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Cell Adhesion Mediated Drug Resistance (CAM-DR): Role of Integrins
and Resistance to Apoptosis in Human Myeloma Cell Lines

By Jason S. Damiano, Anne E. Cress, Lori A. Hazlehurst, Alexander A. Shtil, and William S. Dalton

Integrin-mediated adhesion influences cell survival and may
prevent programmed cell death. Little is known about how
drug-sensitive tumor cell lines survive initial exposures to
cytotoxic drugs and eventually select for drug-resistant
populations. Factors that allow for cell survival following
acute cytotoxic drug exposure may differ from drug resis-

for drug resistance, with either doxorubicin or melphalan,
overexpress VLA-4. Functional assays revealed a significant
increase in ay-mediated cell adhesion in both drug-resistant
variants compared with the drug-sensitive parent line. When
removed from selection pressure, drug-resistant cell lines
reverted to a drug sensitive and a4-low phenotype. Whether

tance mechanisms selected for by chronic drug exposure.
We show here that drug-sensitive 8226 human myeloma
cells, demonstrated to express both VLA-4 (as1) and VLA-5
(asBy) integrin fibronectin (FN) receptors, are relatively resis-
tant to the apoptotic effects of doxorubicin and melphalan
when pre-adhered to FN and compared with cells grown in
suspension. This cell adhesion mediated drug resistance, or
CAM-DR, was not due to reduced drug accumulation or
upregulation of anti-apoptotic Bcl-2 family members. As
determined by flow cytometry, myeloma cell lines selected

VLA-4-mediated FN adhesion offers a survival advantage
over VLA-5-mediated adhesion remains to be determined. In
conclusion, we have demonstrated that FN-mediated adhe-
sion confers a survival advantage for myeloma cells acutely
exposed to cytotoxic drugs by inhibiting drug-induced apop-
tosis. This finding may explain how some cells survive initial
drug exposure and eventually express classical mechanisms
of drug resistance such as MDR1 overexpression.

© 1999 by The American Society of Hematology.

ULTIPLE MYELOMA s an incurable malignancy of the It has long been known that intercellular interactions may
plasma cell characterized by migration and localizationcontribute to tumor cell survival during exposure to cytotoxic

to the bone marrow where cells then disseminate and facilitatstresses such as radiation, as was first described by Durand and
the formation of bone lesions. Despite initial responses toSutherland. It is also well documented that certain resistance
chemotherapy, myeloma patients ultimately develop drug resismechanisms may only be functional in vivo, where tumor cells
tance and become unresponsive to a wide spectrum of antzontinue to interact with environmental factors such as extracel-
cancer agents, a phenomenon known as multidrug resistandelar matrix (ECM) and cellular counter-receptors. Teicher et al
(MDR). The development of resistance to front-line chemotherashowed that mammary tumors made resistant to alkylating
peutic drugs, such as melphalan (an alkylating agent) anégents in vivo were sensitized to cytotoxic drugs once removed
doxorubicin (an anthracycline), is a major factor responsible forfrom the animaf. Most mechanisms of drug resistance that have
treatment failure. P-glycoprotein—mediated drug resistance halseen discovered were examined in vitro where tumor cell-
been well characterized in hematologic malignariéieeow-  environmental interactions are not fully appreciated. Within the
ever, this mechanism alone cannot account for all drug resistast 5 years, it has been realized that cell-cell or cel-ECM
tance found in vivo or in vitro, nor is it likely to explain cell adhesion can regulate apoptosis and cell survival in a wide
survival following initial cytotoxic drug exposure. Non—P- variety of cell type$:” Adhesive interactions between same cell
glycoprotein mechanisms conferring low level drug resistanceypes have been shown to confer resistance to alkylating agents
are believed to play important roles in the survival andvia alterations in cyclin dependant kinase inhibitors such as
expansion of the malignant cell population. Factors that allowp2 7%t although the cell surface molecules mediating this type
for tumor cell survival following initial drug exposure need to of kinetic resistance have yet to be identiffeth addition,
be identified because these factors may eventually allow fogdhesion to ECM has been reported to induce P-glycoprotein

expression of genes associated with acquired drug resistancgxpression and confer doxorubicin resistance in rat hepato-
For this reason, we investigated the role of a novel, cellcytes?

adhesion mediated drug resistance (CAM-DR) mechanism that The integrin family of cellular adhesion molecules is a major
suppresses drug-induced apoptosis and may allow for thejass of receptors through which cells interact with extracellular
eventual emergence of other well characterized mediators ofyatrix components (ECM) and recent evidence has implicated
drug resistance such as P-glycoprotein. the integrins as being closely involved in the pathology of many
diseased®1? Integrins have been shown to participate in
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been shown to directly decrease DNA strand breaks in tumory/mL), streptomycin (100 U/mL), and 1% (vol/vol) L-glutamine (all
derived endothelial cells exposed to a number of DNA damag.from GIBCO-BRL, Grand Island, NY). Cells were maintained at 37°C
ing agents, including etoposide and ionizing radiatibtf$The ~ in 5% CO-95% air atmosphere and subcultured every 6 days.

