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ABSTRACT 

Drug resistance continues to be one of the major obstacles to the successful 

treatment of hematopoietic cancers. Historically, most of the research being done in this 

area has been focused on reversing mechanisms of resistance which are known to be 

acquired by the tumor cell in vitro. Fewer studies have attempted to determine what 

intrinsic mechanisms allow these cells to resist the apoptosis inducing effects of cytotoxic 

drugs in an in vivo setting. It is now known that a tumor cell's interactions with its 

microenvironment can have a major influence on whether it lives or dies. The research 

presented in this dissertation shows that tumor cell interactions with the extracellular 

matrix component fibronectin influence cell survival following cytotoxic drug exposure, 

a phenomenon which has been termed Cell Adhesion Mediated Drug Resistance (CAM-

DR). In the 8226 myeloma cell line, pl30Cas is activated by Src following fibronectin 

(FN) adhesion, but this signaling pathway did not have an immediate effect on drug 

response. Similarly, members of the MAPK family, including ERKl/2 and p38, were 

found to be inactivated by FN adhesion but not to play a short-term role in suppressing 

drug induced apoptosis. Furthermore, experiments utilizing the K562 CML cell line 

demonstrated that cytoprotective signaling by the integrins is independent of AKT and 

BCR/ABL-associated signaling. By allowing the malignant ceil to avoid cytotoxic drug 

induced apoptosis, the integrins may play a significant role in the generation of tumors 

which are refractory to chemotherapy. Pharmacological agents targeted at these adhesion 

molecules or at downstream signaling partners have the potential to potentiate the actions 

of anti-tumor agents and improve clinical responses. 
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INTRODUCTION 

Classically, investigations of drug resistance have focused on the single cell by 

selecting for drug resistant cells following exposure to cytotoxic agents. By and large, 

these studies have revealed mechanisms that reduce intracellular drug concentration (P-

glycoprotein, MRP, LRP), detoxify the drug itself (changes in glutathione and 

glutathione-associated enzymes) or alter the drug target (alterations in topoisomerase II) 

(Bellamy et al., 1991; Dalton et al., 1986; Wang et al., 1997). Both pre-clinical and 

clinical studies, however, indicate that these mechanisms are unlikely to determine initial 

drug response. Intrinsic mechanisms of low level drug resistance may play significant 

roles following initial drug treatment of the cancer patient. Small changes in drug 

sensitivity in vitro are probably highly relevant since even a 1% surviving tumor fraction 

can have drastic long term consequences on clinical outcome. Non-P-glycoprotein 

mechanisms conferring low level drug resistance are believed to play important roles in 

the survival and expansion of the malignant cell population. Factors that allow for tumor 

cell survival following initial drug exposure need to be identified because these factors 

may eventually allow for expression of genes associated with acquired drug resistance. 

Cellular interactions within a microenvironment are now being realized as having 

critical influences on many of the vital biological processes which take place within the 

cell, as well as, on the pathologic basis of many diseases (Clark and Brugge, 1995; 

Hynes, 1992). Cell-cell and cell-extracellular matrix contacts are now known to regulate 

much more than the physical localization of a cell type within their appropriate, or 
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inappropriate, body tissues. Cellular adhesion to a number of substrata is known to 

promote the formation of focal adhesions on the cell surface, thereby regulating 

intracellular events mediated by the clustering of membrane bound proteins with 

cytoskeletal elements. These signaling events can lead to such pathologically relevant 

events as cytokine or growth factor secretion, differentiation, mitogenesis, cytostasis, or 

enhanced cell survival. It has long been known that intercellular interactions may 

contribute to tumor cell survival during exposure to cytotoxic stresses such as radiation 

(Durand and Sutherland, 1972). It is also well documented that certain resistance 

mechanisms may only be functional in vivo, where tumor cells continue to interact with 

environmental factors such as extracellular matrix (ECM) and cellular counter-receptors 

(Teicher et al., 1990). Most mechanisms of drug resistance that have been discovered 

were examined in vitro where tumor cell-environmental interactions are not fully 

appreciated. Within the last five years, it has been realized that cell-cell or cell-ECM 

adhesion can regulate apoptosis and cell survival in a wide variety of cell types 

(Meredeth et al.. 1993; Bates et al., 1994; Frisch and Hunter, 1994). 

If cellular adhesion proves to be a key component of a tumor cell's evasion of 

cytotoxicity induced by chemotherapy, a new category of targets for anticancer drugs 

may be created. Similarly, agents that target adhesion molecules or their downstream 

signaling components may be used in combination with standard chemotherapy regimens 

to enhance the efficacy of cytotoxic drugs. 
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Purpose 

The purpose of this dissertation was to determine the effects of integrin expression and 

function on drug response in hematopoietic tumor ceil lines (focused on myeloma). 

1. Determine whether or not a correlation exists between integrin 

expression or function and drug resistance in human myeloma cell 

lines. 

2. Examine the effects of FN adhesion on response to drug induced 

apoptosis. 

3. Investigate the expression and function of classical mediators of drug 

resistance in FN adhered cells. 

4. Study of the activity of integrin mediated signal transduction pathways 

as pertaining to FN induced cytoprotection 

Specific Aims 

1. To determine the relationship between integrin expression and drug resistance in 

human myeloma cell lines 

1.1 The determination of a and P integrin subunit expression in 8226/S and its drug 

resistant variants 8226/LR5 and 8226/ DOX6 

1.2 Analysis of integrin expression and drug resistance in revertant cell lines 

1.3 Analysis of integrin expression following short term drug exposure 



1.4 Determination of integrin functionality by adhesion assays 

1.5 The generation and characterization of melphalan resistant variant of U266 

(U266/LR7) 

1.6 Analysis of adhesion following short term drug exposure 

To study of effects of FN on cell survival following cytotoxic drug exposure 

2.1 Determination of differences in external phosphatidyl serine by Annexin V flow 

cytometric analysis 

2.2 Analysis of differences in survival using the MTT cell growth assay 

2.3 Determination of a temporal relationship between FN adhesion and 

cytoprotection 

2.4 Analysis of integrin subunits associated with cytoprotection in the 8226 cell line 

2.5 Expansion of CAM-DR phenotype to K562 CML cells 

-Spectrum of drugs included in CAM-DR phenotype as determined by Annexin V 

and MTT analysis 

-Determination of adhesion requirements for CAM-DR using soluble FN and 

poly-L-lysine in cytoprotection experiments 

-Analysis of VLA-4 vs. VLA-5 contribution to drug resistance: construction and 

transfection of alpha4 construct, characterization of stable transfectants 

Analysis of "classical" dmg resistance mechanisms in FN adhered cells 

3.1 Drug accumulation studies using doxorubicin and flow cytometry 
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3.2 Determination of MDRl, LRP and MRP expression by RT-PCR 

3.3 Analysis of Bcl-2, Bcl-Xl, Bcl-Xs, and BAX expression levels by RT-PCR 

3.4 Analysis of other known BcI-2 family member expression by E^A 

3.5 Analysis of Bcl-2 fanuly member protein levels by western blotting 

4. Investigation into signal transduction mechanisms associated with Cell Adhesion 

Mediated Drug Resistance (CAM-DR) in 8226 

4.1 Phosphotyrosine (P-tyr) analysis of whole cell lysates from suspension and FN-

adhered cells 

-Lysates from 8226 and U266 cell lines 

- Time course of P-tyr induction in FN adhered 8226 cells 

- Cross-linking of integrins with mAb's prior to P-try analysis 

-Analysis of expression of pl25FAK in myeloma cell lines 

4.2 Analysis of pl30Cas activity following FN adhesion 

-IP/western blots using anti-pl30Cas mAb and anti-phosphotyrosine mAb 

-Investigation of pl30Cas activity following Src inhibition 

-Analysis of apoptosis in Src/pl30Cas inhibited cells 

4.3 Study of the MAP kinase pathway in FN adhered cells 

-ERKl/2 activity as determined by western blotting 

-Effects of ERKl/2 inhibition on drug response 

-p38 isoform expression in the 8226 cell line by western blotting 

-Analysis of p38 activity by western blotting 
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-Study of the effects of p38 inhibition on drug response 

4.4 Study of the AKT/BAD cell survival pathway 

-Western blotting for AKT and BAD activity and expression 

-Determination of AKT activity in the 8226 cell line by kinase assays 

4.5 Study of signaling events in K562 (suspension and FN adhered) common to or 

independent of the BCR/ABL signaling pathway 

-Cytotoxicity analysis of AG957 using the MTT assay 

-Phosphotyrosine analysis following FN adhesion and BCR/ABL inhibition 

-Temporal analysis of phosphotyrosine status in FN adhered ceils 
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LITERATURE REVIEW 

Multiple Myeloma and Multidrag Resistance 

Multiple myeloma is an incurable malignancy of the plasma cell characterized by 

migration and localization to the bone marrow where cells then disseminate and facilitate 

the formation of bone lesions. Despite initial responses to chemotherapy, myeloma 

patients ultimately develop drug resistance and become unresponsive to a wide spectrum 

of anti-cancer agents, a phenomenon known as multidrug resistance (MDR). The 

development of resistance to fi-ont-line chemotherapeutic drugs such as melphalan (an 

alkylating agent) and doxorubicin (an anthracycline) is a major factor responsible for 

treatment failure (Dalton, 1997; Broxterman et al., 1995). P-glycoprotein-mediated drug 

resistance has been well characterized in hematologic malignancies (Schustik et al., 

1995; Dalton et al., 1989) however, this mechanism alone cannot account for all drug 

resistance found in vivo or in vitro, nor is it likely to explain cell survival following initial 

cytotoxic drug exposure. It is known that most of the classic mechanisms of drug 

resistance such as topoisomerase II alterations, overexpression of MDRl, or intracellular 

sulfhydryl increases are generally acquired following chronic drug exposure (Bellamy et 

al., 1991; Dalton and Salmon, 1992; Wang et al., 1997). It is not well known what 

mechanisms allow the malignant cell to survive the initial exposure to drugs and 

ultimately give rise to a drug resistant cell population. 
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Drug induced apoptosis 

Most chemotherapeutic agents are believed to mediate their cytotoxic effects 

through the induction of programmed cell death, or apoptosis (Hannun, 1997). Apoptosis 

is a biochemically regulated process that is distinct from necrosis and is regulated by 

many proteins at many different levels, depending on the apoptotic stimulus. Apoptosis 

is used by animals to eliminate extraneous or potentially dangerous cells, such as those 

which have acquired extensive and unrepairable DNA damage. In cancer, defects m 

apoptotic control can lead to drastic consequences over time as cells with increased 

apoptotic threshold levels contuiue to expand exponentially, essentially as a result of 

unbalanced cellular homeostasis. Morphologically, apoptosis is characterized by 

condensation of chromatin, cell shrinkage, and membrane blebbing. This controlled form 

of cell death, in contrast to necrosis, allows the cell to be cleanly eliminated from the 

body without inducing an inflammatory response. Biochemically, apoptosis is ultimately 

carried out by the caspases, a family of cysteine proteases which cleave critical cellular 

targets when activated (Hengartner, 1998). An apoptotic stimulus, such as cytotoxic 

drug, will cause caspases to be cleaved from their inactive, proenzyme form into highly 

active proteolytic enzymes that mediate the destruction of the cell. 

The involvement of the mitochondria in apoptosis has been well studied over the 

last few years (Green and Reed, 1998). It has become apparent that cytotoxic chemicals 

or physiologic mediators of cell death, such as Fas, can cause a disruption of inner 

michochondrial transmembrane potential and lead to eventual cell death (Green and 

Reed, 1998). The Bcl-2 family of proteins is an important regulator of the apoptotic 
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threshold at the level of the mitochondria. Through mechanisms which are not fiilly 

understood, BAX protein becomes pro-apoptotic when homodimerized by altering 

mitochondrial membrane potential and causing the release of cytochrome C, a key 

activator of intracellular caspases. Anti-apoptotic members of the Bcl-2 family include 

Bcl-Xl, Bcl-2, Mcl-l, and BAG-1, among others. These proteins suppress apoptosis by 

heterodimerizing with BAX and preventing it from functioning at the level of the 

mitochondria. Bcl-2 was originally discovered as an oncogene in certain B cell 

lymphomas and is known, along with Bcl-Xl, to be a major factor in the intrinsic 

resistance of cells to apoptosis induced by almost every chemotherapeutic agent (Wang 

and Reed, 1998; Reed, 1999). One way these proteins accomplish this is by antagonizing 

mitochondrial dysregulation prior to apoptotic induction by drugs such as doxorubicin 

(Decaudin et al., 1997). Another Bcl-2 family member known to influence apoptotic 

commitment and which may have a bearing on intrinsic drug resistance is BAD, whose 

regulation will be discussed later in this section. 

Drug resistance and the bone marrow microenvironment 

Historically, the majority of studies in the area of drug resistance have focused on 

the "seed" (the cancer cell) independent of the "soil" (tissues where the cancer cell 

resides in vivo). This issue becomes paramount in diseases such as multiple myeloma, a 

plasma cell neoplasm in which the tumor cell population homes to and proliferates within 

the confines of the bone marrow until very late stages (Barlogie et al., 1989). Many 

hematopoietic timiors, including myeloma, remain in contact with the bone marrow 
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Stroma and these interactions are believed to be critical for tumor cell proliferation and 

survival (Bradstock and Gottlieb, 1995; Caligaris-Cappio at al., 1992). As myeloma cells 

adhere in the bone marrow, they stimulate their own growth and cause osteoclast 

formation through the increased synthesis and secretion of cytokines such as IL-ip, TNF-

P, M-CSF and IL-6 (Caligaris-Cappio et al., 1992; Bataille at al, 1992). IL-6, a potent 

growth factor for myeloma cells. Is secreted from both tumor and stromal cells in 

response to co-adhesion and VLA-4 ligation (Uchiyama et al., 1993; Thomas et al., 

1998). Myeloma cells are known to express a number of diverse adhesion molecules 

mediating cell-to-cell contacts (ICAM and N-CAM) as well as cell-ECM contacts (the 

integrin family) (Barker et al., 1992; Uchiyama et al., 1992). The adhesion moieties 

involved in myeloma cell/bone marrow stroma interactions are summarized in figure 1. 
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Myeloma Cell 

NCAM 

Bone Marrow Stroma 

Figure 1. Myeloma cell-bone marrow stroma interactions. 

Adhesive interactions between same cell types have been shown to confer 

resistance to alkylating agents via alterations in cyclin dependant kinase inhibitors such 

as p27*'^' although the cell surface molecules mediating this type of kinetic resistance 

have yet to be identified (St Croix et al., 1996). St. Croix and Kerbel reviewed the 

research being done in the area of cell-cell adhesion as pertaining to drug resistance (St. 

Croix and Kerbel, 1997). It has been demonstrated that leukemic B lymphocytes isolated 

from CLL patients survive longer ex vivo when co-cultured with stromal cells 

(Langneaux et al., 1998). This effect was transduced only through direct cell-to-cell 



29 

contact as transwell culture and stromal conditioned media had no protective effects on 

tumor cells. Additionally, elements of the bone marrow may be a contributing factor to 

the resistance of myeloma cells to steroid drugs such as dexamethasone (Grigorieva et 

al., 1998). Although usually found to be an acquired drug resistance mechanism, 

adhesion to ECM has been reported to induce P-glycoprotein expression and confer 

doxorubicin resistance in rat hepatocytes (Schuetz and Schuetz, 1993). 

The number of receptor-ligand interactions between the myeloma and stromal 

cells makes it a complicated process and a difficult one to dissect. Cryostat samples of 

bone marrow collected from multiple myeloma patients indicate that some of the major 

ECM proteins found in this environment are tenascin, laminin, FN, and collagen types I, 

III, V, and VI (Kibler et al., 1998). With regard to adhesion molecule expression, it is 

also known that most myeloma cell lines, as well as patient tumor samples, most 

consistently express the a4pi (VLA-4) and aSpi (VLA-5) integrin heterodimers (Jensen 

et al., 1993; Barker et al., 1992). For these reasons, the focus of this dissertation was 

placed on the interaction between VLA-4 and VLA-5 integrins and the ECM component 

FN in order to best determine "soil/seed" survival influences. 

Integrins 

The integrin family of cellular adhesion molecules is a major class of receptors 

through which cells interact with extracellular matrix components (ECM) and recent 

evidence has implicated the integrins as being closely involved in the pathology of many 
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diseases (Dedhar, 1995; Juliano, 1994). Integrins have been shown to participate in 

intracellular signal transduction pathways that may contribute to tumor cell growth and 

survival, although many of their functions have yet to be characterized in myeloma. 

These cell surface glycoproteins consist of a P subunit heterodimerized with an a subunit 

through disufide bonding [figure 2]. Depending on the components of the heterodimer 

(there are currently 8 known (3 subunits and 16 known a subunits), the receptor will be 

specific for any number of ECM proteins (fibronectin, laminin, collagen, vitronectin, etc.) 

or cell surface counter-receptors (VCAM-l, ICAM, etc.). The extracellular portion of the 

integrin molecule contains regions that associate with multivalent cations such as Mn^"^ 

and Ca"^, interactions that are critical for ligand binding. Integrins exist in several states 

of activity on the cell surface: one in which the receptor is unable to bind ligand, one in 

which the receptor can bind ligand with low affinity, and one in which the receptor can 

bind ligand with high affinity. Once occupied by ligand, surface integrins oligomerize 

into what are known as focal adhesions, an event that is critical to the generation of 

integrin-mediated signaling events. The intracellular portion of the integrin molecule is 

relatively short, but nonetheless, is responsible for the initiation of signaling events 

induced by ligand binding. The integrins have no intrinsic kinase activity and 

consequently recruit tyrosine kinases such as focal adhesion kinase (pl25'^'*^ or FAK) or 

Pyk2 to initiate their signaling processes. 
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Figure 2. Schematic of integrin function. Adapted from Frenette and Wagner (1996). 

