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Tyrosine kinases are extremely important biological molecules involved in

numerous cellular signal transduction events. Fidelity of these signal transduction events

is essential for normal cellular functions. Many diseased states such as cancer and

autoimmune diseases are associated with defective tyrosine kinases. Positive and

negative regulation of cytokines such as gamma interferon (IFNy) is key to normal

homeostatic function. Negative regulation of IFNy in cells occurs via proteins called

suppressors of cytokine signaling (SOCS) 1 and 3. SOCS-1 inhibits
,

IFNy function by

binding to the autophosphorylation site of the tyrosine kinase JAK2.

A short 12-mer peptide, WLVFFVIFYFFR (Tkip), was developed that bound to

the autophosphorylation site of JAK2, resulting in inhibition of its autophosphorylation as

well as its phosphorylation of IFNy receptor subumt IFNGR-1 tyrosine 440. The JAK2

tyrosine kinase inhibitor peptide (Tkip) did not bind to or inhibit tyrosine

ix



autophosphorylation of vascular endothelial growth factor receptor (VEGFR) or

phosphorylation of a substrate peptide by the protooncogene tyrosine kinase c-src. Tkip

also inhibited epidermal growth factor receptor (EGFR) autophosphorylation, consistent

with the fact that EGFR is regulated by SOCS-1 and SOCS-3, similar to JAK.2. Although

Tkip binds to unphosphorylated JAK2 autophosphorylation peptide, it binds significantly

better to tyrosine 1007 phosphorylated JAK2 autophosphorylation peptide. SOCS-1 only

recognizes the JAK2 site in its phosphorylated state. Thus, Tkip recognizes the JAK2

autophosphorylation site similar to SOCS-1, but not precisely the same way.

Consistent with inhibition of JAK2, Tkip inhibited antiviral activity and MHC

class I upregulation on cells at a concentration of approximately 10 uM. This is similar to

the Kd of SOCS-3 for the erythropoietin receptor. These data represent a proof-of-concept

demonstration of a peptide mimetic of SOCS-1 that regulates JAK2 tyrosine kinase

function.
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CHAPTER 1

INTRODUCTION

Protein Tyrosine Kinases

Protein tyrosine kinases are enzymes that catalyze the transfer of terminal

phosphate groups from ATP (gamma-phosphoryl group) to a specific substrate tyrosine

residue (hydroxyl group). There are approximately 90 human protein tyrosine kinases in

the human genome. Two major types of protein tyrosine kinases exist in nature: receptor

protein tyrosine kinases and nonreceptor protein tyrosine kinases. Receptor protein

tyrosine kinases (EGFR, VEGFR) are membrane proteins that have an intrinsic kinase

domain that is activated upon extracellular ligand binding to the receptor. Nonreceptor

protein tyrosine kinases (JAK, Src) are soluble cytosolic proteins that mediate various

signal transduction pathways (Robinson et al., 2000).

Protein tyrosine kinases can also be grouped as either an autophosphorylation

protein tyrosine kinase (JAK2) or a nonautophosphorylation protein tyrosine kinase

(c-Src). Autophosphorylation protein tyrosine kinases phosphorylate their own tyrosine

residues and phosphorylate tyrosine residues on other proteins. Those tyrosine kinases

that phosphorylate their own tyrosine residues phosphorylate amino acid residues in a

specific autophosphorylation site. Nonautophosphorylation protein tyrosine kinases only

phosphorylate tyrosine residues on other proteins. Protein tyrosine kinases represent a

major class of kinases in eukaryotic organisms. Protein tyrosine kinases are involved in

many essential cellular functions including proliferation, differentiation, cell activation,

1
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transcription, and apoptosis. These processes work together, via complex intracellular

mechanisms, to maintain homeostasis. Protein tyrosine kinases become activated by

protein phosphorylation and typically become deactivated by dephosphorylation events.

Ligand binding induces protein tyrosine kinase phosphorylation (activation) of the

receptor or soluble intracellular nonreceptor protein. This activation leads to

phosphorylation of other molecules in the signal transduction pathway. Phosphorylation

of downstream components in the pathway either creates docking sites or serves to

activate necessary signaling proteins. The interaction with a complex network of

molecules results in the transmission of appropriate signals throughout the cell to induce

specific biological effects in response to cellular stimulation (Schlessinger, 2003).

Mutations in protein tyrosine kinases often lead to abnormal cell function and

carcinogenesis. Defective protein tyrosine kinases are common etiological factors for a

variety of carcinomas including breast, prostate, gastric, and colon cancer. Understanding

the role of protein tyrosine kinases in oncogenesis and disease progression is of great

importance to immunologists. Much research is directed at identifying particular tyrosine

kinase markers for detection of potential oncological disorders and developing specific

tyrosine kinase inhibitors that may prove useful in counteracting the cellular effects

observed in many carcinomas.

Cytokines

Cytokines are important regulators of the immune system. These cellular

chemical messengers are small molecular weight proteins secreted by leukocytes and

other immune cells and bind to extracellular receptors on the surface of target cells to

initiate signal transduction pathways (Ishihara et al., 2002). Signal transduction pathways



lead to the modulation of gene expression in the nucleus. Cytokine-specific proteins

produced as a result of gene expression mediate critical biological effects in response to

the stimulatory signal. Generally, cytokines exert a multitude of specific effects on the

cells of the immune system such as promoting cell proliferation, cell differentiation,

hematopoiesis, cell death, and initiating host defense mechanisms (Ishihara et al., 2002).

Cytokines exhibit autocrine, paracrine, or endocrine actions as a means of

receptor engagement. Autocrine action occurs when a cell receptor binds a cytokine on

the same cell from which the cytokine was secreted. Paracrine action occurs when a cell

receptor binds a cytokine secreted from a cell in close proximity. Endocrine action occurs

when a cell receptor binds a cytokine secreted from a distant region in the body.

Endocrine actions are facilitated by the circulatory system for cytokine transport.

Cytokines largely consist of a-helical structure and possess extremely low dissociation

constants (10"
10

to 10" 12
) for their membrane-bound cellular receptor.

Cytokines share the properties of synergism, antagonism, redundancy, cascade

induction, and pleoitropy. Synergism occurs when the actions of two or more cytokines

produce a biological effect that is stronger than the effects of the individual cytokines

alone. Antagonism occurs when the action of one cytokine blocks the action of another.

Antagonism also can be observed at the level of the receptor. In cases where receptor

components are shared (e.g., signal transducing subunits) or similar (e.g., cytokine

binding receptor) antagonistic effects are observed when there is binding competition of

structurally similar cytokines for a limited number of receptor components (Fitzgerald et

al., 2001). Currently there are four families of cytokines: interferon (e.g., IFNy, IFNa,

IFNp), hematopoietin (e.g., IL-2, IL-3, IL-5, IL-12), chemokine (e.g., IL-8), and tumor
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necrosis factor (e.g., TNFa, TNF(3) family. The interferon or type II cytokines and

hematopoietin or type I cytokines classes represent the largest classes of cytokines. The

receptors for these cytokine families are grouped in one of five classes of cytokine

receptors: class I, class H, tumor necrosis factor, chemokine, and immunoglobulin

receptors (Fitzgerald et al., 2001).

Interferon Gamma

Interferons were discovered in 1957 by Issacs and Lindenmann, who observed

that virus-infected cells produced a substance that could protect uninfected cells from

viral infection. Since that landmark discovery interferons have now been classified into

major families:Type I and Type II interferons.Type I interferons consist of IFNa, IFN{3,

IFNco, and IFNx, while IFNy is the sole representative of the type II interferons. The

primary biological role of type I interferons involves the inhibition of viral replication.

Type II interferons also participate in antiviral processes but are involved in other key

immunoregulatory processes in the mammalian system. Type I and type II interferons are

further distinguished by the receptors that mediate their biological functions. Type I and

type II interferons are members of the class II cytokine receptor family. Type I

interferons bind to a membrane bound receptor composed of two subunits: BFNAR-1 (530

amino acids, 100 kDa) and IFNAR-2 (490 amino acids, 95 kDa). Type II interferons bind

to a different type of type II cytokine receptor consisting of two membrane bound

subunits, EFNGR-1 (470 amino acids, 90 kDa) and IFNGR-2 (300 amino acids, 62 kDa)

(Fitzgerald et al., 2001).

One of the most widely studied cytokines is the interferon gamma (IFNy)

cytokine system (Table 1). IFN7 is a homodimeric glycoprotein with a molecular weight
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of approximately 50 kDa. IFN7 is primarily secreted by T helper cells (Th), cytotoxic T

cells (Tc), and natural killer cells (NK). Target cells for this cytokine typically include

macrophages, B cells, as well as other types of cells. Although the actions of IFN7 are

varied, they typically involve the promotion of an antiviral and antiproliferative state,

antitumor activity, upregulation of class I and class II major histocompatibility (MHC)

molecules, and the induction/suppression of specific antibodies in B cells that promote

phagocytosis (Johnson et al., 1994; Boehm et al., 1997; Stark et al., 1998). IFN7 is a

signature cytokine of the immune system most notably involved in the activation,

differentiation, and proliferation of a subset of TH cells known as the T helper 1 (TH 1)

cell subset. TH 1 cells are mainly responsible for cell-mediated immune functions such as

inflammatory actions, phagocytosis, and delayed-type hypersensitivity responses. In

addition, IFN7 serves to suppress the T helper 2 (TH2) cell subset associated with

humoral-mediated immune functions (Boehm et al, 1997; Stark et al, 1998). Like most

cytokines, IFN7 must bind to its cognate receptor in order to elicit biological action. The

IFN7 receptor system is a heterodimeric protein unit consisting of a larger ligand binding

polypeptide chain (IFNGR-1) and a smaller signal transducing subunit (IFNGR-2).

IFNGR-
1 is known to be highly involved in promoting a cellular response to IFN7. The

IFN7 receptor lacks intrinsic kinase ability and therefore must rely on the presence of a

family of receptor associated protein tyrosine kinases for signal transmission (Bach et al.,

1997; Petskaetal., 1997).

The most commonly studied IFNy induced proteins are major histocompatibility

complex proteins (MHC), nitric oxide synthase (NOS), and the proteins that mediate

antiviral actions including protein kinase (PKR), oligoadenylate synthetase (OAS), and
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adenosine deminase (ADAR1) (Samuel, 2001). MHC proteins are cell surface membrane

molecules that are essential for antigen presentation to T lymphocytes.

The major histocompatibility complex consists of class I, class II, and class III

molecules. MHC class I molecules present antigens to CD8
T
T cells. MHC class II

molecules present antigen to CD4
+
T cells. MHC class III molecules include complement

proteins and tumor necrosis factor proteins (TNFa/p). These molecules are critical in cell

mediated and humoral immune responses. In humans the MHC is termed the human

leukocyte antigen complex (HLA) and in mice the MHC is termed the H-2 complex.

Nitric oxide synthase is an IFN-inducible protein that catalyzes the conversion of

L-arginine to nitric oxide (NO) and L-citrulline. NO is a powerful reactive nitrogen

intermediate gas that plays a significant role in mediating antimicrobial activity (Samuels,

2001).

PKR becomes activated via phosphorylation by either double-stranded or single-

stranded viral RNA molecules. Upon activation PKR phosphorylates several substrates

that promote the inhibition of mRNA translation in virus infected cells (Samuels, 2001).

OAS is activated by double-stranded RNA and catalyzes the synthesis of 2'5'-

oligoadenylates. RNase L, a endoribonuclease, binds to 2 '5' oligoadenylates and thereby

activates the endoribonuclease which mediates the degradation of viral mRNA (Samuels,

2001).

ADAR1 is an RNA-specific enzyme that promotes the posttranscriptional

deaminiation of adenosine to inosine. This modification of RNA generates unstable viral

transcripts that are unable to participate in translational events (Samuels, 2001).
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Table 1. Host Defense Proteins Induced by Interferon gamma 1

Protein Function

Surface Proteins

MHC antigens Antigen presentation

High Affinity Fc receptor for IgG Binding and phagocytosis of opsonized particles

Enzymes

(2'-5') oligo A synthetase E (2'5') (A) n synthesis with activation of ribnuclease L
Indolamine 2,3-dioxygenase Tryptophan degradation

NADPH oxidase Superoxide generation

Nitric oxide synthase Nitric oxide generation

Transcription Factors

Interferon-stimulated gene factor-37 Part of interferon-stimulated gene factor-3

Interferon regulatory factor-

1

Necessary for expression of nitric oxide synthase

Cytokines

TNFcc Macrophage activation, granuloma formation

Interferon 7 inducible protein 10 Lymnphocyte chemotaxis

Monocyte chemotactic protein 1 Monocyte chemotaxis

*NADPH = reduced form of nicotinamide adenine dinucleotide phosphate.

'reviewed in Gallin et al. (1995)

Interleukin-6

Interleukin-6 (IL-6), also called B-cell stimulatory factor 2 (BSF-2, BCDF), is a

pleiotropic glycoprotein that primarily targets B cells, stem cells, and liver cells. The term

pleiotropic refers to a cytokine that confers different biological effects on different types

of target cells (Heinrich et al, 2003). IL-6 has a molecular weight of 26 kDa containing

an approximately 200 amino acid sequence and is secreted by a number of cells including

monocytes, macrophages, TH2 cells, fibroblasts, cancer cells, endothelial cells, and bone-

marrow cells. Biological functions include antibody secretion of plasma cells, terminal

maturation of B cells to plasma cells, hematopoietic cell growth and development, and

synthesis of inflammatory proteins of liver cells (Heinrich et al., 2003). Based on the

biological functions listed above it is clear that IL-6 plays a key role in the acquired

immune response and in the inflammatory process. The IL-6 receptor family, similar to

the interferon receptor family, does not contain intrinsic kinase domains. Instead the IL-6
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receptor relies on members of the Janus kinase protein family to activate (phosphorylate)

its receptor complex following ligand binding to the high affinity receptor. IL-6, IL-11,

IL- 12, leukemia inhibitory factor (LIF), and ciliary neurotrophic factor (CNTF) are all

included in the IL-6 receptor subfamily. This receptor subfamily consists of a cytokine-

specific binding subunit and a common signal transduction subunit, known as gpl30

which largely accounts for the similar downstream biological functions observed from

the binding of the different cytokines in this subfamily (Heinrich et al., 2003). The JAK

kinase proteins thought to be involved in IL-6 signaling are JAK1 and JAK2. The main

STAT protein believed to be involved in IL-6 signaling is STAT3. SOCS1 and SOCS3

have further been implicated in the inhibition of IL-6 signaling (Alexander, 2002).

Therefore, IL-6 binding to the IL-6 receptor leads to the formation of the IL-6-IL-6R-

gpl30 receptor complex. Formation of this complex leads to the activation of gpl30-

associated JAK molecules and subsequent later signaling events.

