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ABSTRACT

The ste-20 like kinase (SLK) is a serine/threonine kinase activated downstream of
Neu signaling and functions to mediate efficient migration and invasion of breast cancer
cells. Previously, the LIM domain binding protein 1 (Ldbl) has been identified as a
negative regulator of SLK kinase activity in MEF3T3 fibroblasts. Ldbl is a
transcriptional cofactor required for normal mouse embryonic development. In the current
study we sought to assess the effect of mammary gland-specific Ldbl deletion on SLK
activity and metastasis in a Neu-overexpressing breast cancer model, the MMTV-NIC
mouse model. Our results show that Ldbl deletion does not affect SLK activity in Neu-
induced tumors as demonstrated by in-vitro kinase assays. Also, Ldbl deletion in the
mammary epithelium of the MMTV-NIC model does not affect Neu-mediated tumor
growth or overall survival. Due to the low incidence of spontaneous metastasis in the
model, we performed tail-vein lung colonization assays and found that Ldbl deletion
significantly inhibits the lung colonization capability of primary tumor cells. Taken
together, our findings highlight the important implications of understanding Ldbl-
mediated transcriptional activity in Neu-overexpressing breast tumors as it could offer

therapeutic opportunity to limit the spread of metastatic Neu-induced breast cancers.
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1. INTRODUCTION

1.1. Breast cancer histological and molecular classifications

Worldwide cancer statistics reveal that breast cancer is the most common type of
malignancy diagnosed in women accounting for 25% of all cancers among the female
population. In 2012, approximately 1.7 million new cases of breast cancer were
diagnosed in women. Breast cancer takes second place after lung cancer as a cause of
cancer death in women, and accounts for about 15% of total cancer deaths (Torre et al.
2012). Breast cancer is a complex heterogeneous disease that can be generally classified
into non-invasive in-situ carcinomas and invasive carcinomas. Invasive carcinomas can
be further subclassified into different histological subtypes including invasive ductal,
invasive lobular, ductal/lobular, mucinous (colloid), tubular, medullary and papillary
carcinomas. Of these, invasive ductal carcinomas (IDCs) are the most frequently
diagnosed subtype and represent 80% of all invasive carcinomas, followed by invasive
lobular carcinoma (ILC) detected in 10-15% of all breast cancer cases (Malhotra et al.
2010).

Breast cancer can also be classified into four major molecular subtypes based on
the intrinsic gene expression signature of breast tumors: luminal A, luminal B, HER2-
enriched, and basal-like or triple negative (TN) subtypes (Table 1). Prognostic and/or
therapeutic breast cancer biomarkers include estrogen (ER) and progesterone (PR)
hormone receptors, the human epidermal growth factor receptor 2 (HER2), and the Ki67
antigen (Banin Hirata et al. 2014). Luminal -A and -B breast cancers are generally ER+
subtypes with the best clinical outcome. The luminal-B subtype shows higher tumor

grade, higher tumor proliferation rate, and a worse prognosis when compared to the



luminal-A subtype (Sotiriou and Pusztai, 2009) (Table 1). The luminal subtypes of breast
cancer are characterized by the expression of luminal cytokeratin (CK) markers including
CKS8/18, and are responsive to endocrine therapy such as tamoxifen (Bertucci et al. 2012).
HER2-enriched breast cancers overexpress the HER2 receptor and are mostly ER and PR
negative (Vallejos et al. 2010). HER2-overexpressing breast cancers exhibit a higher
tumor grade when compared to luminal-A and -B subtypes, and are characterized by low
overall survival. A targeted therapy for HER2-positive breast cancer involves the use of
anti-HER2 treatments including trastuzumab (Herceptin) and lapatinib (Bertucci et al.
2012) (Table 1). The basal-like breast tumors do not express ER, PR, or HER2; however,
they express basal CK markers such as CK 5/6 and epidermal growth factor receptor
(EGFR). The basal-like subtype is characterized by the worst prognosis and is the most
difficult subtype to treat (Allison, 2012; Sotiriou and Pusztai, 2009; Bertos and Park,
2011). Targeted therapies for the basal-like breast cancer subtype are currently
investigational with chemotherapy being the sole available treatment. One promising
treatment exploits the DNA repair defect in TN breast cancer patients with BRCAI
mutations through the use of poly-ADP ribosepolymerase-1 (PARP-1) inhibitors, which
suppress the DNA repair system and sensitize tumors to DNA-damage induced apoptosis

(Bertucci et al. 2012).



