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Abstract: 

Cell Adhesion Mediated Drug Resistance (CAM-DR) is a factor in Multiple Myeloma 

(MM) drug resistance. Despite advances in treatment, multiple myeloma remains incurable and 

often results in drug resistance. It is known that cell adhesion to fibronectin via integrin P 1 

confers survival in myeloma cells. We show here that adherence of the NCI-H929 and MM.lS 

myeloma cells to fibronectin, promotes cell death when treated with proteasome inhibitor 

Carfilzomib (Kyprolis). These data are in contrast to other cytotoxic drugs, such as melphalan or 

doxorubicin, and different myeloma cell lines in which the CAM-DR survival phenotype is 

expressed. We found a significant amount of death in myeloma cells adhered to fibronectin when 

exposed to carfilzomib. In addition, we demonstrate that pan-caspase inhibitor, Q-VD-OPH, 

inhibits cell death in myeloma cells in suspension. Carfilzomib cytotoxicity is caspase dependent 

in suspension. We propose that the increased cytotoxicity in cells adhered to fibronectin may be 

caspase independent, perhaps due to failed autophagy. These data support the hypothesis that Pl 

mediated adhesion to fibronectin induces an autophagic response in MM cells contributing to 

CAM-DR phenotype. We propose that further induction of autophagy by proteasome inhibitors 

exceeds the adaptive threshold survival response and initiates caspase independent cell death. 
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Introduction: 

Multiple Myeloma (MM) is a malignancy of plasma cells. Plasma cells are a type of 

white blood cell that produce and secrete antibodies. These cells reside in the bone marrow and 

are characterized by their low proliferative index and dissemination throughout the skeleton, 

destroying normal bone tissue and forming osteolytic bone lesions. Despite many advances in the 

treatment of MM and initial drug response, the disease often results in drug resistance and is 

invariably fatal. Previous work has demonstrated the role of bone marrow microenvironment in 

drug resistance (1, 2). The bone marrow microenvironment (BMME) contains many of the 

necessary components cells need to survive, enter peripheral circulation, and colonize soft tissue. 

The secretion of growth factors, such as VEGF, and cytokines, such as IL-6, and physical 

interactions with bone marrow stromal cells and extracellular matrix components in the BMME, 

encourages progression and survival of these cells (3, 4). 

Previous work has demonstrated that cell adhesion to the extracellular matrix via integrin 

~1 confers survival in multiple myeloma cells (1, 4-6). Fibronectin (FN) adhesion, specifically, 

via a.4~1 (VLA-4) or a.5~1 (VLA-5) fibronectin receptors appears to have a protective response 

in cells exposed to drug induced death or death receptor ligation. This phenomenon, known as 

Cell Adhesion Mediated Drug Resistance (CAM-DR) has been demonstrated with many cell 

lines and different cytotoxic drugs. Although the underlying mechanism is not fully understood, 

it is known that the phenotype requires both physical adhesion and ~ 1 signal transduction. 

Recent work from Nair et al (7) demonstrated the effects ofHYD1, the a.4~1 blocking D-arnino 

acid peptide, inhibits adhesion of MM cells to FN and induces autophagy, type II ( caspase 

independent) cell death in MM cells. Autophagy is generally thought of as a survival mechanism, 

but its deregulation has been linked to non-apoptotic cell death. These data postulate that ~ 1 



integrin may have an effect in the regulation of autophagy. The mechanism for conversion of 

autophagic protection to caspase independent cell death is unknown. 