The 04^1 (Very Late Activation Antigen 4, or VLA-4), asPi (VLA-5), and (X4P7 

heterodimers are the major FN receptors of the integrin family (Clark and Brugge, 1995; 

Hynes, 1992). Although VLA-5 and a4P7 expression seem to be variable in most B cells 

during malignancy, VLA-4 is strongly expressed in myeloma cells collected from bone 

marrow (Jensen et al., 1993; Barker et ai, 1992). VLA-4 is unique among the integrins as 

it is the only heterodimer to have conclusively been shown to mediate cell-ECM as well 
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as cell-cell interactions (Pulido et al, 1991). VLA-4 binds to the CS-1 region of FN as 

well as to vascular cell adhesion molecule-1 (VCAM-1) via separate binding sites (EUces 

etal, 1990). 

Integrins and apoptosis 

Within the last six years, it was realized that cell-matrix interactions can be 

critical for cell survival (Frisch and Hunter, 1994; Meredith et al., 1993). Most of the 

investigators working in this field of research focused on the phenomenon of anoikis 

(from the Greek word for homelessness), which is defined as apoptosis induced by 

disruption of the interactions between adherent cells and extracellular matrix. Further 

experimental evidence has implicated the Pi integrins in playing a part in this mechanism 

of apoptotic suppression as well as in a few cases of stress-induced apoptosis 

(Higashimoto et al., 1996; Zhang et al., 1995; Scott et al., 1997; Rozzo et al., 1997). For 

the most part, these studies have implicated cellular adhesion to FN as being 

cytoprotective mostly under the conditions of serum withdrawal or ex vivo culture. It has 

been demonstrated that adhesion through asPi (VLA-5) prevented cells from 

undergoing serum-starvation induced apoptosis by upregulating Bcl-2 in the CHO 

(Chinese hamster ovary) adherent cell line (Zhang et al., 1995). Similar observations 

were made by others who found that anti-pi antibodies and antisense oligonucleotides, 

respectively, enhanced chromatin condensation and nucleosomal DNA laddering, 

characteristics of cells committed to apoptosis (Scott et al., 1997; Rozzo et al., 1997). 
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Fewer studies have looked at the effects of cell adhesion on response to cytotoxic drugs 

or physiologic mediators of apoptosis. Pi integrin activation, through interactions with 

ECM components such as FN, has been shown to directly decrease DNA strand breaks in 

tumor-derived endothelial cells exposed to a number of DNA damaging agents including 

etoposide and ionizing radiation (Hoyt et ai, 1996; Fuks et ai, 1992), although the 

consequences of these results on cell survival were not investigated. Adhesion to FN via 

VLA-4 has also been shown to prolong eosinophil survival and to downregulate FAS 

antigen expression, leading to a decrease in cell death (Higashimoto et ai, 1996; Anwar 

et al., 1993). 

Historically, most of the research done in the field of cell adhesion and ECM has 

generally involved adherent cell lines, a model in which there is an intrinsic need for 

adhesion to prevent cell death. The number of studies investigating the effects of 

adhesion on cells normally cultured in suspension (such as lymphocytes) have been few 

and far between. In early hematopoietic and germinal center B cells, adhesion to 

fibronectin or VCAM-1 via VLA-4 suppresses the apoptotic pathway and contributes to 

positive selection (Wang et al., 1998; Koopman et ai, 1994), an observation which may 

have relevance to apoptosis-inducing DNA damaging agents targeted at malignant B-

cells. Although it seems clear that cell adhesion, through integrins in particular, can 

promote cell survival in many cell types, it has never been demonstrated that these 

adhesion molecules are capable of providing a means for evading drug induced apoptosis. 
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Signal Transduction Pathways Mediated by Integrins 

Until recently, the mechanisms by which integrins affect intracellular processes 

remained largely unknown. It is now well accepted that these proteins are critical 

determinants of cell growth and survival through intracellular transduction pathways. 

The structure of the integrin heterodimer shows a fairly large extracellular domain, a 

single transmembrane domain, and a relatively short and seemingly insignificant 

intracelluar domain (Hynes, 1992; Clark and Brugge, 1995). The integrins have no 

intrinsic kinase activity and therefore rely on non-receptor tyrosine kinases to execute 

their signaling functions. It is unclear whether or not these receptor proximal signaling 

proteins are recruited through external surface interactions between integrins and proteins 

such as the 4 transmembrane domain proteins (Berditchevski et al., 1996) or by 

intracellular cytoskeletal associations. Figure 3 summarizes signal transduction pathways 

mediated by P1 integrins, although this figure is by no means all-inclusive. As will be 

discussed in the proceeding paragraphs, ECM components (including FN) can cause a 

wide variety of signaling events depending on the cell type being investigated. 
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Figure 3. Integrin mediated signal transduction pathways and apoptosis. Dashed line 
indicates hypothesized pathway. 

In many cases, integrins have been known to exert their influence within the cell 

through Src activation. When adhered to FN, Pl integrins may activate pl25FAK and 

subsequently Src (Guan, 1997; Schlaepfer et al., 1997). Src is then known to 

phosphorylate plBOCas (Nakamoto et ai, 1996; Hamasaki et al., 1996), a SH2 and SH3 

containing docking protein which, when activated, can influence the mitogen activated 

protein kinase (MAPK) pathway through the recruitment of Crk and Nek. The amount of 
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information available on other downstream consequences of pl30Cas activation is very 

limited. This pathway is known to function independently of pl25FAK in FAK-/-

fibroblasts (Ueki et al., 1998). One group demonstrated that certain mediators of 

apoptosis may function, at least in part, by dephosphorylating and destabilizing pl30Cas 

(Weng et al., 1997). Src activity was found to induce resistance to cisplatin (a 

crosslinking agent) by increasing repair of cisplatin-DNA crosslinks in adenocarcinoma 

cells (Masumoto et al., 1999). This study also demonstrated that the downstream 

signaling effects of Src mediating this DNA repair were independent of PI3-kinase, PKC, 

or Ras. Despite these reports, the consequences of Src and plBOCas activation as 

pertaining to apoptosis in hematopoietic cells is for the most part largely unknown. 

It has been reported previously that integrins can influence signaling through the 

MAPK signaling cascade (Giancotti, 1997; Hynes, 1992). In many instances, integrin 

mediated signaling in adherent cell lines has been shown to positively affect the activity 

of the extracellular related kinases (ERKs), thereby promoting cell growth. However, 

there are cases in which cell adhesion decreases the activity of these proteins, as in the 

case of integrin alphallbbetaS in platelets (Nadal et al., 1997). Little is known about how 

integrins influence other members of the MAPK family such as p38. It is known that 

ERKl/2 and p38 can be critical mediators of survival and apoptosis in many different cell 

types (Xia et al., 1995; Sugawara et al., 1998; Berra et al., 1998). Most reports indicate 

that activated ERKl/2 is capable of providing an anti-apoptotic signal in addition to its 

function in mitogenic signaling. As a counter balance to these effects, p38 has been 

shown to promote apoptotic signaling in conjunction with ERKl/2 activity. Further 
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investigation into the specific isoforms of p38 indicates higlily divergent effects 

stemming from relatively homogenous proteins. For example, when p38p was inhibited 

pharmacologically with the pyridinyl imidazole SB202190, cells became more 

susceptible to apoptotic induction (Nemoto et al., 1998). Conversely, when p38a was 

inhibited there was a decrease in apoptosis. p38 can influence gene transcription through 

transcription factors such as ATF-2 and MEF2 but identities of the actual proteins 

mediating its effects on apoptosis are a mystery (Zhao et al., 1999). One group has 

reported that p38a is capable of upregulating the expression of Fas ligand, thereby 

promoting apoptosis through a physiologic cell death pathway (Hsu et al., 1999). There 

is no evidence in the literature tying integrin ligation and regulation of either the pro-

apoptotic p38a or the anti-apoptotic p38p. If there was indeed a link between integrin 

activation and p38 activity, it would be most likely through MKK3 or MKK6, the 

upstream activators of this kinase (hypothesized pathway depicted in figure 3). 

Many recent reports have implicated the phosphatidylinositol 3 kinase (PI3 

kinase)/AKT pathway as having a major influence on cellular apoptotic commitment and 

F13 kinase activation is a known inhibitor of apoptosis in hematopoietic cells (Kennedy et 

al., 1997; Marte and Downard, 1997; Datta et al., 1997; Scheid et al., 1995). A critical 

Imk between FN adhesion, integrin ligation, PI3-K activation, and AKT activaion has 

previously been established (King et al., 1997). Although FN adhesion and VLA-4 

ligation are known to initiate the PI3 kinase signaling cascade in some cases, VLA-4 or 

VLA-5 have not yet been directly correlated with this pathway in myeloma cells (Ricard 

et al., 1997). Furthermore, this survival pathway has not yet been demonstrated to be 
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sufficient to protect ceils from the actions of cytotoxic drugs. There are several ways 

AKT may affect the balance of apoptosis including inactivation of Caspase-9 (Cardone et 

al., 1998), a key mediator of the apoptotic cascade, and inhibition of a forkhead 

transcription factor (Brunet et al., 1999). In addition, AKT has also shown to decrease 

the pro-apoptotic activity of p38 (Berra et al., 1998). The endpoint of the PI3-K/AKT 

signaling cascade probably involves an eventual blockade of ced3/ICE activity and a 

subsequent inhibition of tumor cell death, as has been reported in some cases of ceU-

ECM interactions (Kennedy et al., 1997; Boudreau et al., 1995). Through activation by 

PI3-K lipid products or by direct phosphorylation, AKT (or protein kinase B) is known to 

phosphorylate the BcI-XL/Bcl-2-associated death promoter (BAD), promoting cell 

survival (Datta et al., 1997). 

BAD is known to influence the apoptotic commitment of cells through its effects 

on Bcl-2 family member dimerization. As discussed earlier, BAX is a pro-apoptotic 

component of this family whose function is kept in check by the anti-apoptotic Bcl-2 

family members Bcl-Xl, Bcl-2, and Mcl-l, among others. These proteins heterodimerize 

with BAX and inhibit its function or heterodimerize with unphosphorylated BAD. BAD 

therefore contributes to cellular commitment to apoptosis by competing with BAX for 

Bcl-2 and Bcl-Xl, and subsequently generating more BAX homodimers [figure 4]. AKT 

is a protein known to phosphorylate BAD, causing its dissociation from Bcl-2 and Bcl-Xl 

and reassociation with 14-3-3 proteins (Zha et al., 1996). Several reports have fiirther 

investigated the role of BAD in apoptosis and indicated that it may also be regulated 

independently of AKT, as in the case of MEK-mediated phosphorylation (Scheid and 
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Duronio, 1998). Whether or not phosphorylated BAD may have other effects within the 

cell independent of Bcl-2 family members is currently unknown. It is known, for 

example, that proteins such as Bcl-2 may have functions in addition to those just 

described: Bcl-2 is known to associate with a number of other proteins including Raf-1, 

R-Ras, and p53 (Wang and Reed, 1998). 

BAD 

14-3-3 

AKT, 0-1 BAD 
MEKl 

(P>{BAD 
Bcl-Xl Bcl-Xl 

Bc-X 

Survival 

Death Survival 

Figure 4. Mechanism of action of the Bcl-2/Bcl-Xl-associated death promoter (BAD). 
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Convergence of integrin and BCR/ABL mediated signal transduction 

Chronic myelogenous leukemia (CML) is a disease characterized by a specific 

chromosomal abnormality known as the Philadelphia chromosome, a phenomenon 

believed to be critical for the transformation and survival of these tumor cells (Melo, 

1996; Pane et al., 1996). The Philadelphia chromosomal abnormality occurs in 

approximately 95% of patients with CML and is characterized by a reciprocal 

translocation between chromosomes 9 and 22, resulting in fused genetic sequences 

encoding the BCR and c-ABL proteins. The translated fusion protein has constitutive 

tyrosine kinase activity and is known to influence a wide number of intracellular 

signaling events, many of which may influence apoptosis and contribute to the 

chemotherapy refractory nature of CML cells. For example, BCR/ABL is known to 

contribute to PKC activation and consequent resistance to apoptosis induced by taxol (a 

drug which decreases tubulin dissociation from microtubule formations) (Jamieson et al., 

1999). In another study, BCR/ABL was found to protect cells from a diverse array of 

apoptotic stimuli including Ara-C, etoposide, and C2 ceramide through blockade of 

cytochrome C release from mitochondria and consequent inhibition of caspase-3 

(Amarante-Mendes et al., 1998). STATS was found to be constitutiveiy phosphorylated 

and transcriptionally active in K562 cells containing the BCR/ABL protein, an 

observation which has been linked to cell proliferation and transformation, but not yet to 

apoptosis (de Groot et al., 1999). 
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In addition to the aforementioned pathways, BCR/ABL also phosphorylates 

many proteins normally associated with integrin mediated signal transduction. 

pl25FAK, a common upstream mediator of integrin signaling, was constitutively 

phosphorylated by BCR/ABL in all Philadelphia chromosome positive cell lines 

examined, including K562 (Gotoh et al., 1995). pl25FAK is known to activate PI-3 

kinase and contribute to cell survival in certain cell types (King et al., 1997). 

Furthermore, pl30Cas, a protein also activated by integrin ligation in many cases 

(Schlaepfer et al., 1997), is also constitutively phosphorylated by BCR/ABL in cell lines 

as well as in samples obtained from CML and ALL patients (Salgia et al., 1996). 

Following adhesion to FN, integrins have even been shown to reciprocally recruit c-Abl 

from the nucleus to focal adhesions and induce the activation of this kinase (Lewis and 

Schwartz, 1998). It remains to be determined whether or not integrin activation further 

activates proteins common to both of these pathways in CML cells or if integrin signaling 

reconstitutes components of the BCR/ABL pathway when this kinase is inhibited. 
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MATERIALS AND METHODS 

Cell and culture conditions 

The RPMI 8226 human myeloma, U266 human myeloma, and K562 CML cell lines were 

obtained from the American Type Culture Collection (Rockville, MD). The drug 

resistant cell lines, 8226/DOX6 and 8226/LR5, were selected from 8226/S using step

wise increases of doxorubicin and melphalan, respectively, as described previously 

(Dalton 1986, Bellamy 1991). The 8226/DOX6 and 8226/LR5 cell lines were maintained 

in 60nM doxorubicin and 5^M melphalan, respectively. 8226/DOX6ood and 

8226/LR5ood were removed from drug for approximately 20 weeks prior to experiments. 

The U266/LR7 cell line was selected from U266 using step-wise increases of melphalan 

over 12 months and is maintained in 7^iM melphalan. 8226/S, 8226/LR5, 8226/Dox6, 

and K562 cells were grown in suspension in EIPMI 1640 medium supplemented with 5% 

fetal bovine serum, 1% (v/v) penicillin (100 units/ml), streptomycin (IOC units/ml), and 

1% (v/v) L-glutamine (all from Gibco BRL, Grand Island, NY). U266 and U266/LR7 

were grown similarly except that they were cultured in media containing 10% FES. Cells 

were maintained at 37° C in 5% C02-95% air atmosphere and subcultured every 6 days. 
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Progs 

All drugs were obtained from Sigma-Aldrich (St. Louis, MO) and were dissolved in H2O 

except for melphalan (LPAM), which was dissolved in acidified ethanol. 

Antibodies 

Anti-CDw49d (04 ) mAb P4G9 and anti-CDw49e (as ) mAb PID6 were from DAKO 

(Carpinteria, CA). Anti CD29 (Pl) mAb A1A5 (for expression analysis) was from T Cell 

Diagnostics (Wobum, MA). Anti-CD29 mAb MAR4 (for expression analysis) was from 

Pharmingen (San Diego, CA). Anti-P? mAb FIB504 was from Pharmingen. pi blocicing 

Ab P4CI0 was from Life Technologies (Rockville, MD). For cross-linking studies, anti-

Pl mAb P4G11 (Chemicon, Temecula, CA) was used. To stimulate adhesion in some 

studies, anti'Pl mAb B3BII (Chemicon) was used. Anti-phospho-AKT (Ser473) 

polyclonal Abs, anti-phospho-p44/p42 MAP kinase (Thr202/Tyr204) polyclonal Abs, 

anti-phospho-p38 MAP kinase (Thrl80/Tyrl82) polyclonal Abs, anti-phospho-BAD 

(Serll2 and Serl36) polyclonal Abs, and anti-BAD polyclonal Abs were all from New 

England BioLabs (Beverly, MA). Anti-AKTl polyclonal Abs and anti-phosphotyrosine 

mAb (4010) were from Usptate Biotechnology (Lake Placid, NY). Anti-erkl/2 (p42/44) 

polyclonal Abs (TR12) were the kind gift of Jerry Wu, Moffitt Cancer Center. Anti-

p38a polyclonal Abs and anti-p38P polyclonal Abs were from Santa Cruz Biotechnology 

(Santa Cruz, CA). Anti-FAK mAb and anti-pl30Cas mAb, were from Transduction 
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Laboratories (Lexington, KY). HRP-conjugated goat-anti-mouse, goat-anti-rabbit, and 

rabbit-anti-goat were from Jackson Immunoresearch (West Grove, PA). 