asfy (Very Late Activation Antigen 4, or VLA-4),asP; Dr.ugs. Melphalan (L-phenylalanmg nitrogen mustard, ITPAM) Wa;
(VLA-5), and a8 heterodimers are the major FN receptors of °Pt@ined from Sigma-Aldrich (St Louis, MO) and was dissolved in
the integrin family:219 Although VLA-5 and a8, expression acidified ethanol. Doxorubicin was obtained from Sigma-Aldrich and

to b iable i t B cells duri i VLA 4dissolved in sterile ddpD.
seem 1o be variable In most b Cells during malignancy, ] Cytotoxicity assays. 96-Well immunosorp plates (Nunc, Denmark)

is strongly expresged ir‘ myeloma cells. COlle_Cted ffPVT‘ bongyere coated with 50 pL (40 pg/mL) FN (GIBCO) or bovine serum
marrow?%21 VLA-4 is unique among the integrins as it is the apbumin (BSA) overnight and 1% BSA was used to block nonspecific
only heterodimer to have conclusively been shown to mediatainding sites in the wells for 1 hour before the experiment. Wells were
cell-ECM as well as cell-cell interactioA3VLA-4 binds tothe ~ washed with serum-free RPMI 1640 and aspirated. 8226/S cells were
CS-1 region of FN as well as to vascular cell adhesionwashed once and resuspended in serum-free RPMI 1640; theh®4
molecule-1 (VCAM-1) via separate binding sif8#&dhesionto  cells per well (FN coated) or & 1C° cells per well (BSA coated) were
FN via VLA-4 has been shown to prolong eosinophil survival added to each plate. Cells were incybatgd for 1 hour at 37°C anq 5%
and to downregulate FAS antigen expression, leading to 5302, washed with serum free media twice, and were put back into

decrease in cell dea®¥2In early hematopoietic and germinal serum-containing media. Following 24 hours in a tissue culture
center B cells. adhesion to EN or VCAM-1 via VLA-4 incubator, 20 pL of diluted drug or vehicle control was added to each

. . ... well for 1 hour, after which media was removed and replaced by
suppresses the apoptotic pathway and contributes to posmv&rug—free media. Following a 96-hour incubation, 50 yL MTT dye

selection, an observation that may have relevance to apoptosi%Sigma) was added to each well for 4 hours. Plates were then

inducing DNA damaging agents targeted at malignant Bcentrifuged and each well aspirated. Dye was solubilized with 100 pL
cells?526 Whether any of these adhesion-related resistanceMso and plates were read at 540 nm on an automated microtiter plate
mechanisms play a role in myeloma cell survival has yet to bereader. A blank well containing only media and drug was also run as a
demonstrated; however, longer survival times were obtainedontrol in all experiments. I§ values were calculated by linear
when mice injected with a number of tumors, including B regression of percent survival versus drug concentration.

lymphoma cells, were treated with a combination of anti-FN- _Annexin V apoptotic analysis.Cells, 1 x 10, were attached to
adhesion agents and anticancer diigs. FN-coated 6-well plates (Biosource, Camarillo, CA) for 1 hour in

. . -free media and nonadhered cells were removed with two washes.
As myelom Il here in th ne marrow, th imulate®™™ o i )
s myeloma cells adhere in the bone marrow, they stimu ateI:resh media with serum was added to the plates, which were incubated

Fhelr own growth gnd cause o§teoclast formatlon through th%r 24 hours; 1x 1P cells were also added to uncoated 6-well plates
increased synthesis and secretion of cytokines such ag |L-1 (Boeringer-Mannheim, Indianapolis, IN). Cells were exposed to 1
TNF-B, M-CSF, and IL-62%2°IL-6, a potent growth factor for | imol/L doxorubcin for 1 hour (plus a 24-hour drug-free incubation
myeloma cells, is secreted from both tumor and stromal cells imeriod) or 50 pmol/L LPAM for 24 hours. Cells were then collected with
response to co-adhesion and VLA-4 ligatf8nVLA-4 has 5 mmol/L EDTA/PBS and washed. Phycoerythrin (PE)- or fluorescein
recently been shown to associate with or cause the phosphoryl#othiocyanate (FITC)-conjugated Annexin V (Clontech, Palo Alto, CA)
tion of a number of signal transduction molecules includingwas then added to X 10° cells and 5,000 to 10,000 events were
CD19 receptor-associated protein tyrosine kinases and focdnalyzed on a FACScan machine (Becton Dickinson).

adhesion kinase (ppl®%, or FAK), which is an upstream RNA collection and cDNA synthesis from FN-adhered myeloma cells.

activator of mitogen activated protien kinase (MAPK), among Cells,_lx 108, were attached to FN coated 6-well plates as prewous_ly
o aqan . ; . described. Total cellular RNA was collected on 3 separate days using
other proteing’-** FAK is now known to play a major role in

. ) . . TRIzol reagent (GIBCO). RNA was quantitated on a spectophotometer
suppressing apoptosis both in adherent and suspension cellg,>50 nm and 1 pg was DNAse treated and requantitated. A single large
and its cleavage by caspases early in the apoptotic procesgale cDNA reaction was prepared for each sample for use in PCR
further emphasizes its importance within the 8’ Giventhe  reactions. A 40 pL reverse transcription reaction containing 200 ng
evidence that FN adhesion and integrin engagement enhanc@&NA, 1 X PCR buffer (10 mmol/L Tris, pH 8.3-50 mmol/L MKCL-1.5
cell survival in many cases, we examined the relationshipmmol/L MgCl,), 1 mmol/L concentrations each of dATP, dGTP, dCTP,
between expression and function of the major integrin fibronecand dTTP; 200 pmol random hexamers, 40 U RNAse inhibitor, and 12
tin receptors and response to cytotoxic drugs in the humary avian meg‘alovirus‘reverse transcriptase (Boeringer—Mannheim) was
myeloma derived cell line RPMI 8226. Drug-resistant variantsPrepared on ice then incubated at 42°C for 1 hour, 99°C for 10 minutes,
were used to examine changes in integrin expression anand quick chilled to 4°C.

