 mm is defined as Stage I, while the melanoma with its thickness between 1
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and 2 mm is defined as Stage II. Depending on the tumor size and ulceration, each of
these two stages is subclassified to substages (IA, IB, IIA, IIB, and IIC).

Stage III. At this stage, the melanoma has spread to regional lymph nodes, but
distal metastasis has not occurred. Depending on the tumor size, ulceration, and the
numbers of regional lymph nodes with evidence of melanoma spread, this stage is
subclassified to substages of IIIA, IIIB, and IIIC.

Stage IV. If the melanoma has spread beyond the regional lymph nodes and has
metastasized to distal lymph nodes and/or other organs (mostly the lung, liver, or brain),

it is defined as a Stage IV melanoma.

1.4.5. Treatment of melanoma

Surgical removal of the primary growth and surrounding normal tissues is
essential for melanomas at early stages. Sentinel lymph nodes are sometimes biopsied
for stage determination. If lymph node metastases are present, more extensive lymph
node surgery may be needed. For melanomas with deep invasions or metastasis to
regional lymph nodes, immunotherapy, chemotherapy, and/or radiation therapy may be
necessary. Unfortunately, none of these therapeutics prolongs survival in patients with
metastatic melanoma. For metastatic melanoma, currently dacarbazine (DTIC) is the
only US Food and Drug Administration (FDA)-approved chemotherapy agent, and high-
dose interleukin-2 (IL-2) is the only FDA-approved immunotherapy (Tarhini & Agarwala,
2006). However, DTIC is effective in less than 10% of patients, and IL-2 has a high
toxicity and gives a low response rate. As discussed earlier in this Chapter (section 1.3.1),

several MEK inhibitors have failed in melanoma clinical trials. A number of clinical
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trials are ongoing to evaluate the clinical efficacy of some other novel agents for

melanomas.

1.4.6. Common genetic abnormalities of melanoma'

The most common genetic abnormalities found in melanomas are those of BRAF,
NRAS, CDKN2A, and PTEN (Miller & Mihm, 2006; Gray-Schopfer et al., 2007). The
involvement of the products of these genes in melanoma formation and progression will

be the focus in the following sections.

1.4.6.1. BRAF and NRAS

As discussed in the earlier sections in this chapter, oncogenic mutations of BRAF
and NRAS lead to a constitutive activation of the MEK-ERK survival pathway, which
may cause cancer. In fact, before the members in the Raf-MEK-ERK pathway were
identified, mutations in NRAS had been linked to cancers. van 't Veer et al. (1989)
screened a panel of melanoma tumor samples and cell lines for NRAS mutation and found
that NRAS mutations were detected only in melanomas from sun-exposed skin. Since
NRAS mutations were also found in four of the ten primary melanomas examined, van 't
Veer hypothesized that UV exposure causes NRAS mutation in melanocytes which occurs
at a premetastatic stage. This hypothesis was supported by Ball et al. (1994) who
examined 100 melanoma tumor samples and found NRAS mutations in 36 samples (36%).
In addition, they found that NRAS mutations occurred in 19% of the melanoma tumors
that were in the second step of the Clark’s model, and at a higher frequency (56%) in

primary tumors from continuously sun-exposed skin. In 2000, Tsao et al. (2000)
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evaluated 53 cutaneous melanoma cell lines for NRAS mutation, and found activating
mutations in 21% (11 of 53) of the cell lines. Downstream, BRAF mutations were found
in 66% of melanomas examined and at lower frequency in other types of human cancers
(Davies et al., 2002). Interestingly, Davies found that all of the identified BRAF
mutations were within the kinase domain and the V600E oncogenic mutation accounted
for 80%. Collectively these studies show oncogenic mutations in NRAS and BRAF play a
critical role in melanoma development.

Based on Davies’ finding, Pollock et al. (2003) examined BRAF status in nevi,
primary melanoma tumors, and melanoma metastases to evaluate the timing of oncogenic
BRAF mutation. Unexpectedly they detected BRAF mutations resulting in V600E
substitution in 82% (63 of 77) of nevi. Since most nevi do not progress to malignant
melanoma, this finding suggests that oncogenic BRAF alone is insufficient for melanoma
tumorigenesis. To support this, Michaloglou et al. (2005) expressed B-Raf V600E in
normal human melanocytes and found that sustained expression of B-Raf V600E
resulted in cell cycle arrest, which was accompanied with inductions of tumor suppressor
p16 and other senescence markers. This led them conclude that oncogenic B-Raf induced
cell senescence in normal melanocytes. Moreover, Wajapeyee et al. (2008) performed an
shRNA screening and identified the insulin growth factor binding protein 7 (IGFBP7) as
a candidate required for B-Raf V600E-induced melanocyte senescence, and proposed the
therapeutic potential of IGFBP7 for melanoma treatment.

Collectively, data from these studies indicate (1) the Ras-Raf-MEK-ERK

signaling pathway is essential for melanoma formation, (2) elevated activity of this
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pathway due to mutations is not sufficient for melanoma tumorigenesis, and (3) other

molecular events are required for melanoma development.

1.4.62. CDEN24 (p16""% and p19%F)

In 1986, Pedersen et al. reported abnormalities of chromosome 9 in malignant
melanoma tumors (10/10 melanomas derived from 8 patients). This was the first report
of chromosome 9 abnormality in non-cell line melanoma samples. A similar study was
also presented by Limon e al. (1988) showing that chromosome 9 was one of the
chromosomes that were most frequently found to be structurally aberrant in melanoma
cells from patients with metastasis. Later studies of dysplastic nevi and malignant
melanomas showed this structural aberrancy of chromosome 9 was a deletion of
chromosome 9p21 in (Cannon-Albright et al., 1992; Fountain ef al., 1992; Petty et al.,
1993). A melanoma susceptibility gene was therefore believed to reside in this region.

Using yeast two-hybrid screening, Serran et al. (1993) cloned pI6 from a HeLa

cell cDNA library, and characterized p16 as an inhibitor of cyclin-dependent kinase 4

(CDK4). Therefore pl16 was also named pl 61 NK4 or cyclin-dependent kinase inhibitor

2A (CDKN24). Within half a year, p]6 was mapped to a locus at chromosome 9p21, and
the high frequency of homozygous deletions or mutations of p/6 was confirmed in
melanoma as well as other types of human cancer cell lines (Kamb ef al., 1994; Nobori et
al., 1994). Germline mutations of p16 were also detected at a high frequency (92%) in
familial melanoma cases and at a lower frequency (30%) in dysplastic nevus cases
(Hussussian et al., 1994). The p16 gene was therefore proposed as a candidate of tumor

suppressor gene for melanoma.
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Interestingly, when mapping the CDKN2A4 locus to chromosome 9p21, Stone and
Kamb (Stone et al., 1995) identified a novel form of CDKN2A transcript which contained
a different first exon resulting in an entirely different open reading frame from the
original p16 transcript that was initially reported in 1994. This alternative first exon of
p16 was later cloned and mapped to chromosome 9p at about 20-kb upstream to the

original pI16 exon 1 (Mao et al., 1995). In the same year, Quelle et al. (1995) cloned the
full-length coding sequence of this novel gene and named it p/9 ~ (ARF stands for
alternative reading frame) as it encoded a protein with a predicted molecular mass of 19.3

kDa. What was surprising was not only the fact that this dual-utilized DNA sequence

gave rise to two different open reading frames for distinct gene products, but that

. . 6INK4 . .
expression of p19 in p/ -deleted cells could induce cell cycle arrest, like p16 (Quelle
et al., 1995). The mechanism by which p19 induced cell cycle arrest was not clear at that
time.

Since pl 61 K4 and pl9 " were cloned and mapped, groups of studies have

reported mutations in the CDKN2A4 locus which harbors both p1 61 NK4 andpl9  ,in

familial melanomas in Australia, Europe and the United States (Walker ef al., 1995; Borg
et al., 1996; FitzGerald et al., 1996; Flores et al., 1997; Harland et al., 1997, Platz et al.,
1997; Soufir et al., 1998; Aitken et al., 1999). These findings support the link between
loss of p16/p19 tumor suppressor function and melanoma formation. After years of

studies of these tumor suppressors, the mechanisms by which p16 and p19 suppress
tumor formation are better understood. Both p16 and p19 inhibit G1/S cell cycle
transition through different but related pathways [reviewed by (Lowe & Sherr, 2003;
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Polager & Ginsberg, 2009)]. The tumor suppressor p16 binds to and inhibits cyclin-
dependent kinase 4 (CDK4), the activity of which is required to release the transcription
factor E2F from Rb, and in turn, promote cell cycle progression through the G1/S check

point. On the other hand, p19 stabilizes pS3 (which is also a tumor suppressor inducing
G /S cell cycle transition and/or apoptosis) by binding and inhibiting Mdm?2, a p53

negative regulator.

Before p16 and p19 were cloned and mapped, Cowan et al. (1988) reported an
interesting correlation. Loss of one copy of chromosome 9 was detected at a high
frequency in melanomas but at a much lower frequency in nevi. Similarly, germline
mutations of p16 were detected at a high frequency (92%) in familial melanoma cases,
but at a lower frequency (30%) in dysplastic nevus cases (Hussussian et al., 1994). These
finding suggested that loss of p16/p19 tumor suppressor function is not likely to be
responsible for nevi dysplasia. Instead, it may be a late-stage event during melanoma

development.

1.4.6.3. PTEN

Since Parmiter et al. (1988) presented the first report of chromosome 10q
abnormality (including break, translocation, and chromosome loss) in melanoma cell
lines and tumor samples, the involvement of a potential tumor suppressor gene residing
on chromosome 10 in melanoma formation had been hypothesized. Following Parmiter’s
initial report, LOH of chromosome 10qg22-10qter was found in non-familial melanoma
tumor samples (Herbst et al., 1994). In 1997, the putative tumor suppressor gene

sequence on human chromosome 10q23 was identified by two independent groups almost
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at the same time (Li et al., 1997; Steck et al., 1997). The gene product was predicted to
contain a protein tyrosine phosphatase domain and a large region with homology to
chicken tensin and bovine auxilin. The gene was therefore named PTEN (phosphatase
and tensin homolog).

