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Abstract

Multiple myeloma (MM) presents a poor prognosis and high lethality of patients due to
development of drug resistance. P-glycoprotein (P-gp), a drug-efflux transporter, is upregulated in
MM patients post-chemotherapy and is involved in the development of drug resistance since many
anti-myeloma drugs (including proteasome inhibitors) are P-gp substrates. Hypoxia develops in
the bone marrow niche during MM progression and has long been linked to chemoresistance.
Additionally, hypoxia-inducible transcription factor (HIF-1a.) was demonstrated to directly
regulate P-gp expression. We found that in MM patients P-gp expression positively correlated with
the hypoxic marker, H/F-I1a. Hypoxia increased P-gp protein expression and its efflux capabilities
in MM cells /n vitro using flow cytometry. We reported herein that hypoxia-mediated resistance to
carfilzomib and bortezomib in MM cells is due to P-gp activity and was reversed by tariquidar, a
P-gp inhibitor. These results suggest combining proteasome inhibitors with P-gp inhibition for
future clinical studies.
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Introduction

Multiple myeloma (MM) is a hematologic malignancy of the plasma cells that involves
mainly the bone marrow. The use of novel therapies and autologous stem cell transplantation
improved median survival of MM patients up to 7 years. Although current treatments in MM
including carfilzomib and bortezomib are initially effective, over 90% of MM patients
eventually relapse and the disease recurs because of the ability of cancerous cells to become
drug-resistant to the previously efficacious therapy [1].

An increased expression of the efflux pumps, also called the membrane multi-drug
resistance (MDR) transporters, reduce the intracellular concentration of chemotherapies and
constitutes one of the major reasons for the development of treatment resistance in myeloma,
leukemia and solid tumors [2, 3, 4]. P-glycoprotein (P-gp) is the most studied efflux protein
that minimizes the intracellular accumulation of toxic xenobiotics by excretion into bile,
urine and the intestinal lumen, and is commonly expressed in several tissues; most notably in
kidney, liver, intestines and blood-brain barrier [3]. P-gp overexpression is an adaptive
mechanism by which cells, including myeloma cells, combat xenobiotics and other cytotoxic
chemotherapies, leading to the development of treatment resistance [2, 3]. P-gp
overexpression is rarely detected in newly diagnosed MM patients; however, treatment with
high doses of chemotherapeutics such as vincristine, doxorubicin and dexamethasone was
associated with P-gp upregulation in more than 80% of MM patients [5, 6, 7, 8, 9]. Since the
discovery of P-gp [10], a plethora of P-gp inhibitors were explored in order to overcome
MDR and to increase bioavailability of the therapeutic P-gp substrates in cancer treatment
[2, 11, 12, 13]. Tariquidar (XR 9576), an anthranilamide derivative, is one of highly potent,
selective and non-competitive 3" generation inhibitor that inhibits ATPase by interacting
with a distinct modulatory binding site on the protein; thus tariquidar is believed to be one of
the most promising P-gp-mediated drug resistance modulators [14, 15].

Decreased oxygen tension (hypoxia) is another crucial factor contributing to patients’
resistance to chemotherapy as well as to radiotherapy [16, 17, 18]. Hypoxia develops in the
bone marrow during MM progression and plays a major role in MM cell dissemination
through epithelial-to-mesenchymal transition (EMT)-like mechanisms [19]. Furthermore,
hypoxia induces chemo-resistance in MM, particularly to proteasome inhibitors, through the
acquisition of stem-like properties [20]. It was demonstrated previously that mar1 (abcbl),
the murine analog of the human MDRI gene encoding P-gp, is regulated by hypoxia in
cancer cells; more specifically that P-gp is a downstream target of hypoxia-inducible
factor-1a (HIF-1a) since inhibition of HIF-1a decreased the expression of P-gp [21, 22,
23].