Pharmacological inhibitors 

p38 inhibitors SB202190 and SB203580, MEKl inhibitor PD98059, and BCR/ABL 

inhibitor AG957 were ail from Calbiochem (San Diego, CA). Src kinase inhibitor 

PD173952 was from Dr. Richard Jove, Moffitt Cancer Center. 

MTT cvtotoxicitv assays 

Plastic 96-well Immunosorp plates (Nunc, Denmark) were coated with 50|jJ (40|ig/ml) 

FN (Life Technologies) or BSA overnight and 1% BSA was used to block non-specific 

binding sites in the wells for one hour prior to the experiment. Wells were washed with 

serum-free RPMI 1640 and the medium was aspirated. Cells were washed once and 

resuspended in serum-free RPMI 1640, then 4x10^ (8226) or 2x10^ (K562) cells were 

added to each FN coated well. 8x10"* (8226) or 6x10"* (K562) cells were added to BSA 

coated wells. Cells were incubated for 2hr at 37° C and 5% CO2, washed with serum free 

media twice, and were put back into serum-containing media. Following 24hr in a tissue 

culture incubator, 20ul of diluted drug or vehicle control was added to each well for Ihr 

(8266) or 90min (K562), after which media was removed and replaced by drug-free 

media for 96hr. In some experiments, drug was allowed to remain in each well for 96hr. 
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50(il 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide;ThiazolyI blue (MTT 

dye) (Sigma) was added to each well for 4hr and plates were then centrifuged and each 

well aspirated. Dye was solubilized with 100^1 DMSO and plates were read at 540nm on 

an automated microtiter plate reader. A blank well containing only medium and drug 

was also run as a control in all experiments. IC50 values were calculated by linear 

regression of % survival vs. drug concentration. 

Annexin V anoptosis analysis 

In each replicate, 1 x 10^ cells were attached to FN-coated 6 well plates (Biosource, 

Camarillo, CA) or 35mm dishes (Nunc) coated overnight with 1 ml of 40^g/ml FN for 

one hour in serum-free media and non-adhered cells were removed with 2 washes. Fresh 

media with serum was added to the plates, which were incubated for 24hr. As a control, 

I X 10^ cells were also added to uncoated 6 well plates (Boehringer-Mannheim, 

Indianapolis, IN) or 35mm dishes. Cells were exposed to drug for Ihr (plus a 24hr drug-

free incubation period) or for 24hr continuously. Cells were then collected with 5mM 

EDTA/PBS and washed. PE-conjugated Annexin V (Clontech, Palo Alto, CA) or FITC-

conjugated Annexin V (BioVision, Palo Alto, Ca) was then added to 1 x 10^ cells and 

5000-10000 events were analyzed on a FACScan machine (Becton-Dickinson) 



46 

RNA collection and cDNA synthesis from FN adhered cells 

In each replicate, 1 x 10^ ceils were attached to FN coated 6 well plates as previously 

described. Total cellular RNA was collected on three separate days using TRIzol reagent 

(Gibco). RNA was quantitated on a spectophotometer at 260 nm and lug was DNAse 

treated and requantitated. A singie large scale cDNA reaction was prepared for each 

sample for use in all 4 PGR reactions. A 40ul reverse transcription reaction containing 

200 ng RNA, 1 X PGR Buffer (lOmM Tris, pH8.3- 50niMKGL-1.5mM MgCl2), ImM 

concentrations each of dATP, dGTP, dGTP, and dTTP; 200 pmol random hexamers, 40 

units RNAse inhibitor, and 12 units avian megalovirus reverse transcriptase (Boeringer-

Mannheim) was prepared on ice then incubated at 42° G for Ihr, 99° G for lOmin, and 

quick chilled to 4°. 

RNase protection assay 

20 fig of RNA was isolated from 8226/S cells grown in suspension or adhered to FN 

using TRIzol reagent and resuspended in hybridization buffer. Bcl-2 family specific 

probes were synthesized using a template set from Riboquant (San Diego, GA) and 

labeled using [a-^^P]UTP and T7 polymerase. Probes were then column purified, 

quantitated on a scintillation counter, and 5x10^ cmp was added to each sample. The 

hybridization reaction was carried out overnight at 56° G. Samples were then Rnase 

treated for 45 min at 30° G, hybridized probes were extracted with chloroform: isoamyl 
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alcohol and precipitated using 100% ethanol. Samples were then electrophoresed on a 

5% polyacrylamide gel (7M Urea), dried down, exposed to film, and analyzed by 

densitometry software (Imagequant). Unhybridized probes were used as size standards 

for each gene analyzed. Expression of Bcl-2, Bcl-Xl, Bcl-Xs, BAX, Bik, Bad, Bcl-w, 

Bak, Mcl-l and Bfll were quantitated by normalizing to GAPDH and L32 expression. 

RT-PCR analysis of BCL-2 family gene and drug transporter expression 

BCL-2 amplification was performed essentially as described previously (Tu et al., 1996). 

Briefly, 20 |il of PCR reaction mixture (IX PCR buffer, 50 pmol of BCL-2 specific 

amplimers, 0.25 units Taq polymerase (Boehringer-Mannheim), and 1.25 |ici [a- P]-

dCTP) was added to 5 |j.l cDNA, followed by incubation at 94°C for 5 min and then 26 

cycles of 94°C for 1 min, 72°C for 1 min, and a final extension at 72°C for 5 min in a 

thermal cycler (Perkin-Elmer Cetus). Histone 3.3 was amplified as described and used as 

a control for RNA integrity and quantity (Futscher et al., 1993). Bcl-Xl and -Xs were 

amplified as essentially as described previously, using 26 cycles of PCR (Benito et al., 

1996). The 258 base pair BAX amplicon was amlified using the following primers 

(Biosynthesis, Lwisville, TX) and conditions: BAX-upstream (5'-

ACCAAGAAGCTGAGCGAGTGTCTC-3'), BAX-downstream (5'-

CAATGTCCAGCCCATGATGG-3'), cDNA denaturation for 1 min at 94°C, annealing 

for 15 sec at 60°C, primer extension for 15 sec at 72°C with a final extension for 5 min. 

All samples were loaded on a 5% non denaturing polyacrylamide gel and electrophoresed 
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for two hours at 80V. For determination of incorporated radionucieotide, gels were dried 

down and exposed to a phosphorimaging plate (Molecular Dynamics, Inc., Sunnyvale, 

CA) overnight. Plates were then scanned on the STORM phosphorimager (Molecular 

Dynamics) and band intensities (pixels/unit area) for Bcl-2, Bcl-XI, Bcl-Xs and BAX 

were analyzed using Image QuaNT software and normalized to Histone 3.3 expression. 

PGR amplification of the MDRl, MRP, and LRP genes was performed essentially as 

described (Futscher et al., 1993; Abbaszadegan et al., 1994; Komarov et al., 1998) using 

the housekeeping genes histone 3.3 (MDRl) or P-actin (MRP and LRP) as internal 

standards. cDNA synthesized from 8226/DOX6 RNA was used as a positive control for 

MDRl PGR. For all reactions, optimal cycle numbers were used and were within the 

exponential range of PGR amplification as determined by previous experiments. 

Intraceliular drug accumulation assay 

In each experiment, 0.5 x 10^ cells were adhered to FN-coated 6 well plates for 24hr, as 

described previously. Control wells were coated with BSA or were uncoated. RPMI 

1640 containing doxorubicin was added to each treatment well for a final concentration 

of lO^iM. After one hour at 37°, cells were washed three times with cold PBS and 

analyzed for FL-2 fluorescence on a FACScan machine. 10,000 events were recorded for 

each condition, which were done in triplicate. Experiments were repeated twice. 



49 

Integrin expression analysis 

Cell surface integrin expression was determined using the monoclonal antibodies 

described previously. 1 X 10^ cells were incubated with primary antibody or an isotype 

control for 30min on ice, washed 2 times with PBS, then incubated with fluorescein-

conjugated goat anti-mouse or goat anti-rat secondary antibody (DAKO) for 30min. 

Following 3 washes with PBS, FL-1 fluorescence was analyzed by flow cytometry with a 

FACScan analyzer (Becton-Dickinson), which recorded 10,000 events for each analysis. 

Adhesion assays 

For each replicate, 1.5x10^ cells were adhered to FN- or BSA-coated well plates as 

described previously. After three washes to remove unattached cells, adherent cells were 

fixed in 70% methanol for lOmin. Following aspiration, wells were allowed to dry and 

then stained with 0.02% crystal violet/ 0.2% ethanol for an additional lOmin. After 

solubilization with lOOfil Sorenson buffer, absorbance at 540nm was read with an 

automated microtiter plate reader. In some experiments, cells were pre-incubated for 

I5min with P4G9 or HP2/1 (Clontech, Palo Alto, CA) (anti-VLA-4), P1D6 (anti-VLA-

5), P4C10 (anti-pl) or isotype antibody controls prior to application to wells to determine 

specific subunit contribution to FN adhesion. 
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Western blotting 

Approximately 5x10® cells were centrifuged, resuspended in serum-free RPMI, and 

adhered to 60mm FN-coated plate (prepared as previously described, except that 3ml of 

40|ig/ml FN was used). Control cells were kept in serum-free media in conical tubes 

(equal density) for a period of time equal to the adhesion time. Non-adherent cells were 

gently washed 2-3 times with serum-free media and cells were either placed back into 

media containing 5% FBS (24hr time points) or were lysed in ice cold modified RIPA 

buffer (50mM Tris-HCl pH 7.5, I50mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 

0.1% SDS) containing fresh protease and phosphatase inhibitors (2^g/ml aprotinin, 

2|ig/ml leupeptin, 2mM PMSF, 20mM NaF, ImM sodium vanadate, lOmM sodium 

pyrophosphate, 20mM P-glycerophosphate). Cells were lysed for 20min, then 

centrifuged for 5min at 14,000rpm in a microfuge at 4°C; lysates were quantitated using 

the BCA protein assay (Pierce, Rockford, IL). 50|xg of protein was combined with 

6xSDS Laemelli loading dye, placed at 100°C for 3min, then separated by 10% or 12% 

SDS-PAGE. Proteins were transferred to PVDF membrane (Bio-Rad, Richmond, CA) 

overnight, after which membranes were blocked in PBS containing 5% milk and 0.05% 

tween-20 for 2hr. p38, erk, AKT, and BAD blots were blocked in PBST containing 5% 

ovalbumin (Sigma, St. Louis, MO). Phosphotyrosine blots were blocked in PBS/3%milk. 

Membranes were incubated for 4hr at room temperature or overnight (4°) in blocking 

buffer containing diluted primary antibodies, washed 3 times in PBST, and then 

incubated with horse raddish peroxidase (HRP)-conjugated goat-anti-mouse or goat-anti-

rabbit secondary antibodies for Ihr at room temperature. Proteins were visualized with 
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Lumi-Light substrate (Boehringer Mannheim Indianapolis, IN) and autoradiography. To 

assay for equal protein loading, membranes were stripped for SOmin at 50°C in stripping 

buffer (62.5aiM Tris-HCl pH 6.8, 2% SDS, lOOmM 2-mercaptoethanol), re-blocked, and 

stained with either p-actin mAb or non-phospho specific antibodies. 

ImmunoDreclDitaions 

Ceils were treated and lysed as described. Protein levels were equilibrated between 

samples and lysates were pre-cleared with 20^1 mouse serum-agarose conjugate (Sigma) 

for 30min at 4°C under constant rotation. l-2(xg of specific antibody or isotype control 

antibody was added to each sample. After 2hr of rotation at 4°C, 30|il of Protein A/G 

Plus (Santa Cruz Biotechnology) was added for an additional hour. Tubes were 

centrifuged at 4000nnp in a microfuge at 4°C and precipitates were washed with ice cold 

PBS or lysis buffer 4 times. 40nJ of IXSDS Laemelli sample buffer was added to 

sedimented beads, samples were vortexed and placed at 100°C for 3min. Following a 

Imin centrifugation at 14000 rpm (room temp), supematants were loaded into a 10% 

acrylamide gel and separated by electrophoresis. Proteins were then transferred to PVDF 

membranes and analyzed as described. 
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In vitro kinase assays 

Cells were treated and lysed as described prior to inimunoprecipitaion with AKT-specific 

antibodies (Upstate Biotechnology). Precipitates were washed once in 0.5% Triton X-

100 wash buffer (50mM Tris-Hcl pH 7.5, 0.5M LiCl, O.lmM Na3V04, 20mM 

P-glycerophosphate, ImM DTT, 2|ig/ml aprotinin, 2p.g/ml leupeptin), twice in PBS 

(containing ImM DTT and protease/phosphatase inhibitors), and once in kinase assay 

buffer (20niM Hepes pH 7.4, lOmM MgCb, lOmM MnCh). Precipitates were then 

incubated for 25niin at 22°C in kinase assay buffer containing 4^,M ATP, ImM DTT, y-

^"P ATP, and Histone 2B (Boehringer Mannheim) as a substrate. Loading buffer was 

added to each sample prior to incubation at 100°C for 3min and separation by 12.5% 

SDS-PAGE. Gels were then dried down and exposed to X-ray film. 

oA vector construction 

The fiill length cDNA encoding the alpha4 integrin subunit (accession# XI6983) was 

obtained from ATCC in a Bluescript plasmid. The alpha4 insert was cut out of the 

plasmid by digesting with Xhol and Xbal and run a 1% low melting point agarose gel. 

Following ethidium bromide staining, the band corresponding to the 3.87 KB insert was 

cut out and purified using a gel purification kit (Qiagen, Valencia, CA). The insert was 

then treated with alkaline phosphatase (Boehringer Mannheim, Indianapolis, IN) and 

ligated into the multiple cloning site of pcDNA3.1(+) (Invitrogen, San Diego, CA) using 

T4 DNA polymerase (Invitrogen). Bacteria were transformed and colonies were selected 
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for mini-prep analysis. Vectors were checked for correct orientation of insert using 

restriction digests and inserts were sequenced by the molecular biology core (Moffitt 

Cancer Center). 

Transfections and subcloning 

K562 cells were split one day prior to transfection. 2x10® cells were washed once with 

PBS and then seeded into a 60ntmi dish (Nunc) in 4ml of RPMI 1640/ 5%FBS/ 

l%Pen/Strep. 5^g of vector DNA (pcDNAS.I or pcDNA3.1/alpha4) dissolved in TE 

buffer (pH 7.4) was combined with serum-free media to make a total volume of 150|i.l. 

20ml of Superfect reagent (Qiagen) was then added and the mixture was vortexed for 

lOsec. Following a lOmin incubation at room temperature, 1ml of media containing 

serum and antibiotics was added to the mixture which was then added dropwise to 60mm 

dishes with ceils. 48hr after transfection, cells were seeded into T75 flasks (Falcon) and 

stable transfectants were selected by adding I000|iig/ml G418 (Genetecin, Life 

Technologies) to the culture medium for approximately four weeks. a4 expression was 

analyzed by flow cytometry to identify positive and negative expressing cells. To select 

for a more homogenous, over-expressing population, a4 and pcDNA3.l transfected cells 

were subcloned using a limiting dilution technique. Cells were seeded at 1, 0.5, 0.25, and 

0.125 cells per well (in 200|xl RPMI+10% FBS) in multiple 96 well plates. Following 3 

weeks of growth, plates were analyzed for colony growth. 3 clones from the 

K562/pcDNA3.1 empty vector transfected cells were analyzed with 10 clones from the 
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K562/a4 transfected cells. All clones from K562/pcDNA3.1 were negative for a4 

expression by flow cytometery and 3 clones from the K562/a4 population were positive. 

These three clones from each line were mixed to create the cells lines K562/pcDNA3.1 

(empty vector transfected) and Yi562IVLA-A (a4 transfected). 



RESULTS 

Expression and function of integrins in human myeloma cell lines 

Analysis of cell surface integrin expression in drug sensitive and resistant cell lines 

Low level drug resistant variants were selected from the 8226/S drug sensitive 

human myeloma cell line using step-wise increases in melphalan or doxorubicin over a 

period of approximately 10 months (Dalton et al., 1986; Bellamy et ai, 1991). The 

acquired resistance of the 8226/LR5 (L-phenylalanine mustard resistant) cell line is based 

on the overexpression of glutathione and glutathione-associated enzymes. 8226/DOX6 

(doxorubicin resistant) acquired a P-glycoprotein based mechanism of resistance after 

chronic drug selection. Both of these cell lines were assayed for changes in cell surface 

integrin expression. Cell lines were incubated with monoclonal antibodies to the 04, (X5, 

Pi, or P7 integrin subunits, followed by labeling with a fluorescein isothiocyanate (FTTQ-

conjugated secondary antibody. In both 8226 cell line variants, acquired resistance to 

doxorubicin or melphalan was associated with an increase in 04 surface expression as 

determined by fluorescence activated cell sorting analysis [fig. 5, table I]. When 

compared to levels found in the 8226/S parent line, (X4 subunit expression was increased 4 

fold in both 8226/LR5 and 8226/DOX6 (n=3). Pi subunit expression increased 2.5 fold 

in 8226/LR5 while a more modest increase of 70% was seen in 8226/DOX6 when 

compared to parent cell line levels. P7 integrin, the only other integrin subunit known to 

heterodimerize with 04, was increased 3.6 fold in 8226/LR5 but remained unchanged in 
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8226/DOX6. Os expression levels remained relatively low in both 8226 drug selected 

cell lines. 