After PTEN was mapped and cloned, LOH of the PTEN allele was found in 40-
60% of primary or metastatic melanoma tumor samples (Teng et al., 1997; Birck et al.,
2000), and PTEN mutations were found in about 30-50% of examined melanoma cell
lines (Guldberg et al., 1997, Teng et al., 1997; Tsao et al., 1998) as well as 10% of
primary melanomas (Tsao et al., 1998). The tumor suppression role of PTEN in
melanoma formation was then tested and supported by several studies. First, ectopic
expression of PTEN suppressed melanoma tumor cell growth (Robertson et al., 1998).
Second, over-expression of PTEN inhibited melanoma cell colony formation (Tsao et al.,
2000). Third, Hwang et al. (2001) showed that PTEN rescue reduced melanoma
tumorigenecity and metastasis. Finally, a similar study demonstrated that PTEN re-
expression in melanoma cells which lacked PTEN protein expression retarded tumor
development in mice (Stahl et al., 2003).

The tumor suppression function of PTEN was also supported by an epigenetic
study. Using immunohistochemistry staining, Zhou et al. (2000) found no to low PTEN
protein expression in 15% and 50% melanoma samples, respectively. Surprisingly, they
found that among the examined melanoma samples which had no PTEN protein
expression, 80% (4/5) of them showed neither mutation of the PTEN gene nor deletion of
the PTEN allele. Their findings not only demonstrated an epigenetic mechanism by

which loss of PTEN function is involved in melanoma formation, but also suggested that
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the involvement of loss-of-function of PTEN in melanoma might be underestimated.
This provides an explanation for the fact that in some studies the PTEN mutation rate in
melanomas was very low and no deletion or LOH of PTEN was detected (Wu et al.,

2003).

1.4.7. Disease models

Oncogenic mutations and loss of tumor suppressors have been identified as
critical drivers of melanoma formation and the disease progression. Based on these
findings, great efforts have been made to develop animal models for melanoma research.
These melanoma animal models are developed mainly for two purposes. First, these
models allow testing the requirements of those genetic alterations and involvements in
melanoma tumorigenesis and the disease progression. Second, these melanoma animal
models facilitate the development of melanoma therapeutics as the efficacy of novel
therapeutic agents and treatment strategies can be tested in these models. This section
will discuss these melanoma animal models.

In 1997, Chin et al. (1997) reported a cooperation of oncogenic Ras and

pl 61 NK4a-deﬁciency for melanoma susceptibility in vivo. In this mouse model, the
. G12v . .
oncogenic Ras (H-ras ) was expressed specifically in melanocytes (under the control

of tyrosinase promoter) on a pl 6] NK4a-deﬁcient background. These mice (with double

deficiencies) developed spontaneous melanoma after a short latency, indicating the

oncogenic Ras and loss of p/ 6’N Kta allele cooperatively promote melanoma formation.

In addition, two interesting observations were obtained from this work. First, the
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frequency of H—rasGIz V-transgenic founder production was unusually low (only three

founders from a total of 420 pronuclear injections). This raised the possibility of a

. . . GIl12v .
selective pressure against oncogenic Ras. Second, before the H-ras -transgenic

. INK4 . .
founders were crossed with the p! 61 ?_deficient mice, no melanoma or other

malignancy occurred in the three founders (hyper-pigmentation and a proliferating
melanocytic mass were the most relevant phenotypes observed). This indicates that
activation of Ras is not sufficient for melanoma tumorigenesis, and that a second genetic
alternation is required for melanoma tumorigenesis. This was supported by Powell et al.
(1999) using another similar melanoma mouse model in which a mutant H-Ras was
expressed specifically in melanocytes. Powell et al. also found that UV radiation or
chemical carcinogens such as DMBA and TPA were necessary for melanoma formation
in these mice.

Since constitutive activation of Ras may result in low frequency of transgenic

founder production, in 1999 Chin et al. (1999) developed an inducible melanoma mouse

model, in which the melanocyte-specific H-rasGl?'v expression was induced by

doxycyclineon a pl 6]N K4a-null background. Not surprisingly, melanoma developed in

doxycycline-treated mice within 60 days. More interestingly, withdrawal of doxycycline
resulted in a clinical and histological regression of developed tumors, indicating that a
persistent Ras activation is required to maintain melanoma tumor growth.

In 1998, a melanoma mouse model was established by Kelsall et al. to test the
effect of UV exposure on melanoma formation. In this model, the viral oncoprotein

small DNA tumor virus (SV40) early region was engineered to be expressed specifically
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in melanocytes under the control of mouse tyrosinase promoter. After UV exposure,
primary melanoma and melanoma metastases occurred without the use of other chemical
carcinogens. This mouse model not only tested the requirement of oncogenic proteins for
melanoma tumorigenesis, but also demonstrated the critical involvement of UV exposure
in melanoma initiation. Since SV40 oncoprotein inactivates both Rb and p53 (Levine,
2009) pathways, this work also demonstrated the involvement of loss of the tumor
suppressors in UV-induced melanoma formation. More relevant to melanoma-associated
genetic abnormalities, Kannan et al. (2003) evaluated the effect of UV exposure on active
Ras and p16- or p19-deficient mice. The results from this study showed UV treatment
accelerated melanoma formation in active Ras and p19-deficient mice, indicating the
cooperation between UV exposure and genetic alteration in melanoma formation. In
contrast, this UV-induced acceleration of melanoma formation was not observed in the
active Ras and p16-deficient mice. This finding indicates that the p53 pathway plays a
more critical role in suppressing UV-induced melanoma formation in vivo than the Rb
pathway.

To evaluate the functional cooperation between PTEN and p16/p19, a dual
inactivation of which was found in several types of human cancers, You ef al. (2002)
established a PTEN/INK4a double deficient mouse model. They found that deficiency of
either PTEN or INK4a was not sufficient to induce melanoma in mice, and double
deficiency of both tumor suppressor genes caused only low frequency of melanoma (7-

10%). Although the contribution of an oncogene to melanoma tumorigenesis in vivo was

not included in this study, they found that an introduction of oncogenic Ras (H-rasGle)

increased the anchorage-independent colony formation of the MEFs isolated from the
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PTEN/INK4a double deficient mice. This also supports that melanoma formation
requires both oncogene activation and loss of tumor suppressers.

In the past decade, Cre recombinase-mediated conditional gene recombination has
been developed as a powerful tool allowing the introduction of desired genetic
alternations in a conditional manner. Combining the tissue-specific transgenic approach,
Bosenberg et. al (2006) recently established a mouse strain in which the expression of

Cre recombinase was inducible by 4-hydroxytamoxifen (OHT) specifically in

melanocytes(designated Tyr:: CreERTz). Using this transgenic mouse strain, researchers

can conveniently manipulate the genetic context specifically in melanocytes to evaluate
the contribution of a molecular event in melanoma tumorigenesis. Most recently,

Dankort et al. (2009b) demonstrated a great example of this approach by crossing the

Tyr:: CreERTZ mice with another strain of mice in which the mutant B-RafvmOE

. . . . . V600E
expression was inducible to create an inducible B-Raf melanoma mouse model.

Using this Dankort ef al. found that, again, constitutive activation of B-Raf was sufficient
to develop benign melanocytic hyperplasia, but was not sufficient for melanoma
formation. Similar to the finding by Chin ez al. (1997) discussed earlier in this section,
Dankort et al. concluded that oncogenic B-Raf must cooperate with a loss of tumor
suppressor, PTEN in this example, to induce melanoma formation and lung metastasis.
In addition, using this melanoma mouse model they demonstrated the efficacy of kinase
pathway inhibitors for melanoma prevention and treatment. This work not only

demonstrated the efficacy of kinase pathway inhibitors in a non-xenograft melanoma
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animal model, but also provided an example of how a melanoma mouse model may be
used to test therapeutic agents.

Collectively, these studies using melanoma mouse models indicate that both
activation of oncogenes and loss of tumor suppressors are required for melanoma
formation. More importantly, these studies provide a molecular mechanism of melanoma
progression. Acquiring oncogene activation seems to be the earliest event. This is
believed to be the cause of hyperplastic lesions as most benign nevi have Ras or B-Raf
oncogenic mutations (Pollock et al., 2003), and loss of tumor suppressors is not
frequently found in dysplastic nevi (Cowan et al., 1988; Hussussian et al., 1994).
According to the Clark model, most benign nevi at step 1 follow a programmed
differentiation pathway and disappear. Supporting this, previous studies have suggested
that oncogene acquisition is not sufficient for tumor formation, but instead, induces cell
senescence (Michaloglou et al., 2005; Braig & Schmitt, 2006). This also explains why
most benign nevi have Ras/Raf mutations but do not progress to malignant melanoma.
As shown by several melanoma mouse models discussed above, oncogene activations
need to cooperate with loss of tumor suppressors to initiate melanoma. This molecular
mechanism of melanoma progression is in consistent with the Knudson two-hit theory

(Knudson, 1971).

1.5. Discussion
The Ras-Raf-MEK-ERK signaling pathway plays a critical role in regulating cell
cycle progression, cell proliferation, and survival. Deregulation of the pathway activity

may cause diseases, including cancers. Somatic mutations of Ras and B-Raf are found in
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several types of human cancers at a high frequency particularly in melanomas. Using
cell-based in vitro studies as well as in vivo mouse models, numerous research groups
have demonstrated the critical role of this oncogenic signaling as well as other tumor

suppressing pathways in melanoma tumorigenesis and survival.

Considerable effort has been made to develop therapeutic agents for treating
cancers. Among these potential therapeutic agents, small-molecule inhibitors targeting
MEK1 and MEK2 have shown promising anti-cancer effects in laboratories and pre-
clinical studies. However, none of them has demonstrated clinical efficacy in cancer
patients and proved as anti-cancer drugs. This indicates that our understating of the roles

of MEK signaling pathways in cancers is incomplete.

MEK]1 and MEK2 are generally thought to be functionally redundant for the
following reasons. First, MEK1 and MEK2 share greater than 85% homology in amino
acid sequences, and almost identical crystal structures (Ohren et al., 2004). Second, both
MEK]1 and MEK2 phosphorylate ERK1 and ERK?2, and ERK1 and ERK2 are the only
known substrates of MEK 1 and MEK2. Regardless the high structural and biochemical
similarities of MEK1 and MEK2, however, a handful of studies have suggested that these
two protein isoforms may have non-overlapping biological functions (Giroux et al., 1999;
Belanger et al., 2003). A better understanding of the difference between MEK 1 and
MEK?2 as well as their distinct biological functions may help developing more efficient
anti-cancer drugs. For this purpose, using two complementary approaches I evaluated the

necessity and sufficiency of MEK1 and MEK?2 signaling pathways for melanoma cell
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proliferation. This research provides insights into the complexity of the MEK signaling

pathway. The results are presented in the following chapters.