Molecular Luminal HER2 Basal
Subtype (A and B)
Genetic 1 Luminal CKs and 1 HER2-related ! Basal CKs
profile ER-related genes genes
(A>B)
B1 in proliferation-
related genes
Histologic
correlates
A B High-grade, High-grade, sheet-
Lowers Higher- +/- apocrine like, necrosis,
grade grade features inflammation
ER+ ER+
"B .
Surrogate 3 Moy
markers ER/PR-
B HER2-
A B HER2+, . ¥
Strong Weaker +/- ER/PR y}‘, ® l,j CK5/6+/-
ER+, ER+, R .| EGFR+/-
PR+/-, PR+/-, s
HER2-, HER2+/-,
low Ki67 1 Ki67
Prognosis Good Intermediate Worse Worse
Response to Lower Intermediate Higher Higher
chemotherapy
Targeted Hormone therapies HER2-targeted Currently
therapies therapies investigational

Table 1. Summary of the pathologic features of the major molecular subtypes of
breast cancer. There are 4 breast cancer molecular subtypes identified based on tumor
gene expression profiling: Luminal A, Luminal B, HER-2 overexpressing, and basal-like
subtypes. The features analyzed and compared among the 4 different molecular subtypes
are tumor genetic profile, tumor histology, tumor immunohistochemical profile (surrogate
markers), prognosis, response to chemotherapy, and targeted therapies. CK: cytokeratin;
EGFR: epidermal growth factor receptor; ER: estrogen receptor; PR: progesterone

receptor. Reproduced with permission from Allison, 2012.



1.2. The HER2 oncogene

The HER2 oncogene, also known as erythroblastic leukemia viral oncogene
homolog 2 (erbB-2) in mouse and neu in rat, shares sequence homology with the genes
encoding the cellular EGFR and avian erythroblastosis viral oncogene (v-erbB) (King et
al. 1985). Initially, the rat homolog neu was identified as a transforming oncogene in an
ethyl nitrosourea-induced rat neuroblastoma model (Shih et al. 1981). Subsequently, the
HER2 oncogene was identified as an amplified gene in MACI117 human mammary
carcinoma cell line (King et al. 1985). The HER2 oncogene is located on chromosome
17921 and it encodes a 1255 amino acid transmembrane glycoprotein receptor that is
185,000 Da in size (Spurr et al. 1984).

HER2 is a member of the EGFR family of type I receptor tyrosine kinases
(RTKs). Other members of the HER family receptors include HER1/EGFR/c-erbB-1,
HER3/c-erbB-3 and HER4/c-erbB-4 (Yarden, 2001). The structure of each HER receptor
is comprised of an extracellular, transmembrane and intracellular tyrosine kinase domain
regions (Figure 1.1). The extracellular domain contains 4 subdomains: two are cysteine-
rich and essential for receptor dimerization, whereas the other two constitute the ligand-
binding region (Figure 1.1) Members of the HER family, apart from HER2, possess an
epidermal growth factor (EGF)-like subdomain within their extracellular domain that
confers them the ability to bind to a range of growth factor ligands possessing an EGF-
like motif (Yarden, 2001). HER receptor ligands can either bind specifically to a
particular HER receptor or may exhibit dual binding specificity (Figure 1.1). Following
ligand binding, HER receptors undergo homo- or heterodimerization for their activation.
HER?2 is unlikely to form homodimers in cells expressing normal levels of HER2 due to

steric hindrance effects (Yarden and Sliwkowski, 2001; Garrett et al. 2003). HER2
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signaling is activated through heterodimerization with other ligand-activated HER
receptors (Yarden, 2001). X-ray crystallography analysis of HER2 ectodomain that
encompasses the extracellular and transmembrane domains revealed that it adopts an
active open conformation similar to ligand-bound activated HER receptors and is
prepared to interact with ligand activated HER receptors (Garrett et al. 2003). HER2 is
the favored dimerization partner for HER-1, -3, or -4 receptors because of its strong
intrinsic tyrosine kinase activity and the strong prolonged activation of its downstream
signaling (Tzahar et al. 1996; Graus-Porta et al. 1997; Yarden and Sliwkowski, 2001).
Upon dimerization, the intrinsic kinase activity found within the intracellular domain of
all HER receptor family members, except for HER3 that is kinase inactive, becomes
activated and the receptors transphosphorylate each other on tyrosine residues in the
carboxyl terminal tail of the receptor. Specific docking cytoplasmic proteins that bear
either src homology 2 (SH2) or phosphotyrosine binding/interacting (PTB/PI) domains
recognize and bind to phosphorylated tyrosine residues on the activated HER2 receptor.
SH2-containing proteins include phospholipase PLC-y (PLC-y), growth factor receptor
binding protein 2 (Grb2) and GTPase activating proteins (GAPs), whereas PTB-
containing proteins include the adaptor protein Shc (Wagner et al. 2013). The SH2- and
PTB-containing proteins activate downstream signaling pathways regulating diverse
biological processes including differentiation, proliferation, survival and migration.
Examples of signaling pathways stimulated downstream of an activated HER2 receptor
include Ras/mitogen-activated protein kinase (MAPK)-, phosphatidylinositol 3-kinase

