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Abstract

Characterization of Protein Kinase Signaling in Cancer Metastasis
and Cancer Drug Resistance
By Gina Alesi

Despite improvements in cancer therapy and patient survival, there were approximately
589,000 human cancer deaths in 2015. Cancer metastases that are resistant to current
therapeutic strategies are responsible for over 90% of these deaths. Over the past 20
years, the paradigm of cancer treatment has shifted toward targeted therapies, which act
on cancer-specific molecular targets, such as kinases, to inhibit cancer cell survival and
growth.

We recently exploited two key strategies for determining novel protein kinase targets in
cancer therapy. The first strategy relies on identifying signaling effectors downstream of
oncogenic kinases. Following previous research demonstrating that ribosomal S6 kinase
2 (RSK2) promotes head and neck cancer cell invasion and tumor metastasis, we
performed phospho-proteomics studies to identify RSK2 signaling effectors in metastasis.
Among top candidates were several potential targets involved in cell migration and
cytoskeletal regulation. We validate and characterize stathmin, a novel RSK2 substrate
and cytoskeletal regulatory protein that promotes microtubule destabilization. We
demonstrate that RSK2 regulates microtubule stability to provide a morphological
advantage for promoting cancer cell invasion and tumor metastasis, which is partly
mediated through the phosphorylation and inhibition of stathmin.

The second strategy relies on the principle of synthetic lethality in cancer therapy, in
which targeting a synthetic lethal gene to a chemotherapy drug could potentially increase
therapeutic efficacy and decrease off-target side effects. We performed a screen for
kinases that promote chemosensitization when targeted in combination with cisplatin.
Genetic depletion of the top screening candidate, microtubule associated serine/threonine
kinase 1 (MASTI), sensitizes various cancer cells to sub-lethal doses of cisplatin.
Additional phospho-antibody array and mass spectrometry studies reveal that MAST1
signals through several protein effectors, including MEK1 and PLKI, to promote cell
survival and proliferation during cisplatin treatment. Collectively, these studies expand
our understanding of protein kinase signaling mechanisms underlying cancer cell
metastasis and drug resistance.
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Chapter 1: Introduction

1.1 Kinases

Kinases are critical for maintaining cellular homeostasis. Complex intracellular and
extracellular signals are integrated through kinase signaling to coordinate important
regulatory processes. Kinases are highly regulated enzymes that function in two key ways
to relay these complex signals[1]. The first and most recognized role of kinases is to
catalyze the transfer of the gamma-phosphate of ATP to a substrate, while the second role
is to serve as a signaling scaffold protein or as an allosteric regulator of other kinases
independent of phosphoryl transfer[2]. The reversible phosphorylation of substrates by
kinases and phosphatases, which remove these phosphoryl groups, as well as any
scaffolding or allosteric interactions between kinases and substrates, dictates the activity,
reactivity, and subcellular localization of the associated substrates[3]. Kinases are broadly
categorized by their substrate specificity: protein, lipid, and carbohydrate kinases. Other
kinases can also act on small molecules such as nucleic acids and vitamins. Compared to
kinases with non-protein substrate specificity, protein kinases are overrepresented as
drivers of malignancy and implicated in a variety of human maladies, including immune

related disorders, cardiovascular disease, diabetes, and cancer[4].

1.2 Mechanistic Basis of Protein Kinase Signaling
The human genome contains 518 protein kinases; comprising 1.7% of the human
genome, this collection of protein kinases is commonly referred to as the kinome. The

human kinome is categorized by sequence similarity of the catalytic domain. Of these



518 human protein kinases, 478 kinases constitute the typical superfamily and share a
homologous eukaryotic protein kinase (ePK) catalytic sequence. The typical kinases are
broadly divided into two categories based on substrate specificity — serine/threonine
kinases (388 kinases) and tyrosine kinases (90 kinases); further clustering reveals that
these kinases can be classified phylogenetically by 9 groups, 134 families, and 196
subfamilies[5, 6]. The remaining 40 kinases in the kinome are atypical kinases, which
demonstrate protein kinase activity but lack homology to the ePK catalytic domain
sequence. In addition, 48 pseudokinases, predicted to be catalytically inactive due to a
lack of one or more of the three conserved ePK motifs, exist in both of the typical and

atypical superfamilies[7].

Despite extensive differences in sequence variability and substrate specificity between
protein kinases — even among members of the same subfamily — the ePK catalytic
domain, which is responsible for mediating substrate phosphorylation, is highly
conserved. Comprising 12 subunits, the bi-lobal ePK catalytic domain is a distinctly
regulated mediator of typical kinase activity[6]. The N-lobe and C-lobe each contain
alpha-helices and beta-sheets, and the interface between them creates a deep cleft in the
protein kinase fold to permit binding of the adenine ring of ATP. In this orientation, the
gamma-phosphate of ATP is aligned to the outside of the cleft for phosphoryl transfer to
a bound substrate. Three key amino acid motifs are critical for kinase catalysis: the VAIK
motif (subdomain II), in which the lysine residue interacts with the alpha and beta
phosphates of ATP to position ATP in the binding cleft; the HRD motif (subdomain

VIb), in which the catalytic aspartic acid residue acts as a base acceptor to permit proton



transfer; and the DFG motif (subdomain VII), in which the aspartic acid residue chelates

a Mg®" ion and orients the beta and gamma phosphates of ATP[3, 7].

Also common to all typical protein kinases is the presence of two hydrophobic spines that
traverse the N- and C-lobes of the catalytic domain: the R-spine and the C-spine. Both
spines were determined using local spatial pattern (LSP) alignment, a method that can
identify spatially conserved amino acid residues[8]. The R-spine, or ‘regulatory’ spine,
was discovered by comparing the spatial arrangement of residues between active and
inactive typical kinases; only active kinases have a continuous, unbroken alignment of
hydrophobic amino acids that results from phosphorylation of the activation loop. In
contrast, the C-spine, or ‘catalytic’ spine, was found by comparing the spatial
arrangement of all typical protein kinases. Completed by the binding of adenine from
ATP in the catalytic cleft, contiguous alignment of the C-spine engages all necessary
machinery for catalysis. The assembly of the R-spine and C-spine result in a kinase
conformation that is primed for catalysis and increased interactions with other

proteins[9].

1.3 Cancer and the Kinome

Cancer is a genetic disease that is sustained by adaptational changes on an intracellular
level and interactions with growth factors, matrix components, and immune cells in the
extracellular environment. Weinberg and Hanahan described six key hallmarks of cancer
— and recently chronicled two additional emerging hallmarks and two enabling

characteristics — to provide an organizing principle for the holistic understanding of the



complexities of this disease[10, 11]. Protein kinases contribute to many of these

described characteristics.

In 1911, Peyton Rous determined that cell-free chicken sarcoma extracts induce tumor
formation in other chickens; almost 70 years later, researchers studying the oncogenicity
of the Rous sarcoma virus (RSV) established the first direct link between protein kinase
signaling and cancer. RSV is made up of four genes: gag, pol, env, and src. Between
1978 and 1980, researchers discovered that src — the only non-viral gene of RSV —
encodes a kinase with tyrosine phosphorylation activity. This src gene product, now
known as the Src protein tyrosine kinase, was found to be responsible for the malignant
transformation of cells by RSV[12-14]. Since then, the kinase domain was implicated as
the most common protein domain encoded by cancer genes[15]. We now know that
aberrant protein kinase signaling results in the pathogenesis and disease progression of
cancer through a variety of mechanisms, including increased cell proliferation, survival,

and motility.

Three genetic aberrations lead to dysregulated kinase signaling in cancer: somatic
mutations, copy number alterations (CNA), and kinase gene fusions from chromosomal
rearrangements[16, 17]. Somatic mutations are the most common genetic alteration
affecting kinases. Over 1000 cancer-related somatic mutations have been documented in
the protein kinase superfamily and many of these mutations are drivers of
malignancy[18]. For example, B-Raf V600E, caused by the substitution of thymine for

adenine at nucleotide 1799, is estimated to be mutated in 50% of malignant melanomas



and nearly all hairy cell leukemias, metanephric kidney adenomas, and papillary
craniopharyngiomas[19]. This mutation encodes a constitutively active protein, which
drives cell proliferation, survival, and invasion by continuously signaling downstream
through the mitogen-activated protein kinase (MAPK) pathway. CNAs, in which somatic
changes to chromosome structure result in the deletion or duplication of a DNA
sequence, are also prevalent among kinases. The most common malignant adult brain
tumor, glioblastoma multiforme (GBM), features CNA of receptor tyrosine kinases
(RTKSs). Focal amplification of epidermal growth factor receptor (EGFR; 46%), platelet-
derived growth factor receptor a (PDGFRA; 16%), and hepatocyte growth factor receptor
(MET; 2.6%) was determined in over 400 cases of GBM. In addition to extensive single-
receptor focal CNA, many of these analyzed GBMs have co-amplification of two or more
RTKs. Although the immediate clinical relevance of this finding is unclear, this may help
explain poor clinical trial outcomes of small-molecule inhibitors targeting an individual
RTK[20]. Similar to CNAs, chromosomal rearrangements also alter the native
chromosome structure; however, instead of affecting gene copy number, these
rearrangements often lead to the formation of overactivated chimeric kinases. The most
notorious chromosomal rearrangement is the reciprocal translocation between
chromosome 9 and chromosome 22, which fuses the Abelson (ABL1) tyrosine kinase to
the Breakpoint Cluster Region (BCR) gene. The resulting fusion protein, Ber-Abl, causes
increased proliferative signaling that directly results in the formation of Chronic Myeloid

Leukemia (CML).



A few fundamental non-genetic mechanisms also control kinase activity in cancer,
including protein-protein interactions (PPIs) and feedback regulation[21, 22]. One
example where these mechanisms work in tandem to regulate kinase activity is the
Raf/MEK/ERK MAPK pathway. Upon mitogenic stimulation, Ras-GTP recruits and
activates the three Raf paralogs (A/B/C-Raf) at the plasma membrane. B- and C-Raf
subsequently form homo- and heterodimers in which one monomer, usually B-Raf,
allosterically activates the other monomer. PPIs between Raf and scaffold proteins
influence the extent and duration of Raf kinase activation to modulate downstream
MAPK signaling. For example, Kinase Suppressor of Ras (KSR) pseudokinases dimerize
with Raf to regulate Raf:Raf dimer formation and subsequent kinase activity[23]. 14-3-3
proteins also bind to Raf and act as ‘molecular handcuffs’ to either inhibit or promote Raf
kinase activity. Raf signals through MEK1/2 to activate ERK1/2 and stimulate a variety
of biological responses. At the same time, active ERK1/2 phosphorylates Raf and

MEK1/2 to promote feedback inhibition of MAPK pathway activity[24].

1.4 Targeting Protein Kinases in Cancer

Traditionally, cancer treatment involves a regimen consisting of surgery, radiation, and
chemotherapy; surgery removes the primary tumor while radiation and chemotherapy
exploit the genetic and signaling abnormalities of cancer cells to eliminate any residual
tumor cells. Although this regimen can result in durable clinical responses, systemic
chemotherapy also harms rapidly proliferating normal cells. This leads to negative side-
effects that can dramatically impact a patient’s quality of life short-term or result in the

formation of a secondary cancer long-term. Over the past 20 years, the paradigm of



cancer treatment has shifted toward targeted therapy, which is considered to be more
effective and less toxic. Instead of interfering with all dividing cells, targeted therapies
act on cancer-specific molecular targets, such as kinases, to inhibit cancer cell survival

and growth[25].

In 2001, imatinib (Gleevec), a small-molecule drug that inhibits Ber-Abl in CML,
became the first FDA-approved targeted therapy for an oncological indication. Since
then, 27 additional small-molecule kinase inhibitors have been approved by the FDA to
treat a variety of cancers[26]. Clinical adoption of kinase inhibitors has revolutionized
cancer treatment outcomes; for example, the five-year survival rate for patients diagnosed
with CML has more than doubled between the early 1990s (31%) and mid 2000s

(63%)[27].

Small-molecule kinase inhibitors are classified as either irreversible or reversible.
Usually resulting from covalent binding between an inhibitor and a reactive amino acid
residue next to the ATP-binding site, irreversible inhibitors permanently block ATP-
binding to prevent kinase activation. There are four types of reversible inhibitors that
transiently suppress kinase activity: Type 1, which bind to active kinases at the ATP-
binding site in the catalytic cleft; Type 2, which bind to inactive kinases at the ATP-
binding site; Type 3, which bind to a pocket adjacent to the ATP-binding site to
allosterically inhibit kinase activity; and Type 4, which bind to a pocket distant of the
ATP-binding site to allosterically inhibit kinase activity. Of the 28 FDA-approved kinase

inhibitors, 26 kinases are reversible. Only two inhibitors are irreversible and all but one



inhibit protein kinases; the exception is idelalisib, an inhibitor of the phosphoinositide-3

kinase (PI3K) lipid kinase[26].

Antibody-based therapies also inhibit kinase activity; however, this class of drugs inhibits
a distinct family of kinases — RTKs — that bridge extracellular signals and cellular
responses. Activation of RTKs by extracellular growth factors results in a marked
increase of intracellular protein phosphorylation due to downstream kinase cascade
signaling. Biologic kinase inhibitors are monoclonal antibodies that bind extracellularly

to RTKs and inhibit receptor activation and any subsequent downstream signaling.

1.5 Clinical Challenges of Cancer Therapy

Despite improvements in cancer therapy and patient survival, there are two major
challenges facing cancer research and treatment: drug resistance and tumor metastasis.
According to the National Cancer Institute, there were approximately 589,000 human
cancer deaths in 2015. Cancer metastases that are resistant to current therapeutic

approaches are responsible for over 90% of these deaths.

1.5.1 Cancer Metastasis

The dissemination of tumor cells from a primary site and subsequent recolonization of
these cells at a distant site leads to the formation of cancer metastasis. Primary tumors
commonly metastasize to the brain, bones, lungs, and liver[28]. In rare cases, cancer
metastasis is diagnosed without prior knowledge of a primary tumor. Clinically

addressing cancer metastasis has proved difficult for five main reasons:



Detection limitations of metastases: although there is no single test to check for
metastasis, it is usually detected using lab tests and advanced imaging modalities. These
include computed tomography (CT), positron emission tomography (PET), and magnetic
resonance imaging (MRI) scans. However, these imaging modalities are only able to
detect larger metastatic lesions. Therefore, many patients are not diagnosed with distant
metastasis until it becomes detectable; at that time, the cancer is considered to be

incurable.

Inadvertent pro-metastatic effects of primary tumor growth control: therapy aimed at
reducing the primary tumor can promote cancer cell metastasis. The most striking
example is the tumor bed effect, in which radiation therapy of the primary tumor site
induces hypoxic signaling factors that lead to local recurrent tumors with more aggressive
phenotypes and increased metastatic propensity. Moreover, current postirradiation
treatments with angiogenic inhibitors may also unintentionally promote metastasis by

increasing hypoxia[29].

Lack of treatment options: therapeutic treatment of metastases mirrors that of primary
tumors, even though gene expression patterns and phenotypic characteristics are often
quite different[30]. However, targeted molecular and biological therapies that recognize
the specific biology of metastatic cells show promise of controlling metastatic burden.
One example is the recent observation that metastatic cancer cells in the bone interact
with osteoblasts and osteoclasts to promote metastatic growth[31]. Bisphosphonates and

receptor activator of nuclear factor kappa-B ligand (RANK-L) inhibitors suppress
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osteoclast formation, which provides a rationale for the use of these therapies for the
control and treatment of bone metastases[32]. Despite this example, metastasis-specific
treatment options are limited due to a lack of knowledge of metastatic formation and

growth.

Poor biological understanding of the metastatic process: the progression from a primary
to a metastatic cancer is inadequately characterized. Cancer cells must complete complex
cellular signaling changes to overcome barriers that typically prevent metastasis.
However, the molecular processes underlying these cellular changes are not well
characterized[33]. A better understanding of the key signaling modalities underlying the
steps of metastatic dissemination and organotropic colonization is necessary to develop

molecular therapies to treat and prevent metastases[34].

