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ABSTRACT

Presently, cancer is a major cause of death of individuals in most developed countries.

Despite an international effort in understanding cancer, many fundamental issues remain

unresolved. Myriad treatment regimens have developed, however there is no general

effective cure. Tumor necrosis factor (TNF) is among the agents tested for antitumor

activity; however, the toxic side effects of TNF prevent it from being used effectively in

treating cancer. TNF also plays an important role as a cytokine that modulates various

immune and inflammatory responses. Thus it is important to understand the TNF signaling

mechanism in order to understand its role in host protective mechanism against infectious

agents and to increase the efficacy of TNF in cancer therapy.

There have been numerous studies investigating the post-receptor events in the TNF

signaling pathway. However, the TNF signaling pathway is not still clear. There are two

major obstacles in studying TNF signaling. TNF is pleotrophic and the effects of TNF will

depend on the cells studied. Further, the two receptors to TNF do not possess any

catalytic domain, hence there are no direct clues for studying the signaling pathway.

Protein phosphorylation and dephosphorylation play pivotal roles in several growth

factors and cytokine signaling pathway. In particular, tyrosine phosphorylation has been

demonstrated in various signaling pathways.

Here we will present evidence that tyrosine phosphorylation is involved in resistance

mechanism that prevents TNF-mediated lysis of certain cell. The addition of protein

tyrosine kinase inhibitors increases lysis of TNF-mediated lysis of TNF resistant cells but

not TNF sensitive cells, thus indicating the TNF resistance mechanism involves protein

tyrosine kinase activity. Also, since tyrosine phosphorylation is a reversible process, we

investigated the role of protein tyrosine phosphatase activity in TNF signaling. TNF

mediated lysis is decreased in TNF sensitive cells with the addition of protein tyrosine

phosphatase inhibitors. The decrease in TNF-mediated lysis induced by the protein

tyrosine phosphatase inhibitors was via an increase in TNF resistance. Furthermore,
iv



according to the above experiments, an increase in protein tyrosine kinase activity is

detected after TNF treatment of TNF resistant cells. Likewise, an increase in protein

tyrosine phosphatase activity is detected in TNF sensitive cells after TNF treatment. These

findings indicate a protein tyrosine phosphatase counters the protein tyrosine kinase in the

TNF resistance mechanism and it is the balance between a phosphatase(s) and a kinase(s)

that determine whether a cell is killed by TNF. Lastly, when we examined the role of

tyrosine phosphorylation in resistance to cell-associated TNF, signaling of soluble versus

cell-associated TNF is different. Taken together, we conclude that the level of tyrosine

phosphorylation in the cell after TNF treatment will influence whether the resistance

mechanism will be activated to protect the cell.
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CHAPTER 1

INTRODUCTION

1.1 History

The "miraculous" and infrequent phenomenonof tumorregression in cancer patients

after acquiring bacterial infection has been known for 200years. William B. Coley, a New

York surgeon, firstdocumentedthis phenomenonand became the pioneer in this field

(Coley 1906). Afteranalyzing the case historyof a patient suffering from metastatic

sarcoma who spontaneously was cured following intercurrent erysipelas infections

(subcutaneous bacterial infection), Coley tried to reproduce the phenomenon in cancer

patients by injecting themwith filtrate of bacterial cultures of Streptococcus spp. and

Serratia spp. - whichwascalled Coley's mixed toxin. Unfortunately the results were

inconsistent. Nonetheless, the phenomenon stirredthe curiosity of other scientists to

continueColey's work.

In 1943, Shearandhiscolleagues purified and identified thebacterial component

responsible foreliciting the effects of tumor regression associated with bacterial infection.

The surface of gramnegative bacteria consist of a complex of fat and sugar compounds,

called lipopolysaccharide or LPS, which causedhemorrhagic necrosis of some tumors.

Moreover, O'Malley (1962) demonstrated the presence of a tumorlytic factor in the serum

of miceafter the injection of lipopolysaccharide. In otherwords, the lipopolysaccharideof

the gramnegative bacterial surface was not evoking the hemorrhagic necrosis of tumor, per

se. Similarly, Carswell et al. (1975) reported thatpriming micewith bacillus Calmette

Guerin(BCG) increased the resistance to tumorgrowth. Carswell and colleagues

concluded thedestruction of tumors was the consequence of host responding to the

microbial agent sincethe microbial agent alonedoesnot abolish tumor growth. The host

factorproduced as a resultof bacterial infectionwas termed tumornecrosis factor (TNF).



Although TNFappeared to be a potential candidate as a cancer therapeutic agent, a

major problem is the toxicityof TNF. While much research was devoted to characterizing

TNF, Beutler and Cerami(1986) were investigating thepathogenesis of cachexia (wasting

diathesis) associated withchronic bacterial infection and neoplastic conditions. They found

that lipoprotein lipase activitywas reduced when an endotoxin-sensitive strain of mice

(C3H1HeN) was injected with lipopolysaccharide (LPS);whereas, LPS administered to an

endotoxin-resistant strainof mice (C3H1HeJ) did not resultin the suppression of lipase

activity. However, cachexia could be produced in C3H1HeJ if the serum ofC3H1HeN

following LPS injections was passively transferred intoC3H1HeJ. They termed the factor

in theLPS-injected C3H1HeN serum cachectin. Subsequent studies determining the N

terminal sequences of cachectin reveaIed a similarity between the sequencesof cachectin

andTNF(Aggarwal et al. 1985). Furthermore a similardisease process to cachexia was

associated with TNFtherapyof cancer patients. Caputet al. (1986) confirmed cachectin

was indeed TNFthrough comparisons of cachectinandTNF mouse cDNAs. The

consequence of utilizing TNF therapeutically is cachexia. Nonetheless, the pursuit for

treating cancer patients with TNF has not dwindled.

1.2 Genes andPhysical Properties

A single copy of the gene encoding human TNF is located within the major

histocompatibility complex(MHC) on the short arm of chromosome 6 (Spies et aI. 1986).

Thegene is comprised of 3000 base pairs and contains threeintrons (Nedwin et aI. 1985).

Thethird andfourth exonsencode the mature hormone; hence, the third intron is believed

to control theexpression ofTNF. The mature mRNA transcript is 1600 bases which

encodes for a long leadersequence (76 amino acids) and thematureprotein (157 amino

acids). Interestingly, the chromosomaIlocation of the geneis located in close proximity to

thehuman lymphocyte antigen (Hl.A) genes. Similarly, themouse TNF gene resides
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within the H-2region. It has been postulated that the location of the TNF gene near the

MHCgenes implies a significance in the immune system.

The initial gene product exists as a polypeptide which is cleaved to yield the active

peptide. The cleaved peptide has a molecular weight of 17,000 daltons. Comparison of

mouse, human, and rabbit TNF amino acid sequences detected approximately 80%

homology among the proteins (Haranaka et al. 1985). The primary structure of TNF has

two cysteine residues (cys69 and cys101) which form a disulfide bound. Further, TNF is

non glycosylated. Serum or active TNF is present as a trimer of the 17 kDal peptides. The

structure of the TNF trimer resembles the "jelly-roll" motif commonly seen with viral

capsid proteins, as analyzed with X-ray crystallography. The core of the trimer is

stabilized by an antiparallel J3-sandwich in a manner similar to that seen with many proteins

of the immunoglobulin superfamily (Jones et al. 1989).

Evidence of a membrane bound TNF has been recently reported by Kriegler et al

(1988). From molecular weight determinations with SDS-PAGE, they observed two

forms ofTNF: 17 kDal and 26 kDal TNF. Their results indicated the long, 76 amino acid,

leader sequence functioned differently as previously believed. The hydrophobic regions of

the 76 amino acids formed a transmembrane portion of the membrane bound TNF. They

postulated that only the soluble form of TNF induces cachexia. Likewise, a membrane

associated cytotoxin related to TNF has been documented on murine cytolytic lymphocytes

(Liu et al. 1989). The cytotoxin was inhibited in the presence ofTNF; however, the

molecular weight, 50-60 kDal, does not coincide with the molecular mass of TNF.

Nevertheless TNF may be secreted (17 kDal) or membrane bound (26 kDal).

1.3 Sources

The major source of TNF is from macrophage, however reports of lymphocytes as

another source has been documented (Liu et al. 1989). Macrophages, either treated with

LPS or derived from a tumor, secrete high levels of TNF as a result of becoming activated.

3



In addition, separation of peripheral blood leukocytes based on adherence to plastic

revealed that, besides the adherent cells (monocytes), the supernatant from nonadherent

cells (lymphocytes) contained TNF activity (Chroboczek-Keller et al. 1985). Recent

investigations indicated large granular lymphocytes, that comprise the natural killer (NK)

cell population, produce TNF in response to encountering NK cell-sensitive tumor cell

lines (Peters et al. 1986). Furthermore certain cell lines of lymphocytes and fibroblasts can

aberrantly secrete TNF constitutively.

Agents that induce myeloid cells to express and secrete TNF have been recorded. In

addition to endotoxin, tumor promoting agents such as phorbol myristate acetate (PMA),

muramyldipeptide, immune complexes, and many viruses can also induce TNF secretion

(Sone et at. 1986). Moreover a recent paper by Janicke and Mannel (1990) has

demonstrated that two proteins on two different cell lines activated human monocytes for

TNF synthesis: a 32 to 38 kDal membrane protein on Jurkat cells and a 46 to 54 kDal

membrane protein on K562 cells. Nonetheless, TNF secretion does not require antigen

stimulation.

1.4 Biological properties

Like most cytokines and hormones, TNF is extremely pleotropic. The effects of TNF

exposure may range from being beneficial to detrimental, depending on the target cell.

Furthermore, TNF may act in conjunction with other cytokines to produce synergistic or

antagonistic effects. The following sections will briefly summarize the in vitro effects of

TNF on the indicated target cell.

TNF is a potent activator of peripheral blood granulocytes. TNF promotes adherence to

either epithelial cell surfaces or plastic, stimulates phagocytosis, increases degranulation,

and increases respiratory bursts (Larrick et al 1987 and Tennenberg and Solomkin 1990).

The increase in adherence has been attributed to an enhancement of C3bi receptor
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(adherence glycoproteinCDll) expression. Also, eosinophil activity is facilitated in the

presence ofTNF. Antibody-dependent cell mediated cytotoxicity of parasites by

eosinophils is enhanced, in a dose-dependent fashion, by TNF. Exposure of

macrophages/monocytes to TNF results in an increase in interleukin 1 and prostaglandin E2

synthesis (Dinarelloet al. 1986). Further, TNF is a chemoattractant for monocytes,

neutrophils, and eosinophils.

Both T and B lymphocytes are affected by TNF. Together with interferon-g, TNF

increases lILA antigen,LY-6 alloantigen which is seen on antigen-activated T

lymphocytes, interferon-g and TNF receptors, and high-affinity interleukin-2 receptor

expression on T lymphocytes (Malek et al. 1989, Scheurich et al. 1987). The effects of

TNF extends to T cell subpopulations; e.g., allogenic or mixed lymphocyte reactions of

cytotoxic T lymphocytes is enhanced with the addition ofTNF (Shalaby et alI988).

Recent data indicateTNF plus interleukin 2 synergistically facilitate the generation and

activation of a subpopulation of large granular lymphocytes which have an affinity for

certain tumor cells, termed lymphokine activated killer cells (Owen-Schaub et al. 1988).

Likewise, TNF affects the regulation of immunoglobulin secretion by B lymphocytes.

Kehler et al. (1987) has shown activated B cell proliferation induced by Staphylococcus

aureus Cowan strain I is sustained when TNF is added. Alternatively, Kashiwa et al.

(1987) demonstrated the suppression of pokeweed mitogen-induced B cell differentiation,

but not proliferation, by TNF. They indicated that the inhibition of B cell differentiation

indirectly involved T cells. TNF was apparently suppressing the release of B cell

differentiation factor, BCDF. Thus these findings imply that TNF is a modulator of the

immune system.

The effects of TNF on the vascular endothelial cell is to promote coagulation. In the

absence of TNF, three known anticoagulant mechanisms are supplied by the vascular

endothelial cell: a cell surface-associated heparin-like activity, the secretion of plasminogen
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activators that initiate fibrolysis, and cell surface expression of thrombomodulin (Pober

1987). In contrast, TNF suppresses thrombomodulin activity, enhances the secretions of

inhibitors of plasminogen activators, and initiates the synthesis of a procoagulant cofactor

protein.

Besides coagulation, TNF augments HLA expression on endothelial cells and dermal

fibroblasts. Class I HLA molecules, in particular, are expressed in higher concentrations

following TNF treatment (Collins et al. 1986). Other molecules expressed in response to

TNF are adhesion molecules. Flow microfluorometry analysis of TNF treated epithelial

cells showed an increase in adhesion molecules (ELAM-l and CAM-I) on their surface

(Wellicome et aI. 1990). It is possible that the induction of adhesion molecules by TNF at

the site of inflammationmay allow lymphocytes to adhere to the epithelial cells and thus

control the migration of inflammatory cells. Furthermore, TNF has been seen to stimulate

collagenase and prostaglandin E2 production in human dermal fibroblast and synovial cells.

This implies a role for TNF in tissue destruction and remodeling (Dayer et al. 1985).

Similarly, TNF is responsible for the stimulation of osteoclast in bone destruction

(Thomson et aI. 1987). TNF treatment results in an elevation of bone resorption as seen

with an increase in caIcium release in the medium. It was suggested that the activities

associated with osteoclast activating factor, produced by activated lymphocytes, may be the

result ofTNF activity.

During inflammation, systemic release of TNF results in increased serum levels of

acute-phase reactants, lipoproteins, and triglycerides (KullI984). Hepatocytes are

stimulated to produce acute-phase reactant proteins and complement C3 proteins in the

presence of TNF. Likewise, increased lipolysis with adipocytes are associated with TNF

treatment. Specifically, tissue enzyme lipoprotein lipase, which clears serum lipids from

circulation and facilitates the uptake by cells, is reduced in the presence of TNF.
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Interestingly, TNF inhibits hemopoietic colony formation by human bone marrow cells;

however, TNF can indirectly promote hemopoietic colony formation by stimulating

fibroblasts. Bone marrow colony formation is normally suppressed when TNF is added to

the culture. In contrast, when TNF is added to endothelial cells and fibroblasts, the

supernatant of the treated cells induce bone marrow colony formation. Zucali et al. (1988)

determined the presence of hemopoietic growth factors in the supernatant which implies

TNF stimulated the fibroblasts to synthesize the growth factors.

Therefore, TNF plays a pivotal role in direct as well as indirect regulation of the immune

system. TNF, also, may induce or suppress the production of other cytokines which then

act on other cells (paracrine) or on themselves (autocrine)(Leeuwenberg 1987).

Additionally TNF significantly influences events contributing to inflammation, tissue

damage and restructuring, and differentiation of immature bone marrow cells.

1.4 TNF Involvement in Natural Cytotoxicity (NC) Activity

Immune surveillance against tumor cells has been documented by many researchers

(Patek and Collins 1989). Although soluble TNF does not appear to be a principle member

of the immune surveillance mechanism, TNF is one of the lytic mechanisms of natural cell

mediated cytotoxicity (NCMC). NCMC is found in normal, untreated mice, humans, and

other species; NCMC does not employ T cells and B cells as seen in the classical immune

system. The hallmarks of NCMC are the presence of NCMC in non-immunized

individuals, no "immune" memory, and a limited antigenic recognition repertoire. NCMC

has been attributed to two main cell populations: natural killer (NK) cells and natural

cytotoxic (NC) cells. The two cell populations differ from each other considerably; e.g.,

target recognition and lytic mechanism (Djeu et al. 1983, Herberman et at. 1984, Lin et al.

1983). NK-sensitive target cells, e.g., YAC-l, are not lysed by NC. NC-sensitive target

cells are unaffected by NK cell mediated cytolysis. Even though both cell populations are

7



detected in nude mice, NC cells are present in beige mice while NK cells are not.

Treatment of lymphocytes with anti-asialo GMI has no effect on NC cell mediated

cytolysis but with the same antibody abrogates NK cell mediated cytolysis. Thus different

cell populations mediated NC and NK activities.

Evidence indicates that the lytic mechanism of NC cells is mediated by TNF (Patek et al.

1987). The in vitro kinetics comparison between NC cells and NK cells has shown NC

cells to lyse their targets optimally at 18 hours whereas NK cells require only 4 to 6 hours.

The in vitrokinetics ofTNF mediated cytolysis is optimal at 18 hours, paralleling the

kinetics of NC cell mediated cell destruction. Moreover, NC kinetics of lysis has an initial

4 to 8 hour lag period that is followed with rapid cytolysis which is analogous to the

kinetics of TNF cytolysis.

Further evidence of TNF being the lytic mechanism of NC cells is the similarity in

targets. Cells that are susceptible to TNF mediated cytolysis are susceptible to NC cell

mediated cytolysis (Patek et al. 1989). Likewise TNF resistant cell lines are resistant to

NC cell mediated killing. Moreover, tumor cells grown in high density become resistant to

TNF and NC cells. The resistance due to growth in high density is transient and lasts for 2

- 3 days. Thereafter sensitivity to TNF or NC cells will return to normal. In other words,

factors that increase the resistance of a cell to TNF will analogously increase the resistance

to NC cells. Studies conducted by Patek et al. (1987) have shown that the selection for

TNF resistance concomitantly select for NC resistance and selection for NC resistance

selects for TNF resistance. Together these findings suggest the lytic mechanism of NC cell

mediated cytolysis is the same as the TNF lytic mechanism.

Factors which render TNF resistant cells sensitive to TNF will also increase the

sensitivity of the cells to NC cells. The addition of inhibitors of protein synthesis (e.g.,

cycloheximide) will increase the sensitivity, in TNF resistant cells, to TNF (Patek et al.

1987). Likewise, cycloheximide treatment ofNC resistant cells will enhance their
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susceptibility to NC cells. The increase in NC sensitivity due to cycloheximide is optimal

whencycloheximide is added 2 hours after NC treatment begins. Also, NC cell-mediated

cytolysis is blockedby anti-TNF antibodies. Thoughit seems that NC cells, activated by

NC sensitive targets, should release TNF into the surroundings, Patek and Lin (1989) have

demonstrated that, instead of releasing TNF, NC cells havecell-associated TNF. The

supernatant of a mixture of NC-sensitive cells and NC cells does not contain TNF.