Many drugs used in MM were identified as MDR transporters’ substrates, including
bortezomib and carfilzomib [24, 25, 26]. The first ever proteasome inhibitor approved by
U.S. Food and Drug Administration to treat MM patients (FDA) was bortezomib (in 2003).
Despite relatively high response rates (30-4 0%), there is still a substantial group of patients
who get no or little benefit following bortezomib treatment [27]. Carfilzomib received an
accelerated approval by the FDA for MM treatment in 2012, and it was shown to illicit a
response from a fraction of patients who relapsed from bortezomib. Epoxomicin is a natural
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substrate of P-gp and since carfilzomib belongs to the epoxyketone class of proteasome
inhibitors, it demonstrated substrate specificity to P-gp [24, 26, 28]. It is possible that
chronic treatment with epoxomicin/carfilzomib induces P-gp expression and is associated
with the acquisition of drug resistance. It was reported by Rumpold et a/that bortezomib is a
P-gp substrate; however, to a lesser degree than carfilzomib; these two proteasome inhibitors
may have different kinetics and P-gp affinity hence their efficiency may differ in P-gp
overexpressing cancer cells [26].

In the study described herein, we examined the resistance mechanisms to proteasome
inhibitors in MM, focusing on the role of hypoxia and P-gp-induced drug resistance. Here,
we tested whether hypoxia-mediated resistance to carfilzomib and bortezomib in MM cells
is due to P-gp activity and could be reversed by tariquidar, a specific inhibitor of P-gp efflux
activity. In summary, we found that P-gp effluxes drugs extracellularly and compromises
therapeutic efficacy, and thus it is believed that P-gp overexpression in hypoxia contributes
to drug resistance in MM. We demonstrated that blocking P-gp in hypoxia by combination
of tariquidar and proteasome inhibitors in MM cells led to re-sensitization of MM cells to
bortezomib and carfilzomib. This strategy minimized the extent of P-gp efflux, which
augmented the cytotoxic effects of these drugs /n vitro.

Materials and Methods

Gene expression analysis

Cell culture

Two publically accessible datasets of MM patients were used, the MMRF CoMMpass trial
[29] and Zhan et a/[30]. In the analysis of CoMMpass trial, the gene expression of P-gp
(ENSG00000085563) and H/F-1a (ENSG00000100644) from CD-138-selected bone
marrow plasma cells from 664 newly diagnosed MM patients were extracted from the
E74cDNA Salmon gene count dataset corresponding with the 1A9 data release [29]. In the
analysis of Zhan et al., gene expression of P-go (ID probe 209993 _at) and H/F-Ia (ID probe
200989 _at) from CD-138-selected bone marrow plasma cells from 559 newly diagnosed
MM patients were extracted from the Gene Expression Omnibus [30].

The MM cell lines (MM.1S, H929, OPM2, U266) were freshly obtained from American
Type Culture Collection (ATCC, Rockville, MD) and characterized by ATCC based on the
karyotype and expression of cluster of differentiation (CD) markers, receptors and light
chain immunoglobulin. Cells were cultured in RPMI-1640 (Corning CellGro) enriched with
10% fetal bovine serum (Gibco, Life Technologies), 2 mmol/L of L-glutamine, 100 U/mL
Penicillin and 100 pg/mL Streptomycin (CellGro). Cells were incubated at 37°C (5% CO»)
under normoxic (21% O, NuAire) or hypoxic conditions (1% O,, Coy) followed by /n vitro
assays.

In vitro assays

Cell viability assay: the cellular sensitivity of MM cells to tariquidar (5uM), bortezomib
(5nM) and carfilzomib (5nM) purchased from Selleck Chem was determined using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich), according to
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manufacturers’ protocol. Briefly, after 24 hours of cell treatment, the MTT solution was
added to the cells for 3 hours, then the stop solution was added and the formazan crystals
solubilized overnight, followed by the absorbance readout at 570nm using a
spectrophotometer.

Protein expression and activity: P-gp protein expression was tested by flow cytometry using
an anti-human P-gp antibody (BD Biosciences, catalog # 557003). The basal level of P-gp in
MM cells in normoxia and hypoxia were demonstrated as mean fluorescent intensity (MFI).
P-gp activity was tested by the intracellular content of rhodamine B (RhoB) and Rho123
(Sigma-Aldrich) previously treated and cultured in normoxia or hypoxia, followed by 1 hour
incubation with 0.5 pg/mL of Rho, washed twice with 1 x PBS, the MFI of RhoB (EX/Em =
540/625 nm) and Rho123 (Ex/Em = 501/529 nm) was measured by flow cytometry, and
normalized to unstained.