Constitutive secretion of IL-6 and increased IL-6 levels are believed to be linked

with prostate cancer. The effect of IL-6 on the growth of prostate cancer cells has been

studied extensively recently (Culig et al., 2002; Pfitzenmaier et al., 2003; Smith et al.,

2001). Lee et al. (2003) demonstrated that cell proliferation was enhanced in LNCaP

prostate cancer cells overexpressing IL-6 mediated by an increased STAT3

phosphorylation. It was also determined in these studies that IL-6 augmented the growth

of tumors in mice. Additionally, elevated IL-6 levels in the serum are observed in

cachetic prostate cancer patients. This suggests that increased IL-6 levels may influence

the development of cachexia, a wasting disease, in prostate cancer patients (Pfitzenmaier

et al., 2003).
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The JAK-STAT Pathway

The Janus kinase/signal transducers and activators of transcription (JAK-STAT)

pathway is the major pathway for cytokine signaling (Table 2). Intracellular signaling

events in the JAK-STAT pathway led to the observed cellular functions associated with

the ligand. The Janus kinase family of nonreceptor tyrosine kinase proteins are tyrosine

kinases that associate with cytokine receptor subunits. In the case of the IFN7 signaling

pathway, activation involves two members of the JAK tyrosine family, JAK1 and JAK2

(Figure 1). JAK1 has been shown by immunoprecipitation studies to associate with

IFNGR-1 while JAK2 has been shown to associate with IFNGR-2 in the absence of

IFN7 treatment. Upon ligand binding, however, dimerization of the receptor subunits

occur, bringing the two JAK molecules in close proximity and allowing for their

autophosphorylation and subsequent IFNGR-1 activation. Recent studies with

monomeric IFN7 show that receptor dimerization is not obligatory for subsequent signal

transduction events. Once activated, JAK molecules phosphorylate the receptor subunit.

JAK-mediated phosphorylation of specific residues on the receptor subunit (Tyr 440)

provides unique docking sites for the STAT la monomers, which bind to the

phosphotyrosine on the receptor subunit through src homology domain 2 (SH2), a highly

conserved domain located on all STAT molecules. JAK proteins then phosphorylate

STATla at specific tyrosine residues (Tyr 701). Additional phosphorylation of STATlct

at serine residue 727 is required for transcriptional activity. Phosphorylation of STATla

causes the molecule to be translocated to the nucleus by as yet unknown mechanisms.

Following translocation to the nucleus, STATla binds to gamma activating sequences
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(GAS) and activates transcription of IFNy cellular response genes (Johnson et al., 1994;

Samuel, 2001).

There is a great deal of cross-talk between JAK-STAT pathways mediated by

several different cytokines, growth factors, and hormones (Table 2). For example, both

type I and type II inteferons mediate biological activity by activating STAT1.

Additionally, cross talk is observed between JAK-STAT and nuclear factor-KB signaling

pathways through SOCS-1 regulation. Upon activation of both the JAK-STAT and

nuclear factor-KB signaling pathways, SOCS-1 expression is induced to negatively

regulate both pathways (Shuai and Liu, 2003).

Table 2. Cytokines and the JAK-STAT Pathway
3

Cytokine JAK STAT

IL-2, IL-7, IL-9, IL-15 JAK1, JAK3 STAT5
IL-3, IL-5 JAK2 STAT5
IL-6 JAK1, JAK2 STAT3
IL-10 JAK1, TYK2 STAT3
IL-12 JAK2, TYK2 STAT4
IL-13 JAK2 STAT3, STAT6
Leptin JAK2 STAT3
Erythropoietin JAK2 STAT5
Growth Hormone JAK2 STAT3, STAT5
EGF JAK1, JAK2 STAT1, STAT3
IFNy JAK1, JAK2 STAT1
IFNa, IFNP JAK1, TYK2 STAT1-STAT6
IFNx JAK1, TYK2 STAT1, STAT2

Selected cytokines listed with JAK kinases and STAT transcription factors believed to

be involved in cytokine signaling. Abbreviations: JAK, Janus kinase; Tyk, tyrosine

kinase; STAT, signal transducer and activator of transcription; IFN, interferon; IL,

interleukin; EGF, epidermal growth factor. Adapted from Schindler, 2002; Luo and Laaja,

2004.
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Cytoplasm

Nucleus

IFNy-mediated Biological Functions

Figure 1. Overview of the IFNy Signaling Mechanism Through the JAK-STAT Pathway.

This model depicts the prevailing view of the intracellular signaling events of the JAK-

STAT pathway that are initiated following cytokine stimulation. Cytokine binding

promotes receptor dimerization, JAK kinase activation, receptor and STAT protein

phosphorylation. Activated STAT molecules dimerize and are translocated to the nucleus

to promote expression of IFNy responsive genes.
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Janus Kinase (JAK)

The mammalian family of JAK nonreceptor tyrosine kinase proteins contains four

members: JAK1, JAK2, JAK3, and Tyk2. JAK proteins (>1000 amino acids) are

approximately 120 to 130 kDa cytosolic proteins expressed in many types of tissue with

the exception of JAK3 whose expression is restricted to natural killer cells and

thymocytes (Leonard and O'Shea, 1998). Using JAK1-JAK2 chimeric proteins in JAK1"'"

cell lines (Kohlhuber et al., 1997), it was demonstrated that the specificity of the JAK-

STAT pathway is not entirely dependent on the JAK proteins and may involve other

components of the JAK-STAT pathway to ensure fidelity of signal transduction.

Members of the JAK protein family contain highly conserved structural domains

designated JAK homology domains (JH).

There are currently seven known JH domains (JH1-JH7). JH1 is the functional

catalytic kinase domain based on sequence homology with other known tyrosine kinases.

This domain consists of approximately 200 amino acid residues. For JAK2, this domain

possesses a critical activation loop that becomes phosphorylated in order to activate the

kinase molecule. In 1997, Feng et al. demonstrated that phosphorylation of tyrosine

residue (Y1007) in the activation loop of JAK2 was essential for JAK2 activation and

downstream signaling events using in vivo and in vitro kinase reactions. The model of

JAK activation suggests, that in the absence of phosphorylation in the activation loop,

substrates (e.g., receptor subunits) and ATP are unable to bind to the JAK molecule.

However, after phosphorylation has occurred on Y 1007 a conformational change in the

activation loop allows substrates access to specific binding sites in the catalytic groove

(Yasukawa, 1999). JH2 is a non-functional catalytic kinase domain consisting of
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approximately 200 amino acid residues. Although the JH2 domain bears sequence

homology to typical tyrosine kinase domains, this domain lacks catalytic activity and

therefore is termed the pseudokinase domain. The functional role of this domain remains

unclear; however, studies have suggested that the JH2 domain may potentially have a

kinase inhibitory function. In these studies, mutations in this region leads to increased

JAK2 signaling. Both the JH1 and JH2 domains are located near the carboxy terminus

and comprise the major portion of the JAK molecule (Aringer, 1999; Leonard, 2001;

Kisseleva et al., 2002). The JH3-JH5 domains on the JAK molecule are poorly

understood and require additional work to elucidate their putative functions. JH6-JH7,

amino terminal domains, have been implicated to be important in the association between

the JAK molecule and the specific cytokine receptor (Aringer, 1999; Leonard, 2001;

Kisseleva et al., 2002).

JAK1"'" mice exhibit a lethal phenotype shortly after birth probably resulting from

incomplete neuronal development. JAKl^mice do not respond to cytokines important in

neuronal development such as leukemia-inhibitory factor (LIF) and ciliary neurotrophic

factor (CNTF). JAK1"'" mutant cells do not respond to IL-6, IL-11, IFNy, IFNa, IFN(3,

IL-13, IL-10, IL-2, IL-4, IL-7, IL-9, or IL-15 (Aringer et al., 1999; Leonard, 2001).

JAK2"'" mice exhibit an embryonic lethal phenotype probably due to a block in

erythropoiesis (Parganas et al., 1998; Ortmann et al., 2000; Leonard, 2001). JAK2
_/ "

mutant cells do not respond to stimulatory signals from IL-3, IL-5, IFNy, or

erythropoietin. In addition to the pathology associated with JAK3" " mice described earlier,

JAK3
/_

mice also show defects in lymphoid development, B cell maturation, and

thymocyte proliferation. JAK3"'" cells fail to respond to cytokines that share the common
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receptor chain, yc. These cytokines include IL-2, IL-4, IL-7, IL-9, and IL-15. Recent data

regarding TYK2
_/

" mice reveal that loss of TYK2 in vivo leads to a reduction in antiviral

activity. TYK2"'" mice are unable to clear vaccinia virus and show a reduced T cell

response following a challenge with lymphocytic choriomeningitis virus (LCMV)

(Karaghiosoff et al., 2000; Leonard, 2001). TYK2"'" cells fail to respond to IL-12 and

respond weakly to IFNa, IFN(3, and IL-10.

While JAK knockout mice exhibit lethal phenotypes, cells from JAK knockout

mice are viable in culture but are unresponsive to particular cytokines. The evolutionary

importance of JAK molecules in development is clearly seen in studies in which the

Drosophila JAK gene, hopscotch, was mutated and analyzed. Severe deformities were

evident in fruit flies possessing the mutated hopscotch due to significant segmentation

defects (Hou et al., 2002).

Amino acid sequence homology of the autophosphorylation site for JAK2

conducted using the basic local alignment search tool (BLAST) reveals 100% homology

for the autophosphorylation site of the JAK2 kinase in other mammalian species (Table

3). The conservation observed in this region clearly indicates the importance of the

autophosphorylation site in JAK2 function and provides the rationale for the suppressive

functions observed in both human and mouse cells lines as demonstrated in this study.

Table 3. Sequence Comparison of the Mammalian JAK2 Autophosphorylation Site"

Species Sequence

Mus muscuius (house mouse)

Homo sapien (human)

Rattus norvegicus (Norway rat)

Sus scrofa (pig)

1001LPQDKEYYKVKEP
LPQDKEYYKVKEP
LPQDKEYYKVKEP 1

LPQDKEYY K[v|k E P
1

1013

1001 1013

1001 1013

1001 1013

aAmino acid sequences of the JAK2 autophosphorylation site were retrieved from

http://www.ncbi.nlm.nih.gov. Specific tyrosine residues required for JAK2 activation are

shown in the rectangle (Feng et al., 1997).
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Table 4. Sequence Comparison of the JAK Family Autophosphorylation Site
3

JAK1 : IETDKEggTgKDD
JAK2 : LPQDKEfflKfflKE?

JAK3 : LPLDKD^RvffiREP

TYK2 : VPEGHEWRfflRED

aAmino acid (13 residues) sequences for the autophosphorylation sites of the Janus kinase

protein family members are aligned. Identical residues are highlighted. The underlined

amino acid residues denote conserved residues. Sequence homology percentages for

JAK2 and other JAK proteins are: JAK2-JAK1: 53%; JAK2-JAK3: 69%; JAK2-TYK2:

46%. Sequence alignments were analyzed using Clustal W version 1.82.

Receptor Pseudo-kinase Kinase domain

binding domain domain

JH7 JH6 JH5 JH4 JH3 JH2 JHl

N— 65 aa 125 aa 65 aa 150 aa 65 aa 245 aa 215 aa c

Figure 2. General Domain Schematic of the Janus Kinase (JAK) Protein Family.

The JAK tyrosine kinase protein family contains four members: JAK1, JAK2, JAK3, and

TYK2. Each JAK molecule contains seven distinct regions: JH1-JH7. The JHl domain is

the functional kinase domain that following receptor binding to an appropriate ligand

becomes phosphorylated on a specific tyrosine residue (Y1007). The JH2 domain is the

pseudo-kinase domain. This domain is believed to play a role in the autoregulatory

activities of JAK2. The JH6-JH7 domains mediate binding of JAK molecules to cytokine

receptor proteins. Adapted from Shuai and Lui, 2003.

Table 4 shows a sequence comparison of the JAK autophosphorylation site for each of

the JAK protein family members. JAK2 and JAK3 demonstrate the highest sequence

homology.

Signal Transducers and Activators of Transcription

Signal transducers and activators of transcription (STAT) proteins are a family of

latent cytoplasmic transcription factors that act downstream of JAK activation and

mediate intracellular signaling from a wide variety of cytokines, growth factors, and

hormones. Currently, seven STAT proteins have been discovered in mammals: STAT1,
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STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6. Structurally, all seven STAT

proteins share six conserved domains: amino-terminal domain, coiled-coil domain,

DNA-binding domain, linker domain, SH2 domain, and the transactivation domain

(Horvath, 2000; Kissevelar et al., 2002). STAT proteins are variable in length and contain

approximately 700-900 amino acid residues.

The transcriptional activator domain (TAD) is located in the carboxy terminus

and contains the appropriate tyrosine (Tyr701 - STATI a) or serine (Ser727 - STAT la)

residue that undergoes phosphorylation by protein kinases to activate the STAT protein.

The SH2 domain (Src homology 2) contains approximately 100 amino acid residues. This

domain preferentially binds to phosphorylated tyrosines on proteins. The SH2 domain

allows the STAT molecule to function as a docking protein where it binds to the

cytoplasmic region of the cytokine receptor at a specific phosphotyrosine-containing

residue (Tyr401) and activated via JAK-mediated phosphorylation on tyrosine residue

Tyr701. The SH2 domain also mediates dimerization with another activated STAT

protein. STATs form homodimers or heterodimers which enter the nucleus and bind

DNA at specific sequences and stimulate transcription of ligand specific genes. STAT

dimers preferentially bind to gamma interferon activated site (GAS) sequences, promoter

element for IFNy response genes, in the nucleus. These sites are denoted by a consensus

sequence, TTNCNNNAA. The linker domain is located between the SH2 domain and the

DNA-binding domain and may play a role in the regulation of transcription mediated by

IFNy. As its name would imply, the DNA-binding domain is responsible for nucleotide

base recognition on the DNA molecule at specific sequences in the promoter of cytokine

related genes. The coiled-coil domain of the STAT molecule is important for binding to
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transcriptional regulators (e.g., IRF-9) and may be responsible for nuclear export of

STAT. The amino-terminal domain plays a role in the binding affinity of STAT

homodimers or heterodimers bound to the DNA molecule, nuclear translocation, and

binding of transcriptional coactivators such as CBP/p300. This poorly studied domain

consists of approximately 130 amino acids. Studies in which STAT genes have been

mutated or targeted have provided essential details into the precise functions of these

transcription factors. STAT1 knockout mice fail to respond to type I or type II interferons

confirming that STAT1 proteins play a significant role in interferon mediated biological

responses. STAT2 knockout mice also fail to produce a biological response to type I

interferons (e.g., antiviral, gene transcription). The STAT3 knockout mouse exhibits an

embryonic lethal phenotype and fails to respond to IL-6 and IL-10 signaling. STAT

4

knockout mice fail to respond to IL-12 mediated signaling. STAT5 a and STATSb

knockout mice fail to respond to growth hormone and prolactin stimulation respectively,

while STAT6 knockout mice are defective in IL-4 and IL-13 signaling. STAT6
_/

" mice

demonstrate a decrease in their ability to form Th2 T-cell populations and the ability of

B-cells to class switch to the IgE isotype.