functi followi hronic d hile the d RNase protection assay.Twenty micrograms of RNA was isolated
unction foliowing chronic drug exposure, while e arug- ¢, g796/s cells grown in suspension or adhered to FN using TRIzol

sensitive parent line was used to assess the effects of FN 0i%agent and resuspended in hybridization buffer. Bcl-2 family specific
acute drug response. probes were synthesized using a template set from Riboquant (San
Diego, CA) and labeled using{3?P]JUTP and T7 polymerase. Probes
were then column purified, quantitated on a scintillation counter, and
5 X 10° cmp was added to each sample. The hybridization reaction was
Cell and culture conditions. The RPMI 8226 human myeloma cell carried out overnight at 56°C. Samples were then RNase treated for 45
line (8226/S) was obtained from the American Type Culture Collectionminutes at 30°C, hybridized probes were extracted with chloroform:
(Rockville, MD). The drug resistant cell lines, 8226/DOX6 and isoamyl alcohol and precipitated using 100% ethanol. Samples were
8226/LR5, were selected from 8226/S using step-wise increases dhen electrophoresed on a 5% polyacrylamide gel (7 mmol/L Urea),
doxorubicin and melphalan, respectively, as described previétily. dried down, exposed to film, and analyzed by densitometry software
All cells were grown in suspension in RPMI 1640 medium supple- (ImageQuaNT, Molecular Dynamics, Inc, Sunnyvale, CA). Unhybrid-

MATERIALS AND METHODS

mented with 5% fetal bovine-serum, 1% (vol/vol) penicillin (100 ized probes were used as size standards for each gene analyzed.
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Expression of Bcl-2, Bcl-XI, Bcl-Xs, BAX, Bik, Bad, Bcl-w, Bak, RESULTS

Mcl-1, and Bfl1 were quantitated by normalizing to GAPDH and L32 FN-adhered myeloma cells show a decreased response to
expression. d . . .
. . . doxorubicin by MTT cytotoxicity analysis.To assess whether
RT-PCR analysis of BCL-2 family gene and drug transporter expression. y Y y Y

BCL-2 amplification was performed essentially as described IC)revi_or not engagement of cell surface integrins can contribute to cell

ously?° Briefly, 20 pL of PCR reaction mixture (1X PCR buffer, 50 survival, we used a short-term MTT-based cytotoxicity assay.
pmol of BCL-2 specific amplimers, 0.25 U Taq polymerase [Boehringer-8226/S cells were adhered to FN'Caned_We”S for 1 hour, ar]d
Mannheim], 1.25 pcig-32P]-dCTP) was added to 5 uL cDNA, followed unbound cells were removed by aspiration and washes with
by incubation at 94°C for 5 minutes and then 26 cycles of 94°C for 1S€rum-free media. As a control, an approximately equal cell
minute, 72°C for 1 minute, and a final extension at 72°C for 5 minutes innumber was added to uncoated wells or wells coated with BSA.
a thermal cycler (Perkin-Elmer Cetus). Histone 3.3 was amplified asAfter 24 hours, doxorubicin or melphalan was added to each
described and used as a control for RNA integrity and quatitigl-XI well for 1 hour, drug-containing media was then removed and
and -Xs were amplified essentially as described previously, using 26eplaced by fresh media. After a 96-hour incubation, cell
cycles of PCR¥? The 258 base pair BAX amplicon was amplified using survival was determined by the ability of viable cells to reduce
the following primers (Biosynthesis, Lewisville, TX) and conditions: MTT dye to formazan. 1g, values were derived through linear
BAX-upstream (5>ACCAAGAAGCTGAGCGAGTGTCTC-3), BAX- regression of the log-linear dose-response plots for each cell
downstream (SCAATGTCCAGCCCATGATGG-3), cDNA denatur-  Jine to each drug. Studentistest was used to analyze differ-

ation for 1 minute at 94°C, annealing for 15 seconds at 60°C, primefences in drug response using data collected from three different
extension for 15 seconds at 72°C, with a final extension for 5 m'nUteSexperiments (.05 significance level). We found that 8226/S

All samples were loaded on a 5% nondenaturing polyacrylamide ge{,yjoma cells adhered to FN-coated plates have a significant

and elect.rophores‘ed for 2 hours at. 80V. For determination of mcorpo_survival advantage over those grown on BSA-coated plates
rated radionucleotide, gels were dried down and exposed to a phospho-