(PI3K)/AKT, and FAK/c-Src-dependent pathways (Yarden, 2001).
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Figure 1.1. Schematic representation of the HER receptor protein structures. Shown
are the 4 different HER receptors (HERI, -2, -3, and -4) and the ligands for each HER
receptor (Growth factor groups). The extracellular domain of the HER receptor is
composed of 4 subdomains (I-IV). Subdomains I and III are essential for ligand binding,
whereas subdomains II and IV are cysteine rich and are involved in disulfide bond
formation essential for receptor homo- and heterodimerization. Each receptor is
composed of a 19-25 amino acid residues transmembrane domain. The intracellular
domain is approximately 550 amino acid residues and contains a juxtamembrane
segment, a protein kinase domain (PKD), and a carboxyterminal tail that contains the
tyrosine residues subjected to transphosphorylation. The HER2 receptor lacks a ligand-
binding domain and the HER3 receptor is kinase inactive (stop signs). PKD, protein
kinase domain; EGF, epidermal growth factor; EPG, epigen; TGF «, transforming
growth factor- o ; AR, amphiregulin; BTC, betacellulin, HB-EGF, heparin-binding
epidermal growth-factor like growth factor; EPR, epiregulin; Nrg-1/2/3/4, neuregulin-
1/2/3/4. Reproduced with permission from Roskoski, 2014.



1.3. HER2-positive breast cancer.

The HER2 oncogene is overexpressed in approximately 20-30% of human breast
cancers (Slamon et al. 1989). HER2 overexpression is also reported in other human
cancers including ovarian (Slamon et al. 1989), gastric (Falck and Gullick, 1989) and
salivary cancers (Stenman et al. 1991). Breast cancers with HER2 gene amplification,
about 25 to 50 copies of the HER2 gene, and the consequent 40 to 100 fold increase in the
expression of its encoded protein are known as HER2-positive breast cancers and are
characterized by a more aggressive metastatic tumor phenotype (Kallioniemi et al. 1992;
Lohrisch and Piccart 2001; Venter et al. 1987). Furthermore, HER2 overexpression is
correlated with high tumor grade (Berger et al. 1988) and a poor prognosis of the disease
(Ali et al. 1988).

HER2 overexpression activates downstream signaling pathways that promote
uncontrolled tumor growth and survival, disrupt the normal breast epithelial cell polarity,
and promote tumor invasion (Aranda et al. 2006; Moasser, 2007) (Figure 1.2). HER2
receptors can form homodimers when the wildtype HER?2 gene is overexpressed at high
levels (Yarden and Sliwkowski, 2001; Garrett et al. 2003). The formation of HER2-
containing heterodimers is also favored in HER2-overexpressing breast cancer tumors
(Garrett et al. 2003) (Figure 1.2). Specifically, HER3 is the preferred biological partner
for HER2 in HER2-overexpressing breast tumors. In transgenic mice overexpressing
HER?2, a significant increase in HER3 expression level was noted in the developed breast
tumors, whereas no change in the expression level of HER1 or HER4 was detected.
HER2 overexpression resulted in increased HER2-mediated tyrosine phosphorylation of
the HER3 receptor. The inhibition of HER3 downstream PI3K/PKB signaling in HER2

overexpressing cells suppressed their proliferation potential (Holbro et al. 2003).



Heregulin-beta 1 (HRG 1) is a ligand for HER3 that stabilizes the HER2/HER3
heterodimer and stimulates tyrosine phosphorylation of HER3 and HER2 (Carraway et al.
1994). Ectopic coexpression of HER2 and HER3 into NIH3T3 cells is necessary for
HRG-dependent transformation, suggesting a role for HER2/HER3 heterodimers in the

development of breast cancer (Wallasch et al. 1995).
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Figure 1.2. HER2 overexpression favors the formation of HER2 homodimers and
HER2-containing heterodimers. HER2 overexpression disrupts downstream signaling
pathways and promotes tumorigenesis. The activation of the HER2 homodimers promotes
the interaction between PAR6 and aPKC; which results in the disruption of the apical-
basal polarity of the breast epithelial cells (Aranda et al. 2006). The formation of the
HER2/HER3 heterodimer activates the PI3K/Akt pathway that promotes cell proliferation
and survival. Also AKT can stimulate downstream pathways that promote glucose
metabolism for tumor growth and survival, and tumor invasion (Moasser, 2007). The
heterodimerization of HER2 with EGFR stimulates tumor invasion through the activation

of pathways including PI3K, Ras, and PLCy. Reproduced with permission from Moasser,