Similar to JAK kinases, STAT proteins are also evolutionarily conserved

molecules and appear as homologues for mammalian STAT in several lower eukaryotic

model systems including Drosophila, Dictyostelium, and Caenorhabditis (e.g., marelle,

Drosophila) and have a profound effect on developmental mechanisms in these

organisms.
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Amino-terminal DNA-binding SH2
domain domain domain

Coiled-coil

domain

Linker

domain

Transactivation

domain

125 aa 180 aa 160 aa 95 aa 95 aa 100 aa

Figure 3. General Domain Schematic of the Signal Transducer and Activator of

Transcription (STAT) Protein Family.

The STAT protein family contains seven members: STAT1, STAT2, STAT3, STAT4,
STAT5A, STAT5B, and STAT6. STAT molecules share similar structural homology and

consist of six domains. The SH2 domain is critical for binding to the phosphorylated

tyrosine residues on the cytokine receptor. The transactivation domain contains tyrosine

and serine molecules that become phosphorylated following ligand stimulation leading to

activation of the cytoplasmic transcription factor. The DNA-binding domain recognizes

unique cytokine specific DNA sequences in the nucleus. Adapted from Shuai and Lui,

2003.

Negative Regulation of the JAK-STAT Pathway

The activity of JAK tyrosine kinases, and consequently signaling via the JAK-

STAT pathway, is negatively controlled by members of the suppressors of cytokine

signaling family (SOCS), also called the cytokine-inducible SH2 containing (CIS) family

(12), protein inhibitors of activated stat (PIAS), phosphatases, and polyubiquination.

The SHP protein family are constitutively expressed tyrosine phosphatases

containing two members: SHP-1 and SHP-2. SHP-1 has previously been shown to

interact with signaling components of the B cell receptor and down regulate signaling

pathways mediated by the B cell receptor (BCR) (Somani et al., 2001). Using

coimmunoprecipitation studies, Wu et ai. (2000) have shown that SHP-1 is associated

with JAK2 in the erythropoietin-dependent leukemic cell line, UT-7/Epo, in an

erythropoietin independent manner. SHP-1 has also been shown to be involved in the

regulation of apoptoic signals in neutrophils and TCR signaling (Yousefi and Simon,
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2003; Zhang et al., 2000). SHP-1 also inhibits cytokine activity mediated by the IL-4

receptor, IFNa, c-kit receptor, and the erythropoietin receptor. SHP- 1 was first thought to

play a critical role in signaling of hematopoietic cells when SHP-1 deficient mice

(motheaten, me) were observed to demonstrate increased proliferation of mature B cells

and phagocytic cells and increased antibody levels in the serum (Zhang et al., 2000). The

term motheaten is derived from the patchy appearance of mice homozygous for the SHP-

1 deletion mutation. SHP-2 is expressed mainly in embryonic tissue and is found to

associate with a variety of signaling molecules (Tartaglia et al., 2004). SHP-2 has been

shown to act both as a positive regulator (Ras/MAPK pathway) and a negative regulator

(JAK-STAT pathway). STAT5 dephosphorylation has been shown to occur by

interaction with SHP-2 in the nucleus. SHP-2 mutations have also been proposed to be

the etiological factor leukemogenesis in humans (Tartaglia et al., 2004).

Activated STAT proteins are negatively regulated by a family of constitutively

expressed proteins identified as protein inhibitors of activated STAT (PIAS). There are

four known members of the PIAS family: PIAS1, PIAS3, PIASX, and PIASY. PIAS1

and PIASY have been shown to inhibit STAT1. PIAS3 has been shown to inhibit STAT3

and PIASX have previously been shown to inhibit STAT4 transcriptional activation. The

mechanism for inhibition of STAT mediated transcriptional activation for PIAS1 and

PIAS3 are due to direct binding to activated STAT1 and STAT3 respectively, resulting in

the subsequent blockage of DNA binding (Liu et al.. 1998). Lui and coworkers

demonstrated decreased DNA-binding activity of activated STAT1 and a significant

reduction in STAT 1 -mediated transcriptional activity in the presence of PIAS1. PIASX

and PIASY also inhibit STAT proteins but do not act by blocking STAT-DNA binding
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interactions. Experiments demonstrating the association of PIASX and histone

deacetylases (HDACs), enzymes implicated in altering chromatin structure and thereby

resulting in the repression of gene transcription, may represent a mechanism PIAS

proteins employ to target STAT mediated transcription. Another possible mechanism for

PIAS mediated inhibition of STAT proteins may be linked to small ubiquitin-like protein

modifier (SUMO) ligase activity intrinsic to all PIAS proteins. SUMO modification of

signaling proteins, such as STAT transcription factors appear to account for inhibition of

STAT activation in a poorly understood mechanism (Rogers et al., 2003).

Another mechanism by which the JAK-STAT pathway is negatively regulated is

through the process of ubiquitylation (Shuai and Liu, 2003). Ubiquitin is a highly

evolutionarily conserved protein that marks proteins for degradation in the cytosol.

Substrate polyubiquitination targets proteins for proteasome-mediated degradation in an

ATP dependent process. Protein targeting to the proteasome is understood to primarily

involve three enzymes El, E2, and E3 (Passmore and Barford, 2004). These three

enzymes act in a sequential manner to tag and direct cellular and nuclear proteins to the

multiprotein proteasome complex. Specifically, El, an ubiquitin-activating enzyme,

activates ubiquitin. Activated ubiquitin is then transferred to the ubiquitin-conjugating

enzyme (Ubc), E2. Following transfer to E2, ubiquitin is believed to be transferred to a

third ubiquitin-proteasome pathway enzyme E3. E3 or ubiquitin ligase participates in the

transfer of ubiquitin to a specific protein (Passmore and Barford, 2004). After several

rounds of ubiquitylation to a particular substrate the protein is then degraded to peptide

fragments. Following peptide formation deubiquitylating enzymes are then used to

recycle ubiquitin for future rounds of protein degradation events (Passmore and Barford,
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2004). Earlier it was mentioned that SOCS proteins possess a SOCS box motif that has

been implicated in the targeting of proteins of the JAK-STAT pathway to the proteasome

for proteolysis via ubiquitination using elongin B and elongin C, proteins that associated

with E3 ligase. Ungureanu et al. (2002) demonstrated that the ubiquitin-proteasome

pathway regulates activated JAK2 upon cytokine signaling using immunopreciptation

and protease inhibitor analysis.

Suppressors of Cytokine Signaling (SOCS) Protein Family

Currently, there are eight identified members of the inducible SOCS family,

SOCS-1 to SOCS-7 and CIS. SOCS1, SOCS3, and CIS have been extensively studied

while data regarding the other SOCS proteins is relatively scarce. SOCS proteins inhibit

the JAK-STAT pathway by blocking activation of JAK molecules and by directly binding

to JAK molecules or molecules of the cytokine receptor complex. SOCS-1 and SOCS-3

are of interest in the studies proposed here as they are the negative regulators of both

JAK2 and EGFR (Alexander, 2002). SOCS-1 contains approximately 200 amino acids

and has a predicted molecular weight of 24 kDa. A unique feature of SOCS proteins is

that they can only bind to phosphotyrosine residues. Of the eight identified members of

the SOCS protein family, relatively little is known about SOCS4-SOCS7. Although more

information is known about CIS1 and SOCS2, this brief review of the SOCS protein

family will primarily cover SOCS1 and SOCS3 which are the most studied SOCS

proteins and considered to be more applicable to the current study. CIS or cytokine-

inducible Src homology 2 (SH2) protein inhibits cytokine activity by binding to the

activated receptor and competes with STAT for binding sites to the activated cytokine
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receptor. By blocking STAT docking sites, activation of STAT molecules is inhibited.

The resulting cytokine-mediated signal is terminated.

SOCS proteins contain three important structural domains (Figure 4). The SOCS

family of regulatory proteins contains a 12 ammo acid region called the kinase inhibitory

region (KIR) which is located near the amino terminal domain, the centrally located SH2

domain that acts in part with KIR, and a SOCS box located near the carboxy-terminal and

thought to play a role in targeting proteins bound to SOCSs for proteasomal degradation

(Larsen and Ropke, 2002). An additional 12 ammo acid region located downstream of the

SH2 domain (extended SH2 domain) is also critical for SOCS function in cells.

Mutations in isoleucine (I) at position 68 and leucine (L) at position 75 abrogated or

reduced the binding between SOCS and JAK protein (Larsen and Ropke, 2002)

suggesting that these two amino acid residues in the extended SH2 domain are

responsible for binding affinity between the SOCS and JAK molecules. Moreover,

mutations of amino acid residues at positions 56 (F), 59(F), 64(D), or 65(Y) abolish the

inhibitory function and reduce binding suggesting the that these amino acids located in

the KIR domain are essential for the suppressor actions of SOCS proteins (Larsen and

Ropke, 2002).

It has been suggested that the KIR region structurally mimics the activation loop

of the JH1 region of JAK and thereby inhibit JAK function by serving as nonfunctional

analogous substrate (Larsen and Ropke, 2002). The amino terminal region contains a

variable length domain, which shows very little sequence homology to other SOCS

proteins. It was shown by analysis of amino acid sequence that SOCS1 and SOCS3 are

more closely related to each other than other SOCS proteins.
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Binding to phosphotyrosine 1007 Proteasome targeting

High affinity binding and inhibition of JAK

Figure 4. General Domain Schematic of the Suppressor of Cytokine Signaling (SOCS)

Protein Family.

The eight identified SOCS proteins contain four distinct regions: amino-terminal domain,

SH2 domain, extended SH2 domain, and the SOCS box. The central SH2 domain binds

to a phosphorylated tyrosine residue on Janus kinase (JAK) or receptor proteins. A 12

amino acid region, extended SH2 domain, which extends from the SH2 domain contains

essential residues for SOCS binding. SOCS proteins also contain a variable length amino-

terminal region. An additional 12 amino acid region called the kinase inhibitory region

(KIR) is located in the amino-terminal region and is critical for kinase inhibition. The 40-

amino acid residue SOCS box is located in the carboxy terminal region and is thought to

mediate proteasomal degradation of the SOCS molecule and its associated JAK kinase

binding partner. Adapted from Larsen and Ropke, 2002.

Homology of primary amino acid sequence may account for overlapping

biological properties (Hilton et al., 1998). Specifically, both SOCS1 and SOCS3 bind to

JAK tyrosine kinases as determined using immunoprecipitation studies following

cytokine stimulation of various cell lines. In addition, human SOCS proteins share high

amino acid sequence similarity with both mice and rats suggesting a conserved function

in other mammalian species (Larsen and Ropke, 2002).

SOCS1 and SOCS3 are primarily found in a wide variety of mammalian tissues

such as spleen, lung, and liver and are relatively undetected in cells unstimulated by

cytokines. However, following stimulation from a diverse array of cytokines SOCS
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mRNA expression is readily detectable following analysis (Sakamoto et al., 1998;

Fujimoto and Naka, 2003). Expression of SOCS1 and SOCS3 is usually rapid (30 min)

and typically persists for several hours (< 8 hours). The mechanism for SOCS

degradation is still unclear.

Emanuelli et al. (2000) showed that SOCS genes contain STAT-binding regions

using electrophoretic mobility shift assays (EMSAs) providing compelling evidence that

SOCS proteins are primarily induced by STAT molecules via interaction with specific

SOCS genes. SOCS proteins regulate biological activity of cytokine signal transduction

in negative feedback loops by inhibiting or attenuating activation of JAK or STAT

molecules, reducing STAT translocation to the nucleus, reducing STAT homo- or

heterodimerization, and reducing transcription of cytokine specific response genes

(reviewed in Larsen & Ropke, 2002). In addition, despite their name SOCS proteins have

also been shown to be induced by hormones such as insulin. Previous work has

demonstrated that insulin stimulation of murine adipocytes is capable of increasing

SOCS-3 mRNA expression (Emanuelli et al. 2000). Previous studies on SOCS1 and

SOCS3 have demonstrated that JAK inactivation and subsequent STAT inactivation

occurs by association between SOCS1 and SOCS3 and JAK. Employing transfection of

truncated SOCS1 deletion mutants it was shown that SOCS1 specifically binds to the

phosphorylated tyrosine residue 1007 in the activation loop of the cytoplasmic kinase

protein (Figure 2). Specifically, it was shown for SOCS1 and SOCS3 that the SH2

domain, an extended SH2 domain, and the kinase inhibitory region are necessary for the

inhibition of JAK-mediated signal transduction (Larsen and Ropke, 2002). These studies

demonstrated that the SH2 domain is necessary for binding but alone does not contribute
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to the kinase inhibitory properties of the molecule. It is now known that while SOCS1

interacts directly with JAK proteins, SOCS3 must first bind to the activated receptor

subunits to mediate its suppressive effects on JAK molecules.

SOCS induction is not specific to the JAK-STAT pathway. Ohya et al (1997)

demonstrated the induction and association of SOCS1 with a novel nonreceptor tyrosine

kinase molecule known as Tec. Tec is believed to play a primary role in T cell function

and development (Lucas et al, 2003).

Since SOCS proteins negatively regulate signal transduction pathways associated

with hematopoietic cell development, differentiation, and proliferation, it is not surprising

that defective SOCS proteins may play a role in a variety of diseases associated with

uncontrolled cytokine signaling (Alexander, 2002). It was shown by Alexander et al.

(1999) that mice lacking a functional SOCS1 gene (SOCSl"
/_

) die within a month of birth

with a clinical condition characterized by lymphopenia, T cell activation, and liver

necrosis. However, when knockout mice lacking both SOCS1 and IFNy are treated with

antibodies specific for IFNy they do not succumb to the same fate suggesting that the

condition is due to uncontrolled IFNy stimulation. Conversely, SOCS3 knockout mice die

during embryogenesis due to defects in placental development (Roberts et al, 2001).

Additionally, given the primary function of SOCS-1 to negatively regulate signaling

pathways mediated by cytokine binding it is not surprising that SOCS-1 and other SOCS

proteins may play key therapeutic roles in a variety of diseases associated with

uncontrolled cytokine signaling (Kubo et al., 2003). An example of the use of SOCS-1 as

a potential therapeutic was demonstrated in the TEL-JAK2 model system (Peeters et al.,

1997; Lacronique et al., 1997; Ho et al., 1999; Monni et al., 2001; Frantsve et al., 2001;
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Ho et al., 2002). TEL-JAK2 an oncogene, associated with human leukemia, arises from a

chromosomal translocation leading to the fusion of the carboxyl terminal segment of the

JAK2 gene and the amino terminal segment of the TEL gene. The resulting fusion

product known as the TEL-JAK2 fusion protein contains the necessary domain required

for JAK2 autophosphorylation (JH1) and thereby renders JAK2 constitutively active in

cells leading to malignant cell proliferation. In the hematopoietic cell line Ba/F3, SOCS-1

was shown to act as a potent tumor suppressor and shown to effectively inhibit the kinase

activity of the TEL-JAK2 fusion protein in vitro (Lacronique et al., 1997; Monni et al.,

2001). It would be of great interest to investigate the effect of Tkip on hematopoietic cells

constitutively expressing the TEL-JAK2 tyrosine kinase fusion protein.