S . : when exposed to doxorubicin for 1 hour following a 24-hour
rimaging plate (Molecular Dynamics, Inc) overnight. Plates were then . . . .
scanned on the STORM phosphorimager (Molecular Dynamics) antpre'adhes"on period (Fig 1A), (a 3, mean difference- 6.9,
band intensities (pixels/unit area) for Bcl-2, Bcl-XI, Bcl-Xs, and BAX SD = 5.2, range= 2.4 to 12.6P < .05). The mean I6; value
were analyzed using ImageQuaNT software and normalized to Histon£or FN-adhered cells was 1.63 pmol/L dox (SP1.51,
3.3 expression. PCR amplification of the MDR1, MRP, and LRP genedange= 0.49 umol/L to 3.34 pmol/L) compared with 0.52
was performed essentially as describett#using the housekeeping HmMol/L for cells grown on BSA (=3, SD= 0.76,
genes histone 3.3 (MDR1) g-actin (MRP and LRP) as internal range= 0.085 pmol/L to 1.4 pmol/L). Subtoxic concentrations
standards. cDNA synthesized from 8226/DOX6 RNA was used as af doxorubicin often induced a mitogenic effect in FN-adhered
positive control for MDR1 PCR. For all reactions, optimal cycle cells (>~100% survival), an effect seen with other cell tyfes
numbers were used and were within the exponential range of PCRind in drug-resistant cells (our unpublished observations).
amplification as determined by previous experiméht8:* FN-adhered cells often showed a decreased response to melpha-
Intracellular drug accumulation assay.Cells, 0.5 x 1(f, were lan (Fig 1B); however, this effect proved to be inconsistent
adhered to FN-coated 6-well plates for 24 hours, as described previ(n = 3, mean difference= 1.7, SD= 0.8, range= 1.2 to 2.6).

ously. Control wells were coated with BSA or were uncoated. RPMI-l-he mean IG, value for FN-adhered cells was 48 pmol/L
1640 containing doxorubicin was added to each treatment well for a _
final concentration of 10 pmol/L. After 1 hour at 37°C, cells were melphalan (=3, SD= 26 pmol/L, range= 18 umollL. to 65

: . mol/L), compared with 30 umol/L for cells grown on BSA
hed three t th cold PBS and lyzed for FL-2 fl
washed three times with co and analyzed for oureSCeanl = 3, SD= 20 umol/L, range= 15 pmol/L to 53 pmol/L).

on a FACScan machine. Ten-thousand events were recorded for eadf! . . .
condition, which were performed in triplicate. Experiments were Annexin 'V flow cytometry analysis of apoptosids a
repeated twice. second marker for apoptosis not based on cell growth, we used
Antibodies and phenotypic analysis of cell line€ell surface ~ PE- or FITC-conjugated Annexin V, which recognizes inverted
integrin expression was determined using the monoclonal antibodie®hosphatidylserine on the exterior of the plasma membrane as
(MoAbs) P4G9 (DAKO, Carpinteria, CA) for CDw49dxf) analysis, an early stage apoptotic marker. Approximately x51C°
A1A5 for CD29 (3;) analysis (T Cell Diagnostics, Woburn, MA), P1D6 8226/S cells were adhered to FN-coated or uncoated 6-well
(DAKO) for CDw49e @5) analysis, and FIB504 (Pharmingen, San tissue culture plates for 24 hours before being exposed to either
Diego, CA) for g7 analysis. Cells, 1x 1% were incubated with 1 pmol/L doxorubicin or 50 pmol/L melphalan. After a 24-hour
primary antibody or an isotype control, then with FITC-conjugated goatincubation, cells were collected and the apoptotic fraction
anti-mouse or goat anti-rat secondary antibody. Fluorescence was thefetermined using Annexin V staining and flow cytometric
analyzed by flow cytometry with a FACScan machine, which recordedanalysis. FN-adhered 8226/S cells had a lower percentage of
10£d0h0e2i\gen”tz;z;sgcg;épe;'rge;t'1 ¥ were adhered t0 FN- or apoptotic cells (mear 16.3%) compared with nonadhered
BSA-coated well plates as described previously. After three washes tgontmls (mean= 40.3%) following a 1-hour doxorubicin expo-

remove unattached cells, adherent cells were fixed in 70% methanol 1‘0Sure P <.05) (Fig 2A). A smaller, but statistically different

10 minutes. Following aspiration, wells were allowed to dry and then (P < .05), effect was seen with FN-adhere'd cells treated with
were stained with 0.02% crystal violet/.2% ethanol for an additional 10°0 umoI/L melphalan (16.53% 21.5%) (Fig 2B). In som.e .
minutes. After solubilization with 100 pL Sorenson buffer, absorbance€XPeriments, cells were exposed to drug before FN-adhesion in
at 540 nm was read with an automated microtiter plate reader. In som@n attempt to rescue them from the consequent initiation of
experiments, cells were pre-incubated for 15 minutes with P4G9 or@poptosis. Annexin V staining revealed that FN adhesion is
HP2/1 (Clonetech, Palo Alto, CA) (anti-VLA-4), P1D6 (anti-VLA-5), unable to rescue myeloma cells following initial exposure to
or isotype antibody controls before application to wells. doxorubicin or melphalan (data not shown).
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Fig1l. 8226/S myeloma cells adhered to FN have a survival advantage over nonadhered 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 hours before
1-hour drug exposure and control cells were grown in suspension (—). Response to doxorubicin was 12.6-fold lower in FN-adhered cells
compared to nonadhered controls (IC50 values for adhered and nonadhered cells were of 4.85 x 10-7 mol/L and 8.5 x 10-8 mol/L, respectively).
Data points are presented as cell viability determined by MTT cytotoxicity assay compared with untreated controls. Graphs are representative
experiments that were repeated three times in replicates of four.