1.5 Clinical Use ofTNF

Clinically, the primary use of TNF has been as an experimental anticancer agent. The

mechanisms by which TNF may affect its anticancer potential are numerous. TNF may

directly induce necrosis or apotosis by the activation of phospholipaseswhich will result in

the accumulation of free radicals in the cell. Thesefreeradicalswill, in tum, cause DNA

fragmentation or autodigestion of cellular membranes. Alternatively, TNF can stimulate or

activate otherimmunecells to act on the cancercell. TNF has the ability to stimulate

cytolytic T lymphocytes or macrophages to directly eliminate the cancer cells; on the other

hand,TNFmayinduce helper T lymphocytes to express antigensor receptors which enable

the helper T lymphocytesto release cytokines to activate B lymphocytes more efficiently.

Furthermore, TNF may render cancer cells morevulnerable to the immune system.

Normal andcancercells will increase their class I antigen's expression, thus making them

bettertargets of cytotoxic T lymphocytes, in response to TNF and interferon-yo TNF can

synergistically, with other growth factors, increasethe expressionof hemopoietic growth

factors, suchthat the maturation and proliferation of lymphoid and myeloid cells are

increased. Moreover, it is conceivable that TNF blocks tumor vascularizations due to its

procoagulant activitywith vascular epithelial cells. It is evident that TNF may possess an

influential rolein the elimination of cancer cells.
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Forover70years, clinicians have been trying to use TNF in cancer therapy. The plight

of TNFtreatment forcancer therapy has fluctuated from successful to detrimental. The

disadvantage of using Coley's mixed toxin in treating patientswas the severe side effectsof

chills and fever. However, Coley felt that a strong reaction towards the toxincorrelated

with theefficacy of the toxin to reduce or eliminate the tumor. Eventually commercial

production ofchemotherapeutic agents against cancers replaced Coleymixed toxin and

shifted the research interestaway from the use of thesebacterial products. Presently, with

theelucidation oftheTNF gene and recombinant technology, obtaining largequantitiesof

pureTNFfor therapeutic use has become feasible. Nonetheless, the successof TNF

treatment has been overshadowed by the toxicity associated withtreatment.

The side effects mimic the symptoms associated with inflammation (Tracey and Cerami

1993). Through any route of injection, intravenous, intratumor, intramuscular, or bolus,

thelevels of recombinant humanTNF below 75 - 100mg I m2 is well toleratedby patients

withreversible fever, rigors, headaches, and otherflu-like symptoms. Increasing the

dosage results inhypertension and pulmonary dysfunciton. The pulmonary dysfunction is

ascribed to lung injury perhapsrelated to endothelial damageandpermeability, causing

edema (Morice et al. 1987). Hematologically a transient granulocytosis, an increase in total

granulocyte population, followedby a decrease in granulocyte and platelets is observed.

An elevation ofserum C reactive proteins and triglycerides is observed. Further

inflammation atthe siteof injectionhas been reported.

Thehalf-life ofrecombinant human TNF is approximately 15 - 30 minutes after

intravenous bolus injection. Doses above 150 mg/m2 are required to detectany circulating

levels of recombinant human TNF. Neither intramuscular, intratumor, or continuous

intravenous infusion of TNF could sustain an adequate circulating levelwithout resulting in

toxicity to the patient.
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Recombinant human TNF is now being used in phase I clinical trials. Of 131 patients

receiving 1 - 400 mg/m2 TNF intravenous bolus or short-term infusion, only one partial

(50% reduction in tumor size) and three minimal responses have been documented

(Sherman et al. 1988, Blick et al. 1987). Similarly, one partial and one minimal response

were obtained with intravenous continuous infusion: 2 out of 20 patients showed minimal

response when given alternating intramuscular and intravenous therapy. Alternatively with

intratumor administration ofTNF, 10 out of 22 patients exhibited partial response.

Although the clinical trials have been disappointing, the administration of TNF locally

has been the most effective means of eliciting a response. Likewise, the efficacy of

Coley's mixed toxin has been reported to be only with intratumor injections and not with

systemic administration. In light of this, Rosenberg et al. (1990) are employing gene

therapy to deliver TNF locally into tumors. In general, they are attempting to insert the

TNF gene into lymphocytes which were harvested from the tumor, termed tumor

infiltrating lymphocytes (TIL). Since these TIL are primed or have an affinity against the

tumor, these TIL will migrate to the tumor site and become activated. The ultimate goal is

for these TILs to express the TNF gene in the tumor without releasing TNF systemically.

Apart from using TNF in cancer patients, TNF has other not so obvious therapeutic

uses. The New Zealand (NZ) strains of mice have been used in studying the pathogenesis

of autoimmune diseases associated with genetic dispositions. NZB mice develop mild

glomerulonephritis and autoimmune hemolytic anemia; whereas, NZW mice are

phenotypically normal. When NZB mice mate with NZW mice, their female offspring are

predisposed to develop a severe glomerulonephritis. 95% of (NZB X NXW)Fl hybrids

usually die at the age of one. Since previous studies demonstrated that administration of

interferon-gamma to the Fl hybrids accelerated the onset of glomerulonephritis, Jacob and

McDevitt (1988) tested whether TNF will induce similar effects in this murine model. In

contrast to the effects produced by interferon, TNF delayed the onset of glomerulonephritis
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and increased the survival rate of F 1 hybrids. Furthermore, the production of TNF in these

mice was considerably reduced as observed by the absence of TNF from LPS-activated

peritoneal macrophage exudates. In spite of the fact that these experiments were conducted

in mice, it may be possible to use replacement TNF therapy in patients with autoimmune

lupus nephritis.

Similarly, TNF treatment in vivo prevented diabetes in non-obese diabetic mice (NOD)

(Jacob et al. 1990). NOD mice are a model system to study autoimmune diabetes, where

lymphocytes infiltrate into the islets of Langerhans and mount an immune response to the

insulin-producing beta cells. With long term administration of TNF, the pathogenesis of

diabetes in the NOD mice ceased. Also, treatment with TNF reduced the amount of

infiltrating lymphocytes and TNF also inhibited the incipienceofdiabetes as a result of

adoptive transfer of lymphocytes from diabetic mice to young NOD mice. If applicable to

humans, TNF could be used to treat autoimmune diabetes mellitus.

1.6Molecular basis ofTNF effect

1.6.a. TNF Receptors

To understand an intracellular signaling pathway, one must start at the beginning of the

pathway. The problem in elucidating the TNF signalingpathway is the diverse information

about the TNF receptor. There are two receptors: a 55 kilodalton (kDal) receptor and a 75

kDal receptor. Both receptors belong to the TNF receptor superfamily (Smith et al. 1994).

Most nucleated cells have the 55 kDal TNF receptor; whereas, the 75 kDal TNF receptor is

found primarily on lymphoid and myeloid cells (Higuchi and Aggarwal 1992). Despite

binding to the same ligand, the receptors share only 28% amino acid sequence identity.

Furthermore the shared sequence identity is confined to a cysteine-rich pseudomotif

(containing about 6 cysteines within a 40 amino acid stretch)(Schall et al. 1990). Both

receptors are capable of binding with similar affinity to TNF and lymphotoxin (TNF-B)

12



(Loetscher 1992); however, the 75 kDal TNF receptor binds to murine TNF with a higher

affinity than the 55 kDal TNF receptor (Tartaglia et al. 1991). In contrast, there is no

sequence homology shared between the intracellular (or cytoplasmic) domain of the

receptors, suggesting that the receptors function independently (Tartaglia et al. 1993). As

expected, basedon the lack of sequence homology of the intracellular domain, several

studies, usingagonistic monoclonal antibodyto eitherthe 55 kDal or 75 kDal TNF

receptor, havedemonstrated that the 55 kDalTNFreceptoris responsible for the cytotoxic

effectsof TNF (Tartagliaet al. 1993). The 75 kDal TNF receptor, in contrast, has been

shownto be coupledwith the growth proliferative effectsof TNF (Pennica et al. 1992).

However, Gehret al. (1992) report both receptors mediate proliferative signals in myeloid

cells.

Sincethe intracellular domains of both receptors do not share homology with any

known receptors, understanding the signal transduction mechanism has been difficult. The

intracellular domain sequences of both receptors do notcontain sequences that resemble

sequences of a catalyticdomain. Pennica et aI. (1992) have described the phosphorylation

of serine residues of the 75 kDal TNF receptorin the absence and presence of TNF.

Although the receptor contains several threonine andtyrosineresidues, the phosphorylation

of these residues have not been described. Furthermore, there have been conflicting

reports concerning the internalization of the TNF-TNFreceptorcomplex for signaling.

Smithet al. (1990) demonstrated that microinjection ofTI.,TF into cells induced TNF

mediated lysis, suggesting that internalizationis required. Others, in contrast, indicate that

internalization is not required for signaling(Tsujimoto et aI. 1985and Pennica et aI. 1992).

Recently, the X-ray diffraction analysis of the soluble 55 kDal TNF receptor-lymphotoxin

complex was reported (Banner et aI. 1993). Thecomplex consisted of three receptors

boundto one lymphotoxin trimer. Since the 55 kDal TNF receptor binds to both

lymphotoxin andTNF, it is possible that the receptor binds to TNF in a similar manner.
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This is unique since most growth factor-receptor complexes consist of receptor

dimerization, which is crucial in signal transduction (Metzger 1992). Moreover it is

possible thatvarious combinations of receptor complexes canbe generated between the 55

kDal and75 kDal receptor. Higuchi and Aggarwal (1992) suggested that there is cross

communication between the two receptors.

Asidefromthe significant advances in understanding theTNFreceptors, the initiation of

the TNF signal pathway remains unclear. The lack of sequence homology with previously

described receptors and the absence of catalytic activity makes thesignalingmechanism of

the receptor difficult to understand. Also, the recentcrystallographic findings that indicate

the binding of TNF to its receptor forms a trimer unlike thedimers of other growth factors

makes this system unique.

1.6.b.G proteinactivation

Giventhe various lines of evidence cited above, the lackof catalytic activity in the

intracellular domainof the receptors has hamperedtheelucidation of the TNF signaling

pathway. Nonetheless, investigations using biochemical inhibitors, analyzing enzyme

activities, and labelingfor metabolic processes haveprovided indirect insight into the TNF

signaling pathway.

In mosteukaryotic organisms, a family of heterotrimeric GTP-binding and hydrolyzing

proteins (G proteins) plays an essential transducingrole in linking severalcell-surface

receptors to effector proteins at the plasma membrane (reviewed by Hepler and Gilman

1992). The heterotrimeric G proteins consist of three subunits: alpha, beta, and gamma. Of

the threesubunits, the alpha subunit binds to G-nucleotides. Theheterotrimer resides on

the intracellular side of the plasma membrane near a growth factor receptor. In the basal, or

unstimulated state, the alpha is complexed with the gamma andbetasubunit, and is bound

to GDP. Whenthe receptor binds to its ligand, the ligandinduces the receptor to undergo a
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conformational change which causes the attachment of the G-protein heterotrimer to the

ligand-receptor complex, and to the displacement of bound GDP for GTP. The

displacement results in the dissociation of the alpha subunit from the beta and gamma

subunit. Studieshave shown that both the free alpha-GTP complex and the beta-gamma

complex can interactwith and activate several membrane enzymes (e.g., phospholipase

CB). The return to basal state is achieved by hydrolysis of GTP to GDP by the alpha

subunit. The alphasubunit possesses intrinsic GTPase activity. With the hydrolysis of

GTP, heterotrimericformation is favored and the signaling is mitigated. The use of cholera

and pertusis toxins have primarily been employed to investigate the involvement of G

protein in signal transduction. Both toxins catalyze the transfer of the ADP-ribose moiety

of NAD to a specific Arg, for cholera, or Cys, for pertusis, on the alpha subunit. The

consequence of pertusis toxin treatment is the uncoupling of the receptor from the G protein

heterotrimer (i.e., inhibition); whereas cholera toxin inhibits the GTPase activity of the

alpha subunit, so the pathway is constitutively activated.

Several studies have shown that the addition of bacterial toxins inhibited TNF signaling.

With endothelialcells, pertusis toxin was shown to inhibit the TNF-induced rapid

permeability changesbut not the TNF-induced coagulant properties (Kronke et al. 1992).

Thus, TNF signalingin endothelial cells involves two signaling mechanisms: a non

pertusis sensitivemechanism and a pertusis sensitive mechanism. Furthermore, TNF

mediated lysis ofL929, a cloned fibroblast cell line, is inhibited in the presence of pertusis

toxin (Hepburnet al. 1987). MCF-7, another cloned cell line, also is protected from TNF

mediated lysis by pertusis toxin (Branellec et al. 1992). Lastly Imamura et al. (1988)

demonstrated theaccumulation of radio-labeled guanine nucleotides in the membrane of

lll..-60 and L929cell lines after 1NF treatment. Moreover, TNF treatment resulted in an

increase in OTPaseactivity. Taken together, these findings suggest the involvement of G

proteins in theTNF signaling pathway. However, a major argument against this
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hypothesis is the fact that most G-protein-receptors characteristically have a seven

transmembrane domain structure. Neither of the TNF receptors have this characteristic

structure.

In support of the involvement of G-proteins in the TNF signaling pathway, an

accumulation of cAMP molecules have been reported (Zhanget al. 1988). One of the

enzymes that is activated after the dissociation of the alpha subunit from the G-protein

heterotrimeric complex is adenylate cyclase (Hepler and Gillman 1992). Adenylate cyclase

catalyzes the formation of cAMP from ATP. The addition offorskolin, a drug used to

elevate cAMP levels, into the TNF lytic assay resulted in an increase in sensitivity of MCF

7 to TNF (Branellec et al. 1992). In the same study, they showed an increase in cAMP

levels after TNF treatment.

1.6.b. Phospholipases

Besides adenylate cyclase, proteins of the phospholipase family are activated by G

proteins. Phospholipases are esterases that have a common substrate, phospholipids. The

phospholipases are divided into two types: acyl hydrolases and phosphodiesterases.

Phospholipase A and B are acyl hydrolases, while phospholipase C and D are

phosphodiesterases. The activation of phospholipases has been shown to be though G

proteins, with the exception of phospholipase Cy. Receptor tyrosine kinases activate

phospholipase Cr'

a. Phospholipase A2

The activation of phospholipase A2 results in the hydrolysis of phospholipids and the

generation of arachidonic acid. Arachidonic acid is then metabolized via two pathways: the

cyclooxygenase pathway and the lipoxygenase pathway. The cyclooxygenase pathway
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produces prostaglandins, whereas the lipoxygenase pathway gives rise to leukotrienes.

Both products are known to be involved in inflammation.

Several laboratories have reported the release of arachidonic acidafterTNF treatment of

cells (Hollenbach et al. 1992 and J. Collins person.commun.). The production of

eicosanoids (prostaglandins and leukotrienes) by TNF is believed to be the hallmark of

endotoxic shock. Dayeret al. (1985) have shown that the treatment of human synovial

cells with TNFresults in the release of prostaglandins, whichcouldexplain the

involvement ofTNF in arthritis. Furthermore, Fitzgerald-Knauer et al. (1990)

demonstrated the inhibition of TNF-induced arachidonic acidrelease as a result of the

addition of phospholipase A2 inhibitor, quinacrine or hydrocortisone. Moreover,

arachidonic acid wasshown to mimic the TNF-induced release of lipoprotein lipase on

vascular endothelial cells (Saxena et al. 1990). Cells resistant to TNF were shown to

become sensitive to TNF-mediated lysis after beingtransfected withthe phospholipaseA2

gene (Hayakawa et al. 1993). Despite the above data, the induction of phospholipaseA2 is

not a general mechanism of TNF signaling. Othershaveshownthat the amount of

arachidonic acid released after TNF treatment was not substantial (Suffys et al. 1991).

b. Phospholipase C (PLC)

Theactivation of PLC is via the G-proteins. It is notclearif the alpha and/or beta

gamma subunits arerequiredfor activation. OncePLCis activated, it catalyzes the

hydrolysis of phosphatidylinositol 4,5-bisphosphate to either inositol mono-, bi-, or

triphosphate, anddiacylglycerol (DAG). These compounds act as second messengersthat

can increase intracellular Ca2+ levels (for the inositol phosphates) andactivateprotein

kinase C (PKC) (forDAG). In fact, the increaseof Ca2+ acts synergistically with DAG to

activate andmobilize PKC to the plasma membrane (PKCwillbe discussed later).
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The role of PLC in TNF signaling has been made less clear with the report of conflicting

data. Beyaert et al. (1993) have shown the accumulation of inositol mono-, bi-, and

triphosphates and DAG after TNF treatment of L929 cells. Furthermore the addition of

LiCI, an inhibitor of inositol phosphate phosphatase, increased the sensitivity of L929 to

TNF-mediated lysis (Beyaert et al. 1989). Also L929 cells are protected from TNF

mediated lysis when calcium chelators are added into the TNF assay. Together, these

findings are in accordance with the hypothesis that TNF activates PLC, with the release of

inositol phosphates and DAG, and with the increase in Ca2+ mobilization.

Other laboratories (Kronke 1992) have been unable to detect an increase in inositol

phosphate and calcium after TNF treatment. However, they have detected an increase in

PKC activity. These investigators propose that TNF induces the activation of a

phosphatidylcholine (PC) specific-PLC. The PC-PLC hydolyzes phosphatidylcholine and

releases DAG, which will then activate PKC. Furthermore, the addition of PLC inhibitors

had no effect on TNF-mediated lysis of L929 (Suffys et al. 1987).

c. Phospholipase D (PLD)

Like PLC, PLD is a phosphodiesterae, thus its activation and the reaction PLD catalyzes

are similar to PLe. PLD preferentially hydrolyzes phosphatidylcholine to generate

phosphatidic acid, which is converted to DAG by the removal of a phosphate.

De Valek et al. (1993) have detected an increase in PLD activity in TNF-treated L929

cells. It is possible that the generation of DAG by PLD could act synergistically with PLC

in the activation of PKC. However, the role of PLD in TNF signaling is uncertain.

d. Sphingomyelinase

Sphingolipids are 18 carbon alcohols which have an amino group attached to the 2 carbon

of the glycerol backbone. Sphingomyelin is hydrolyzed by sphingomyelinase to form
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ceramide. Like the phospholipases, several signaling systems involve the hydrolysis of

sphingomyelin and the generation of ceramide (Hannun and Bell 1989).