Inefficient clinical trials process: the methods in which clinical trials are conducted
preclude the collection of necessary information to determine the efficacy of potential
anti-metastatic therapies. Due to the high cost associated with increasing the duration of
clinical trials, the inclusion of metastasis as an end-point is rarely observed. Therefore,
many clinical trials do not directly assess metastatic outcomes of a particular drug and
potentially useful clinical data for the development and evaluation of future therapies is
lost. To determine metastasis related effects of a drug in clinical trials, primary endpoints
need to include the development of a new metastasis. Furthermore, observations made
during the clinical treatment of metastatic cancers need to feed back into basic research

efforts[35].
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1.5.2 Drug Resistance

Clinical drug resistance is classified as either acquired or intrinsic. In conjunction with
surgery and radiation, systemic chemotherapy and targeted therapies produce clinical
responses in a subset of patients. Unfortunately, many of these patients that initially
respond to treatment eventually experience tumor relapse, in which the recurrent tumor or
metastasis is resistant to previously used therapeutic agents. This forms the basis of
acquired resistance — initially sensitive tumors can develop acquired drug resistance
through various adaptive responses during treatment. Another subset of patients never
respond to certain therapies because they harbor tumors that are intrinsically resistant.
Occurring before a patient receives therapy, intrinsic resistance is caused by preexisting
resistance-mediating factors in the bulk of tumor cells that make the therapy
ineffective[36]. Five broad categories serve as a framework to describe the mechanisms

underlying drug resistance[37]:

Systemic resistance: differing pharmacogenomic profiles across patients influences
effective drug dosing. Recent sequencing technologies allow the detection of acquired
and inherited genetic variations that cause drug absorption, distribution, metabolism, and
elimination differences between patients. These factors alter the effective dose of a
systemically administered drug, which may help explain unexpected treatment responses
or toxicities[38]. One example is the case of 6-mercaptopurine, an antimetabolite that
inhibits DNA synthesis to treat leukemia and lymphoma. Therapeutic efficacy and side
effects of 6-mercaptopurine treatment is dictated by the activity of thiopurine

methyltransferase (TPMT), an enzyme that inactivates 6-mercaptopurine to regulate
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abundance and clearance of the drug. Of the 20+ identified 7PMT human gene variants,
many of these encode TPMT protein with attenuated enzymatic activity; patients with
these variants that are administered uncorrected doses experience decreased efficacy and
severe toxicity due to increased 6-mercaptopurine accumulation[39]. The FDA now
recommends genotyping TPMT before 6-mercaptopurine administration to optimize

interpatient dosing.

Pre-target resistance: drugs are actively pumped out of cells or inactivated before they
can reach their target. ABC transporters in the plasma membrane are involved in
mediating drug efflux by promoting the elimination of various hydrophobic drug
compounds, thereby limiting the amount of drug that is delivered to an intracellular
target. Drug inactivation or lack of activation can also occur to limit the amount of active
drug that reaches its target. For example, the therapeutic efficacy and reactivity of
platinum drugs is influenced by activation-specific upstream mechanisms of resistance.
Cisplatin must be activated by spontaneous aquation reactions upon entry into the cell.
Subsequent cytoplasmic inactivations of cisplatin can also occur when exposed to

endogenous antioxidants such as glutathione[40].

On-target resistance: mutations or gene amplification of a drug target reduces or inhibits
the efficacy of the drug. Many cases of on-target resistance for targeted kinase therapy
occur as a result of gatekeeper mutations. Most small-molecule kinase inhibitors exploit a
conserved threonine residue within the ATP-binding site for binding specificity.

Substitution of the gatekeeper threonine residue with a residue containing bulky side



13

chains prevents inhibitor binding in the ATP-binding site. For example, the T315I Ber-
Abl gatekeeper residue mutation results in steric hindrance that precludes imatinib
binding[41]. Target gene amplification, which occurs through increased target protein
expression or stability, also leads to on-target resistance; previously optimized drug doses
no longer result in therapeutic responses because more drug is required to inhibit the

increased amount of targets.

Post-target resistance: efficacy of drug treatment is diminished by adaptive responses
downstream of the drug target. In addition to the classic examples of downstream
resistance (e.g. deregulation of apoptosis), other mechanisms are drug-specific. For
example, the goal of cisplatin therapy is to induce cancer cell apoptosis through extensive
DNA damage. However, cisplatin-mediated DNA damage also induces cell cycle arrest
and genomic instability. Cell-cycle arrest allows cancer cells to repair the DNA damage
instead of undergoing apoptosis. Likewise, genomic instability leads to adaptive changes

that promote cancer cell tolerance to DNA damage.

Off-target resistance: inhibition of a drug target is bypassed by the activation of
alternative pathways. For instance, EGFR stimulates activation of several downstream
signaling pathways that are critical for cell survival and proliferation, including the
MAPK pathway. Treatment with EGFR inhibitors such as erlotinib or cetuximab blocks
activation of these downstream pathways, which results in cancer cell death. In response
to EGFR inhibition, cancer cells can bypass EGFR and upregulate other RTKs that can

activate the downstream effectors of EGFR signaling.
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One or more of these mechanisms of resistance can lead to treatment failure. Therefore, a
more comprehensive understanding of the biological mechanisms that contribute to drug
resistance is imperative for developing better therapies and improving clinical outcomes

in cancer patients.

1.6 Identifying Novel Protein Kinase Therapeutic Targets for Cancer Therapy

There are two key strategies for determining kinase targets and rational drug
administration for cancer therapy. The first is to determine druggable genetic or non-
genetic aberrations in kinase signaling that are necessary for cancer cell survival and
metastasis. The second strategy is to exploit potential synergies between kinase signaling
and mechanisms of resistance to a current therapy to specifically induce a synthetic lethal
therapeutic effect in cancer cells[42]. Both of these strategies are utilized in the Kang lab

to identify novel kinase targets for cancer therapy.

In line with the first strategy, the Kang lab previously performed phospho-proteomics
studies to identify downstream signaling effectors of the leukemogenic tyrosine kinase
fibroblast growth factor receptor 3 (FGFR3). In that study, ribosomal S6 kinase 2 (RSK2)
was identified as a critical effector of FGFR3-mediated hematopoietic
transformation[43]. Subsequent research established that RSK2 is important for cancer
initiation and cancer cell survival, proliferation, and metastasis, in which the role of
RSK2 in these functions varies amongst tumor types[44-46]. Following previous research

demonstrating that RSK2 promotes head and neck cancer cell invasion and tumor
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metastasis, we performed additional phospho-proteomics studies to identify RSK2
signaling effectors in metastasis. Among top candidates were several potential targets
involved in cell migration and cytoskeletal regulation. Chapter 2 presents data in which
we validate and characterize the novel RSK2 substrate stathmin, a microtubule regulatory
protein that promotes microtubule destabilization. We demonstrate that RSK2 regulates
microtubule stability to provide a morphological advantage that promotes cancer cell
invasion and tumor metastasis, which is partly mediated through phosphorylating and

inhibiting stathmin.

The second strategy relies on the principle of synthetic lethality, in which the mutation or
inhibition of two genes together leads to cell death, whereas modulation of one gene
alone allows viability. Synthetic lethality approaches can also be applied to cancer
therapy — targeting a gene that is synthetic lethal to a chemotherapy drug could
potentially increase therapeutic efficacy and decrease off-target side effects. The Kang
lab recently performed a screen for kinases involved in mediating cisplatin resistance;
various cisplatin resistant cancer cells were treated with a sublethal dose of cisplatin in
conjunction with systematic individual knockdown of all kinase-related genes. Genetic
depletion of the top screening candidate, microtubule associated serine/threonine kinase 1
(MAST1), sensitized various cisplatin resistant cancer cells to sublethal doses of
cisplatin. Chapter 3 presents data characterizing the role of MAST1 in cisplatin resistant
cancer. We reveal MAST1 signals through several protein effectors, including MEK1 and

PLK1, to promote cell survival and proliferation during cisplatin treatment.
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Chapter 2: RSK2 signals through stathmin to promote microtubule dynamics and

tumor metastasis

2.1 Author’s Contribution and Acknowledgement of Reproduction

This chapter is reproduced with minor edits from Alesi, G.N., et al., RSK2 signals
through stathmin to promote microtubule dynamics and tumor metastasis. Oncogene,
2016[47]. Y.K., Z.G.C., D.M.S. and F.R.K. provided critical reagents. L.J. performed
IHC staining and BLI study. K.R.M. performed histopathological study. G.N.A. and
D.L. performed all the other experiments. G.N.A., L.J. and S.K. designed the study and

wrote the manuscript.
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2.2 Abstract

Metastasis is responsible for over 90% of cancer related deaths. Complex signaling in
cancer cells orchestrates the progression from a primary to a metastatic cancer. However,
the mechanisms of these cellular changes remain elusive. We previously demonstrated
that p90 ribosomal S6 kinase 2 (RSK2) promotes tumor metastasis. Here, we
investigated the role of RSK2 in the regulation of microtubule dynamics and its
potential implication in cancer cell invasion and tumor metastasis. Stable knockdown of
RSK2 disrupted microtubule stability and decreased phosphorylation of stathmin, a
microtubule destabilizing protein, at serine 16 in metastatic human cancer cells. We
found that RSK2 directly binds and phosphorylates stathmin at the leading edge of
cancer cells. Phosphorylation of stathmin by RSK2 reduced stathmin- mediated
microtubule depolymerization. Moreover, overexpression of phospho-mimetic mutant
stathmin S16D significantly rescued the decreased invasive and metastatic potential
mediated by RSK2 knockdown in vitro and in vivo. Furthermore, stathmin
phosphorylation positively correlated with RSK2 expression and metastatic cancer
progression in primary patient tumor samples. Our finding demonstrates that RSK2
directly phosphorylates stathmin and regulates microtubule polymerization to provide a
pro-invasive and pro-metastatic advantage to cancer cells. Therefore, the RSK2-stathmin
pathway represents a promising therapeutic target and a prognostic marker for metastatic

human cancers.
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2.3 Introduction

Metastasis remains difficult to treat and therefore continues to be responsible for about
90% of human cancer deaths[48, 49]. Cancer cell metastasis is a multi-stage process
characterized by loss of cellular adhesion, increased motility and invasiveness, entry and
survival in the circulation, exit into new tissue, and eventual colonization at a distant
site[28, 48, 50]. However, the molecular processes underlying these cellular changes
remain elusive. Therefore, defining pro-metastatic signaling pathways is necessary to

develop molecular therapies for metastasis and improve clinical outcomes.

Protein kinases are key mediators of extracellular and intracellular signaling and are often
implicated in human cancer metastases. For example, AKT and ILK1 play important
roles in breast cancer cell invasion and tumor metastasis[51, 52]. We previously found
that p90 ribosomal S6 kinase 2 (RSK2) signaling is commonly important in providing
anoikis resistance, cell invasion, and pro-metastatic signals in diverse metastatic human
cancer cells, including lung, breast, and head and neck cancer[53-55]. RSK2 belongs to
the RSK serine/threonine kinase family and is a downstream substrate of ERK. RSKs are
involved in various cellular processes including gene expression, cell cycle, and cell
survival by phosphorylating multiple signaling effectors, including cAMP response
element-binding (CREB)[56], myelin transcription factor 1 (Mytl)[57], BAD, and

Bim[58, 59], respectively[60-62].

Metastasis requires cell motility, which is partly driven by dynamic instability of

microtubules[63, 64]. Microtubules are protein filaments comprised of heterodimeric a-
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/B-tubulin subunits that dynamically switch between self-assembly and disassembly
phases. This dynamic instability is largely regulated by stathmin (a.k.a. STMN,
oncoprotein 18, OP18, metablastin, and pl19)[64]. Stathmin binds to the end of
microtubules to sequester free tubulin and promote microtubule depolymerization,
resulting in increased microtubule catastrophe and dynamics in cells[65]. Studies in
sarcoma, colorectal, hepatoma, nasopharyngeal, breast cancer, and gastric cancer cells
report that stathmin expression positively correlates with metastatic potential[66-70].
Several transcription factors downstream of growth signaling pathways, including E2F, c-
Jun, FoxM1, and CREB are reported to increase stathmin expression in cancer cells[71-
74]. Conversely, studies show that stathmin protein is downregulated in metastatic breast
cancer|[75]. Stathmin is also regulated at the post-translational level via phosphorylation
at N-terminal serines, S16, S25, S38, and S63. Phosphorylation is critical for inhibiting
stathmin activity[76-79]. Increased phosphorylation of stathmin promotes dissociation
from tubulin, which permits microtubule stabilization and polymerization[79]. Studies
suggest a model of increasing stathmin phosphorylation by several pro-mitogenic kinases
as the cell-cycle progresses to allow for proper spindle formation and mitosis[80].
Ca”*/calmodulin-dependent protein kinases (CaMKs) are shown to phosphorylate
stathmin at S16 in response to Ca®’ stimulation. In addition, activation of Rac/Cdc42
proteins induces p21-activated kinase 1 (PAK1)-dependent stathmin phosphorylation[76,
77, 80]. A clinically relevant point mutation in the N-terminal regulatory region of
stathmin has been found to greatly enhance its microtubule sequestering ability, thereby

causing aggressive invasion in comparison to its overexpressed wild-type counterpart[66,

81, 82].
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These findings suggest that stathmin plays an important role in many types of cancers and
may therefore be a promising target for cancer therapy[80]. Although stathmin activity is
highly regulated via phosphorylation on N-terminal serine residues, the regulation of
stathmin phosphorylation in metastatic cancers is not fully understood. Here we report
that RSK2 signals through stathmin to regulate cytoskeleton stability and promotes

cancer cell invasion and tumor metastasis in human cancers.
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2.4 Materials and Methods

Reagents ShRNA constructs for RSK2, sense strand GCCTGAAGATACATTCTATTT
for clone #1 and CGCTGAGAATGGACAGCAAAT for clone #2, were purchased from
Dharmacon, GE Healthcare Life Sciences (Lafeyette, CO, USA). The RSK2 constructs,
pDEST27-RSK2 and pLHCX-mycRSK2 variants, have been previously described[43,
53]. Human RSK2 constitutively active (CA) mutant Y707A or a kinase dead (KD)
mutant Y707A/K100A[83], which are resistant to RSK2 shRNA by introducing silent
mutations in the shRNA target sequence, were generated using QuikChange-XL site-
directed mutagenesis kit (Stratagene, San Diego, CA, USA). The image clone for
stathminl (GenBank accession number BC082228, clone ID 2822803) was purchased
from GE Healthcare Life Sciences. Flag tag was added to stathmin by PCR and
subcloned into the pLHCX-Gateway vector. A549 and SKBR3 cells were from
American Type Culture Collection (Manassas, VA, USA). 212LN cells were obtained as
described previously[54]. A549-Luc-GFP cell line was generated from A549 cells using a
bioluminescent and fluorescent imaging vector[84]. Purified recombinant active and
inactive RSK2 were obtained from Invitrogen. Purified bovine tubulin, rhodamine-
labeled tubulin, and in vitro tubulin polymerization assay kit were from Cytoskeleton, Inc

(Denver, CO, USA).

Antibodies Antibodies against B-actin (A1978/AC-15), flag (F7425), glutathione-S-
transferase (G1160/GST-2), and a-tubulin conjugated with FITC (F2168/DM1A) were
from Sigma Aldrich (St. Louis, MO, USA). Anti-phospho-S16 stathmin (3353), phospho-

S38 stathmin (4191/D19H10), stathmin (3352), phospho-T286 CAMK 1II (3361), pan
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CAMKII (4436/D11A10), phospho- PAK1/2 S199/S204 (2605) and PAKI1 (2602)
antibodies were purchased from Cell Signaling Technology Inc (Danvers, MA, USA).
Antibodies against tubulin (sc23948/B-5-1-2), RSK2 (sc9986/E-1) and phospho-S16
stathmin (sc12948-R) were from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-
phospho-S16 stathmin antibody (ab47328) for immunohistochemistry and western
blot, stathmin (ab52906) for immunoprecipitation and western blot, phospho-S25
stathmin (ab62336/EP2124Y), phospho- S63 stathmin (ab76583/EPR1574) antibodies
were obtained from Abcam (Cambridge, MA, USA). Anti-RSK2 antibody (NB110-
57472/Y82) for immunohistochemistry was from Novus Biologicals (Littleton, CO,

USA).