1.6. Tables and figures
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Figure 1. Schematic illustration of the Raf-MEK-ERK signaling pathway.
Ras-mediated Raf activation involves a complex series of events, including
protein recruitment to the cell membrane and phosphorylation at numerous residues
[reviewed by Chong et al. (2003)]. Active Raf then activates MEK by phosphorylating
the two conserved serine residues in the activation loop. Active MEK then in turn
activates ERK by phosphorylating the threonine and tyrosine residues in the conserved T-
E-Y motif. After its activation, ERK phosphorylates and activates downstream effectors
that regulate a variety of cellular events, including cell cycle progression and cell
proliferation at the transcriptional and posttranslational levels. The circled P symbols
denote phosphate groups added on the critical serine residues and threonine/tyrosine

residues of MEK and ERK, respectively.
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Figure 1. Schematic illustration of the Raf-MEK-ERK signaling pathway.
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Figure 2. Structures of MEK inhibitors.
(a). PD 098015. (b). U0126. (c). PD 184352. (d). PD 0325901. (e). PD 318088.
(N. PD 334581. (g). ARRY-142886. (e-g). The A and B rings of the diaryl amines of PD

184352 and its derivatives are denoted.
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Figure 2. Structures of MEK inhibitors.
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Figure 3. Effect of PD 184352 on MEK activation in cells.

Human melanoma SK-MEL-28 cells were cultured as described in the Materials
and methods section of Chapter II (page 77). Cells were treated with PD 184352 at the
concentrations indicated for 24h. Total cell lysates [prepared as described in the
Materials and methods section of Chapter II (page 79)] were subjected to immunoblotting
probed with antibodies against phospho-MEK1/2, phospho-ERK1/2, total ERK1/2, and

GAPDH.

[PD 184352] (nM): 0 10 100 1000
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Chapter II. Cleavage-resistant MEK proteins; a novel experimental model to

establish MEK sufficiency

1.1. Introduction

In order to determine the sufficiency of a MEK/MKK signaling pathway for a
cellular function, the experimental system used will have to inhibit the pathways of
multiple MEK/MKK members, but leave only one active. It is not expected to be
efficiently achievable by transfecting several interference RNA molecules into cultured
cells to target multiple protein molecules. In this chapter, the development of a novel
experimental model achieving this challenging task will be presented. In this system,
multiple endogenous MEK/MKK proteins and the downstream signaling pathways are
inhibited by treating cells with LeTx, a bacterial toxin with MEK/MKK-specific
proteolytic activity (see Chapter I section 1.3.3.1 for the introduction). Simultaneously, a
mutant MEK/MKK protein that is resistant to LF-mediated cleavage is expressed in cells
to preserve the specific MEK/MKK signaling pathway. This achieves a special cellular
context in which only one MEK/MKXK signaling pathway is present. If a MEK/MKK
pathway is sufficient for a cellular function, the cleavage-resistant form of the
corresponding MEK/MKK should rescue this cellular function when the cells are treated

with LeTx.
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1.2. Results
1.2.1. Point mutations at the P1’ site render MEK resistant to LF-mediated

cleavage

An alignment of all the MEK and MKK amino acid sequences (Table II) revealed

a consensus sequence for LF cleavage: (B/P)34X3/Al, where B represents basic residues,

P represents proline, X represents variable residues, and Al represents aliphatic residues.
The aliphatic residue at the P1’ position is fully conserved in all the MEK/MKK proteins,
and has been shown to be critical for the cleavage by LF (Park et al., 2002; Chopra et al.,
2003). Therefore, to make MEK resistant to LF-mediated cleavage, I introduced an
aliphatic-to-aspartic acid mutation in this position of human MEK and MKK proteins.
These cleavage-resistant (cr) mutant proteins are named MEKcr or MKKcr in this

dissertation. For the subsequent study, a V5 tag was fused to the amino termini of wild-

type and the cleavage resistant mutants of MEK/MKK proteins. This NH;-terminal V5

fusion was included to examine the cleavage of the proteins by LF at the NH,-termini

(explained below).

To confirm the cleavage resistance of MEKcr, an in-cell LF cleavage assay was
developed. In this assay, wild-type V5-MEK or V5-MEKcr proteins were transiently
expressed in CHO K1 cells which were then treated with PA alone (1 pg/ml PA as a
control) or LeTx (1 pg/ml PA and 0.1 pg/ml LF) for 12h. As transient transfection of
plasmid DNA can efficiently over-express exogenous proteins in CKO K1 cells, MEK
cleavage by LF may not be clearly observed if an excessive amount of V5-MEK is

produced during LF cleavage. To overcome this, cells were co-treated with 10 pg/ml
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cycloheximide to block de novo protein synthesis during PA or LeTx treatment. To
ensure successful internalization of LF and in-cell proteolytic activity of LeTx, cleavage
of endogenous MEK1 was first examined by immunoblotting probed with antibodies that
specifically recognize the amino terminus of MEK1 (LeTx causes loss of epitope) or the

carboxyl-terminus of MEK1 (LeTx causes mobility shift). As shown in Figure 4A, LeTx

treatment resulted in a loss of the NH,-terminal epitope (Figure 4A, second panel) and an

increase in the electrophoretic mobility of endogenous MEK 1 (Figure 4A, third panel) in
control cells as well as in cells transfected with V5-lacZ control plasmid. This result

indicates LF-mediated MEK cleavage occurs in CHO K1 cells. Under the same

conditions, LF-mediated proteolysis resulted in a loss of NH;-terminal V5 epitope only

in CHO K1 cells expressing wild-type V5-MEK1 or V5-MEK2 but not in cells
expressing V5-MEKIcr or V5-MEK2cr (Figure 4B and C, top panels). To exclude the
possibility that the loss of V5 epitope of wild-type V5-MEK1 and V5-MEK2 was a result
of failure in expressing the exogenous proteins, and to further confirm the cleavage of
wilt-type V5-MEK proteins, antibodies recognizing carboxyl termini of MEK1 or MEK2
were used to detect the electrophoretic mobility shift of cleaved VS-MEK1 and V5-
MEK2. As shown in the second panels of Figure 4B and C, bands with slightly higher
electrophoretic mobility were detected by immunoblotting with antibodies recognizing
carboxyl-terminus of MEK 1 or MEK2 in cells transfected with wild-type V5-MEK1 or
V5-MEK2, but not in cells transfected with V5-MEK 1cr or V5-MEK2cr. These results
demonstrate that V5-MEKIcr and V5-MEK2cr were resistant to LF-mediated proteolysis.
In this experiment, a substantial increase of non-tagged MEK expression along

with V5-MEK transfection was noticed (Figure 4B middle panel, compare none-
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transfected cells with V5-MEK(1 transfected cells). This was caused by internal
translation from the original translation initiation codon of the MEK sequence cloned in
the V5-expression vector. This was evidenced by the following observation. The
original translation initiation codons that were inserted together with MEK sequences

into the V5 expression vector were removed from the plasmid by doing a site-directed
mutagenesis. The modified expression vectors were then transfected into CHO K1 cells.
After this manipulation, the increase of non-tagged MEK expression was no longer
observed (Figure 5). These experiments demonstrated that the increased non-tag MEK
level after VS-MEK plasmid transfection was due to exogenous expression and not an
up-regulation of the endogenous MEK. This dual translation pattern was also observed in

V5-MEK-transfected SK-MEK-28 stable cell lines (will be presented in Chapter III).

1.2.2. The cleavage-resistant mutation does not impair MEK activity.

Cleavage by LF removes an amino terminal docking domain that is required for
interaction with MAPK (Tanoue ef al., 2000; Chopra et al., 2003; Bardwell et al., 2004).
To confirm that neither the addition of the V5 tag nor the introduction of the LF
cleavage-resistant mutation interferes with MEK’s ability to interact with and
phosphorylate ERK, the activity of VS-MEK1cr and V5-MEK2cr was examined. To do
this, clonal lines of human melanoma SK-MEL-28 cells stably expressing V5-MEKIcr or
V5-MEK2cr, or their wild-type counterparts were established. Similar to most
melanomas, SK-MEL-28 cells harbor the B-Raf V600E mutation (Davies ef al., 2002),
which constitutively phosphorylates and activates MEK1 and MEK2. Therefore, this cell

line allows a convenient examination of the status of cellular MEK1 and MEK2. When
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an antibody that only recognized activated MEK1 and MEK2 was used in the
immunoblotting, the activation status of both V5-MEK Icr and V5-MEK2cr were found

to be comparable to that of their wild-type counterparts (Figure 6A). This indicates that

(1) neither the NHj-terminal V5 fusion nor the CR mutation impairs MEK activation and

(2) V5-MEK 1cr and V5-MEK2cr are activated in SK-MEL-28 cells.

To further examine the ability of V5-MEKI1cr and V5-MEK2cr to phosphorylate
their only known substrate, ERK, immunoprecipitation-kinase (IP-kinase) assays were
performed. To do this, V5-MEK1cr and V5-MEK2cr were immunoprecipitated from
SK-MEL-28 cells and used as the kinase source for ERK in the kinase assay. Since
saturating the kinase in a kinase assay may result in a false positivity, the optimum
amount of wild-type VS-MEK immunoprecipitates in this [P-kinase assay was
determined first. A fixed amount of recombinant ERK2 (400 ng) was used as the
substrate and mixed with a decreasing amount of the V5-immunoprecipitates in the
presence of active B-Raf to determine the minimum amount of the V5-
immunoprecipitaes required for the kinase reaction. As shown in Figure 6B, a minimum
of 5 ul of V5-MEK1 or V5-MEK2 immunoprecipitates was required to fully
phosphorylate 400 ng of ERK2 in the kinase reaction. Based on this optimization
experiment, a full set of the IP-kinase assays, in which the V5-MEK immunoprecipitates
were mixed with or without active B-Raf and recombinant ERK2, was performed based
on the optimized condition to test the kinase activity of V5-MEKI1cr and V5-MEK2cr.
As shown in Figure 6C, after considering the amount of the V5 immunoprecipitates used
for each assay (Figure 6C, lower panel), V5-MEKIcr and V5-MEK2cr were as capable

as their wild-type counterparts in phosphorylating ERK2. These results indicate that
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neither the addition of the V5 tag nor the introduction of the cleavage-resistant mutation

alters the ability of MEK to interact with and phosphorylate ERK.