Studies conducted by Schutze et al. (1992) demonstrated an increase in ceramide

concentrations after the treatment of Jurkat and U937 cells with TNF. Furthermore, the

TNF-induced increase of ceramide was correlated with the activation of nuclear

transcription factor-B (NFKB). However, others, using the same cell lines, have shown

that the ceramide does not increase the activation of NFKB. The addition of exogenous

ceramide was able to mimic the growth inhibitory effects of TNF; however, increase in the

activation ofNFKB was not observed (Dbaido et al. 1993). Recently, Yanaga and Watson

(1994) have shown that sphingomyelinase is not part of the TNF signaling mechanism.

For their studies, they used human neutrophils and detected TNF-induced generation of

superoxides. Treatment of neutrophils with ceramide does not result in the generation of

superoxides. One can argue that the Yanaga and Watson are measuring a completely

different TNF signaling pathway, but Beyaert and Fiers (1994) have not detected any

production of ceramide during TNF-mediated lysis of L929.

1.6.c. Protein Kinases

As seen with other growth factor systems, protein phosphorylation plays a pivotal role

in signal transduction. In these model systems, the receptors themselves have kinase

activity in their intracellular domain. When ligand binds to these receptors, dimerization

occurs and phosphorylation is activated. Most receptor-kinases phosphorylate tyrosine

residues on the same receptor (autophosphorylation) or on intracellular substrates.

Autophosphorylation of the receptor complex recruits intracellular substrates that contain

"src-homology" (SH) domains. These SH domains are known to bind to phosphotyrosine

residues. Presently there are numerous substrates that can be recruited and phosphorylated
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by the receptor-protein tyrosine kinases. Some of these substrates are kinases that become

activated after phosphorylation.

a. Protein Kinase A (cAMP-dependent kinase)(PKA)

Treatment of FS-4 fibroblast with TNF results in growth proliferation. Zhang et al.

(1988) have shown that TNF induced an increase in PKA activity in FS-4. The increase in

PKA activity, however, could be explained by the increase in cAMP levels, since TNF has

been shown to increase adenylate cyclase activity. Nevertheless, the growth proliferative

effects of TNF probably involves either the direct or indirect activation of PKA.

b. PKC (serine/threonine kinase)

As mentioned earlier, the activation of PLC or PLD by TNF will result in the release of

DAG which activates PKC. TNF has inhibitory effects on the growth of Jurkat cells.

Furthermore TNF has been shown to activate NFKB in Jurkat cells. The treatment of

Jurkat cells with PMA, which is a potent activator of PKC, resulted in the activation of

NFKB, suggesting PKC is part of the TNF signaling pathway (Schutze et al. 1992). In

addition, Wiegman et al. (1992) transfected the 55kDal TNF receptor into a cell line that

does not normally express any TNF receptors. An increase in PKC activity was observed

with TNF treatment of the transfected cell. Magnuson et al. (1989) have shown that drugs

that activate or inhibit PKC activity were able to increase or decrease, respectively, TNF

induced expression of ELAM-1 on endothelial cells. Lastly, T cells proliferate when

treated with TNF. A synergistic effect was seen when both TNF and a potent PKC

activator were administered on T cell activation (Munoz-Fernandez 1990).

Contrary to the preceding findings, several laboratories reported the absence of PKC

activity in the TNF signaling pathway. Ritchie et al. (1991) have shown that the addition

of PKC activators or inhibitors had no effect on ELAM-1 expression on endothelial cells.
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In addition, since TNF and PKC were independently shown to increase epidermal growth

factor (EGF) receptor expression on human gingival fibroblasts, TNF could be increasing

EGF receptor expression by activating PKC. However, PKC inhibitors could not mitigate

the TNF-mediated increase in EGF receptor expression (Bird andSaklatvala 1989)

c. Otherkinases

Guy et al. (1991) utilized two-dimensional gel electrophoresis to analyze the protein

phosphorylation events after TNF treatment of humanforeskin fibroblast. They have

identified 53 proteins that were phosphorylated afterTNFtreatment. Treatment with

various activators of known kinases (such as forskolin for PKA, PMA for PKC, and EGF

for tyrosine kinases) were unable to reproduce the samephosphorylation pattern as TNF.

The majority of thephosphorylations were labile to acidtreatment, which indicates the

phosphorylations were on serine and threonine residues. However, a 46 kDal protein was

acid-stable (i.e., it contained phosphotyrosines) and identified as microtubule associated

protein (MAP) kinase. Experiments analyzing the direct protein kinase activity after TNF

treatment were conductedby Van Lint et al. (1992). Fromtheirexperiments, they

identified an increase in a serine/threonine kinase activity in L929 and Swiss 3T3 cells after

TNF treatment. TNF is cytotoxic to L929 but not to Swiss 3T3. Further a serine/threonine

kinase wasidentified by monoclonal antibodies as MAPkinase. Also,monoclonal

antibodies against phosphotyrosine identified the sameprotein, confirming the identity of

the kinase as MAPkinase. In addition to MAP kinase, a serine/threonine kinase that

phosphorylates mRNAcap binding protein was detected. Guesdon et al. (1993) identified

a serine kinase thatphosphorylated the 27 kDal heat shock protein. This serine kinase was

not recognized by monoclonal antibodies againstMAPkinase. The additionof

staurosporine, a potent inhibitor of protein kinase C, sensitized L929to TNF-mediated

lysis. However, the use of other known protein kinase inhibitors did not mimic the
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staurosporine effect, hence staurosporine might be inhibiting an undescribed protein kinase

(Beyaert et al. 1993). Recently, TNF has been shown to increase tyrosine phosphorylation

of MAPkinase in FS-4 human fibroblasts (Vietor et al. 1993). This is in accordance to the

findings of Guy et al. (1991) and Van Lint et al. (1992). Thus TNF activates MAP kinase

by inducing tyrosine phosphorylation. Moreover this seems to be a general signaling

process for TNF since it was seen with TNF-mediated growth proliferation and lysis of

FS-4 and L929, respectively.

In accordance with the hypothesis that TNF induces a tyrosine kinase, we have detected

an increase in tyrosine kinase activity in TNF resistant cells after TNF treatment.

Furthermore tyrosine kinase inhibitors sensitize TNF resistant cells to TNF-mediated lysis.

This indicates that the activation of the TNF resistance mechanism requires protein tyrosine

kinase activity.

1.6.d. Protein phosphatases

Protein phosphorylation is usually followed with dephosphorylation and this balance is

required to return to the basal state. Recently, studies have indicated the involvement of

phosphatases in the TNF signaling pathway. Guy et al. (1992) has shown that the

treatment of FS-4 fibroblast cells with okadaic acid, a protein serine/threonine phosphatase,

mimics the protein phosphorylation pattern observed in two-dimensional gel

electrophoresis of TNF treated FS-4 cells. Furthermore, okadaic acid induced the

transcription of TNF early response genes. In addition, TotpaI et aI. (1992) demonstrated

the inhibition of TNF-mediated lysis of L929 by inhibitors of serine/threonine

phosphatases and tyrosine phosphatases.

In agreement, we have also demonstrated the inhibition ofTNF-mediated lysis of lOME

fibroblast cells by tyrosine phosphatase inhibitors. Moreover, we detect a loss of protein
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tyrosine kinase activity after TNF treatment in TNF sensitive cells. We postulate that the

decrease in tyrosine kinase activity is through the inactivation by a tyrosine phosphatase.

1.6.e. Free radicals

Free radicals are usually generated in the mitochondria by the mitochondrial respiratory

chain. The major role of the mitochondrial respiratory chain is to regenerate NAD+

reducing potential by accepting electrons from NADH. The chain can be subdivided into 4

complexes. Complexes I and II contain enzymes with iron-sulfur centers, and initiate the

respiratory chain. Complex I, which contains NADH dehydrogenase, accepts two

electrons from NADH, whereas complex II, which contains succinate dehydrogenase, .

accepts one electron from succinate. The electrons from both complexes are then

transferred to complex III, which contain ubiquinone and the cytochromes B and C 1.

Transfer of electrons continues from complex III to cytochrome C and, lastly, to complex

IV, containingcytochrome A. The final acceptor for the electrons is oxygen and water is

then produced. However, some of the electrons do not completely pass through the

respiratory chain. Some electrons escape the chain at complex II, from ubiquinone, and

univalentlyreduce oxygen molecules to generate superoxide radicals (OT). Under most

cases, superoxide dismutase detoxifies the superoxide radical by a dismutation reaction to

generate hydrogen peroxide (Schutze et al. 1992)

The generation of free radicals has usually been considered the cytotoxic mechanism of

TNF. However, Schulze-Osthoff et al. (1993) have shown that superoxide radicals

generated from TNF also function as secondary messengers in the TNF signaling pathway.

TNF is cytotoxic to L929 and the addition of drugs that increase or decrease superoxide

generation during the TNF cytotoxic assay resulted in either the potentiation or inhibition,

respectively, ofTNF-mediated lysis. This is consistent with the hypothesis that superoxide

radicals are part of the TNF lytic mechanism. In addition, TNF induces NF1d3 activation

23



in L929. Drugs that modulated superoxide generation also modulated the activation of

NFKB. Furthermore, L929 variants, that were selected for defective mitochondria, were

resistant to TNF-mediated lysis and TNF treatment was unable to activate NFKB.

Together, these findings suggest the formation of reactive oxygen intermediates is part of

the TNF signaling pathway.

1.7. TNF Induced Genes

The final part of the TNF signal transduction pathway includes the activation of

transcription factors and expression of TNF-induced genes.

1.7.a. Transcription Factors

a. NFKB

Nuclear factor KB, a 55-65 kDal heterodimer, was originally described in B

lymphocytes and functioned as a transcription factor for the kappa light chain. However,

several cellular and viral genes contained NFKB response elements (specific DNA

sequences where NFKB could bind and initiate RNA transcription). Studies have shown

that NFKB associates with inhibitors (IKB) in the cytoplasm. Activation of NFKB required

the phosphorylation of IKB by protein kinase. Phosphorylation of IKB favors the

dissociation ofNFKB-IKB complex. Free NFKB can then enter the nucleus, and initiate

transcription.

Several studies have shown the activation of NFKB after TNF treatment. It has been

suggested that activation of NFKB by TNF during IllY infection could facilitate viral

replication and AIDS (Osborn et al. et al. 1989). The immunomodulatory activity ofTNF

is via the activationofNFKB in T cells (Lowenstal et al. 1989). Similarly, TNF stimulates

an increase in an MHC class I molecule, which is induced by the activation of NFKB.

Hence the expression of TNF-induced genes requires the activation of NFKB.

b. TNF-Induced Genes
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EffectCell

The pleiotropic nature of TNF could be explained by the various genes that are induced

after TNF treatment. The Table I is from a 1992 review article. Although far from

complete, the table lists genes induced by TNF (Vilcek and Lee 1991).

Table 1. TNF-induced genes
Gene

Adipsin
Albumin
Alkaline phosphatase
Alpha-1 acidic glycoprotein
Collagen
Collagenase
Complement C3
Complement factor B
Gelatinase
Plasminogen activator inhibilor(PAF) 1&2
Serum Amyloid A protein
Tissue Factor
u-PA (Urokinase-type plasmin~gen activator)

CYTOKINES
G-CSF
GM-CSF
M-CSF
IFN-B
Il-1a
Il-1B
Il-6
Il-B
MCP-1 (monocyte chemotactic and activating factor)
MGSAlgro
PDGF
TNF

MEMBRANE-ASSOCIATED PROTEINS
Actin (-)
c-abl
C3b-receptor
ELAM-1
HLAclassl
HLA class II
ICAM-1
Il-2 receptor (alpha chain, p55)
Lipoprotein lipase (-)
Myosin heavy chain (-)
Thrombomodulin
Acetyl-CoA carboxylase (-)
Cytochrome b-245 heavy chain gene
Metallothionin II
Manganese superoxide dismutase
MX (p7B)
2',5'-oligo Asynthetase
Ferritin heavy chain

NUCLEAR PROTEINS
c-tos
c-jun
c-myb
c-myc
IRF-1

Adipocyte
Hepatocyte

Hepatoma
skin fibroblast

fibroblast
fibroblast
fibroblast

granulation tissue
endothelial cell

fibroblast
endothelial cell
neoplastic cells

marrow cells
marrow cells
monocytes
fibroblast

PBMC
PBMC

fibroblast
fibroblast

dermal fibroblast
endothelial cell
mesangial cell

U937, myeloid cells

myoblast
marrow stromal cell

monocytes
endothelial cell

fibroblast
fibroblast

endothelial cell
T lymphocyte

adipocyte
myoblast

endothelial cell
adipocyte
myeloid cell

U937, myeloid
lung carcinoma cell

lung cells
U937, myeloid

adipocyte

U937
fibroblast

cachexia
inflammation

acute phase reactant
tissue remodeling
tissue remodeling

inflammation
inflammation

tissue remodeling
coagulant

acute phase reactant
coagulant

tissue remodeling

growth/maturation
growth/maturation
growth/maturation

antiviral
inflammation
inflammation
inflammation
inflammation
inflammation
inflammation

mitogenic
growth/maturation

cachexia
growth/maturation

inflammation
adherence

immunomodulatory
immunomodulatory

adherence
immunomodulatory

cachexia
cachexia

procoagulant
cachexia

cytotoxic. tumorcidal

protective, resistance
antiviral
antiviral

inflammation

-=iNtmhlbJls Iheexpression ollhls gene
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The cell type and its stage of differentiation determine which gene(s) is (are) induced or

inhibited by TNF. For example, TNF increases c-myc expression in peripheral blood

mononuclearcells (Kronke et al. 1992), whereas c-myc transcription is inhibited by TNF

in HL60 cells, a cultured myeloid cell line (Kronke et al. 1987). Myoblasts respond to

TNF by decreasing the expression of actin and myosin heavy chain genes. However, the

treatment of myocytes, mature myoblasts, with TNF has no effect at all (Miller et al. 1988).

In other cases, TNF has been shown to induce genes having antagonistic roles. An

exarriple is the expression of plasminogen activator inhibitor (PAl) and urokinase-type

plasminogen activator in the same type of cell (Kronke et al. 1992).

It is not certain how TNF induces all of these genes. Not all of the listed genes possess

a NFlCB response element. Since most of these studies were quantitating gene expression

after TNF treatment, it is possible that some of the genes are transcribed after TNF

stimulates the expression of nuclear proteins.

1.8. TNF lytic mechanism

TNF has been implicated as the sole mediator of endotoxic shock. TNF has also been

reported to modulate the immune system, affect inflammation, kill certain tumor cells, and

act as a mitogen to others. From Table 1 above, the gene products can be categorized in the

following manner (see table 2).

Table 2. TNF-induced gene products

~
TIssue Iaelor

Thrornbomodulin

~
Adipsin
Aclin

Lipoprotein lipase
myosin

Acetyl·GoA carboxylase

~
PDGF
c·abl

Inflammation
Complement C3
Complement B

Complement C3b receptor
interferon

interfeukin-1
MGSA
Ferritin
TNF

~
Cytochrome

Superoxide disnnutase

Pifferentialion
G-CSF

GM·CSF
M-CSF
TNF
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Acule phase proteins
Alpha1·acid glycoprotein

serum amyloid A

Immunomodulatjon
HLA class I
HLA class II
IL-2 receptor

TNF
Interteukins

CSF

Anli:Wl
Interferons

Mx
2'5'oligo-synthetase

TIssue remodeling
collagenase

collagen
gelatinase
albumin

plasminogen activator
plasminogen activator inhibitor

ELAM-1
ILAM-1



Interestingly, TNF-mediated lysis does not involve RNA transcription and protein

synthesis. Hence other processes must be involved in the TNF lytic mechanism. Several

possible lytic mechanisms exist such as generation of free radicals, apoptosis, and

necrosis. In all cases, there has been conflicting data which complicates the situation.

a. Free Radicals as the cytotoxic mechanism.

As mentioned above in the Free radical section, TNF induces the generation of reactive

oxygen radicals. Cells that are devoid of mitochondrial activity (Schulze et al. 1993) or

have increased superoxide dismutase activity (Wong and Goeddel1988) are protected from

TNF-mediated lysis, suggesting the involvement of reactive oxygen intermediates in the

TNF lytic mechanism. However, studies using various free radical scavengers indicated

that some scavengersprotect cells from TNF-mediated lysis while others do not (Suffys et

al. 1987). Some studies indicated an increase in hydroxyl radicals in TNF treated cells; in

contrast, others did not detect any difference in hydroxyl radical concentration before and

after TNF treatment (Beyaert and Fiers 1994).

Similarly, the argument between apoptosis and necrosis is unresolved. Numerous

studies have shown that TNF can induce both types of killing. The target determines what

type of killing is involved (Laster et al. 1988, Larrick and Wright 1990, Beyaert and Fiers

1994). A major problem in distinguishing apoptosis from necrosis is the definition of

apoptosis as DNA fragmentation. Often it is difficult to assess whether DNA fragmentation

is the cause or result of cell death.
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CHAPTER 2

MATERIAL AND METHODS

The following are brief explanations of the material and methods employed. More

detailed information is provided in the appendices and further variations of the methods are

mentioned in the results sections as needed.

Animal and Cell lines

Spleens, used for NC-mediated cytotoxicity assay, were derived from BALB/c mice.

The different cell lines were derived from Dr. Patek's collection of cell lines. It is

noteworthy to mention that three of the cell lines used extensively in the experiments,

BICN, lOME, and L88, serve as a model for the progression of cells from normal to

cancerous (appendix 1). Besides the three, other cell lines employed were L929 and

BALB/c 3T3. All these cells are fibroblasts derived from the same strain of mice, BALB/c,

with the exception of L929 cells which came from C3H mice. All cell lines were maintained

on Dulbecco's modified essential medium (DMEM) supplemented with 10% supplemented

calf serum with 1000 units of penicillin! Img streptomycin (Sigma, St. Louis, MO). Cells

were grown in 7% C02 at 37°C. Furthermore, lAI (American Type Culture Collection,

Rockville, MD) and Rat-I v-src (a generous gift from Dr. Alan F. Lau, University of

Hawaii, Honolulu, HI) were used as controls.