Bcl-2, Bel-XL, Bcl-XS, and BAX mRNA levels are unchangedchanges in the levels of these genes were observed in FN-
in 8226/S following 24-hour adhesion to FNBCL-2 and BCL-XL adhered cells.
are widely known to inhibit the onset of programmed cell death, Intracellular doxorubicin accumulation and expression of
and others have demonstrated the abilityafintegrins to  known drug transporters are not altered by FN adhesion.
upregulate at least one of these geHe¢8.To investigate Based on the knowledge that active drug transport is a common
whether expression of the Bcl-2 family members known to mechanism of doxorubicin resistance and that in rare instances
suppress (Bcl-2 and Bcl-XL) or promote (BAX and Bcl-XS) ECM adhesion can upregulate P-glycoproteime looked for
apoptosis were altered in FN-adhered cells, an RNase protectiggossible reductions in intracellular drug accumulation in ad-
assay was used to observe possible transcriptional changes figred myeloma cells. A flow cytometry-based intracellular drug
these genes. Expression levels and ratios of all Bcl-2 familyaccumulation assay revealed that the concentration of doxorubi-
members were found to be unchanged, and therefore alteregln, which emits at 573 nm after excitation, in FN-adhered
RNA levels of these apoptosis regulating proteins are not likelymyeloma cells is equal to that seen in nonadhered controls (Fig
responsible for protecting FN-adhered myeloma cells fromg) pye to the fact that some drug transporters may alter nuclear
acute cytotoxic drug exposure (Fig 3). To confirm these resultsgryg concentration with minimal effects on total intracellular
semi-quantitative RT-PCR for Bcl-2, Bcl-XI, Bcl-Xs, and BAX drug#” we used RT-PCR to investigate whether three known
was performeq on RNA collected f.rom three diﬁerf.snt.(.:ell transport proteins were upregulated by FN adhesion. Two
samples. As in the RNase protection assay, no significantyembers of the ABC superfamily of transmembrane gycopro-
teins, MDR1 (encoding P-glycoprotein) and MRP (encoding the
A 50% B 3091 mu_ltidrug resistance-associated protein),_ yvhich are known to
actively extrude drugs such as doxorubicin, were unchanged
40% i following FN adhesion (data not shown). Expression of LRP
20% (lung resistance-associated protein), which has also been associ-
ated with drug resistance, was also unchanged in adhered
10%1 myeloma cells compared with suspension cells (data not
shown). In addition to ruling out altered drug transport as a
mechanism of adhesion-based drug resistance, these studies
Suspenzion N adhered 0% Suspension | FN adhered a_Iso show that ECM components of the_ bo_ne_marrow m?croen-
’ vironment probably do not affect the intrinsic expression of
Fig 2. Annexin V stained FN-adhered myeloma cells have a lower these drug transporters in human myeloma cells.
apoptotic fraction compared to nonadhered cells following acute VLA-4 is overexpressed in drug-resistant variants of the
drug exposure. 8226/S myeloma cells were exposed to 1 pmol/L  8226/S myeloma cell line.Low-level drug-resistant variants
doxorubicin for 1 hour (A) or 50 pmol/L melphalan for 24 hours (B), e selected from the 8226/S drug-sensitive human myeloma
stained by Annexin V 24 hours later, then analyzed by flow cytometry. . . L ; .
Histograms are adjusted for background staining in untreated cells, cell line using step-wise increases in melphalan or doxorubicin
bars are the SD of three different experiments; *, P < .05. over a period of approximately 10 mont}#s® The acquired
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Fig 3. RNA levels of Bcl-2 family members are unchanged follow-
ing FN adhesion. Drug sensitive 8226/S cells were adhered to
FN-coated plates or grown in suspension for 24 hours after which
total RNA was collected and analyzed by RNase protection. Expres-
sion levels were normalized to the housekeeping genes GAPDH and
L32.
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tance after chronic drug selection. Both of these cell lines were
assayed for changes in cell surface integrin expression. Cell
lines were incubated with MoAbs to the,, as, By, Or B7
integrin subunits, followed by labeling with an FITC-
conjugated secondary antibody. In both 8226 cell line variants,
acquired resistance to doxorubicin or melphalan was associated
with an increase inx, surface expression as determined by
fluorescence activated cell sorting (FACS) analysis (Fig 5,
Table 1). When compared with levels found in the 8226/S
parent line,a, subunit expression was increased fourfold in
both 8226/LR5 and 8226/DOX6 (#n 3). 31 subunit expression
increased 2.5-fold in 8226/LR5 while a more modest increase of
70% was seen in 8226/DOX6 when compared with parent cell
line levels.B; integrin, the only other integrin subunit known to
heterodimerize witlx,, was increased 3.6-fold in 8226/LR5 but
remained unchanged in 8226/DOX6s expression levels
remained relatively low in both 8226 drug selected cell lines.

Drug sensitive revertant cell lines exprasglevels equal to
that of 8226/S. When removed from drug for a period of 20
weeks, 8226/LR5 reverted back to a drug-sensitive phenotype
with a4 integrin expression comparable with the drug sensitive
parent cell line 8226 (Fig 6A). The level af remained low in
the revertant cell line as well (data not shown). The same
observations were made when 8226/DOX6 were removed from
maintenance drug for 20 weeks (Fig 6B). These experiments
demonstrate a correlation between levelaExpression 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 (1 to 48 hours) on cell
surface integrin expression, as determined by FACS analysis
(data not shown), suggesting a process of selectionafor
overexpression, rather than drug-induced upregulation of this
gene.