1.2.3. Point mutations at the P1’ site render other MKK members resistant to LF-
mediated cleavage

A similar strategy was used to generate cleavage-resistant forms of MKK3,
MKK4, MKK6 and MKK7. As expected, the aliphatic-to-aspartic mutation at the P1’
position rendered MKK3 and MKKG®6 resistant to LF cleavage (Figure 7). As MKK4 and
MKK?7 were previously reported to harbor two LF cleavage sites (Vitale et al., 2000),
two cleavage-resistant mutants with the aliphatic-to-aspartic mutation introduced to one
of the cleavage sites were generated for each of MKK4 and MKK?7: V5-MKK4cr 46 and
V5-MKK4cr 59 for MKK4, and V5-MKK7cr_45 and V5-MKK7cr_77 for MKK?7. LF

completely cleaved wild-type V5-MKK4 in CHO K1 cells (Figure 8A). Unexpectedly,

the aliphatic-to-aspartic mutation introduced to Leu46 of MKK4 was sufficient to make

. .. 59
MKKA4 resistant to the cleavage, but the same mutation introduced to Phe”~ was not. On

the other hand, V5-MKK7cr_45 and V5-MKK7cr_77 were both resistant to the cleavage
in CHO K1 cells (Figure 8B). However, under the same condition, a convincing

cleavage of wild-type MKK?7 was not detected (Figure 8B).

1.2.4. MKK4 cleavage in mammalian cells
Further experiments were performed to determine why V5-MKK4cr_46 was not
cleaved by LF in CHO K1 cells. As shown in Figure 8A, LeTx treatment of CHO-K 1

cells expressing wild-type V5-MKK4 resulted in a complete loss of the V5 epitope,
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demonstrating the cleavage of MKK4 by LF. Since two LF cleavage sites were identified
on MKK4, a mutant MKK4 with the cleavage-resistant mutation introduced at only one
of the cleavage sites would be expected to be still cleaved by LF at the other cleavage site
which remained unchanged. As expected, V5-MKKd4cr 59 was still sensitive to LF-

mediated proteolysis (Figure 8A). Presumably LF cleaved this mutant MKK4 at the

Lys45-Leu46 position. Unexpectedly, however, the aliphatic-to-aspartic mutation
introduced to Leu46 of human MKK4 was sufficient to render MKK4 resistant to
cleavage, even if the Phe59 residue was remained unchanged (Figure 8A). Two
possibilities can explain this observation. First, LF cleaves MKK4 only at the Lys45-

Leu46 position but not at the Argsg-Phe59 position (i.e., Argss-Phe59 of MKK4 is not a

real LF cleavage site). Alternatively, LF cleaves MKK4 at both positions in a processive
manner (i.e., cleavage at Argsg-Phe59 requires a prior cleavage at Lys45-Leu46).

To test these two possibilities in an unambiguous way, wild-type human MKK4
fused with a V5 tag followed by a 6xHis tag at the carboxyl terminus was constructed
(denoted as MKK4-V5-His6 in this dissertation). The carboxy-terminal fusion allowed
more readily determining the molecular weight of the carboxyl terminus of MKK4 after
LF cleavage. In addition, two MKK4-V5-His6 deletion mutants were constructed as
molecular weight indicators: MKK4 with a deletion of amino acid residues 1-45 (denoted
as MKK4_d45-V5-His6), and MKK4 with a deletion of amino acid residues 1-58
(denoted as MKK4_d58-V5-His6). The MKK4_d45-V5-His6 deletion mutant also

allowed testing the second possibility that LF cleaves MKK4 at both sites in a processive

58



manner. The set of these proteins was then expressed in CHO K1 cells and in-cell
cleavage assays were performed.

As shown in Figure 9, LeTx treatment on CHO K1 cells expressing wild-type
MKXK4-V5-His6 resulted in a complete loss of the V5 epitope, indicating MKK4
cleavage by LF. However, under the same conditions I could not detect the LF-cleaved
carboxyl terminal fragment of MKK4 using an anti-V5 antibody (Figure 9, lane 2). An
explanation for this is that after LF cleavage, the carboxyl terminus of MKK4 is degraded,
as previously observed for MEK 1 (Duesbery et al., 1998) and MEK2. To test this, MG-
132, a proteosome inhibitor, was included in the in-cell cleavage assay. As shown in
Figure 9 (lane 4), MG-132 treatment rendered the LF-cleaved carboxyl terminus of
MKK4 recognizable by V5 antibody in the immunoblotting, indicating that after LF
cleavage MKK4 is degraded through a proteosome-dependent pathway.

The two MKK4 deletion mutants, MKK4 d45-V5-His6 and MKK4_d58-V5-His6,
were distinguishable by the differential electrophoretic mobility in an SDS-PAGE gel
(Figure 9, land 5-8 and lane 9-12). After LF cleavage, the carboxyl terminus of MKK4-
V5-His6 (Figure 9, lane 4) had the same electrophoretic mobility as that of MKK4_d45-

V5-His6 (Figure 9, land 5-8) but not MKK4_d58-V5-His6 (Figure 9, lane 9-12). This

result demonstrates that wild-type MKK4 is cleaved by LF only at the Lys45-Leu46

position but not the ArgSS-Phe59 position in cells. In addition, co-treatment of LeTx and

MG-132 did not result in an electrophoretic mobility shift of the MKK4 d45-V5-His6

deletion mutant. This indicates that MKK4 d45-V5-His6 was not cleaved by LF and that

the Arg58-Phe59 position of MKK4 was not an LF cleavage site. Taken together, these
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data show that MKK4 has only one LF cleavage site, the Lys45-Leu46 position, as

opposed to two LF cleavage sites as previously observed and reported by Vitale et al.

(2000) in an in vitro assay.

1.2.5. MKKY7 cleavage in mammalian cells

As shown in Figure 8B, LeTx treatment resulted in a subtle decrease of the NH)-

terminal V5 epitope of wild-type MKK?7 (the second lane of the top panel in Figure §B).
One possible explanation for this is that a limited amount of LF could not cleave the
excess of V5-MKK?7 that was expressed in the transfected cells. To test this, a decreasing
amount of the plasmid DNA encoding for wild-type V5-MKK7 was transfected into
CHO K1 cells and the cleavability of MKK7 was tested in cells in the presence of
cycloheximide. Under this condition, the expression level of wild-type V5-MKK?7 was
decreased proportionate with the decreasing amount of the plasmid DNA transfected
(Figure 10, upper panel). However, LF was still not able to cleave wild-type MKK?7 even
when the expression of V5-MKK?7 was decreased to a barely-detectable level. The
uncleavability of wild-type V5-MKKZ7 in this experiment was not due to experimental
failure as a complete cleavage of endogenous MEK1 by LF was readily detected in the
same cell lysates (Figure 10, middle panel). This result indicates that MKK7 might not
be an enzymatic substrate of LF in mammalian cells. To further test this, 293FT cells (a
human embryonic kidney 293-derived cell line) were treated with LeTx for 24, 48, and

72 hours, and whole cell extracts were prepared for immunoblotting to examine MKK7

cleavage by LF. If LF cleaves MKK?7 at GlnM-Leu45 and Gln76-Leu77 positions as
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previously reported by Vitale et al. (2000), then a decrease of NH)-terminal signal and an

qlectrophoretic mobility shift of MKK?7 should be detected following cleavage. As
shown in Figure 11A, LeTx treatment did not result in a loss or a decrease of the
immunoblotting signal of endogenous MKK?7 in 293FT cells, even if the cells were
treated with LeTx for 72h. In addition, an antibody recognizing the last 20 amino acid of
MKK(?7 failed to detect an electrophoretic mobility shift of MKK?7. This result clearly
shows that MKK?7 is not a preferred LF substrate in mammalian cells, and argues the

MKKZ7 cleavage by LF observed by Vitale et al. (2000) may be an in vitro artifact.

1.3.  Discussion

In this chapter, the design and the engineering of cleavage-resistant forms of
MEK and MKK (MEKcr and MKKcr) were presented. This set of MEKcr were designed
to be used as a tool to study the sufficiency of MEK1 and MEK2 signaling pathways for
melanoma cell proliferation, which will be presented in Chapter III. Cleavage resistant
forms of MEK/MKXK proteins have been previously reported for MEK1 (Duesbery et al.,
1998), MKK3 (Park et al., 2002), and MKKG6 (Park et al., 2002; Chopra et al., 2003).
Although the mutations were introduced at slightly different positions on each of MEK1
(P1), MKK3 (P1 and P1’), and MKKG6 (P1 and P1’, or P1' alone), all of these studies
suggest that hydrophobicity and surface charge surrounding the LF cleavage position are
critical for the cleavage. In this dissertation project, aliphatic-to-aspartic acid mutations
were introduced only to the P1’ positions of MKK1-4, 6 and 7, and the produced MEKcr
and MKKcr were all resistant to LF-mediated proteolysis. These results extend previous

observation (Chopra et al., 2003) showing that the aliphatic residue adjacent to the LF
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cleavage site are critical for LF-mediated proteolysis.

When V5-MEK I cr and V5-MEK2cr were stably expressed in human melanoma
SK-MEL-28 cells, which harbor B-Raf V600E constitutive activation mutation, these
cleavage-resistant MEK mutants were phosphorylated and activated in the cells
(examined by immunoblotting with an antibody that specifically recognizes MEK1 and
MEK?2 with phosphate groups at the activation loops). These MEKcr proteins were
phosphorylated to a comparable level as their wild-type counterparts, indicating that
introducing the aliphatic-to-aspartic acid mutation to MEK 1 and MEK2 does not alter
their ability to be activated. Moreover, these V5-MEKcr proteins could be
immunoprecipitated from SK-MEL-28 cells and used as kinase source in an in vitro
kinase assay. These V5-MEKcr proteins were as capable as their wild-type counterparts
in phosphorylating their substrate, ERK2, in the assay. Interestingly, immunoprecipitated
V5-MEK and V5-MEKcr proteins were not able to phosphorylate ERK2 in the absence
of active B-Raf, although they were activated in SK-MEL-28 cells. A few possibilities
can explain this. First, during cell lysis and immunoprecipitation, these proteins may
have been de-phosphorylated by phosphatases, the activity of which was not fully
inhibited by phosphatase inhibitors added in the lysis buffer. Second, in SK-MEL-28
cells, the B-Raf V600E may have only activated a small portion of V5-MEK, yet this
was sufficient to be detected by the phospho-MEK /2 antibody by immunoblotting.
After immunoprecipitation, the vast majority of the immunoprecipitated V5-MEK may
not have been activated by B-Raf V600E and was not able to phosphorylate ERK?2 in the

kinase assay until after the addition of active B-Raf. Finally, it is also possible that active
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V5-MEK may be sequestered in a protein complex that may mask the epitope for
antibody recognition. As a result of this, only less active V5-MEK could be

immunoprecipitated.