TNF and Inhibitors

Human recombinant TNF-a was generously supplied by Dr. Lin (Cetus Corp.,

Emeryville, CA). 1 unit of TNF is defined as that amount having a lytic activity

corresponding to 50% lysis ofL929 in a standard assay. Genistein, herbimycin A, and

DIL-bromotetramisole were from ICN (Costa Mesa, CA). Sodium orthovanadate and
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cycloheximide were from Sigma Co.. Methyl-2,5-dihydroxycinnamate, lavendustin A,

RCAM-Iysozyme, 2-hydroxy-5-(2,5-dihydroxybenzyl)aminobenzoic acid and tyrphostin

were from GIBCOIBRL (Gaithersburg, MA).

III vitro assay for NC- and TNF-mediated cytolysis

Appropriate quantities of target cells were grown to desired cell density and then

incubated with 51chromium, 100JlCilml. After an hour and half incubation, the cells were

washed, resuspended in RPMI 1640 medium. counted, and then dispensed into microtiter

wells. The NC assay utilized varying numbers of BALB/c spleen cells in RPM! 1640

medium plus 104 target cells in microtiter wells containing a final volume of 0.1 ml RPM!

1640 medium. The assays for TNF-mediated cytolysis were similar, except various

concentrations of TNF were substituted for spleen cells. The amount of cytolysis was

ascertained after 18 hours by determining the percentage of 51Cr released. Percentage of

51Cr released was calculated by the following formula: % specific 51Cr released =(sample

counts per minute - spontaneous counts per minute)/(total counts per minute - spontaneous

counts per minute) x 100. All data points documented represent the average of triplicate

samples. In all assays the spontaneous release of 51Cr ranged from 20 to 35%. In

analyzing inhibitory activity against NC- or TNF-mediated cytolysis, 0.05 ml of either

medium or medium containing the inhibitors was added into the microtiter plate; thus, the

total volume in each microtiter well was 0.15 mI. Error bars, on some of the figures,

represent the standard deviation of the triplicate samples. Error bars are depicted only

when the standard deviation is greater than 1%.

MTT cytotoxicity assay

TNF and target cells were mixed as in the 51Cr release assay except the targets were not

radiolabeled. After 18 hours incubation, MIT (dimethylthiazol bromide, 15 ml of a 5
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mg/ml solution)was added to each well. Viable cells were allowed to produce the

formazan dye for 4 hours at 37°C, then 0.15 m1 of solubilization buffer (10% sodium

dodecyl sulfate, O.IM HC!) was added into each well. Absorbance was read the following

day at 570 nm. Percent cytotoxicity = (1- absorbar.cesampleiabsorbancetotaI)xlOO%.

Blank readings were subtracted from the absorbance sample.

Protein tyrosine kinase assay

As previously described (Schraag et al. 1994), the determination of protein kinase

activity was via enzyme-linked immunosorbent assay. Cells grown near confluency were

treated with several doses of TNF for various time periods (see figures). After treatment,

the cells were washed twice with cold PBS and lysed in solubilization buffer and by freeze

thaw. Various concentrations of celllysates from untreated and TNF-treated cells (see

figure) were added, in triplicate, into microtiter wells coated with poly(GluNa:Tyr) (PGT,

Sigma) and incubated 30 min at 37°C in reaction buffer containing 50 nM ATP (Sigma).

The wells were then washed four times with washing buffer (Tris-tween 20 buffer).

Detection of phosphorylated tyrosine was by the use of a mouse monoclonal anti

phosphotyrosine antibody, PY.72.10.5 (1:100) (a generous gift from Dr. Bartholomew M.

Sefton, Salk Institute, LaJolla, CA), and Goat anti-mouse Ig-horse raddish peroxidase

(1:2000) (Amersham, Arlington Heights, IL). The presence of bound immunoglobulin

was determinedwith 5-aminosalicylate (Sigma) and read in an ELISA plate reader at 450

nm.

Absorbance of control wells, from which ATP was omitted, was subtracted from the

sample absorbances. Representative experiments are shown. Error bars represent the

standard deviation of triplicate samples and are depicted only when the standard deviation is

greater than 1%.
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Protein tyrosine phosphatase assay

The assay described is a modification of the protein tyrosine kinase assay. Prior to

adding the cell lysate to the wells, tyrosine residues on PGT were phosphorylated with Rat

Iv-srccell lysate containing protein tyrosine kinase activity. Then celllysates were lysed

using the same lysing buffer as was used in the protein tyrosine kinase assay, except

without vanadate. Celllysates were added into the wells. Detection of phosphorylated

tyrosines was via an ELISA as described above. Protein tyrosine phosphatase activity was

assessed by the reduction of phosphorylated tyrosine residues. Results were reported as a

percentage of control (no lysate) phosphotyrosine which was calculated by the following

formula: Percentage of control phosphotyrosine =(sampleabsorbanceltotalabsorbance) X

100.

Sodium Dodecyl Sulfate (SDS) polyactylamide gel electrophoresis (PAGE)

5-10 X105 cells plated in 60 nun tissue culture dish were treated either with TNF, PBS

or TNF and genistein. The dose and length of treatment are indicated in the result section.

After treatment, cells are washed twice with cold PBS. Cells were lysed in a modified

RIPA lysing buffer( 50 mM Tris (pH7.4), 0.25% Sodium deoxycholate, 150 mM NaCI, 1

mM EGTA, 1% NP-40, 200 ~M Na3V04, 200 ~M NaF, 1 mM PMSF) for 5 minutes.

Scraped cells were transferred into Eppendorf microfuge tubes and lysates were clarified by

centrifugation in a microfuge at maximum speed for 30 minutes at 4°C. Protein

determination (BioRad DC kit, Hercules, CA) was conducted on the collected supernatants.

Samples were mixed with 2X sample buffer (125 mM Tris-Hfll (pH6.8), 2% SDS, 5%

glycerol, 0.003% bromophenol blue, and 1% B-mercaptoethanol) and boiled for 5 minutes.

5-7 ug of sample was loaded into each well of a 12% or 4-20% gradient SDS

polyacrylamide gel. Proteins were then separated by electrophoresis. Visualization of
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proteins ingel was viaCoomassie or Silver (BioRad silver stain kit) stainingor by Western

blotting (see below) .

Western Blot

Proteinsseparated via SDS-PAGE were electrotransferred to nitrocellulose membrane in

transfer buffer composed of 25 roM Tris, 192 mM glycine, and 20% methanol. The

membranes were blocked in 2% BSA in PBS (0.14 M NaCI, 8.93 mM Na2HP04, 1.28

mM NaH2P04) with 0.1 % Tween 20. The membranes were probedwith monoclonal anti

phosphotyrosine antibody PY72.10.5 in PBS with Tween 20 for 1 hour. Immune

complexes were visualized using rabbit anti-mouse conjugated to horse radish peroxidase

and enhanced chemiluminescence detection (Amersham International PLC).

Preparation of Subcellular Fractions.

Subcellular fractions werepreparedaccording to Osborn et al. 1989. Cells were plated into

60 mm dishes and allowed to adhere for 24 hours before treatment. Cells were activated

with TNF fordifferent time periods. Treatment was terminated by the removal of medium

followedby washing of the cells with cold PBS. Washed cells were scraped into 0.5 ml of

hypotonic buffer (10 mM HEPES, 1.5 mM MgCI2, lOmM KCI, 0.5 roM DTT, and 0.5

mM PMSF). Cells were pelletedin hypotonic buffer by centrifugation at 14,000 X g for

10 min. Thesupernatant wascollected and termed fraction 1 or cytoplasmic fraction .

Then the pellets were treated for 10min on ice in hypotonic buffercontaining0.1% NP-40.

Lysates were centrifuged at 14,000X g for 10 min. The collected supernatant was called

fraction2 or membrane fraction. The resulting pellets were suspended in 20 mM HEPES

containing 420mM NaCI, 1.5mM MgCI2, 0.2 mM EDTA, 25%glycerol and 0.5 mM

PMSF andincubated on ice for 15minutes. The mixtures were thencentrifuged at 14,000

X g for 10 min, and the supernatants were mixed with lOmM HEPES , 50mM KCI,

32



0.2mM EDTA, 20% glycerol, 0.5 111M PMSF, and 0.5mM OTT. Such samples

constituted nuclear extracts.
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CHAPTER 3

INHIBITORS OF PROTEIN TYROSINE KINASE DECREASE TNF-RESISTANCE

As mentioned in the introduction, extracellular growth factors bind to an extracellular

domain of transmembrane receptors. This binding activates a single or multiple signal

transduction pathway. For some situations, protein phosphorylation is involved in the

signal transduction. Phosphorylation of serine and threonine residues is more conunon

than tyrosine phosphorylation. Although the TNF signaling pathway is not elucidated, it is

possible that protein phosphorylation is part of the TNF signaling mechanism.

1.1 TNF-resistant cells become sensitive to TNF lysis with the addition ofgenistein, an

inhibitor ofprotein tyrosine kinases

Genistein, at low concentrations, has been demonstrated to be a specific inhibitor of the

tyrosine kinase found on EGF receptors. Moreover, genistein is capable of inhibiting

tyrosine kinases other than the EGF receptor. Based on the fact that many growth factors

rely on protein phosphorylation for signal transduction, we investigated the effects of

genistein on TNF-mediated lysis of the TNF-resistant cell lines B/C-N, L88.3, and

3T3A3l, and the TNF-sensitive cell line lOME. Despite theirTNF resistance, B/C-N,

L88.3, and 3T3A31 express TNF receptors (Patek et al. 1987, Smith et al. 1990). As

shown in figure 1, minimal cytotoxicity was observed when either B/C-N, L88.3, or

3T3A31 were treated with TNF alone. TNF treatment of lOME resulted in significantly

higher cytotoxicity. For example, at 0.1 units TNF/well, there is about 20% lysis of

lOME; comparable killing ofB/CN, L88.3, or 3T3A31 required approximately lOO-fold

more TNF; at higher doses of TNF there is similarly higher lytic activity on lOME than the

other cells. However, with the addition of genistein to the cytotoxicity assay, the resistant

cell lines become sensitive to TNF whereas the lysis of the sensitive cell line is not
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Figure 1.Genistein increases TNF-mediated lysis ofTNF-resistant cell lines but not the

TNF-sensitivecell line. TNF resistant cell lines are B/CN, L88.3, and 3T3A31. TNF

sensitive cell line is lOME.
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affected (figure 1). Moreover the increase in sensitivity toTNF in the resistant cells was

dependent on the dose of genistein. Thus, at two nontoxicdoses of genistein, there is a

marked increase in TNF-mediated lysis of resistant cells, and little effect on the sensitive

cells.

It is important to note that several tyrosine kinase inhibitors other than genistein were

also tested to ascertain whether they could increase TNF lysis of resistant cell lines.

Additional inhibitors tested were herbirnycin A, methyl 2,5-dihydroxycinnamate,

lavendustin A, RCAM-Iysozyme, 2-hydroxy-5-(2,5-dihydroxybenzyl)aminobenzoic acid

and tyrphostin. Of these, only herbimycin A had an affectcomparable to genistein (Figure

2). The increase in TNF-mediated lysis of B/CN was dependenton the dose of herbimycin

A. The inability of the other drugs to mimic the effects of genistein could be attributed to

their selectivity of target protein kinases. Of the inhibitorsused, only genistein and

herbimycin A have been demonstrated to inhibit tyrosine kinasesother than the EGF

receptor (Enright & Booth 1990). Since herbimycin A andgenistein inhibit tyrosine

kinases via different mechanisms, and since both inhibitorsincrease TNF-mediated lysis of

TNF-resistant cells, one must consider that a protein tyrosine kinase is required to either

maintain a TNF resistance mechanism that counteracts the lytic process, or protein tyrosine

kinase activity directly inhibits the lytic mechanism. However, since the protein tyrosine

kinase inhibitors have no effect on the lysis of TNF sensitivecells (at any dose of TNF), it

appears that protein tyrosine kinase activity is involved in the TNF-resistance mechanism

and does not directly affect the lytic activity.

3.2 Staurosporine, a PKC inhibitor, does not affect TNF-mediatedlysis ofTNF-sensitive

or resistantcells

Because protein kinases, in particular protein kinase C (PKC), have been implicated in

the signaling pathway of TNF (Schutze et al. 1989), we examined the effects of
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staurosporine (Tamaoki et al. 1986), a PKC inhibitor, on TNF-mediated lysis of various

target cells. TNF-mediated lysis of B/C-N (TNF-resistant cell line) was not affected by the

addition of staurosporine (see Table 3). Similarly, staurosporine had no effect on the TNF

mediated lysis of lOME (TNF-sensitive).

The use of staurosporine at concentrations greater than 6.4 nM resulted in high toxicity.

These data indicate that, in these targets, TNF lytic signaling is independent of protein

kinase C activity.

3.3 Genistein is effective only when administered to cells during the first 3 hours ofTNF

treatment

Genistein could increase the sensitivity of cells to TNF-mediated lysis by any of several

mechanisms. These include: (i) increasing the number of TNF receptors per cells; (ii)

increasing the amount of the lytic mechanism induced by the binding of TNF to its receptor;

or (iii) decreasing mechanisms that protect cells from the TNF-induced lytic mechanism.

If the increase in TNF-sensitivity caused by genistein is the result of an increase in the

number of TNF receptors, then pretreatment of cells with genistein should be effective in

increasing TNF-sensitivity. This possibility was tested by incubating cells with 20 ug/ml

of genistein for various lengths of time, washing out the genistein, and using these cells in

the TNF assay. As shown in Table 4, the addition of genistein to the TNF assay resulted

in an increase of cytolysis of B/CN; however, pretreatment ofB/CN for 0.5 or 2 hours did

not have an effect on the sensitivity of these cells to TNF, and pretreatment for 4 or 6 hours

had only a small effect at the highest dose of TNF. Likewise, pretreatment of B/CN for

more than 6 hours did not increase TNF sensitivity (data not shown). Thus, it appears that

genistein must be present along with TNF to have a significant effect on TNF-mediated

lysis.
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TABLE 3

Staurosporine does not effeet the TNF-mediated lysis ofTNF-resistant (BieN) or

-sensitive (lOME) eelllines

PercentageSpecific 51Cr release

Staurosporine (oM)

Target Units ofTNF per well Q 0.014 0.14 1.4 6.4

BIeN 0.1 4 4 2 6 7

1 8 8 7 6 13

10 19 20 15 19 21

lOME 0.1

1

39

35

53

38

52

42

54

41 41

55 51



TABLE 4

Genistein Pretreatment ofBieN, a TNF-resistant cell line, does not increase cytotoxicity

Percentage Specific 51Cr release

Units ofTNF per well

Genistein (33 ygh@ 0.1 1 10

4 9 20

+ 8 19 39

Hours of pretreatmentb

0.5

2

4

6

6

3

2

3

9

8

12

10

16

18

27

25

a -,absent; +, present, during the assay period

b BIeN waspretreated with 20 ug/ml genistein for various lengths of time before the start

of the TNF assay. The cells were washed and used as targets in the absence of genistein.
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Because the preceding data indicated that genistein was required at the time of TNF

addition to increase sensitivity, we examined the possibility that the addition of genistein

after TNF treatment could confer sensitivity. After mixing target cells and TNF, genistein

(33 ug/ml) was added at various times during the ensuing 6 hours (figure 3). Genistein

induced TNF sensitivity was apparent when genistein was added to the targets within the

first 3 hours after the addition ofTNF. Interestingly, the addition of genistein 0.5 hours

afterTNF generated the maximum TNF sensitivity. In accordance with the pretreatment

experiments, genistein appears to be inhibiting a resistance mechanism that is induced after

TNF triggers the cytolytic mechanism. This suggests that tyrosine phosphorylation (or

some unknown genistein-sensitive pathway) is involved in intracellular signaling required

for resisting TNF-mediated lysis; genistein does not appear to directly affect the lytic

mechanism in lOME or in these TNF-resistant cell lines.

3.4 Genistein-induced TNF sensitivity is similar to cycloheximide-induced sensitivity

The TNF-resistant cell lines B/C-N and L88.3 have been shown to possess a protein

synthesis dependent TNF-resistance mechanism, in that they become sensitive to TNF

mediated lysis when treated with a protein synthesis inhibitor such as cycloheximide (Patek

et al. 1987). Moreover, maximum effect on these cells is seen when cycloheximide is

admixed with the targets 2 hours after TNF exposure begins. Accordingly, genistein could

be acting on a pathway that is functionally identical to the protein synthesis dependent

resistance pathway blocked by cycloheximide. To ascertain whether the effect(s) of

genistein is independent of the cycloheximide effect(s), the TNF cytotoxic assays were run

in the presence of both genistein and cycloheximide. If they are operating on separate TNF

resistance mechanisms then it is expected that their effects would be additive; if they block

the same TNF resistance pathway then, at saturating doses of cycloheximide, genistein

should not effect further increases in target lysis. As shown in figure 4, TNF-mediated
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lysis of BICN increases with increasing concentrations of cycloheximide. At low doses of

cycloheximide, theeffects of cycloheximide plus genistein were additive. However, as the

maximum effective concentrationof cycloheximide wasapproached, theeffect of genistein

was diminished. Thesedata are consistent with the ideathatgenistein and cycloheximide

function to make certain cells TNF-sensitive by inhibiting the sameTNFresistance

mechanism.

3.5 Summary

Although most cells possess TNF receptors, few are sensitive to TNF-mediated

cytolysis. Clearly, cells that do not express TNF receptors will be TNF-resistant, but

numerous studies have identified various other properties that contribute to TNF resistance.

For instance, Tsujimoto (1985) reported that the TNF-resistant cell lineFS-4 will bind

TNF but these cells are incapable of internalizingthe receptor-ligand complex. Some

studiesshowthat the expression of certain proteinscorrelates withTNFresistance [e.g.,

superoxide dismutase (Wong et aI. 1989)]. Additionally, there are reports of both protein

synthesis dependent and protein synthesis independent TNFresistance mechanisms

(Kirstein & Baglioni 1986, Delfilippi et al. 1987, Pateket aI. 1987). Nonetheless, details

of eithertheTNFlyticor resistance mechanismsremain unclear.

Herein, wereport that genistein, tyrosine kinaseinhibitor, causes certainTNF-resistant

cells to become sensitive to TNF-mediated lysis (figure 1). It couldbe that genisteinis

augmenting the TNFlytic mechanism or blockingTNF resistance. Thedata support the

laterconclusion sincegenistein treatment increased theTNFsensitivity of resistantcells,

but did not affect sensitivecells (i.e., cells with lowlevels oftheTNFresistantmechanism

are notaffected by genistein).