Drug-resistant 8226 cell lines demonstrate increased levels
of ay-mediated FN adhesion.Functionality of surface VLA-4
and VLA-5 was investigated using a fibronectin adhesion assay
with precoated microtiter plates. BSA was used to control for
nonspecific cell adhesion and several MoAbs were used to

resistance of the 8226/LR5 (L-phenylalanine mustard resistantinhibit as (P1D6)- anda, (P4G9 and HP2/1)-mediated adhe-
cell line is based on the overexpression of glutathione andsion. Cell lines selected from 8226/S by continuous drug
glutathione-associated enzymes. 8226/DOX6 (doxorubicin reexposure displayed significant increasesoipmediated FN

sistant) acquired a P-glycoprotein based mechanism of resiginding ability (Fig 7) compared with the parent cell line,
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Suspension ~ BSA FN

Fig 4. Intracellular doxorubicin concentration is unaffected by
culturing cells on plastic, BSA, or FN. Following a 24-hour incubation
on each surface, 10 pwmol/L doxorubicin was added to each well for 1
hour and cells were analyzed for drug accumulation differences by
flow cytometry. Bars are the SD of n = 6 from two independent
experiments.

8226/S, which used botky anda, for FN adherence. This class
switch of integrins functioning in adherence may be indicative
of an advantage i4- versusas-mediated signal transduction
during the selection process, although further study is needed to
investigate these possibilities.

DISCUSSION

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 concentra-
tion (P-glycoprotein, MRP, LRP), detoxify the drug itself
(changes in glutathione and glutathione-associated enzymes) or
alter the drug target (alterations in topoisomerase Il). However,
both preclinical and clinical studies indicate that these mecha-
nisms are unlikely to determine initial drug response. It is clear
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Fig 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/DOX®6) cell lines were analyzed using MoAbs for a4, as, B1, and B;.
Cells were incubated with an integrin-specific MoAb (—) or with irrelevant control Ab (---), followed by incubation with FITC-conjugated
secondary Ab. Ten thousand events were analyzed for each sample using a FACScan machine (Becton-Dickinson); histograms are representative

of three different experiments.

that integrins and ECM interactions play critical roles in cell levels along with their resistant phenotype, implicating selec-
survival. The evidence presented here suggests that during th®n pressure as a prerequisite fog upregulation. This
course of initial or chronic drug exposure, myeloma cells correlation between integrin expression and resistance levels
overexpressing VLA-4 may have a selection advantage ovewas seen in both doxorubicin- and melphalan-selected variants
cells expressing low levels of this protein. Experiments involv- of 8226/S. There have been previous links observed between
ing the treatment of 8226/S with short term (1 to 48 hours) dosegytotoxic drug exposure and integrin expression and function

of doxorubicin or melphalan indicate that increasesain

involving other tumor cell type$4°Scotlandi et al and Nista et

expression are not seen immediately, probably ruling outal also showed integrin upregulation in multidrug resistant
drug-induced transcriptional upregulation as a reason for FNosteosarcoma and breast cancer cells, respecti/giyal-
receptor overexpression. Drug-resistant cells removed fromhough most of these studies focused on metastatic changes in

chronic drug exposure eventually lose their highexpression

Table 1. Fluorescence-Activated Cell Sorter Analysis of Integrin
Subunits on Drug Sensitive and Drug Resistant Cell Lines

Cell Line ay as B1 Bz
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

Values reported are the mean fluorescence intensity of representa-
tive histograms (Fig. 1) from three different experiments.

*Integrin subunit expression is significantly higher than 8226/S at
the P> .05 level (n = 3).

tumor cells, they do indicate that the effects of common DNA
damaging agents on integrin expression and function may not
be limited to malignant plasma cells. We have demonstrated,
through two distinct apoptosis assays, that cells in direct contact
with immobilized FN are less sensitive to acute doxorubicin
treatment. A decreased response to melphalan in FN-adhered
cells was not consistently observed during acute exposure using
MTT cytotoxicity analysis (possibly as a result of assay
insensitivity); however, significant increases in cell survival
were detected using Annexin V. Although the level of cytopro-
tection may be small following an acute survival assay, these
differences may be sufficient to give rise to a large phenotypi-
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Fig 6. (A) Drug resistance is associated with «, expression in
melphalan-resistant (8226/LR5) and revertant (LR5o0d) cell lines.
8226/LR5 were maintained in 5 X 10~> mmol/L melphalan (LPAM) and
LR500d were maintained out of drug for 20 weeks. a, 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. «, expression levels and melphalan
resistance levels of 8226/LR5 were found to be higher than 8226/S
(P < .05). a, expression and melphalan resistance of LR500d were
found to be equal to those of the 8226/S parent line. Bars are the SD
of three different experiments. (B) Drug resistance is associated with
a, expression in doxorubicin-resistant (8226/DOX6) and revertant
(DOX600d) cell lines. 8226/DOX6 were maintained in 6 x 10-8 mol/L
doxorubicin and DOX6ood were maintained out of drug for 20 weeks.
«, 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. a4
expression levels and doxorubicin resistance levels of 8226/DOX6
were found to be higher than 8226/S (P < .05). a, expression and
doxorubicin resistance of DOX60ood were found to be equal to those
of the 8226/S parent line. Bars are the SD of three different experi-
ments.

cally distinct population over the course of chronic drug
exposure in vitro or in vivo (a hypothesis currently under

investigation in our laboratory).

DAMIANO ET AL

tively high amount of cell surface FN compared with normal
plasma cells, an observation also seen clinically in patient
specimen$35* DNA damaging agents such as doxorubicin or
melphalan may also induce increased production of ligand, as
was shown with human mesangial cell cultures and FN
synthesi$® Cells under selection pressure may then use soluble
or cell-bound integrin ligands, and subsequentmediated
signaling, as a cytoprotective mechanism.