2 

Carfilzomib (Kyprolis) is a tetrapeptide containing an epoxyketone that was approved in 

2012 as a second generation proteasome inhibitor for the treatment of relapsed and refractory 

multiple myeloma. Bortezomib (Velcade) was the first generation proteasome inhibitor approved 

for treatment of refractory multiple myeloma. However, overtime, bortezomib (BZ) resistance is 

particularly common among patients (8). Treatment is also often ceased due to drug induced 

adverse effects, most commonly peripheral neuropathy. There is a lower toxicity rate seen with 

carfilzomib (CFZ) which is believed to be attributed to the greater selectivity for the 

chymotrypsin-like subunit of the proteasome and fewer off target effects (9). CFZ irreversibly 

binds and inhibits the chymotrypsin-like activity of the 20S proteasome. This is in comparison to 

BZ, which has been found to non-specifically inhibit non-proteasome targets inducing neuronal 

deterioration (1 0). CFZ can be administered to patients experiencing minimal peripheral 

neuropathy with low risk of exacerbation. Although there has been much improvement in 

survival rates for multiple myeloma, relapse and drug resistance are still common in a majority 

of patients. Ongoing research continues to explore different pathways and mechanisms 

contributing to drug response and resistance. 

Unpublished work has indicated that adhesion to FN in MM cells promotes drug induced 

death when treated with bortezomib. This result is in contrast to what has been previously seen in 

MM cells using cytotoxic drugs other than proteasome inhibitor BZ. In the current study, we 

have examined the effects of adhesion to FN on carfilzomib mediated cell death in MM cell 

lines. We demonstrate that as previously seen with BZ, adhesion to FN promoted or increased 

CFZ mediated cell death in the H929 and MM.l S cell lines. It is also shown that in suspension, 



CFZ promotes caspase dependent cell death. These results show that proteasome inhibitors, 

carfilzomib and bortezomib, induce cell death in MM cells adhered to FN. Overcoming CAM

DR may provide an improvement in treatment of relapsed and refractory multiple myeloma in 

patients. 

Materials and Methods 
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Cell Culture. The NCI-H929 myeloma cell line was originally obtained from American 

Type Culture Collection (Rockville, MD). The MM.1S cell line was generously provided by Dr. 

Steven Rosen (Northwestern University, Chicago, IL). Pan-Caspase inhibitor, Q-VD-OPH, was 

obtained from R&D Systems (Minneapolis, MN) and solubilized in DMSO. The cell lines were 

grown in RPMI 1640 (Corning Cellgro, Manassas, VA) supplemented with 10% heat inactivated 

fetal bovine serum (Hyclone, Logan, UT), 1 mmol/L-glutamine, and 50 J.!l ~-mercaptoethanol. 

Cells were maintained at 37°C in 5% C02-95% air atmosphere. 

Annexin V-488/PI apoptosis assay. For caspase dependence assays, 0.3 x 106 /ml cells 

were added to each well suspended in RPMI media containing 10% FBS. Q-VD-OPH inhibitor 

was added at a concentration of 50 J.!M 30 min prior to incubation with 50 nM CFZ. Control cells 

received Q-VD-OPH only at 50 J.!M. After 24 hour drug exposure, cells were harvested, stained, 

and analyzed by Annexin V -488/PI and flow cytometry. 

Plates were coated with 250 J.!l of 40 Jlg/ml FN and dried for 1 hat 37° C with any excess 

liquid removed. As a suspension control, plates were coated with 250 J.!l3.5 mg/ml BSA. For 

each replicate 0.5 x 106 /ml cells were adhered to FN plates for 2 h. Following 2 h of adhesion in 

pre-warmed serum-free media, non-adherent cells were aspirated from FN wells and washed 

with pre-warmed SFM prior to supplementation of complete media. For the suspension control, 

0.5 x 106/ml cells were also maintained in serum-free media for 2 hat 37°C prior to 
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centrifugation, seeding on BSA plates, and addition of complete media. The cells were then 

exposed to CFZ or Melphalan for 24 h. Cells were collected via disposable cell lifters, harvested, 

and stained with Annexin V-488/PI, and analyzed by flow cytometry. Carfilzomib (Kyprolis) 

and Melphalan (LP AM) were obtained from Selleck Chemicals (Houston, TX), and Sigma

Aldrich (StLouis, MO), respectively. CFZ was dissolved in DMSO and Melphalan was 

dissolved in acidified ethanol. 