Oneconcern in usinggenistein, a competitive inhibitor ofATP binding to tyrosine

specific protein kinase, is the specificity of this drug. It is noteworthy that other tyrosine
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kinase inhibitors, usually used to study the EGF receptor-associated protein tyrosine

kinase, do not increase TNF sensitivity in resistant cells. In our hands, methyI2,5

dihydroxycinnamate, lavendustin A, RCAM-Iysozyme, 2-hydroxy-5-(2,5

dihydroxybenzyl)aminobenzoic acid and tyrphostin do not increase TNF sensitivity (data

not shown). Nonetheless, since these drugs are specific for the EGF receptor-associated

protein tyrosine kinase and genistein is not, it was not entirely unexpected to observe

dissimilar effects. Some of these drugs are competitive inhibitors of substrate binding to

the EGF receptor-associated protein tyrosine kinase whereas others are non-competitive

inhibitors (Enright & Booth 1990). However, herbimycin A, another tyrosine kinase

inhibitor, is able to increase TNF-mediated lysis of a TNF-resistant cell line but not a TNF

sensitive cell line. Herbimycin A, like genistein, has been demonstrated to inhibit a wide

variety of tyrosine kinases (Uehara et aI. 1988). This indicates that an EGF-receptor-like

kinase is not involved in TNF resistance and that the substrate molecules of the TNF

resistance mechanism are probably different from the substrates phosphorylated by the

EGF receptor-associated protein tyrosine kinase.

It is also possible that genistein or herbimycin A affect other protein kinases. In

particular, several reports have focused on the involvement of protein kinase C (PKC) in

the TNF signaling pathway. However, our data show that the addition of staurosporine, a

PKC inhibitor, does not affect the TNF resistance in the targets we used (Table 3). In

addition, the TNF-mediated lysis of a sensitive cell line, lOME, was not affected by

staurosporine. These findings indicate that the inhibition of PKC does not increase TNF

sensitivity in these resistant cells and, furthermore, supports the idea that genistein is not

blocking PKC or other similar enzymes. We are currently trying to identify the target of

the putative TNF-induced tyrosine kinase activity.

The data presented here also indicate that genistein inhibits a TNF resistance mechanism

that is activated only after TNF binding by the target cell. Incubating cells with genistein
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prior to TNF exposure did not significantly increase TNF sensitivity. This suggests that

the resistance mechanism is normally inactive and is induced by TNF. Furthermore,

genistein is effective in increasing lysis when added anytime within the first 3 hours of the

TNF assay. However, the optimal effect of genistein was observed when added to the

targets 0.5 hours after TNF addition; again, suggesting that the TNF resistance mechanism

is induced only after exposure of targets to TNF.

Similarly, cycloheximide (an inhibitor of protein synthesis) increases TNF sensitivity of

resistant cells. Moreover, the maximum effect of cycloheximide is observed when it is

administered 2 hours after TNF addition (7). Genistein could act by inhibiting the same

pathway that is blocked by cycloheximide or a pathway that is independent of the protein

synthesis-dependent resistance mechanism. Our investigation indicates that the addition of

genistein and sub-saturating doses of cycloheximide increased TNF-mediated lysis in an

additive way; however, with high doses of cycloheximide, genistein does not substantially

increase the amount of cytotoxicity. Since maximum genistein-induced-TNF lysis was

obtained only at sub-saturating dose of cycloheximide, it suggests that genistein and

cycloheximide inhibit the same TNF resistance mechanism.

The findings that the optimal effect of genistein is at t=0.5 hours after TNF treatment

whereas the optimal effect of cycloheximide is at t=2 hours, along with the suggestion that

genistein and cycloheximide are acting on the same resistance mechanism, is consistent

with the hypothesis that the TNF resistance mechanism is initiated with the phosphorylation

of a substrate which then induces protein synthesis. Such a sequence of events has been

shown in other systems (reviewed by Cantley et al. 1991) where ligand-bound growth

factor receptors phosphorylate and thus activate various substrates which eventually lead to

the initiation of transcription. In accordance, the TNF receptor shares considerable

homology with the nerve growth factor receptor which, as a consequence of ligand

binding, results in tyrosine phosphorylation (Ross 1991). Although subsequent studies are
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necessary, it is conceivable that the TNF receptor, after binding to TNF, initiates

phosphorylation of tyrosine residues on a transcription factor which induces synthesis of

proteins involved in the TNF resistance mechanism. Since genistein does not affect the

TNF lysis of lOME, it is presumed that such a factor is not involved in the lOME (and

B/CN) lytic mechanism.

In summary, TNF resistance is blocked by genistein and herbimycin A. Furthermore,

the TNF resistance mechanism in B/CN is induced after TNF binding and is sensitive to

genistein during the first 3 hours after TNF treatment. Genistein, in addition, blocks a

TNF resistance mechanism that is either related or similar to the protein-synthesis

dependent TNF resistance mechanism:
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CHAPTER 4

PROTEIN TYROSINE PHOSPHATASE INHffiITORS INCREASE TNF RESISTANCE

Protein phosphorylation is a reversible, dynamic process that regulates various cellular

functions. Protein dephosphorylation is equally as important as protein phosphorylation.

Originally, protein phosphatases were believed to playa "housekeeping" role by turning off

the phosphorylation event and thereby recycling the substrate. Several recent reports have

shown that protein phosphatases associated with receptors initiate the signaling pathway;

i.e., protein phosphatases, as kinases, are pivotal in signal transduction (Feng and Pawson

1994).

4.1 Vanadate decreases TNF-mediated lysis ofTNF sensitive cells

Previously we have shown that tyrosine kinase inhibitors increase TNF-mediated lysis

of cells that are otherwise resistant to TNF. As shown in figure 5, TNF induces lysis of

lOME, but not of B/CN. IfTNF resistance is dependent on protein tyrosine

phosphorylation then, it is expected that protein tyrosine phosphatase activity (i,e.,

dephosphorylation) would reduce TNF mediated lysis. As expected, the addition of

vanadate, a protein tyrosine phosphatase inhibitor, decreased, in a dose-dependent manner,

TNF mediated lysis of lOME (figure 5). Since the amount of TNF-mediated lysis of B/CN

is normally low, it is difficult to assess whether vanadate decreased TNF-mediated lysis of

B/CN.

Similarly, treatment with L-bromotetramisole, a protein tyrosine phosphatase inhibitor

that functions differently than vanadate, (Metaye 1988, Van Belle 1977, Kovach 1992) also

reduced TNF-mediated lysis of both lOME and L929 (figure 6). The inactive D-isomer of

bromotetramisole did not affect TNF mediated lysis. Thus, tyrosine kinase inhibitors (i.e.,

genistein and herbimycin A) increase TNF sensitivity of TNF resistant cell lines whereas
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protein tyrosine phosphatase inhibitors (i.e., vanadate and bromotetramisole) decrease

TNF-mediated lysis of TNF sensitive cell lines.

As mentioned earlier, Totpal et aI. (1992) have shown that protein serine/threonine and

tyrosine phosphatase inhibitors blocked the TNF signal transduction pathway. It is

possible that protein serine/threonine phosphatases could also be involved in the TNF

signaling mechanism in lOME. To investigate this possibility okadaic acid, a protein

serine/threonine phosphatase inhibitor (Cohen et al. 1990), was added to the TNF assay.

As shown in figure 7, okadaic acid insignificantly decreased TNF-mediated lysis of lOME.

Furthermore, okadaic acid did not affect TNF-mediated lysis of B/CN (data not shown).

The findings suggest that protein serine/threonine phosphatases are not involved in the

TNF-mediated cytolysis or the TNF resistance mechanism of lOME or B/CN. This finding

is in contrast to those ofTotpal et aI. (1992) but may be due to the fact that different cell

lines were used in their experiments. Indeed when okadaic acid and TNF are added to

L929, a significant reduction in TNF mediated lysis is observed (figure 7).

4.2Vanadate affects a step after TNF binds to its receptor

Vanadate could be affecting metabolic events that either precede or follow TNF receptor

induced signaling. Accordingly, target cells were incubated with vanadate prior to the TNF

assay. As shown in table 5, treatment of targets with vanadate prior to TNF exposure had

no effect on TNF-mediated lysis. This finding indicates that vanadate does not affect the

targets such that they are less sensitive to TNF. In contrast, when vanadate was added

subsequent to TNF exposure, it was able to inhibit TNF activity (figure 8). This indicates

that vanadate is affecting a post-receptor binding event and is consistent with the hypothesis

that vanadate is affecting the TNF signal transduction pathway.
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Figure 7. Okadaicacid does not inhibit TNF-mediated lysis of lOME, but inhibits TNF

mediated lysis ofL929. Van, vanadate. QKA, okadaic acid.
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Table 5

Pre-treatment of lOME with vanadate does not reduce TNF mediated lysis

Time of vanadate pre-treatment

(hours)"

3

Percentage Specific

5lCr Release

Units ofTNFlWell

Added to the assay 0.1 1 10

No Vanadate 12 36 60

0.3 ug/ml Vanadate 12 22 51

3 Ilglml Vanadate 5 5 21

No Vanadate 3 29 78

0.3 ug/ml Vanadate 0 8 21

No Vanadate 12 36 54

0.3 ug/ml Vanadate 1 5 19

* cells were incubatedin 3 Ilglml vanadate at the indicated time and then washed to remove

vanadate prior to TNF assay
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ug/ml of vanadate were used.
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4.3Vanadate does not inhibit the TNF lytic mechanism but instead increases TNF resistance

The decrease in TNF mediated lysis caused by vanadate could be due to either inhibition

of the TNF-activated lytic mechanism or potentiation of the TNF resistance mechanism.

These alternatives can be distinguished since the TNF resistance mechanism is protein

synthesis dependent whereas the lytic mechanism is not. If vanadate inhibits the TNF lytic

mechanism then additionally blocking the resistance mechanism with a protein synthesis

inhibitor would be moot and thus manifest no increase in lysis. Ifvanadate increases the

resistance mechanism then it is expected that protein synthesis inhibitors would mitigate the

vanadate effect. Accordingly, cycloheximide, a protein synthesis inhibitor, and vanadate

were added to an TNF lytic assay. As seen in figure 9, B/CN is quite resistant to TNF

mediated lysis. Additionally, vanadate has no effect on the level of lysis whereas

cycloheximide markedly increases the TNF mediated lysis ofB/CN . Importantly,

vanadate plus cycloheximide results in lytic activity comparable to cycloheximide alone.

This indicates that vanadate does not significantly affect the lytic mechanism but decreases

lytic activity by affecting the protein-synthesis dependent TNF resistance-mechanism.

4.4 Summary

Heretofore, the various signal transduction pathways initiated by TNF have not been

elucidated. This is, in part, due to the pleotrophic effects of TNF. Several reports have

indicated that protein phosphorylation is involved in TNF mediated signal transduction. It

follows that protein dephosphorylation would also be involved in the signal pathways.

Totpal et al. (1992) have shown that phosphatase inhibitors modulate the growth-regulatory

effects ofTNF. In addition, Guy et aI. (1992) reported that okadaic acid, a

serine/threonine phosphatase inhibitor, mimics the early phosphorylation events and

induces gene expression comparable to TNF. Herein we demonstrate that inhibitors of
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Figure 9. Vanadate decreases TNF-mediated lysis by increasing TNF resistance.

Cycloheximide was added 2 hours after TNF addition, whereas vanadate was added at

the start of the TNF assay. Target is BIeN.

56



protein tyrosine phosphatases decrease TNF-mediated lysisof sensitivecells by increasing

TNF resistance.

The addition of vanadate to the TNF assay results in a decrease in TNF-mediated lysis

of TNFsensitive cells. In addition, bromotetramisole, a noncompetitive inhibitor of

tyrosine phosphatases, also inhibits TNF mediated lysis. Sincevanadateand

bromotetramisole are molecularly unrelated and their mechanisms of proteintyrosine

phosphatase inhibition aredifferent, the observation that theyeffectTNF lysis in identical

ways supports thehypothesis that a protein tyrosine phosphatase is involved in the TNF

signaling pathway. Furthermore, vanadate affects a step subsequent to TNF treatment as

seenin experiments wherethe inhibition of lysis occurs onlywhen vanadateis present in

the TNFlytic assay (table 1 and figure 8). In addition, the decrease in TNF-mediated lysis

induced byvanadate appears to be due to an increase of TNF resistance instead of a

decrease inTNFlyticactivity. This was demonstrated in thecycloheximide experiment

where theaddition of bothcycloheximide and vanadate into theTNF assay resulted in the

cytolysis ofTNF resistant cells (figure 9). These data indicate that tyrosinephosphatase

inhibitors prevent the activation of the protein-synthesis dependent TNF resistance

mechanism and do not affectthe protein-synthesis independent TNF lytic mechanism. Our

dataaresomewhat different from those of Totpalet al. (1992) who used the cell line L929.

Theyshowed that protein phosphatase inhibitorsabrogate the TNF lytic signaling

mechanism inL929. Although both L929 and lOME are sensitive to the cytotoxic effects

of TNF, it is.notnecessary that protein phosphataseinhibitors have the same effects on

bothcelllines. Ourresults probably reveal that L929 and lOME manifest different

responses toTNF, despite the fact that there is a commonoutcome to TNF treatment (i.e.,

lysis).

These findings suggest that, after TNF stimulation, a protein tyrosine kinase is activated

in TNFresistance cells. It is possible that the binding of TNFto its receptorleads to the
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activation of two signaling mechanisms: a lytic and a resistance mechanism. The resistance

mechanism is activated via protein tyrosine phosphorylation which leads to a protein

synthesis dependent resistance factor. Furthermore, it seems that the overall level of

phosphorylation will modulate the production of the resistance factor. Hence, the addition

of tyrosine kinase inhibitors leads to a decrease in tyrosine phosphorylation and prevents

the production of the resistance factor. In contrast, the addition of protein tyrosine

phosphatase inhibitors leads to an overall increase in tyrosine phosphorylated proteins and

increases the production of the resistance factor. In accordance with these findings, we

have detected increases in protein tyrosine phosphorylation in TNF resistant cells treated

with TNF (chapter 7).

In conclusion, we report that the protein tyrosine phosphatase inhibitors vanadate and

bromotetramisole decrease TNF-mediated lysis by increasing a TNF resistance mechanism.

The data suggest that TNF induces protein tyrosine phosphatase activation in TNF sensitive

cells. Moreover, it appears that the level of protein tyrosine phosphorylation modulates the

TNF resistance mechanism.
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CHAPTER 5

CELLS RESPOND DIFFERENTLY TO SOLUBLE AND CELL-ASSOCIATED TNF

Natural cell-mediated cytotoxic activity comprises the activity of natural killer(NK) and

natural cytotoxic (NC) cells (Patek and Collins 1989). There is evidence that both cell

populations contribute to immune surveillance of tumors (Patek and Collins 1988). NK

cells have been well characterized, whereas NC effectors are less well understood. NC

activity is distinguished from NK activity by several criteria: (I) NC and NK cells lyse

different targets, (2) cell markers distinguish the NK and NC effectors (e.g., asialo-Gjqj

and NC1.1, respectively), and (3) the cytotoxic activity ofNC cells, but not NK cells, is

mediated by cell-associated TNF (Patek et al. 1987, Patek and Collins 1988, Patek and

Collins 1989). Recently, several reports have shown that tyrosine kinase inhibitors inhibit

the cytotoxic activity ofNK cells; hence, it appears that tyrosine kinase activation is

necessary for NK-mediated lysis (Biondi et al. 1991, Einspahr et al. 1991, O'Shea et al.

1992). The role of protein tyrosine kinase activity in NC lysis has not been reported and is

the subject of this investigation.

5.1 Genistein does not inhibit NC resistance

We have previously shown that genistein, a tyrosine kinase inhibitor, increases TNF

mediated lysis of TNF-resistant cell lines (chapter 3). Since NC activity is mediated by

cell-associated TNF, and since tyrosine kinase inhibitors inhibit TNF resistance, we

investigated the ability of genistein to inhibit NC resistance. B/CN, which is resistant to

TNF-mediated lysis, is also resistant to NC-mediated lysis (e.g., figure 10). As seen in

figure 10, with the addition of genistein, there is a slight decrease in NC-mediated lysis of

BIeN. This might indicate that genistein is affecting the NC cells, however, NC mediated

lysis of lOMEis not affected by genistein treatment. Thus genistein has no affect on NC
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Figure 10. NC assays show that genistein influences neitherthe NC-mediated lysis of the

TNF resistant cell lineB/CN, nor the lysis of theTNF sensitive cell line 10MB.
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cells. This result is in contrast to the result shown earlier (chapter 3) where genistein

increased TNF-mediated lysis of B/CN. Hence, genistein inhibits TNF resistance but

affects neither NC activity nor NC resistance.

From lOME,we have selected two TNF resistant cell lines (Lin et al. 1985, Patek and

Lin 1991). IOMET0.4.5T.DI was derived by culturing lOME in the presence ofTNF.

L88, in contrast, was derived by serial passage of lOMEin immune deficient and normal

mice. The tumor derived from the serial passages in vivo was designated L88; it is NC and

TNF resistant. Both are similar in that they are resistant toTNF- and NC-mediated lysis;

however, lOMETO.4.5T.DI is tumorigenic only in immune-deficient animals whereas

L88.3 (a clone of L88) is tumorigenic in both immune-deficientand competent animals

(Patek et al. 1986). Thus it seems that in addition to TNF, an additional selection

pressure(s) exists during in vivo selection. Since protein tyrosinekinase activity seems to

be involved in TNF resistance, we investigated whether thedifference in tumorigenic

potential of IOMETO.5T.DI and L88 is caused by expressionof different TNF resistance

mechanisms, one protein tyrosine kinase-dependent whereas the other protein tyrosine

kinase-independent (i.e, a genistein-sensitive resistance or a genistein-insensitive

resistance). As shown in figure 11, both in vivo selection (L88) and in vitro selection

(lOMETO.5T.DI) select for TNF resistance. Moreover TNF-mediated lysis of both cell

lines increases with the addition of genistein. Thus, althoughthe cell lines were selected

under different pressures and express different tumorigenicphenotypes, the findings

suggest that both cell lines have the same TNF resistance mechanism.