JAK-STAT Pathway and Cancer

Previous research has provided insight into the effects of the inactivation of key

molecules in the JAK/STAT pathway on cytokine signaling events (Leonard and O'Shea,

1998; Imada and Leonard, 2000). Specifically, inactivation or inhibition of specific JAK

and STAT proteins produce cells and/or animals that are completely unresponsive to

cytokines that rely on these proteins for cellular activity (Leonard and O'Shea, 1998;

Imada and Leonard, 2000; Darnell et al., 1994). Furthermore, hyperactivated JAK/STAT

proteins have been implicated in cancer or inflammatory diseases (Darnell et al., 1994;

Darnell, 2002).

Knockout studies involving members of the JAK and STAT protein families

offers key insights into the function of these molecules and also elucidates interesting

information regarding the relationship between JAK and STAT molecules in human

disease. Unlike the other JAK family members JAK3 deficiency have been implicated in
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the extremely fatal severe combined immunodeficiency (SCID) in human patients. SCIDs

are diseases primarily observed in children. The most prevalent form of SCIDs is

associated with the X chromosome and results in severe T cell deficiency and B cell

abnormalities. Since T cells and B cells are fundamental to proper functioning of the

immune system, individuals with SCIDs are susceptible to simple infection that would

otherwise be eliminated by a healthy immune system (Aringer et al., 1999). As already

noted, JAK3 is responsible for cellular signaling mediated by a wide variety of cytokines

important to T and B cell development and proliferation therefore the absence of JAK3 in

hematopoietic cells readily explains the occurrence of SCIDs in patients lacking JAK3.

Mutated JAK proteins have also been known to lead to an abnormal increase in

the number of leukocytes in body tissues. Several forms of leukemias such as acute

lymphoblastic leukemia, chronic myelogenous leukemia, and adult T-cell leukemia have

been reported to arise in part due to unregulated JAK proteins (Verma et al, 2003).

Previous research (Kumar et al., 1994) has also demonstrated the involvement of JAK

proteins in the activation of MAP kinases in B cells suggesting that JAK plays a pivotal

role in important kinases in cell division. The significance of JAK proteins on cellular

transformation was also shown by Sakia and coworkers (1997) who demonstrated that

activation of JAK2 was sufficient to sustain B cell survival and mediate the induction of

bcl-2, an integral membrane protein that negatively regulates proteins involved in

apoptosis. Moreover, JAK participation in the development of cancer usually involves

chromosomal translocations of JAK kinase genes. These abnormal translocations produce

constitutively activated JAK kinases that have very dramatic and malignant consequences
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in the human body. The best observed example of this phenomenon is the TEL-JAK2

fusion protein described in another section.

Constitutively activated STAT proteins have also been implicated in a variety of

human carcinomas including leukemia, breast cancer, and prostate cancer. Of the seven

identified STAT molecules STAT3 and STAT5 have recently been implicated to be

major players in the development of oncogenesis in a variety of hematopoietic and cancer

cell lines (Spiekermann et al., 2002; Dhir et al., 2002; Verma et al., 2003; Cotarla et al.,

2004). STAT3 has been shown by many investigators to promote cell proliferation and

cell survival by regulating apoptosis or inducing cellular transformation (Darnell et al.,

1999). Earlier it was shown in experiments using electrophoretic mobility shift assays

(Yu et al, 1995) that there was increased STAT3 DNA-binding activity and constitutive

tyrosine phosphorylation of STAT3 in fibroblasts transformed with v-src oncogene

suggesting an association between STAT3 activation and v-src induced cellular

transformation. Moreover, it has been shown by several investigators that elevated

STAT3 expression is correlated with prostate cancer cell and tumor survival and

reduction in apoptotic signals. Antisense Stat3 nucleotides were used to inhibit the

growth of human prostate cancer cells lines and reduce the level of STAT3

phosphorylation in these cell lines (Mora et al., 2002). Recently, elevated protein levels

of nuclear localized phosphorylated STAT5a was observed in primary breast

adenocarcinomas (Cotarla et al., 2004) using immunohistochemistry and immunoblotting

analysis. These experiments demonstrate the importance of constitutively activated

STAT3 and STAT5a in cancer cell growth. These experiments also offer insights into

potential molecular targets for anticancer therapeutics.
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Prostate Cancer

Prostate cancer is the second highest cause of cancer-related deaths in the United

States. The American Cancer Society projects that nearly 230,000 men will be diagnosed

with prostate cancer in 2004 and approximately 30,000 men will die from the disease in

the United States. African American men are particular susceptible to the disease as

incidence of prostate cancer in African American men are higher than for other ethnic

groups. The cause for the disparity among different ethnic groups is still unknown. Men

aged 65 or older constitute approximately 80% of all diagnosed prostate cancers.

Although the precise etiological factors have not been elucidated for prostate cancer,

several mechanisms have been implicated. Including environmental factors, age, genetic

factors, or determined by family history. Prostate cancer symptoms may include the

enlargement of the prostate, problems with urination, and lower back pain. Treatment for

the disease includes hormonal treatment, chemotherapy, radiation, and surgery.

The prostate is a male reproductive glandular organ located in front of the rectum

surrounding the urethra. The prostate secretes an alkaline substance that is a primary

component of seminal fluid. Prostate cancer arises when cells in the prostate undergo

transformations that lead to uncontrolled cell proliferation and eventual spread of

cancerous cells. PSA blood screening, biopsies, and digital rectal exams (DRE) are

common early diagnostic tests physicians use to diagnose prostate cancer in men which

lead to an increase in survival rates for prostate cancer in the last 20 years. Prostate

specific antigen (PSA), a serine protease secreted by prostate epithelial cells, is the major

biological marker for prostate cancer and is commonly used in diagnosis (screening) of
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the disease. PSA concentration levels of 2.5 ng/ml or higher in blood serum usually

indicates the presence of prostatic cancer cells.

The major forms of prostate cancer fall into two distinguishable groups: androgen

sensitive and androgen insensitive. Androgen sensitive prostate cancer arises when

cancerous tissue growth is dependent on the male sex hormone androgen. Androgen

insensitive prostate cancer is more serious form of the disease in which cell proliferation

continues in the absence of androgen. Androgen deprivation therapy is a common

treatment method in men with androgen sensitive prostate cancer. However, recent

evidence shows that this therapy simply reduces the effects of the disease and that nearly

all cases of androgen sensitive prostate cancer will progress to the more malignant form

of prostate cancer (i.e., androgen insensitive).

Current immunological therapies are focused on treating hormone refractory

prostate cancer with prostate cancer cell directed approaches without undesirable side

effects associated with traditional cancer treatment methods. PC-3, LNCaP, and DU145

are the most studied human prostate cancer cell lines in prostate cancer research. PC-3

cells were originally extirpated from metastatic bone adenocarcinoma from a Caucasian

male. PC-3 cells are completely (100%) tumorigenic in nude mice when inoculated

subcutaneously at 10
7
cells/mouse (Kaighn et al., 1979). LNCaP prostate cancer cells

were isolated from metastatic left supraclavicular lymph node carcinoma from a

Caucasian male. Like PC-3 cells LNCaP cells are tumorigenic in nude mice

(Horoszewicz et al., 1983). DU145 cells were isolated from metastatic brain carcinoma

from a Caucasian male. DU145 cells are also tumorigenic in nude mice (Stone et al.,

1978).
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Targeted Approach to Cancer Therapy

A new prevailing paradigm for cancer chemotherapy is aimed at specifically

targeting cellular processes, signal transduction pathways, and mutated proteins that give

rise to uncontrolled cell proliferation. The goal of this therapeutic approach is to identify

critical molecular components that lead to tumorigenesis and to design specific inhibitors

to control their effects. There are a variety of targeted approaches to study the regulation

of specific tyrosine kinases that are associated with cancer and inflammatory disorders

like arthritis. These involve receptor-specific antibodies, decoy receptors to bind and

inactivate ligands, small molecules with specificity towards the ATP-binding sites, and

small molecules that block kinase function by unknown mechanisms. Recently, several

novel anti-cancer drugs have been developed to treat cancer employing this targeted

approach most notably Gleevec for the treatment of chronic myelogenous leukemia and

Herceptin for the treatment of breast cancer.

Chronic myelogenous leukemia is a form of cancer that affects white blood cells

of the myeloid lineage. The increase in cell proliferation of myelogenous cells in the bone

marrow, blood, and tissues give rise to the clinical effects associated with the disease.

Chronic myelogenous leukemia is primarily caused by generation of a constitutively

active tyrosine kinase known as Bcr-Abl. The genetic basis for the Bcr-Abl tyrosine

kinase stems from the formation of the Philadelphia chromosome (present in 95% of

CML patients). This mutated chromosome results from a translocation between human

chromosomes 22 (Bcr) and 9 (Abl). The BCR-ABL gene gives rise to the fusion of the

Bcr protein and the Abl tyrosine kinase, resulting in the constitutive activation of the

kinase activity of Abl. The Bcr-Abl fusion tyrosine kinase thus promotes the unregulated
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cellular proliferation of certain white blood cells. Gleevec (imatinib mesylate, STI-571) is

the best example of a small drug identified for the treatment of cancer, where it binds to

the ATP-binding site of the oncogenic Bcr-Abl and inhibits the tyrosine kinase activity of

the constitutively active tyrosine kinase known as Bcr-Abl (Shawver et al., 2001; May,

2003). This has resulted in dramatic control of chronic myelogenous leukemia (CML),

and a rare form of stomach cancer where this oncogene is the determining factor for

oncogenesis. Gleevec has also been demonstrated to inhibit lung cancer cell growth in

vitro. Zhang and coworkers (2003) demonstrated that Gleevec effectively inhibited cell

proliferation in the human lung cancer cell line A549 in a dose dependent manner. The

optimal concentration (IC50) of Gleevec was shown to be 2-3 pM. The inhibitory effects

observed of gleevec in this cell line are possibly due to the cross reactive properties of

gleevec. In addition to binding to the Bcr-Abl tyrosine kinase fusion protein, gleevec also

has been shown to bind to both c-kit and PDGF receptors.

Breast cancer is a major problem affecting women in the United States. Although

a specific cause for this type of carcinoma has not been identified several factors have

been purported to be consistent with the development of breast cancer such as genetic

disposition, family history, and obesity (Key et al., 2004). Metastatic forms of breast

cancer cells often overexpress the epidermal growth factor receptor 2 (HER2, erb2) on

their cell surface. HER2 is a receptor tyrosine kinase that when activated by growth

factor binding relays cellular signals that lead to cellular proliferation. Overexpression of

HER2 causes cells to be abnormally stimulated resulting in increased cell growth and

tumuriogenesis. HER2 related cancers proliferate at a faster rate than cancer cells in

which HER2 is found at normal levels (Baselga and Hammond, 2002).
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The classic and original demonstration of a monoclonal antibody that blocked a

tyrosine kinase function is Herceptin (Trastuzumab), which is a humanized monoclonal

antibody specific for the HER2 receptor (Shawver et al., 2001; May, 2003). Herceptin,

which is administered intravenously to patients binds to the extracellular binding domain

of HER2 and prevents downstream growth-promoting signals. This discovery has

resulted in the treatment of aggressive forms of breast cancer where the cancer cells

overexpress HER2. It seems clear from the anti-cancer approaches described above that

an understanding of the molecular basis of specific cancers may lead to the production of

more powerful chemotherapeutic drugs to treat cancer.

Significance of the Study

Tyrosine kinases are important biological molecules involved in signal

transduction events and are essential in normal cellular functions. Defective tyrosine

kinases are common etiological factors for cancer and inflammatory diseases. The past

decade has seen an increase in research aimed at identifying tyrosine kinase markers for

detection of cancer and for developing tyrosine kinase inhibitors that counteract the

biological effects observed in autoimmune diseases and malignant cancers.

The objectives of the current study are to characterize Tkip by determining the

binding specificity of Tkip, examining the effects of Tkip on IFN7 mediated signal

transduction mechanisms, and investigating the effects of Tkip on IFN7 mediated

biological functions. The aim of this study is to focus on the unique specificity of Tkip

for the autophosphorylation site of JAK2, which is directly involved in IFN7 signaling.

The major hypothesis of this work is that Tkip will inhibit JAK2 activation by binding to

its autophosphorylation site and thus inhibit or alter the ability of JAK2 to transduce



appropriate cellular signals induced by IFN7. Tkip may serve as a useful therapeutic for

cancer and inflammatory disorders.



CHAPTER 2

MATERIALS AND METHODS

Peptides

The peptides used in the study are listed in Table 5, and were synthesized in the

laboratory of Dr. Howard M. Johnson on a Perseptive Biosystems 9050 automated

peptide synthesizer using fluorenylmethyloxycarbonyl (Fmoc) chemistry as described

previously (Chang and Meienhofer, 1978). Biotinylation and lipophilic modifications

(Lipo) to peptides were made at the N-terminus (Szente et al., 1996). The addition of a

lipophilic group (palmitoyl-lysine) to the N-terminus of the synthetic peptide facilitates

peptide entry into cells. Peptides were characterized by mass spectrometry and purified

by high performance liquid chromatography (HPLC). Following HPLC analysis each

peptide profile was shown to display a single peak. Peptides were dissolved in either

deionized water, phosphate buffered saline (PBS), or dimethyl sulfoxide (Sigma, St.

Louis, MO) at 20 mg/ml, and stored at -20 °C until use. Peptides were dissolved in either

buffer or complete growth media before use.

Cell Culture and Viruses

PC-3 human prostate cancer cells were obtained from American Type Culture

Collection (ATCC, Manassas, VA) and maintained in F12K medium supplemented with

10% fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml streptomycin at 37 °C in

a 5% C02 atmosphere in 150 cm 2
tissue culture flasks. WEHI-3 murine macrophages

were obtained from the ATCC and maintained in Dulbecco's modified Eagle's medium
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(DMEM) supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 100 ug/ml

streptomycin, and 0.05 M (3-mercaptoethanol at 37 °C in a 5% CO2 atmosphere in 75 cm2

tissue culture flasks. WISH human fibroblast cells were obtained from ATCC and

maintained in DMEM supplemented with 10% fetal bovine serum, 100 units/ml penicillin,

and 100 |ag/ml streptomycin at 37 °C in a 5% CO2 atmosphere in 150 cm2
tissue culture

flasks. Bovine aortic endothelial cells (BAECs) were generously provided by Drs. R.