8226/S 

8226/LR5 

8226/DOX6 

Increasing fluorescence intensity 

Figure 5. Phenotypic analysis of 8226 cell surface FN receptor expression by flow 
cytometry. Integrin subunit expression by drug sensitive (8226/S), melphalan resistant 
(8226/LR5), and doxorubicin resistant (8226/DOX6) cell lines were analyzed using 
monoclonal antibodies for o^, 05, Pi and P7. Cells were incubated with an integrin-
specific mAb (—) or with irrelevant control Ab (—), followed by incubation with FTTC-
conjugated secondary Ab. 10,000 events were analyzed for each sample using a 
FACScan machine (Becton-Dickinson), histograms are representative of three different 
experiments. 
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Cell line (X4 as ^ 

8226/S 10.41 14.24 8.43 5.72 
8226/LR5 46.53* 11.95 44.63 * 40.21 * 
8226/DOX6 69.00* 7.32 26.21 18.49 

Table 1. Fluorescence-activated cell sorter (FACS) analysis of integrin subunits on drug 
sensitive and drug resistant cell lines. Values reported are the mean fluorescence 
intensity of representative histograms (fig. 1) from three different experiments. * 
indicates integrin subunit expression is significantly higher than 8226/S at the P>0.05 
level (n=3). 

Cell surface integrin expression of drug resistant cell lines removed from drug 

When removed from drug for a period of 20 weeks, 8226/LR5 reverted back to a 

drug sensitive phenotype with CX4 integrin expression comparable to the drug sensitive 

parent cell line 8226 [fig. 6a]. The level of tts remained low in the revertant cell line as 

well (data not shown). The same observations were made when 8226/DOX6 was 

removed from maintenance drug for 20 weeks [fig. 6b]. These experiments demonstrate 

a correlation between levels of 04 expression and drug resistance in the 8226 myeloma 

cell line. Acute exposure of 8226/S to a wide range of concentrations of doxorubicin or 

melphalan had no immediate effects (l-48hr) on cell surface integrin expression, as 

determined by FACS analysis (data not shown), suggesting a process of selection for (X4 

overexpression, rather than acute drug-induced upregulation of this gene. 
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8226/S 8226/LR5 LR5ood 

Figure 6a. Drug resistance is associated with 04 expression in melphalan resistant 

(8226/LR5) and revertant (LRSood) cell lines. 8226/LR5 were maintained in 5x10'^ M 
melphalan (LPAM) and LRSood were maintained out of drug for 20 weeks. 
04 expression was measured by flow cytometry and drug resistance was measured by 
MTT cytotoxicity analysis. Resistance values are reported as the IC50 dose of LPAM 
relative to 8226/S. CX4 expression levels and melphalan resistance levels of 8226/LR5 
were found to be higher than 8226/S (PcO.OS). 0(4 expression and melphalan resistance 
of LRSood were found to be equal to those of the 8226/S parent line. Bars are the s.d. of 
three different experiments 
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Figure 6b. Drug resistance is associated with 04 expression in doxorubicin resistant 
(8226/DOX6) and revertant (DOX6ood) cell lines. 8226/DOX6 were maintained in 
6x10"^ M doxorubicin and DOX6ood were maintained out of drug for 20 weeks, 
ou expression was measured by flow cytometry and drug resistance was measured by 
MTT cytotoxicity analysis. Resistance values are reported as the IC50 dose of 
doxorubicin relative to 8226/S. 04 expression levels and doxorubicin resistance levels of 
8226/DOX6 were found to be higher than 8226/S (P<0.05). 04 expression and 
doxorubicin resistance of DOX6ood were found to be equal to those of the 8226/S parent 
line. Bars are the s.d. of three different experiments. 
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Functional analysis of integrin subunits in drug sensitive and resistant cell lines 

Functionality of surface VLA-4 and VLA-5 was investigated using a fibronectin 

adhesion assay with pre-coated microtiter plates. BSA was used to control for non

specific cell adhesion and several monoclonal antibodies were used to inhibit 05- (PID6) 

and Ot" (P4G9) mediated adhesion. The 8226/S cell line was mildly adhesive to FN 

(approximately 20% of cells were specifically adhered), consistent with reports in the 

literature which suggest that a4pi integrins expressed by myeloma cells are in a 

conformation state which has a fairly low affinity for FN (Garcia-Gila et ai, 1997). Cell 

lines selected from 8226/S by continuous drug exposure displayed significant increases in 

A4-mediated FN binding ability compared to the parent cell line, 8226/S (p<0.05, 

Student's T-test) [figure 7]. However, the overall integrin binding ability of all these cell 

lines seemed to be equivalent. Both drug resistant cell lines used only a4 for FN 

adhesion while 8226/S utilized both Ots and 04 for FN adherence, as evidenced by 

addition of function blocking antibodies for each subunit. This class switch of integrins 

functioning in adherence may be indicative of an advantage in 04- vs. tts-mediated signal 

transduction during the selection process. 
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Figure 7. Contribution of 04 and as integrin subunits to FN adhesion in 8226 ceil lines. 
Drug sensitive (8226/S), melphalan resistant (8226/LR5), and doxorubicin resistant 
(8226/DOX6) were adhered to FT^-coated wells (horizontal striped bars) for 1 hr. In 
order to determine percentage binding due to 04 and as, some cells were pre-incubated 
with 04 function blocking Ab P4G9 (hatched bars) or 05 function blocking Ab P1D6 
(vertical striped bars) for 15 min prior to application to wells. Values shown are the % of 
total cells applied to each well corrected for non-specific adhesion to BSA-coated wells. 
Bars are the s.d. of n=6 from three different experiments. 
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Generation and analysis of a drug resistant variant of U266 

In order to further investigate the correlation of 04 overexpression in another 

myeloma cell line, the U266/LR7 ceU line was selected from the U266 parent line using 

stepwise increases of the alkylating agent melphalan over a 12 month period. This cell 

line is approximately 3-fold resistant to the cytotoxic effects of melphalan when 

compared to the U266 parent line (data not shown). As can be seen in figure 8, U266 and 

U266/LR7 express similar amounts of the pi, P7, a4 and oc5 integrin subunits on the cell 

surface through flow cytometric analysis. In contrast to the 8226 parent line, the fact that 

a4 expression levels did not increase with drug selection in the U266 cell line may be 

due to the fact that there are already high levels of this integrin present on the cell 

surface. Despite lacking any increases in integrin expression, the U266/LR7 cell line 

adheres to FN at a significantly higher level than U266, which is virtually non-adhesive 

to (50% vs. 10%, respectively) [figure 9]. Furthermore, integrin blocking antibodies 

indicate that all adhesion in both of these cell lines is due to the a4 and pi subunits. 

Cytotoxic drug may be regulating VLA-4 function in one of two ways: through direct 

(short-term) effects of drug on the receptor, or by selecting for an adhesive cell 

population that has a survival advantage under chemical stress. Figure 10 depicts 

experiments in which U266 cells were exposed to a wide range of concentrations of 

doxorubicin or melphalan and assayed for FN adhesion. Integrin affmity was not 

changed by Ihr (figure 10a) or 24hr (figure 10b) drug exposure in these studies. These 

observations with the U266 cell line indicate that a process of inside-out VLA-4 integrin 

activation has taken place with drug selection. Inside-out integrin activation represents a 
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way by which a cell may regulate the affinity of existing cell surface receptors without 

the burden of inducing the transcription and translation of new receptors. 
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Figure 8. Integrin expression is identical between U266 and melphalan selected 
U266/LR7. Expression was determined by flow cytometry using specific monoclonal 
antibodies to each integrin subunit, as described previously. Histograms shown are 
representative of three different experiments. 
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Figure 9. U266/LR7 demonstrates an increased level of VLA-4-mediated adhesion when 
compared to the U266 parent cell line. Cells were incubated with anti-Pl blocking Ab 
P4C10, anti-a4 P4G9, anti-ot5 P1D6, or irrelevant control antibodies prior to application 
to FN-coated plate. Graph is representative of three separate experiments which were 
performed as described previously. 
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Figure 10. FN adhesion is unaffected by cytotoxic drug exposure in U266 ceils. Cells 
were exposed to LPAM or doxorubicin for (A) Ihr or (B) 24hr prior to analysis of 
adhesion to FN. Adhesion was measured as OD reading (absorbance) of crystal violet 
stained cells adhered to FN- or BSA-coated wells, done in triplicate. 
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Study of effects of FN on cell survival following cytotoxic drug exposure 

Annexin V flow cytometry analvsis of apoptosis in FN adhered cells 

To assess whether or not engagement of cell surface integrins can contribute to 

cell survival in the drug sensitive 8226/S cell line, a flow cytometric based apoptosis 

assay was utilized. Phycoerythrin (PE)- or FITC-conjugated Annexin V, which 

recognizes inverted phosphatidylserine on the exterior of the plasma membrane as an 

early stage apoptotic marker, was used to label cells treated with drug following adhesion 

to FN (suspension cells used as control). Approximately 0.5 x 10^ 8226/S cells were 

adhered to FN-coated or uncoated 6 well tissue culture plates for 24 hr before being 

exposed to either l|iM doxorubicin or 50|iM melphalan. After a 24 hr incubation, all 

cells were collected (in supernatant and on plate) and the apoptotic fraction determined 

using Annexin V staining and flow cytometric analysis. FN-adhered 8226/S cells had a 

lower percentage of apoptotic cells (mean= 16.3%) compared to non-adhered controls 

(mean= 40.3%) following a Ihr doxorubicin exposure (P<0.05) [fig. 1 la]. A smaller, but 

statistically different (P<0.05), effect was seen with FN-adhered cells treated with SO^iM 

melphalan (16.5% vs. 21.5%) [fig. lib]. In some experiments, cells were adhered to FN 

after drug exposure in an attempt to rescue them from the consequent initiation of 

apoptosis. Annexin V staining revealed that FN adhesion is unable to rescue myeloma 

cells following initial exposure to doxorubicin or melphalan (data not shown). 
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Figure 11. Annexin V stained FN adhered myeloma cells have a lower apoptotic 
fraction compared to non-adhered cells following acute drug exposure. 8226/S myeloma 
cells were exposed to l|iM doxorubicin for Ihr (A) or 50^M melphalan for 24hr (B), 
stained by Annexin V 24 hr later, then analyzed by flow cytometry. Histograms are 
adjusted for background staining in untreated cells, bars are the s.d. of three different 
experiments; *, P<0.05. 
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The U266/LR7 cell line proved to be even further resistant to the cytotoxic 

actions of meiphalan when it was pre-adhered to immobilized [figure 12]. Cells pre-

adhered to FN for 24hr prior to Ihr meiphalan exposure had 32% less death compared to 

cells cultured in suspension. The difference in apoptosis between adhered and non-

adhered cell lines was significant at the 0.025 significance level (mean difference=13.5%, 

s.d.=3.7). These experiments demonstrate a bi-directional influence for cell adhesion and 

drug resistance: drug sensitive cells which are competent to bind FN are rendered 

resistant to cytotoxic drugs and conversely, cells selected for adhesion by chronic drug 

exposure demonstrate inside-out integrin activation and become even further resistant 

when attached to ECM. 
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Figure 12. U266/LR7 cells are protected from drug induced apoptosis when adhered to 
FN. Cells were adhered to FN for 24hr or kept in suspension prior to exposure to lOOpM 
meiphalan (LPAM) and were analyzed 24hr later by Annexin V reactivity. Histograms 
shown are representative of four independent experiments. 
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MTT cvtotoxicitv analysis of FN-adhered vs. suspension-grown 8226 cells 

A short-term growth-based cytotoxicity assay was used as a second method of 

determining the effects of FN adhesion on cell survival. 8226/S cells were adhered to 

FN- coated wells for two hours, and unbound cells were removed by aspiration and 

washes with serum-free media. As a control, an approximately equal cell number was 

added to uncoated wells or wells coated with BSA. After 24hr, doxorubicin or melphalan 

was added to each well for one hour, drug-containing media was then removed and 

replaced by fresh media. After a 96hr incubation, cell survival was determined by the 

ability of viable cells to reduce MTT dye to formazan. IC50 values were derived through 

linear regression of the log-linear dose-response plots for each cell line to each drug. 

Student's T-test was used to analyze differences in drug response using data collected 

from three different experiments (0.05 significance level). It was found that 8226/S 

myeloma cells adhered to FN-coated plates have a significant survival advantage over 

those grown on BSA-coated plates when exposed to doxorubicin for Ihr following a 24 

hr pre-adheslon period [figurelSa], (n=3, mean difference=6.9, s.d.=5.2, range=2.4 to 

12.6, P<0.05). The mean IC50 value for FN-adhered cells was l.63|iM dox (s.d.=l.51, 

range=0.49|iM to 3.34pJM) compared to 0.52|iM for cells grown on BSA (n=3, s.d.=0.76, 

range=0.085^M to l.4^M). Subtoxic concentrations of doxorubicin often induced a 

mitogenic effect in FN-adhered cells (>100% survival), an effect seen with other cell 

types (Vichi 1989) and in drug resistant cells (our unpublished observations). FN-

adhered cells often showed a decreased response to melphalan [figure 13b], however this 

effect proved to be inconsistent (n=3, mean differences 1.7, s.d.=0.8, range=l.2-2.6). 
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The mean IC50 value for FN-adhered cells was 48(iM melphalan (n=3, s.d.=26uM, 

range=l8^M to 65^iM), compared to 30|iM for ceils grown on BSA (n=3, s.d.=20uM, 

range=15|xM to 53^M). The lack of significant differences in these values could have 

been the result of the insensitivity of the MTT assay to distinguish small differences in 

drug sensitivity based on cell growth. 
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Figure 13. 8226/S myeloma cells adhered to FN have a survival advantage over non-
adhered cells following acute doxorubicin exposure (A) but not following melphalan 
exposure (B) in cell growth based cytotoxicity assays. FN-adhered cells (—) were bound 
to FN-coated plates 24 hr prior to I hr drug exposure and control cells were grown in 
suspension (—). Response to doxorubicin was 12.6 fold lower in FN-adhered cells 
compared to non-adhered controls (IC50 values for adhered and non-adhered cells were 
of 4.85x10'^ M and 8.5x10'^ M, respectively). Data points are presented as cell viability 
determined by MTT cytotoxicity assay compared to untreated controls. Graphs are 
representative experiments which were repeated 3 times in replicates of 4. 
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Determination of temporal reauirement for cell adhesion mediated drug resistance 

(CAM-PR) phenotvpe 

It was determined previously that 24hr adhesion was sufficient to protect cells 

from drug induced apoptosis, but it was unknown whether 24hr of adhesion was 

necessary. 8226/S cells were pre-adhered to FN-coated plates for 1, 2, 4, 8, or 24hr and 

exposed to 75|iM melphalan for Ihr. Following washes with serum-free media, cells 

were placed back into media containing 5% PBS for an additional 24hr. Cells were also 

exposed to melphalan in suspension and washed identically. As can be seen in figure 14, 

two hours of FN adhesion were sufficient to protect cells from melphalan-induced 

apoptosis (p<0.05, Student's T-test). One hour was not sufficient for cytoprotection and 

there seemed to be small increases in cell survival for time points greater that 2hr. This 

figure represents the data pooled from three independent experiments that produced 

similar results. 
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Figure 14. 2hr of FN adhesion is sufficient to protect 8226 myeloma cells from 
apoptosis following cytotoxic drug exposure. Cells were pre-adhered to FN-coated plates 
for the time indicated and exposed to 75^iM LP AM for Ihr. % apoptosis was determined 
using Annexin V staining. Graph is representative of three independent experiments. 

Determination of VLA-5 vs. VLA-4 contribution to CAM-PR in 8226 

Since FN adhesion in the 8226/S cell line is mediated by two integrin receptors, it 

remained to be determined if a4, a5, or both integrins, were responsible for the resistant 

phenotype. Experiments utilizing function blocking antibodies were used to characterize 

drug sensitivity in cells adhered exclusively through either a4pi or a5pi. When VLA-

5/FN interactions are blocked with a5-specific antibodies, cells are still protected from 

mitoxantrone (an anthracycline topoisomerase n inhibitor)-induced apoptosis when 
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compared to suspension grown cells [figure 15]. This is in contrast to cells pre-blocked 

with anti- a4 antibodies, which showed no protection from apoptosis when compared to 

suspension treated cells. Thus, VLA-4 mediated FN interactions are sufficient to induce 

cytoprotection while VLA-5 mediated FN interactions are not significantly protective by 

themselves. These studies are in agreement with the work showing that following 

selection with cytotoxic drugs, VLA-4, but not VLA-5, is upregulated on the cell surface 

of 8226. These findings are also consistent with others which found that VLA-4 and 

TCR ligation rescued human thymocytes from dexamethasone-induced apoptosis 

(Zaitseva et ai, 1998). It was also demonstrated that the VLA-4/FN interaction 

contributed to higher viability of B-CLL cells from 16 patients when compared to control 

cells (de la Fuente et ai, 1999). Although in these cases VLA-4 appears to be the critical 

mediator of adhesion-dependent survival, other integrins certainly may contribute to this 

phenotype as well (Zhang et ai, 1995). The consequences of transfecting alpha4 integrin 

cDNA into a negative cell line will be discussed in the context of the K562 cell line. 
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Figure 15. Adhesion to FN via a4 protects 8226 cells from apoptosis. Cells were 
incubated with anti-a4 blocking Ab P4G9, anti-a5 blocking Ab P1D6, or IgG3 isotype 
control antibodies (suspension and FN only) prior to FN adhesion and exposure to 
mitoxantrone for Ihr. % apoptosis was determined by Annexin V analysis of 5000 
events by flow cytometry 24hr after drug exposure. Bars are the mean apoptosis of n=6 
with standard deviations. *, p<0.05 by Student's t-test. 
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Expansion of CAM-DR phenotype to include K562 clironic myelogenous leukemia 

cells 

Annexin V anoptosis analysis of K562 cells 

In order to broaden the implications of the CAM-DR phenomenon, cytotoxicity 

studies were carried out in the K562 chronic myelogenous leukemia (CML) cell line. 