Cell Culture A549 cells were cultured in RPMI 1640 medium with 10% fetal bovine
serum (FBS). 212LN cells were cultured in Dulbecco Modified Eagle Medium
(DMEM)/Ham’s F-12 50/50 mix medium in the presence of 10% FBS. 293T and SKBR3
cells were cultured in DMEM with 10% FBS. Cell lines with stable RSK2 knockdown
and overexpression of flag-tagged stathmin variants were obtained by lentiviral and

retroviral infection as previously described[85].

Microtubule sedimentation assay The level of polymerized and depolymerized forms of
tubulin in cells were measured using a modification of the procedure that was previously
described[75]. In brief, equal numbers of cells with or without RSK2 knockdown
were lysed in the presence of 1 mg/ml paclitaxel. The cell lysates were centrifuged at

12,000 g for 10 minutes. The tubulin contents in the pellet and supernatant were analyzed
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by SDS-PAGE followed by immunoblotting with anti-tubulin antibody. The fraction of
tubulin in the polymerized state was calculated by taking the ratio of tubulin in the pellet
divided by the sum of the ratios of tubulin in the pellet and its corresponding

supernatant.

FACS (fluorescence-activated cell sorting)-based whole cell analysis of tubulin
polymerization Polymerized tubulin in cells was quantified as previously described with
slight modifications[86]. Briefly, 3x10° cells were fixed for 10 minutes with 1 ml of
0.5% glutaraldehyde in Microtubule Stabilizing Buffer (80 mM PIPES, 1 mM MgCl,, 5
mM EDTA, and 0.5% Triton X-100, pH 6.8). 0.7 ml of 1 mg/ml BaBH4 was added and
cells were pelleted by centrifugation at 1000 g for 10 min. The collected cells were
incubated with 50 pg/ml RNase A for 12 hours in Antibody Diluting Buffer (PBS,
0.2% Triton X-100, 2% BSA and 0.1% NaN3) followed by staining with anti-o-tubulin-
FITC antibody (1:250) for 3 hours. The samples were diluted in 0.5 ml of PBS containing

50 pg/ml propidium iodide and analyzed by flow cytometry.

In vitro microtubule polymerization assay Recombinant stathmin (6.4 pg) and/or
RSK2 (1pg) were mixed into 100 pl of tubulin polymerization buffer (80 mM PIPES, 0.5
mM EGTA, 2 mM MgCl,, | mM GTP, 3.75% glycerol, pH 6.9) after in vitro RSK2
kinase assay with purified tubulin (0.5 mg/ml), and incubated for 1 hour at 37°C.
Samples were centrifuged for 20 minutes at 40,000 rpm, 37°C. The amount of
microtubules in the pellet and supernatant were analyzed by SDS-PAGE and Coomassie

blue staining. Fluorescence studies were performed as previously described[87]. In brief,
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2 mg/ml tubulin was polymerized with thodamine-labeled tubulin in a 4:1 ratio at 37 °C
for 60 minutes. Microtubules were spotted on a glass slide with mounting solution.
Images were collected on Leica SP8 confocal microscope (Leica Microsystems GmbH,
Wetzlar, Germany). For the fluorimetry-based tubulin-polymerization assay, microtubule
assembly was measured using a Tubulin Polymerization Assay Kit (Cytoskeleton, Inc.)

according to the manufacturer's instructions.

In vitro RSK2 kinase assay Protein purification and proteolytic digestion were
performed as previously described[43]. Purified recombinant flag-tagged stathmin wild-
type, SI6A, and S31A were incubated with recombinant active RSK2 in 20 mM MOPS,
I mM DTT, 5 mM EGTA, 1 mM Na3VO,, 25 mM -glycerol phosphate, 15 mM
MgCl, along with 10 mM MgAc and 0.1 mM ATP for 30 minutes at 30°C.
Phosphorylation of stathmin at serine 16 was detected by phospho-Serl6 stathmin

specific antibody.

Immunofluorescence staining A549 cells were seeded on coverslips and fixed in
PHEMO buffer (68 mM PIPES, 25 mM HEPES, 15 mM EGTA, and 3 mM MgCl,,
3.7% formaldehyde, 0.05% glutaraldehyde, 0.5% Triton X-100). Cells were blocked
in 10% goat serum and then stained with anti-tubulin antibody and anti-phospho S16
stathmin antibody followed by Alexa Fluor 633-conjugated anti-mouse IgG antibody
and Alexa 488-conjugated anti-rabbit IgG antibody, respectively. The coverslips were
washed, mounted, and imaged on a Zeiss LSM 510 META confocal microscope (Carl

Zeiss, Oberkochen, Germany).
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In vitro cell invasion assay Transwell inserts with 8§ um pores (BD Biosciences) were
coated with Matrigel (BD Biosciences, San Jose, CA, USA). Approximately, 4 x 10*
cells were seeded on Matrigel coated upper chambers with 0.3 ml serum free media and
0.5 ml of medium with 10% FBS was placed in the lower wells. The invaded cells were
fixed and stained in 25% methanol and 0.5% crystal violet after 48 hour incubation.
Proliferation was determined by using the Celltiter96AQ,cous One solution proliferation
kit (Promega, Madison, WI, USA). Invasion was assessed as the number of cells that

had invaded through the membrane normalized by the proliferation.

In vivo xenograft assay and bioluminescence imaging Animal experiments were
performed according to protocols approved by the Institutional Animal Care and Use
Committee of Emory University. Nude mice (athymic nu/nu, female, 4-6 weeks old,
Harlan, Indianapolis, IN, USA) were intravenously injected with 2.5 x 10° of A549-luc-
GFP cells with RSK2 knockdown and expression of stathmin mutants. Metastasis was
monitored by BLI analysis as described[84]. In brief, xenograft mice were administered
75 mg/kg of D-luciferin intraperitoneally three minutes before the BLI imaging (Perkin
Elmer, 15 mg/mL solution in sterile phosphate-buffered saline). BLI images were
acquired by using Xenogen IVIS system coupled to Living Image acquisition and

analysis software (Perkin Elmer, Waltham, MA, USA).

Tissue microarray analysis Approval of use of human specimens was given by the
Emory University Institutional Review Board. All of the clinical samples were collected

with informed consent under Health Insurance Portability and Accountability Act
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(HIPAA) approved protocols. Paraffin embedded lung cancer with matched lymph node
metastasis tissue array (LC814) was obtained from US Biomax, Inc (Rockville, MD,
USA). Immunohistochemistry (IHC) analysis of RSK2 expression and stathmin
phosphorylation was performed using tissue array samples as previously described[88].
In brief, human tissue sections were incubated in 3% hydrogen peroxide after
deparaffinization and rehydration. Antigen retrieval was achieved by microwaving the
sections in 100 mM Tris (pH 10.0) and 10 mM sodium citrate (pH 6.0) for RSK2 and
phospho-stathmin S16 staining, respectively. The slides were subsequently blocked with
2.5% horse serum and avidin—biotin complex system (Vector Laboratories, Burlingame,
CA). The primary antibodies, anti-RSK2 antibody and anti-phospho-stathmin S16
antibody were applied at a dilution of 1:100. Detection was achieved with 3,3'-
diaminobenzidine and counterstained with hematoxylin. IHC staining results were
scored as O for no staining, 1+ for weak staining, 2+ for moderate staining, and 3+ for

strong staining.

Statistics Statistical analysis was performed using GraphPad Prism 6.0. Data shown as
images are from one representative experiment of multiple experiments. Data with error
bars represent mean + SEM for Figure 2.7 and mean + SD for all the other figures.
Statistical analysis of significance was based on chi-square test for Figure 2.8D and

Student's #-test for all the other figures.

Reproducibility of experiments The results of one representative experiment from at

least two independent experiments are shown except data shown in Figs 2.7 and 2.8.
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Precise numbers of independent repeats are stated in each figure legend. There is no
estimate of variation in each group of data and the variance is similar between the groups.
No statistical method was used to predetermine sample size. The experiments were not
randomized. The investigators were not blinded to allocation during experiments and

outcome assessment. All data are expected to have normal distribution.
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2.5 Results

RNAi-mediated RSK2 knockdown attenuates microtubule polymerization in
metastatic cancer cells. To better understand the role of RSK2 in pro-metastatic
signaling, we tested the effect of blocking RSK2 on microtubule dynamics. Targeted
downregulation of RSK2 using two different shRNA clones resulted in significant
reduction of microtubule polymerization in metastatic lung cancer A549 and head and
neck squamous cell carcinoma (HNSCC) 212LN cell lines as measured by microtubule
sedimentation assay (Figure 2.1A), immunofluorescence staining (Figure 2.1B), and
fluorescence-based quantitative whole cell microtubule analysis (Figure 2.1C).
Immunofluorescence imaging revealed that tubulin was evenly distributed as bundles in
control A549 cells transduced with an empty vector, whereas it was predominantly
depolymerized in cells with stable RSK2 knockdown (Figure 2.1B). Moreover,
overexpression of shRNA-resistant human constitutively active (CA; Y707A) RSK2, but
not kinase dead (KD; Y707A/K100A) RSK2, rescued the tubulin depolymerization
induced by RSK2 knockdown (Figure 2.1D). These data suggest that RSK2 promotes

microtubule polymerization in metastatic cancer cells in a kinase-dependent manner.
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Figure 2.1. Targeted downregulation of RSK2 attenuates microtubule
polymerization in metastatic human cancer cells. (A) Microtubule polymerization in
212LN cells (left) and A549 cells (right). Lower: Tubulin immunoblots show soluble
and polymerized tubulin in the supernatant (S) and pellet (P), respectively. Upper:
Relative tubulin polymerization was determined by density analysis. The amount of
polymerized tubulin in cells with RSK2 knockdown was normalized to the tubulin
polymerization of control cells. (B) Immunofluorescence staining of tubulin in A549 cells
with RSK2 knockdown. Scale bar represents 10 pm. Western blot shows RSK2
knockdown. (C) FACS-based whole cell analysis of polymerized microtubules in RSK2
knockdown cells. FITC fluorescence intensity was normalized to control cells. (D)
FACS-based whole cell microtubule analysis using RSK2 knockdown cells with
overexpression of sShRNA- resistant CA or KD human RSK2. Stable RSK2 knockdown
cells were transiently transfected with CA or KD RSK2 c¢cDNA prior to microtubule
analysis. Statistical significance was determined using two-tailed Student’s ¢ test (ns:
not significant; *: 0.01<p<0.05; **: 0.001<p<0.01; ***: p<0.001).
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Targeted downregulation of RSK2 attenuates stathmin phosphorylation at serine
16. Dysregulation of microtubule formation and stability in cancer can lead to increased
cell motility and metastasis. Microtubule dynamics are mainly modulated by stathmin.
Stathmin binds tubulin heterodimers and destabilizes microtubules. Phosphorylation of
stathmin at N- terminal serines inhibits stathmin activity and is crucial for promoting
microtubule stability. To demonstrate whether RSK2 phosphorylates stathmin to promote
microtubule polymerization, we determined the phosphorylation of stathmin at S16,
S25, S38, and S63 in diverse metastatic cancer cell lines with RSK2 knockdown. We
found that stable knockdown of RSK2 using two different shRNA clones decreased
stathmin phosphorylation at S16 in A549, 212LN, and breast cancer SKBR3 cell lines
(Figure 2.2A). Conversely, RSK2 knockdown did not alter stathmin phosphorylation at
other N-terminal serines: S25, S38, and S63 (Figure 2.2B). Moreover, RSK2 knockdown
did not affect the activity of CaMKII and PAK1, known stathmin kinases, in all tested
cell lines (Figure 2.2C). CaMKII and PAKI activity was assessed by auto-
phosphorylation at T286 and S199/S204, respectively. In addition, we performed
immunofluorescent staining to determine the effect of RSK2 knockdown on stathmin S16
phosphorylation in A549 cells (Figure 2.2D). A significant portion of phosphorylated
stathmin localized to the leading edge of control cells as indicated by arrows. RSK2
knockdown ablated the phosphorylation and localization of stathmin at the leading edge.
These data suggest that RSK2 contributes to stathmin phosphorylation at S16 at the

leading edge of cancer cells independent of CaMKII or PAK1 kinase activity.
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Figure 2.2. RSK2 promotes stathmin phosphorylation in diverse metastatic cancer
cells. (A-B) Effect of RSK2 stable knockdown on stathmin (STMN) phosphorylation at
N-terminal serine residues, S16 (A), S25, S38, and S68 (B) in metastatic human cancer
cells, 212LN, A549, and SKBR3. (C) RSK2 knockdown effect on the activity of CaMKII
and PAKI, known upstream kinases of stathmin. PAK1 and CAMKII activity was
assessed by autophosphorylation at S199/S204 and T286, respectively. SKBR3 cells
were stimulated with 0.5 M sorbitol for phospho-PAK1 detection. (D)
Immunofluorescence assay shows the localization of phosphorylated stathmin and tubulin
in A549 cells with or without RSK2 knockdown. Scale bar represents 10 um.
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RSK2 phosphorylates stathmin at serine 16. Next, we tested whether RSK2 directly
phosphorylates stathmin at S16. Purified recombinant stathmin variants, wild- type (WT)
and phospho-deficient mutants S16A and S31A, were incubated with recombinant active
RSK2 in an in vitro kinase assay. As shown in Figure 2.3A, both WT and S31A
stathmin were phosphorylated at S16 by RSK2, whereas S16 phosphorylation was not
observed for the stathmin S16A mutant. The structural properties of the recombinant
stathmin variants were evaluated by proteolytic digestion (Figure 2.3B). Purified
recombinant flag-tagged stathmin WT, SI16A, and S31A were incubated with
chymotrypsin. The digestion patterns of the mutant proteins and WT were similar,
suggesting that the global structure of mutant proteins was not altered and the observed

phosphorylation patterns were not caused by a structural change.
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Figure 2.3. RSK2 directly phosphorylates stathmin. (A) RSK2 directly phosphorylates
stathmin (STMN) at S16. Purified recombinant stathmin (rSTMN) variants, wild type,
S16A, and S31A, were incubated with recombinant active RSK2. Phosphorylation at
serine 16 of stathmin was detected by Western blot using specific antibody against
phospho-stathmin at S16. (B) Partial protease digestion demonstrates that the global
structure of stathmin is not changed by point mutations. 0.5 units of chymotrypsin were

incubated with recombinant stathmin variants at 30°C for 30 minutes and the digestion
patterns were compared.
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RSK2 interacts with stathmin. To further investigate the RSK2-dependent
phosphorylation of stathmin in cells, we tested whether RSK2 interacts with stathmin.
First, we found that stathmin predominantly colocalizes with RSK2 in the cytosol
(Figures 2.4A and 2.4B). Binding was confirmed by co- immunoprecipitation using 293T
cell lysates expressing flag-tagged stathmin and GST-fused RSK2. Flag-stathmin was
detected in the bead-bound GST-RSK2 sample, but not the GST control sample,
suggesting that RSK2 interacts with stathmin in cells (Figure 2.4C). Moreover,
endogenous RSK2 and stathmin interact in A549 and 212LN cancer cells (Figure 2.4D).

These data together suggest that RSK2 binds to stathmin.