5.2 Genistein inhibits NC-mediated lysis, but not TNF-mediated lysis, ofL929

The cell line L929, like lOME, is sensitive to both NC and TNF lysis. However there

are differences between the two TNFINC-sensitive cell lines. For example, the addition of

cycloheximide, a translation inhibitor, abrogates TNF-mediatedlysis ofL929, whereas
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Figure 11. Genistein increases TNF-mediated lysis of lOMETO.4.ST.D1 and L88.

lOMETOA.ST.Dl was selected in vitro for resistance; whereas L88 was selected in vivo

for resistance.
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TNF-mediated lysis of lOME is unaffected by cycloheximide (Patek et al.1987) .

Therefore, although both cell lines react in a similar way to TNF and NC effectors, the

intracellular signals activated by TNF are different. Like lOME, the TNF-mediated lysis of

L929 is not affected by genistein (figure 12). However, in contrast to the lack of affects of

genistein on NC lysis of lOME, genistein abrogates NC lysis of L929. Hence, genistein

has no significant effect on either the NC or TNF mediated lysis of lOME, does not effect

TNF lysis of L929 but has a marked inhibitory effect on NC lysis of L929. These data

suggest that, for L929, the lytic mechanisms initiated by cell-associated TNF (i.e., NC

activity) and soluble TNF are different. This is in accordance with the previously described

experiments using B/CN (figure 10).

5.3 Vanadatedecreases NC-mediated lysis

As already shown (chapter 4), the treatment ofTNF-sensitive cells with vanadate

resulted in a decrease in sensitivity to TNF-mediated lysis. Further, the decrease in

sensitivity is not due to inhibition of a lytic mechanism but due to an increase in TNF

resistance. That is, tyrosine phosphatase inhibitors increased TNF-resistance. Since NC

resistance is partially due to TNF resistance, it is possible that a tyrosine phosphatase

inhibitor could also decrease NC-mediated lysis. As seen in figure 13, the treatment of the

TNF-sensitive cell line, lOME, with vanadate resulted in a dose dependent decrease in

TNF-mediated lysis. Similarly, the addition of vanadate decreased NC-mediated lysis

(figure 13). Although the decrease in NC-mediated lysis is not as dramatic as the decrease

in TNF-mediated lysis, this phenomenon of less lysis has been repeatedly observed. The

vanadate-mediateddecrease in NC-mediated lysis could be due to vanadate inhibiting NC

effector activityor could result from an increase in NC resistance in the target. To

investigate this, B/CN was treated with vanadate and/or cycloheximide, a protein synthesis

inhibitor, in an NC-cytotoxicity assay. The TNFINC-resistance mechanism is diminished
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Figure 12. Genistein inhibits NC-mediated lysis, but not TNF-mediated lysis ofL929.
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when de novo protein synthesis is inhibited by cycloheximide and thus target lysis

increases. As shown in figure 14, B/CN alone is resistant to NC-mediated lysis.

However, cycloheximide treatment results in a marked increase in NC-mediated lysis.

Vanadate alone decreases NC-mediated lysis ofB/eN. The addition of both vanadate and

cycloheximide results in the lysis of B/CN by NC effector cells comparable to the lysis

with cycloheximide alone. Thus it appears that vanadate can inhibit NC lysis only when

there is de novo protein synthesis. Since protein synthesis is required for NC resistance

but not for NC lysis, we conclude that the phosphatase inhibitor vanadate effects only the

resistance mechanism.

5.4 Genistein inhibits NK-mediated lysis but not NC-mediated lysis

Previous studies have shown the involvement of tyrosine kinase activity in NK activity.

As shown in figure 15, genistein inhibits NK-mediated lysis of the NK-sensitive cell line

YAC-l. In contrast, NC-mediated lysis of lOME, an NC-sensitive cell line, was not

affected by genistein. These findings indicate that NK- and NC-mediated activities are

distinguishable based on their sensitivity to tyrosine kinase inhibitors.

5.5 Summary

Because NC cell lytic activity is mediated by cell-associated TNF, it was expected that

genistein would effect NC lytic activity in a way comparable to its affects on TNF-mediated

lytic activity. Contrary to our expectation, although genistein inhibits the TNF resistance

mechanism, it does not inhibit NC resistance. This suggests that NC resistance is different

from TNF resistance. Nonetheless, genistein increases TNF-mediated lysis of NCffNF

resistant cells selected for NC resistance. This suggests that NC and TNF resistant cells

evade TNF and NC via a genistein-sensitive resistance mechanism, however NC resistant

cells have an additional resistance mechanism. Since NC cell lytic activity is abrogated
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Figure 14. Vanadate inhibits NC-mediated lysis by increasing NC-resistance.

Cycloheximide was added two hours into the NC assay; whereas, vanadate was

added at the start of the NC assay. Target is B/CN.
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Figure 15. Genistein inhibits NK-mediated lysis but not NC-mediated lysis. NK assay
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with antibodiesagainst TNF, it seems unlikely that NC cells utilize a lytic mechanism apart

from TNF. It is possible that soluble TNF and cell-associated TNF are activating different

resistance mechanisms. This would explain the ability of genistein to inhibit the TNF

resistance mechanisms in cells selected ill vitro by TNF or in vivo by NC cells. On the

other hand, it is possible different lytic mechanisms are activated when exposed to cell

associated versus soluble TNF. In accordance with these findings, soluble TNF-mediated

lysis of L929 was insensitive to genistein treatment; whereas, genistein inhibited cell

associated TNF lysis of L929. Furthermore, we have previously shown that variant cells

selected with TNF in vitro are unable to form tumors in normal animals whereas variant

cells selectedwith NC (spleen) cells ill vitro are tumorigenic (Patek et al. 1986).

Therefore, the activity of cell-associated TNF cytokine is different from soluble TNF.

In summary, cells respond differently to soluble and cell-associated TNF. The tyrosine

kinase inhibitorgenistein makes B/CN sensitive to soluble TNF but has no effect on its

sensitivity to cell-associated TNF (i.e., NC activity). Likewise, genistein inhibits cell

associated TNF-mediated lysis of L929 but does not affect soluble TNF. Furthermore, NC

effector cells are resistant to genistein, whereas NK cells are susceptible. Hence, these

findings indicatea role for tyrosine kinase activity in a TNF resistance mechanism

expressed in target cells and confirms a role for tyrosine kinase activity in the NK-lytic

mechanism.
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CHAPTER 6

TNF INDUCES PROTEIN TYROSINE KINASE ACTIVITY

Heretofore we have shown that inhibitors of protein tyrosine kinases increase TNF

mediated lysis by inhibiting the TNF resistance mechanism. Inhibitors that block protein

tyrosine kinase activity by different mechanisms produce similar increases with regard to

TNF lysis. Furthermore we have shown that protein kinase C, a protein serine/threonine

kinase, is not involved in the TNF signaling mechanism for our cell lines despite evidence

from other laboratories that it might playa role in the TNF-mediated lysis of some cell

lines. Although these inhibitors are reported to be selective against their respective kinases,

it is possible that the inhibitors are acting on metabolic processes other than protein tyrosine

kinases. To alleviate this doubt, here we investigate the direct activation of tyrosine kinase

activity as a result ofTNF stimulation.

6.1 TNF treatment Increases Protein Tyrosine Kinase Activity in TNF resistant cells

Evidence thus far presented indicates that tyrosine phosphorylation is involved in the

TNF signaling pathway. To further investigate this, cells that are resistant or sensitive to

TNF were treated with TNF for various lengths of time, then celllysates were analyzed for

protein tyrosine kinase activity by a procedure described in chapter 2. As shown in figure

16,TNF treatment of the TNF resistant cell line B/CN resulted in an increase of protein

tyrosine kinase activity. Furthermore, an increase in protein tyrosine kinase activity was

observed with another TNF resistant cell line, L88. In contrast, with the TNF sensitive cell

line lOME, there was a decrease in protein tyrosine kinase activity following TNF

treatment. Furthermore, the increase in protein tyrosine kinase activity was dependent on

the dose ofTNF (data not shown). Hence, induction of protein tyrosine kinase activity

was consistently observed in TNF resistant cells after TNF treatment; whereas, TNF
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treatment of the TNF sensitive cells always resulted in a decrease in protein tyrosine kinase

activity.

6.2 Tyrosine Kinase Inhibitors Inhibited TNF-Induced Protein Tyrosine Kinase Activity

Although investigators have described the inhibitory activity of genistein on tyrosine

kinase activity, it is conceivable that the TNF-induced protein kinase is insensitive to

genistein. Accordingly, celllysates from BieN, after TNF treatment, were assayed for

protein tyrosine kinase activity in the presence of genistein to assess whether genistein has

the ability to inhibit this protein tyrosine kinase activity. As shown in figure 17, genistein

was able to inhibit all detectable protein tyrosine kinase activity which includes the TNF

induced activity.

If protein tyrosine kinase activity is involved in TNF resistance then genistein should

also block protein tyrosine kinase activity under conditions analogous to those in the

cytotoxic assays. Accordingly genistein and TNF were added to cell cultures (in the

previous experiment, genistein was added into the celllysates) then cells were lysed and

lysates were tested for tyrosine kinase activity in the absence of genistein. As shown in

figure 18, TNF treatment results in an increase in protein tyrosine kinase activity

approximately 50% above the basal level. The addition of 3.3 ug/ml genistein to the TNF

treated cells resulted in only a 20% increase in protein tyrosine kinase activity. With 33

Ilglml genistein, there was no increase in protein tyrosine kinase activity above basal levels.

Thus, genistein inhibits TNF-induced increases in protein tyrosine kinase activity.

6.3 TNF Treatment ofL929 Increases Protein Tyrosine Kinase Activity

We have previously demonstrated that the genistein does not affect soluble TNF

mediated lysis of L929. Nonetheless, genistein significantly decreases L929 lysis mediated

by NC cells (i.e., cell-associated TNF). These findings suggest the involvement of protein
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Figure 17. Inhibition of protein tyrosine kinase activity by genistein. Cells were treated

with 100 units of TNF/well for 30 minutes. The indicated amounts of genistein were

added during the protein tyrosine kinase assay. Gen =genistein
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tyrosine kinase activity only in cell-associated TNF-mediated lysis. Despite these

findings, when L929 is treated with soluble TNF, protein tyrosine kinase activity is

increased (figure 19). The total amount of protein tyrosine kinase activity detected in L929

was less than that in B/CN. However the increase in protein tyrosine kinase activity is

significant and dependent on both the dose and time of exposure to TNF. The genistein

experiments do not link tyrosine kinase activity with soluble TNF signaling. Nevertheless

it is possible that tyrosine kinase activity is stimulated by TNF treatment but it is not

necessary for soluble TNF-mediated lysis. Furthermore these findings support other

studies indicating differences between the TNF lytic mechanisms of activated lOME and

L929.

6.4 TNF-Induced Protein Tyrosine Kinase Activity is Localized in the Cytoplasm

Previous reports indicate that the location of protein kinases within the cell influences

signal transduction. For example, protein kinase C-dependent signal transduction consists

of PKC migrating from the cytoplasm to the membrane. The migration allows PKC to

come into close proximity to its substrate. In addition, mitogen-activated protein (MAP)

kinase, after activation, migrates into the nucleus to ultimately induce transcription. It is

possible that the protein tyrosine kinase activated by TNF changes its subcellular

localization to initiate the TNF resistance mechanism. To analyze this, subcellular fractions

of BIeN were partially purified. The first fraction was derived from cells treated with

hypotonic buffer. This fraction represents the cytoplasmic proteins (fraction 1). The

remaining nuclei and membrane compartments were then subjected to lysing buffer

containing a small amount of the detergent, NP-40. The soluble fraction (or fraction 2)

contains membrane proteins. The insoluble fraction contains nuclei. Proteins contained in

the nuclei were solubilized using a lysing buffer with a higher concentration of NP-40

(fraction 3). The accuracy of the subcellular fractionation procedure was confirmed by
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demonstrating the separation of the SV-40 large T antigen, a nuclearprotein, only in

fraction3 (see appendix 4). As shown in figure 20, all of the TNF-induced protein

tyrosine kinaseactivity was detected in fraction 1,which wouldindicate that the TNF

inducedtyrosine kinase is in the cytoplasm. Maximumkinaseactivity was observedafter

30 minutesofTNF treatment. No induction of kinaseactivitywas detected in either

fraction 2 or fraction3. Therefore TNF stimulates a cytoplasmic protein tyrosine kinasein

B/CN.

6.5 Increased Protein Tyrosine Phosphatase Activity in lOME After TNF Treatment

Earlier,we showedthat TNF treatment of the TNF sensitive cell line lOMEresulted in a

decrease in proteintyrosinekinase activity. The decreasein proteintyrosine kinase activity

might resultbecauseTNF stimulates the productionof a protein tyrosine kinase inhibitor in

10MB. Such an inhibitor could function by any of several mechanisms. However, most

proteintyrosine kinases require either phosphorylationor autophosphorylation for activity.

Thus, it is conceivable that the level of kinase activity is governed by protein phosphatase

activity that is increasedin lOMEafter TNF treatment. This woulddecrease protein

tyrosine kinaseactivityby dephosphorylating the kinase. The vanadateexperiments

presentedin chapter4 are consistent with this hypothesis. To test for protein tyrosine

phosphatase activity, we phosphorylated a synthetic polypeptide which contains tyrosine

but no threonine or serine. Thus, all phosphorylation is occurring on the tyrosine residues.

The kinaseactivity was prepared from a lysate fromthe cell lineRat-l v-src. Celllysates of

lOME, withor without TNF treatment, were mixedwith the phosphorylatedsubstrate. If

there wasany protein tyrosine phosphatase activity, then thereshould be a decrease in

phosphorylated substrate(reported as an increase in phosphatase activity). In contrast,if

there is no protein tyrosinephosphatase activity, thenthere willbe no change in the level of

phosphorylated substrate. As seen in figure 21, the treatmentof lOME with TNF resulted
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Figure 21. TNF induces protein tyrosinephosphatase activity in lOME. Cells

were treatedwith 133 units of TNF/ml and 10ug/ml of cell lysate was

analyzed. % Increase in phosphatase activitywas determinedby the following

formula: % Increase in Phosphatase Activity= [(l-(absorbance of substrate

treated withcelllysate/absorbance of untreated substrate))x100].
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in an increase in protein tyrosine phosphatase activity which was dependent on both the

dose ofTNF and the length ofTNF exposure. Thus TNF treatment of lOME induces

protein tyrosine phosphatase activity.

6.6 Summary

Enzyme inhibitors have allowed investigators to begin to dissect the signaling pathways

of various cytokines. Although these inhibitors are chosen to be enzyme-specific, it is

conceivable that the inhibitors cross-react with other enzymes or block other metabolic

processes. Hence, in these kinds of studies it is important to demonstrate the actual level of

enzyme activity rather than just measuring the inferred biological consequence (e.g., cell

death). Thus, the level of protein tyrosine kinase activity in TNF resistant and sensitive

cells was measured. Herein we report that for resistant cells, TNF increases protein

tyrosine kinase activity in a time-dependent manner (figure 16). TNF decreases protein

tyrosine kinase activity in lOME, a TNF sensitive cell line. Furthermore the addition of

genistein, the protein tyrosine kinase inhibitor, either added into the protein tyrosine kinase

assay or during TNF treatment, resulted in a decrease of TNF-induced protein tyrosine

kinase activity (figures 17 and 18, respectively). These findings are consistent with our

earlier interpretation of the genistein and vanadate effects on TNF cytotoxicity assays

(chapters 3 and 4). Earlier, we suggested that the level of protein tyrosine phosphorylation

affects TNF-mediated lysis and shows that kinase inhibitors increase lysis whereas

phosphatase inhibitors decrease lysis. Here we show that the actual level of protein

tyrosine kinase activity correlates with resistance to TNF-mediated lysis. Thus, for TNF

resistant cells, protein tyrosine kinase inhibitors increase sensitivity to TNF-mediated lysis

and TNF, in the absence of the inhibitors, increased protein tyrosine kinase activity. Both

results suggest protein tyrosine kinase activity is involved in resistance. On the other hand,
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lysis of TNF-sensitive cells is not affected by protein tyrosine kinase inhibitors and TNF

does not increase protein tyrosine kinase activity in these cells.

Often results from experiments conducted on a cell line are generalized. Here, we show

that this can be misleading. As seen with L929, genistein inhibits cell-associated TNF

mediated lysis but does not inhibit lysis mediated by soluble TNF. Nonetheless, treatment

of L929 with soluble TNF results in an increase in protein tyrosine kinase activity. This

apparent inconsistency suggests that the involvement of protein tyrosine kinase in TNF

signaling in L929 is not essential for soluble TNF-mediated lysis. As mentioned earlier it

is unlikely that there are independent receptors for soluble TNF versus cell-associated

TNF. Both forms ofTNF probably bind to the same receptor and differences may be

accounted for by complex interactions occurring when cells bearing TNF interacts with

targets.

The subcellular fractionation experiments showed that TNF induces protein tyrosine

kinase activity in the cytoplasmic milieu. As demonstrated, all of the TNF-induced protein

tyrosine kinase activity resided in the cytoplasm. It is possible that the cytoplasmic protein

tyrosine kinase is in close proximity to the cytoplasmic portion of the TNF receptor.

During binding of TNF to the receptor, aggregation of the receptors could occur (recall

soluble TNF is a trimer) allowing for activation of a protein tyrosine kinases.

Treatment of lOME with TNF resulted in a slight decrease in protein tyrosine kinase

activity. Furthermore the decrease in protein tyrosine kinase activity was dependent on the

time of exposure and dose of TNF. These findings indicate that either the production of a

protein tyrosine kinase inhibitor or a phosphatase was being activated. Results presented

here indicate an increase in protein tyrosine phosphatase activity was induced in lOME after

TNF exposure. Together with the vanadate experiments (chapter 4), our results indicate

that TNF signaling in lOME results in an increase in protein tyrosine phosphatase activity.
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In summary we have demonstrated an increase in protein tyrosine kinase activity after

TNF treatment of TNF resistant cells. Further, the increase is inhibited by genistein during

the activation process. In contrast, an increase in protein tyrosine phosphatase activity was

detected afterTNF treatment of the T~ sensitive cell line 10MB. Hence the data suggest

that the balance in phosphorylation/dephosphorylation after TNF treatment will determine

whether the target cell is sensitive or resistant to TNF.
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CHAPTER 7

TNF-INDUCED PROTEIN TYROSINE PHOSPHORYLATION

In theprevious chapters, evidence has shown that TNF treatmentof TNF-resistantcells

induces protein tyrosine kinase activity. In addition, inhibitorsof protein tyrosine kinases

blockthe kinase activity and thus decrease TNF resistance and make resistantcells sensitive

to TNF-mediated lysis. Here we will investigate the proteins that become phosphorylated

on tyrosine residues afterTNF treatment.