Statistical analysis

Results

The gene expression data was log transformed to correct for right-shifted distribution.
Expression of P-gp was compared between patients with intermediate H/F-1a [HIF-1a']
expression (+1 SD from the mean) to those with high [H4/F-1a"9"] (>1 SD above the mean)
and low [H/IF-1a'V] (>1 SD below the mean) expression using one-way analysis of
variance (ANOVA) to demonstrate the correlation of P-gp mRNA expression with this
hypoxic marker.

The in vitro experiments were performed in triplicates and replicated independently at least
three times. Results are shown as mean + standard deviation (s.d.) and statistical significance
was assessed by student #test and considered significant for values * p<0.05, ** p<0.01 and
*** p<0.001.

P-gp overexpression positively correlates with HIF-1a expression in MM plasma cells

Since P-gpis regulated by hypoxia and is a downstream target of HIF-1a. [21, 22, 23], we
performed an analysis of P-gp expression in plasma cells collected from MM patients using
two datasets, the Multiple Myeloma Research Foundation (MMRF) CoMMpass trial [29]
and Zhan et a/2006 [30]. In the CoMMpass trial dataset, all patients expressed H/F-1a and
98% expressed P-gp. The median H/F-1a and P-gp expression was 772.28 and 36.04,
respectively. P-gp expression was higher among H/F-1a"90 patients (M= 244.91; SD=
681.42; N= 126) compared to H/F-1a'™ (M= 175.19; SD= 851.11; N= 430) and H/F-1a'oW
(M= 151.49; SD=544.87; N= 108) patients (p <0.0001) (Figure 1A). These results were
consistent with the analysis obtained from the Zhan et a/ dataset where all patients expressed
both HIF-1a and P-gp. The median H/F-1a and P-gp expression was 1036.50 and 158.20,
respectively. P-gp expression was higher among H/F-1aM9" patients (M= 248.78; SD=
254.39; N= 113) compared to H/F-1a'™ (M= 203.35; SD= 164.91; N= 348) and H/F-1a'oW
(M= 178.38; SD=208.28; N= 98) patients (p <0.0001) (Figure 1B). These results indicate
that the magnitude of H/F-1a expression strongly correlates with P-gp mRNA levels.
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Hypoxia increases P-gp protein expression and activity in MM cells

We have tested the basal expression of P-gp in normoxic conditions (21% O, 24 hours),
based on their MFI signal, and we found that U266 expresses higher levels of P-gp protein
compared to MM.1S, H929, and OPM2 (Figure 2A). Next, we tested the protein expression
and activity of P-gp in cells incubated under hypoxic conditions (1% Oo, 24 hours). Indeed,
the expression of P-gp protein was found to be increased significantly in hypoxia in MM cell
lines when compared to normoxia as demonstrated by flow cytometry analysis (Figure 2B).
The functional analysis of P-gp efflux activity was conducted using fluorescent P-gp
substrates, rhodamine B (RhoB) and Rho123, viacomparing the intracellular content of
rhodamine in MM cells previously treated and cultured in normoxia or hypoxia and
measured by flow cytometry. There was a statistically significant reduction in the
intracellular accumulation of both RhoB (Figure 2C) and Rho123 (Figure 2D) by
approximately 30—4 0% in hypoxia when compared to normoxia. Similar findings were
reflected in the flow cytometry histograms with distinct differences between RhoB drug
accumulation in hypoxia and normoxia (Figure 2E). These results are suggestive of an
increased P-gp expression and a subsequent increase in efflux activity in hypoxic conditions.