Johnson and T. Nakagawa of the Division of Nephrology, College of Medicine,

University of Florida. BAEC culture reagents were purchased from Cambrex

(Walkersville, MD). BAECs were cultured according to the manufacturer's instructions in

six-well tissue culture plates at 37°C in a 5% CO2 atmosphere. Starvation medium

contains Eagle's MEM and RPMI 1640 without antibiotics. Encephalomyocarditis virus

(EMCV) was obtained from ATCC and stored at -70 °C until use. For bioassays EMCV

was used at a multiplicity of infection (MOI) of 0.02.

Binding Assay

Tkip, Tkip5A, IFNy(95-125), CDK-2 cyclin box (CDK), and vascular endothelial

growth factor receptor- 1 (VEGFR-1) peptides were incubated in 96-well (Nunc, Polysorp,

Rochester, NY) plates overnight at 4 °C in 0.1 M carbonate binding buffer at a final

concentration of 3 ug/ml. Following overnight incubation, peptides were dried to the

wells of the microtiter plate. Wells were then washed three times with wash buffer

containing 0.9% NaCl and 0.05% tween-20 in Dulbecco's phosphate buffered saline

(PBS) and blocked with 2% gelatin and 0.05% tween-20 in PBS for 2 h at room

temperature to block nonspecific binding. Wells were then washed three times with wash

buffer and incubated with various concentrations (10 mM, 5 mM, 2 mM, 0.7mM, 0.2mM,



37

0.07 raM, 0.02 mM, 0.007 mM) of biotinylated JAK2 WT peptide and biotinylated

p-JAK2 WT peptide for 1 h at room temperature in blocking buffer. Following incubation

wells were washed five times with wash buffer. Biotinylated peptides were detected by

incubation with 1:500 dilution of Neutravidin™ biotin binding-protein conjugated with

horseradish peroxidase (Molecular Probes, Eugene, OR) in blocking buffer for 1 h at

room temperature. Wells were then washed five times with wash buffer to remove

unbound conjugates. A solution of o-phenylenediamine (OPD - HRJP substrate) in stable

peroxidase buffer (Pierce, Rockford, IL) was used to develop the reaction. 2 M H 2S04

was used to halt color development. Absorbance was detected using a 450 microplate

reader (Bio-rad, Hercules, CA) at 490 nm. Control experiments were carried out as

described above in the absence of immobilized peptides.

Competition Experiments

For competition experiments 3 ug Tkip was plated and incubated in 96-well

plates (Nunc, Polysorp, Rochester, NY) overnight at 4 °C. Following washing steps

(0.9% NaCl and 0.05% tween-20 in PBS) and blocking in blocking buffer (2% gelatin

and 0.05% tween-20 in PBS) for 2 hr at room temperature, unlabeled CDK, VEGFR-1,

JAK2WT peptides were incubated for 30 min at room temperature. A final concentration

of 0.7 mM biotinylated JAK2 WT peptide and biotinylated p-JAK2 WT peptide were

incubated for 1 hr in each well to determine extent of competition with unlabeled

peptides. Unlabeled peptides were added at 10-fold excess (7mM) of the biotinylated

JAK2 WT peptides. Binding was detected by incubation with Neutravidin™ biotin

binding-protein conjugated with horseradish peroxidase (1:500, Molecular Probes,

i
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Eugene, OR) in blocking buffer for 1 h at room temperature followed by incubation with

OPD peroxidase solution. The reaction was stopped using 2 M H 2S04 .

In vitro Kinase Assays

Autophosphorylation activity of EGFR and VEGFR-1 was measured in a reaction

mixture containing kinase buffer (20 mM Tris-HCl [pH 7.5], 2 mM dithioreitol, 50 mM

potassium chloride, 0.3 mM sodium orthovanadate, 5 mM magnesium chloride, 10 mM

glycerophosphate, 2 mM EGTA, 1 M manganese chloride), Tkip, substrates, and 5 uCi of

[

32
P]y-ATP (specific activity 6000 Ci/mmol; 1 mCi = 37 Mbq) (Amersham Biosciences,

Piscataway, NJ). EGFR and VEGFR in vitro kinase assays were carried out in 22.5 uL

reaction volumes containing 10 uL Tkip, 2.5 uL substrates, and 10 pL
[

32
P]y-ATP

incubated at 30°C for 10 min. EGFR (supplied precomplexed with EGF) was obtained

from Upstate Biotechnology (Lake Placid, NY). VEGFR and VEGF were obtained from

Calbiochem (San Diego, CA) and Peprotech (Rocky Hill, NJ), respectively.

Determination of JAK2 autophosphorylation activity was performed in reaction

mixtures containing recombinant human JAK2 immobilized on agarose beads (Upstate

Biotechnology, Lake Placid, NY), 1 pCi/pl of
[

32
P]y-ATP (Amersham Biosciences,

Piscataway, NJ), and either Tkip or JAK 2 WT peptide incubated in kinase buffer (10

mM HEPES [pH 7.4], 50 mM sodium chloride, 0.1 mM sodium orthovanadate, 5 mM

magnesium chloride, 5 mM manganese chloride). JAK2 kinase assays were performed in

35 uL reaction volumes containing 10.5 uL Tkip, 20 uL JAJC2 agarose beads, 1 pL

sIFNGR-1, and 3.5 uL
[

32
P]y-ATP incubated at 30 °C for 30 mm with intermittent

agitation. It was determined in our laboratory that addition of a mouse soluble IFNGR-1

subunit dramatically stimulated JAK2 kinase activity and, hence, was added at 2 pg per
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reaction. EGFR, VEGFR, and JAK2 kinase reactions were terminated with the addition

of 5 ul 6X SDS sample buffer (0.5 M Tns-HCl [pH 6.8], 36% glycerol, 10% SDS, 9.3%

dithioreitol, 0.012% bromophenol blue).

Incubation of JAK2 agarose beads in SDS sample buffer (100 °C) was designed

to elute bound proteins from the agarose beads. The reaction mixtures were separated on

a 10% SDS polyacrilamide gel. Autoradiography was used to determine phosphorylation

activity.

Src kinase activity was performed with a Src substrate peptide

(KVEKIGEGTYGVVYK) using a Src kinase assay kit according to the manufacturer's

specifications (Upstate Biotechnology, Lake Placid, NY). Briefly, Src substrate peptide

was incubated in Src kinase buffer (100 mM Tris-HCl [pH 7.2], 125 mM MgCl 2 , 25 mM

MnCl 2 , 2 mM EGTA, 0.02 mM Na3V04 , and 2 mM dithioreitol), 5 uCi of
[

32
P]y-ATP

(75 mM MnCL, 500 uM ATP), recombinant human Src (Upstate Biotechnology, Lake

Placid, NY), and Tkip, JAK2 WT peptide, or in the absence of peptide for 10 min at 30

°C. Reaction mixtures were spotted on P81 phosphocellulose discs (supplied with kit) to

bind phosphorylated Src substrate peptide, washed three times for 5 min with 0.75%

phosphoric acid, washed twice with acetone for 1 min, and placed in vials to which 4 ml

of ScintiVerse® (Fisher, Pittsburgh, PA) was added. The phosphocellulose discs were

analyzed using a liquid scintillation counter to measure
32
P-labeled proteins. For

comparison with Src, JAK2 was also assayed using the same procedure. The assay was

setup as described above for the Src kinase assay. However, reactions were incubated in

the presence of 2 mM dithioreitol in the buffer to release JAK2 from the agarose beads.

Following the appropriate incubation period reactions were gently centrifuged.
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Supematants were spotted on phosphocellulose discs and processed as above. Unless

otherwise stated the peptides used in the kinase reactions described above were used at 50

uM. Immunob lotting was performed in parallel to determine protein levels used in the

kinase reactions. Dose response kinase activity studies of JAK2 and EGFR were

performed as described above.

Antiproliferation Assay

PC-3 cells were plated (2 x 10
5

cells/ml) in 6-well plates and incubated with

various concentrations of Tkip and MuIFNy(95-125) (50 uM, 25 jiM, 12 uM, 6 uM,

3 uM, 1 uM, 0.5 uM, 0 uM) for 5 days at 37 °C in complete media in a 5% C02

atmosphere. Following incubation, cells were trypsinized, centrifuged, and resuspended

in 100 of complete media. Cells were then enumerated directly using a

hemocytometer under a light microscope. Cell viability was assessed using trypan blue

(0.4%, Invitrogen, Carlsbad, CA) exclusion. Trypan blue dye exclusion is a test of plasma

membrane physical integrity. The biological stain is excluded from crossing intact plasma

membranes and therefore stains dead cells. Cell viability was expressed as the percentage

of live cells versus the total (live/dead) number of cells. Direct counts of untreated cells

were used to assess percent inhibition. Values are expressed as the mean ± standard

deviation of independent experiments performed in duplicate.

Immunoblot Analysis

WISH fibroblast cells from the third passage were plated in 6-well plates at a cell density

of 3 x 10
6
cells/well. After overnight incubation with complete culture media WISH cells

were incubated in starvation medium for 17 hours and pretreated with complete culture

media or different concentrations of Tkip (8 uM or 1 uM) for an additional 17 hours at
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37 °C in a 5% C02 atmosphere in complete media. WISH cells were then incubated in the

presence or absence of 5000 U/ml IFNy (PBL Biomedical Laboratories, Piscataway, NJ)

to activate the JAK-STAT pathway. Fibroblast cells were washed twice in cold phosphate

buffered saline (PBS) to remove residual media and cell debris. Cells lysates were

prepared by adding 200 ul of cold lysis buffer (50 mM Tris-HCl, 0.25 M NaCl, 2 mM

EGTA, 2 mM EDTA, 50 mM NaF, 2 mM Na3V04; 2 mM DTT, 20 mM

p-glycerophosphate, 1 mM PMSF, 10% glycerol, 10 fig/ml leupeptin, 10 ug/ml aprotinin,

10 ug/ml pepstatin, 0.25% sodium deoxycholate, 1% NP-40, and 0.1% SDS) to each well.

Lysis was allowed to proceed for lhr at 4 °C (rocking) to ensure complete lysis. Lysates

were then centrifuged at 10, 000 rpm for 10 min to remove cell debris and the supernatant

was transferred to a fresh microcentrifuge tube. Samples containing lysate, lysis buffer,

and sample buffer were heated (100 °C) boiled for 5 min and pulsed centrifuged. Protein

lysates were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) on a 12% polyacrylamide gel (Biorad, Richmond, CA). Proteins were then

transferred to nitrocellulose membranes (Amersham Biosciences) overnight at low

voltage. To reduce nonspecific binding membranes were incubated in blocking buffer

containing 5% nonfat dry milk in PBS for 1 hr at ambient temperature and washed in

wash buffer containing 1% nonfat dry milk and 0.1% Tween-20 in PBS (PBST) three

times. To detect phosphorylated STAT1, membranes were incubated with antibodies to

tyrosine-phosphorylated STAT1 (Cell Signaling Technologies, Beverly, MA)

phosphorylated at tyrosine residue 701 (1 : 100) in wash buffer overnight with agitation at

4 °C. Polyclonal p-STATl antibodies were generated by immunizing rabbits with a

synthetic peptide (KLH coupled) specific for human STAT1 (p-Tyr 701). To detect
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phosphorylated JAK2, membranes were incubated with antibodies to tyrosine-

phosphorylated JAK2 (Upstate Biotechnology) phosphorylated at tyrosine residues

1007/1008 (1:100) in wash buffer overnight with agitation at 4 °C. Antibodies for

p-JAK2 were generated by immunizing rabbits with a synthetic peptide (KLH coupled)

specific to amino acid residues 1002-1013 of murine JAK2 (p-Tyr 1007/1008). After

three washes in PBST, membranes were incubated in HRP-conjugated goat anti-rabbit

IgG secondary antibodies (Santa Cruz, Santa Cruz, CA) at a dilution of 1:5000 in wash

buffer for 1 hr at ambient temperature. Following three washes in wash buffer,

membranes were incubated for 1 min with enhanced chemiluminescence detection

reagents (Amersham), exposed to photographic film to visualize protein bands.

Flow Cytometry

WISH fibroblast cells (2 x 10
6
) were incubated for 48 h with media alone, 25 uM

MuIFNy(95-125) peptide, or lipophilic Tkip (LT) at varying concentrations (1 uM, 10

uM, 25 uM) in the presence or absence of 5000 units/ml IFNy in 6-well culture plates at

37 °C in a 5% C02 atmosphere. Following incubation, cells were washed twice with PBS

and harvested by trypsinization into two sets of 5 ml round bottom polystyrene tubes

(Fisher, Pittsburgh, PA) and washed twice with PBS. For cell surface staining, a direct

immunofluorescence protocol was employed. Briefly, cells were incubated on ice with a

100 ul staining solution in PBS of either anti-human MHC class I monoclonal antibody

conjugated to R-phycoerythnn (R-PE, 1:100) or with monoclonal mouse IgG2a antibody

conjugated to R-PE (1:100) as an isotype control for 1 h at room temperature in the

absence of light. The fluorescent-conjugated isotype antibody was used to determine

background fluorescence by identifying nonspecific binding of the monoclonal antibody
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to WISH cells. The above antibodies were purchased from Ancell Corporation (Bayport,

MN). Following incubation, cells were then washed three times with PBS to remove

unbound antibody molecules. WISH fibroblast cells were finally resuspended in 500 ul of

PBS and analyzed on a FACScan fluorescence-activated cell sorter (Becton Dickinson,

San Jose, CA). The apparatus was equipped with an argon laser. The red fluorescence of

R-PE was excited at 488 ran. Cell debris was isolated from intact cells by performing

forward and side scatter analysis on each sample and therefore excluded from the

analysis. The fluorescence intensity of the negative controls were subtracted from the

mean fluorescence for the R-PE labeled cells. For each sample 10,000 stained cells were

examined. Flow cytometry data were analyzed using CellQuest analysis software (Becton

Dickinson, San Jose, CA).

Antiviral Assay

Antiviral activity was determined using a standard viral cytopathogenic effect

assay described previously with minor modifications (Szente et al., 1996). Antiviral

assays were performed to evaluate the ability of Tkip to block antiviral activity mediated

by IFNy. Briefly, WEHI-3 murine macrophage cells (5xl0
5

) were incubated with either

media alone, 2000 U/ml IFNy, or both 2000 U/ml IFNy and 10 uM lipophilic Tkip for 24

h in 24-well plates (Becton Dickinson Labware, Franklin Lakes, NJ) at 37 °C in a 5%

C0 2 atmosphere. Following incubation, WEHI-3 cells were washed three times with

growth media and infected with EMCV for 1 h at 37 °C. EMCV was added at a

multiplicity of infection (MOI) of 0.02. WEHI-3 cells were then washed three times to

remove viral particles and incubated in fresh growth media for an additional 24 h at 37

°C. Plates were subsequently blotted dry and stained with 0.1% crystal violet solution for
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5 min to stain live cells. Unbound crystal violet was aspirated and the plates were

thoroughly rinsed with deionized water, blotted, and allowed to air dry. Plates were then

scanned using an Astra 2100U flatbed computer scanner (UMAX Technologies, Dallas,

TX) and analyzed using ImageJ 1.29 software (NIH) to assess cell survival. Percentages

of cell survival were determined by comparing experimental treatment groups with the

virus only control group. Recombinant murine IFNy (specific activity 1 x 10
7
U/ml) used

in the antiviral assay described above were obtained from PBL (Camarillo, CA).