Annexin V flow cytometry was utilized to determine the effects of FN adhesion on 

apoptosis following exposure to a wider variety of cytotoxic agents than had been 

investigated in the 8226 cell line. It was determined that FN adhered K562 cells were 

significantly protected from the effects of many anti-cancer agents including melphalan, 

mitoxantrone, Ara-C, vincristine, and y-irradiation [table 2]. After two hours of FN 

adhesion, resistance to melphalan and mitoxantrone was seen (compared to suspension 

cells) following both 90min and 24hr drug exposures. Due to the insensitivity of K562 to 

anti-metabolites and microtubule-inhibiting drugs, Ara-C and vincristine (VCR) were 

only used in 24hr exposure studies. A lower, but nonetheless significant effect was seen 

with these agents and y-irradiation (XRT). Protection seemed to be higher in cells treated 

for 90niin as opposed to 24hr, possibly due to the fact that there are variations in 

adhesion after 24hr (personal observations). Integrin-mediated adhesion is a dynamic 

process that probably involves changes in affinity for ECM substrate: during a 90min 

drug exposure, adhered cells stay adhered throughout the course of treatment; during a 

24hr exposure, cells may lift off the plate and then become sensitive to the effects of 

cytotoxic drugs. In fact, it was previously demonstrated in the 8226 cell line that if cells 
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are released from FN following drug exposure, they become sensitive again (data not 

shown). Furthermore, resistance seemed to be highest to the pharmacological agents 

causing DNA damage (melphalan and mitoxantrone). 

Treatment Suspension: 
mean deatli 

FN: 
mean death 

% Control 
death 

LPAM 100^M 
Ihr 

37.5±24.0 I l.0±8.3 29.3* 

LPAM lOO^M 
cont. exD. 

39.8±3.2 23.3±6.4 58.5* 

Mitox 50p.lVI 
Ihr 

46.3±8.4 27.0±9.4 58.3-» 

Mitox 10M.M 
cont. exD. 

42.8±8.4 29.7±6.2 69.4* 

VCR 10^M 
cont. exD. 

17.8±6.4 12.5+2.3 70.2 

Ara-C IOOM-M 
cont. exD. 

11.3±5.5 6.2±1.6 54.9» 

X R T  5 0 0 0  
rads 

32.3±5.5 26.4±3.6 81.7» 

Table 2. Apoptotic analysis of FN adhered vs. suspension grown K562 cells. Cells were 
adhered to FN for 2hr prior to treatment or were kept in suspension (control). Values 
represent mean cell death and standard deviations as determined by Annexin V flow 
cytometric analysis (n>6 in all cases). *, pcO.OS by Student's t-test. 
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MTT cvtotoxicitv analysis of FN adhered K562 ceils 

The MTT assay was chosen as a second, growth-based technique of analyzing 

drug sensitivity in order to confirm the data obtained with Annexin V staining. In these 

studies, K562 cells were adhered for 24hr prior to exposure to melphalan or mitoxantrone 

for 90min. The percentage of viable cells was determined by adding MTT dye to each 

well following a 96hr incubation period and comparing the optical density (OD) readings 

of treated and untreated cell samples. In some studies, drug was present for the full 96hr 

(continuous exposure). As can be seen in figure 16 and table 3, FN adhesion induced 

significant cytoprotection in adhered cells compared to suspension-grown control 

cells, similar to results seen with Annexin V staining. 
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Figure 16. K562 cells adhered to FN have a survival advantage over non-adhered cells 
following mitoxantrone and LPAM exposure in cell growth based cytotoxicity assays. 
FN-adhered cells (—) were bound to FN-coated plates 24hr and control cells were grown 
in suspension (—) prior to 96hr drug exposure. Data points are presented as cell viability 
determined by MTT cytotoxicity assay compared to untreated controls. Graphs are 
representative experiments which were repeated 3 times in replicates of 4. 
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LPAM-QOmin. 
exposure 

LPAMKMntiniious 
exposure 

Mitoxantrone-QOinn. 
exposure 

Mitoxantrone-
condnuous exposure 

Suspension 193 X lO 'M 
(+/-1.70) 

155 X lO 'M 
(+/-1.42) 

170X ia'M(+/-l.Z3) 4.79x 10-*'M(-f/-1.64) 

Fibronectin 1.90 X 10"'M 
(+/-1.09) 

5.73 X lO'^M 
(+/-3.43) 

7.67 X ia^M(-f/-4.49) 3.27 X lO-'M (4/-3.00) 

Fold 
resistance 

6.48 2.25 169 6.83 

Table 3. MTT growth analysis of suspension vs. FN adhered K562 ceils. As described 
previously, cells were adhered to FN for 24hr or kept in suspension at equal density prior 
to cytotoxic drug exposure. Values represent mean IC50 values with standard deviations 
as determined by at least 3 independent experiments. FN adhesion was found to induce 
significant cytoprotection (p<0.05 by Student's t-test) in all cases, except for continuous 
LP AM exposure which was only significant at p<0.10. 
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Determination of adhesion requirements for the CAM-PR phenotvoe 

In order to determine whether or not physical adhesion is required to induce 

CAM-DR, two approaches were taken. First, the role of non-specific cellular adhesion 

(independent of integrin-mediated adhesion) was investigated using poly-L-lysine (PLL) 

coated plates. K562 cells were attached to poly-L-lysine, which induces cell adhesion 

through a negative charge-based interaction, for 2hr prior to drug exposure. As controls, 

cells were adhered to FN or kept in suspension prior to treatment (all similar densities). 

It was found that cells adhered to poly-L-lysine were in fact not protected from drug-

induced apoptosis while the cells adhered to were [figure 17]. These studies indicate 

the adhesion mediated through integrins is required for cytoprotection, general cell 

adhesion alone is not sufficient. The second part of this investigation asked whether or 

not integrin ligation without adhesion is sufficient to protect cells from apoptosis. K562 

were chosen for these studies since their affinity for FN seemed highest amongst all cell 

lines studies. In an attempt to minimize the effects of soluble FN found within fetal 

bovine serum, these experiments were carried out using media capable of sustaining cell 

growth without any added serum (Cellgro complete media. Fisher). Cells were washed 

repeatedly prior to a 2hr incubation in media containing 0.1, 1, or lO^ig/ml soluble FN or 

BSA. Several concentrations of cytotoxic drug were then added to each batch of samples 

(BSA, FN , and media only) for 2 additional hours. Cells were then washed several times 

and placed back into media containing BSA, FN, or no added proteins for 24hr. Flow 

cytometry using FTTC-conjugated Annexin V was then used to determine apoptotic 

fractions. It was found that the effects of soluble FN were negligible over the course of 3 
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experiments [figure 18], possibly indicating that both ligand occupancy of the integrin 

and physical ceil adhesion (and consequent cytoskeletal changes) are required for CAM-

DR. 
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Figure 17. K562 cells are not protected from drug induced apoptosis following adhesion 
to poly-L-lysine (PLL). Cells were adhered to FN or PLL or kept in suspension for 2hr 
prior to 90min LP AM exposure (acid-OH used as vehicle control). Following a 24hr 
incubation, apoptosis was analyzed by Annexin V staining. Experiments performed in 
duplicate and repeated three times with similar results. 
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Media 0.lug/ml lug/ml lOug/ml 0.lug/ml lug/ml lOug/ml 
only BSA BSA BSA FN FN FN 

Figure 18. K562 cells are not protected from melphalan induced apoptosis by soluble 
(non-immobilized) FN. Cells were washed extensively and incubated with soluble 
protein for 2hr then exposed to 150|i.M LP AM for 2hr. Following a 24hr drug-free 
incubation period, apoptosis was analyzed by Annexin V staining. Graph is 
representative of three different experiments. 
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Determination of the contribution of VLA-4 to drug resistance in K562 cells 

Earlier studies have shown that the a4 integrin subunit is overexpressed in drug 

resistant cell lines, however it remained to be determined whether or not expressing this 

integrin in a negative cell line will induce cytoprotection. The cell model used was the 

K562 cell line, which expresses P1 and a5 integrins but not a-+. An a4 expression vector 

was constructed and transfected into K562 using the Superfect reagent. Empty 

expression vector (missing the a4 insert but containing the neomycin resistance gene) 

was transfected in other cells as a control. Following approximately four weeks of 

selection with Geneticin, cells were analyzed for a4 integrin expression by flow 

cytometry. It was found that only a very small proportion of the a4 transfected cells 

actually expressed cell surface protein. Both Uransfected cell lines were then subcloned 

by limiting dilution technique. After three weeks of growth, colonies were grown to 

confluency and analyzed for a4 expression. Three clones found to be highly positive for 

expression were pooled into a single population which was designated K562/VLA-4. 

Three a4 negative clones were also pooled and designated K562/pcDNA3.1. The 

expression levels of a4, a5, and (31 integrins on these cell lines can be seen in figure 19. 

RT-PCR was also used to assay for a4 mRNA levels and as can be seen in figure 20, 

only K562ATLA-4 express this message (histone3.3 was used as a positive control in 

these reactions). Next, cell adhesion of these cell lines was evaluated using the FN 

adhesion assay. It was found that both cell lines were equally adhesive through VLA-5 

and that VLA-4 was non-functional on the K562Ani-A-4 cell line. In order to activate 
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VLA-4 function, an anti-pl antibody previously shown to stimulate FN binding affinity 

was utilized. As can be seen in figure 21, when pre-stimulated with the B3BI1 anti-pl 

antibody the K562A'LA-4 cell line adheres to FN through both a5 and aA while the 

K562/pcDNA3.1 cell line only adheres through a5. The contribution of each integrin 

subunit was determined using function blocking antibodies, as described previously. 
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Figure 19. Cell surface integrin expression on K562 stable transfectants. Expression of 
the pi and a5 integrin subunits are essentially the same on K562/pcDNA3.1 (pooled 
population of clones from empty vector transfectants) and K562AT^A-4 (pooled 
population of clones from a4 transfectants) by flow cytometric analysis. Solid (filled) 
histograms represent isotype control staining and open histograms represent positive 
staining with each antibody. a4 is not expressed by K562/pcDNA3.1 but is present on 
the surface of K562A1-A-4. Each subunit was analyzed three times. 
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K562/ K562/ 
Mock pcDNAS.l VLA-4 

Figure 20. a4 mRNA is expressed in K562A^LA-4 but not K562/pcDNA3.1. RT-PCR 
analysis shows a high expression of a4 niRNA in a4 transfectants but not in control 
transfectants or in a mock control reaction. 
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Figure 21. K562A1.A-4 adheres to FN through both a4 and (x5 while K562/pcDNA3.1 
adheres only through a5. Cells were treated with IgGl (unstimulated) or B3BI1 anti-Pl 
stimulating antibody (stimulated) and oA or a5 function blocking antibodies (or IgG 
control). Cells were then assayed for FN adhesion as mediated by each integrin subunit. 
Graph is representative of three independent experiments. 
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In order to determine whether or not VLA-4 contributes to the CAM-DR 

phenotype, blocking antibodies were utilized prior to FN adhesion and exposure to 

melphalan in K562 transfectants. Integrins were pre-stimulated with B3B11 antibody 

and then incubated with a4 or a5 blocking antibodies before being applied to FN coated 

35nun plates for 2hr. Cells were then washed several times with serum-free media, 

exposed to 100|xM melphalan for 90min and washed several more times. Following a 

24hr drug-free incubation period, cells were collected, stained with Annexin V, and 

analyzed by flow cytometry. Both K562/pcDNA3.1 and K562AnLA-4 were found to be 

protected from apoptosis compared to suspension controls (p<0.05 by Student's t-test) 

[figure 22]. When pre-incubated with anti-a4 mAb P4G9, FN adhered cells were still 

protected from melphalan- induced apoptosis, indicating a5 is sufficient to induce the 

CAM-DR phenotype in both cell lines. When pre-incubated with anti-a5 mAb P1D6, 

only K562A'LA-4 was protected from drug induced apoptosis compared to suspension 

controls. This indicates that VLA-4 is capable of transmitting a cytoprotective signal in 

cells expressing this integrin. Furthermore, this effect does not seem to be additive to 

VLA-5's effects since the amount of cytoprotection in IgG control treated cells were 

equal between both cell lines (despite both receptors being activated in K562A^A-4). 
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Figure 22. VLA-4 mediated FN adhesion protects K562 cells from drug induced 
apoptosis. Cells were pre-treated with B3B11 pi integrin stimulating antibody, then 
incubated with IgG control (black bars), anti-a4 mAb F4G9 (hatched bars), or anti-a5 
mAb P1D6 (horizontal striped bars). Following 90min exposure to lOOfiM LP AM, cells 
were analyzed for apoptosis 24hr later. % protection represents the difference between 
apoptosis induced in FN adhered cells and suspension cells (minus background staining 
for each). Experiments were repeated three times with similar outcomes. 
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Analysis of "classical" mediators of drug resistance in FN adhered cells 

Intracellular doxorubicin accumulation and expression of known drug transporters 

Based on the knowledge that active drug transport is a common mechanism of 

doxorubicin resistance and that in rare instances ECM adhesion can upregulate P-

giycoprotein (Scheutz and Scheutz, 1993), we looked for possible reductions in 

intracellular drug accumulation in adhered myeloma cells. A flow cytometry-based 

intracellular drug accumulation assay revealed that the concentration of doxorubicin, 

which emits at 573nm after excitation, in ET^-adhered 8226 myeloma cells is equal to that 

seen in non-adhered controls [figure 23]. Furthermore, plates coated with a non-specific 

protein (BSA) had no effect on drug accumulation. Due to the fact that some drug 

transporters may alter nuclear drug concentration with minimal effects on total 

intracellular drug (Abbaszadegan, 1996), RT-PCR was used to investigate whether or not 

three known transport proteins were upregulated by FN adhesion. MDRl (encoding P-

glycoprotein, a member of the ABC superfamily of transmembrane glycoproteins that is 

known to actively extrude drugs such as doxorubicin), expression was unchanged 

following FN adhesion [figure 24]. Expression of LRP (lung resistance-associated 

protein) and MRP (the multidrug resistance-associated protein), which have also been 

associated with drug resistance, were unchanged in adhered myeloma cells compared to 

suspension cells (data from Alexander Shtil, not shown). All of these experiments 

analyzed RNA collected from three independent sets of samples. In addition to ruling out 

altered drug transport as a mechanism of adhesion-based drug resistance, these studies 
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also show that ECM components of the bone marrow microenvironment environmental 

probably do not affect the intrinsic expression of these drug transporters in human 

myeloma cells. 
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Figure 23. Intracellular doxorubicin concentration is unaffected by culturing 8226 cells 
on plastic, BSA, or FN. Following a 24hr incubation on each surface, 10|iM doxorubicin 
was added to each well for Ihr and cells were analyzed for drug accumulation differences 
by flow cytometry. Bars are the s.d. of n=6 from two independent experiments. 
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Figure 24. MDRl mRNA is not increased by FN adhesion in 8226 cells. Cells were 
adhered to ET^ for 24hr, RNA collected, and analyzed by RT-PCR for changes in MDRl 
(P-glycoprotein) message. For positive MDRl controls, 8226/Dox40 and 8226/Dox6 (P-
gp expressing cell lines) were used. To control for RNA quantity and integrity, histone 
3.3 was amplified as a control in another reaction using the same cDNA samples. and 
suspension samples were collected on three different days. 

Bcl-2. Bcl-XL. Bcl-XS. and BAX mRNA levels in 8226 followin£ FN adhesion 

BCL-2 and BCL-XL are widely known to inhibit the onset of programmed cell 

death, and others have demonstrated the ability of Pi integrins to upregulate at least one 
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of these genes (Zhang et al., 1995; Bozzo et al., 1996). To investigate whether expression 

of the Bcl-2 family members known to suppress (Bcl-2 and Bcl-Xl) or promote (BAX 

and Bcl-Xs) apoptosis were altered in FN-adhered cells, semi-quantitative RT-PCR was 

used for each of these genes. The expression levels and ratios of all Bcl-2 family 

members were found to be unchanged by 24hr of FN adhesion [figure 25], and therefore 

altered RNA levels of these apoptosis regulating proteins are not likely responsible for 

protecting FN-adhered myeloma cells from acute cytotoxic drug exposure. To confirm 

these results, an RNase protection assay was performed using templates corresponding to 

these, as well as additional Bcl-2 family members. As was the case in the RT-PCR 

experiments, no significant changes in the levels of these genes were observed in FN-

adhered cells [figure 26]. 
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Figure 25. RNA levels of Bcl-Xl, Bcl-2, and BAX are unchanged following FN 
adhesion in 8226 cells. Cells were adhered to FN for 24hr, RNA collected, and analyzed 
by RT-PCR for changes in expression of each Bcl-2 family member message. To control 
for RNA quantity and integrity, histone 3.3 was amplified as a control in another reaction 
using the same cDNA samples. FN and suspension samples were collected on three 
different days. 
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Figure 26. RNA levels of all Bcl-2 family members are unchanged following FN 
adhesion in 8226 cells. Cells were adhered to FN-coated plates or grown in suspension 
for 24hr after which total RNA was collected and analyzed by RNase protection. 
Expression levels were normalized to the housekeeping genes GAPDH and L32. This 
experiment was done twice with similar results. 
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Bcl-2 family member protein expression in suspension vs. FN adhered cells 

Having ruled out increases in Bcl-2 family member transcription as a potential 

mediator of CAM-DR, protein levels of these genes were next assayed. Since regulation 

of many proteins, such as p27'^^', may be determined by degradation rates as opposed to 

increased mRNA production, western blotting was used to study the levels of the anti-

apoptotic proteins Bcl-2 and Bcl-Xl. As can be seen in figure 27, levels of these proteins 

were unchanged in 8226/S following adhesion for between I and 24hr, confirming earlier 

results obtained with RT-PCR and RPA experiments. 