Although RSK2 and stathmin colocalize and bind in cancer cells, their interaction is
relatively weak. We tested the interaction between endogenous stathmin and RSK?2 after
modulating the phosphorylation of stathmin with nocodazole[75]. As shown in Figure
2.4E, nocodazole treatment induces the phosphorylation of stathmin and increases
binding between phosphorylated stathmin and RSK2. In addition, RSK2 CA binds with
higher affinity to GST-stathmin-WT compared to GST-stathmin-S16A (Figure 2.4F).
These data suggest that the interaction between RSK2 and stathmin may transiently occur

while RSK2 phosphorylates stathmin in cancer cells.
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Figure 2.4. RSK2 interacts with stathmin in cells. (A) Immunofluorescence assay of
RSK2 and stathmin in A549 cells. Scale bar represents 20 pm. (B) Western blots of the
cytosolic/nuclear localization of RSK2 and stathmin. a-tubulin and PARP were used as
control markers for cytosol and nucleus, respectively. (C) GST or GST-fused RSK2 was
pulled down from 293T cells transfected with flag-tagged stathmin. Binding between
stathmin and bead-bound GST-RSK2 was detected by Western blot. (D) Co-
immunoprecipitation of endogenous RSK2 and stathmin in 212LN and A549 cells. (E)
Immunoprecipitation of stathmin in 212LN cells treated with nocodazole. Binding
between stathmin and RSK2 was detected by Western blot. (F) myc-RSK2 CA and GST-
fused stathmin WT or S16A were co-transfected into 293T cells. GST-stathmin was
pulled down from the cell lysates and binding between RSK2 and stathmin was detected
by Western blot.
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RSK2-dependent phosphorylation of stathmin attenuates microtubule-destabilizing
activity of stathmin. To further investigate the role of RSK2-dependent phosphorylation
in stathmin activation, we performed a series of coupled in vitro kinase assays and
microtubule polymerization assays (Figures 2.5A-2.5E). Stathmin was phosphorylated
via an in vitro RSK2 kinase assay and was subsequently incubated with purified bovine
tubulin for polymerization. Polymerized tubulin was assessed using three different
assays: microtubule sedimentation (Figures 2.5A-2.5C), immunofluorescence staining
(Figure 2.5D), and fluorimetry-based tubulin polymerization (Figure 2.5E). RSK2 alone
did not affect tubulin polymerization (Figures 2.5B-2.5E, left samples). Incubation with
stathmin markedly reduced tubulin polymer formation, whereas phosphorylation of
stathmin by RSK2 significantly attenuated stathmin activity and partially restored tubulin
polymerization in vitro (Figures 2.5B-2.5E, right samples). Moreover, incubation of
stathmin with recombinant inactive RSK2 (KD) in vitro (Figure 2.5E) or overexpression
of kinase dead RSK2 (KD) in RSK2 knockdown cells (Figure 2.5F) did not alter the
tubulin depolymerizing activity of stathmin, suggesting that RSK2-mediated regulation of
stathmin is phosphorylation dependent. Furthermore, co-overexpression of CA RSK2 and
WT stathmin, but not S16A stathmin, restored the decreased tubulin polymerization in
cells with RSK2 knockdown (Figure 2.5F). These data suggest that RSK2 promotes
tubulin polymerization by phosphorylating stathmin at serinel6 and consequently

inhibiting stathmin activity.
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Figure 2.5. RSK2-dependent phosphorylation of stathmin promotes microtubule
polymerization. Purified stathmin (STMN) was phosphorylated via an in vitro
RSK2 kinase assay and incubated with tubulin. (A) Stathmin phosphorylation in
supernatant and pellet fractions is shown by Western blot analysis. (B-C) Polymerized
tubulin was analyzed by Coomassie blue staining. S: supernatant, P: pellet. Relative
tubulin polymerization in the absence or presence of RSK2 and/or stathmin was
quantified by analyzing three independent repeats of microtubule polymerization assays
(B). Representative image is shown (C). (D) Rhodamine- labeled tubulin was
polymerized with stathmin alone or with stathmin pre-incubated with RSK2 and analyzed
by fluorescence microscopy. Scale bars represent 30 um. (E) Tubulin polymerization in
the presence of recombinant stathmin, active RSK2 (CA), or inactive RSK2 (KD) as
indicated. Polymerized tubulin was quantified using fluorimetry-based tubulin
polymerization assay kit. (F) FACS-based whole cell microtubule analysis of RSK2
knockdown cells overexpressing shRNA-resistant CA or KD RSK2 along with wild-
type (WT) or S16A stathmin. Stable RSK2 knockdown cells were transiently transfected
with distinct RSK2 and stathmin variants prior to whole cell microtubule analysis. Data
represent mean =+ SD. Statistical significance was determined using two-tailed
Student’s #-test (ns: not significant; *:0.01<p<0.05; **:0.001<p<0.01).
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RSK2 phosphorylates stathmin to promote cancer cell invasion. To demonstrate
whether stathmin, as a downstream phosphorylation target of RSK2, contributes to
RSK2-dependent pro-invasive and pro-metastatic signals in cancer cells, metastatic
cancer cell lines with stable knockdown of RSK2 and forced expression of phospho-
mimetic or -deficient mutants of stathmin were generated and examined for invasive and
metastatic potential in vitro and in vivo (Figure 2.6). Silencing RSK?2 using two different
shRNA clones significantly attenuated the invasive capacity of metastatic A549 and
212LN cells, whereas expression of stathmin phospho-mimetic mutant S16D, but not the
phospho-deficient mutant S16A, significantly rescued the decrease in cell invasion due to

RSK2 knockdown (Figure 2.6A-2.6B).
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Figure 2.6. RSK2 promotes cancer cell invasion partly through phosphorylation of
stathmin. (A-B) Matrigel invasion assay using RSK2 knockdown cells with stathmin
(STMN) variants. Stable expression of phospho-mimetic mutant S16D stathmin but not
phospho-deficient mutant S16A stathmin restored the cancer cell invasion attenuated by
RSK2 knockdown in 212LN and A549 cells. Statistical significance was determined
using two-tailed Student’s #-test (*: 0.01<p<0.05; **: 0.001<p<0.01; ***: p<0.001).
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Phosphorylation of stathmin by RSK2 is required for RSK2-driven tumor
metastasis. Next we tested whether phosphorylation of stathmin by RSK2 is required to
promote tumor metastasis in vivo using a xenograft mouse model. Luciferase-labeled
A549 cells with stable RSK2 knockdown and S16A or S16D stathmin overexpression
(Figure 2.7A and 2.7D) were injected intravenously into nude mice and subjected to
bioluminescent imaging (BLI). The group injected with RSK2 knockdown cells showed
significantly attenuated lung metastasis compared to the control group (Figure 2.7B and
2.7E). Overexpression of the stathmin phospho-mimetic mutant S16D, but not the
phospho-deficient mutant S16A, significantly rescued the decrease in metastatic potential
caused by RSK2 knockdown in vivo (Figure 2.7C and 2.7F). Taken together, these
analyses show that RSK2 signals through stathmin by phosphorylation at serine 16 to

promote tumor metastasis.
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Figure 2.7. RSK2 promotes tumor metastasis, in part, through phosphorylation of
stathmin. (A) RSK?2, flag-tagged stathmin S16A and S16D expression was detected by
immunoblotting in A549-luc-GFP cells (RSK2 shRNA #1) used for tail-vein injection.
(B) BLI imaging of representative mice injected with A549-luc-GFP cells with RSK2
shRNA #1 knockdown and S16A or S16D stathmin expression at day 52 post injection.
(C) Average photonic flux of each group at week 6-8 is shown. (D) RSK?2, flag-tagged
stathmin S16A and S16D expression was detected by immunoblotting in A549-luc-
GFP cells (RSK2 shRNA #2) used for tail-vein injection. (E) BLI imaging of
representative mice injected with AS549-luc-GFP cells with RSK2 shRNA #2
knockdown and S16A or S16D stathmin expression at day 42 post injection. (F) Average
photonic flux of each group at week 4-6 is shown. (C, E) Data represent mean + SEM
from six mice for each group. Statistical significance was determined using one- tailed
Student’s 7 test (*: 0.01<p<0.05; **: 0.001<p<0.01; ***: p<0.001).
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Stathmin phosphorylation and RSK2 expression patterns correlate in primary
human tumor tissue samples from lung cancer patients. To further explore the
clinical importance of the RSK2-stathmin signaling axis in tumor metastasis, we
examined whether stathmin phosphorylation positively correlates with metastatic cancer
progression and with RSK2 expression in primary human lung cancer tissue samples.
Tissue microarray containing 40 cases of primary lung cancer with matched lymph node
metastasis was used for immunohistochemistry (IHC) to detect phospho-S16 stathmin
and RSK2 expression (Figure 2.8). As shown in Figure 6A, RSK2 and phospho-stathmin
S16 staining intensity in the tumor cells was scored on a scale of 0-3+ (Figure 2.8A). The
IHC studies demonstrate that the levels of RSK2 expression and stathmin
phosphorylation positively correlate with metastatic progression. Both RSK2 and
phospho-stathmin staining levels were significantly higher in tumor tissue samples from
metastatic lymph nodes compared to the paired primary tumor specimens (Figure 2.8B).
Furthermore, we found a positive correlation between staining scores of RSK2 and
phospho-S16 stathmin (Figure 2.8C). These data together support a functional

cooperation between RSK2 and stathmin in tumor metastasis of human lung cancer.
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Figure 2.8. RSK2 and phospho-S16 stathmin correlate with metastatic cancer
progression in primary human tumor tissue samples from lung cancer patients.
The levels of RSK2 and STMN phosphorylation in 40 cases of human lung cancer with
matched lymph node (LN) metastasis were determined by IHC staining using lung cancer
tissue microarray. (A) Representative tumor specimens with staining intensity of 0
(negative), 1+ (weak), 2+ (moderate), and 3+ (strong) of RSK2 and phospho-stathmin
S16 are shown. Scale bar represents 50 um. (B) Levels of RSK2 expression (/eft) and
stathmin phosphorylation (right) in primary tumors and matched tumors from lymph
nodes. The staining intensity was scored as 0-3+. Data represent mean + SEM from
n=40/group. (C) The correlation between RSK2 and phospho-stathmin S16 was
determined. Bar graph representation is shown on the right. P values were determined
by two-tailed paired Student’s t-test for (B) and chi-square test for (C)
(*:0.01<p<0.05; **: 0.001<p<0.01; ***: p<0.001).
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Figure 2.9. Proposed model of RSK2 signaling in cancer metastasis. (A) RSK2
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downstream factors in cancer cells. Together, these factors form a network to promote
RSK?2 transcription-dependent (Fascin-1, PTK6, ING3) and —independent (STMN,
ASK1, Hsp27) metastatic signaling in human cancers.
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2.6 Discussion

Our data support that RSK2 signals through stathmin and inhibits its microtubule-
destabilizing activity. We provide evidence that targeting RSK2 reduces the invasive and
metastatic potential of cancer cells, while overexpression of the phospho-mimetic mutant
S16D but not the phospho-deficient mutant S16A form of stathmin can partially rescue
the reduced cancer cell invasion and tumor metastasis due to the attenuation of RSK2 in
vitro and in vivo. Clinically, we observed that the phosphorylation level of stathmin at
S16 positively correlates with RSK2 expression and metastatic tumor progression in
patient tumor tissues. These findings link RSK2 signaling to microtubule dynamics
through stathmin providing a pro-invasive and pro-metastatic advantage to human
cancers. Therefore, the RSK2-stathmin pathway may represent a promising prognostic

marker and a therapeutic target for the treatment of metastatic human cancers.

Stathmin is a promising anti-cancer target due to its critical role in microtubule dynamics
and cell migration. Our study supports that stathmin serves as a signaling effector of
RSK2 and contributes to RSK2-mediated microtubule polymerization. We previously
reported Hsp27 as an alternative RSK2 phosphorylation target. RSK2 phosphorylates
Hsp27 at S78 and S82 to promote actin filament formation and cell invasion[54]. In
addition, we reported that the RSK2-CREB pathway promotes filopodia formation by
upregulating Fascin-1, a major bundling protein in filopodia[55]. Together, our studies
suggest that RSK2 functions as a signal integrator to modulate dynamics of the
cytoskeleton including microtubules, microfilaments, and filopodia via a network of

phosphorylation targets and transcription targets of RSK2 in both transcription-
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independent and -dependent manners. Further research is warranted to explore the
coordinated potential between different RSK2 targets, which may ultimately provide
RSK2-dependent anti-anoikis, pro-migratory, pro-invasive, and pro-metastatic signaling

in human cancers.

RNAi-mediated downregulation of RSK2 partially decreased the polymerized tubulin
biomass in cells. Although RSK2 significantly affected cellular tubulin polymerization,
RSK2 likely acts in tandem with other critical signaling factors that mediate microtubule
dynamics in cancer cells. It is worth considering that the phosphorylation of stathmin by
RSK2 partially rescued the microtubule depolymerizing activity of stathmin in vitro. This
indicates that the phosphorylation of stathmin at S16 could be modulated through not
only RSK2 but also other protein kinases including PKA, CaMKII, PAKI, and
Aurora[80]. In addition, phosphatases such as PP1, PP2A, or PP2B could be involved in
the dephosphorylation of stathmin[89, 90]. Nevertheless, phosphorylation of stathmin at
S16 was significantly diminished upon RSK2 knockdown in cancer cells, indicating that
RSK2 is the predominant upstream stathmin kinase in the cancer cells we tested. Further
comprehensive comparison using additional cell lines and cancer types would be required
to determine the contribution of kinases and phosphatases to stathmin activation in

distinct cancer cells.

Although serine phosphorylation at the N-terminal residues is the most commonly known
mechanism of stathmin modulation, the activity of stathmin is also controlled by protein

sequestration. Signal transducer and activator of transcription 3 (STAT3) and the cyclin-



47

dependent kinase (CDK) inhibitor p27"' bind to stathmin and block its ability to
sequester free a-/pB-tubulin dimers from microtubules. We demonstrated that RSK2 not
only phosphorylates stathmin, but also associates with stathmin in cells. In addition, we
found that inactive RSK2 does not alter tubulin polymerization and stathmin activity in
vitro and in vivo. Therefore, RSK2 likely interacts with stathmin to modulate cell motility

in a phosphorylation-dependent manner.

Lastly, stathmin contributes to several biological processes including control of cell cycle
progression, apoptosis, and cell migration. Stathmin is a target of apoptosis-signaling-
regulating kinase 1 (ASK1)-p38[91]. We recently reported that RSK2 signals through
ASK1 to mediate resistance to anoikis, an apoptotic process induced by loss of cell
adhesion[53]. Therefore, stathmin may not only contribute to RSK2-dependent pro-
migratory potential but also to anoikis resistance through ASKI in cancer cells. The
comprehensive characterization of RSK2 and its essential downstream signaling effectors
will provide critical information to advance our understanding of the signaling

mechanisms underlying metastatic progression.
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Chapter 3: Microtubule-associated serine/threonine kinase 1 (MAST1) kinase

activity is important for cisplatin resistance in human cancers

3.1 Abstract

Cisplatin is a cornerstone of cancer chemotherapy. However, the efficacy of cisplatin
therapy is limited by the pervasiveness of intrinsic and acquired drug resistance. Cisplatin
chemoresistance occurs through complex signaling mechanisms that are poorly
understood. To identify novel kinases involved in mediating resistance to cisplatin, we
utilized RNAI targeting 781 kinase and kinase-related genes and performed a viability-
based screen. We identified microtubule-associated serine/threonine kinase 1 (MAST1) is
important for cell viability and cell cycle progression in cisplatin resistant cancer cells
during cisplatin treatment. We performed phospho-proteomics studies to identify
potential downstream signaling effectors of MAST1 signaling in cancer cells and found
MASTI directly phosphorylates mitogen-activated protein kinase kinase 1 (MEKI) at
S221, which consequently activates MEK1 to promote cell survival during cisplatin
treatment. Furthermore, we show that MAST]1 interacts with and phosphorylates polo-
like kinase-1 (PLK1), an essential kinase in cell cycle regulation. We show MAST1
knockdown cells experience G2/M cell cycle arrest when treated with a sublethal dose of
cisplatin. Importantly, expression of phospho-mimetic mutant PLK1-T210D but not
phosphor-deficient mutant PLK1 T210A partially overcomes the requirement for MAST1
in mitotic progression after cisplatin treatment. These data suggest MAST1 confers
cisplatin resistance in cancer cells through MEK1 and PLK1. Investigation of the clinical

significance of MASTI in head and neck cancer patient tumors shows MASTI
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expression negatively correlates with clinical response to cisplatin treatment in head and
neck cancer patients. Taken together, our mechanistic studies support that MAST1 is a
novel kinase that mediates cisplatin resistance in part through activation of several
downstream substrates including MEK1 and PLK1. Clinically, MAST1 represents a
novel therapeutic target for cisplatin chemosensitization, as well as a promising

prognostic marker for predicting tumor responsiveness to cisplatin therapy.