7.1 Proteins phosphorylatedfollowing TNF treatment

To identify the proteins phosphorylated on tyrosine residues as a result ofTNF

treatment, PAGE was used to compare tyrosine phosphorylated proteins in lysates from

untreated andTNFtreated resistant and sensitive cells. Both resistantand sensitivecell

lines were exposed to TNF for one or three hours before the cells were washed and lysed.

5 J.Lg of protein from each cell (whole celllysates) was separated electrophoretically

through a 12% polyacrylamide gel. After electrophoresis, the proteins were transferred to

nitrocellulose and blotted with anti-phosphotyrosine antibodies. Detectionof

immunocomplexes was by chemiluminescence(refer to appendix for determination of

molecular weight and assessingprotein phosphorylation). Figure 22 shows the results of

the PAGE and immunoblot.

Before onecan compare the intensity of bands in such an experiment, it is necessaryto

verify that thesame amount of protein was loaded into each well. Accordingly, two protein

bands, py42 and py50, did not appear to vary in concentration following TNF treatment

and were used asinternal control. As shown figure 23, the intensityof these bands, as

determined bydensitometry, remain unchanged following TNF treatment. Thus, it appears

that approximately thesame amountof protein was appliedto each lane.
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Figure 22. TNF induces tyrosine phosphorylation in B/CN but not

in lOME.

Immunoblots of celllysates separated through 12% SDS PAGE

using anti-phosphotyrosine antibody. Lanes 1-3 contain cell lysates

of B/CN untreated, 1 hour TNF treatment, and 3 hour TNF

treatment, respectively. Lanes 5-7 contain lOME lysates. 100 units

of TNF used. Lane 4 contains Rat-1v-srclysates. See Appendix 3

for molecular weight determination.
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Figure 23. Protein tyrosine phosphorylation of PY42 and PY50 is the

same for Lanes 1 through 3 of figure 22. Lysates were derived from

B/CN cells treated with TNF (100 units), for the indicated amount of

time. Areas under curve were derived from densitometer readings

(Molecular Dyanmics, Inc.) See Appendix 3 for details.
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Figure 22 shows several bands that are differentially expressed by the cell lines. Lane 1

contains a whole cell lysate of untreated B/CN, lanes 2 and 3 contain B/CN treated with

TNF for I or 3 hours, respectively. Several phosphotyrosine containing proteins were

detected in untreatedB/CN. Since we do not know the identity of these phosphotyrosine

proteins, we will refer to them as pyl15, py76, py55, and py52. With TNF treatment,

three protein bands in the B/CN lysate increased in intensity. These phosphotyrosine

proteins have molecular weights of 76, 55 and 52. Further, the intensity of staining by

anti-phosphotyrosine increases with time of TNF exposure. The increase in staining

ranges from 150% to 400% as determined by densitometry (figure 24). In addition,

pyl15, which was phosphorylated prior to TNF treatment, increases approximately 100%

in tyrosine phosphorylation after TNF treatment. Furthermore parallel gels which were

stained for totalprotein did not reveal an increase in concentration of the above mentioned

phosphotyrosineproteins (data not shown). This suggests that the increase in staining by

anti-phosphotyrosine was due to an increase in tyrosine phosphorylation instead of an

increase in total phosphotyrosine proteins. Hence, TNF treatment of B/CN appears to

result in anincrease in tyrosine phosphorylation of four proteins.

We also investigated tyrosine phosphorylation as a result ofTNF treatment of the TNF

sensitive cell line lOME (figure 22). Lanes 5,6, and 7 contain untreated lOME, lOME

treated with TNF for one hour, and lOME treated with TNF for three hours, respectively.

Interestingly, three bands that increase in intensity in B/CN treated with TNF (py76, py55,

and py52) are constitutively phosphorylated in lOME (lane 5). Furthermore, with TNF

treatment there is a time dependent decrease in tyrosine phosphorylation of these three

proteins (figure22, compare lane 5, 6, and 7). In addition, tyrosine phosphorylation of

py68, which was not influenced by TNF exposure ofB/CN, decreased with TNF treatment

of lOME (figure25). Since the same amount of total protein was loaded into each well and

the internal controls, as mentioned above, did not vary in the lanes 5-7, the decrease in
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Figure 24. Increase in tyrosine phosphorylation of proteins after TNF

treatment ofB/eN. % increase was determined by thefollowing equation: %

increase = (area under curve of TNF treated/area under curveof untreated - 1)

X 100. see appendix for details.
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tyrosine phosphorylation was probably due to dephosphorylation of those proteins. Thus,

the treatment of lOME with TNF results in an decrease in tyrosine phosphorylation.

7.2 Genistein inhibits TNF-induced tyrosine phosphorylation ofcertain proteins

The findings describe in chapter 3 and chapter 6 indicate that treatment of TNF-resistant

cells with genistein results in a decrease in TNF-mediated lysis and TNF-induced protein

tyrosine kinase activity. Here we investigated whether the addition of genistein during

TNF treatment will decrease tyrosine phosphorylation in B/CN. Figure 26 shows the

PAGE analysis and figure 27 shows the densitometric analysis. As shown in figures 26

and 27, genistein decreased tyrosine phosphorylation of py115, py55, and to some extent

py76. The phosphorylation of py115 was most affected by the addition of genistein during

the TNF treatment. In contrast, there was no decrease in tyrosine phosphorylation of

py52. Thus, genistein does not affect the level of phosphorylation of these proteins which

are not affected by TNF (i.e., py52 and py60). Nevertheless, genistein decreased tyrosine

phosphorylation of the proteins that were only phosphorylated after TNF treatment.

7.3 Cytoplasmic and Nuclear phosphorylation following TNF treatment

Several reports have demonstrated that the phosphorylation of transcription factors

\results in gene expression. It is conceivable that one or more of the previously described

phosphotyrosine proteins could be a transcription factor. Accordingly, we investigated

tyrosine phosphorylation of proteins in the nucleoplasm before and after TNF treatment.

Lane 1 through 4 of figure 28 contains nuclear fractions of B/CN, B/CN treated with TNF

for 15, B/CN treated with TNF for 30 minutes, and B/CN treated with TNF for 60

minutes, respectively (see appendix for details on preparation of the nucleoplasm fraction).

An increase in tyrosine phosphorylation was detected on four nuclear proteins after TNF

tre~tment: py117, py60-
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Figure 26. Genisteindecreases TNF-induced protein tyrosine

phosphorylation ofpy115, py76, and py55.

Immunoblots of celllysates separated through 12% SDS PAGE

using anti-phosphotyrosine antibody. Lanes 1 and 2 contain cell

lysates of BieN treated with TNF, 100units for 1 hour, andTNF,

100 units, plusgenistein, 33 ug/ml for 1 hour, respectively. See

Appendix 3 for molecularweight determination.
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Figure 28, An increase in tyrosine phosphorylation of nuclear

proteins after TNF treatment of B/CN.

Immunoblots of celllysates separated through 12% SDS PAGE

using anti-phosphotyrosine antibody, Lanes 1, 2, 3, and 4 contain

celllysates of a/CN untreated, treated with TNF (100 units) for 15,

30, and 60 minutes, respectively. See Appendix 3 for molecular

weight detemination.
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63, py46-50, and py37. PY60-63, py46-50, and py37 were not initially present as

phosphorylated proteins in untreated B/CN. PYl17, in contrast, was phosphorylated in

untreated B/CN. The increase in phosphorylation of these proteins was dependent on the

length of TNF exposure. Interestingly, these phosphotyrosine proteins were not detected

in the immunoblots of whole cell lysate. Since the amount of proteins in the nucleoplasm is

considerably lower than whole cell lysate, and we consistently load the same amount of

protein per well, it appears that these phosphotyrosine proteins are below detectable levels

in the whole cell lysate immunoblots. Nonetheless, an increase in tyrosine phosphorylation

was detected in the nucleoplasmic proteins afterTNF treatment.

7.4 TNF induces protein tyrosine phosphorylation in L88

The abilityof genistein to inhibit TNF resistancewas demonstrated in L88. L88 was

derived fromB/CN and both cell lines are TNF resistant. A major difference between L88

and B/CN is that L88 is tumorigenic whereas B/CN is not. Using L88, we duplicated the

B/CN experiment described in section 7.1, above. After separating the L88 cell lysate into

cytoplasmic and nucleoplasmic fractions, an increasein tyrosine phosphorylation of four

proteins was detected in the cytoplasm after TNF treatment (see figure 29). The four

phosphoproteins have molecular weights of 100,60, 55 and 52 kDal. In addition, five

phosphotyrosine proteins were detected in the nuclearfraction with the following molecular

weights; 100,76,63,60, and 52 kDal. Based on the molecular weights, it appears that the

115, 100,60 and 52 kDal phosphotyrosine proteinsare located in both cytoplasmic and

nucleoplasmicfractions. PY55 and py76 are unique to the cytoplasm and nuclear fraction,

respectively. Thus, like BieN, the treatment ofL88 with TNF increases tyrosine

phosphorylation of proteins of the cytoplasm and nucleus.
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Figure 29. TNF induces protein tyrosine phosphorylation of both

cytoplasmic and nuclear proteins of L88.

Immunoblots of celllysates separated through 12% SDSPAGE

using anti-phosphotyrosine antibody. Lanes 1,2,3, and 4 contain

celllysates of L88 untreated, treated with TNF for 15,3D, and 60

minutes, respectively. See Appendix 3 formolecular weight

determination.
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7.5 Summary

Takentogether, these data indicate that TNF induces tyrosine phosphorylation of TNF

resistant cell lines but decreases tyrosine phosphorylation of TNF-sensitive cell line. Using

anti-phosphotyrosine immunoblots of B/CN lysates before and after TNF treatment

demonstrated an increase in tyrosine phosphorylation of severalproteins. These findings

are consistent with the protein kinase assays which show TNF treatment increases tyrosine

kinaseactivity. Furthermore the addition of genistein during TNFstimulation of B/CN

resulted in a decrease in tyrosine phosphorylation of proteins. These data, along with the

cytotoxicity assay showing that genistein increases TNF-mediated lysisof B/CN, are

consistent withthe idea that protein tyrosine kinase activityis central to B/CN's TNF

resistance. In addition, both cytoplasmic and nucleoplasmic fractions of BieN had TNF

induced tyrosine phosphorylated proteins. Lastly, TNF also induced an increase in protein

tyrosine phosphorylation in L88, another TNF resistant cell line.

Although wedo not know identities of these phosphotyrosine proteins, based on

molecular weight, there were several common phosphotyrosine proteins in both B/CN and

L88 afterTNFexposure. Also, an increase in protein tyrosine kinase activity is seen in

both cell linesafterTNF exposure. Similarly, TNF-resistant cell lines are susceptible to

TNF-mediated lysis when treated with tyrosine kinase inhibitors. Hence it is expected that

the common phosphotyrosine protein shared by both cell lines areinvolved in the TNF

resistance mechanism. An increase in tyrosine phosphorylation ofpyl15, py55 and py52

is common to bothcell lines. Furthermore, genistein decreased tyrosine phosphorylation

of pyl15 and py55. Together, these findings suggest that protein tyrosine

phosphorylation ofpyl15 and py55 is involved in TNF resistance. The tyrosine

phosphorylation ofthe other proteins, pylOO, py76, py60, and py37, is stimulated by TNF

but is less likely to be involved in TNF resistance. Moreover, from thecytoplasm and

nuclear comparison studies, some proteins are common in both fractions while some are
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unique toeither the cytoplasm or nueleus. It is conceivable that cytoplasmic py 115 and

nuclear py117, and cytoplasmic py52 and nuclear py46-50 of B/CN are the same proteins

that migrated from the cytoplasm to the nucleus. In contrast, py76 and py55 are, perhaps,

involvedin cytoplasmic signaling whereas py60-63 and py37 might be transcription factors

that become activated after tyrosine phosphorylation.

Treatment of lOME, a TNF-sensitive cell line, with TNF resulted in a decrease in

protein tyrosinephosphorylation. Interestingly, proteins phosphorylated after TNF

treatmentin TNF-resistant cells are phosphorylated in lOME before TNF exposure.

Furthermore, tyrosine phosphorylation of these proteins is decreased after TNF treatment.

Moreover, vanadate, a protein tyrosine phosphatase inhibitor, decreases TNF-mediated

lysis of lOMEby increasing TNF resistance. Also, an increase in tyrosine phosphatase

activity wasdetected in lOME treated with TNF. Hence, these findings are consistent with

the hypothesis that TNF induces a protein tyrosine phosphatase in lOME which

dephosphorylates the phosphotyrosine proteins involved in TNF resistance.

Thus,these findings along with the kinase activity assay showing that TNF induces

protein tyrosinekinase activity in B/CN, and the cytotoxic assays showing that protein

tyrosinekinase inhibitors increase TNF sensitivity ofTNF resistant cell lines, point to a

significantrole of tyrosine phosphorylation in the TNF resistance manifested in B/CN and

other TNF sensitive cell lines.
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CHAPTER 8

CONCLUSION

TNF is a cytokine with a range of effects on a variety of cells. TNF causes some cells

to proliferate, some cells to stop proliferating and other cells to die via programmed cell

death. TNF can cause some cells to increase expression of MHC class I molecules or to

secrete colony stimulating factors. It has anti-viral activity comparable to interferon. Many

other diverse phenomena are associated with TNF.

All of the effects of TNF are mediated through two types of TNF receptors on target

cells. Nearly all cells express one or both receptors. Since the TNF receptor has only a

small intracellulardomain, it is presumed that it does not possess catalytic activity. The

general idea is that, upon the binding of TNF, the receptor activates a signaling pathway

that leads to the final effect. It seems likely that the variety of response observed in

different cells, results from the activation of different signaling pathways. As discussed in

detail in chapter 1, there is much evidence and speculation about the intracellular signaling

pathways that are activated by TNF. Here, we present evidence that protein tyrosine

phosphorylationplays a major role in blocking programmed cell death in certain cell lines.

Since many growth factors and cytokines involve some type of protein phosphorylation

in their signalingpathway, we investigated the role of protein phosphorylation in TNF

signaling. Protein kinase inhibitors, such as genistein, were used to dissect the TNF

signaling pathway. Data show that inhibitors of protein tyrosine kinases increase TNF

mediated lysis of resistant cells but not of sensitive cells (figure 1 and 2). This suggests

that tyrosine kinases are involved in the TNF resistance mechanism. Furthermore, the

protein tyrosine kinase inhibitors must be present, along with TNF (table 4 and figure 3),

indicating that tyrosine kinase involvement occurs after TNF binds its cellular receptor.

The possibility that the protein tyrosine kinase inhibitors increase lysis of TNF resistant
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cells because, in addition to blocking protein tyrosine kinase activity, they block another

metabolic processseems to be ruled out. Since the phenomena produced by the protein

tyrosine kinase inhibitor genistein is mimicked by herbimycin A, tyrosine kinase inhibitor

blocks kinase activityby a different mechanism from genistein. It is unlikely that inhibition

of enzymes, other than protein tyrosine kinases, are causing the effects observed. Thus,

these findings indirectly indicate that the TNF resistance mechanism requires protein

tyrosine kinaseactivity.

It has been demonstrated that to maintain homeostasis within the cell, both kinases and

phosphatases are present. The kinases phosphorylate proteins and the phosphatases

dephosphorylate proteins. Thus, a logical extension of the protein tyrosine kinase inhibitor

experiments was to do similar experiments with phosphatase inhibitors. Inhibitors of

protein tyrosine phosphatases, e.g., vanadate and bromotetramisole, decrease TNF

mediated lysis of sensitive cells but not of resistant cells (figure 5 and 6). Furthermore, the

activation of these protein phosphatases is a late event since the addition of vanadate, a

protein tyrosine phosphatase inhibitor, 6 hours into the 18 hour TNF cytotoxic assay

decreased TNF-mediated lysis (table 5 and figure 8). Lastly, the decrease in TNF-mediated

lysis of sensitivecells by these inhibitors is not due to the inhibition of the lytic mechanism

but is due to an increase in TNF resistance. This is shown by the fact that protein synthesis

inhibitors, that are known to block the resistance mechanism, totally abrogated the effects

of vanadate (figure9). Hence, TNF activates both protein tyrosine kinase and a protein

tyrosine phosphatase. In TNF sensitive cells, it is the protein tyrosine phosphatase that

dominates, thus diminishing resistance and making cells susceptible to lysis. In the TNF

resistant cells, it is the protein tyrosine kinase that dominates and allows the cell to survive

TNF treatment.

Patek et al (1987) have shown that the lytic mechanism ofTNF- and NC-Iysis is

mediated by two different forms ofTNF; soluble and cell-associated TNF, respectively.
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Based on the inhibitor experiments, we expected to find that the inhibitors would have the

same effect on both soluble TNF and NC-mediated lysis since there is no evidence that the

target cells "know" which form of TNF is bound to its receptor. Contrary to our

expectation, genistein did not increase NC-mediated lysis ofTNFINC resistant cells as it

did for TNF (figure 10). This suggests that NC resistance could be completely different

from TNF resistance or NC resistance involves additional factors other than TNF

resistance. To examine this two TNFINC resistant cell lines were compared. One cell line

was selected for TNFINC resistance with soluble TNF (lOMETO.4.5T.Dl), the other was

selected for TNFINC resistance with NC effectors. Nonetheless, both resistant cells are

sensitive to TNF-mediated lysis in the presence of genistein (figure 11). Hence the TNF

resistance of both of these cells utilizes a tyrosine kinase-dependent TNF resistance

mechanism. Thus, we are at a loss to explain why NC lysis is not affected by genistein as

is TNF lysis other than to assume that protein tyrosine kinase and additional factors enable

the cells to be NC resistant. Furthermore, the discrepancy between the effects of genistein

on NC-versus TNF-mediated lysis was not unique to TNF resistant cells. L929 is NC and

TNF sensitive, and genistein decreases NC-mediated lysis but has no effect on TNF

mediated lysis. Together, these data show that despite being the same molecule, signals

generated by soluble TNF are different from those generated by cell associated TNF.