^•actin 

Bcl-Xl 
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Figure 27. Protein levels of Bcl-2 and Bcl-Xl are not altered in FN adhered 8226 cells. 
Lysates were analyzed by 12% SDS-PAGE and western blotting with monoclonal 
antibodies, ^-actin was used as a loading control. 
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Investigation into signal transduction mechanisms associated with integrin ligation 

in the 8226 ceU line 

Phosphotvrosine analysis of whole cell Ivsates from suspension and FN adhered cells 

In order to determme the effects of integrin ligation in myeloma cells, tyrosine 

phosphorylation (P-tyr) was assayed in whole cell lysates by western blotting with a 

phosphotyrosine-specific monoclonal antibody (4G10). The appearance of a band of 

approximately 125kDa was the most predominant change seen in FN-adhered 8226 and 

U266 cells [figure 28], and was sustained through several hours of FN adhesion [figure 

29]. A protein migrating at approximately 601cDa was also seen in several blots (data not 

shown). The 125kDa protein was also phosphorylated by cross-linking the a4, cx5, or pi 

integrins with monoclonal antibodies [figure 30], but not with non-specific mouse IgG. It 

is interesting to note that despite activating integrin-mediated tyrosine phosphorylation, 

there is no protection from melphalan induced apoptosis with receptor cross-linking in 

the absence of cell adhesion in 8226 (data not shown). These results are similar to those 

seen in K562 cells treated with soluble FN prior to drug exposure, experiments which 

also failed to demonstrate CAM-DR without physical cell adhesion. 
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Figure 28. Phosphotyrosine analysis of FN adhered 8226 and U266 cells. Cells were 
adhered to FN or kept in suspension for Ihr, then lysed and analyzed by 10% SDS-
PAGE. Phospotyrosine induction was nieasured with mAb 4G10. Experiments were 
done twice with similar results. 
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FN (hr): 

Figure 29. Tyrosine phosphorylation is prolonged through at least 3hr of FN adhesion. 
8226 cells were adhered to FN for the indicated times or were kept in suspension (0). 
Lysates were analyzed as previously described. Experiments were done twice with 
similar results 



98 

FN IgG/Susp. P4G11 P4G9 P1D6 

217-> 

P-Tyrosine 

73-• 

43 

P-actin • 

Figure 30. Cross-linking of pi integrins with monoclonal antibodies induces similar 
tyrosine phosphorylation patterns to those seen in FN adhered cells. Cells were incubated 
with anti-Pl mAb (P4G11), anti-a4 (P4G9), anti-cx5 (P1D6), or irrelevant control 
antibodies (IgG) for 20inin followed by rabbit anti-mouse secondary antibody for 20niin. 
Despite similar phosphotyrosine induction (detected by anti-phosphotyrosine mAb 
4G10), antibody-mediated integrin ligation was not sufficient for cytoprotection. 
Experiments were performed two times with similar results. 
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Due to the large number of reports linking integrin activation to the induction of 

focal adhesion kinase (pl25FAK) phosphorylation, it was hypothesized that this was the 

protein detected in the whole cell lysate P-tyrosine analysis. However, it was found that 

this protein was negative in U266 and 8226 using western blotting with monoclonal 

antibodies (K562 lysate was used as a positive control for FAK expression) [figure 31]. 

This led to the next set of experiments which focused on a similarly sized protein known 

to be activated by integrins in FAK negative cells: pl30Cas. 

K562 8226 U266 

pl25FAK 

P-actin 

Figure 31. pl25FAK is not expressed in the myeloma cell lines analyzed. Lysates were 
isolated from suspension cells and analyzed by 10% SDS-PAGE and immunoblotting 
with a monoclonal anti-pl25FAK antibody. 
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Analysis of olSOCas activity following FN adhesion 

pl30Cas is a protein known to associate in focal adhesion complexes and promote 

integrin-mediated cell signaling in many cell types (Manie et al., 1997; Ueki 2t al., 1998). 

pl30Cas is a docking protein containing Src homology 2 (SH2) and SH3 domains, and is 

known to be phosphorylated by a number of protein tyrosine kinases including c-Src 

(Nakamoto et al., 1996; Hamasaki et al., 1996) and the related adhesion focal tyrosine 

kinase (RAFTK), also known as PYK2 (Astier et al., 1997). One report has even 

associated the dephosphorylation of plSOCas to apoptosis (Weng et al., 1999). In order 

to analyze the activity of pl30Cas in ET^-adhered myeloma cells, 8226/S cells were 

attached to FN for 2hr prior to lysis and immunoprecipitation using anti-pl30Cas mAb or 

non-specific mouse IgG as a control. Precipitates were subjected to 10% SDS-PAGE and 

transferred to PVDF membrane. Phosphotyrosine was analyzed by western blotting, then 

blots were stripped and re-probed with anti-pl30Cas mAb to assess equal protein 

precipitation and loading. Figure 32 is a representative experiment showing a 

pronounced phosphorylation of pl30Cas in FN adhered cells compared to a complete 

lack of phosphorylation in suspension cells. The pl30Cas-A (125kDa) and pl30Cas-B 

(115kDa) isoforms seemed to be activated equally in FT^ adhered cells. 
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Figure 32. plSOCas is activated by FN adhesion in 8226 cells. Immunoprecipitations 
were performed on equal amounts of protein lysate collected from suspension or FN 
adhered cells using anti-pl30Cas monoclonal antibodies. Membranes were stained with 
anti-phosphotyrosine mAB 4G10 (top panel), then stripped and re-probed with anti-
pi 30Cas mAb (bottom panel) to control for equivalent precipitation. Blot shown is 
representative of five independent experiments. 
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Effects of Src inhibition on pl30Cas activation and CAM-PR 

Based on the knowledge that pl30Cas is most often phosphorylated by members 

of the Src kinase family, the next set of experiments focused on analyzing the 

contribution of Src to integrin-mediated pI30Cas activation. The Parke-Davis inhibitor 

PD173952, an established pharmacological inhibitor of Src kinase, was used to pre-treat 

8226 cells prior to FN adhesion. Preliminary adhesion experiments demonstrated that 

this compound had no significant bearing on 8226 attachment to FN (data not shown). 

Subsequent immunoprecipitations and western blots showed that when Src kinase activity 

was disrupted through pre-treatment with 500nM PD 173952 for 3hr, the integrin-

mediated pl30Cas induction was completely abrogated [figure 33]. Through fiirther 

experimentation it was determined that 3hr pre-treatment with PD 173952 was sufficient 

to keep pl30Cas dephosphorylated after at least 4hr of FN adhesion [figure 34]. 
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Figure 33. FN-induced pl30Cas activation is reversed through inhibition of Src. Cells 
were pre-treated with Src inhibitor PD 173952 (500nM) or DMSO (vehicle control) for 
3hr prior to Ihr FN adhesion and pl30Cas immunoprecipitation. Pl30Cas activity and 
equal loading were assayed as described previously. Blot is representative of three 
independent experiments. 



103 

o u 
e 
s 
o so 

a 
i cn 

u 
X! 

Z 

b 
£ 

z fa 

(• 
£ 

z fa 

u 

Z 

fca J: 
Z 
fa 

u 
JS 

Z 
fa 

SOOnM 
PD173952 

P-tyrosine 

pl30Cas *#•91 

Figure 34. Src inhibition abrogates RV mediated pl30Cas activity for at least 4hr. 8226 
cells were adhered to FN for the indicated time periods, lysates from each were collected 
and analyzed through immunoprecipitation and western blotting as previously described. 

In order to determine whether or not Src and plBOCas play a direct role in CAM-

DR, 8226 cells were exposed to PD173952 for 3hr prior to FN adhesion and subsequent 

exposure to cytotoxic drug (LPAM was used). Following 4hr of FN adhesion, cells were 

exposed for 2hr to 50, 75, or lOO^iM LP AM in the presence of fresh PD 173952. As 

controls some cells were exposed to DMSO alone (vehicle for PD 173952) and Acid-OH 

alone (vehicle for LP AM). Suspension controls were treated identically to FN adhered 

cells except that cells were kept in I5ml conical tubes for the duration of the exposures. 
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Following a 24hr incubation period in drug free media (LPAM and PD173952 free), cells 

were collected and analyzed for apoptosis by Annexin V staining. There was no 

abrogation of the cytoprotection provided by FN adhesion when Src inhibitors were 

administered prior to 50, 75, or 100|iM melphalan exposure [figure 35]. Despite 

inhibiting integrin mediated Src and pl30Cas activity prior to drug exposure [figure 34], 

FN adhesion still induced the CAM-DR phenotype, implying these proteins do not have a 

direct bearing on drug response in this model. Addition of the Src kinase inhibitor was, 

however, found to cause apoptosis in suspension cells and less in FN adhered cells 

[figure 36]. This lends further credence to the idea that Src is not involved in FN 

induced suppression of apoptosis, since adhered cells persisted to survive in the face of 

PD 173952 exposure. 
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Figure 35. Inhibition of integrin induced Src and piSOCas activity does not reverse the 
CAM-DR phenotype. Ceils were treated with 500tiM PD173952 for 3hr prior to 4hr FN 
adhesion (hatched bars) or suspension (solid bars). Cells were then exposed to LP AM for 
2hr and cell death was analyzed 24 later by Annexin V staining. Graph is representative 
of two independent experiments. 
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Figure 36. adhered 8226 cells are protected from apoptosis induced by Src 
inhibition. PD 173952 was exposed to cells for 3hr prior to 4hr FN adhesion (dashed line) 
or suspension (solid line) and apoptosis was measured by Annexin V staining 24hr later. 
Similar results were obtained from three different experiments. 
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Study of the MAP kinase pathway in FN adhered cells 

In order to investigate the activity or ERKl and 2 in FN adhered cells, phospho-

ERK specific polyclonal antibodies were used (recognize phosphorylated Thr202/Tyr204 

on ERKl/2) in western blotting. Cells were adhered to FN for 0.5, 1, 2,4, or 6hr or were 

kept in suspension prior to lysis in freshly prepared lysis buffer. Proteins were 

quantitated in each lysate and 50^g was analyzed by 12% SDS-PAGE. To control for 

baseline ERK expression and equal loading, membranes were stripped and re-probed 

with antibodies recognizing all forms of ERKl/2, irregardless of phosphorylation status. 

It was found that 8226 cells adhered to FN demonstrate a decrease in ERKl and 2 

activity as determined by phosphorylation state. This effect began as early as 30min and 

seemed to persist through at least 6hr of FN adhesion [figure 37]. 

p-ERKl/2—• 

ERKl/2-^ 

Figure 37. FN adhesion decreases ERKl and 2 activity in 8226 cells. Cells were 
adhered or kept in suspension for the times indicated and then lysed. Lysates were 
separated by 12% SDS-PAGE and analyzed using phospho-ERK specific antibodies. To 
control for ERK expression and protein loading, blots were stripped and reprobed with an 
antibody recognizing total ERKl/2. Blots are representative of three different 
experiments. 
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In order to determine whether or not ERK activity can influence short term 

cytotoxic drug response, the Parke-Davis MEKl inhibitor PD98059 was used to 

downregulate ERKl and 2 activity prior to drug exposure (MEKl is a direct upstream 

activator of ERKl and 2). Western blotting confirmed that ERKl and 2 were inactivated 

by PD98059 by Ihr and remained so for at least 8hr (data not shown). Cells were treated 

in suspension with either 10|iM or 50(iM PD98059 or vehicle control (DMSO) for 2hr 

prior to exposure to VP-16 or Mitoxantrone for 2hr. MEKl inhibitor remained in the cell 

culture media until all drugs were washed off cells with serum-free media after the final 

2hr incubation. Media was replaced with RPMI containing 5%FBS but no drugs or 

inhibitors and cells were incubated for an additional 24hr. Apoptosis was analyzed by 

Annexin V staining and flow cytometry, as described previously. It was found that by 

downregulating MEKl, and consequently ERKl and 2, there was no effect on VP-16 

mediated cytotoxicity [figure 38]. Conversely, PD98059 seemed to potentiate the effects 

of mitoxantrone. These results suggest that short-term downregulation of ERK 1/2 

activity by itself is not sufficient to protect cells from drug induced apoptosis. It is 

interesting to note, however, that 8226 cells undergo a G1 arrest when adhered to for 

greater than 24hr (data from Lori Hazlehurst not shown). Thus the downregulation of 

ERKl/2 is consistent with cell cycle changes seen following prolonged FN adhesion. 
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Figure 38. MEKl inhibition does not protect ceils from drug induced apoptosis. 8226 
cells were treated with PD98059 or DMSO (vehicle control) for 2hr prior to exposure to 
VP-16 or mitoxantrone for 2hr. Cells were incubated in drug-free media for 24hr and 
apoptosis analyzed by Annexin V staining. Experiments were repeated twice with 
similar results. 
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Another MAPK constituent shown to have effects on apoptotic responses in many 

cell types, p38, was analyzed for its role in the CAM-DR phenotype as well. Lysates 

were prepared as previously described and separated with 12% SDS-PAGE. In order to 

determine relative ratios of p38 isotypes expressed by 8226 cells, two different antibodies 

specifically recognizing either the p38a or p38P forms were used. It was determined that 

8226 and K562 cells express only the p38a isoform [figure 39], which has been mostly 

associated with promoting apoptosis. Western blotting was then performed using an 

antibody specific for active p38 (phosphorylated Thrl80/Tyrl82). It was discovered that 

p38 is inactivated almost immediately following FN adhesion [figure 40]. 

K562 8226 K562 8226 

p-actin P-actin 

Figure 39. K562 and 8226 express p38a but not p38p. Expression levels were 
determined through 12% SDS-PAGE and western blotting with isoform specific 
polyclonal antibodies. Experiments were performed two times with similar results. 
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Figure 40. p38 activity is decreased by FN adhesion in 8226 cells. Cells were adhered 
or kept in suspension for the times indicated and then lysed. Lysates were separated by 
12% SDS-PAGE and analyzed using phospho-p38 specific antibodies. To control for 
p38 expression and protein loading, blots were stripped and reprobed with an antibody 
recognizing total p38. Experiments were repeated four times with similar results. 

In order to determine if inhibition of p38 is sufficient to protect cells from drug 

induced apoptosis, the pyridinyl imidazole p38 inhibitors SB202I90 and SB203580 were 

administered to suspension cells prior to melphalan exposure. Due to the fact that these 

inhibitors inhibit p38 kinase activity without altering its phosphorylation state, it was 

impossible to evaluate inhibition of phospho-p38 by western blotting. Effective 

inhibitory concentrations of these compounds were instead estimated from literature 

reports. 8226 cells were treated with 1, 5, or lO^iM of either inhibitor (or DMSO vehicle 

control) for two hours prior to a 2hr exposure to 75^M melphalan. Following a 24hr 

drug-free incubation period, apoptosis was analyzed by Annexin V staining. As can be 



112 

seen in figure 41, by pretreating cells with either SB202190 or SB203580, sensitivity to 

melphalan was actually slightly increased when compared to DMSO treated controls. 

Further investigations with higher concentrations of inhibitors (50pM and lOOjiM) 

showed an even higher degree of potentiation of drug induced apoptosis. 

DMSO luM 5uM lOuM luM 5uM lOuM 

SB203580 SB202190 

Figure 41. p38 inhibition does not alter response to melphalan in 8226 cells. Cells were 
pre-treated with the p38 inhibitor SB202190 or SB203580 for 2hr prior to exposure to 
75^M melphalan for 2hr. Following a 24hr drug-free incubation period, apoptosis was 
analyzed by Annexin V staining. Background death induced by either p38 inhibitor was 
negligible. Similar results were obtained in two independent experiments. 
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Study of the AKT/BAD cell survival pathway in FN adhered 8226 and K562 cells 

The activity of AKT was measured using western blotting with antibodies specific 

for the phosphorylated (active) form of AKT (recognizing phospho-serine 473). Cells 

were adhered to FN for various time points or kept in suspension as a control, lysed, then 

proteins were analyzed by 12% SDS-PAGE. No consistent upregulation of AKT 

phosphorylation, which was low in suspension cells, was detected in 8226 or K562 cells 

adhered to FN [figure 42]. Membrane stripping and re-probing showed an equal amount 

of total AKT protein in FN and suspension sample lanes (detected by antibodies not 

specific for phospho-AKT). As another marker of AKT activity, in vitro kinase assays 

were performed using histone 2B as a substrate for immunoprecipitated AKT. 

Experiments using cells pre-adhered to FN [figure 43] or cells with integrins cross-linked 

with antibodies (not shown) corroborated the data obtained with western blotting. Next, 

studies were performed to investigate AKT activity following cytotoxic drug exposure. 