2007.
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The exact mechanisms by which HER2 transforms cells and confers an invasive
phenotype remain to be elucidated. HER2-mediated transformation and metastasis is
dependent on the phosphorylation of specific tyrosine residues found on the cytoplasmic
tail of the receptor (Dankort et al. 2001). One study showed that the HER2 receptor
contains functionally redundant tyrosine autophosphorylation sites, termed YA to YE,
four of which, YB to YE, are required for the induction of HER2-mediated
transformation (Dankort et al. 1997). Phosphorylated tyrosine residues link the activated
HER?2 receptor to other signaling cascades regulating biological processes involved in
HER2-induced tumorigenesis including proliferation, survival and metastasis (Moasser,
2007) (Figure 1.2). One example of a signaling cascade that crosstalks with the activated
HER2 receptor and is critical for HER2-induced transformation and metastasis is the
integrin-mediated focal adhesion kinase (FAK) signaling (Benlimame et al. 2005).
Integrins are a family of heterodimer transmembrane receptors that mediate cell-
extracellular matrix (ECM) signaling. FAK and Src are non-receptor tyrosine kinases that
form an activated complex downstream of integrin receptors to initiate multiple
downstream signaling pathways that affect different cellular processes including
proliferation, differentiation, survival, and migration (Guo and Giancotti, 2004). One
study showed that downstream of HRG-stimulated HER2/3 heterodimer receptor, FAK
was phosphorylated at several tyrosine phosphorylation sites including Tyr397, -861 and -
925 (Benlimame et al. 2005). FAK knockdown in HER2/3 coverexpressing cells
suppressed anchorage independent growth in-vitro and inhibited tumor formation in-vivo.
Furthermore, mammary fat pad injection of HER2/3+ but FAK null human cancer cells

inhibited the formation of lung metastases (Benlimame et al. 2005). This study
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established an important role for the crosstalk between HER2 and Integrin-mediated FAK
signaling in HER2-mediated transformation and metastasis.
1.4. HER2-based transgenic mouse models

The role of HER2 in the initiation and progression of breast cancer was
established from studies on transgenic animal models overexpressing the HER2
oncogene. Transgenic studies demonstrated that HER2-mediated transformation is
promoted by HER2 gene overexpression or by acquiring activating mutations within
HER? that facilitate receptor dimerization and increase HER2 kinase activity in a ligand-
independent manner (Siegel and Muller, 1996). Transgenic mice overexpressing wildtype
HER? in the mammary gland develop metastatic mammary adenocarcinomas after a long
latency (Guy et al. 1992). Analysis of established mammary carcinomas in transgenic
mice overexpressing the human HER? gene showed that the transgene encoding the
wildtype HER?2 gene spontaneously acquired sporadic in-frame deletion mutations within
the extracellular domain that constitutively stimulated the intrinsic tyrosine kinase activity
of the receptor (Finkle et al. 2004). These studies demonstrate that wildtype HER2 gene
amplification is necessary, but not sufficient, for the induction of transformation (Finkle
et al. 2004). Mutations in the HER2 gene promote rapid malignant transformation and
progression in transgenic animal models (Siegel et al. 1994). Examples of activating
mutations in the HER2 gene expressed by the genetically engineered transgenic mouse
models include a point mutation in the transmembrane domain and in-frame deletion of
the extracellular domain (Siegel et al. 1994). To date, there is no evidence for the
presence of oncogenic mutations in the HER2 gene in breast tumors extracted from
human patients. Clinical studies have only shown that human breast tumors harbor HER2

oncogene amplification that results in the overexpression of its encoded protein and the
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consequent increase in HER2-associated tyrosine kinase activity (Lemoine et al. 1990).
To study the mechanisms that govern HER2-mediated mammary tumor progression,
several transgenic mouse models were generated to specifically overexpress the rat
homolog of the HER2 gene in the mammary gland; which will be referred hereafter to as
neu.

Directing wildtype or activated neu oncogene expression in the mammary gland
of transgenic animal models involves the use of mammary gland-specific promoter
systems. Examples of such promoters are the mouse mammary tumor virus (MMTV),
whey acidic protein (WAP) and beta lactoglobulin (BLG) (Menezes et al. 2014). Among
these, the MMTYV is the most commonly used promoter because it is active in both non-
lactating and lactating female transgenic models. The MMTYV is a retrovirus that contains
a long terminal repeat (LTR) DNA regulatory sequence that promotes steroid hormone-
inducible transcription. Specifically, the MMTV-LTR promoter is induced by
progesterone and dihydrotestosterone; however, it lacks an estrogen response element and
is therefore nonresponsive to estrogen (Otten et al. 1988). The expression pattern of the
MMTV-Neu fusion gene in transgenic female and male mice was determined by
performing RNase protection assay using total RNA isolated from different tissues of the
transgenic mice. In female transgenic mouse carriers, the MMTV-Neu transgene is
expressed extensively in the mammary gland and salivary glands, and lower expression
levels are detected in the lungs and ovaries. In male carriers, the fusion gene is expressed
at high levels in the salivary glands and reproductive organs such as the epididymis,
seminal vesicles and testes (Bouchard et al. 1989). Depending on the genomic integration
site of the transgene, transcriptional activation of the MMTV-LTR promoter occurs

between 6 to 22 days after birth (Ursini-Siegel et al. 2007, Wagner et al. 2001).
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Transgenes under the transcriptional control of the MMTV-LTR promoter are expressed
in the luminal and myoepithelial cell compartments of the mammary gland throughout all
stages of mammary gland differentiation; however, higher expression levels are detected
within the luminal compartment (Ursini-Siegel et al. 2007).

