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Effect of CD38 on the multidrug resistance of
human chronic myelogenous leukemia K562 cells to doxorubicin
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Abstract. Drug resistance is a serious challenge in cancer
chemotherapy. Alterations in the intracellular concentration
and homeostasis of calcium (Ca®") may contribute to the
development of drug resistance. To investigate the mechanism
of drug resistance in leukemia, the present study rendered
human chronic myelogenous leukemia K562 cells resistant to
the cytotoxic effect of doxorubicin by progressively adapting
the sensitive parental K562 cells to doxorubicin. The resulting
cells were termed K562/DOX. Subsequently, the expression
of two multidrug resistance proteins, P-glycoprotein (P-gp)
and multidrug resistance protein 1 (MRP1), was analyzed
in K562/DOX cells. In addition to P-gp and MRPI, these
cells also expressed cluster of differentiation (CD)38 and its
active enzyme adenosine diphosphate (ADP)-ribosyl cyclase.
The present study also demonstrated that K562/DOX cells
responded to cyclic ADP-ribose-mediated increases in intra-
cellular Ca**. These data indicate that CD38 may participate
in the development of drug resistance to doxorubicin in K562
cells.

Introduction

Cytostatic drug resistance in cancer cells is defined as
multidrug resistance (1). One of the main mechanisms of
drug resistance in cancer cells is the activation of adenosine
triphosphate(ATP)-dependent transporters, which increase the
transmembrane efflux of drugs from cells, thus decreasing the
drug concentration in the cytoplasm. Consequently, the cell
becomes insensitive to the effect of cytostatic drugs (2). The
ATP-binding cassette (ABC) family is a ubiquitous and impor-
tant family of ATP-dependent transporters (3,4). Although
the mechanisms of resistance that affect the ATP-dependent
transporter pathways are not fully elucidated at the molecular
level, P-glycoprotein (P-gp) and multidrug resistance protein 1
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(MRP1) are the most important and widely studied members
of the ABC family (5). P-gp is the protein product of multi-
drug resistance gene 1 (MDRI), and acts as a drug efflux
pump in cells. P-gp is dependent on two molecules of ATP
as an energy source to export numerous structurally unrelated
chemotherapeutic drugs from the cell to the outside (3). In
cells that express increased levels of P-gp, intracellular drug
levels are decreased, which is associated with a decrease in
cytotoxicity (6). Therefore, novel studies on ATP-dependent
transporter pathways may contribute to preventing drug resis-
tance in cancer.

Cluster of differentiation (CD)38, a 45-kDa antigen present
in the surface of human cells, is a type II transmembrane
glycoprotein that has a short N-terminal cytoplasmic domain
and a long C-terminal extracellular domain (7). The expression
of CD38 is used as a phenotypic marker for the differentiation
and activation of T and B lymphocytes (7-9), in addition to
other types of cells such as erythrocytes (10). CD38 has been
demonstrated to be a bifunctional enzyme with nicotinamide
adenine dinucleotide (NAD)*-glycohydrolase (NADase)
and adenosine diphosphate (ADP)-ribosyl cyclase activi-
ties (11,12). The resulting product of its cyclase activity, cyclic
ADP-ribose (cADPR), has become the focus of several studies
due to its role as an inositol 1,4,5-trisphosphate-independent
calcium (Ca*™®) mobilizer (13,14). Furthermore, CD38 has been
revealed to catalyze a base exchange reaction in which (NAD)
phosphate in the presence of nicotinic acid is converted to
nicotinic acid adenine dinucleotide phosphate, which is a Ca*
mobilizer (15-17). Ca** acts as a second messenger in the regu-
lation of signal transduction pathways by modulating kinase
activities in numerous cells (18). Controlled increases in the
intracellular levels of Ca** through the action of Ca** pumps,
ion channels and Ca* buffering proteins, are important in the
regulation of normal cellular function and cell apoptosis (19).
Therefore, the cytotoxic effects of certain drugs used to treat
cancer may occur as a result of an increase in the intracellular
concentration of Ca** (20,21).

The present study investigated a doxorubicin-resistant
human chronic myelogenous leukemia (CML) K562 cell line
as a model system to evaluate the potential role of CD38 in the
development of drug resistance. The results demonstrated that
MRPI1 and, in particular, P-gp mediated multidrug resistance
in these cells. K562 cells that were resistant to doxorubicin
expressed high levels of CD38, which was associated with a
transient increase in the levels of cADPR and intracellular
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Ca?* concentration. The effect of specific inhibitors for P-gp
(verapamil) and MRP1 (MK-571) on the cADPR-mediated
release of Ca** failed to inhibit the response of cells to cADPR.