Previously, it had been demonstrated that in the face of certain cytotoxic stresses, the 

AKT survival pathway is inactivated (Zundel and Giaccia, 1998). Alterations in AKT 

activity in FN adhered cells leading to CAM-DR may therefore only be realized when 

drug is present. K562 cells were either adhered to FN or kept in suspension for 2hr prior 

to melphalan exposure for I or 6hr. Lysates were then collected, subjected to 12% SDS-

PAGE, and western blotted using phospho-AKT-specific antibodies. As can be seen in 

figure 44, there was no significant effect of FN adhesion on AKT phosphorylation in the 

presence of melphalan, further strengthening the assertion that AKT is not involved in the 

CAM-DR phenotype. 
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Figure 42. FN adhesion does not induce AKT phosphorylation in 8226 or K562 cells. 
Cell lysates were analyzed by 12% SDS-PAGE and western blotting with phospho-AKT 
specific antibodies. Blots were stripped and re-probed with antibodies recognizing AKTl 
to control for equal protein loading. Experiments were repeated three times with similar 
outcomes. 

Figure 43. FN adhesion does not induce increased AKT I activity in 8226 cells. An in 
vitro kinase assay was performed by immunoprecipitating AKTl from cell lysates and 
incubating with histone 2B (AKT substrate) and Y-[^^P]dATP (label). Experiments 
were performed twice with similar results. 



115 

0.5hr 2hr 2hr+lhrLPAM 2hr + 6hrLPAM 

FN: - + - + - - + + - - + + 

LPAM(IOO^M): - 4- - + - + - + 

p-AKT-> 

AKT^ 

Figure 44. AKT phosphorylation is not increased in FN adhered K562 cells following 
cytotoxic stress. Cells were adhered for the times indicated prior to exposure to LP AM 
(l(X)|xM) or Acid-OH exposure (LPAM vehicle). Western blotting using phospho-AKT 
specific antibodies was performed as described previously. 
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Due to the fact that BAD may be regulated independently of AKT (i.e. through 

MEKl activation), its activity was examined as well. Western blotting was performed 

using antibodies specific for phosphorylated serine residues (112 and 136) of the BAD 

protein. As can be seen in figure 45, there was a small increase in BAD phosphorylation 

in FN adhered 8226 cells in comparison to that seen in suspension controls. However, 

total BAD protein immunoblotting revealed that this was not a genuine 

hyperphosphorylation, instead there were higher levels of total BAD protein in the FN 

adhered cell lysates. In effect, even though there were increased levels of phospho-BAD 

in FN adhered cells, the ratio of unphosphorylated to phosphorylated forms seemed to be 

unchanged. As another control for protein loading, membranes were stripped and re-

probed with antibodies specific for an unrelated housekeeping protein, P-actin. P-actin 

levels were equal between suspension and FN samples, indicating there was not 

misquantitation and overloading of sample in the FN wells. Figure 46 shows that similar 

results were obtained using the K562 cell line. Since the ratio of phosphorylated BAD to 

unphosphorylated BAD remained unchanged by FN adhesion, it can be inferred that there 

was no concomitant change in the amount of Bcl-2/BAD or Bcl-Xl/BAD heterodiraers or 

BAX homodimers. Decreased protein degradation was probably responsible for the 

increased BAD levels, as this protein has a relatively short half-life in the cell (personal 

communication from Dr. Hong-Gang Wang, Moffitt Cancer Center). This is in 

agreement with RPA data that showed no change in BAD mRNA levels following FN 

adhesion [figure 47]. Increased translation from pre-existing intracellular mRNA pools 

may also be a reason for increased protein levels. Further investigation is needed to 

determine the exact mechanism by which this protein's expression is controlled by FN 

adhesion. 
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Figure 45. There is no change in the ratio of phosphoryiated vs. total BAD in FN 
adhered 8226 ceils. Lysates were analyzed by 12% SDS-PAGE and western blotting 
with antibodies specific for phospho-BAD. 
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Figure 46. There is no change in the ratio of phosphoryiated vs. total BAD in FN 
adhered K562 cells. Lysates were analyzed by 12% SDS-PAGE and western blotting 
with antibodies specific for phospho-BAD. 
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Figure 47. Levels of BAD tlNA are not increased with FN adhesion. An RNase 
protection assay was used to assay for alterations in BAD mRNA transcription with FN 
adhesion. The L32 housekeeping gene was used as a control for RNA loading and 
integrity. 



119 

Study of FN adhesion and BCR/ABL inhibition in K562 cells 

Inhibition of tumor ceil signaling through the BCR/ABL fusion protein has 

become a promising target in the treatment of chronic myelogenous leukemia (CML). 

Inhibitors of this kinase, which is believed to be the major contributor to drug resistance 

in CML cells, are known to induce apoptosis in many cell lines and in patient tumor 

specimens. In order to test the efficacy of these inhibitors against FN adhered cells, the 

tyrphostin AG957 was utilized. AG957 is believed to compete for the ATP binding site 

of the BCR/ABL protein, thereby greatly limiting its intracellular signaling functions. 

The MTT cytotoxicity assay was used to test the sensitivity to AG957 in FN adhered and 

suspension grown K562 cells. As can be seen in figure 48, there is significant protection 

from the apoptosis-inducing actions of this compound in cells adhered to FN. Over three 

independent experiments, the mean IC50 value for suspension grown cells was 3.60x10" 

(s.d.=2.74, range=7.90xl0'^ to 6.27x10"^) compared to l2.95xlO'*^M (s.d.=3.53, 

range=9.56xl0'^ to 16.60x10"^) for FN adhered cells. These values were significantly 

different at the p<0.05 level. The fold resistance of FN adhered cells over suspension 

cells was 3.6 fold. 
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Figure 48. FN adhered K562 cells are resistant to BCR/ABL kinase inhibition. MTT 
cytotoxicity analysis was performed on cells grown in suspension (solid line) or adhered 
to FT^ for 24hr (dashed line) prior to exposure to AG957 for 96hr. Graph is 
representative of three independent experiments. 

In order to determine the effects of BCR/ABL kinase inhibition on tyrosine 

phosphorylation, cells were adhered to for 24hr or kept in suspension prior to 

exposure to various concentrations of AG957 and subsequent lysis. Proteins known to be 

phosphorylated as a result of the Philadelphia chromosome abnormality, including p210 

BCR/ABL and pl25FAK, were found to be constitutively phosphorylated in suspension 

and FN adhered cells [figure 49]. Following inhibition with AG957, these proteins are 

then dephosphorylated in both suspension and FN adhered cells, indicating pi integrins 
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are not signaling through proteins common to the BCR/ABL signal transduction pathway 

(including pI25FAK and pl30Cas) in K562. There was, however, a heavy 

phosphorylation of a 80kDa protein in FN adhered cells which seemed to partially persist 

even with the introduction of AG957. The identity of this protein remains to be 

determined as does its possible link to cytoprotection mediated by FN adhesion. Further 

investigation revealed that this protein is not phosphorylated immediately following FN 

adhesion, rather it is strongly activated after only 8-24hr [figure 50]. None of the 

proteins associated with BCR/ABL activity were further phosphorylated by FN adhesion. 

Figure 49. BCR/ABL inhibition leads to a decrease in tyrosine phosphorylation in 
suspension and FN adhered K562 cells. Cells were treated with AG957 for 3hr prior to 
lysis and analysis by 10% SDS-PAGE and phosphotyrosine western blotting. 
Experiments were repeated three times with similar results. 
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Figure 50. BCR/ABL associated tyrosine phosphorylation is not increased by FN 
adhesion in K562 cells. Phosphotyrosine western blotting reveals similar 
phosphorylation patterns between suspension and adhered cells with the exception of an 
80kDa (Mr determined through Rf plotting). 
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DISCUSSION 

The relationship between adhesion and cell survival has been fairly well studied 

in solid tumor cell lines (adherent cells), particularly in dealing with the phenomenon of 

anoikis (death by disadhesion). More attention is now being given to the effects of 

adhesion on hematopoietic cells due to the fact that in many diseases, including myeloma 

and leukemia, the mature tumor cell or progenitor cell associates with the bone marrow in 

vivo. The ability of a tumor cell to survive under conditions of serum deprivation or ex 

vivo culture is an interesting biological phenomenon, however its relevance to cancer 

treatment and irradification is not well established. It is well known that different 

inducers of cell death may work through independent pathways to bring about apoptosis, 

as is the case with cytotoxic drug and serum deprivation. For these reasons, it is difficult 

to extrapolate published reports on cell adhesion and survival to cases where cytotoxic 

drug is the apoptotic stimulus. The data presented here examined the influence of an 

individual mediator of cell adhesion, the integrin receptor, on response to 

chemotherapeutic agents used in the treatment of these diseases. 

Through two different assays, one based on an early apoptotic marker (Annexin 

V) and one based on cell growth and viability (MTT), it was demonstrated that adhesion 

to FN affords a significant degree of protection from a number of apoptosis inducing 

agents (CAM-DR). The CAM-DR phenotype was found to occur in three hematopoietic 

cell lines studied, perhaps indicating a broad biological significance for this phenomenon 

in many diseases. The RPMI 8226 cell line was shown to have decreased responses to 
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doxorubicin, melphalan, and mitoxantrone when cells were adhered. K562 cells 

exhibited less cell death following exposure to melphalan, mitoxantrone, Ara-c, and y-

irradiation when FN adhered. The cytoprotection observed seemed to be highest against 

DNA damaging agents such as melphalan and mitoxantrone, while less or no protection 

was seen with anti-metabolites (i'\ra-C) and microtubule inhibitors (vincristine). Due to 

the fact that the CAM-DR phenotype protects against drugs that are mechanistically 

distinct, there may be multiple survival pathways activated by FN adhesion. On the other 

hand, integrins may be blunting drug response by priming the cell against such events as 

oxidative free radical generation (perhaps through increased free radical scavengers). It 

has yet to be determined where the block in drug action is occurring, be it before or after 

initial DNA damage induced by cross-Unking or topoisomerase II inhibition. 

The discovery that integrin-FN associations protect hematopoietic tumor cells 

from drug induced apoptosis is significant in that this represents a mechanism of intrinsic, 

or de novo, drug resistance. Even though the amount of protection is lower than that 

provided by P-glycoprotein, for example, it may be all that is needed to allow a small 

tumor cell population to survive initial drug treatments and reconstitute the entire tumor 

mass over time. It is also unlikely that acquired drug resistance mechanisms such as P-

glycoprotein overexpression or intracellular sulfhydryl increases function in a naive, non-

selected tumor cell. These mechanisms may, however, become the primary means of 

cytoprotection after a fraction of cells has survived early chemotherapy treatments by 

integrin activation. 
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It was found that chronic drug selection may also affect the integrins in one of 

two ways, through expression or activation. In the 8226 cell line, a4 integrin was 

overexpressed following selection with either doxorubicin or melphalan. Through 

experiments utilizing acute treatment of 8226 ceils with subtoxic to moderately toxic 

doses of these drugs, it was discovered that these agents seem to be incapable of 

upregulating this protein through transcription or other means. This evidence points to a 

process of selection for a4 overexpressing variants of 8226 that may have a survival 

advantage over cells expressing low levels of a4. Conversely, the a5 expression seen in 

the drug sensitive parent cell line was lost in the 8226/Dox6 and 8226/LR5 cell lines, 

perhaps suggesting a negative influence of this integrin on survival in this cell line. 

Further investigation showed that the 8226 parent cell line, which adheres to FN 

through both a4 and ot5, was only protected from drug induced apoptosis when adhered 

through a4. The drug resistant cell lines were, however, selected in suspension without 

the addition of exogenous FN. This opens up the question of how a4 can protect cells 

from death without being adhered to FN coated cell culture ware. Though unproven, it 

can be hypothesized that this may be accomplished a number of ways. First, a4 may be 

mediating cell-to-cell adhesion in suspension cultures through homotypic interactions 

with other a4 molecules (AJtevogt et al., 1995), or by binding to FN on the surface of 

other myeloma cells (shown to be present on 8226 by antibody staining, data not shown). 

Secondly, the a4 integrin may be cross-linked and induced to signal by cytotoxic drug 

itself. 



126 

The significance of upregulated pi integrins on drug resistant ceil lines can be 

further substantiated with similar reports involving different cell models. Others found 

upregulated a4 and a5, among other integrins, on doxorubicin resistant osteosarcoma 

and mamamary carcinoma cells (Scotlandi et al., 1996; Nista et ai, 1997). Upregulated 

VLA-1 and VLA-2 were found on vinblastine resistant carcinoma cells as well (Duensing 

et al., 1996). Although none of these reports demonstrated a direct link between integrin 

function and cytoprotection, there does seem to be recurring phenomenon of higher pi 

integrin levels and drug resistance in many different cell Imeages. 

To further investigate the role of a4 and the causation of drug resistance, this 

gene was transfected into an a4 negative cell line, K562. A full-length a4 cDNA was 

cloned into a mammalian expression vector and then stabily transfected into K562 cells. 

Clones expressing high levels of a4 surface protein were pooled and functionally 

analyzed by FN adhesion assays. It was found that VLA-4 in these cells was in an 

inactive conformation, unable to bind its Ugand unless stimulated using an anti-pi 

integrin function stimulating antibody. Annexin V apoptosis analysis revealed that K562 

cells adhered through VLA-4 were resistant to melphalan induced apoptosis. In addition, 

K562 cells adhered through their native FN receptor, VLA-5, were also resistant to 

melphalan as well as to a wide range of other anti-tumor agents summarized in table 2. 

There was not an increased survival advantage in cells adhered through VLA-4 and 

VLA-5 compared to only one or the other. This suggests that these two integrins are 

signaling through similar pathways, possibly through their common integrin subunit, pi. 

If the cytoprotection provided by VLA-4 and VLA-5 were through different mechanisms. 
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an additive effect to the CAM-DR phenotype would likely have been observed. 

Clinically, this may be an advantage since multiple adhesion pathways may be abrogated 

by functionally blocking only one molecule, P1 integrin. In effect, cellular adhesion to 

multiple ECM proteins (FN, laminin, collagen) and counter-receptors (VCAM-1) could 

be affected by a single pharmacological agent prior to chemotherapy, perhaps leading to a 

higher fraction of apoptotic tumor cells. 

The other way cytotoxic drug selection was found to influence integrin function 

was through inside-out activation. In contrast to outside-in activation, which involves 

extracellular ligands and subsequent integrin-mediated intracellular signaling events, 

inside-out activation refers to a state in which intracellular processes alter the resting 

activation state of cell surface integrins. Inside-out activation is a way of quickly 

regulating the adhesive activity of a cell without having to go through the steps of 

transcription and translation. Integrins may exist in different activity states, one 

demonstrating a low propensity to bind ligand and one in which the integrin binds with 

high affinity (Hughes and Pfaff, 1998). Hence, changes in integrin-mediated cellular 

adhesion may not be based on alterations in expression, but rather are regulated by 

pathways within the cell that alter the activation state of dimers already on the cell 

surface. This process has been demonstrated previously to take place in other cell lines 

with such stimuli as increased Mn"^, PMA exposure, or by the addition of function-

stimulating antibodies specific for the pi subunit (Gailit and Ruoslahti, 1988; Arroyo et 

al., 1992; Altieri et ai, 1988). Cells may use two distinct processes to regulate ligand 

binding by integrin receptors, one of which involves a genuine modulation of mtegrin 
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'affinity' for ligand through a change in the integrin conformation itself, thereby 

exposing ligand binding pockets in one or both elements of the heterodimer (Pulido et al., 

1991). Another process may involve modulating 'avidity' by altering integrin clustering 

on the plasma membrane (Stewart and Hogg, 1996). This may be achieved by 

dissociating the intracellular tail of the receptor from elements of the cytoskeleton, which 

can lock integrins in an inactive state (Stewart and Hogg, 1996; Kucik et al., 1996). 

Intense efforts to elucidate activators of integrin activation are underway in an 

attempt to understand the role of integrins in embryogenesis, hemostasis and metastasis, 

among other areas. These investigations have revealed several novel integrin tail-binding 

proteins (Hughes and Pfaff, 1998). However, much is yet to be discovered about the 

exact cellular processes regulating integrin activation. In the case of the U266/LR7 cell 

line, chronic drug exposure seems to be required to select for cells that adhere to FN. 

There is no increase in FN binding in the U266 cell line following short term pre-

treatments (Ihr to 24hr) with melphalan (InM to l|iM) or doxorubicin (O.lnM to lO^iM) 

(figure 6). Therefore, by chronically exposing U266 cells to melphalan, a cell line has 

been selected that has a higher affinity for FN adhesion mediated through VLA-4. VLA-

5 did not contribute to FN adhesion in U266 and its activity (and expressison) was not 

increased in U266/LR7. 

MDRl/P-glycoprotein overexpression is known to be a powerful mediator of drug 

resistance through the extrusion of cytotoxic drug from the cell (or by 

compartmentalizing it within the cell) before it is able to reach its target. Although 

MDRl has been shown to be upregulated in at least one case by cell adhesion (Scheutz 
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and Scheutz, 1993), it is most typically a mechanism of resistance acquired following 

chronic drug exposure. Nevertheless, this and other mechanisms of drug extrusion were 

investigated and ultimately found to be negative in FN adhered 8226 cells. Intracellular 

doxorubicin levels were not altered by FN adhesion as determined by flow cytometry, 

and expression levels of several known drug efflux pumps (MDRl, MRP, and LRP) were 

also unchanged. 

Integrin ligation has been shown to alter the expression of BcI-2 family members 

in many different cell lines (Zhang et al., 1995; Bozzo et al., 1996; de la Fuente et al., 

1999), and alterations in the balance of these proteins can be key influencers of intrinsic 

drug resistance. For these reasons the mRNA levels of these genes were analyzed by RT-

PCR and RPA and were found to be unchanged with FN adhesion in both the 8226 and 

K562 cell lines. Furthermore, protein expression levels of at least Bcl-2 and Bcl-Xl are 

unchanged in both of these cell lines as well. 