3.2 Introduction

Cisplatin is a platinum-based compound that is highly effective for treating solid tumors,
including lung, ovarian, head and neck, and testicular cancers [92-94]. Cisplatin binds to
purine DNA bases, forms inter- and intra-strand crosslinks, and induces extensive DNA
damage that promotes apoptosis [40, 95]. In addition, cisplatin simultaneously tips the
cellular redox balance toward a more oxidative environment by binding to reductive
scavenger proteins, resulting in reactive oxygen species (ROS) formation that further
exacerbates cisplatin-induced DNA damage and/or stimulates apoptosis. Because
cisplatin enters cells non-selectively, systemic cisplatin therapy also harms rapidly
proliferating normal cells and causes nephrotoxicity, neurotoxicity, and ototoxicity [96].
Nonetheless, cisplatin-based therapy is still widely used in spite of these
contraindications, particularly in head and neck cancer, in which 80-90% of patients
experience significant initial therapeutic responses [97]. In metastatic testicular cancer,
the advent of cisplatin-based therapy increased the cure rate twelve-fold (5% to 60%)

[98].
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Although some tumors are initially sensitive to cisplatin-based therapy, many patients
unfortunately experience tumor relapse and develop chemoresistance [97, 99]. For
example, although 70% of ovarian cancer patients initially respond to cisplatin-based
therapy, tumor relapse after primary treatment results in a five-year survival rate between
15% and 20% [40]. Many studies have shown that cisplatin-DNA adducts induce DNA
distortions that are recognized by several DNA repair pathway proteins. When the extent
of DNA damage is beyond repair, as is the case for cisplatin-sensitive tumors at clinically
relevant concentrations, these repair proteins signal to promote apoptotic cell death and
tumor regression. Conversely, cisplatin-resistant tumors at these same clinical
concentrations activate the DNA damage response to promote cell cycle arrest,
particularly at the G2/M checkpoint. This allows resistant tumor cells time to partially
restore DNA fidelity, prevent abortive mitosis, and consequently sustain proliferation.
Despite this knowledge, there are still extensive gaps in the understanding of cisplatin

activity, cisplatin-mediated cellular effects, and cisplatin chemoresistance.

Cisplatin resistance is underscored by a complex combination of pre-target, on-target,
post-target, and off-target resistance mechanisms (where DNA is the primary target) that
encourages cancer cell survival [96]. Over the past few decades, many proteins have been
implicated in cisplatin resistance, including ATP7A/7B/11B [100-102], MRP2 [103,
104], ERCCI1 [105-107], Bcl-2 family proteins [108, 109], and survivin [110]. Many of
these proteins have well established roles in pre-target (ATP7A/7B/11B, MRP2), on-
target (ERCCI1), and post-target (Bcl-2 proteins, survivin) resistance. However, the

contribution of off-target proteins, typically kinases, to cisplatin resistance is not well
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known. Since cisplatin resistance is multifactorial (i.e. many molecular mechanisms
simultaneously promote a resistant phenotype), a holistic understanding of the molecular
mechanisms of cisplatin chemoresistance will be critical for developing novel ways to

improve therapeutic outcomes [111, 112].

One proposed strategy to circumvent clinical platinum resistance is combining cisplatin
treatment with novel molecular targeted therapies [113], which archetypally inhibit
kinases. To better understand the contribution of kinases to off-target cisplatin-resistance
and potentially identify a novel cisplatin-sensitizing drug target or predictive biomarker,
we performed two consecutive shRNA-based viability screening assays with or without
sublethal cisplatin exposure. Microtubule-associated serine/threonine-protein kinase 1
(MASTI1, SAST170) emerged as the top screening candidate that is critical for cell
viability specifically during cisplatin treatment. MAST]1 functions as a scaffold protein to
link the dystrophin/utrophin network with microfilaments via Syntrophin [114-117]. In
addition, recurrent gene rearrangement of MAST1 has been observed in breast cancer cell
lines and tissues [118]. However, MAST]1 is poorly studied in general, and any major
role for MASTI in cancer chemoresistance has not been reported. Here, we investigate

the contribution of MAST]1 signaling in response to cisplatin in cancer cells.
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3.3 Materials and Methods

Reagents. MASTI shRNA constructs (sense strand: 5'-
CCACTTCCTCTCCAAACACTT-3' for clone #1; 5'-CCACGGTCTACTTCTATGAAT-
3' for clone #2; 5'- CGTGATGATGAATCACGTCTA-3' for clone #3) were purchased
from Open Biosystems. The MAST1 gene was amplified using mRNA of the KB-3-1
human cancer cell line. The MAST1 construct was myc tagged by PCR and subcloned
into pDEST27 and a pLHCX-derived Gateway destination vector as described previously
[85]. The PLK1 and MEKI1 constructs (graciously provided by Jing Chen) were Flag
tagged by PCR and subcloned into pDEST27 and pLHCX (human cell line expression)
and pETS53 (bacterial recombinant protein purification). PLK1, MEK1 and MASTI
mutant constructs were generated using QuikChange-XL Site-directed Mutagenesis Kit
(Stratagene). 15A HNSCC cells were obtained as previously described [54, 119, 120].
KB-3-1 cells were obtained as previously described [121, 122]. A549 lung cancer cells
were obtained from American Type Culture Collection. A2780 ovarian cancer cells were
obtained from Sigma Aldrich. Cisplatin resistant strains (cisR) of KB-3-1, 15A, A549,
and A2780 were generated by serial passage in the presence of increasing cisplatin

concentrations (cisR cells courtesy of Dan Li).

Antibodies. MAST1 antibodies for IHC (NBP1-81453) and Western blot (NBP2-17228)
were obtained from Novus Biologicals. Antibodies against myc, MEK1 (2352/61B12),
phospho-MEK1 (S217/S221) (9154/41G9), PLK1 (4513/208G4), and phospho-PLK1
(Thr210) (5472) were obtained from Cell Signaling Technology, Inc. Antibodies against

Flag (F7425), glutathione S-transferase (G1160/GST-2), and p-actin (A1978/AC-15)
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were obtained from Sigma Aldrich. Anti-pan phospho-serine/threonine antibody is from

Abcam.

Cell Culture. A549 and A2780 cells were cultured in RPMI 1640 medium with 10%
FBS. A549°R and A2780°® cells were cultured in RPMI supplemented with 10% FBS
and 0.5ug/mL cisplatin. 15A cells were cultured in Dulbecco Modified Eagle Medium
(DMEM)/Ham’s F-12 50/50 mix medium with 10% FBS. 15A} cells were cultured
with DMEM/F-12 50/50 with 10% FBS and 0.5ug/mL cisplatin. KB-3-1 and 293T cells
were cultured in DMEM with 10% FBS. KB-3-1%F cells were cultured in DMEM with
10% FBS and 0.5ug/mL cisplatin. Cell lines with stable MAST1 knockdown and
overexpression of flag-tagged PLK1 or flag-tagged MEKI1 variants were obtained by

lentiviral and retroviral infection as previously described [83].

RNAI Screening. To identify protein kinase genes required for cisplatin resistance, we
performed two screening assays using the human kinome shRNA library
(OpenBiosystems), which contains 4,518 short hairpin RNA constructs and targets 781
human kinases and kinase-related genes. Each gene was individually targeted by
approximately five different shRNA constructs. The primary screen was performed by
transducing KB-3-1 cisplatin resistant human carcinoma cells (KB-3-1**) with lentivirus
pools targeting each gene individually. After infection, cells were divided into replica
plates; half were treated with a sub-lethal dose of cisplatin and the other half were treated
with PBS. Gene candidates that induced cell death (shRNA alone <85% cell viability)

and/or had poor shRNA transduction (<25% as assessed by puromycin selection) were
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excluded. The secondary screen assayed the 50 top ranking candidate genes from the
primary screen in four cancer cell lines (PCI-15AF, A549°R A2780°R, KB-3-1°F),
Cell viability was determined using CellTiter-Glo Luminescent Viability Assay

(Promega).

Cell Proliferation and Viability Assays. 1x10° cells were seeded in a six-well plate. At
the indicated time points, the cells were collected and counted using a hemocytometer
with trypan blue exclusion. For experiments involving cisplatin treatment, cells were
treated with cisplatin and counted as previously mentioned. To determine IC50 values,
5000 cells were seeded in triplicate in a 96 well plate and treated with indicated cisplatin
concentrations for 48 hours. Viability was measured using CellTiter-Glo (Promega). IC50

values were calculated using GraphPad Prism.

Colony Formation Assays. KB-3-1cisR (500 cells), A549cisR (200 cells), and
A2780cisR (300 cells) cells stably infected with pLKO.1 or MAST1 shRNA were seeded
in 35-mm dishes and treated with PBS or cisplatin until the experimental endpoint two
weeks later. Colonies were fixed, stained with 0.5% crystal violet, and counted using
ImageJ. Relative colony numbers were determined by normalizing the data to the

pLKO.1 and PBS condition.

Xenograft Studies. Animal experiments were performed according to protocols
approved by the Institutional Animal Care and Use Committee of Emory University.

Nude mice (athymic nu/nu, female, 4—6 weeks old; Harlan) were subcutaneously injected
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with 5x10° KB-3-1°*} cells harboring MASTI vector variants in 30% Matrigel. One
week after injection, Smg/kg cisplatin was intraperitoneally injected every 2-3 days for

20 days. Tumor growth was recorded by measurement of two perpendicular diameters of

. . 4 idth\? _ (length
the tumors and tumor size was calculated using the formula ?nx (WLZ ) x (enzg )

The tumors were harvested and weighed at the experimental endpoint. Tumor

proliferation was determined by Ki-67 IHC staining.

Immunohistochemical Staining. Archived, formalin-fixed, paraffin-embedded tumor
specimens from HNSCC patients were provided in collaboration with Drs. Nabil Saba
and Kelly Magliocca. Approval for use and care of these specimens was given from the
Institutional Review Board of Emory University School of Medicine. Clinical
information for the patients was obtained from the pathology files at Emory University
Hospital under the guidelines and with approval from the Institutional Review Board of
Emory University School of Medicine and according to the Health Insurance Portability
and Accountability Act. Two groups of patient tumor samples were used: patients with no
evidence of disease (NED) over two years after cisplatin therapy, and patients with tumor
recurrence within two years of cisplatin therapy. After deparaffinization and rehydration,
human tissue sections were incubated in 3% hydrogen peroxide to suppress endogenous
peroxidase activity. Antigen retrieval was achieved by microwaving the sections in
10mM Tris-Cl (pH 9). Sections were then blocked by incubation in 2.5% horse serum.
The rabbit anti-MAST1 antibody was applied to the slides at a dilution of 1:50 and
incubated at 4°C overnight. Detection was achieved with the Avidin-Biotin Complex

System (Vector Laboratories). Slides were stained with 3,3'-diaminobenzidine, washed,
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counterstained with hematoxylin, dehydrated, treated with xylene, and mounted.
Immunohistochemical staining results were reviewed and scored as follows: 0, no
staining and no background; 1+, weak staining; 2+, moderate staining; and 3+, strong

staining [54].

Cell Cycle Analysis. Cells were harvested and fixed in ice-cold 70% ethanol overnight.
Cells were washed with PBS and subsequently stained with propidium iodide. Cell cycle

distribution was analyzed using flow cytometry as previously described [123].

Phospho-protein Profiling by Phospho-antibody Array. The experiment was
performed by Full Moon BioSystems Inc as previously described with modifications
[54]. Lysates obtained from KB-3-19*-pLKO.1 and KB-3-1“**-pLKO.1-MAST1 shRNA
cells treated with PBS or cisplatin were applied to the Phospho Explorer Antibody Array
(Full Moon Biosystems Inc). The array contains 1318 antibodies from over 30 signaling
pathways, each of which has two replicates that are printed on standard-size coated glass
microscope slides. In brief, cell lysates were labeled with biotin in 10 pg/uL N,N-
dimethyformamide; at the same time, the array slides were blocked with Blocking
Solution and washed extensively with Milli-Q grade water. The biotin-labeled proteins
were diluted in Coupling Solution and applied to the array for conjugation. After 1-2
hours incubation, the array slides were washed extensively with 1X Wash Solution and
Milli-Q grade water. The array slides were then incubated with Cy3-conjugated
streptavidin diluted in Detection Buffer for 20 minutes, washed extensively with 1X

Wash Solution and Milli-Q grade water, and dried with compressed nitrogen. The
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conjugated labeled proteins were detected using the Full Moon Biosystems Antibody
Array Scanning Service. To identify leading candidates, we computed the following
phosphorylation ratio for each antibody:

KB — 3 — 1¢iR — MAST1 shRNA (+cisplatin)
KB — 3 — 1¢sR — pLLK0.1 (—cisplatin)

Purification of Recombinant PLK1 Proteins. Flag-PLK1 WT and K82M proteins were
purified by sonication of Escherichia coli BL21(DE3)/pLysS cells (Invitrogen) obtained
from 250 ml of culture with 0.5 mM isopropyl-f3-D-1-thiogalactopyranoside (IPTG)
induction at 25°C. Cell lysates were loaded onto a Ni-NTA column (Qiagen) in
equilibration buffer (20 mM imidazole, 20 mM Tris (pH7.5), 150 mM NacCl) and eluted
with elution buffer (250 mM imidazole, 20 mM Tris (pH7.5), 150 mM NaCl). Proteins
were desalted on a PD-10 column (GE Healthcare Life Sciences). Purification efficiency

was examined by Coomassie Brilliant Blue staining and immunoblotting.