Some previously established mechanisms of drug resistance
were investigated as possible causes of the cytoprotective effect
of FN seen in our assays. Since drug transporters such as
P-glycoprotein have been well documented mediators of drug
resistance in myeloma cells, we investigated possible alter-
ations in intracellular drug concentration following adhesion.
FN-adhered cells were found to contain doxorubicin levels
equal to those seen in nonadhered cells using standard tech-
nigues. In some cases, intracellular drug compartmentalization
can be altered by P-glycoprotein without high levels of drug
extrusion?’ for this reason the expression of three drug
transporters was analyzed by semi-quantitative RT-PGR.
The expression of MDR1, MRP, and LRP were all equal
between FN-adhered and nonadhered cells, probably ruling out
induction of active drug transport as a possible mechanism of
cytoprotection in these experiments.

Another family of proteins known to effect apoptosis and
drug response is the Bcl-2 family. VLA-5 and VLA-6 are
known, in certain cell types, to upregulate Bcl-2 and protect
against apoptosis following ligation with FN or laminin,
respectively. RNase protection and RT-PCR assays showed the
RNA levels coding for this protein to be unchanged in
FN-adhered cells. Furthermore, expression levels of the anti-
apoptotic protein Bcl-XL, which is upregulated in keratinocytes
following adhesior?? were unchanged following FN adhesion.

357
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It is not entirely clear whether physical cellular adhesion and
spreading is required for integrin-mediated signal transduction. Fig 7. Contribution of a, and a5 integrin subunits to FN adhesion.

Bozzo et al demonstrated that soluble ECM components applie@
to suspension cells can activaf integrin signaling and

rug-sensitive (8226/S), melphalan-resistant (8226/LR5), and doxoru-
icin-resistant (8226/D0OX6) were adhered to FN-coated wells (hori-
zontal striped bars) for 1 hour. In order to determine percentage

suppress apoptosis in the absence of cell adhesion and spreatiding due to a, and «s, some cells were pre-incubated with a,
ing.6 By this reasoning, soluble FN may have the capacity tofunction blocking Ab P4G9 (hatched bars) or as function blocking Ab

induce B; signaling without adhesion within myeloma cell
cultures. The overexpression and usexpfor FN adhesion by

P1D6 (vertical striped bars) for 15 minutes before application to wells.
FN adhesion by 8226/S was found to be mediated equally by «, and
s, While FN adhesion for both drug-resistant cell lines was mediated

drug-resistant myeloma cell lines may indicate a consequendnly by «, (P < .05), as determined by complete inhibition of adher-
increase in the number of intercellular interactions (through FNence using the a, blocking Ab. Total FN adhesion mediated by a, was

binding, VCAM-1 binding, or homotypicx, binding??) by

tumor cells exposed to DNA damaging agents, or the increase

also higher in drug-resistant lines compared with drug-sensitive
%226/8 (P < .05). Values shown are the percentage of total cells
applied to each well corrected for nonspecific adhesion to BSA-

binding of soluble FN fro_m serum. It _has been shown that Manyeoated wells. Bars are the SD of n = 6 from three different experi-
cultured myeloma cell lines, including 8226, produce a rela-ments.
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No changes in the expression of other anti-apoptotic (Bcl-w anchave drastic long-term consequences. The CAM-DR mediated
Mcl-1) or pro-apoptotic genes (BAX, Bcl-XS, Bad, and Bik) by FN adhesion may be sufficient to allow the eventual

were detected by either of these assays. However, until furtheemergence of drug resistance mechanisms such as upregulation

investigation, we cannot rule out the possibility that integrinsof P-glycoprotein, MRP, and alterations in topoisomerase I,

affect posttranslational modification of these proteins and theitvhich then become the predominant cytoprotective processes.

potential participation in CAM-DR. Once their role in myeloma is firmly established, specific
Several investigations have put new found significance on théntegrin subunits and the various signal transduction elements

effects of adhesion on cell cycle kinetics and how this maythey use, may prove to be promising therapeutic targets.
impart drug resistance on tumor cell¥LA-4-mediated adhe- Established antagonists of VLA-4 and VLA-5 integrin function

sion is known to decrease the proliferation of hematopoietic:_nay s%r]ve as chte_zmo‘l%erk]]smzetrhs when tgdmlnlste_[ﬁd Im (;c_)njutnc-
progenitor cell® and thea, over-expressing cell lines 8226/ r:ionh:lrl Ievceolg\(l)?rérlgnarleg g:‘sc; ai??niurg:\?éggﬁ;:cgl oeua':ccl)r;geo
LR5 and 8226/DOX6 have longer doubling times in culture 9 gresp P '

compared with the 8226/S parent cell line (LR530 hours, ACKNOWLEDGMENT

DOX6 = 39 hours, S=27 hours), (Bellamy et & and We thank Ibrahim Buyuksal for his help in performing the RNase
unpublished findings, February 1997). Further studieseareired  protection assays, and Marc Oshiro for his help in the PCR assays.
before a kinetic mechanism of altered drug response can be
implicated in playing a role in FN-mediated cytoprotection.