Immunoprecipitation

Bovine aortic endothelial cells were plated at a density of 3xl0
6
/well in 6-well

plates and allowed to incubate for 10 hrs at 37 °C. Growth media was then removed and

replaced with growth media with or without peptides at the indicated concentrations

overnight at 37 °C. Cells were then treated with serum-free medium alone or serum-free

medium containing peptides at the indicated concentrations for 2 hrs. BAECs were then

incubated in the presence or absence of 50 ng/ml VEGF (Upstate Biotechnology) in

serum-free media for 10 min and lysed with 500 pi lysis buffer. Cells were lysed in lysis

buffer containing 50 mM Tns-HCl [pH 7.4], 0.25 M NaCl, 2 mM EGTA, 2 mM EDTA,

50 mM NaF, 2 mM Na3V04 , 2 mM DTT, 20 mM P-glycerophosphate, 1 mM PMSF,

10% glycerol, 10 ng/ml leupeptin, 10 ng/ml aprotinin, 10 ng/ml pepstatin, 0.25% sodium

deoxycholate, 1% NP-40, and 0.1% SDS for 1 hr at 4 °C while rotating. Lysates were

microcentrifuged at 7,000 x g at 4 °C for 15 min to remove cell deris and nuclei.

Supernatants were transferred to a new microtube and incubated with 1 ug/ml anti-

VEGFR-2 polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 2 hrs at

4 °C while rotating. Protein G-Sepharose beads (40 pL, 1:1 slurry) were added to the
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supernatant and allowed to incubate for 1 hr at 4 °C while rotating. Following

centrifugation to pellet the protein G immune complexes, supernatant was removed and

discarded. The immune complexes were subsequently washed three times with lysis

buffer and twice with PBS. For SDS-PAGE analysis, immune complexes were boiled

(100 °C) in 35 pi of SDS sample buffer for 5 min and resolved on a 12% polyacrylamide

gel. Following transfer to nitrocellulose membranes, membranes were blocked, washed,

and treated with specific antibodies to detect phosphorylated tyrosine proteins (4G10,

Upstate Biotechnology) and VEGFR-2 proteins. Detection of proteins was accomplished

using enhanced chemiluminescence protein detection reagents (Amersham).

Cell Cycle Analysis

DU145 and LNCaP cells (2 x 10
6
) were plated in 6-well plates overnight in

complete growth medium to allow cells to adhere to the plate. Cells were then incubated

in starvation medium for 48 h at 37 °C in a 5% CO2 atmosphere to allow cellular

synchronization in the G0/G1 phase. Cells were then treated with media alone, Tkip or

DMSO in media for 24 h at 37 °C. Following treatments, cells were washed twice with

PBS, harvested by trypsinization for 5 min, neutralized with complete growth media, and

collected in 5-ml round bottom polystyrene tubes (Fisher, Pittsburgh, PA). Cells were

then washed three times with PBS and resuspended in 100 pi of sample buffer (1%

glucose in PBS) to which 1 ml of ice-cold ethanol was added and incubated for 30 min on

ice. Following the fixation step, cells were then washed three times with sample buffer to

remove ethanol and finally resuspended in sample buffer containing 45 pg/ml propidium

iodide solution and 45 U/ml RNase A (Sigma, St. Louis, MO). Cells were incubated for

1 h at room temperature in the absence of light and analyzed by fluorescent-activated cell
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sorting on a FACSort (Becton Dickinson, San Jose, CA). Flow cytometric data were

analyzed using ModFit LT™ software (Topsham, ME).



CHAPTER 3

RESULTS

Tyrosine Kinase Inhibitor Peptide (Tkip)

The autophosphorylation site of JAK2 consists of residues
l00lLPQDKEYYKVKEP

with
,007Y as the tyrosine autophosphorylation residue that results in activation of JAK2

(Feng et al., 1997). The focus was on the complementary peptide approach to develop a

short peptide capable of binding to this site (Villian et al., 2000). This approach was used

to develop peptides that bind to the neuropeptide arginine vasopressin (Johnson and

Torres, 1988). The complementarity refers to the hydropathic complementarity, which

has been shown empirically to result in peptide/peptide binding (Villian et al., 2000).

Recently, an algorithm has been developed that specifies the "best" complementarity fit

(Fassina et al., 1992). The sequences of several peptides varied in their complementarity

to
1 00

1

LPQDKEYYKVKEP were generated. It was discovered that the best

complementary fit did not necessarily result in the best binding to JAK2 peptide (data not

shown). Thus, the best binding which was not the best complementary fit occurred with

complementary peptide WLVFFVIFYFFR. This peptide was developed by reading the

complementary strand codons in the JAK2 autophosphorylation site in the 5 '-3' direction

as originally described in detail by others (Blalock and Bost, 1986). The sequences of the

peptides used are presented in Table 5.

47
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Tkip Binds to the Autophosphorylation Site of JAK2

Data on binding of WLVFFVIFYFFR to
1001LPQDKEYYKVKEP, as determined

by ELISA, are presented in Figure 5. Biotinylated JAK2 autophosphorylation peptide

Table 5. Amino Acid Sequences of the Peptides Used in this Study.

Peptide
3

Sequence

Tkip WLVFFVIFYFFR
JAK2 WT 100'LPQDKEYYKVKEP
P-JAK2 WT ,001LPQDKEgYKVKEP
JAK1 1 0 1

6

IETDKEYYTVKDD
TYK2 1048VPEGHEYYRVRED
VEGFR-1 ' 208

SSDVRYVNAFKFM
CDK-2 cyclin box

41KTEGVPSTAIREISLLKELNH
MuIFNy(95-125) 95AKFEVNNPQVQRQAFNELIRVVHQLLPESSL

Peptides were synthesized as described in Materials and Methods. Murine IFNy
sequence is derived from the mature form. Lipophilic group modifications were added to

the N-terminus of the peptide. Tyrosines targeted for phosphorylation are indicated in

bold. Tkip = tyrosine kinase inhibitor peptide (12 amino acids), JAK2 = Janus Kinase 2,

JAK1 = Janus Kinase 1, TYK2 = Tyrosine Kinase 2, WT = wild type, P =

phosphorylated, VEGFR-1 = vascular endothelial growth factor receptor- 1, CDK =

cyclin dependent kinase. The square denotes the phosphotyrosine moiety. The JAK2 WT
sequence is the same for both mice and humans.

(biotinylated JAK2 WT) was added at different concentrations to solid-phase

complementary peptide, designated tyrosine kinase inhibitory peptide Tkip, as well as to

solid-phase control peptides. These control peptides consisted of IFNy sequence 95-125

(IFNy 95-125), cyclin-dependent kinase, cyclin box peptide 41-61 (CDK 41-61), and

vascular endothelial growth factor receptor autophosphorylation peptide VEGFR 1208-

1222. As shown in Figure 5A, JAK2 WT bound only to Tkip in a dose-dependent manner.

Binding to the control peptides was neglible. In ELISA competitions, JAK2 WT but

neither CDK 41-61 nor VEGFR 1208-1222, inhibited biotinylated JAK2 WT binding
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Figure 5. Binding of Tkip by JAK2 Autophosphorylation Peptide, JAK2 WT.
(A) Direct binding of wild type JAK2 WT peptide (see Table 5 for sequences) to Tkip.

The wild type JAK2 peptide was synthesized with a biotin group incorporated at its N-

terminus during peptide synthesis, and the peptide purified. Biotinylated JAK2 WT
peptide, at the indicated concentrations, was added in triplicate to wells of 96-well plates

coated with either Tkip, VEGFR peptide, CDK-2 cyclin box peptide, or MuIFN-){95-125)

peptide (see Table 5 for sequences). Wells were blocked with PBS + 2% gelatin + 0.1%

Tween-20. The assay was developed using standard ELISA methods using a neutravidin-

HRP conjugate to detect bound biotinylated wild type JAK2. Non-specific binding was

determined from wells that were not coated with any peptide to which the same

concentrations of biotinylated peptide were added.

(B) Biotinylated wild type JAK2 peptide was bound to Tkip coated on 96-well plates,

either in the absence (100% binding) or presence of indicated concentrations of JAK2
WT peptide, VEGFR peptide or an unrelated peptide [MuIFNt(95-125)]. Bound
biotinylated wild type JAK2 peptide was detected by ELISA using a neutravidin-HRP

conjugate. The data are representative of at least two separate experiments.
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to Tkip (Figure 5B). The binding data suggest that the Tkip peptide specifically

recognized JAK2 WT.

Tkip Inhibits Kinase Activity of JAK2

Since Tkip was originally synthesized to abolish JAK2 activity, it was necessary

to determine whether Tkip could inhibit JAK2 autophosphorylation as well as

phosphorylation of IFNy receptor subunit IFNGR-1 in vitro. In the autophosphorylation

assay, Tkip was incubated with radiolabeled ATP, full length JAK2 protein and rFNGR-1.

Following incubation, samples were subjected to SDS-PAGE and autoradiography to

assess kinase activity. As shown in Figure 6, Tkip at 50 uM inhibited both the

autophosphorylation of JAK2 as well as JAK2 phosphorylation of IFNGR- 1 . A control

peptide, JAK2 WT, at the same concentration had no effect on JAK2-induced tyrosine

phosphorylations.

1. JAK2 alone

2 JAK2 + IFNGR-1

3. JAK2 + IFNGR-1 + Tkip (50 uM)
4. JAK2 + IFNGR-1 + Control Peptide (50 |iM)

5. JAK2 + IFNGR-1 + Genistein (10 p.M)

1 2 3 4 5

p-IFNGR-1

•^iii jak2

Figure 6. Kinase Inhibitory Specificity of Tkip.

Tkip peptide was added at 50 uM, where indicated, to in vitro kinase assays measuring
JAK2 autophosphorylation. Kinase reactions were subjected to SDS-PAGE and the gels

dried. Dried gels were subjected to autoradiography to detect
32
P-labeled proteins (upper

and middle panels). The negative control peptide was the JAK2 WT peptide used at the

same concentration. Genistein, a nonspecific inhibitor of JAK2, was used as a positive

control. Total JAK2 protein was measured from separate reactions that were subjected to

SDS-PAGE and the proteins Western transferred to a nitrocellulose membrane followed
by detection with standard immunoblotting and ECL detection protocols (bottom panel).

The data are representative of at least two separate experiments.
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Thus, consistent with Tkip binding to JAK2 WT, it also inhibited JAK2

autophosphorylation as well as JAK2 phosphorylation of IFNGR-1. It should be noted

that JAK2 autophosphorylation itself was dependent on the presence of the IFNGR-1

receptor subunit in the reaction mixture. Thus, Tkip inhibited the kinase activity of JAK2.

Tkip Does Not Inhibit Kinase Activity of VEGFR or c-Src

Tkip was next tested for its inhibitory effects against several other tyrosine

kinases. VEGFR is involved in the development and growth of the vascular endothelial

system (Ferrara et al., 2003). As shown in Figure 7, Tkip at 50 uM did not inhibit the

autophosphorylation of VEGFR, but under the same conditions completely inhibited

JAK2 autophosphorylation as well as JAK2 phosphorylation of IFNGR-1 (Figure 10).

Thus, compared to VEGFR, Tkip shows specificity toward JAK2. This is consistent with

the failure of Tkip to bind to VEGFR autophosphorylation site as per Figure 5.

Next Tkip was tested against a nonautophosphorylation tyrosine kinase, c-src.

As shown in Figure 7, Tkip at 50 uM failed to inhibit c-src phosphorylation of a protein

substrate. By contrast, Tkip significantly blocked JAK2 autophosphorylation/IFNGR-1

phosphorylation as estimated by greater than 95% inhibition of
32
P incorporation into

JAK2/IFNGR- 1 (Figure 8B). Thus, the data on Tkip failure to block VEGFR and c-src

tyrosine phosphorylations are evidence of specificity of Tkip for inhibition of JAK2

autophosphorylation via interaction with the JAK2 autophosphorylation site.

Tkip Inhibits Kinase Activity of EGFR

Interaction of Tkip with the JAK2 autophosphorylation site and inhibition of

JAK2 function raises the question of possible functional relationship of Tkip to a group
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1. VEGFR alone

2. VEGFR + Tkip (50 uM)

3. VEGFR + Control Peptide (50 uM)

1 2 3

p-VEGFR

VEGFR

Figure 7. Tkip Does Not Inhibit Autophosphorylation of VEGFR.
Tkip peptide was added at 50 /iM, where indicated, to in vitro kinase assays measuring

VEGFR autophosphorylation. The control peptide was the JAK2 WT peptide (see Table

5) used at the same concentration. Kinase reactions were subjected to SDS-PAGE and the

gels dried. Dried gels were subjected to autoradiography to detect
32
P-labeled proteins

{upper panel). Total VEGFR protein was measured from separate reactions that were
subjected to SDS-PAGE and the proteins Western transferred to a nitrocellulose

membrane followed by detection with standard immunoblotting and ECL detection

protocols {lower panel).

of regulators called suppressors of cytokine signaling or SOCS. SOCS are recently

discovered negative regulators of cytokines, growth factors, and hormone signaling

(reviewed in Kile et al., 2002; Alexander, 2002; Larsen and Ropke, 2002; Hanada et al.,

2003). Currently, there are eight identified members of the SOCS family, SOCS-1 to

SOCS-7 and CIS. SOCS-1 and SOCS-3 are of interest to the current studies as they are

the negative regulators of both JAK2 and the epidermal growth factor receptor (EGFR)

(reviewed in Kile et al., 2002; Alexander, 2002; Larsen and Ropke, 2002; Xia et al., 2002;

Hanada et al., 2003). Therefore, it was next determined whether Tkip could inhibit EGFR

tyrosine kinase activity. As shown in Figure 9 Tkip at 50 uM completely inhibited EGFR

autophosphorylation. For comparison, Tkip also inhibited JAK2 autophosphorylation as
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A

None c-Src alone c-Src + Tkip c-Src +

Control Peptide

B.

JAK2 alone JAK2 * IFNGR-1 JAK2 * IFNGR-1
+ Tkip

Figure 8. Tkip Does Not Inhibit Tyrosine Phosphorylation Activity of c-Src.