1.4.1. MMTV-NDL transgenic mouse models

MMTV-NDL mice express Neu-deletion (NDL) mutants under the transcriptional
control of the MMTV-LTR promoter. Specifically, MMTV-NDL mice express neu
bearing in-frame deletions of cysteine residues within Neu extracellular domain (Figure
1.3); which results in Neu receptor constitutive dimerization and activation. In female
MMTV-NDL mice, the MMTV-NDL transgene is highly expressed in the mammary
gland and in the salivary gland, however, it is expressed at a lower level in the lungs and
ovaries. MMTV-NDL mice develop mammary adenocarcinomas with a latency of 3
months as opposed to the 7 months tumor latency observed in mice expressing the
wildtype neu gene (Guy et al. 1992; Muller et al. 1988). Also, MMTV-NDL mice develop
pulmonary metastatic lesions 30-60 days post initial palpation (Siegel et al. 1999) as
opposed to wildtype MMTV-Neu mice that develop metastatic lesions 90 days post initial
palpations (Guy et al. 1992).

1.4.2. MMTV-NIC transgenic mouse models

MMTV-NIC transgenic mice harbor a bicistronic transgene under the
transcriptional control of the MMTV promoter. MMTV-NIC mice express an activated
Neu-deletion (NDL 2-5) mutant and the P1 bacteriophage-derived Cre recombinase
(Ranger et al. 2009) from the same transcript. An internal ribosome entry sequence
(IRES) is placed between the Neu cDNA and the Cre-recombinase cDNA (Figure 1.4).

The function of the IRES is to couple the expression of Neu and Cre-recombinase within
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the same mammary epithelial cell (Ranger et al. 2009). This model is useful as it ensures
that the NDL2-5-induced tumors do not escape Cre-mediated recombination as previously
encountered when interbreeding MMTV-NDL2-5 mice to different mice strains bearing
MMTV-Cre transgene and conditional floxed alleles (Lahlou et al. 2012). MMTV-NIC
primary tumors are derived from the luminal layer of the mammary gland. They express
the luminal epithelial layer marker cytokeratin-8 and lack expression of basal layer
markers such as cytokeratin 14, 5 and 6. Also, the expression profile of genes in the
MMTV-NIC tumors is characteristic of the solid/luminal subtype of breast cancer and
includes genes that are implicated in protein modification, cell growth and death,
metabolism and fibroblast growth factor (FGF) signaling. Furthermore, MMTV-NIC
tumors do not show activation of Wnt/B-catenin signaling and express basal levels of -

catenin targets such as cyclin D1, Tcf 7 and Axin2 (Schade et al. 2013).
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Figure 1.3. Structure of the MMTV-NDL transgene. Shown are three distinct
transgenes encoding wildtype, NDL1 and NDL2. The activated transgenes, NDLI
and-2, harbor an in-frame deletion within neu extracellular domain, which
corresponds to the nucleotide sequence from 1904 to 1995, within neu cDNA. Shown
is the deleted amino acid sequence in NDL1 and NDL2 transgenes in comparison to
the wildtype sequence. A phenylalanine residue (F) is present at the end of each
amino acid sequence of the three transcripts, which is directly followed by the
sequence that corresponds to the transmembrane domain (TM). (pBluescript KS):
vector sequence; MMTV-LTR: mouse mammary tumor virus-Long terminal repeat;
SV40 P/A: polyadenylation signals derived from the SV40 early transcription unit.
There are two restriction sites: Sall and Spel, which are used to isolate the deleted
fragments for pronuclear microinjection. Reproduced with permission from Siegel et

al. 1999.
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— MMTV ErbB2/Neu IRES

Figure 1.4. Structure of the MMTV-NIC transgene. It is a bicistronic transcript
consisting of two cDNAs; the first cDNA encodes the activated Neu, NDL2-5,
(ErbB2/Neu) and the second cDNA encodes cre-recombinase (CRE). The expression
of both cDNAs is coupled by the internal ribosomal entry sequence (IRES) inserted
between them. The bicistronic transgene is under the transcriptional control of the
mouse mammary tumor virus (MMTYV) promoter. Reproduced with permission from

Huck et al. 2010.

1.5. The Ste-20 like kinase (SLK)
1.5.1. SLK gene expression pattern in adult and embryonic murine tissues

The murine ste-20 like kinase (slk) gene is located on chromosome 19 and
contains 20 exons (PubMed Gene ID: 20874, 2015). There are three different isoforms
transcribed from the murine SLK locus that are 5, 7 and 8.5 kilobases (Pytowski et al.
1998). Among the three SLK isoforms, the most abundant 8.5 kilobases mRNA encodes a
1202 amino acid protein with a predicted molecular weight of 148 kDa (Sabourin and
Rudnicki, 1999). The 8.5 kilobases transcript is expressed ubiquitously in all adult tissues
except in the testes in which the 5 kilobases isoform is expressed primarily (Pytowski et
al. 1998). The SLK protein is expressed as a 220-kDa protein in different adult murine
tissues (Zhang et al. 2002); which is different from its predicted size of 148-kDa. This
suggests that SLK undergoes post-translational modifications that are yet to be identified
(Sabourin et al. 2000). The 220-kDa SLK is preferentially expressed in neuronal and

muscle lineages during embryonic development (Zhang et al. 2002).
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1.5.2. Murine SLK protein structure