P-gp upregulation by hypoxia results in resistance to bortezomib and carfilzomib

We tested the cellular sensitivity of MM cells to proteasome inhibitors in normoxia and
hypoxia which was determined by MTT cytotoxic assay. As depicted in Figure 3A, culturing
MM cells in the presence of 5nM of bortezomib in normoxic conditions led to 30-6 0%
decrease in survival (depending on the sensitivity of MM cell lines to bortezomib with H929
being the most susceptible to drug cytotoxicity). However, in hypoxic conditions, cell
survival following bortezomib treatment was significantly greater in all MM cell lines.
Similarly, Figure 3B demonstrates MM cell survival in the presence of 5nM of carfilzomib
in normoxic conditions which led to 30—7 0% decrease in survival (depending on the
sensitivity of MM cell lines to carfilzomib with H929 and MM.1S being the most
susceptible to carfilzomib). Similar to bortezomib observations, in hypoxic conditions, cell
survival following carfilzomib treatment was significantly increased suggesting the
development of drug resistance in hypoxia. As reflected by flow cytometry staining of P-gp
surface protein, in the absence of treatment, P-gp expression was significantly higher under
hypoxic conditions compared to normoxia. In the presence of bortezomib (Figure 3C) and
carfilzomib (Figure 3D), P-gp expression levels were increased in normoxia; while there
were minimal differences in P-gp overexpression in hypoxia in the presence of these
proteasome inhibitors. These results indicate drug-induced and hypoxia-induced P-gp
overexpression in MM cell lines.

P-gp inhibition using tariquidar decreases P-gp activity and restores drug sensitivity

We tested whether blocking P-gp activity with a P-gp-specific inhibitor, tariquidar (5uM),
will re-sensitize MM cells to bortezomib and carfilzomib. Tariquidar binds specifically to P-
gp with high affinity and was shown to inhibit P-gp activity for 22 hours /n vitro after it was
removed from the culture medium [15]. It was shown that tariquidar enhances cytotoxicity
of drugs [15, 31], and when administered orally, it potentiated the anti-tumor activity of
doxorubicin, paclitaxel, etoposide and vincristine in highly resistant tumor mouse models /n
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vivo [15] as well as clinical trial [14]. In this study, upon treatment of the MM cells with
tariquidar, the fluorescent substrate RhoB accumulated inside the MM cells more
prominently (p<0.05) in hypoxic conditions, possibly due to hypoxia-induced P-gp
overexpression as shown by mean fluorescent intensity averaged from three MM.1S, H929
and U266 cell lines (Figure 4A) as well as demonstrated individually on histograms (Figure
4B). Based on these histograms; however, it seems that tariquidar shifts RhoB only in a
subgroup of cells (visible especially in U266 in hypoxia), suggesting that tariquidar inhibited
P-gp only in a subpopulation of MM cells, and possibly that higher concentrations of
tariquidar should be used. In the drug cytotoxicity study, the concomitant treatment of MM.
1S cells with bortezomib and tariquidar (Figure 4B) (p<0.001) or carfilzomib and tariquidar
(Figure 4C) (p<0.001) displayed significantly lower cell survival compared to cells treated
with the P-gp inhibitor alone or the proteasome inhibitors alone, suggesting that hypoxia-
induced drug resistance to proteasome inhibitors reduced the sensitivity of MM cells to
bortezomib and carfilzomib when the efflux activity of P-gp protein was inhibited.

Discussion

Current treatments in MM including proteasome inhibitors are initially effective, but the
disease often relapses and cancerous cells develop resistance to the original therapy. The
treatment of cancer with chemotherapeutic drugs is frequently impaired or ineffective as a
result of either de novo or acquired resistance of tumor cells. Although there are multiple
mechanisms causing drug resistance, one of the common mechanism is overexpression of P-
gp. P-gp effluxes drugs out from the cells and compromises intra-cellular therapeutic
effective concentration of drugs. It was shown that P-gp is rarely detectable in newly
diagnosed MM patients, but is present in more than 80% of patients heavily treated with
chemotherapy [5, 6, 7, 8, 9]. A majority of chemotherapeutics used in MM were identified
as substrates of drug efflux transporter including bortezomib and carfilzomib [24, 25, 26].
Thereby, it is suggested that proteasome inhibitors may be ineffective treatment in MM
patients overexpressing P-gp [24].