(A) Tkip peptide was added at 50 /dVl, where indicated, to in vitro kinase assays
measuring c-src tyrosine phosphorylation of a synthetic substrate peptide. C-src kinase
activity was determined using a kit purchased from Upstate Biotechnology (Lake Placid,

NY). The control peptide (c-src + Control peptide) was the JAK2 WT peptide used at the

same concentration. None represents reactions without c-src or peptides as a measure of
background. Triplicate samples of the kinase reactions were spotted on P81 cellulose

discs, and processed as described by the manufacturer. The discs were counted for

radioactivity, and kinase activity is reported as percentage of the activity of the reaction
containing neither Tkip nor control peptide (c-src alone), after subtraction of background
(None).

(B) Tkip inhibition of kinase reactions for JAK2 were setup as described in Figure 6 as a

positive control, but samples were processed as in 2C. Activity is reported as percentage
of activity in reactions containing JAK2 and IFNGR-1 alone, after subtraction of
background.

i
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well as JAK2 phosphorylation of IFNGR-1 (Figure 10). Thus, Tkip inhibited EGFR

autophosphorylation, which is consistent with its specificity for the SOCS-1 and SOCS-3

autophosphorylation sites of JAK2 and EGFR. It should be kept in mind that EGFR

autophosphorylation is complex with up to five autophosphorylation sites (Wells, 1999).

Thus, just how SOCS-1 and SOCS-3 recognize EGFR is currently not known.

1. EGFR alone

2. EGFR + Tkip (50 uM)

3. EGFR + Control Peptide (50 uM)

1 2 3

** ^ — p-EGFR

Figure 9. Tkip Inhibits Autophosphorylation of EGFR.

Tkip was added at 50 /xM, where indicated, to in vitro kinase assays measuring EGFR
autophosphorylation. The negative control peptide, 50 uM, was the same as in Figure 2A
(JAK2 WT, see Table 5). Kinase reactions were subjected to SDS-PAGE and the gels

32 •

dried. Dried gels were subjected to autoradiography to detect P-labeled proteins {upper

panel). Total EGFR protein was measured from separate reactions that were subjected to

SDS-PAGE and the proteins Western transferred to a nitrocellulose membrane followed

by detection with standard immunoblotting and ECL detection protocols {lower panel).

1. JAK2 alone

2. JAK2 + IFNGR-1
3. JAK2 + IFNGR-1 + Tkip (50 uM)
4. JAK2 + IFNGR-1 + Control Peptide (50 uM)

12 3 4

—« m& -^p-JAK2

mm «M» ^jp-IFNGR-1

Figure 10. Positive Control for In Vitro Kinase Assay.

Samples were set up and run as in Figure 6. This experiment was run in parallel with that

of Figures 7 and 9.
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Tkip Inhibits Kinase Activity of JAK2 and EGFR in a Dose Dependent Manner

We next compared Tkip inhibition of JAK2 and EGFR autophosphorylation in a

dose-response study. As shown in Figure 11, Tkip similarly inhibited autophos-

phorylation of JAK2 (Figure 11 A) and EGFR (Figure 1 IB) with 25 to 50 uM

significantly blocking JAK2 autophosphorylation and 12 to 25 uM blocked IFNGR-1

phosphorylation by JAK2, while 6 to 12 uM significantly blocked EGFR phos-

phorylation. Thus, the patterns of dose-response inhibition of JAK2 and EGFR were

similar. It is of interest that Tkip inhibited JAK2 phosphorylation of IFNGR-1 at a lower

concentration than that for JAK2 autophosphorylation itself. This suggests that Tkip can

block JAK2 phosphorylation of a substrate (IFNGR-1) more effectively than the

autophosphorylation of JAK2, which may reflect the possibility that Tkip binds

phosphorylated JAK2 more effectively than it does unphosphorylated JAIC2.

Tkip Preferentially Binds to the Activated JAK2 Autophosphorylation Site

The binding data of Figure 5 involved JAK2 WT that was not phosphorylated at
1007

Y.

JAIC2 WT recognition by SOCS-1 has been shown to involve phospho
1007Y (Kile et al.,

2002). Thus, Tkip does not need phosphorylation of
1007Y in order to bind to JAK2 WT.

We were, however, interested in determining the relative binding of Tkip to JAK2 WT

unphosphorylated versus phosphorylation at
1007Y (p-JAK2 WT). As shown in Figure 12,

Tkip bound both JAK2 WT and p-JAK2 WT in a dose-dependent manner, but binding

was most efficient to p-JAK2 WT. Fifty percent endpoint concentrations were

approximately 9-fold lower for p-JAK2 WT binding versus unphosphorylated JAK2 WT

binding. Thus, phosphorylation of
1007Y enhances Tkip binding to the JAK2

autophosphorylation site.
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50 25 12 6 3 0 ;Tkip (|.iM)

IFNGR-1

B. 50 25 12 6 3 0 : Tkip (fiM)

« P32-EGFR

<4 EGFR

Figure 11. Dose Response of Tkip Inhibition of JAK2, IFNGR-1, and EGFR
Phosphorylation In Vitro.

(A) Tkip was incubated with JAK2, IFNGR-1, and
32P-ATP for 30 min at 30 °C at the

indicated concentrations. The kinase reaction was resolved on a 10% SDS-PAGE. The

gel was dried and exposed to photographic film for 1 hr at -70 °C to detect

phosphorylated proteins (upper panel). Kinase reaction mixtures were subjected to

immunob lotting with a probe specific for JAK2 and IFNGR-1 as an internal protein

loading control (second and fourth panel).

(B) Tkip was incubated with EGF, EGFR, and
32P-ATP for 10 min at 30 °C at the

indicated concentrations. The kinase reaction was resolved on a 10% SDS-PAGE. The

gel was dried and exposed to photographic film for 1 hr at -70 °C to detect

phosphorylated proteins (upper panel). Kinase reaction mixtures were subjected to

immunoblotting with a probe specific for EGFR as an internal protein loading control

(lower panel). The data are representative of at least two separate experiments.

Tkip Inhibits STATla Activation Not Activation of VEGFR

It has been firmly established that tyrosine phosphorylation of STAT la at a specific

tyrosine residue (Tyr 701) is required for the activation, dimerization, nuclear

translocation, and subsequent downstream biological effects of IFN-7 stimulation

(Boehm et al, 1997). To assess whether Tkip could inhibit intracellular STATla

activation we investigated the effect of Tkip on STATla tyrosine phosphorylation in
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Figure 12. Binding of Unphosphorylated JAK2 WT Peptide Versus Phosphorylated

JAK2 WT Peptide to Tkip.

Various concentrations of biotinylated unphosphorylated JAK2 WT (JAK2 WT) and

biotinylated phosphorylated JAK2 WT (p-JAK2 WT) peptides were incubated in the

presence of immobilized Tkip. Binding was measured by solid phase binding assays. The

data are representative of two independent experiments performed in triplicate. Binding

of phosphorylated JAK2 WT peptide versus unphosphorylated JAK2 WT peptide was

found to be statistically significant (p < 0.005) by Student's t-test.

human fibroblast WISH cells. Cells were treated with lipophilic Tkip and IFN7 as

indicated in Figure 13A and whole cell lysates were examined using immunoblot analysis

with antibodies specific for STAT la and phosphorylated STAT la. Cells pretreated with

8 uM Tkip for 17 hr and subsequently stimulated with 5000 U/ml IFNy for 30 min

showed complete abolishment of IFNy induced STAT la tyrosine phosphorylation. Cells

pretreated with 1 uM Tkip and stimulated with IFNy showed no effect on STAT la

phosphorylation, suggesting that low concentrations of Tkip are not sufficient to inhibit

IFNy induced phosphorylation of STAT la. A lipophilic irrelevant peptide, MuIFNy(95-

125), was used to show that the results observed were not dependent solely on the
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lipophilic modification of Tkip. Tyrosine phosphorylation of STAT la was not affected

in cells treated with IFNy in the absence of Tkip. As expected STAT la phosphorylation

was not observed in the absence of IFNy treatment. STATla protein levels in each

treatment group were monitored by reprobing the membrane with anti-STATla

antibodies. By contrast Tkip, under the same conditions, failed to inhibit VEGFR

activation in bovine aortic endothelial cells as determined by autophosphorylation of

VEGFR (Figure 13B).
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1 . Media
2. IFNy alone
3. IFNy + 95-125
4. IFNy + Lipo-Tkip, 8
5. IFNy + Lipo-Tkip, 1 |J.M

6. Lipo-Tkip alone, 8 |uM

1 2 3 4 5 6

, — p-STAT1

— mmm — •—» —- STAT1

B.
1 . Media
2. VEGF alone
3. VEGF + 95-125
4. VEGF + Lipo-Tkip, 8 |^M
5. VEGF + Lipo-Tkip, 1 (aM
6. Lipo-Tkip alone, 8 (J.M

1 2 3 4 5 6

. m ~ *<«»?' — P-VEGFR

m£ —» VEGFR

Figure 13. Tkip Inhibits IFNy Induced STAT la Activation in WISH Cells But Does Not

Inhibit VEGF Induced Activation of VEGFR in Bovine Aortic Endothelial Cells

(BAECs).

(A) Serum-starved WISH cells were pretreated with media alone or Tkip (8 uM or 1 uM)

for 17 hr. Following 30 min incubation in the presence or absence of 5000 U/ml IFNy,

cells were washed, harvested, and lysed. Whole cell extracts were resolved by 12% SDS-

PAGE, transferred to nitrocellulose membranes, and examined using specific antibodies

to phosphorylated STAT la (p-Tyr 701, upper panel). The membrane was striped and

reprobed with antibodies specific to unphosphorylated STAT la to demonstrate equal

protein loading (lower panel). Data are representative of at least two separate experiments.

(B) BAECs were pretreated with media alone or Tkip (8 uM or 1 p.M) overnight prior to

2 hr incubation in serum free media. Following starvation, BAECs were treated with or

without 50 ng/ml of VEGF for 15 min in the presence or absence of various

concentrations of Tkip (8 uM or 1 uM). VEGFR phosphorylation was monitored using

immunoprecipation (anti-VEGFR) and immunoblot (anti-pY) analysis. The membrane

was striped and reprobed with antibodies specific to VEGFR to demonstrate equal protein

loading (lower panel). Data are representative of at least two separate experiments.
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These results clearly demonstrate the ability of Tkip to inhibit IFNy mediated

intracellular phosphorylation of STATla at the level of the cell.

Tkip Inhibits Antiviral Activity

Functionally, since Tkip inhibits JAK2 autophosphorylation and subsequent

phosphorylation of IFNGR-1, and phosphorylation of STATla, one would predict that

Tkip would inhibit IFNy induced antiviral activity. Accordingly, we infected WEHI-3

cells with encephalomyocarditis (EMC) virus and protected the cells against EMC virus

cytopathogenic effects (CPE) with 2000 U/ml mouse IFNy. Treatment of WEHI-3 cells

with 10 uM Tkip (lipophilic for cell membrane penetration) along with IFNy resulted in

approximately 75% reduction in IFNy antiviral activity as per increased CPE of EMC

virus (Figure 14). A lipophilic control peptide failed to affect IFNy antiviral activity, so

the lipophilic Tkip effect was due to Tkip. Thus, consistent with inhibition of JAK2

tyrosine kinase activity, Tkip blocked the antiviral effects of IFNy.

Tkip Inhibits MHC Class I Upregulation

Another well-established function of IFNy is the upregulation of MHC class I

molecules on cells. Accordingly, we treated human WISH cells with 5000 U/ml of

human IFNy, which resulted in over 3-fold increase in MHC class I as per FACS analysis

(Figure 15). Lipophilic Tkip at 10 uM or 25 uM completely blocked upregulation of

MHC class I expression, and in fact reduced the baseline constitutive expression ofMHC

class I molecules. A control lipophilic peptide (MuIFNy(95-125) had no effect. Thus, in

addition to inhibition of IFNy antiviral activity, Tkip also inhibited IFNy upregulation of

MHC class I molecules.
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I25n

Figure 14. Tkip Inhibits the Antiviral Activity of IFN7 Against EMC Virus on WEHI-3
Cells.

WEHI-3 cells were preincubated either in the absence of peptide {Media), in the presence

of IFNy(2000 U/ml) alone, or IFN7+ 10 uM of lipopeptides as indicated, for 24 hr. The
control lipopeptide was the lipophilic version of JAK2 WT (see Table 5 for sequence).

Cells were then challenged with EMC (encephalomyocarditis) virus for another 24 hr.

Cells were then stained with crystal violet, the dye extracted and the absorbance

measured. Values are normalized percentages of cell survival determined by setting cells

treated with EMC virus alone (EMCV) as 0% and cells with not virus treatment (Media)

as 100%. The data are representative of at least two separate experiments. The difference

in cell survival for cells incubated in the presence (IFN7 + EMCV + Lipo-Tkip) or

absence (IFN7+ EMCV) of Lipo-Tkip was found to be statistically significant (p < 0.005)

by Student's t-test.
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Figure 15. Downregulation of IFN7 Induced Cell Membrane Expression ofMHC Class I

on WISH Cells Using Tkip.

(A) WISH cells were treated in the presence or absence of IFN7 (5000 U/ml) and various

concentrations of Lipo-Tkip (LT) for 48 h. Cells were then stained with R-PE conjugated

monoclonal antibody specific for human MHC class I. R-PE conjugated mouse IgG2a
was used as an isotype control. The data are presented as mean fluorescence intensity.

(B) Overlapping histograms indicate untreated cells (bold line), IFN7 treated cells

(dashed line), and LT + IFN7 treated cells (thin line).
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The fact that Tkip inhibited murine IFNy antiviral activity on WEHI cells (Figure 14) and

human IFNy upregulation ofMHC class I molecules on human WISH cells (Figure 15) is

consistent with the autophosphorylation sites of murine and human JAK2 (Table 5)

consisting of the same amino acid sequence.

Effects of Tkip on STAT3 Activation in Human Prostate Cancer Cell Lines

DU145 prostate cancer cells have constitutively activated STAT3 as a result of

autocrine IL-6 production (Smith et al., 2001). JAK2 is involved in STAT3 phosphorylation

in cells by IL-6, and SOCS-1 has been shown to inhibit this phosphorylation (Fujimoto and

Naka, 2003). Treatment of DU145 cells with 8 /iM lipo-Tkip blocked constitutive

phosphorylation of STAT3 (Figure 16A). STAT3 is not constitutively phosphorylated in

LNCaP prostate cancer cells, since this cancer cell line does not constitutively produce IL-6

(Lou et al., 2000). We treated LNCaP cells with IL-6 in a dose-response fashion and

observed maximum phosphorylation of STAT3 with 10 ng/mL IL-6 (Figure 16B). Lipo-

Tkip at 10 ixM blocked STAT3 phosphorylation (Figure 16B). Thus, Tkip blocked

constitutive (endogenous IL-6) and exogenous IL-6 induced STAT3 phosphorylation in

prostate cancer cell lines. These results contain interesting implications for both cancer and

inflammation, and they demonstrate that Tkip shows SOCS-1 mimetic activity in inhibition

of IL-6 induced phosphorylation of the transcription factor STAT3 (Fujimoto and Naka,

2003).