In vitro Kinase Assays. 293T cells were transfected with GST-MAST1 WT or KD for 24
hours. GST-MAST! variants were precipitated from cell lysates with a glutathione-
Sepharose 4B column. Purified recombinant flag-tagged PLK1 WT and K82M or MEK1
K79A were incubated with bead-bound GST-MASTI in kinase assay buffer (25mM Tris-
HCI (pH 7.5), 10 mM MgCl,, 0.5 mM NazVO,4, ImM DTT, 0.01% Triton X-100) for 30
min at 30 °C. Phosphorylation of PLK1 at Thr210 was detected by phospho-Thr210
PLK1-specific antibody. Phosphorylation of MEK1 at Ser221 was detected by phospho-

Ser221 MEK1 specific antibody.
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Statistics Statistical analysis was performed using GraphPad Prism 6.0. Data shown as
images are from one representative experiment of multiple experiments. Data with error
bars represent mean + SEM for Figure 3.6A and 3.6B and mean + SD for all the other
figures. Statistical analysis of significance was based on chi-square test for Figure 3.6B

and Student's #-test for all the other figures.
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3.4 Results

Cisplatin resistant generated cells are over seven-fold more resistant than
corresponding parental cells. We generated four cisplatin resistant (cisR) cancer cell
lines to use as a screening platform by culturing parental cell lines (KB-3-1 squamous
cell carcinoma cells, A549 lung cancer cells, A2780 ovarian cancer cells, PCI-15A head
and neck cancer (HNSCC) cells) with sub-lethal concentrations of cisplatin. We assayed
cisplatin IC50 and found that cisR cells are over seven times more resistant to cisplatin
than the paired parental cell lines (Figure 3.1A-3.1D). These cisR cells likely rely on
critical intracellular signaling mechanisms to promote cell survival and proliferation
during cisplatin treatment and thus provide a platform for interrogating important

mediators of cisplatin resistance.
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Figure 3.1. Generated cisR cells are over seven-fold more cisplatin resistant than
corresponding parental cell lines. (A-D) Parental KB-3-1 and cisplatin resistant KB-3-
19°}(A), parental A549 and cisplatin resistant A549°*%(B), parental A2780 and cisplatin
resistant A2780°*%(C), and parental PCI-15A and cisplatin resistant PCI-15A“*}(D) cells
were treated with the indicated cisplatin concentrations for 48 hours and assayed for
relative cell viability using the CellTiter-Glo assay. IC50 values of all cell lines were
calculated using GraphPad Prism.
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Two RNAI screening assays identified MAST1 as a novel synthetic lethal kinase in
cisplatin resistance. To identify novel kinases that contribute to cisplatin resistance, we
performed two sequential cell viability-based screening assays. In the first screening
assay, we transduced KB-3-1°F cells with shRNA individually targeting 781 kinase and
kinase-like genes and treated replica plates with or without sub-lethal doses of cisplatin.
We identified 50 top candidates that induce cancer cell death in combination with
cisplatin treatment (Figure 3.2A (left); data courtesy of Lingtao Jin). Many leading
candidates are reported to function in cell proliferation and survival (e.g. MEK2, MEKS,
SPHKI1) and cell cycle progression (e.g. CDK7, CDC?7). Interestingly, little is known
about the function of other leading candidates (e.g. MASTI1, VCPIP1) (Figure 3.2A
(right); data courtesy of Lingtao Jin). We subsequently screened the top 50 candidates
from the primary screen in four different cisR cell lines (KB-3-1°%, PCI-15A*%,
A2780R | A549°R) to determine kinase genes that are fundamental mediators of
cisplatin resistance across different cancer types (Figure 3.2B (left); data courtesy of Dan
Li). Based on our results, we identified microtubule-associated serine/threonine kinase 1
(MASTT1) as the top candidate from the secondary screen and subsequently focused on

elucidating its role in cisplatin resistance (Figure 3.2B (right); data courtesy of Dan Li).
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Figure 3.2. Two RNAIi screening assays identified MAST]1 as a novel synthetic lethal
kinase in cisplatin resistance. (A) Primary screen. KB-3-1°} cells were transduced with
shRNA lentivirus targeting 781 individual kinase and kinase-related genes and
subsequently treated with a sub-lethal dose (5 ug/ml) of cisplatin. Cell viability was
determined after 48 hours using the CellTiter-Glo assay. Gene candidates with low
infection efficiency (<25%; grey) and shRNA-induced cell death (>15%; blue) were
excluded. (B) Secondary screen. The top 50 candidates from the primary screen were
assayed in four cisplatin resistant cancer cell lines. 30 leads showing more than 10% cell
death upon shRNA and cisplatin treatment are shown.
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MAST]1 family kinases share significant sequence homology. As shown in Figure 3.3,
MASTT belongs to the MAST protein kinase family (MAST1-4). MAST family proteins
are characterized by four domains: 1) domain of unknown function 1908 (DUF1908),
which has no characterized function; 2) serine/threonine kinase domain (S_TKc), which
mediates kinase catalytic activity; 3) AGC-kinase C-terminal domain (STKX), which
distinguishes AGC kinases from other ePKs [124]; and 4) PDZ, which mediates PPIs as a
specialized scaffolding domain. The active site of all four isoforms is represented as a red
diamond and corresponds to the aspartate of the HRD motif, which acts as a base to
deprotonate the substrate serine/threonine side chain [125, 126], at MAST]1 residue 497
(Figure 3.3). Beyond these shared domains, the MAST family also shares >60% sequence
homology N-terminal of the S TKc domain and <40% sequence homology C-terminal of
the PDZ domain[114]. MASTI1 kinase activity and substrate specificity is likely to be

regulated differentially by the four distinct MAST1 domains (Figure 3.3).

Although MASTT1 is the leading candidate from our screening assays (Figure 3.1; data
courtesy of Dan Li), MAST2 (rank: 169/781) and MAST 4 (rank: 332/781) are among
the top ~20% and ~40% of candidates from the primary screen, respectively (data not
shown). MAST3 was not included in the primary screen. Therefore, MAST family
kinases may share enough sequence homology to commonly promote cisplatin resistance;
however, divergent sequences between MAST family members likely support a

specialized role for MAST]1 in cisplatin resistance.
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MAST1 (1570 aa)
MAST2 (1798 aa)
MAST3 DUF 1908 S_TKe STKX PDZ (1309 aa)

MAST4 DUF 1908 S_TKe STKX PDZ (2626 aa)

Figure 3.3. MAST1 family kinases share significant sequence homology. Schematic
diagram of MAST1-4 isoforms domain schematic. The MAST1 kinase active site (proton
acceptor) is the aspartate 497 residue.
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MAST1 promotes cell proliferation in diverse cisplatin resistant cancer cells during
cisplatin treatment. Most patients’ tumors initially respond to cisplatin therapy;
however, through selective pressure that favors the survival of intrinsically resistant cells
or mutations that promote acquired resistance, residual tumor cells induce tumor
formation and disease relapse despite ongoing cisplatin therapy. To validate the role of
MAST]1 in cisplatin resistance, we tested the effect of targeting MAST1 in combination
with cisplatin on in vitro cancer cell proliferation and in vivo tumor growth. To confirm
our screening result, we utilized three different shRNA clones to deplete MASTI
expression in cisR cells and checked cell proliferation with or without cisplatin treatment
(Figure 3.4A; data courtesy of Dan Li). As we observed in the primary and secondary
screens, concurrent MAST1 knockdown and cisplatin treatment dramatically reduces cell
proliferation. Furthermore, MAST1 knockdown without cisplatin treatment does not
affect cell proliferation. We also checked whether MAST1 sustains cell proliferation in
A549°R and A2780°"F cells under cisplatin treatment (Figure 3.4B; data courtesy of Dan
Li). Indeed, stable knockdown of MAST1 does not impact cell proliferation in KB-3-1°}
cells; however, MAST1 knockdown cells treated with cisplatin proliferate significantly
slower than control cells with empty vector. This suggests MAST!1 is important for

cisplatin resistant cancer cell proliferation during cisplatin treatment.
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Figure 3.4. MAST1 promotes cell proliferation in diverse cisplatin resistant cancer
cells during cisplatin treatment. (A) KB-3-1°" cells were infected with three different
MAST1 shRNA clones followed by 5 ug/ml cisplatin or vehicle treatment. Proliferation
was measured by trypan blue exclusion cell counting. (B) KB-3-1°*% (top), A549°"
(middle), and A2780°} (bottom) cells were infected with MAST1 shRNA. KB-3-1}
and A2780°*F were treated with PBS or 2 ug/mL cisplatin. A549°® cells were treated
with PBS or 0.75 ug/mL cisplatin. At the indicated time points, cells were collected and
counted by trypan blue exclusion.
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Targeting MAST1 attenuates in vitro colony formation during cisplatin treatment.
We next tested whether MAST1 is important for mediating tumor formation in vitro
using a colony formation assay. KB-3-1%% A549R and A2780°*® cells with or without
stable MAST1 knockdown were treated with PBS or cisplatin for two weeks. As shown
in Figure 3.5A-3.5B (data courtesy of Dan Li), cisR cells with concurrent MAST1
knockdown and cisplatin treatment (sample 4) form ~70% (KB-3-17%), ~30% (A549°}),
or ~50% (A2780°*%) fewer colonies compared to cisplatin treated cells expressing
MAST]1 (sample 3). In addition, MAST1 knockdown does not impact colony formation
without cisplatin treatment (sample 2). Thus, this suggests MAST]1 is dispensible for
cancer cell colony formation in the absence of cisplatin; however, MAST1 expression in

cancer cells is critical for in vitro colony formation during cisplatin treatment.
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Figure 3.5. Targeting MAST1 attenuates in vitro colony formation during cisplatin
treatment. (A) KB-3-1cisR (500 cells/dish), A549cisR (200 cells/dish), and A2780cisR
(300 cells/dish) cells were seeded in 35-mm dishes. KB-3-1"% and A2780} were
treated with PBS or 2 ug/mL cisplatin. A549°*} cells were treated with PBS or 0.75
ug/mL cisplatin. Colonies were fixed and stained with crystal violet. Relative colony
numbers were determined using ImagelJ. (B) Representative images of colony formation
assay results are shown.
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MAST1 promotes in vivo tumor growth during cisplatin treatment. We performed a
xenograft experiment to interrogate whether MAST1 influences in vivo tumor formation
and growth of cisplatin resistant cancer cells. KB-3-1"} cells with or without stable
MASTI! knockdown were injected subcutaneously into nude mice. As shown in Figure
3.6A (data courtesy of Dan Li), mice injected with MAST1 knockdown cells and treated
with cisplatin have a significantly slower tumor growth rate compared with MAST1
expressing cells treated with cisplatin. Moreover, harvested tumors from mice injected
with MAST1 knockdown cells and treated with cisplatin are significantly smaller than
tumors harvested from mice treated with cisplatin alone (Figure 3.6B and 3.6C (bottom);
data courtesy of Dan Li). To measure in vivo cell proliferation of the different tumors, we
performed IHC and stained harvested tumors for Ki-67, a marker of cell proliferation. In
agreement with our previous observations, harvested tumors comprised of cisplatin-
treated MAST1 knockdown cells have the lowest cell proliferation as indicated by the
absence of Ki-67 staining (Figure 3.6C (top); data courtesy of Dan Li). Finally, stable
MASTI1 knockdown was observed in the corresponding harvested tumor samples (Figure
3.6C (middle); data courtesy of Dan Li), which confirms expected MASTI protein
expression in each tumor group. Taken together, this data suggests that MASTI is
important for in vivo cisplatin resistant tumor formation and proliferation specifically

during cisplatin treatment.
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Figure 3.6. MAST1 promotes in vivo tumor growth during cisplatin treatment.
Xenograft mice experiment using KB-3-1%% cells. (A) Tumor volume was measured and
cisplatin treated mice were injected with Smg/kg cisplatin every 2-3 days until the
experimental endpoint. (B) Tumor weight of the harvested tumors. (C) Ki-67 THC
staining (top), MAST1 expression immunoblot (middle), and representative images
(bottom) of the harvested tumors from each group are shown.
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MAST1 functions independent of the DNA damage response to promote cisplatin
resistant cancer cell cycle progression and survival during cisplatin treatment.
Cisplatin induces G2/M cell cycle arrest, which allows cells to repair DNA damage
before cell division. Cancer cells must strike a fine balance between repairing enough
DNA damage to prevent cell death and progressing through cell cycle checkpoints in
order to proliferate. Therefore, we performed DNA damage, cell cycle, and apoptosis
assays to understand how MAST1 promotes cancer cell proliferation during cisplatin

treatment.

First, we determined whether MAST1 influences cisplatin-mediated DNA damage or the
DNA damage response (DDR) in cisplatin-resistant cancer cells with or without MAST1
knockdown during cisplatin treatment (data not shown; data courtesy of Lingtao Jin). We
found MAST1 influences neither the amount of cisplatin-mediated DNA damage
(assessed by relative quantification of DNA-cisplatin adducts) nor the DDR (assessed by
p-H2AX and p-TP53BP1 staining). Therefore, MAST1 functions independent of cisplatin

activity and cisplatin-mediated DDRs.

Second, we investigated the role of MASTI in cisplatin-mediated G2/M cell cycle arrest
using A2780°F (A), KB-3-1°*} (B), and A549°*} (C) cells with or without MAST]
knockdown (Figure 3.7). As expected, cisplatin treatment induced G2/M arrest as
measured by propidium iodide staining (sample 3). Moreover, concurrent MASTI1
knockdown and cisplatin treatment significantly increased G2/M arrest (sample 4). These

data indicate that MAST1 promotes cell cycle progression
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Finally, we tested whether MAST1 affects cisplatin-mediated cell survival by Annexin V
staining and FACS analysis (data not shown; data courtesy of Dan Li). Upon cisplatin
treatment, approximately two-fold more KB-3-1°*® cells with MASTI1 knockdown

undergo apoptosis compared to MAST1 expressing cells.

These data suggest MAST1 promotes cancer cell proliferation by coordinating increased
cell cycle progression and cell viability upon cisplatin treatment. Furthermore, MAST1

does not influence cisplatin drug activity or DNA damage responses in cancer cells.
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Figure 3.7. MAST1 promotes cancer cell cycle progression during cisplatin
treatment. (A) A2780°%, (B) KB-3-1°*}, and (C) A549°*} cells with or without MAST]

knockdown were treated with PBS or 5 ug/ml of cisplatin. Cell cycle distribution was
assayed 48 hours after cisplatin treatment using propidium iodide and FACS analysis.
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MAST]1 kinase activity mediates cisplatin resistance. We next tested whether MAST1
kinase activity is required for MASTI-mediated cisplatin resistance. To permit
experimental study of MAST1 kinase function, we generated and characterized a MAST1
kinase dead (KD) mutant by introducing a point mutation at the active site depicted in
Figure 3.3 and performing a MAST1 in vitro kinase assay. As shown in Figure 3.8A (data
courtesy of Dan Li), the D497A mutation abolishes MAST1 auto-phosphorylation and
kinase activity determined using myelin basic protein (MBP) as a substrate. This data
validates the use of MASTI D497A as a kinase dead mutant to investigate the

contribution of MASTT1 kinase activity to cisplatin resistance in cancer cells.

We overexpressed MAST1 WT or KD in parental KB-3-1 and A549 cells treated with
cisplatin and checked cell viability. Expression of MAST1 WT, but not KD, significantly
increases viability (Figure 3.8B; data courtesy of Dan Li). As demonstrated previously,
KB-3-1R (left) and A549*® (right) MAST1 knockdown cells treated with cisplatin have
significantly less cell viability compared to MASTI expressing cells (sample 2).
Moreover, expression of shRNA-resistant MAST1 WT fully rescues cell viability
(sample 3); conversely, MAST1 KD expression does not influence cell viability (sample
4). These data provide evidence that the kinase activity of MAST1 is required for cell
proliferation and acquisition of cisplatin resistance during cisplatin treatment in cancer

cells.
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Figure 3.8. MAST1 Kkinase activity mediates cisplatin resistance. (A) GST-fused
MASTTI constructs were transfected and pulled down from 293T cells. In vitro kinase
assay was performed by incubating bead bound GST-MAST1 WT or KD and MBP
substrate. Phosphorylation of MBP was detected by immunoblotting using anti-pan-
phospho-serine/threonine antibody. (B) Relative cell viability was assayed by trypan blue
exclusion cell counting in myc-MAST1 WT- or KD-expressing cisplatin sensitive KB-3-
1 and A549 cells treated with 0.15 ug/mL and 0.25 ng/mL cisplatin, respectively. Protein
expression was detected by immunoblotting. (C) shRNA-resistant MAST1 WT or KD
was expressed in KB-3-19% and A549°% cells with stable endogenous MASTI
knockdown. Cells were treated with 2 pug/mL (KB-3-1%%) or 0.75 ug/mL (A549°%)
cisplatin and relative cell viability was assessed 48 hours post-treatment by trypan blue
exclusion cell counting.
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MAST1 promotes cell survival by phosphorylating MEK1 at serine 221. Our data
provides evidence that MASTI1 kinase activity is required for mediating cisplatin
resistance. To understand MAST1 signaling in cisplatin chemoresistance, we performed a
phospho-antibody array using KB-3-1R cell lysates to determine potential substrates of
MASTI kinase activity (Figure 3.9A; data courtesy of Dan Li). Cisplatin treatment
decreased phosphorylation of mitogen-activated protein kinase 1 (MEK1) at serine 221
by approximately 50% in MAST1 knockdown cells compared to MAST1 expressing
cells. Thus, we investigated the functional connection between MAST1 and MEK1 using

immunoblotting, in vitro kinase assays, and immunoprecipitation assays.