Materials and methods

Cell lines and development of a resistant subline. Hunman CML
K562 cells were maintained in Dulbecco's modified Eagle's
medium: Nutrient Mixture F-12 (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) supplemented with 10% heat-inactivated
fetal calf serum (FCS; Gibco; Thermo Fisher Scientific, Inc.),
L-glutamine (Gibco; Thermo Fisher Scientific, Inc.) and anti-
biotics (penicillin/streptomycin; Stemcell Technologies, Inc.,
Vancouver, BC, Canada). The cells were incubated at 37°C in
a humidified atmosphere of 5% CO, in a Heraeus® incubator
(Thermo Fisher Scientific, Inc.). Doxorubicin (Sigma-Aldrich,
St. Louis, MO, USA) was applied to the parental K562 cells
in dose increments between 0.1 yM and 1.4 yM to develop
the doxorubicin-resistant subline K562/DOX. The adapted
cells were allowed to become confluent in the presence of the
corresponding concentration of drug, and were maintained
under those conditions for 3-4 weeks). Cells that had been
selected with 1.4 uM doxorubicin were maintained in medium
supplemented with 1.4 M doxorubicin for subsequent assays.

Flow cytometry analysis of P-gp, MRPI and CD38.K562 and
K562/DOX cells were centrifuged at 1,500 x g and suspended
at a cell density of 1x10° cells/ml in cold phosphate-buffered
saline (PBS) prior to be stained for 30 min at 4°C with the
following monoclonal antibodies: Mouse immunoglobulin
(Ig) G anti-human anti-CD38 conjugated to allophycocyanin
(dilution, 1:200 in PBS; catalog no, 340439; BD Biosciences,
San Jose, CA, USA), monoclonal mouse anti-human anti-P-gp
conjugated to phycoerythrin (dilution, 1:100 in PBS; catalog
no. 557003; BD Biosciences) and mouse IgG anti-human
anti-MRP1 conjugated to fluorescein isothiocyanate (dilution,
1:100 in PBS; catalog no., 557593; BD Biosciences). Subse-
quently, the cells were washed with PBS (BD Biosciences),
centrifuged at 1,500 x g for 5 min and analyzed using BD
FACSAria II™ flow cytometer and BD CellQuest™ (BD
Biosciences). Gates were set up to exclude nonviable cells and
debris. The negative fraction was determined using appro-
priate isotype controls.

Rhodamine (Rho)-123 efflux assay. P-gp activity was deter-
mined using Rho-123 (Sigma-Aldrich) as a marker of P-gp
efflux, since Rho-123 is a fluorescent dye and a substrate for
P-gp (22). K562 and K562/DOX cells (1x10° cells/ml) were
incubated with 2 pg/ml Rho-123 in the presence or absence
of the P-gp inhibitor verapamil (20 pxg/ml; Sigma-Aldrich)
for 30 min at 37°C in a humidified atmosphere of 5% CO,.
Upon washing with PBS, the cells were incubated for 1 h in
Rho-123-free medium supplemented with 10% FCS, in the
presence or absence of verapamil. Finally, the cells were
analyzed using BD FACSAria II flow cytometer.

cADPR activity assay. cADPR activity was evaluated using
nicotinamide guanine dinucleotide (NGD*; Sigma-Aldrich) as
a substrate, and measuring the production of cyclic guanosine
diphosphate-ribose (¢cGDPR) as an increase in fluorescence.
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cGDPR, the guanine nucleotide equivalent to cADPR, is
resistant to hydrolysis, in contrast to cADPR (23) and is also
fluorescent, which allows continuous monitoring of the reac-
tion fluorometrically. Cells (5x10° cells) were incubated for 1 h
at 37°C in 1.5 ml PBS containing 50 pM NGD* and 20 mM
Tris-hydrochloride (pH, 7.4; Sigma-Aldrich). The excitation
wavelength was set at 300 nm, and the emission was measured
at 410 nm using LS 45 Fluorescence Spectrometer (Perki-
nElmer, Inc., Waltham, MA, USA). The quantity of cGDPR
produced was determined by comparing the fluorescence
intensity of the sample with that of the cGDPR standards (24).