Vitale et al. (2000) reported that in addition to MEK1 and MEK2, most members
in the MKK family were enzymatic substrates of LF with an exception of MEKS. For the
most part the results repeated here support this observation. However, my data do not
wholly support their findings. Both MKK4 and MKK7 were previously found to harbor

two LF cleavage sites. The data presented above in this chapter show that in mammalian

cells LF cleaves MKK4 only at the Lys45-Leu46 position but not the Argss-Phe59

position, and that LF does not cleave MKK7 in cells. A comparison of the LF cleavage

site consensus sequence [(B/P)3_4X3/Al] and the amino acid sequences of the two

reported MKK4 cleavage sites shows that the amino acid sequence of the first LF

cleavage site of MKK4, QGKRKALK45L46, matches the consensus LF cleavage site
. 58..59 .
whereas the second site, PPFKSTAR™ F °, does not (Table II in Chapter I, see page 45).
. 58 59 . . . .
This supports that Arg" -Phe ~ of MKK4 is not a real LF cleavage site in mammalian

cells, and that the cleavage at the ArgSS-Phe59 of MKK4 observed by Vitale et al. was

possibly an artifact resulted from the in vitro experimental system.

Since Vitale’s initial report ten years ago, there have been no further reports of

LF-mediated MKK?7 cleavage published in the literature. The in-cell cleavage assays of
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endogenous MKK?7 by LF presented in this chapter were carried out in two different
mammalian cell lines, Chinese hamster ovary cells (CHO K1) and human embryonic
kidney 293-derived cells (293FT). The cleavability of either a low expression level of
exogenous MKK7 or of endogenous MKK7 by LF was examined in these two
mammalian cell lines, and no MKK?7 cleavage was observed. The data strongly suggest
that MKK?7 is not a preferred LF substrate in mammalian cells. Moreover, on careful
analysis of Vitale’s initial report, it is not clear whether MKK?7 is cleaved by LF in vitro
[the MKK?7 panel of Figure 4 in the report by Vitale et al. (2000)]. In their in vitro
cleavage experiments, LF resulted in a noticeable decrease of GST::MKK3, 4, and 6
Coomassie Blue staining signals. However, LF did not result in any decrease of the
GST::MKK?7 signal. Both reported MKK7 cleavage sites were identified by isolating
two very weak Coomassie Blue bands with higher electrophoretic mobility in the gel.
These two truncated MKK7 may alternatively be explained by protein degradation, which
is commonly observed in GST-fusion protein purification. Collectively, the results

presented in this chapter argue against the cleavability of MKK7 by LF.

Unlike MKK4, the amino acid sequences of both cleavage sites of MKK7 match
the consensus sequence of LF cleavage site perfectly (Table II in Chapter I, see page 45).
If the amino acid sequences match the LF cleavage site consensus sequence and MKK?7
also contains the conserved the LF-interacting region (Chopra et al., 2003), then why is
MKKT7 not cleaved by LF in cells? Perhaps the sequence of the LF cleavage site gives an
answer to this question. The consensus sequence of LF cleavage site is generalized based

on an alignment of all the reported MEK/MKK cleavage sites, including the two of
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MKK?7. If MKK7 is not an LF substrate, the two reported cleavage sites of MKK7
should not be included in the alignment, and the consensus of LF cleavage site may be
different. In other words, if the two reported LF cleavage sites of MKK?7 are excluded

from Table II, then a better consensus sequence of LF cleavage site would be

(B)3X34(B/P)1/Al, where B represents basic residues, X represents variable residues, P

represents proline, and Al represeﬁts aliphatic residues. In this new consensus sequence,
a proline residue or a basic residue at the P1 position is conserved in MEK1, MEK2,
MKK3, 4, and 6, but not in MKK?7. Therefore, it is very possible that the amino acid
residue at the P1 position of MEK/MKXK is also critical for LF cleavage. Two previous
studies support this possibility. First, Duesbery et al. (1998) have demonstrated a mutant
MEK1 with an alanine substitution for this critical proline residue was resistant to LF
cleavage. Second, the critical role of the amino acid at P1 position of MEK/MKK for LF
cleavage is supported by a crystal structure study of LF. Pannifer et al. (2001) have
shown that the side chain of proline or arginine at the P1 position of MEK/MKXK sits in

the S1 substrate-binding pocket of LF to generate a productive cleavage complex.

This chapter describes the development of a novel experimental system that
allows evaluating sufficiency of an individual MEK/MKXK signaling pathway when
multiple other parallel family pathways are inhibited by LeTx. This system was then
utilized and coupled with isoform-specific MEK knockdown to determine both
sufficiency and necessity of MEK1 and MEK?2 signaling pathways for melanoma cell

proliferation. This will be presented in Chapter III.
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14. Figures

Figure 4. Resistance of V5-MEKcr to LF-mediated proteolysis.

(A) Non-transfected (None), mock-transfected (Mock), and V5-lacZ-transfected
CHO K1 cells, as well as cells transfected with (B) wild-type V5-MEK1 or V5-MEK 1cr,
or (C) wild-type V5-MEK?2 or V5-MEK2cr, were treated with PA alone control (PA) or
LeTx (LT) in the presence of cycloheximide for 12 h as described in Materials and
methods. Total cell lysates were then harvested and subjected to immunoblotting probed

with the antibodies indicated on the right of each panel. V5 antibody (VS5) and an

antibody against NH,-terminus of MEK1 (MEK1 (NH3)) were used to detect loss of

NHj-terminal epitopes following LF-mediated proteolysis. Antibodies against the

carboxyl terminus of MEK1 (MEK1 (COOH)) and MEK2 (MEK2 (COOH)) were used
to detect cleaved MEK1 and MEK2, respectively, with increasing electrophoretic

mobility. Antibodies against a-tubulin and B-tubulin were used as loading controls.
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Figure 4. Resistance of VS-MEKcr to LF-mediated proteolysis.
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Figure 5. Dual translation of V5-MEK expression vectors.
CHO K1 cells were transfected with plasmids encoding for V5-MEK1 or V5-

MEXK Icr, or the modified plasmids in which the original translation initiation codons of
MEK sequences were removed (V5-MEK1 dATG and V5-MEKIlcr dATG). Non-
transfected cells (None) or cells transfected with V5-lacZ were used as controls. After
transfection, cells were treated with PA alone (PA) or LeTx (LT) in the presence of

cycloheximide for 12 h as described in Materials and methods. Total cell lysates were

then harvested and subjected to immunoblotting probed with antibodies against NH»-

terminus of MEK1 (top panel) and GAPDH (bottom panel). V5-MEKI1 and non-tagged

MEKI1 are indicated. Lane numbers are labeled at the bottom of the blots.
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Figure 6. Activity of VS-MEKcr.
(A) Phosphorylation and activation of V5-MEKcr in cells. SK-MEL-28 cells

stably expressing V5-MEK or V5-MEKcr were treated with PA alone (PA) or LeTx (LT)
for 24 h. Whole cell lysates were prepared and immunoblotted with anti-
phosphoMEK1/2 antibody to examined the activation status of cellular V5-MEK 1cr and
V5-MEK2cr (upper panel), or with anti-GAPDH antibody as a loading control (lower
panel). (B) Optimization of V5-MEK IP-kinase assay. VS5-lacZ, V5-MEK1, V5-
MEKIcr, V5-MEK2, and V5-MEK2cr were immunoprecipitated from SK-MEL-28 cells
as described in Material and methods. A decreasing amount (5, 0.5, and 0.05 pl) of the
V5-MEK immunoprecipitates was added into in vitro kinase assay reactions which were
then carried out as described in Material and methods. (C) Kinase activity of V5-MEKGcr.
Anti-V5 immunoprecipitates were prepared from SK-MEL-28 cells as described in
Material and methods, and then used for in vitro kinase assays (top panel) in the presence
or absence of active B-Raf and/or recombinant ERK2. Equal amounts of V5
immunoprecipitates were subjected to V5 immunoblotting (bottom panel) as the V5-

MEK input control.
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Figure 6. Activity of V5S-MEKocr.
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Figure 7. Resistance of MKK3cr and MKK6cr to LF-mediated proteolysis.
(A) Human melanoma SK-MEL-28 cells stably expressing V5-MKK3 or V5-

MKK3cr were treated with LeTx in an LF concentration-dependent manner (indicated)
for 24h. Total cell lysates were harvested and subjected to immunoblotting probed with
antibodies against VS epitope (top panel), carboxyl terminal of MKK3 (middle panel),
and a-tubulin (bottom panel). (B) CHO K1 cells were transfected with V5-MKKS6, or
V5-MKKaé6cr. In-cell cleavage assays were performed as described in Materials and
methods. Total cell lysates were then collected and immunoblotted with antibodies
against V5 epitope (top panel), carboxyl terminus of MKK6 (middle panel) and a-tubulin

(bottom panel).
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Figure 7. Resistance of MKK3cr and MKKé6cr to LF-mediated proteolysis.
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Figure 8. Resistance of MKK4cr and MKK7cr to LF-mediated proteolysis.
CHO K1 cells were transiently transfected with (A) V5-MKK4, V5-MKK4cr 46,

or V5-MKK4cr_59, or (B) V5-MKK?7, V5-MKK7cr_45, or V5-MKK7cr_77. In-cell
cleavage assays were performed as described in Materials and methods. Total cell lysates
were then collected and immunoblotted with antibodies against V5 epitope (top panels),

a-tubulin and B-actin (indicated).
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Figure 9. In-cell cleavage of MKK4 by LF.
CHO K1 cells were transfected with MKK4-V5-His6, MKK4 d45-V5-His6, or

MKK4 d58-V5-His6 plasmids. After transfection, cells were split to four dished and
cultured for 12h. Cells in each dish were treated with PA alone (1 pg/ml PA) or LeTx (1
pg/ml PA plus 0.1 pg/ml LF) in the presence of 0.1% DMSO or 10 pg/ml MG-132 for
24h. Total cell lysates were collected and immunoblotted with antibodies against V5

epitope (top panel) and GAPDH (bottom panel).
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Figure 10. Wild-type MKK? is not cleaved by LF in cells.
Non-transfected (None) CHO K1 cells and cells transfected with a decreasing

amount of V5-MKK?7 plasmids (8, 4, 2, and 1 pg as indicated) were treated with PA
alone (PA) or LeTx (LT) for 12h in the presence of cycloheximide as described in

Material and methods. Total cell lysates were collected and immunoblotted with
antibodies against VS5 epitope (top panel), NH,-terminus of MEK 1 (middle panel), and B-

actin (bottom panel).
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Figure 11. LF does not cleave endogenous MKK?7 in mammalian cells.
293FT cells were treated with PA alone (PA) or LeTx (LT) for 24, 48, and 72h

(indicated). Total cell lysates were collected and immunoblotted with antibodies against
the last 20 amino acids of human MKK?7 (top panel), NH;-terminus of MEK1 (middle

panel), and B-actin (bottom panel).
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1.5. Materials and methods
1.5.1. Cell lines and stable cell line establishment.