First, we tested exogenous binding between GST-fused MAST1 WT or KD mutants and
endogenous MEK1 in 293T cells (Figure 3.9B; data courtesy of Dan Li). Both MAST1
proteins can bind MEKI1, which suggests binding is not dependent on kinase domain
activity. We also tested endogenous binding in A2780 cells and found that MAST1 and
MEKI1 bind endogenously (data courtesy of Lingtao Jin; data not shown). Next, we
examined whether MAST1 mediates MEK1 phosphorylation in cisR cancer cells during
cisplatin treatment and found that MEK1 S221 phosphorylation is significantly attenuated
in cisR MAST!1 knockdown cells treated with cisplatin (Figure 3.9C; data courtesy of
Lingtao Jin and Dan Li). Moreover, MAST1 directly phosphorylates MEK1 at S221 in

vitro (Figure 3.9D; data courtesy of Dan Li).

MEKI1 is generally known to stimulate cell survival. To understand whether MAST1

phosphorylation of MEK1 at S221 functionally promotes cell survival during cisplatin
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treatment, we expressed flag-tagged MEK1 S221A or S221D in KB-3-1 and KB-3-1°}
cells with stable MAST1 knockdown. Cells were treated with or without cisplatin and
apoptosis was assessed 48 hours post-treatment by Annexin V staining and FACS
analysis. As previously demonstrated, approximately two-fold more MAST1 knockdown
cells undergo apoptosis compared to MAST1 expressing cells upon cisplatin treatment.
Furthermore, expression of phospho-mimetic MEK1 S221D, but not phospho-deficient
MEKI1 S221A, in MAST1 knockdown cells rescues apoptosis to the level observed in

MASTT expressing cells (data not shown; data courtesy of Lingtao Jin).

Thus, these data demonstrate that MAST1 binds and phosphorylates MEK1 to promote

cell survival during cisplatin treatment in cancer cells (Figure 3.16 (lef?)).
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Figure 3.9. MAST1 phosphorylates MEK1 at serine 221. (A) KB-3-1} cells with or
without stable MAST1 knockdown were treated with cisplatin or PBS for 48 hours. The
Phospho Explorer Antibody Array was performed with the various KB-3-1"} cell lysates
to determine potential downstream MASTI protein substrates. Potential MAST1
substrates were ranked by the phosphorylation site ratio, in which the phosphorylation
amount of a specific protein in KB-3-1“**-MAST1shRNA+cisplatin was divided by the
phosphorylation amount of the same protein in KB-3-1**-pLKO.1-cisplatin (control)
cells. Array images are shown on the right. (B) GST-MAST1 WT or KD was transfected
in 293T cells. Binding between GST-MAST1 and endogenous MEK1 was assessed using
a GST pull down assay from the collected 293T lysates and immunoblotting. (C) KB-3-1
(top), A549°R (middle), and A2780°" (bottom) cells with or without MASTI
knockdown and cisplatin treatment were assayed for p-S221 MEKland MEKI1 protein
expression by immunoblotting. (D) GST-fused MAST1 constructs were transfected and
pulled down from 293T cells. In vitro kinase assay was performed by incubating bead
bound GST-MAST1 WT or KD with recombinant inactive MEKI as a substrate.
Phosphorylation of S221 MEK1 was detected by immunoblotting.
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PLK1 is a novel MAST1 binding partner. We expressed GST-MASTI in 293T cells
and performed mass spectrometry analysis to determine binding partners that may
mediate MAST1 signaling in cisplatin resistance (Figure 3.10A; data courtesy of Dan Li).
Among known tubulin protein binding partners, we identified a key cell cycle regulatory

protein — polo- like kinase 1 (PLK1) — as a potential binding partner.

Intracellular DNA damage activates checkpoint mechanisms to allow time for DNA
repair before mitosis. Cells subsequently can mount three different responses based on
the severity of DNA damage and the fidelity of DNA repair mechanisms: checkpoint
recovery, checkpoint adaptation, or apoptosis. Cells with good repair fidelity and limited
DNA damage undergo checkpoint recovery, in which cells successfully repair all DNA
damage and re-enter the cell cycle. Cells with poor repair fidelity and low to moderate
levels of damage can also re-enter the cell cycle without fully repairing DNA damage in a
process called checkpoint adaptation, which promotes tumorigenesis and genomic
instability. Finally, cells overwhelmed by the severity of DNA damage undergo cell
death. PLK1 activity is critical for regulating all of these responses to DNA-damaging

therapies [127].

As shown in Figure 3.10B, PLKI is characterized by two functional domains: 1) a
serine/threonine kinase domain (S_TKc), which mediates kinase catalytic activity; and 2)
two Polo-box domains, which regulates PLK1 subcellular localization[ 128] and substrate

binding in phosphorylation-dependent and -independent manners[129].



Total
Group Gene . Description pMass
Peptides (kDa)
11 MAST1 81 microtubule-associated serine/threonine-protein kinase 1 [Homo sapiens] 171
7.2 HSPA9 18 stress-70 protein, mitochondrial precursor [Homo sapiens] 74
10.1 GSTM2 21 glutathione S-transferase Mu 2 isoform 1 [Homo sapiens] 26
10.2 GSTM3 20 glutathione S-transferase Mu 3 [Homo sapiens] 27
36.1 TUBA1A 15 tubulin alpha-1A chain isoform 2 [Homo sapiens] 46
371 TUBB 15 tubulin beta chain [Homo sapiens] 50
37.2 TUBB2A 13 tubulin beta-2A chain [Homo sapiens] 50
37.3 TUBB2B 13 tubulin beta-2B chain [Homo sapiens] 50
37.4 TUBB6 5 tubulin beta-6 chain [Homo sapiens] 50
75.1 PLK1 10 serine/threonine-protein kinase PLK1 [Homo sapiens] 68
102.1 CDC37 8 hsp90 co-chaperone Cdc37 [Homo sapiens] 44
B 1 100 200 300 400 500 600
} } } . } } { @ Active Site
PLK1 - B—RP— (c032a)
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Figure 3.10. Identification of PLK1 as a novel MAST1 binding partner. (A) GST-
fused MAST1 was expressed in 293T cells. Cell lysates were collected and analyzed
using mass spectrometry analysis to determine novel MASTI1-binding proteins. In
addition to previously reported binding proteins (e.g. tubulin isoforms), polo-like kinase 1

(PLK1) was identified in the screen. (B) Schematic diagram of PLK1 protein domains.
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MAST]1 exogenously interacts with PLK1. To confirm interaction between MAST1
and PLK1, we performed a series of exogenous binding experiments in human embryonic
kidney 293T cells. As shown in Figure 3.11A, Flag-tagged or GST-fused PLK1 interacts
with endogenously or exogenously overexpressed MAST1 in cells. Exogenous Flag-
tagged PLK1 binds to GST-fused MAST1 (Figure 3.11A) and myc-tagged MAST1

(Figure 3.11B). GST-fused PLK1 also binds to endogenous MAST1 (Figure 3.11C).
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Figure 3.11. MAST1 exogenously interacts with PLK1. (A) GST-fused MAST1 and
Flag-tagged PLK1 were co-transfected into 293T cells. The 239T cells were lysed and
used for a GST pull down assay. Interaction between Flag-PLK1 and GST-MAST1 was
detected by immunoblotting. (B) Myc-MAST1 and Flag-PLK1 were co-transfected in
293T cells. Myc was immunoprecipitated from the collected 293T lysates. Interaction

between Flag-PLK1 and myc-MAST1 was detected by immunoblotting. (C) GST-PLK1

was transfected in 293T cells. Endogenous MAST1 was immunoprecipitated from the

collected 293T lysates and GST-PLK1 was detected in the immunoprecipitated MAST1

sample.
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MAST1 endogenously interacts with PLK1. We also performed a series of endogenous
binding experiments in diverse cisplatin resistant cancer cells. As shown in Figure 3.11,
endogenous MAST1 and PLKI interact in (A) A2780°*F, (B) KB-3-1°F and (C)
A549R cells. These data together demonstrate that MAST1 physiologically binds to

PLK1 in cancer cells.
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Figure 3.12. MAST1 endogenously interacts with PLK1. (A-C) Interaction between
endogenous MAST1 and GST-PLKI1 was detected by immunoblotting. MAST1 was
immunoprecipitated from A2780°% (A), KB-3-1"% (B), and A549°*% (C) cells and
assayed for PLK1 binding by immunoblotting.
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Targeted down-regulation of MAST1 attenuates PLK1 phosphorylation in cisplatin
resistant cancer cells. We next examined whether MASTI induces PLKI
phosphorylation and activation in (A) A549°*F and (B) A2780°} cells with cisplatin
treatment (Figure 3.13). PLK1 T210 phosphorylation is significantly attenuated in cisR
MAST1 knockdown cells treated with cisplatin. Phosphorylation of PLK1 at threonine
210 is required for PLKI1 activation [130]. Thus, MASTI1 likely promotes PLKI1

phosphorylation and activation when cancer cells are treated with cisplatin.
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Figure 3.13. Targeted down-regulation of MAST1 attenuates PLK1 phosphorylation
in cisplatin resistant cancer cells. (A) A549°" cells and (B) A2780°™} cells with or
without stable MAST1 knockdown were treated with PBS or 5 ug/ml of cisplatin for four
hours. Phosphorylation of PLK1 at T210, which is required for PLK1 activity, was
assayed by immunoblotting.
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MAST1 phosphorylates PLK1 at threonine 210. To investigate whether MAST1
directly phosphorylates PLK1, we generated recombinant PLK1 protein and performed a
MASTT in vitro kinase assay (Figure 3.14). We expressed and purified PLK1 WT (left)
and KD (K82M) (right) protein from E. Coli (Figure 3.14A). Both proteins were
efficiently purified as assessed by immunoblotting (top) and Coomassie blue staining
(bottom) (Figure 3.14B). Therefore, we performed a MAST1 in vitro kinase assay using
GST-MASTI1 and these purified, recombinant PLK1 proteins as substrates (Figure
3.14C). We found that GST-fused MAST1 phosphorylates WT and KD PLK1 proteins in
vitro at threonine 210. Furthermore, PLK1 KD incubated with GST alone lacks T210
phosphorylation, which validates the PLK1 K82M mutant as a kinase dead protein void

of autophosphorylation activity [131].
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Figure 3.14. MAST1 phosphorylates PLK1 at threonine 210. (A) Histidine-tagged
Flag-PLK1 WT (left) or Flag-PLK1 KD (K82M) (right) recombinant protein was purified
from E.coli BL21(DE3)/pLysS cells using a Ni-NTA column. Indicated eluted fractions
were combined and desalted using a PD-10 column. (B) Purification efficiency of
recombinant PLK1 proteins was examined by Coomassie Brilliant Blue staining and
immunoblotting. (C) GST-fused MAST1 was transfected and pulled down from 293T
cells. In vitro kinase assay was performed by incubating bead bound GST-MAST1 and
recombinant PLK1 WT or KD as a substrate. Phosphorylation of T210 PLK1 was
detected by immunoblotting.
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Constitutively active PLK1 rescues G2/M arrest of MAST1 knockdown cells during
cisplatin treatment. PLK1 activity stimulates mitotic progression after DNA damage
[130, 132]. To understand whether MAST1-mediated phosphorylation of PLK1 at T210
functionally promotes G2/M cell cycle progression during cisplatin treatment, we
expressed flag-tagged PLK1 K82M (kinase dead; KD) or T210D (constitutively active;
CA) in A2780°F cells with stable MAST1 knockdown (Figure 3.15A). Cells were
treated with or without cisplatin and cell cycle distribution was assessed 48 hours post-
treatment by propidium iodide staining and FACS analysis (Figure 3.15B). As previously
demonstrated, G2/M cell cycle arrest is significantly higher in MAST1 knockdown cells
compared to MAST1 expressing cells during cisplatin treatment. Importantly, expression
of PLK1-T210D phospho-mimetic mutant partially overcomes the requirement for
MAST]1 in mitotic progression after cisplatin treatment. These data suggest that MAST1
may phosphorylate PLK1 to promote cancer cell cycle progression past cisplatin-induced

G2/M checkpoint arrest (Figure 3.16 (right)).
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Figure 3.15. Constitutively active PLK1 rescues G2/M arrest of MAST1 knockdown
cells during cisplatin treatment. (A) Flag-tagged PLK 1was expressed in A2780°F cells
with MAST1 knockdown. Exogenous expression of PLK1 mutants and MASTI1
knockdown was confirmed by immunoblotting. (B) Cell cycle distribution amongst G1,
S, and G2/M was quantified in variant A2780°*% cells. Flag-tagged PLK1 KD or CA was
expressed in A2780°F cells with stable MAST1 knockdown. Cells were treated with or
without cisplatin (5 ug/ml) and cell cycle was assessed 48 hours post-treatment by
propidium iodide staining and FACS analysis.
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Figure 3.16. Proposed model of MAST1 function during cisplatin treatment. We
show that microtubule-associated serine/threonine kinase 1 (MAST1) is important for
mediating cisplatin resistant cancer cell proliferation and tumor growth in two key ways.
First, MAST1 binds and phosphorylates mitogen-activated protein kinase kinase 1
(MEK1) at S221, which consequently activates MEK1 to promote cell survival during
cisplatin treatment (lef?). Second, MAST1 directly binds and phosphorylates polo-like
kinase 1 (PLK1), which functions to activate PLK1 to stimulate mitotic progression
during cisplatin treatment (right). Taken together, these data demonstrate that MAST1 is
a novel kinase that mediates in vitro and in vivo cisplatin resistance partly through
activation of MEK1 and PLK1.
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MAST]1 expression positively correlates with disease recurrence. The primary goal of
cancer therapy is permanent ablation of cancer cell survival. Unfortunately, tumor cells
develop ways to evade death from chemotherapy and targeted therapies, thereby resulting
in disease recurrence. In relation to our study, we performed a pilot experiment to
understand whether MAST1 expression in primary head and neck squamous cell
carcinoma (HNSCC) patient tumor samples correlates with HNSCC disease recurrence

after cisplatin therapy (Figure 3.17; data courtesy of Dan Li).

We first developed a platform to study MAST1 expression in patient tumor samples by
identifying a MAST 1-specific antibody and optimizing MAST1 immunohistochemistry
staining conditions in HNSCC tumor tissue (Figure 3.17A-3.17B; data courtesy of Dan
Li). Using this platform, we examined MAST1 tumor expression at biopsy in two distinct
HNSCC patient populations: patients with either no evidence of disease (NED) or
recurrent disease two years after cisplatin chemotherapy (Figure 3.17C; data courtesy of
Dan Li). We denoted patients with NED as cisplatin sensitive and patients with disease
recurrence as cisplatin resistant. We found that MAST1 expression is significantly higher
in primary tumor tissue collected from cisplatin resistant HNSCC patients compared to
cisplatin sensitive HNSCC patients (Figure 3.17D-3.17E; data courtesy of Dan Li). This
experiment suggests that MAST1 may be a potential biomarker to predict HNSCC
cisplatin treatment patient responses. However, large-scale studies are needed to validate

MAST]1 as a prognostic indicator of cisplatin resistance in HNSCC.
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Figure 3.17. MAST1 expression positively correlates with disease recurrence. (A)
KB-3-1"!  cells with or without MASTI] knockdown were used for
immunohistochemistry (IHC) staining to test anti-MAST1 antibody IHC specificity. (B)
anti-MAST1 antibody was optimized for IHC in paraffin embedded formalin fixed
HNSCC patient tumors. Representative images are shown. (C) HNSCC patient pilot
experiment schematic. Two patient groups were monitored for two years after the
cisplatin therapy: patients with no evidence of disease (NED) over two years after
cisplatin therapy (cisplatin sensitive group) and patients with tumor recurrence within
two years of cisplatin therapy (cisplatin resistant group). Tumor tissue samples were
collected at biopsy. (D) MAST1 expression was determined in the two patient tumor
tissue groups using IHC and scored based on staining intensity (0-3+). (E) Representative
IHC images for each group are shown.
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3.5 Discussion

Our data demonstrate that MAST1 kinase activity plays a multi-faceted role in cisplatin
resistance. In response to cisplatin treatment, MASTI1 activates two critical proteins
involved in cell proliferation and tumor growth. First, we show that MAST1 directly
binds, phosphorylates, and activates mitogen-activated protein kinase kinase 1 (MEK1) at
S221 to promote cell survival during cisplatin treatment. Second, we demonstrate that
MAST]1 directly binds, phosphorylates, and activates polo-like kinase 1 (PLKI) to
stimulate checkpoint progression during cisplatin treatment. Taken together, these data
define a function for the MAST1 kinase in mediating cisplatin resistance partly through

activation of MEK1 and PLKI1.