The mammalian Ste20-like kinases are related to Saccharomyces cerevevisia
Sterile 20 protein (Ste20p) that functions as a mitogen-activated protein kinase kinase
kinase kinase (MAP4K) in the mating signaling pathway elicited by the mating
pheromone receptor. Ste20-like kinases participate in the MAPK signaling pathway that
is implicated in the regulation of various cellular processes including apoptosis,
cytoskeletal rearrangements, and cellular motility (Dan et al. 2001). There are two
structurally distinct families of Ste-20-related kinases in mammals: the germinal center
kinases (GCKs) and p21-activated kinases (PAKs) (Sells et al. 1997). The mammalian
SLK is a GCK-related serine/threonine kinase that was originally isolated from a guinea
pig liver cDNA library. The nucleotide sequence of murine SLK is 90% identical to
human, rat and guinea pig SLK sequences (Itoh et al. 1997).

SLK functional domains include an N-terminal domain (residues 1-338), a
central coiled-coil domain (residues 339-788) and a C terminal domain (residues 789-
1202) (Figure 1.5). The amino-terminal serine/threonine kinase domain of SLK is found
to be 74% and 72% homologous to the corresponding domains of the ste20-related
lymphocyte oriented kinase (LOK) and Xenopus polo-like kinase kinase 1 (xPlkkl),
respectively. The SLK central coiled-coil domain is 70% homologous to microtubule and
nuclear associated protein (MNAP). The carboxyl terminal region of SLK is 63%
homologous to the AT1-46 protein and has been termed the (ATH) domain. To this date,
the function of the central MNAP and carboxyl ATH domains is unknown (Al-Zahrani et
al. 2013). SLK contains a putative caspase-3 cleavage site at amino acid residue 436
(DTQD™®) and a putative SH3 binding domain (PPEPE) at amino acid residue 735 of

murine SLK (Figure 1.5), which suggests that SLK can interact with SH3 domain-
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containing proteins that have yet to be identified (Sabourin et al. 2000). SLK contains an
activation segment from amino acids 173 to 222. The activation segment has a
magnesium binding-site (DFG motif) at the beginning of the segment and an oEF/aF loop
at the end of the segment. Electron density map analysis identified two
autophoshorylation sites within the SLK activation loop, Thr-183 and Ser-189. SLK
autophoshorylation in its activation loop is a key regulatory element to SLK kinase

activity (Luhovy et al. 2012).
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Figure 1.5. Schematic representation of the SLK protein structure. Shown in
parentheses are the percent similarities of SLK domains to other proteins. SLK has an N-
terminal serine/threonine kinase domain (Ste20-Kinase) similar to two other Ste20-related
kinases, LOK and MST1. SLK has a central microtubule and nuclear associated protein
homology domain (Coiled-coil) of unknown function. The C-terminal (ATH) domain of
SLK shows 63% homology to AT1-46 from amino acids 788-936 and 56% homology to
LOK from amino acids 867-1178. Also shown is the Ste20 signature sequence
(TPYWMAPE), caspase-3 cleavage site (DTQD), and SH3 binding domain (PPEPE).
ATH: AT1-46 homology domain; LOK: lymphocyte oriented kinase; MST1: mammalian

sterile twenty kinase 1.
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1.5.3. SLK role in murine embryonic development
To elucidate the role of SLK in murine embryogenesis, gene trapping was used

to generate a truncated form of SLK protein that lacks the ATH domain due to the
insertion of the LacZ cassette. The global expression of the SLK-LacZ fusion protein is
embryonic lethal between E12.5 and E14.5. Examples of developmental defects in SLK
homozygous mutant animals include small less structured myogenic and neuronal
compartments, increased apoptosis in the embryos by E14.5, defective blood vessel
formation and reduced proliferation in the placenta that impairs placental growth and
development (Al-Zahrani et al. 2014). Overall, this study showed that SLK is required for
normal murine development.

1.5.4. SLK protein function

SLK was initially characterized as a promoter of apoptosis. Forced SLK

expression in either cultured fibroblasts (Sabourin and Rudnicki, 1999) or C2CI12
myoblasts induced apoptosis as evidenced by the presence of TUNEL positive cells
exhibiting cellular shrinkage, membrane blebbing and loss of substrate adhesion
(Sabourin et al. 2000). In a different study, SLK overexpression in glomerular epithelial
cells induced apoptosis by the phosphorylation of p53 on specific serine resides, S-33 and
S-315, leading to the activation of the transcriptional activity of p53 (Cybulsky et al.
2009). Also, SLK has been shown to directly phosphorylate signal-regulating kinase-1
(ASK1) and signals via mitogen-activated protein kinase pathway to promote apoptosis
(Hao et al. 2006).