Chinese hamster ovary (CHO) K1 cells were purchased from ATCC and grown in
Dulbecco’s minimal essential medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 50 units/ml penicillin/streptomycin (Invitrogen). SK-MEL-28 cells
were obtained from CeeTox Inc. and grown in RPMI 1640 medium supplemented with
5% FBS and 50 units/ml penicillin/streptomycin. 293FT cells were purchased from
Invitrogen and grown in DMEM medium supplemented with 10% FBS and 50 units/ml

penicillin/streptomycin (Invitrogen). All the cells were cultured at 37°C in a humidified

5% CO» incubator.

1.5.2. Chemicals and LeTx

Cycloheximide (Sigma) and MG-132 (Calbiochem) were dissolved in dimethyl
sulfoxide (DMSO) (Sigma) at a stock concentration of 100 mg/ml and 10 mg/ml,
respectively. PA and LF were expressed in an attenuated strain of Bacillus anthracis
(BH445) and purified by fast pressure liquid chromatography as described (Bromberg-

White & Duesbery, 2008).

1.5.3. V5-MEKocr construction.

All the plasmids used for transient transfection were prepared by using the
QIAprep® Spin Miniprep Kit (Qiagen). Human MEK1 (NM_002755.2) sequence was
PCR-amplified from the pREST-A/MKKI1 vector, which was a generous gift from
Natalie Ahn (Mansour ef al., 1994b). Human MEK2 (NM_030662.2), MKK3
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(NM_145109.2), MKK4 (NM_003010.2), and MKK6 (NM_002758.2) sequences were
PCR-amplified from the following .M.A.G.E. clones (Open Biosystems). MEK2, clone
#2961198; MKK3, clone #5215093; MKK4, clone #5272439; MKK6, clone #4499772.

Human MKK7 (NM_145185.2) sequences were PCR-amplified from the

™
pcDNA3/MKKT7 vector. Amplified sequences were then inserted into pENTR

. . ® . . . .
Directional TOPO ~ vector (Invitrogen) according to the manufacturer’s instructions. To

generate MEK cr/MKKcr, aspartic acid residues were introduced into the P1’ position of

LF cleavage sites (the 9th, llth, 27th and 15th amino acid of MEK1, MEK2, MKK3 and
. th th . . th th . .
MKKG6, respectively; the 46  and 59  amino acids of MKK4; 45 and 77  amino acids

of MKK7.) by using QuikChange® Site-Directed Mutagenesis (Stratagene). All the

wild-type MEK/MKK and MEKcr/MKKcr sequences were verified by DNA sequencing.
V5-MEK/MKK mammalian expression vectors were created by performing LR
recombination reactions to move MEK/MKK sequences from the Entry vectors to the
pcDNA3.1/nV5-DEST Destination vectors (Invitrogen) according to the manufacturer’s

instructions.

1.5.4. Construction of MKK4-V5-His6 and deletion mutants.

To make MKK4 carboxyl terminal fusion, the stop codon of MKK4 sequence was

removed from the MKK4 Entry vector by using QuikChange® Site-Directed Mutagenesis

(Stratagene) with modified PCR reaction in which 10% DMSO was included to solve

secondary structure. A second run of modified Site-Directed Mutagenesis reaction was
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performed to remove amino acid 2-45 and 2-58 of MKK4 from the modified Entry vector
in order to generate the deletion mutant MKK4_d45 and MKK4_d58, respectively. The
coding regions of MKK4 on all the Entry vectors were verified by DNA sequencing.
MKK4-V5-His6 mammalian expression vectors were created by performing LR
recombination reactions to move MKK4 sequences from the modified Entry vectors to
the pcDNA-DEST40 Destination vectors (Invitrogen) according to the manufacturer’s

instructions.

1.5.5. In-cell MEK cleavage assay.
To examine the cleavage of wild-type MEK/MKK or the cleavage resistance of

MEKcr/MKKcr in CHO K1 cells, cells were transfected with V5S-MEK/MKK expression

™
vectors or V5-lacZ (as a control) by using Lipofectamine 2000 (Invitrogen) according

to the manufacturer’s instructions. After transfection, cells were trypsinized and split into
two dishes, and cells in each dish were treated with either PA alone control (1 pg/ml PA)
or LeTx (1 pg/ml PA plus 0.1 pg/ml LF) in the presence of 10 pg/ml cycloheximide

(Sigma) for 12h. Total cell lysates were collected on ice in RIPA lysis buffer [SO mM

Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2 mM Na3VOy4, 20 mM

sodium pyrophosphate, 1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS, and 1 x

EDTA-free protease inhibitor cocktail (Roche)] and homogenized by sonication in ice

™
bath. Protein concentrations were determined by BCA  Protein Assay Kit (Pierce)

according to the manufacturer’s instructions. Total cell lysates were then prepared in

1xSDS sample buffer [47.5% Laemmli Sample Buffer (Bio-Rad) and 2.5% B-
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mercaptoethanol]. Five micrograms of total cell lysates were subjected to
iTnmunoblotting to detect LF-mediated cleavage as described in the results.

To examine the cleavage of MEK1, MEK2, and MKK3 in SK-MEL-28 cells
(presented in Figure 6A and Figure 7A), clonal lines of cells stably expressing V5-
MEKIcr, V5-MEK2cr, V5-MKK3cr, or their wild-type counterparts were established
(described in the Material and methods of Chapter I1I, see page 143). For examining
cleavages of MEK1 and MEK2 (Figure 6A), cells were treated with PA alone control (1
pg/ml PA) or LeTx (1 pg/ml PA plus 0.1 ug/ml LF) for 24h. For examining the cleavage
of MKK3 (Figure 7A), cells were treated with LeTx in a LF concentration-dependent
manner (1 pg/ml PA plus 0, 1, 10, 100 ng/ml LF) for 24h. Total cell lysates were

collected and prepared for immunoblottings.

1.5.6. Immunoblotting.

Five micrograms of total cell lysates were separated in 10% Novex® Pre-Cast

Tris-Glycine Gels (Invitrogen). To examine cleavage of endogenous MKK?7 in 293FT
cells (Figure 11), 4-20% gradient gels were used. After electrophoresis, proteins were
electro-transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore)
according to the manufacturers’ instructions. Membranes were then soaked in 5% non-
fat milk for 30 min and hybridized with primary antibodies against VS5 epitope (Bethyl

Laboratories), NH,-terminus of MEK 1 (Upstate, #07-641), COOH-terminus of MEK1

(Santa Cruz Biotechnology, SC-219), COOH-terminus of MEK2 (Santa Cruz
Biotechnology, SC-525), phospho-MEK1/2 (Cell Signaling #9154), COOH-terminus of

MKK3 (Santa Cruz Biotechnology, SC-961), COOH-terminus of MKK6 (Epitomics,
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1 821-1), COOH-terminus of MKK?7 (Epitomics, 1949-1), a-tubulin (Sigma, T9026), B-

tubulin (Sigma, T5201), B-actin (Sigma, A1978), or GAPDH (Cell Signaling, #2118) at
4°C for overnight. Conditions for primary antibody hybridizations were followed
according to the antibody datasheets. After primary antibody hybridization, membranes
were washed three times in TBST buffer (50 mM Tris, 150 mM NacCl, and 0.1% Tween-
20), hybridized with HRP-conjugated secondary antibodies (Kirkegaard & Perry

Laboratories) according to the instructions of the antibodies, and then washed three times

™
in TBST buffer. Immunoblotting signals were then detected by LumiGLO Reagent

and Peroxide (Cell Signaling) and exposed to X-Ray files (Kodak).

1.5.7. Immunoprecipitation
To immunoprecipitate V5-MEK from SK-MEL-28 cells, 5><106 cells were
washed with ice-code PBS (Invitrogen) three times. Whole cell extracts were prepared

onice in 1 ml of lysis buffer (20 mM Tris-HCI pH 7.5, 150 mM NaCl, 1.5 mM MgCl,, 2

mM EGTA, 1% Triton X-100, 2 mM DTT, 10 mM NaF, 1 mM Na3VOy, and 12 mM -

glycerophosphate), and then homogenized by sonication in ice bath. Soluble fraction of

cell extracts was isolated by centrifugation at 12,000g at 4°C for 10 min. Protein

™
concentrations were determined by BCA  Protein Assay Kit (Pierce) according to the

manufacturer’s instructions. Two hundred mg of clear extracts were incubated with 25 pl
of agarose-immobilized V5 antibody (Bethyl Laboratories) in a total volume of 500 ul of

lysis buffer on a rotator at 4°C for 12h. The precipitates were then washed twice with the
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lnysis buffer and twice with kinase assay buffer (25 mM Tris-HCI pH 7.5, 5 mM B-

glycerophosphate, 2 mM DTT, 0.1 mM Na3VOy4, and 10 mM MgCl,), and resuspended

in 50 pl of kinase assay buffer as the kinase source for the following kinase assay.