Clinical drug resistance is classified as either acquired or intrinsic. Acquired drug
resistance occurs due to drug-induced developments of mutations and other intracellular
aberrations that allow tumor cells to adapt and survive. Conversely, intrinsic resistance
occurs before a patient receives therapy and is caused by preexisting resistance-mediating
factors in the bulk of tumor cells that make the therapy ineffective [36]. We found a
positive correlation between MAST1 protein expression and response to cisplatin
treatment in vivo, which suggests that MAST1 may mediate intrinsic cisplatin resistance.
We also see a significant increase of MAST1 mRNA in vitro after cisplatin treatment
(data not shown; data courtesy of Lingtao Jin). Therefore, MAST1 may be involved in
both intrinsic and acquired cisplatin resistance. Further interrogation of key regulatory
mechanisms of MAST]1 protein expression and stability before, during, and after cisplatin

treatment is necessary to understand the contribution of MAST1 expression to cisplatin
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resistance.

Cisplatin induces G2/M cell cycle arrest as part of the DNA damage response (DDR).
The DDR in cisplatin-sensitive cells, overwhelmed by the amount of DNA damage,
directly signals to induce apoptosis. In contrast, the DDR in cisplatin-resistant cells
induces repair mechanisms that promote cell cycle re-entry followed by successful cell
division. We show that MAST1 promotes cell cycle progression and cell survival through
PLK1 and MEKI1 downstream signaling upon cisplatin treatment. Therefore, MAST1
likely facilitates cell cycle re-entry after checkpoint arrest to induce cell survival and
proliferation in the presence of cisplatin. Importantly, this data suggests that inhibition of
MASTT activity induces a cisplatin-sensitive phenotype. Further studies are needed to
validate MAST1 as a novel cisplatin-sensitizing drug target. In addition, MAST1 may
phosphorylate and activate substrates other than MEK1 and PLK1 to mediate cisplatin
resistance. Further characterization of MAST1 downstream effectors and signaling

networks in cancer cells before, during, and after cisplatin treatment is warranted.

Excluding kinase-related domains, MAST1 has two functional domains: DUF1908 and
PDZ. The DUF1908 domain has no characterized function; however, other DUF domains
are shown to function under certain cellular conditions, including low nutrient conditions
[133]. The PDZ domain mediates protein-protein interactions with other PDZ domain-
containing proteins. For example, binding between MAST1 and PTEN, a tumor
suppressor phosphatase that contains a PDZ domain, occurs at the PDZ domains.

Moreover, MAST1 phosphorylation of PTEN is potentiated upon PDZ domain binding
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[117]. It would be interesting to perform comprehensive studies to assess the contribution

of these domains in MAST1 function during cisplatin treatment.

Tumors resistant to cisplatin are typically cross-resistant to other unrelated anticancer
agents, which suggests that cisplatin likely shares mechanisms of chemoresistance with
other therapies [40]. We found that MAST1 does not influence cancer cell growth and
proliferation in response to taxol, a chemotherapy agent that stabilizes microtubules to
induce mitotic failure and apoptosis (data not shown; data courtesy of Dan Li). However,
MASTI1 may play a common role in generally mediating resistance to platinum-based
agents. Further studies are warranted to elucidate MAST1 function in response to other

platinum-based compounds and anti-cancer drugs.
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Chapter 4: General Discussion and Future Directions

Despite concerted efforts to better understand and treat cancer over the past several
decades, cancer continues to be a leading cause of death worldwide. We have yet to gain
a holistic understanding of the two key processes that are responsible for poor clinical
outcomes: tumor metastasis and therapeutic resistance. The aberrant regulation of kinases
is a pervasive theme underlying nearly every hallmark of cancer; indeed, dysregulated
kinase activity is also implicated in metastasis and resistance. A more comprehensive
understanding of kinase signaling is necessary before improvements in cancer therapy

and clinical outcomes can be achieved.

4.1 RSK2 and Cancer Metastasis

RSK2 is a pro-metastatic kinase that phosphorylates nuclear and cytoplasmic proteins,
predominantly at RRXS/T or RXRXXS/T motifs[46]. Our lab previously reported that
RSK2 phosphorylates Hsp27, a protein that regulates actin dynamics and apoptosis, to
promote stabilization of actin filaments[54]. Furthermore, we identified that RSK2
phosphorylates CREB at S133 to upregulate expression of Fascin-1, an actin filament
bundling protein, to promote filopodia formation at the leading edge of protruding
lamellipodia[55]. Aforementioned in Chapter 2, we identified that RSK2 phosphorylates
the novel substrate stathmin to promote microtubule stabilization. Collectively, these
RSK2 signaling effectors promote cancer cell invasion, which occurs through a process
involving degradation of the local extracellular matrix, lamellipodia protrusion, focal
adhesion formation, contraction, and retraction[134]. This suggests RSK2 plays an

important role in cytoskeletal regulation to promote a pro-metastatic phenotype.
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Considering the complex regulation underlying cancer cell invasion, it is worth exploring

whether RSK2 can regulate other cytoskeletal proteins.

Stathmin acts globally to sequester free tubulin and promote microtubule destabilization,
which increases microtubule (MT) dynamics in the cell. Dynamic MTs, which undergo
distinct cycles of growth and catastrophe (i.e. dynamic instability), act as a scaffold to
mediate the cell mechanics, intracellular trafficking, and signaling processes that are
responsible for cell motility and invasion. The maintenance of dynamic MTs is highly
regulated by stathmin and other MT-associated proteins[134, 135]. Conflicting reports
link stathmin and MT dynamics to differing cellular responses. Several studies
demonstrate that stathmin induces MT destabilization to promote migration[136] and
invasion[75, 137, 138]; conversely, other studies show that stathmin-induced MT
destabilization inhibits migration[139]. We find that RSK2-mediated inhibition of
stathmin activity induces MT stabilization and promotes cancer cell invasion and tumor
metastasis. It is important to note that many studies reporting pro-migratory and pro-
invasive roles for stathmin majorly assess the contribution of expression of stathmin in
cells, but not its microtubule polymerizing activity, in cell motility. Because stabilized
MTs at the leading edge are necessary in promoting cell polarization and motility[140],
stathmin is likely to be differentially regulated throughout the cell to stimulate increased
motility and invasion. Indeed, studies show that MT stability influences cell motility in a
cell-or context-dependent manner[141]. Thus, the contribution of context-specific
deviations in stathmin function and MT regulation between these studies requires closer

comparative evaluation.
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N-terminal serine phosphorylation is indispensable for regulating stathmin-mediated
cellular effects. However, very few studies have investigated the contribution of stathmin
activity to tumor metastasis. Using a xenograft model, we demonstrate that RSK2
phosphorylation of stathmin at serine 16 promotes tumor metastasis. In addition, we show
that S16 phosphorylation is progressively potentiated in malignant stages of human lung
tumor tissues samples; moreover, stathmin S16 phosphorylation and RSK2 expression
highly correlate, suggesting increased RSK2 signaling induces stathmin S16
phosphorylation in these samples. Thus, our study demonstrates that the regulation of
stathmin activity at S16 is important for tumor metastasis. We acknowledge that four
other kinases — CamKII/IV[77, 142], Aurora B[143], PKA-C[78, 144], and PAK1[145] —
can also regulate stathmin at S16. These kinases may function in parallel with RSK2 in
cancer cell migration and invasion or in different contexts to stimulate other cellular
responses. Also, it is likely that phosphorylation of other N-terminal stathmin serines
contributes to tumor metastasis. For instance, the soluble MET receptor ligand HGF
induces stathmin expression and phosphorylation upon receptor binding and subsequent
activation of ERK and Akt, both of which are kinases reported to phosphorylate stathmin
at S38[146]. Thus, comprehensive studies are needed to investigate the prevalence and

function of stathmin phosphorylation in tumor metastasis.

We observe that stathmin phosphorylation at S16 is significantly attenuated at the cortex
of RSK2 knockdown cells; furthermore, this phenomenon correlates with a decreased
amount of observable microtubules. Given that stathmin S16 is the only N-terminal

residue that exclusively regulates microtubule catastrophe and RSK2 is known to
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phosphorylate substrates at the cell membrane[147], it is likely that RSK2 phosphorylates
and inhibits stathmin to prevent microtubule catastrophe at the leading edge of cancer
cells. This would potentially promote microtubule elongation at the cell cortex and
directional migration. Additionally, the fact that RSK2 is a pro-metastatic kinase suggests
that decreased microtubule dynamicity at the leading edge is a common characteristic of
motile and invasive cells. Indeed, many recent studies corroborate this hypothesis.
Additional studies are needed to understand the link between RSK2 and stathmin activity

in cancer cell migration and invasion.

Interestingly, p27"' — a RSK2 substrate involved in cell cycle regulation — can bind,
gly, p Yy

sequester, and inhibit stathmin[138]. RSK2-dependent phosphorylation of p27“P' is
reported to induce nuclear export and cytoplasmic localization, enforced by 14-3-3
binding. Thus, it is possible that RSK?2 also influences the tubulin sequestering activity of

stathmin indirectly by encouraging p27kipl

-stathmin binding in the cytosol. The role of
p27""' in pro-invasive signaling is unclear, although many reports indicate an
antimigratory activity. Complicating matters further, STAT3 is also reported to bind,
sequester, and inhibit stathmin; however, STAT3, functioning in the same manner as
p27"P! promotes invasive signaling[139, 148]. Thus, the possibility that RSK2-mediated

kipl

phosphorylation of p27™"" indirectly modulates stathmin activity to further promote MT

stabilization and pro-migratory phenotypes warrants further investigation.

4.2 MAST1 and Therapeutic Resistance

Oncogenic tyrosine kinase signaling plays an important role in the maintenance of
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cisplatin resistance. Several recent studies show that therapeutic inhibition of JNK (using
SP600125)[149], EGFR/HER2/HERA4 (using afatinib)[150], PI3K/Akt (using wortmannin
and MK-2206)[151] sensitizes lung cancer, gastric cancer, and hepatocellular carcinoma
cells to cisplatin treatment. In addition to these studies and others, our finding that
MASTT inhibition sensitizes cancer cells to cisplatin therapy supports a role for kinases
as prosurvival signaling effectors outside of pre-defined DNA damage repair/cell

cycle/apoptotic pathways in mediating chemoresistance.

MASTI1 was first cloned in 1999 and subsequently identified as a cytoskeleton-related
protein highly expressed in brain tissue; since then, little progress has been made in
identifying upstream activators, downstream substrates, and protein binding partners that
influence MAST1 signaling. However, a few recent studies implicate MAST1 in human
cancers. PTEN, a tumor suppressor gene, is demonstrated to be stabilized by MAST1
binding and phosphorylation[117], suggesting an anticancer function for MASTI.
Conversely, overexpression of MAST]1 fusion genes identified in breast cancer cell lines
and tissue samples promotes cancer cell proliferation in vitro and in vivo[118]. Another
report suggests that MAST1 mutations drive oncogenesis in a case of familial lung
cancer[152]. We found MAST]1 is important for sensitizing cancer cells to cisplatin
treatment. Our study builds on previous reports implicating MASTI in cancer, and
suggests that MAST1 is important for the maintenance of a malignant phenotype. Since
MAST]1 signaling is relatively uncharacterized, it is likely that MAST1 interacts with
other proteins to promote cisplatin resistance. PPI data from the IntAct database suggests

that MASTT interacts with proteins involved in lysosome vesicle biogenesis, trans-Golgi



104

network vesicle budding, and clathrin derived vesicle budding[153]. Intracellular vesicle
transport is fundamental to cell growth, homeostasis, and survival[154, 155]. Therefore,
MASTI1 may regulate additional substrates that contribute to cisplatin resistance and

other cancer phenotypes.

Polo-like kinase 1 (PLK1) promotes G2/M checkpoint recovery and adaptation after
genotoxic stress in cancer[156]. The currently accepted paradigm of PLKI1 signaling
during DNA damage-induced G2/M phase checkpoint recovery starts with activation of
PLK1 by Aurora A/Bora at threonine 210 (T210)[157]. PLK1 subsequently
phosphorylates DNA repair-associated proteins (RAD 51[158], TP53BP1[159, 160]) and
negative regulators of cell cycle progression (Weel, Claspin, CHK2) to stimulate DNA
repair and mitotic progression. In Chapter 3, we show MAST1 phosphorylation of PLK1
also induces mitotic progression past the G2/M cell cycle checkpoint during cisplatin
treatment. However, MAST]1 signaling does not influence DNA damage responses in the
cancer cell lines we tested. This discrepancy between our results and the current PLK1
signaling paradigm suggests a spatio-temporal or context-dependent difference in PLK1
regulation between MAST1 and Aurora A/Bora. Of note, previous studies utilized
doxorubicin[157], a chemotherapeutic compound that intercalates DNA bases, or
ionizing radiation[ 159, 160] to induce DNA damage and G2/M arrest. Cisplatin primarily
induces DNA intrastrand crosslinks[113], whereas doxorubicin stimulates a myriad of
cytotoxic effects, including topoisomerase II poisoning, oxidative stress, ceramide
overproduction, DNA torsion, and nucleosome destabilization[161]. Ionizing radiation

creates single-strand, clustered, and double-strand DNA breaks[162]. These anticancer
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agents engage distinct intracellular signaling pathways to promote apoptosis; therefore,
our observations about MAST1-PLK1 signaling during cisplatin treatment may result
from specific mechanisms underlying cisplatin activity. MAST1 regulation of PLKI

function in response to different modes of DNA damage warrants further study.

Therapeutic resistance is regulated in different ways across cancer types. This is best
demonstrated by primary and secondary response rates to chemotherapy. Up to 20% of
lung cancers initially respond to cisplatin based therapy; in contrast, close to 100% of
testicular cancers respond[97]. Despite this cancer-specific variability, we found that
MASTI stimulates the same cellular responses in incredibly diverse cisplatin resistant
cells, in which no two cell lines share the same tissue of origin or genetic background.
This observation suggests the existence of one or more universal resistance pathway(s)
regulated by MAST] that can potentially be exploited for cisplatin chemosensitization.
Whether these signaling commonalities and phenotypic outcomes are observed outside of

tested in vitro experimental systems remains to be explored.

4.3 Conclusions

Cancer continues to be a leading cause of death worldwide. Clinical drug resistance and
tumor metastasis are accountable for the vast majority of these deaths. Although
therapeutic resistance and metastasis are typically considered to be separate entities, they
are united on a molecular level by kinases. Given the commonality of substrates between
kinase signaling pathways, it would not be surprising to find that certain aspects of pro-

metastatic signaling may also regulate resistance to chemotherapeutics and vice versa. In
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the case of RSK2, a recent report demonstrates that RSK2 knockdown promotes cisplatin
chemosensitization [163]. Likewise, MAST1 may functionally promote invasive and
metastatic phenotypes through effects on known or unknown substrates and signaling
pathways. Thus, comprehensive characterization of protein kinase signaling in the many
contexts of cancer progression, tumor metastasis, and therapeutic resistance will be

critical for the development of future curative therapies.
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