SLK kinase activity is also required for progression through the G2/M phase of
the cell cycle in fibroblasts. Confocal microscopy showed that SLK colocalizes with a-

tubulin at the mitotic spindle during metaphase (O’Reilly et al. 2005). SLK kinase
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activity was found to be upregulated during the G2/M phase of the cell cycle. Expression
of a kinase inactive SLK results in an arrest in the G2 phase of the cell cycle. Moreover,
cultures expressing a kinase inactive SLK failed to upregulate the activity of the
maturation promoting factor (MPF) complex, p34/cdc2 kinase. This finding suggests that
SLK activity is required upstream of the MPF complex for cell cycle progression into
mitosis (O’Reilly et al. 2005).

SLK was also found to mediate actin cytoskeletal remodeling during cell
spreading in fibroblasts. In spreading MEF3T3 cells SLK staining is absent in regions
where actin stress fibers are dense, and vice versa (Wagner et al. 2002). SLK
overexpression in MEF3T3 cells induces cellular retraction, actin stress fibers dissolution
and the relocalization of actin to the cell periphery. Stress fiber disassembly can be
inhibited in SLK overexpressing cells by introducing a dominant negative mutant of
Racl, which suggests that Racl functions downstream of SLK-induced actin remodeling
(Wagner et al. 2002). The SLK”*""** ATH domain is sufficient to induce stress fiber
disassembly. C2C12 myoblasts transfected with a vector expressing the ATH domain of
SLK resulted in stress fiber disassembly and cellular retraction. The role of SLK in stress
fiber dissolution appears to be independent of its kinase activity, since the expression of a

kinase inactive SLKX®R

, which bears a point mutation (K63R mutation) within its ATP-
binding site, in C2C12 cells still resulted in stress fiber dissolution (Sabourin et al. 2000).

Also, SLK mediates focal adhesion turnover during cell spreading in
fibroblasts. Specifically, SLK has an important role in microtubule-dependent adhesion
turnover (Wagner et al. 2008). Previously, SLK has been shown to indirectly associate

with the microtubule network during cellular spreading (Wagner et al. 2002). Also, SLK

colocalizes with the adhesion protein vinculin at the cell periphery in fibroblasts during
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spreading on fibronectin (FN) (Wagner et al. 2002). SLK knockdown in MEF3T3 cells
impairs focal adhesion turnover as evidenced by the sustained levels of phospho-FAK-
Tyr397, a marker for stable adhesions (Wagner et al. 2008). Furthermore, MEF3T3 cells

1-373 . . .
3 show a reduction in the size of

expressing an activated truncation of SLK, SLK
peripheral focal adhesions. These findings suggest that SLK mediates focal adhesion
turnover during cell spreading in fibroblasts (Wagner et al. 2008). Specifically, SLK
mediates focal adhesion disassembly by phosphorylating the adaptor protein paxillin on
serine 250. Expression of a S250T paxillin mutant in MEF3T3 cells impairs focal
adhesion turnover and significantly decreases cellular migration when compared to
wildtype- paxillin expressing cells (Quizi et al. 2013).

SLK activity is also required for efficient migration of MEF3T3 fibroblasts. In
a scratch-wounding model, SLK knockdown in MEF3T3 cells using a small interfering
RNA (si-RNA) approach resulted in approximately a 60% decrease in migration and a
delay in wound closure when compared to controls. The assembly and activation of the
Src/FAK complex is important for SLK activation following scratch wounding of
fibroblast monolayers (Wagner et al. 2008). Specifically, src is required for SLK
recruitment at the leading edge of migrating cells, whereas FAK is required to upregulate
SLK kinase activity. The knockdown of FAK or src in MEF3T3 cells significantly

inhibited their migration capability. This supports a critical role for SLK in regulating

cellular migration in a FAK signaling-dependent manner (Wagner et al. 2008).
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1.5.5. SLK activation downstream of Neu signaling

Our lab has shown that SLK kinase activity is upregulated in response to
HRGp1-mediated Neu stimulation in breast cancer cells. On the contrary, no SLK
activation was detected following HRGP1 stimulation of the T47D-5R cell line that is
defective in the localization of the Neu receptor from the endoplasmic reticulum to the
cell membrane (Roovers et al. 2009). Furthermore, SLK activity is stimulated in cells
expressing activated NeuNT. Overexpression of NeuNT in NIH 3T3 cells and Hela cells
resulted in a marked SLK activation. Overall, these experiments suggest that Neu
stimulation or overexpression activates SLK kinase activity (Roovers et al. 2009).
Specifically, Neu activation through the YC and YD autophoshorylation sites is required
for SLK activation (Roovers et al. 2009). Ectopic expression of YC or YD into T47D-5R
cells followed by HRGP1 stimulation resulted in SLK activation. Through the use of
inhibitors targeting the different intracellular signaling cascades downstream of Neu,
HRGp1-mediated SLK activation was shown to require Src family kinases (SFKs),
MEK1, PI3K and PLCy signaling pathways (Roovers et al. 2009). Furthermore, HRGf1-
induced Neu activation stimulates SLK activation in a FAK dependent manner (Figure
1.5). Ectopic expression of NeuNT into FAK-null fibroblasts followed by HRGpI-
stimulation did not result in an upregulation of SLK kinase activity when compared to