Tkip Inhibits Cell Cycle Progression in Human Prostate Cancer Cell Lines

IL-6 induced STAT3 activation has been implicated in cell proliferation of

prostate cancer cell lines (Lou et al., 2000; Smith et al., 2001). To test whether Tkip

could inhibit cell cycle progression, prostate cancer cells (DU145 and LNCaP cell lines)
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were serum-starved in serum free media for 48 h to synchronize cells in the Gl phase of

the cell cycle, and then cultured for 24 h in complete growth medium to initiate cell

cycling in the presence or absence of increasing concentrations of Tkip, or control

peptide MuIFN-y(95-125). Lipophilic versions of Tkip and the control peptide were used

in these experiments. Following peptide treatment, cells were harvested and cell cycle

progression was assessed using propidium iodide staining. To represents cells harvested

following serum-starvation and are an indication of the extent of synchronization of cells

in Go/Gi before peptide treatment.

The data in Table 6 shows the effects of Tkip on DU145 prostate cancer cells.

Synchronized cells stimulated with complete growth medium in the absence of peptide

showed progression into the cell cycle by 24 h. hi contrast, cells treated with Tkip

showed a dose dependent effect of inhibition of cell cycle progression into the S phase,

with almost complete inhibition at 10 (similar percent of cells in G0/Gi as the cells at

T0). Control peptide at 10 /xM had no effect on cell cycle progression. As shown in Table

7, essentially similar results were obtained with LNCaP prostate cancer cells when

treated with the same concentrations of Tkip. Thus, Tkip inhibits the cell cycling, and

hence the proliferation, of both DU145 and LNCaP prostate cancer cells.

Tkip Inhibits Antiproliferative Activity of PC-3 Prostate Cancer Cells

To investigate the antiproliferative effects of Tkip on the human prostate cancer

cell line PC-3, standard cell enumeration protocols using tyrpan blue exclusion were

employed following incubation for 120 hr. For appropriate controls, cells were treated

with a lipophilic version of MuIFNy(95-125) at the same concentrations. Percent cell
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viability demonstrated the dose response effect of Tkip on PC-3 prostate cancer cell

proliferation (Table 8).

1 . Media
2. IFNy
3. 95-125
4. Lipo-Tkip (8 nM)
5. Lipo-Tkip (5 (.iM)

6. Lipo-Tkip (1 M M)

DU145

1 2 3 4 5 6

I

p-STAT3

— STAT

3

1 . Media
2. IL-6 (.01 ng/ml)
3. IL-6 (.1 ng/ml)
4. IL-6 (.5 ng/ml)
5. IL-6 (1 ng/ml)
6. IL-6 (10 ng/ml)

7. Media + Lipo-Tkip (10 |aM)
8. IL-6 (.01 ng/ml) + Lipo-Tkip (10 (.iM)

9. IL-6 (.1 ng/ml) + Lipo-Tkip (10 j.iM)

10. IL-6 (.5 ng/ml) + Lipo-Tkip (10 uM)
11. IL-6 (1 ng/ml) + Lipo-Tkip (10 |aM)
12. IL-6 (10 ng/ml) + Lipo-Tkip (10 ^iM)

LNCaP

2 34 5 6 7 8 910 11 12
P-STAT3

STAT3

Figure 16. Effects of Tkip on Human Prostate Cancer Cell Lines DU145 and LNCaP.
(A) Tkip blocks constitutive STAT3 activation in DU145 cells. Cells were treated in the
presence or absence of Tkip for 20 h at the indicated concentrations. Cell lysates were
immunoblotted with polyclonal antibodies specific for phosphorylated STAT3 (Tyr 705).
Determination of equal protein loading was performed by probing membranes for STAT3
after striping membrane.

(B) Tkip blocks IL-6 induced STAT3 activation in LNCaP cells. Cells were treated with
varying doses of IL-6 in the presence and absence of Tkip for 20 h. Cell lysates were
immunoblotted with polyclonal antibodies specific for phosphorylated STAT3 (Tyr 705)
as above. Determination of equal protein loading was performed by probing membranes
for STAT3 after striping membrane. Data are representative of two independent
experiments.
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Table 6. Effects of Tkip on the Cell Cyc le of DU145 Prostate Cancer Cells.

G0/G,

Cell Cvrle

s

Phase (%\ a

G2/M
Media (T0 ) 90.0 4.9 5.1

Media 68.6 20.6 10.8

MuIFNy(95-125)(10 pM) 69.3 26.7 4.0

Tkip(l pM) 69.8 24.9 5.3

Tkip (5 pM) 70.5 27.1 2.4

Tkip (10 pM) 85.5 12.8 1.7

a
Data are representative of two independent experiments. Statistical significance was

shown by Students 's /-test between percent G0/G, phase for cells treated with control
lipophilic peptide and Tkip at 10 pM (p < 0.05).

Table 7. Effects of Tkip on the Cell Cycle of LNCaP Prostate Cancer Cells.

Cell Cycle Phase (%)
b

Go/G, S G 2/M
Media (T0) 82.2 7.4 10.4
Media 68.8 13.0 18.2
MuIFNy(95-125)(10/zM) 65.0 28.9 6.1

Tkip(l uM) 62.7 34.3 3.0
Tkip (5 uM) 72.7 24.3 3.0
Tkip (10 pM) 83.0 13.7 3.3

Data are representative of two independent experiments. Statistical significance was
shown by Students's /-test between percent Go/G, phase for cells treated with control
lipophilic peptide and Tkip at 10 pM (p < 0.05).



Table 8. Inhibition of PC-3 Cell Proliferation by Tkip.

Peptide Concentration ((iM) Total No. of Cells (x 50, 000) Inhibition" (%)

Tkip 0 298 ± 2.6 —
•5 289 ± 0.7 3.0

1 288.1 ± 1.7 3.3

3 183.5 ± 2.8 38.4

6 175 ± 2.8 41.3

12 107 ± 1.5 64.1

25 22.7 ± 2.5 92.4

50 6.7 ± 1.5 97.8

MuIFNy(95-125) 0 255 ± 3.0 —
.5 254.2 ± 2.0 0.3

1 253.9 ± 3.1 0.4

3 253.7 ± 3.5 0.5

6 252.7 ± 2.1 0.9

12 251.7 ± 2.5 1.3

25 248.3 ± 2.1 2.6

50 246 ± 2.6 3.5

a
Asynchronized PC-3 cells (2 x 10

5

) were incubated for 5 days with increasing

concentrations of Tkip in complete media. Cells were harvested and counted using

trypan blue exclusion. Results are expressed as mean number of cells ± standard

deviation from several experiments. Tkip and MuIFNy(95-125) were modified by
adding a lipophilic group (palmitic acid) to the N-terminus of the peptide to enhance
cellular uptake.



CHAPTER 4

DISCUSSION

The JAK kinases play a central role in regulation of the biological activity of

hormones and cytokines. JAK1 and JAK2 are the key tyrosine autophosphorylation

kinases for mediation of signal transduction of IFN7 (Kotenko and Petstka, 2000). This

study presents data on the development of a 12-residue peptide, Tkip that binds to the

autophosphorylation site of JAK2. Tkip blocks both JAK2 autophosphorylation as well as

phosphorylation of IFN7 receptor subunit IFNGR-1. Consistent with binding to the

autophosphorylation site of JAK2 and inhibition of autophosphorylation as well as

IFNGR-1 tyrosine phosphorylation, Tkip also blocked both the antiviral activity and

upregulation of MHC class I molecules on cells treated with IFN7. Tkip inhibition of

biological activity of IFN7was not associated with toxicity of the cells.

By binding to the tyrosine autophosphorylation site of JAK2, Tkip represents a

novel approach to specific control of tyrosine kinases. Based on the data presented in this

study, and previous experimental investigations in Dr. Howard M. Johnson's laboratory,

the following general mechanistic model of inhibition of IFN7-mediated signaling by

Tkip is proposed in Figure 17. The proposed model suggests that inhibition of IFN7-

mediated cellular functions may be due to a block in STAT1 activation leading to

defective downstream signal transduction events and a reduction of specific biological

functions associated with binding of IFN7 to the IFN7 receptor complex. Future

investigations are needed to clarify the precise mechanism of STAT1 inactivation.

68
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It is possible that Tkip binds to phosphorylated JAK2 and prevents complete JAK2

activation, thereby preventing STAT1 activation. This has potential implications for

regulation of inflammatory conditions and cancer where unregulated tyrosine kinases

play a central role in the resultant pathology. The fact that Tkip was designed to

recognize the autophosphorylation site of JAK2 suggests a potential relationship to at

least some members of a family of regulatory proteins called suppressors of cytokine

signaling or SOCS.

SOCS are recently discovered negative regulators of cytokines, growth factors,

and hormone signaling (Kile et al., 2002; Alexander et al., 2002, Larsen and Ropke, 2002;

Hanada et al., 2003). Currently, there are eight identified members of the SOCS family,

SOCS-1 to SOCS-7 and CIS. SOCS-1 and SOCS-3 are of interest here as they are the

negative regulators of JAK2 as well as several other cytokine and hormone receptor

systems including EGFR (Kile et al., 2002; Alexander et al., 2002, Larsen and Ropke,

2002; Xia et al., 2002; Hanada et al., 2003). In this regard, Tkip inhibited EGFR

autophosphorylation, but VEGFR and c-src tyrosine kinases, which are not regulated by

SOCS-1 and SOCS-3, were not affected by Tkip (Iwamoto et al., 2000). Consistent with

this, the VEGFR autophosphorylation site did not bind Tkip.

Initially it was shown that Tkip bound to JAK2 autophosphorylation site where

l007Y of that site was not phosphorylated. This differs from SOCS-1 recognition, where

such binding occurs only when 1007Y is phosphorylated (Yasukawa et al., 1999).
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Figure 17. Proposed Model of Inhibition of IFN7 Mediated Signaling by Tkip.

This generalized model illustrates the mechanism of Tkip inhibition of IFNY-induced
biological functions. The binding of Tkip to phosphorylated JAK2 may block
downstream activation of STAT1 in the cytoplasm. For simplicity, this model does not
show essential intermediate signaling events associated with the JAK-STAT pathway.
The precise mechanism of STAT1 inactivation by Tkip is currently not known as

indicated by the question mark in the model.
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However, while Tkip does bind to JAK2 autophosphorylation site in its

nonphosphorylation state, we showed here that binding increased significantly when

1007Y was phosphorylated, indicating that Tkip has stronger affinity for the

phosphorylated
l007Y at the JAK2 autophosphorylation site. Thus, there appear to be

both similarities and differences in how Tkip and SOCS-1 recognize the JAK2

autophosphorylation site.

SOCS play an essential physiological role in the maintenance of homeostasis,

socs-r
-

mice, for example, develop normally through embryogenesis but die within

three weeks of a syndrome characterized by severe lymphopenia, fatty degeneration,

necrosis of liver cells, and extensive macrophage infiltration of internal organs (Starr et

al., 1998). Similarly, SOCS-3"
7
" mice initially develop normally, but soon show marked

liver erythropoiesis with resultant embryonic death (Marine et al., 1999; Roberts et al.,

2001). The above defects appear to occur primarily as a result of unregulated IFN7and

erythropoietin signaling. The persistent IFN7 activity in the SOCS-1 "'"

mice is associated

with abnormally activated T cells (Alexander, 2002). The unregulated presence of IFN7

results in extensive apoptosis. Evidence for the role of IFN7 in the above condition is

demonstrated by injecting SOCS-1"'" mice with antibodies to IFN7, which results in

abolishment of premature death, and a more normal appearance of internal organs

(Larsen and Ropke, 2002). It would thus be of particular interest to determine if Tkip can

protect mice against the SOCS-1"'" lethal mutation. Both SOCS-1 and SOCS-3 are

involved in regulation of JAK2, and the fact that both SOCS are needed would suggest

that they act cooperatively in regulating overall JAK2 activity. SOCS-3 binds to the

erythropoietin receptor with a Kd of about 1-10 uM (Hortner et al., 2002). This is similar
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to the effective concentrations of Tkip for inhibiting IFN7 antiviral and MHC Class I

upregulation functions shown here. These data would suggest that we have shown proof-

of-concept in the first reported development of a SOCS-1 mimetic.

Given the primary function of SOCS-1 to negatively regulate signaling pathways

mediated by cytokine binding, it is not surprising that SOCS-1 and other SOCS proteins

may play key therapeutic roles in a variety of diseases associated with uncontrolled

cytokine signaling (Kubo et al., 2003). An example of the use of SOCS-1 as a potential

therapeutic was demonstrated in the TEL-JAK2 model system (Peeters et al., 1997;

Lacronique et al., 1997; Ho et al., 1999; Monni et al., 2001; Frantsve et al., 2001; Ho et

al., 2002). TEL-JAK2 an oncogene, associated with human leukemia, arises from a

chromosomal translocation leading to the fusion of the carboxyl terminal segment of the

JAK2 gene and the amino terminal segment of the TEL gene. The resulting fusion

product known as the TEL-JAK2 fusion protein contains the necessary domain required

for JAK2 autophosphorylation (JH1) and thereby renders JAK2 constitutively active in

cells leading to malignant cell proliferation. In the hematopoietic cell line Ba/F3, SOCS-1

was shown to act as a potent tumor suppressor and shown to effectively inhibit the kinase

activity of the TEL-JAK2 fusion protein in vitro (Peeters et al., 1997; Lacronique et al.,

1997; Ho et al., 1999; Monni et al., 2001; Frantsve et al., 2001; Ho et al., 2002). It would

thus be of great interest to investigate the effect of Tkip on hematopoietic cells

constitutively expressing the TEL-JAK2 tyrosine kinase fusion protein.

Finally, the regions of SOCS-1 that are thought to bind to the autophosphorylation

site of JAK2 involve a small domain, called the kinase inhibitory region (KIR), and a

segment of a SH2 domain adjacent to KIR (Yasukawa et al., 1999). The sequences of
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53 56 59

SOCS-1 KIR
Tkip WLVFFVI

dt: flSHSDYRRI

Figure 18. Alignment of the KIR of SOCS-1 and Tkip.

Identical residues are highlighted. Alignment was made to maximize identity. The
numbers are for the positions of the residues in the KIR of SOCS-1, as outlined in

Yasukawa et al., 1999.

Tkip and KIR are compared for homology in Figure 18. Sequence identity is seen with

two F and R residues. Mutation analysis of the KIR of SOCS-1 have previously shown

that F
56

and F
i9

were critical for KIR binding to JAK2 with F
59

being the most important

residue (Yasukawa et al., 1999, Kubo et al., 2003). These residues are conserved in both

Tkip and SOCS-1. Future studies using amino acid substitution should better define Tkip

specificity for JAK2 as well as the relationship of Tkip regulation to that of SOCS-1.
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