Additionally, hypoxia has long been linked to drug resistance, with hypoxic tumors being
the most resistant to radiotherapy [17], chemotherapy [18, 20] and targeted therapies [16].
We have previously shown that regions of hypoxia arise in MM [19], likely due to tumor
overgrowth coupled with insufficient angiogenesis, or dysfunctional blood vessels [32].
Hypoxia-inducible factor-1a (HIF-1a), a key transcription factor, plays a major role in
cellular hypoxic response by inducing gene expression affecting cancer cell adaptive
responses [33], hence it is frequently used as an intrinsic marker of hypoxia.

In this study, we demonstrated that P-gp mMRNA expression correlated with the hypoxic
status of MM cells derived from the bone marrow of MM patients. We used two gene
expression data sets (CoMMpass dataset and data reported by Zhan et a/), and we found that
the gene expression of P-gp directly correlated with the expression of H/F-1a. This implies
that the more hypoxic the tumor, the higher the P-gp expression and hence more prone to
drug resistance.
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We have previously reported that MM drug resistance to bortezomib and carfilzomib was
increased in hypoxia [20]. In this study, we hypothesize that hypoxia-induced resistance to
bortezomib and carfilzomib in MM cells is, in part, due to hypoxia-induced overexpression
of P-gp. To test our hypothesis, we studied the effect of hypoxia on the expression of P-gp,
and we found that hypoxia induced P-gp expression in all MM cell lines tested. Moreover,
we tested the effect of hypoxia on the functionality of P-gp, and we demonstrated that
hypoxia increased the efflux of P-gp substrates from MM cells. Then, we confirmed
hypoxia-induced resistance to bortezomib and carfilzomib in MM cells, and we showed that
both bortezomib and carfilzomib induced expression of P-gp in MM cells, indicating that the
hypoxia-induced resistance to these drugs was P-gp-mediated.

We also confirmed the role of P-gp in overcoming the hypoxia-induced resistance to
carfilzomib and bortezomib in MM cells, by testing the effect of a P-gp inhibitor (tariquidar)
on the sensitivity of MM cells to these drugs in hypoxia and normoxia. First, we
demonstrated that tariquidar inhibited the activity of P-gp by reducing the efflux of P-gp
substrate (RhoB) in MM cells. Furthermore, we confirmed that inhibition of P-gp with
tariquidar reversed the hypoxia-induced resistance to bortezomib and carfilzomib in MM
cells. These results suggest that P-gp inhibitor is a promising candidate for sensitization of
MM cells to proteasome inhibitors, and provide a preclinical basis for future clinical trials
by combining tariquidar with bortezomib or carfilzomib, as a therapeutic strategy to re-
sensitize MM patients to proteasome inhibitors.

P-gp inhibitors were shown to improve therapeutic efficacy in pre-clinical and clinical
studies in multiple cancers. There were numerous inhibitors of P-gp used in clinical trials,
including verapamil [34], cyclosporine [35], azithromycin [36] and CBT-1 [37] (considered
as 15t and 2" generations of P-gp inhibitors); however, most of these are not specific to P-
gp, but have therapeutic targets other than P-gp, which increases the risk for off-target side
effects unrelated to P-gp inhibition. In addition, some pharmacokinetic complications were
associated with P-gp blockers due to inhibition of other enzymes involved in drug
metabolism, such as CYP45034 or BSEP [38].

Tariquidar (an anthranilic acid derivative) is a 3™ generation inhibitor that binds with high
affinity to P-gp [15], with no other known pharmacological targets, and it was shown to have
fewer side effects than the previous generations of P-gp inhibitors [14, 39]. However, lack of
specificity of P-gp inhibition in the tumor and normal tissues (on target - side effects), is a
characteristic disadvantage for all P-gp inhibitors, including tariquidar. A solution which
was suggested to improve the specificity to tumor is by targeted drug delivery of the P-gp
inhibitor to the tumor site and reducing delivery to healthy tissues; such as co-delivery of
tariquidar and chemotherapy in liposomes, which can be used to increase the selectivity of
tariquidar activity to the tumor [40].