Results: 

Adherence to FN does not confer protection in MM cell lines treated with 

Carfilzomib. To assess the effect ofFN in proteasome inhibitor induced cell death, we used an 

Annexin V-488/PI apoptosis assay. MM. IS and H929 cells were adhered to FN-coated 6 well 

tissue culture plates for 2 hours. Non-adhered cells were removed by aspiration and washes with 

serum-free media. As a suspension control, an equal cell count was added to wells coated with 

BSA following identical treatment. Carfilzomib or melphalan was added in fresh media for 24-

hour incubation. After the overnight drug exposure, cells were analyzed by flow cytometry. Cell 

death was measured by the use of Annexin V -488 and Propidium Iodide (PI). PI, excluded by 

viable cells, penetrates dying or dead cells' membranes and binds to double stranded DNA by 

intercalating into the nucleotides. Annexin V -488 binds phosphatidylserines that are exposed on 

the exterior surface of apoptotic cells' membrane. We found that similar to bortezomib 

treatment, MM. IS and H929 cells treated with carfilzornib and adhered to FN had a higher 

percentage of apoptotic cells when compared to the suspension controls (Fig. IA and IB). To 

control for the activation of the CAM-DR phenotype, we set up the exact assay using cell cycle 

non-specific, alkylating agent, melphalan. As shown in Fig. 1 C, the MM.l S cells demonstrated a 

significant survival advantage when adhered to FN compared to BSA suspension. This 
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phenomenon, CAM-DR, has been seen before with melphalan and other multiple myeloma cell 

lines. However, for the H929 the FN did not appear to confer resistance with use of melphalan as 

shown in Fig. lD. 

A B 

c D 

Fig. 1 Effects of adhesion to FN on Carfilzomib mediated cell death. H929 & MM.l S 
cells were adhered to FN or plated in BSA for 2 hours prior to dmg treatments. (A, B) the cells 
were exposed to CFZ and incubated for 24 hours at the indicated concentration. ( C, D) Myeloma 
cells were treated with alkylating agent Melphalan as a control for proteasome inhibitor cell 
induced death. Cells were exposed to Melphalan for 24 hours. Myeloma cells were harvested and 
stained with Annexin V -488/PI and analyzed by Flow Cytometry. Data are represented as the 
mean of 3 independent experiments. Normalized to untreated control. *, P<0.05 
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In suspension, CFZ promotes caspase dependent cell death when compared to the 

pan-caspase inhibited treatment. Caspase activation, which occurs in a sequential manner, is 

required for type I apoptotic cell death. Type II ( caspase independent) cell death is known as 

autophagy. To investigate if caspase activation is required for carfilzomib mediated cell death, 

we used a pan caspase inhibitor to examine the type of death induced in MM.l S cells. The cells 

were treated with 50 nM carfilzomib in the presence and absence of pan-caspase inhibitor Q-VD-

OPH. As shown in Fig. 2, at 50 nM carfilzomib promoted a caspase dependent cell death 

compared to the caspase inhibited treatment. 

Fig. 2 MM.l S cells were treated with pan-caspase inhibitor Q-VD-OPH at a 
concentration of 50 ~-tM for 30 min prior to overnight exposure to 50 nM carfilzomib. Cells were 
analyzed by Annexin V-488/PI and flow cytometry. Data are representative of the mean for 3 
independent experiments. Normalized to untreated control. *, P<0.05 

Discussion: 

The bone marrow microenvironment has previously been found to play a role in MM 

development, progression, and drug resistance (1, 2). The BMME consists of growth factors and 

extracellular matrix (ECM) components that may have an effect on myeloma cell survival (5). 

Adhesion to the ECM glycoprotein, FN via Pl integrin leads to the cell's ability to maintain 

survival and develop drug resistance through CAM-DR. As demonstrated by Damiano et al (5), 
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the 8226 myeloma cell line expresses both VLA-4 and VLA-5 integrin FN receptors. The cells 

were relatively resistant to the effects of melphalan when adhered to FN. This is similar to what 

was seen in our data for the MM.I S cells treated with melphalan. They concluded that, 

"myeloma cell lines selected for drug resistance, with either doxorubicin 8226/DOX6 or 

melphalan 8226/LRS, overexpress VLA-4." Although, the intracellular survival mechanism is 

still not fully understood, it is clear that ECM interactions via PI (CD29) integrin are required for 

this survival phenotype. Hazlehurst et al (II) demonstrated that CD29 mediated adhesion of the 

8226 cells to FN resulted in a drug resistant phenotype associated with elevated p27 protein 

levels. They also found that "Disruption of cellular adhesion to FN reversed resistance to drug 

induced apoptosis, suggesting that signaling through PI integrins is responsible for CAM-DR." 