1.5.8. In vitro kinase assay.
Five microlitters of prepared V5 immunoprecipitates were incubated on ice with
or without 0.05 pg of active B-Raf (Upstate Biotechnology) and 400 ng of recombinant

ERK2 in a total volume of 2 pl of assay dilution buffer (20 mM MOPS pH 7.2, 25 mM B-

glycerophosphate, 5 mM EGTA, 1 mM Na3VO4 and 1 mM DTT), and then 3 pl of ATP
mixture [0.5 pl of [7-32P]ATP (Amersham; 10 mCi/ml, 3000 mCi/mmole) in 250 pM

ATP and 37.5 mM MgCl,] was added. In vitro phosphorylation reaction was carried out

by incubating the reactions in 30°C water bath for 30 min, and then stopped by addition
of 10 pl of 2xSDS sample buffer. Proteins in the reactions were then separated in 10%
Tris-Glycine gels, and ERK2 phosphorylation was visualized by using a FLA-5000
Phospholmager (Fuji). The input of 5 ul of V5-fusion proteins was shown by

immunoblotting using VS5 antibody.
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Chapter III. Sufficiency and necessity of MEK signaling pathways for melanoma

cell proliferation

1.1. Introduction

MEK1 and MEK?2 share greater than 85% amino acid homology in their kinase
domains. Therefore, currently available MEK small-molecule inhibitors target both
MEKSs. Since the only known substrates of both MEK 1 and 2 are ERK1 and ERK2, it
has generally been assumed that MEK1 and MEK2 functions are overlapping and
redundant. However, studies of mouse knockouts as well as recent studies in cultured
cells indicate these molecules may have distinct biological functions. Whereas MEK 1
deficiency results in embryonic lethality and a reduction in placental vascularization
(Giroux et al., 1999), MEK2 knock-out mice are viable and fertile (Belanger et al., 2003).
In addition, in vitro studies indicate MEK1 and MEK?2 have non-redundant roles in colon
cancer cell proliferation (Voisin et al., 2008) and epidermal neoplasia (Scholl et al.,
2009b).

The B-Raf/MEK/ERK pathway is constitutively activated in many cancers
including melanoma. Indeed, more than eighty percent of human melanomas harbor
somatic B-Raf and N-Ras mutations (Tsao et al., 2000; Davies et al., 2002) that cause
constitutive activation of MEK 1 and 2. Elevated MEK 1 and 2 activities promote
melanoma tumorigenesis, angiogenesis, and progression (Cohen et al., 2002,
Govindarajan et al., 2003; Tanami et al., 2004, Wellbrock et al., 2004; Trisciuoglio et al.,
2005). Conversely, biological and small molecule inhibitors targeting MEK 1 and 2
inhibit melanoma cell proliferation and xenograft tumor growth as well as metastasis

(Koo et al., 2002; Collisson et al., 2003; Abi-Habib et al., 2005; Solit ez al., 2006).
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Consequently, a great deal of effort has been placed on developing inhibitors of MEK 1
and 2 (Roberts & Der, 2007). Despite this, MEK1/2 inhibitors have failed to meet
expectations in clinical trials owing to poor efficacy and unexpected toxicities (LoRusso
et al., 2005b; Eisen et al., 2006; Lee & Duesbery, 2010). This indicates we do not yet
fully appreciate the role of MEK signaling in melanoma. A better understanding of the
relative roles of MEK1 and MEK2 may aid in the design of more effective therapies for
treating melanoma and other MEK -dependent cancers.

To test the hypothesis that the functions of MEK1 and MEK2 are critical and
interchangeable for melanoma cell proliferation, two series of experiments were
performed. In the first approach, the necessity of MEK1 and MEK?2 signaling pathway
for SK-MEL-28 cell proliferation was determined using MEK -specific siRNA. In this
experiment, either MEK1 or MEK2 was knocked-down by the specific siRNA while the
other MEK isoform and other MKK family proteins were present. In the second
approach, the novel experimental system presented in Chapter II was used to evaluate the
sufficiency of MEK signaling pathways for cell proliferation by making either MEK1 or
MEK?2 active in SK-MEL-28 cells. Briefly, this system takes advantage of the
MEK/MKK-specific proteolytic activity of anthrax lethal toxin (LeTx). LeTx is a binary
toxin composed of protective antigen (PA) and lethal factor (LF). PA binds to the
anthrax toxin receptors on cell surface to form a complex, which mediates the
internalization of LF into cells (reviewed by Singh et al., 2005). LF proteolytically
inactivates MEK 1 and 2, (Duesbery et al., 1998; Vitale et al., 1998), MKK 3-4, 6 and 7
(Vitale et al., 1998; Pellizzari et al., 1999, Vitale et al., 2000) at the amino-terminal

consensus cleavage site, although results presented in Chapter II show that MKK7 may
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not be a preferred LF substrate in mammalian cells (Chapter II, section 1.2.5, page 60).
As a result of the cleavage, MEK loses a critical docking domain which is required for
interacting with the downstream substrate ERK (Chopra e al., 2003; Bardwell et al.,
2004). As a consequence MEK signaling is blocked (Duesbery et al., 1998; Park et al.,
2002; Depeille et al., 2007; Ding et al., 2008). Taking advantage of this, LeTx was used
as a global MEK/MKXK inhibitor to inhibit both of MEK1 and MEK2 as well as most
other MKK signaling pathways in SK-MEL-28 cells. Simultaneously, a cleavage-
resistant form of MEK (MEK 1cr or MEK2cr) was expressed to rescue the individual
MEK signaling pathway in cells. Sufficiency of MEK1 and MEK2 signaling pathways

for melanoma cell proliferation was then evaluated.

1.2. Results
1.2.1. Necessity of MEK1 and MEK?2 signaling pathways for melanoma cell

proliferation

1.2.1.1. Necessity of MEK1 and MEK?2 signaling pathways for ERK activation
in melanoma cells

To test the hypothesis that MEK 1 and MEK2 are redundant and interchangeable,
the necessity of MEK1 and MEK2 signaling pathways for ERK activation in melanoma
cells was evaluated first by performing siRNA-mediated MEK knock-down. To do this,
human melanoma SK-MEL-28 cells were transfected with individual siRNA or pools of
siRNAs that specifically target either MEK1 or MEK2. These siRNAs were designed

and validated by QIAGEN Inc. (Valencia, CA). The knock-down efficiency of each
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siRNA was estimated to be 75% or greater based on immunoblotting and the effects of
each siRNA appeared to alter the targeted MEK without affecting the other (Figure 12).
Individual knock-down of either MEK1 or MEK2 had no effect on ERK activation in
SK-MEL-28 cells. In contrast, however, pooled siRNA targeting both MEK1 and MEK2
did cause a decrease in ERK phosphorylation (Figure 12). This indicates that neither
MEKI1 nor MEK2 is necessary for ERK activation, and that MEK1 and MEK2 can

compensate for each other to activate ERK in SK-MEL-28 cells.

1.2.1.2. Necessity of MEK1 and MEK2 signaling pathways for melanoma cell
cycle progression
The necessity of MEK1 and MEK2 signaling for cell cycle progression was then

further determined in SK-MEL-28 cells using fluorescence-activated cell sorting (FACS).

Under normal cell culture conditions, about 70% of SK-MEL-28 cells are in Go/G; phase.

Whereas knockdown of either MEK 1 or MEK2 had no effect on cell cycle progression,
the combined knockdown of MEK1 and MEK2 resulted in a significant 10% increase in
cells at Go/G; (p < 0.0001) (Table IV). These data indicate that neither MEK1 nor
MEK2 signaling is necessary for ERK activation or cell cycle progression in SK-MEL-28
cells, and that MEK 1 and MEK2 can compensate for each other to activate ERK and to

promote cell cycle progression in SK-MEL-28 cells. This supports the hypothesis that

MEK1 and MEK2 are interchangeable for melanoma cell proliferation.
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1.2.2. Sufficiency of MEK1 and MEK?2 signaling pathways for melanoma cell
proliferation

To confirm the feasibility of the novel experimental system (presented in Chapter
II) in SK-MEL-28 cells, V5-MEK11cr, V5-MEK2cr, or their wild-type counterparts (as
controls) were stably transfected into SK-MEL-28 cells. These cells were then treated
with LeTx in a LF concentration-dependent manner (1pg of PA plus 0, 1, 10, and 100

ng/ml of LF) for 24h, and the cellular levels of MEK1 and MEK2 were then examined

using immunoblotting. LF-mediated proteolysis caused loss of the NH-terminal VS$

epitope in cells expressing wild-type V5-MEK1 and V5-MEK2 within 24 hours, even
when the cells were treated with low concentrations of LF (1 ng/ml). This loss of V5
epitope did not appear to be a result of decreasing cytomegalovirus (CMV) promoter
activity (due to the down regulation of c-jun and c-fos by LeTx treatment) as the
expression level of V5-lacZ in SK-MEL-28 cells remained unchanged in the presence of
LF (Figure 13B). In contrast, V5-MEK1cr and V5-MEK2cr were much more resistant
and showed only partial cleavage at the highest LF concentration used (100 ng/ml)
(Figure 13A, top panels). These data confirm the earlier results showing that V5-
MEKIcr and V5-MEK2cr remained intact in V5-MEKcr-expressing CHO K1 cells after
with LeTx treatment (presented in Chapter II). In addition, following LeTx treatment,
MEK1 and MEK2 were not detectable in V5-MEK2cr-expressing cells and V5-MEK 1cr-
expressing cells, respectively (Figure 13A, the second panels for MEK 1, and the third
panels for MEK2). It was noted that in SK-MEL-28 cells, the V5-MEK expression
vectors also gave the same dual-translation pattern which was described earlier in

Chapter II (see the text in page 54 and Figure 5). Taken together, these results validate
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observations in CHO K1 cells and confirm MEK1 or MEK2 expression can be stably

maintained in the absence of other MKK.

1.2.2.1. MEK2, but not MEK1, is sufficient to maintain ERK2 activity

ERK1 and ERK2 are the only identified enzymatic substrates of MEK1 and
MEK2. To evaluate the sufficiency of MEK1 and MEK2 to phosphorylate ERK in
melanoma cells, I examined the status of ERK phosphorylation when SK-MEL-28 cells
expressed MEK1 or MEK2. As expected, ERK2 was more abundant than ERK1 in SK-
MEL-28 cells (Figure 13A, the fifth panels), and ERK2 activation was dramatically
inhibited by LeTx in SK-MEL-28 parental cells as well as in cells expressing wild-type
V5-MEKI1 or wild-type V5-MEK2 (Figure 13A, the fourth panels). In contrast, V5-
MEK2cr maintained ERK2 phosphorylation in the presence of LeTx. Surprisingly,
ERK2 activation was not maintained in V5-MEK 1cr-expressing cells treated with LeTx,
although V5-MEK lcr was activated in SK-MEL-28 cells and the kinase activity of V5-
MEKIcr was confirmed by the earlier IP-kinase assay result. These results indicate that
in SK-MEL-28 melanoma cells, MEK2 alone is sufficient to maintain ERK2 activity in
the presence of LF, but MEK1 is not, and that MEK1 and MEK?2 are not interchangeable

for ERK?2 activation in this cellular context.