Due to the fact that FN adhesion induced cytoprotection as early as two hours, 

research became focused on integrin mediated signal transduction pathways, which are 

most often activated immediately following cell adhesion. Initial studies revealed an 

immediate and prolonged tyrosine phosphorylation of a l25-130kDa protein in 8226 and 

U266 myeloma cells adhered to FN. Since the focal adhesion kinase (pl25FAK) is 

known to be activated by integrin ligation in many different cell types, it was assumed 

that this was the protein being activated through phosphorylation. However, it was soon 

discovered that pl25FAK expression is not expressed in these cell lines. These results 

are in agreement with the research being done by R.L. Juliano and associates who suggest 
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that the role of pI25FAK in integrin signaling may not be as important as once believed 

(Lin et al., 1997; personal communication with Dr. Juliano, University of North 

Carolina). A similarly sized protein also associated with integrin activation in many cell 

types, plSOCas, was then assayed for activity in FN adhered cells. pl30Cas was found to 

be rapidly activated, as evidenced by tyrosine phosphorylation, as early as Ihr after FN 

adhesion and continued to be active up to at least 4hr. pl30Cas activation was an 

indicator that other upstream kinases were being activated by integrins in the 8226 cell 

line. The kinase most often associated with pl30Cas activation in the literature was Src. 

Immunoprecipitaion/westem blot experiments using FN adhered cells pre-treated with 

the pan-Src inhibitor PD173952 revealed that integrins were indeed activating pl30Cas 

through Src stimulation. Although this inhibitor reversed FN mediated pl30Cas (and 

most likely Src) activation, it remained to be seen if there was an effect on the CAM-DR 

phenotype. Although this pathway was blocked by PD 173952 when cells were adhered 

to FN, apoptosis analysis revealed that cells remained resistant to melphalan induced 

apoptosis for at least 24hr. It is possible that this signaling pathway may exert 

cytoprotective effects by altering cell cycle distributions, a factor that would not have 

been detected at early times of adhesion. Integrins often demonstrate diverse biological 

effects even in the same cell system, therefore there may be a bi-phasic aspect to CAM-

DR; one mechanism may protect cells after relatively short period of adhesion (2-6hr) 

while another may protect only after prolonged adhesion (>24hr). The early and 

immediate effects of Src/pl30Cas were investigated here but this pathway may have later 

ramiHcations. 
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MAPK proteins have been found to be key regulators of apoptosis in many cell 

types. Integrin and growth control pathways have been found to be intertwined in many 

cases, as shown by the high degree of cross-talk between proteins such as Ras, Raf and 

MEK. Due to the complex and ambiguous nature of the proximal part of the MAPK 

cascade, two downstream kinases in this pathway were examined with relationship to 

adhesion and drug response. 

ERKl and 2, known for their effects on cell cycle as well as normally being a 

positive influence on cell survival, were found to be dephosphorylated (inactivated) by 

FN adhesion in the 8226 cell line. Initially we believed this result seemed to be counter

intuitive since integrin activation has been historically associated with ERK activation 

(and cell cycle progression). In addition, ERK activity is generally believed to be a 

positive influence on cell survival, as was shown (Xia et al., 1995). However, it is 

conceivable that downregulated ERKl/2 could lead to cytoprotection by decreasing the 

number of cycling cells. It is known that ceils in S-phase are more sensitive to many 

chemotherapeutic agents, especially those that are classified as cell cycle specific drugs 

such as the topoisomerase poisons (Holdaway et al., 1992; Hochhauser, 1997). The 

compound PD98059, which inhibits MEK, the direct upstream activator of ERKl and 2, 

was utilized to investigate short-term ERK regulation and apoptosis. It was found that 

this compound was highly effective at decreasing ERK activity after as little as Ihr of 

exposure (by western blotting, data not shown). When cells were pre-treated with 

PD98059 prior to acute mitoxantrone exposure, a potentiation of cell death was found to 

take place (no change in the cytotoxicity of VP-16). These results may have been due to 
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the fact that this inhibitor is not completely specific for ERKl/2 activity, it may 

potentially inhibit other kinases involved in apoptotic response (MEK is known to have 

divergent effects on other signaling pathways, as well). When 8226 cells are adhered to 

FN for more than 24hr, they do exhibit a block in Gl/S phase of the cell cycle (data from 

Lori Hazlehurst). Whether or not cells are more resistant to cytotoxic drug after 

prolonged (at least 24hr) ERK downregulation remains to be determined. 

Another downstream effector protein of the MAPK pathway, p38, was also found 

to be altered in FN adhered 8226 cells. p38 has multiple isoforms and currently there is 

only specific apoptosis information pertaining to two of them: p38a has been 

demonstrated to be pro-apoptotic and p38P has been shown to be anti-apoptotic. Of these 

isoforms, p38a was determined to be the only one expressed in 8226. The activity of 

this protein was also found to be decreased by FN adhesion. In order to more closely 

implicate this protein in the drug response of myeloma cells, the pyridinyl imidazole p38 

inhibitors SB202190 and SB203580 were utilized. Due to the fact that these compounds 

directly inhibit the kinase activity of p38 without altering its phosphorylation status, the 

effective dose range of inhibition was not able to be determined. To compensate, a wide 

range of concentrations were used to investigate effects of p38 on drug induced apoptosis 

(IfiM-lOO^iM). Under no conditions did these inhibitors induce cytoprotection, in fact a 

potentiation of apoptosis was seen when melphalan was co-administered to SB pre-

treated cells. These results can be explained in a number of ways. First, since there was 

no way of assaying for p38 activity, it is unknown whether or not p38 inactivation was 

achieved in a similar time period compared to FN adhesion. Second, like all 
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pharmacological inhibitors, SB202190 and SB203580 may have non-specific effects on 

other proteins that may also effect the apoptotic pathway. Third, p38 inactivation in itself 

may not alter drug response in myeloma cells. In order to more definitively implicate or 

rule out p38 inactivation as a cause of CAM-DR, a genetic approach to this question must 

be taken. MKK6 is a kinase known to directly influence the activity of p38a and 

constructs have been designed to express a constitutively active MKK6 protein. By 

transfecting this protein into 8226 prior to FN adhesion, p38 activity should be 

maintained throughout the course of adhesion and subsequent drug treatment. Two color 

flow cytometry using PE-labeled Annexin V could then be utilized to analyze apoptosis 

in cells positive for the MKK6 construct (through GFP fluorescence). If p38 activity is 

truly involved in the mechanism of CAM-DR, positively transfected cells should not be 

protected from drug induced apoptosis despite being adhered to FN. 

In 1997, King et ai, demonstrated a link between adhesion, PI3-kinase 

activation, AKT activation, and ceil survival. To investigate the possible roles of these 

proteins in the cytoprotection of adhered hematopoietic cells, the PI-3 kinase 

inhibitors wortmannin and LY294002 were used. It was quickly discovered that both of 

these inhibitors completely disrupted FN adhesion even when cells were pre-adhered to 

matrix prior to exposure (data not shown). These results are probably due to PI-3 kinase 

effects on inside-out integrin activation, as there exists a bi-directional influence between 

integrins and PI3-kinase (Kinashi et al, 1999). Hence, there was not a readily available 

means of determining the effects of FN adhesion on PI3-kinase activity in these cell lines. 

There was a way, however, to quickly assess the activity of AKT: through western 
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blotting and in vitro kinase assays. No increases in AKT activity were seen in 8226 and 

K562 cells adhered to FN for 2-8hr. It has also been reported that cellular stress can alter 

AKT activity (Zundel and Giaccia, 1998), therefore the effects of cytotoxic drugs on 

AKT activity in suspension and FN adhered cells were examined. These experiments 

also did not show any significant alteration in AKT activity by drug or FN adhesion. 

Although AKT doesn't seem to be playing a short-term role in CAM-DR, this data does 

not rule out FO-kinase which may have other anti-apoptotic effects independent of AKT. 

The Bcl-2/Bcl-xI-associated death promoter (BAD) has been shown to be a key 

influence in the apoptotic balance of cells, primarily through interactions with other Bci-2 

family members. Regulation of this protein is usually governed through changes in its 

phosphorylation. For example, AKT is known to phosphorylate BAD on serine residue 

136 (Datta et al., 1997) leading to its dissociation from Bci-2 and Bcl-xl, thereby 

promoting cell survival. BAD may also be phosphorylated through AKT independent 

pathways, as was demonstrated by one recent report (Scheid and Duronio, 1998). 

Calcineurin activation through increases in intracellular Ca""^ has been shown to 

dephosphorylate BAD and lead to cell death (Wang et al., 1999). In these experiments, 

there was an increase in phosphorylated BAD in FN adhered cells, however there wzis 

also an increase in total BAD protein. This meant that the ratios of phosphorylated to 

unphosphorylated BAD were essentially unchanged. The events responsible for BAD 

upregulation are most likely post-transcriptional since protein levels increased quickly (in 

less than 2hr) and there was no increase in BAD mRNA levels. Two possible 

explanations for this occurrence include a decrease in protein degradation (perhaps 
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through less ubiquination) or an increase in translation of pre-existing mRNA pools. 

Phosphorylated BAD, through interactions with other proteins within the cell (for 

example, through its known association with 14-3-3 proteins), niay still have an influence 

on cell death, although proving this concept certainly would take more research. 

The BCR/ABL kinase is believed to be critical to the survival of CML cells 

through its effects on a number of signal transduction pathways. Inhibitors of this fusion 

protein have shown promise as apoptosis-inducing drugs in CML cells and are now being 

used in clinical trials. In addition to the other cytotoxic agents examined, K562 CML 

cells were found to be resistant to the BCR/ABL inhibitor AG957 (a tyrphostin) when 

adhered to FN. These observations lead to the idea that integrins, in at least the K562 

cell line, may signal through downstream proteins similar to those activated by 

BCR/ABL, effectively reconstituting the survival pathway inhibited by AG957. If this 

were the case, valuable insights into the mechanism of CAM-DR may be learned in this 

cell line model. Proteins such as pl25FAK, pl30Cas, and PI3-kinase have repeatedly 

been shown in the literature to be activated by both BCR/ABL and pi integrins 

independently (Gotoh et ai, 1995; King et ai, 1997; Schlaepfer et al., 1997). It was 

discovered that the tyrosine phosphorylation pattern induced by the BCR/ABL kinase 

(which includes pI25FAK and BCR/ABL itself) was completely abrogated by AG957 in 

both suspension and FN adhered cells [figure 48], indicating that integrin ligation was 

providing a survival signal independent of this group of signaling proteins. A protein 

band of approximately 80kDa was activated by FN adhesion after 24hr and persisted, to a 

smaller degree, in AG957 treated cells. Whether or not this unknown protein is involved 
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in protection from chemotherapeutic agents or BCR/ABL inhibition remains to be 

determined. It is curious to note that this protein is affected as well by AG957, possibly 

indicating a degree of non-specificity of this compound. By semi-purifying this protein 

through phosphotyrosine immunoprecipitation or 2D gel electrophoresis, a partial peptide 

sequence may be obtained. A search of the Genbank database could then be utilized to 

positively identify this protein for ftirther study by antibody staining and 

immunoprecipitation. Other proteins activated by p I integrins, such as serine/threonine 

kinases, would not have been detected with phosphotyrosine analysis but may be found 

through the use of newly designed general phosphoserine antibodies (Santa Cruz 

Biotechnology). 

Since the publication of the original CAM-DR observations (Damiano et al., 

1999), other investigators have made similar observations in small cell lung cancer cells 

(Sethi et al., 1999). This group discovered that when these cells are adhered to either FN, 

laminin, collagen IV, or tenascin through pi integrins, they too are resistant to 

chemotherapy-induced apoptosis. Patients with extensive ECM around their tumors were 

also found to have significantly shorter survival times compared to patients with little or 

no matrix. This study gives more weight to the idea that the CAM-DR phenotype may be 

playing a role in many different disorders, including those involving malignant adherent 

cell types. 

Future investigations will examine the role of Pyk2, also known as the related 

adhesion focal tyrosine kinase (RAFTK) and cell-adhesion kinase P (CAKP). This 

pl25FAK homolog has previously been shown to connect integrin ligation with events 
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such as Src/pl30Cas activation and MAPK alterations (Astier et al., 1997, Schlaepfer and 

Hunter, 1998). Immunoprecipitation/westem blotting can be used to test Pyk2 activity 

following FN adhesion and if it is found to be modulated, its effects on the CAM-DR 

phenotype can be determined through transfection of a dominant negative Pyk2 construct, 

PRNK (Xiong et al., 1998). A recent report has also implicated integrins in the 

activation of the Janus kinase (JAK)/signal transducers and activators of transcription 

(STAT) pathway (Bruzzu et al., 1999). More specifically, when pi integrins were 

activated in primary human endothelial cells they induced transient tyrosine 

phosphorylation of JAK2 and STATS A. The JAK/STAT pathway has previously been 

shown to affect the apoptotic commitment of cells (Catlett-Falcone et al., 1999; Mui, 

1999). The activity of this pathway in hematapoietic cells adhered to FN can readily be 

investigated using electrophoretic mobility shift assays (EMSA's) to test for STAT 

activity and by using the JAK2 inhibitor AG490 in FN adhered cells prior to cytotoxic 

drug exposure. 

The relevance of the CAM-DR phenotype to patients with hematopoietic 

malignancies has not yet been directly tested. To accomplish this, freshly obtained 

patient tumor specimens may be adhered to FN for various time periods before exposure 

to cytotoxic drugs. Apoptosis can then be analyzed by immunohistochemistry using a 

plasma cell marker such as CD38 and a marker of apoptosis such as Annexin V or 

TUNEL. If higher tumor cell survival rates are detected by these assays, the integrin-FN 

connection may prove to be a promising therapeutic target. It is clear that the interactions 

between the myeloma cell and the bone marrow stroma are multi-factorial, involving 
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numerous matrix components and counter-receptors, probably making it a complicated 

process to inhibit. The fairly ubiquitous expression of VLA-4 and VLA-5 on myeloma 

cells makes these integrins ideal pharmacological targets. It is interesting to note that in 

some cases, blocking VLA-4 binding is sufficient to dissociate progenitor B cells from 

bone marrow derived fibroblasts (Ryan et al., 1991). This evidence may be encouraging 

if small molecule inhibitors of VLA-4, or other integrins, are to be used in conjunction 

with chemotherapy as sensitizing agents. As discussed earlier, a pan-pl blocker may 

dissociate more adhesion pathways and lead to greater chemotherpy efficacy, however 

the specificity of these approaches may be compromised in an in vivo setting. Longer 

survival times were obtained when mice injected with a number of tumors, including B-

lymphoma cells, were treated with a combination of anti-FN-adhesion agents and 

anticancer drugs (Saiki et al., 1993). The effectiveness of this type of therapy on 

established tumors in mice or humans is work that could have a far-reaching impact in 

the treatment of cancer. 

In conclusion, pi integrins were found to significantly protect 8226, K562, and 

U266/LR7 hematopoietic tumor cells from the apoptosis-inducing actions of many 

cytotoxic drugs (CAM-DR). This phenomenon was found to be induced rapidly, 

following as little as 2hr of adhesion to FN, and for the most part afforded protection 

against DNA damaging agents. Furthermore, melphalan and doxorubicin resistant 8226 

cell lines were found to overexpress the a4 integrin subunit, suggesting a further 

correlation between integrins and a long term survival advantage under conditions of 

cytotoxic stress. Chronic selection with cytotoxic drug was also found to induce a state 
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of inside-out activation of the VLA-4 integrin. This highly active FN receptor induced a 

significant increase in resistance to the selecting agent, melphalan, when these cells were 

adhered to FN. When transfected into a non-expressing cell line (K562), VLA-4 induced 

CAM-DR was not additive to cytoprotection induced by VLA-5. This evidence suggests 

that VLA-4 and VLA-5 mediated FN adhesion are cytoprotective through a common 

mechanism probably involving pi. Intracellular drug accumulation and drug transporter 

RT-PCR assays demonstrated that altered drug levels within the cell are not responsible 

for CAM-DR. The fact that cells adhered to FN are protected from ionizing radiation 

also decreases the possibility that altered drug accumulation or distribution are solely 

responsible for the CAM-DR phenotype. Even though in some cases integrin ligation has 

been shown to alter Bcl-2 family members, which are intricately linked to the cellular 

decision to commit to apoptosis, transcripts and proteins levels of these genes were 

unchanged following FN adhesion. pl30Cas was found to be activated by Src following 

adhesion in 8226 cells, however reversal of this activity with pharmacological 

inhibitiors did not alter cytoprotection induced by FN adhesion. Two proteins of the 

MAPK family, p38 and ERK, were inactivated by FN adhesion but also were found not 

to have an immediate influence on drug response by themselves. Despite previous 

reports linking FN adhesion to AKT activity, this kinase was unaltered in 8226 and K562 

cells. The levels of BAD were increased in both of these cell lines after FN adhesion but 

presently it is unclear how this may possibly afford protection from cytotoxic drugs. 

K562 cells were found to be resistant to the apoptosis inducing effects of the BCR/ABL 

inhibitor AG957, suggesting that the mechanism mediating CAM-DR is independent of 
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the signaling cascade initiated by this kinase. Phosphotyrosine analysis further 

corroborated this hypothesis. 

Although many signaling pathways appear to be affected by FN adhesion, the 

mechanism of CAM-DR remains elusive. Once the pathway of integrin induced 

cytoprotection is fully delineated from receptor to nucleus, new pharmacolgical agents 

may be targeted at critical junctions in order to increase chemosensitivity. 
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