By reducing p27 protein levels with a p27 antisense, they were able to reverse the drug resistant 

phenotype, implicating p27 as a downstream effector of PI signaling leading to CAM-DR. As 

determined by Landowski et al (6) adhesion to FN activates NF-KB in myeloma cells. NF-KB 

mediated gene expression has been associated with mechanisms of apoptotic death resistance. In 

MM cells, several NF-KB gene products have been identified as survival factors in multiple 

myeloma (6). They identified 53 genes induced by adhesion to FN, II of which have been 

documented as regulated by the NF -KB family of transcription factors. It has also been proposed 

by Landowski et al (6) that rather than identifying a single gene product conferring CAM-DR, it 

is likely a result of a culmination ofNF-KB gene products contributing to MM drug resistance. 

In the current study, CAM-DR mediated by FN adhesion in H929 and MM. IS cells was 

not observed as a response to carfilzomib drug exposure. Rather, we observed more death in 

cells that were treated with drug when adhered to FN. We have previously observed the same 

phenomenon with bortezomib (unpublished data). As many studies have shown, when cells are 
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exposed to melphalan, FN mediated CAM-DR is activated in different MM cell lines. Hatano et 

al (12) demonstrated that bortezomib, specifically, is relatively resistant to CAM-DR because of 

its ability to selectively down regulate CD49d (alpha 4 subunit of the VLA-4 receptor) 

expression. This down regulation was found by measuring expression levels of CD49d before 

and after bortezomib treatment in MM cell lines. This result of overcoming CAM-DR is 

synonymous to our results with carfilzomib as well. The NCI-H929 cell line in our experiments 

with melphalan did not show significant drug resistance when adhered to FN as it did in our 

suspension control. In our experiments with carfilzomib, both cell lines were treated with the 

same drug concentrations. The H929 cells showed a greater increase in dmg induced cell death 

when compared to the MM.l S cells. This may be indicative of a lower expression level of VLA-

4 in the H929 myeloma cell line. Although this is yet to be determined, further experiments 

could investigate the levels ofVLA-4 in H929 and MM.lS cells through Western blot analysis. 

These data suggest there is a lower expression ofVLA-4 in the H929 cell line in comparison to 

the MM. IS. If this hypothesis were true, we would thus continue to see less adhesion mediated 

drug resistance in the H929. If the H929 cells do express lower levels ofVLA-4 FN receptor, we 

may also see less cell adhesion to FN. Thus, this could also be contributing to H929 cell death in 

the presence ofFN. Identifying the effect carfilzomib may have on VLA-4 expression in 

multiple myeloma cells may be critical in determining the underlying mechanism that overcomes 

CAM-DR via proteasome inhibitors. In suspension, Carfilzomib mediated cell death was found 

to be caspase dependent apoptotic death. It has not been determined whether CFZ induces 

caspase dependent or independent death on FN-adhered MM cells. As Nair et al (7) observed, 

when blocking the VLA -4 subunit, MM cells were unable to adhere to FN and autophagy was 

induced, ultimately resulting in caspase independent (type II) cell death. This data suggests that 
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our results with proteasome inhibitor carfilzomib, and previous results with bortezomib, may be 

due to induced autophagy as a result ofVLA-4 down regulation eventually leading to type II cell 

death. Future studies will determine the expression levels ofVLA-4 in MM.lS and H929 

myeloma cell lines. We will also investigate if adhesion to FN induces autophagy in these cell 

lines and how inhibition of autophagy affects CFZ induced cell death. 
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