FAK-expressing cells (Roovers et al. 2009).
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1.5.6. SLK mediates adhesion dynamics and breast cancer cell motility
downstream of HER2 signaling

SLK mediates focal adhesion turnover downstream of Neu signaling.
Expression of a kinase inactive SLK*®® mutant into either NeuNT or Neu-NYPD
signaling-deficient neu expressing cells resulted in a significant increase in the levels of
phospho-FAK Y397, a marker of intact focal adhesion complexes. This indicates that
SLK kinase activity is required for efficient focal adhesion turnover downstream of Neu
signaling (Roovers et al. 2009). Furthermore, SLK is required in mediating HRGf1-
induced directional cellular migration downstream of Neu signaling. Both, HRGf1-
induced chemotaxis and haptotaxis were markedly inhibited in murine and human breast
cancer cell lines expressing a kinase inactive SLK (Roovers et al. 2009). Also, SLK
knockdown was accompanied by a significant reduction of the invasion potential of Neu-
NT expressing NMUMG cells (Roovers et al. 2009). Taken together, these studies
suggest a critical role for SLK activity downstream of Neu signaling in the regulation of

efficient migration and invasion of breast cancer cells.
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Figure 1.5. SLK activation downstream of the crosstalk between the activated Neu
receptor and integrin mediated focal adhesion kinase (FAK) signaling pathway. The
activation of Neu signaling through YC and YD autophoshorylation sites stimulates
PI3K- and PLCy- dependent SLK activation. FAK signaling is required for Neu-mediated
SLK activation. HRG1-mediated ErbB2 stimulation in FAK-null cells inhibited SLK
kinase activity upregulation (Roovers et al. 2009). Upon stimulation, SLK becomes
recruited to focal adhesion complex sites through its indirect association with the
microtubule network to induce microtubule-dependent adhesion turnover. Specifically,
SLK phosphorylates microtubule-bound paxillin on serine 250 to induce focal adhesion
turnover (Quizi et al. 2013). The dynamic process of focal adhesion complex assembly
and disassembly as mediated by SLK kinase activity ensures efficient directional cellular

migration downstream of HER2 signaling (Al-Zahrani et al. 2013).
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1.6.3. SLK Kinase activity regulation

Previous studies have established a role for SLK in regulating different cellular
processes by either knocking down the protein or by introducing a kinase-inactive SLK
mutant. To date, no mutations have been identified in the s/k gene nor has there been a
study that addressed a direct association between SLK kinase activity and disease or
cancer development. An upregulation in SLK protein level and kinase activity was noted
in ischemic acute renal failure and was associated with an increase in apoptosis and
cellular damage during renal injury (Cybulsky et al. 2004). Also, SLK kinase activity has
been reported to play an antihypertensive role by directly phosphorylating RhoA on
serine-188 and inhibiting Rho-mediated vasocontraction in response to angiotensin II
type-2 receptor (AT,R) stimulation (Guilluy et al. 2008). In the context of cancer
development, endogenous SLK protein level was found to be upregulated in different
types of cancers including thyroid, urothelial, breast, prostate and stomach cancers (The
Human Protein Atlas, Uhlen et al. 2005), which suggests a role for SLK in cancer
development. Nonetheless, it is still not known whether the increase in SLK protein level
in cancer is correlated with an upregulation in its kinase activity. Our studies showed that
SLK kinase activity is required for efficient migration and invasion of breast cancer cells
downstream of activated HER2 signaling (Roovers et al. 2009). These results highlight
the importance of studying the mechanisms by which SLK kinase activity is modulated to
gain a better understating of its functional role in physiological and pathological
processes including tissue injury, hypertension, cancer development and metastasis.

The SLK ATH domain has an autoinhibitory role on its kinase activity. An
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activated truncation of SLK, SLK ™", that only expresses SLK kinase domain rapidly
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induces apoptosis, whereas expression of SLK ATH domain alone, SL , induces a
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delayed apoptotic response, preceded by actin stress fiber dissolution, cellular retraction
and loss of substrate adhesion (Sabourin et al. 2000). Caspase-3 mediated cleavage of
murine SLK at amino acid 436 releases an activated SLK kinase domain, which suggests
an autoinhibitory role for SLK C-terminal domain on its N-terminal kinase domain.
Specifically, amino acids 950 to 1202, and, 552 to 1202, are implicated in the
autoregulation of SLK kinase activity (Sabourin et al. 2000).

LIM domain binding proteins (Ldbs) bind to SLK ATH domain and function to
negatively regulate SLK kinase activity. A yeast two-hybrid analysis was performed
using SLK**'?°2 ATH domain as a bait to screen a mouse E10.5 cDNA library to identify
factors that bind to and therefore contribute to the negative regulation imparted by the
ATH domain on SLK kinase domain (Storbeck et al. 2009). Ldb factors were identified as
ATH domain interacting proteins that function to negatively reg