In summary, we found that the expression of P-gp in primary MM cells derived from the
bone marrow of MM patients was correlated to the hypoxic status of these cells, and that
hypoxia induced P-gp expression in MM cells /n vitro. We further found that the hypoxia-
induced resistance to bortezomib and carfilzomib in MM was reversed by pharmacological
inhibition of P-gp by tariquidar. These results suggest that P-gp inhibition is a promising
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strategy for sensitization of MM cells to proteasome inhibitors, and provide a preclinical
basis for future clinical trials combining P-gp inhibitors with proteasome inhibitor.
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Figure 1. P-gp overexpression positively correlateswith HIF-1a expression in MM plasma cells
(A) Gene expression analysis of P-gp (ENSG00000085563) and H/F-1a

(ENSG00000100644) in MM patients stratified into H/F-1a'°V (n=108), HIF-1a'™ (n=430)
and H/IF-1ah9h (n=126) based on the CoMMpass trial dataset. (B) Gene expression analysis
of P-gp (ID probe 209993_at) and H/F-1a (ID probe 200989 at) in MM patients stratified
into H/F-1a'V (n=98), HIF-1a™ (n=348) and H/F-1aM9" (n=113) based on published
datasets from the Gene Expression Omnibus by Zhan et al. Results are shown as mean +
standard deviation (s.d.); the statistical significance was assessed by one-way ANOVA (***

£<0.0001).
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Figure 2. Hypoxia increases P-gp protein expression and activity in MM cells
(A) Basal expression of P-gp protein across MM cell lines (OPM2, H929, MM.1S and

U266) cultured in normoxia (21% O,; 24 hours) analyzed by flow cytometry and
demonstrated as MFI. (B) The expression of P-gp protein in normoxia (21% O»; black bars)
and hypoxia (1% O,; white bars) for 24 hours analyzed by flow cytometry demonstrated as
fold change and normalized to normoxia. P-gp activity shown as intracellular RhoB (C) and
Rho123 (D) content in MM cell lines (OPM2, H929, MM.1S and U266) cultured in
normoxia and hypoxia for 24 hours measured by flow cytometry and depicted as MFI
normalized to unstained cells, relative to normoxic cells. (E) Histograms demonstrating
RhoB in normoxia and hypoxia in MM cell lines. Results are shown as mean + standard
deviation (s.d.); the statistical significance was assessed by student #test and considered
significant for values * p<0.05, ** p<0.01 and *** p<0.001.
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Figure 3. P-gp upregulation by hypoxia resultsin resistance to bortezomib and carfilzomib
(A) Cell survival of MM cell lines (OPM2, H929, MM.1S and U266) treated with and

without bortezomib (5nM) or (B) carfilzomib (5nM) for 24 hours in hormoxic and hypoxic
conditions using a MTT assay normalized to untreated (untr) cells. (C) P-gp expression in
MM cells treated with bortezomib (5nM) or (D) carfilzomib (5nM) shown as a fold change
of P-gp normalized to isotype control and relative to normoxic cells measured by flow
cytometry and demonstrated as average from three MM cell lines (H929, MM.1S and
U266). Results are shown as mean = standard deviation (s.d.); the statistical significance was
assessed by student #test and considered significant for values * p<0.05, ** p<0.01 and ***
p<0.001.
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Figure 4. P-gp inhibition using tariquidar decreases P-gp activity and restores drug sensitivity
(A) Intracellular RhoB content in MM cells treated with tariquidar (5uM) in normoxia and
hypoxia for 24 hours measured by flow cytometry and depicted as (A) MFI normalized to
unstained cells, relative to normoxic untreated (untr), averaged from 3 cells lines (H929,
MM.1S and U266) or (B) histograms demonstrating RhoB efflux in individual cell lines. (C)
Cell survival study of MM.1S cells treated with bortezomib (5nM) or (D) carfilzomib
(5nM), in the presence or absence of tariquidar (5uM) or their combination, for 24 hours in
normoxia and hypoxia using MTT assay normalized to untreated (untr) MM.1S cells.
Results are shown as mean + s.d. and the statistical significance was assessed by student #
test and considered significant for values * p<0.05, ** p<0.01 and *** p<0.001.
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