Despite demonstrating the ability of protein kinase inhibitors to decrease the TNF

resistance mechanism, it was important to show that TNF induced an increase in protein

tyrosine kinase activity. In fact, a dose- and time-dependent increase in protein tyrosine

kinase activity was observed after TNF stimulation (figure 16). Furthermore the increase

in kinase activity that results from TNF stimulation of resistant cells is inhibited by

genistein. Moreover, the TNF-induced tyrosine kinase resides in the cytoplasm of the

stimulated cells. In contrast, TNF stimulation of the sensitive cell line lOME results in a

decrease in protein tyrosine kinase activity. A possible explanation would be an increase in
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protein tyrosine phosphatase activity in lOME. Indeed, TNF treatment of lOME results in

an increase in phosphatase activity (figure 21). Therefore, in accordance with the protein

tyrosine kinase and phosphatase inhibitor experiments, data indicate that TNF induces an

increase in protein tyrosine kinase activity in the cytoplasm of resistant cells, whereas it

induces protein tyrosine phosphatase activity in sensitive cells.

Signaling pathways involving tyrosine phosphorylation have been investigated

extensively. Further, some of the phosphorylated proteins have been described in detail.

Among the phosphotyrosine containing proteins are the kinases themselves. Several

tyrosine kinases phosphorylate themselves or phosphorylate other kinases for activation.

Using a monoclonal antibody directed against phosphotyrosine, we have detected several

phosphotyrosine-containing proteins in resistant cells after TNF treatment There are four

major proteins that either become phosphorylated or undergo an increase in

phosphorylation after TNF exposure (figure 22). PY52, py55, and py76 are

phosphorylated de novo, whereas an increase in the amount of tyrosine phosphorylation of

py 115 occurs during TNF stimulation (it is not clear whether there is an increase in the

amount of protein or just an increase in the level of phosphorylation). These proteins

reside in the cytoplasm, and genistein inhibits their phosphorylation. In the nucleus, TNF

induces an increase in phosphorylation of py63 and pyl17, and de novo phosphorylation

of py37 and py46. In contrast, the proteins in the TNF resistant cell line BIeN that are

phosphorylated upon TNF treatment are constitutively phosphorylated in the TNF sensitive

cell line lOME (figure 22). Furthermore, treatment of lOME with TNF results in a

decrease in phosphorylation of these proteins (py52, py55, py76, and pyl15) in a time

dependent manner. Protein tyrosine phosphorylation in another resistant cell line, L88,

during TNF stimulation occurs on py52, py55, py60, pylOO, and pyl15 in the cytoplasm.

PY52, py60, py 63, py76, and pylOO are phosphorylated in the nucleus. Since the

resistance mechanisms in both cell lines are dependent on de novo protein synthesis,
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inhibited by genistein, and increased with vanadate, one might expect phosphotyrosine

proteins common to both cell lines to be involved in the TNF-resistance signaling

mechanism. Several phosphotyrosine proteins that are common to both BieN and L88

were identified. For example, in the cytoplasm, py52, py55, and pyl15 are found in both

cells when treated with TNF. The nuclei of both cells contain py60-63 and py46-50.

Genistein inhibited phosphorylation of py55 and pyl16. Furthermore, a decrease in

phosphorylation ofpy55, py75, and pyl15 occurs when lOME is treated with TNF. Bya

process of elimination, py55 is phosphorylated during TNF stimulation in both resistant

cell lines, and the phosphorylation is inhibited by genistein. Moreover, the

phosphorylation of py55 is decreased in sensitive cells when treated with TNF. Taken

together, py55 appears to be the best candidate for a TNF-induced tyrosine phosphorylated

protein involved in TNF resistance. The other phosphotyrosine proteins are involved in

TNF signaling but are unique to their respective cell line.

From the findings reported here, one can propose a model of the TNF signaling

pathway which initiates the TNF resistance mechanism. After TNF binds to its receptor a

signal is transduced into the cells. Within the cell, a cytoplasmic kinase, which in close

association with the cytoplasmic portion of the TNF receptor, is activated. Presently it is

not known which of the two TNF receptors, 55 kDal or 75 kDal, is involved in TNF

resistance; although,cytotoxicity seems to be mediated via the 55 kDal receptor. Others

argue that the signal is initiated by aggregation of TNF-bound receptors. Activation of the

cytoplasmic kinase could result from receptor aggregation such that the kinases cross

phosphorylate each other and activation occurs. This tyrosine kinase then phosphorylates,

either directly or indirectly, its substrates which leads to synthesis of proteins necessary for

resistance. From the immunoblots, there are several phosphoproteins in the cytoplasm that

have the same molecular weights as those in the nucleus, e.g., py117 and py46-50.

Although we have not characterized these phosphotyrosine proteins, it is possible that these
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proteins could initially be phosphorylated in the cytoplasm and migrate into the nucleus to

serve as transcription factors. Alternatively, certain kinases have been shown to migrate

into the nucleus from the cytoplasm and phosphorylate transcription factors in the nucleus.

In either case, activation of transcription will result in initiating transcription factor(s) and

lead to protein synthesis. Interestingly, py55 is phosphorylated after TNF treatment in

resistant cells and the phosphorylation is inhibited when genistein is added into the TNF

stimulation step. Furthermore, in sensitive cells, py55 is dephosphorylated. Recent

reports demonstrated two protein serine/threonine kinases that are activated during

environmental stress and UV irradiation. The action of these kinases is to phosphorylate

transcription factors, in particular c-Jun, and initiate RNA transcription. Hence they were

named JNK protein kinases (c-Jun NH2-terminal kinases). The molecular weight of INKI

and JNK2 are 45 kDal and 55 kDal, respectively. Activation of JNK required dual

phosphorylation of threonine and tyrosine. Moreover, Sluss et al. (1994) reported the

activation of JNK kinase by TNF in HeLa and Cos-I cells. Consistent with our model, it

is conceivable py55 detected in our resistant cells upon TNF stimulation is JNK2. Since

UV irradiation has been shown to induce apoptosis and cell cycle arrest, the initial response

by cells would be to elicit a protective response. Similarly TNF induces apoptosis in

sensitive cells but resistant cells are protected by a protein synthesis-dependent TNF

resistance mechanism. It is possible that the role of JNK2 in both apoptotic situations is

similar. Furthermore, in sensitive cells, JNK2 should be inactivated such that apoptosis

may proceed as seen with lOME.

In addition to the analyses of signals generated by TNF binding to its receptor, some of

the cell lines used for these studies, Le.,B/CN, lOME, and L88, may provide insight into

the role of the immune system in cancer biology. B/CN expresses characteristics consistent

with normal cells; anchorage-dependent, contact-inhibited, and nontumorigenic. lOME,

which was derived from B/eN after treatment with methylcholanthrene, represents an
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intermediate cell line which has the following phenotype: anchorage-independent, contact

noninhibited, and tumorigenic only for immunodeficient animals. Lastly, L88 is a

tumorigenic variant of lOME that has the same characteristics as lOME except it forms

tumors in normal and immunodeficient animals. Besides their tumorigenic characteristics,

as mentioned earlier, B/CN and L88, but not lOME, are resistant to TNF- and NC

mediated lysis. During tumor formation it is possible that the immune cells may sense the

presence of tumorigenic cells in the intermediate stage, like lOME, and attach to the cells

with NC activity or secrete TNF. In the surrounding non-tumorigenic cells, like B/CN,

JNK2 is activated and the cells are protected from lysis. In contrast, JNK2 is deactivated

in the intermediate tumorigenic cell lines, like lOME, and they undergo apoptosis. Variants

that evade the apoptosis via the activation of JNK2 would be protected and produce tumors;

such may be the case with L88. Although this is an attractive hypothesis, evidence that

py55 is JNK2 remains to be found.

It seems that every possible signaling mechanism has been implicated as part of the

TNF signaling process (see chapter 1). The difficulties in elucidating the signaling

mechanisms result, in part, because there are TNF receptors on most nucleated cells and

responses to TNF are pleotrophic. Hence findings that pertain to a certain cell line are most

likely not true for other cell lines. Furthermore, cells resistant to TNF-mediated lysis must

actively resist lysis. Here we have investigated the role of tyrosine phosphorylation in the

TNF signaling that leads to either lysis or resistance to lysis.

In summary, protein tyrosine phosphorylation is involved in the TNF resistance

mechanism. Inhibitors to tyrosine kinases decrease TNF resistance; whereas, inhibitors of

tyrosine phosphatase increase TNF resistance. Furthermore, TNF induces an increase in

protein tyrosine kinase activity in resistant cells, but TNF induces an increase in protein

tyrosine phosphatase activity in sensitive cells. Tyrosine phosphorylation of a 55 kDal

protein (py55) appears to be necessary for resistance and either the inhibition of
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phosphorylation or dephosphorylation of py55 results in the level of sensitivity to TNF

mediated lysis. The balance of protein tyrosine phosphorylation, in conclusion, will dictate

the fate of the cell to TNF-lysis.
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APPENDIX I

THE CELL LINES FORM THE BASIS FORA MODEL OF TUMOR PROGRESSION

Patek et al. have developed unique cell lines to represent the progression of a cell from

normal to cancerous. Cell lines are classified as N-, 1-, or C-type based on their

tumorigenicity in normal and ATxFL (deprived of an immunesystem) mice. The following

table illustrates the different cell types with theircharacteristics.

Table 6. Cellular phenotype of Cell lines used

Classification

In vitro

Cell Phenotype

In vivo tumorigenic potential

continuous cell line growth in soft

agarose

ATxFL Normal

Primary

fibroblast

Ntype +
I type + + +
Ctype + + + +

lOMEHD A.S R.1 (lOrvtE) is a cloned transformed, I-typecell line derived from B/CN (N

type) after treatment with 3-methylcholanthrene-ll,12-dihydroepoxide. This transformed

variant was selected by growth in 0.3% agarose. lOME is tumorigenic in ATxFL mice but

not in normal mice and thus is classified as an I-type cell line.

The othercells (L88 and L929) are classified as C-type cell lines since they are tumorigenic

in normalmice. L88 was derived from variants of lOME that forms tumors in normal

animals.

BALB/c 3T3 is classified as a N-type cell.
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APPENDIX 2

ANTI-PHOSPHOTYROSINE ANTIBODY SPECIFICITY TESTS

The specificity of the antibody will either make or break the experiment. Antibodies that

cross-react or do not react at all will ultimately render false results. We have employed the

monoclonal antibody, PY72.10.5 (a generous gift from Dr. Bartholomew Sefton, Salk

Institute), extensively throughout our experiments. This antibody has been used by several

invesitigators and has been shown to be of IgGl isotype (Glenney et al. 1988). Although

the antibody recognizes phosphotyrosine residues, it is possible that the antibody could

also bind to other phosphoamino acids; in particular, phosphoserine and/or

phosphothreonine. The molecular structure of these phosphoamino acids are similar, all

possess a hydroxyl group as part of their side group. As a control, the protein tyrosine

kinase assay was conducted with celllysates from RAT-1v-src. During the detection step

where the anti-phosphotyrosine antibody(PY72.l0.5) is added, the free phosphoamino

acids, phosphoserine, phosphothreonine, and phosphotyrosine, were included to determine

whether they were able to inhibit PY72.10.5 from binding to the phosphorylated tyrosine

in the microtiter wells. As shown in the figure 30, the phosphothreonine and

phosphoserine did not inhibit antibody binding to the phosphorylated substrate in the

microtiter wells. In contrast, free phosphotyrosine significantly inhibited the antibody from

binding. These findings confirm the specificity ofPY72.l0.5 to phosphotyrosine. Even at

high concentrations of free phosphoserine or phosphothreonine, inhibition of PY72.10.5

was minimal.
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Figure30 . Freephosphotyrosine, but not free phosphoserine or phosphothreonine,

inhibits PY72.1O.5 from binding. % MAb binding =

(sampleabsorbance!totalabsorbance) X 100. The total absorbance was derived from

the average of threewellscontaining a substrate phosphorylated by the addition of

RAT-lv·src andATP,and detected by PY72.10.5 withoutany free phosphoarnino

acids.
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APPENDIX 3

DENSITOMETRY OFWESTERN BLOTFaM

Afterdeveloping the X-ray films from the immunoblotted nitrocellulose membranes, the X

ray films were scannedon the Personal Densitometer (Molecular Dynamics, Inc.,

Sunnyvale, CA) and analyzedby ImageQuaNT software (Molecular Dynamics, Inc.). The

analysis provides quantitation data for each bandorspoton the film and gives a precise

measurement ofband migration. With this information, molecular weights of unknown

proteins aredetermined. Furthermore, bands of the samemolecularweights were

compared forabsorbance, which is proportional tothe intensity of staining. The following

is a description of the usual process that we usedtoevaluate the blots. This example is

with RAT-lv-src.

RAT-1v-src is an immortal rat fibroblast that has beentransfected with the v-src gene.

The geneproduct is a membrane-associated cytoplasmic tyrosine kinase which

autophosphorylates itself. Lysates from this cell were used as positive controls. Proteins

in RAT-l v-src lysates were separatedelectrophoreticallythrough a 4-20% gradient SDS

polyacrylamide gel. The proteins were electrotransfered ontoa nitrocellulosemembrane

which was then probedwith PY72.1O.5 (antibody directed to phosphotyrosine residues).

Antigen-antibody complexes on the membrane were detected via chemiluminescence.

Figure31 shows a typicalx-ray film. Lane 1 contains RAT-lv-src lysate and lane 2

contains molecular weight standards. After scanning the film, a line graph and table,

containing theabsorbance of each band, were obtained (seefigure 32). From the line

graph,theoptical densityof the stained bands andthedistance of migration were used to

determine theRf value (equal to the distance of the bandfrom the top divided by the total

distance of thegel)of the stained band. For example, the 116kDal band in the molecular

weightlanerepresents Escherichia coli B-galactosidase, it has an Rj value of 0.16
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(7Amml45 mm= 0.16). With this information and, determining the Rf values of the other

molecular weight markers, a standard curve is generated (see figure 32). Using this

standard curve, the molecular weights of the RAT-1v-src lysate proteins that are bound by

PY72.1O.5 can be determined. The band represented by peak #3 (figure 33) has a Rf value

of 0.33 which corresponds to a molecular weight of 60 kDal. Also this band is the most

heavily stained (or the most area is under peak#3) in RAT-1v-src lysate. The band, based

on the molecular weight and staining by anti-phosphotyrosine, is v-src. V-src is highly

expressed in RAT-1v-src so it is expected to be highly phosphorylated on tyrosine residues.

Furthermore, peaks 1,2,4, and 5 have molecular weights of approximately 115,75,45

and 25 kdal, respectively, which have been described by other investigators (RAT-Iv-src

lysate (Kamps & Sefton 1988a, Kamps & Sefton 1988b, Bouton et al. 1991). Note that

the baseline of the line graph is not straight. The computer program (ImageQuaNT)

subtracts the background to determine the area under the curve.

In the text, protein bands stained with anti-phosphotyrosine are compared with other

bands graphically. The data represents the area under the curve which were derived from

the ImageQuaNT program.
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Figure 31. Detection ofp60 in celllysates of Rat-l v-src.

Immunoblots of celllysates separated through 4-20% gradient SDS

PAGE using anti-phosphotyrosine antibody. Lane 1 contains Rat

1v-src lysate and lane 2 contains biotinylated molecular weight

markers.

110



I....

: ~:

~
l..

.

"~: '\
: r..

.......

"-
.........
~. - r-- --..... . . . . ..

1

0.9

0.8

0.7

CD 0.6
::::I

~ 0.5-a: 0.4

0.3

0.2

0.1

o
o 20 40 60 80 100120 140160 180200

Molecular Weight (kDal)

Figure 32. Standard Curve Rf value versus molecular

weight in kilodaltons.

111



O.O.(Z)

0.75

o 10 20 30
mm
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1 0.742 0.050 11.594 1.2742E·OO4 8.25 W
2 0.826 0.071 12.901 2.0237E-004 12.45 W
3 3.956 0.244 61.810 5.1790E-003 14.75 W
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5 0.318 0.034 4.969 7.3603E-OOS 28.10 W
6 0.115 0.024 1.793 7.2608E-005 44.55 W

Figure 33. ImageQuaNT analysis of lane 1 of figure 31.
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APPENDIX 4

SUBCELLULAR FRACTIONAnON

Localizationof proteins within the cells may provide important information about signaling

pathways; e.g., protein kinase C, when activated, migrates from the cytoplasm to the

membrane such that the enzyme is in close proximity to its substrate. Osborn et al. (1989)

has developeda protocol which separates cells into three compartments using three

different lysingbuffers. The first buffer is a hypotonic buffer which liberates cytoplasmic

proteins from the cell. After centrifugation, the first fraction is collected and the pellet

contains membranecomponents and the nuclei. Then the pellet is resuspended in a lysing

buffer containing the nonionic detergent NP40. In the soluble fraction, most of the

membrane proteins are liberated while keeping the nuclear proteins within the pellet. The

remaining nuclei-containing pellet is resuspended in lysing buffer with a high concentration

of detergents. This fraction contains most of the nuclear proteins. To ensure the technique

works well,we analyzed the cell line L41, a mouse fibroblast that has been transformed

with the simianvirus SV40. Subcellular fractions ofL41 were probed with anti-SV40

large T antigenmonoclonal antibody. As shown in figure 34, the antibody did not detect

any proteinsin the lanes loaded with fraction 1 and 2 (lanes 1 and 2, respectively). In

contrast, an 85 kDal protein was detected by the antibody in lane 3. The molecular weight

of the bandcorresponds with the SV40 large T antigen. In agreement with other reports,

the SV40 largeT antigen is localized in the nucleus. Based on these results, this protocol

has been usedto analyze cytoplasmic and nuclear proteins before and after TNF-treatment.
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Figure 34.Separation of J.A 1 lysates into nuclearandcytoplasmic

fractions.

lnununoblots of lA 1 lysates separated through 4-20%gradient SDS

PAGE using anti-SV40 large T antigen antibody. Lane 1 through 3

contain cytoplasmic, membrane, and nuclearproteins, respectively.
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