1.2.2.2. Genome-wide cDNA microarray reveals non-overlapping
transcriptional patterns downstream of MEK1 and MEK2
In response to extracellular signals, MAP kinase pathways regulate gene

expression at the translational and/or post-translational level. Therefore, if MEK1 and
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MEK?2 are redundant and interchangeable, transcriptional targets downstream of MEK 1
and MEK2 should overlap. In contrast, if MEK1 and MEK2 are not redundant, they
should have non-overlapping transcriptional effects. To test this, SK-MEL-28 cells were
treated with LeTx, so that (i) V5-lacZ-expressing cells had neither MEK 1 nor MEK2 (as
both were cleaved by LeTx); (ii) V5-MEK 1 cr-expressing cells had only MEK 1 (V5-
MEK(Icr) but not MEK2; and (iii) V5-MEK2cr-expressing cells had only MEK2 (V5-
MEK2cr) but not MEK1 (Figure 14A). Under these conditions, endogenous MEK and
other MKK proteins were cleaved and inactivated by LF in LeTx-treated cells (data not
shown). After LeTx treatment, total RNA was collected from the cells, and global gene
expression change was analyzed by using the Agilent 60-mer Whole Human Genome
Microarrays. The microarray data analysis was performed in collaboration with Mr. Karl
Dykema from Dr. Kyle Furge’s laboratory at the Van Andel Research Institute.
‘Comparing the gene expression patterns in these cells, we found that relative to control
treatment (PA plus LF_E687C, an inactive LF mutant) in V5-lacZ-expressing cells, LeTx
treatment resulted in statistically significant changes in expression of 2,560 genes out of
the 18,359 genes represented on the microarray. Of the 2,560 genes, 268 were rescued in
V5-MEKIcr-expressing cells, and 1,214 were rescued in V5-MEK2cr-expressing cells.
Surprisingly, when we compared the LeTx effect on these two types of cells, we found
that the rescued genes were incompletely overlapping (Figure 14B). This indicates that
MEK1 and MEK2 have both overlapping and non-overlapping downstream targets, and
that MEK1 and MEK2 are not absolutely redundant and interchangeable with respect to

gene expression in melanoma cells.
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1.2.2.3. MEK2cr, but not MEK1cr, rescued proliferation-related pathways in
LeTx-treated cells

We examined the pathway outputs in LeTx-treated cells by performing a gene set
enrichment analysis (Furge et al., 2007a; Furge et al., 2007b). We found that in SK-
MEL-28 cells LeTx treatment resulted in down-regulation of several transcriptional
signatures, most of which were associated with cell proliferation, such as those of E2F
transcription factor, RNA processing, DNA replication and recombination, and cell cycle
progression, as well as oncogenic pathways. This supports previous findings that LeTx
inhibits melanoma cell proliferation in vitro (Koo et al., 2002; Abi-Habib et al., 2005).
Interestingly, 49 of these signatures were uniquely rescued in V5-MEK2cr-expressing
cells whereas no signatures appeared to be uniquely rescued by V5-MEK 1 cr-expressing
cells (see Table V for representative pathways, and Appendix I for the full pathway list).
This finding indicates that MEK1 and MEK?2 signaling pathways are not equally
sufficient for gene expression associated with melanoma cell proliferation and suggests

that MEK2 has a more substantial role in driving melanoma cell proliferation.

1.2.2.4. MEK2, but not MEK(1, is sufficient for melanoma cell proliferation in
vitro.

To test whether MEK2 and not MEK(1 is sufficient to drive SK-MEL-28
melanoma cell proliferation, additional clonal SK-MEL-28 cells stably expressing the
V5-fusion proteins were established and included in the following experiments. After
SK-MEL-28 cells were transfected with wild-type V5-MEK or V5-MEKcr expression

vectors, three independent stable clones displaying different levels of V5-fusion protein
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expression were selected (Figure 15). SK-MEL-28 cells stably expressing V5-lacZ were
established as a control. In this set of stably transfected cell lines, expression levels of
V5-MEKcr were comparable to their wild-type counterparts, and expression levels of V5-
MEK1 were comparable to V5-MEK2 (Figure 15). These stable cell lines were then
tested for their sensitivity to LeTx in vitro by performing a LeTx toxicity assay. To do
this, cells were cultured in the presence of PA and various concentrations of LF for 72h,
and relative viability (compared to no LF) of LeTx-treated cells was then determined

(Figure 16). Whereas parental SK-MEL-28 cells and the cells expressing V5-lacZ, V5-

MEKI1, V5-MEKIcr, and V5-MEK2 had similar sensitivities to LeTx (with IC5q values

around 0.5 ng/ml of LF), cells expressing V5-MEK2cr showed a significantly lower
sensitivity to LeTx-induced proliferation inhibition in vitro (Figure 16 and Figure 17).

Importantly, the resistance of V5-MEK2cr-expressing cells to LeTx positively correlated

with expression levels of V5-MEK2cr. The IC5q of LF on SK-MEL-28 cells expressing

low, moderate, and high levels of V5-MEK2cr was 3-, 8-, and 21-fold higher than that for
parental cells, respectively (Figure 16 and Figure 17). Furthermore, if resistance to LF is
strictly dependent upon expression of MEK2cr then these cells should retain their
sensitivity to MEK small-molecule inhibitors. To test this, cells were tested for their
sensitivity to two MEK inhibitors, U0126 and PD 184352, in a dose-dependent manner.
Consistent with the hypothesis, V5-MEK2cr-expressing cells were as sensitive as other
V5-MEK-expressing cells to the MEK inhibitors U0126 and PD184352 (Figure 17).
Taken together, these experiments demonstrate that SK-MEL-28 cells expressing V5-

MEKZ2cr are relatively resistant to LeTx-induced proliferation inhibition in vitro, and
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indicate that the MEK2, but not MEK(, signaling pathway is sufficient for SK-MEL-28

melanoma cell proliferation in vitro.

1.2.2.5. Neither MKK3 nor MKXKG is sufficient for SK-MEL-28 cell
proliferation in vitro.

It was recently reported that cross talk between ERK and p38 MAPK stimulates
melanoma proliferation (Estrada et al., 2009). Despite the low basal level of p38 MAPK
activity in SK-MEL-28 cells under the cell culture conditions that were used (Figure 18),
the sufficiency of MKK3 or MKK6 signaling pathways for SK-MEL-28 cell proliferation
was tested. When SK-MEL-28 cells stably expressing V5-MKK3cr or V5-MKKé6cr were
tested for their sensitivities to LeTx-induced proliferation inhibition in vitro, none of
these stable cell lines were resistant to LeTx (Figure 19). This result indicates that

neither MKK3 nor MKKG6 is sufficient for melanoma cell proliferation in vitro.

1.2.2.6. MEK?2 signaling is sufficient for anchorage-independent growth

The results presented above show the sufficiency of the MEK?2 signaling pathway
for melanoma SK-MEL-28 cell proliferation in vitro. Next I attempted to determine the
sufficiency of MEK1 and MEK2 signaling pathways for melanoma tumor growth in vivo
using a xenograft mouse model. However, as shown in section 1.2.3 of this chapter, I
was not able to answer this question due to technical limitations of the xenograft model.
Despite this, the xenograft experiment results revealed valuable information regarding the

in vivo targeting of LeTx. This part of the data is presented in the next section.
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Using a soft agar colony forming assay as an alternative strategy, I evaluated the
ability of these cells to grow in an anchorage-independent fashion. Parental SK-MEL28
as well as SK-MEL28 cells expressing V5-lacZ, V5-MEK and V5-MEKcr readily
formed colonies (>50 pm diameter) within 21 days (Figure 20A, top panels). However,
in the presence of LeTx, colony formation of all cell types tested was inhibited, except
for V5-MEK2cr-expressing cells (Figure 20A, lower panels). When these results were
quantified, it was noted that expression of V5-MKK2cr in SK-MEL-28 cells resulted in a
significant rescue of 70% of the colony formation in the presence of LeTx (Figure 20B).
This result, in agreement with the proliferation results presented earlier, demonstrates that
the MEK2 signaling pathway alone is sufficient for anchorage-independent growth of

SK-MEL-28 cells.

1.2.3. A xenograft model to test the sufficiency of MEK1 and MEK?2 signaling
pathways for melanoma tumor growth in vivo

As discussed in the General Introduction (Chapter I), LeTx possesses a potent
inhibitory activity on tumor growth in vivo in different cancer xenograft models
(Duesbery et al., 2001; Koo et al., 2002; Depeille et al., 2007; Ding et al., 2008). A
similar approach was used in this dissertation project to determine the sufficiency of

MEK signaling pathways for melanoma tumor growth in vivo.

1.2.3.1. SK-MEL-28 xenograft tumor growth
To grow SK-MEL-28 xenograft tumors in nude mice, cells were subcutaneously

injected into the right side of the dorsalateral area of a group of athymic nude mice.
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Tumor volumes were measured every two days by using a caliper. Figure 21 shows a
representative SK-MEL-28 xenograft tumor growth curve. Shortly after subcutaneous
inoculation, lesions were measurable due to swelling. The swellings generally
disappeared within two weeks and the volume of the lesions remained not measurable for
the next five weeks. Seven weeks after cell inoculation, xenograft tumors started
growing in an exponential manner (Figure 21). Although considerable variation of tumor
size between mice was normally observed in this xenograft model, the experimental
reproducibility was revealed when tumor growth curves from multiple independent

experiments were overlaid on the same plot (Figure 22).

1.2.3.2. LeTx systemic treatment of SK-MEL-28 xenograft tumors
In this dissertation project, an established approach for LeTx systemic treatment

of cancer xenograft tumors in nude mice was used. Xenograft tumors were allowed to

3 c L . .. .
grow to an average volume of 50 mm~, at which time mice were divided into two groups.

Mice in each group were then intravenously injected with LeTx (PA plus LF) or control
(PA plus LF_E687C) at a dosage of one standard dose (1 xSD equals 10 pug PA plus 2 pg
LF or LF_E687C) every two days for a total of six injections (6 standard doses).
Previous studies have shown that this treatment has no obvious adver<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>