Many recent reports have implicated the phosphatidylinositol 1. Schustik C, Dalton WS, Gros P: P-glycoprotein—mediated multi-
3 kinase (P13 kinase)/AKT pathway as having a major influencedrug resistance in tumor cells: Biochemistry, clinical relevance and
on cellular apoptotic commitment and PI3 kinase activation is gnedulation, in: Molecular Aspects of Medicine, vol 16. London, UK,
known inhibitor of apoptosis in hematopoietic céfi$? Future Elsevier Science, 1995, p 1

tudi il f thi th likel hani f 2. Dalton WS, Grogan TM, Rybski JA, Scheper RJ, Richter L,
studies will Tocus on this pathway as a likely mechanism o Kailey J, Broxterman HJ, Pinedo HM, Salmon SE: Immunochistochemi-

apoptotic suppression in FN-adhered cells. Although FN adhez,| getection and quantification of P-glycoprotein in multiple drug-
sion and VLA-4 ligation is known to initiate the PI3 kinase resistant human myeloma cells: Association with level of drug resis-
signaling cascade in some cases, VLA-4 or VLA-5 have not yetance and drug accumulation. Blood 73:747, 1989

been directly correlated with this pathway in myeloma c&lls. 3. Durand RE, Sutherland RM: Effects of intercellular contact on
Furthermore, a frequent association has been observed betwekapair of radiation damage. Exp Cell Res 71:75, 1972

these integrins and FAK, a known activator of PI3 kin2s:66 4. Teicher BA, Herman TS, Holden SA, Wang Y, Pfeffer MR,
Through activation by PI3-K lipid products or by direct Crawford JW, Frei E IIl: Tumor resistance to alkylating agesuisferred

. ’ by mechanisms operative only in vivo. Science 247:1457, 1990
phOSphoryla_tlon’ AKT is known to phosphorylate t_he Bel-XL/ 5. Meredeth JE, Fazeli B, Schwartz MA: The extracellular matrix as
Bcl-2—associated death promoter (BAD), promoting cell sur-g ce|l survival factor. Mol Biol Cell 4:953, 1993
vival possibly by dissociating it from Bcl-XL and decreasing 6. Bates RC, Buret A, van Helden DF, Horton MA, Burns GF:
the amount of BAX homodimer®. The endpoint of the Apoptosis induced by inhibition of intercellular contact. J Cell Biol
PI3-K/AKT signaling cascade probably involves an eventual125:403, 1994
blockade of ced3/ICE activity and a subsequent inhibition of 7. Frisch SM, Hunter F: Disruption of epithelial cell-matrix interac-
tumor cell death, as has been reported in some cases §Pnsinduces apoptosis.J Cell Biol 124:619, 1994
cell_ECM interaction§%-67 8. St. Croix B, Florenes VA, Rak JW, Flanagan M, Bhattacharya N,

. . . . Slingerland JM, Kerbel RS: Impact of the cyclin-dependent kinase
In summary, we have found a link between Integrln-medllate inhibitor p27¥1 on resistance of tumor cells to anticancer agents.
FN adhesion and decreased response to chemotherapeutic drygsyre Med 2:1204, 1996
as well as a correlation between the expression,ahtegrin 9. Schuetz JD, Schuetz EG: Extracellular matrix regulation of
heterodimers and drug resistance. We have used the term “cefhultidrug resistance in primary monolayer cultures of adult rat hepato-
adhesion-mediated drug resistance,” or CAM-DR, to describecytes. Cell Growth Diff 4:31, 1993
this observation. Although the intracellular mechanisms mediat- 10. Dedhar S: Integrin mediated signal transduction in oncogenesis:
ing this survival signal are as yet unknown, two well- Anoverview. Cancer Metas Rev 14:55,1996 _ _
established causes of drug resistance, active drug transport and™t ‘?u"ano R: Signal transduction by integrins and its role in the
increased expression of Bcl-2 family members, have been rule&egm‘"1t|0n of tumor growth: Cancer Metas Rev 13:25, 1994
. o L 12. Clark EA, Brugge JS: Integrins and signal transduction path-
out. Clinically, elfevgted FN receptor expression or fgnctlon iN ways: The road taken. Science 268:233, 1995
myeloma cells within the bone marrow may be an indicator of a 13, Higashimoto I, Chihara J, Kakazu T, Kawabata M, Nakajima S,
more aggressive tumor cell that has a survival advantage againgisame M: Regulation of eosinophil cell death by adhesion to fibronec-
the cytotoxic effects of anti-cancer drugs. In vivo alterations intin. Int Arch Allergy Immunol 111:66, 1996 (Suppl 1)
fibronectin receptor expression or function may have a magni- 14. Zhang Z, Vuori K, Reed JC, Rouslahti E: The alpha 5 beta 1
fied effect on myeloma cell survival when they are in direct integrin supports survival of ce_IIs on fibronectin and up-regulates Bcl-2
association with stromal cells and ECM components of the bon&*Pression. Proc Natl Acad Sci USA 92(13):6161, 1995 ,
- ) ! 15. Scott G, Cassidy L, Busacco A: Fibronectin suppresses apoptosis
marrow. The cytoprotection conferred by fibronectin receptors.

be | | | but intrinsi . | I in normal human melanocytes through an integrin-dependent mecha-
may be low level, but intrinsic, since most myeloma cells s, jnvest Dermatol 108:147, 1997

inherently express moderate to high levels of these integrins. 16 Rozzo C, Chiesa C, Caridi G, Pagnan G, Ponzoni M: Induction

Small changes in drug sensitivity in vitro are probably highly of apoptosis in human neuroblastoma cells by abrogation of integrin-
relevant clinically since even a 1% surviving tumor fraction can mediated cell adhesion. Int J Cancer 70:688, 1997
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