Western blotting of CD38. K562 and K562/DOX cells
were harvested, and equal amounts of cell lysate proteins
were analyzed using 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE; acrylamide,
Sigma-Aldrich; bisacrylamide, Amresco, Solon, OH, USA;
Tris, Sigma-Aldrich; TEMED, Sigma-Aldrich; ammonium
persulfate, Sigma-Aldrich), as previously described (25).
Briefly, equal amounts (10 ug) of cell lysate were loaded onto
SDS-PAGE gels using the Mini-PROTEAN® Electrophoresis
System (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Proteins were next transferred electrophoretically onto nitro-
cellulose membranes. The membranes were blocked for 1 h
at room temperature or overnight at 4°C with Tris-buffered
saline and Tween 20 (TBST; 50 mM Tris, ph 7.6; 150 mM
NcCl, Honeywell Specialty Chemicals, Seelze, Germany;
0.1% Tween-20, Honeywell Specialty Chemicals) containing
3% bovine serum albumin, followed by incubation with
anti-CD38 monoclonal antibody (catalog no, OKT10; Santa
Cruz Biotechnology, Inc., Dallas, TX, USA) and anti-P-gp
antibody (catalogue number D11; Santa Cruz Biotechnology,
Inc.) in 3% bovine serum albumin overnight at 4°C or for 2 h at
room temperature. Following incubation, the membranes were
washed 3 times with TBST. Detection of the primary antibodies
was achieved by incubation with alkaline phosphatase-conju-
gated bovine anti-goat antibody for 1 h at room temperature
(dilution 1:1,000 in 3% TBST; catalog no., Sc-2381; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA), followed by 3 washes
with TBST. Alkaline phosphatase activity was detected
using 5-bromo-4-chloro-3'-indolyl phosphate/nitro-blue
tetrazolium as a substrate (Promega Corp., Madison, WI,
USA) for colorimetric detection.

Ca** release. To determine Ca?* release, 3x10° cells were
rinsed with Hank's Balanced Salt Solution (HBSS; Gibco;
Thermo Fisher Scientific, Inc.). Subsequently, 0.5 ml of 5 yM
Fura-2 acetoxymethyl ester (AM; Sigma-Aldrich) dissolved
in HBSS [stock solution, 1.5 mM in dimethyl sulfoxide
(AppliChem GmbH; Darmstadt, Germany) containing 20%
Pluronic® F-127 (Sigma-Aldrich)] was added to the cells for
30 min at room temperature. Upon rinsing the cells twice
with HBSS, LS 45 Fluorescence Spectrometer was used for
the fluorometric measurement of Ca** (excitation wavelengths,
340 and 380 nm; emission wavelength, 510 nm). Maximum
and minimum fluorescence ratios (Rmax and Rmin, respec-
tively) were obtained by the addition of 10 M ionomycin
(EMD Millipore, Billerica, MA, USA) and 4 mM ethylene
glycol tetraacetic acid (Sigma-Aldrich). 8-bromo-cADPR
is a specific antagonist of cADPR. It was used at a 100 xM
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Figure 1. Expression of P-gp and MRP1 in human chronic myelogenous leukemia K562 and K562/DOX cells. Analysis of the expression of P-gp in (A) K562
and (B) K562/DOX cells using flow cytometry. (C) Western blot detection of the protein levels of P-gp present in cell lysates of K562 (Lane 1) and K562/DOX
(Lane 2) cells. Similar blots were obtained from three independent experiments. Analysis of the expression of MRP1 in (D) K562 and (E) K562/DOX cells
using flow cytometry. K562/DOX, human chronic myelogenous leukemia K562 doxorubicin-resistant subline; P-gp, P-glycoprotein; MRP1, multidrug resis-
tance protein 1; PE, phycoerythrin; FITC, fluorescein isothiocyanate; SSC, side-scattered light.

concentration (Sigma-Aldrich). Thapsigargin is potent endo-
membrane Ca?*-ATPase inhibitor, which can release Ca**
from intacellular stores. It was used at 1 M concentration
(Sigma-Aldrich). The fluorescence signal was calibrated using
the Grynkiewicz equation (26).

Statistical analysis. Statistical significance between control
conditions and each of the exposure samples was calcu-
lated with Student's ¢ test, using SPSS version 21 software
(IBM SPSS, Armonk, NY, USA). Data are presented as the
mean + standard deviation of =3 replicate experiments. P<0.05
was considered to indicate a statistically significant difference.

Results

P-gp and MRPI expression analysis. The present study
analyzed the expression of multidrug resistance proteins P-gp
and MRP1 in human CML K562 cells and in K562/DOX cells,
a K562 subline resistant to doxorubicin. Fluorocytometric
analysis confirmed that K562/DOX cells exhibited significant
expression of P-gp, compared with the parental K562 cell
line (74.9 vs. 6.2%; Fig. 1A and B). The expression of P-gp in
K562/DOX cells was confirmed using western blot analysis,
whereby a 180-kDa band in the K562/DOX cells was demon-
strated with anti-P-gp antibody (Fig. 1C). The percentage of
cells expressing MRP1 was 5.8% in parental K562 cells, and
13.8% in K562/DOX cells (Fig. 1D and E).

Rho-123 efflux assay. Rho-123 assay was used to investigate
P-gp active efflux in parental K562 and K562/DOX cells. The
results of the Rho-123 accumulation and efflux assay, used
to determine the number of cells with low levels of Rho-123,
were based on the extent of efflux that was blocked by the P-gp
inhibitor verapamil. As revealed by Fig. 2A, drug-resistant
K562/DOX cells demonstrated a significantly reduced accu-
mulation of Rho-123, compared with parental K562 cells
(Fig. 2B). Verapamil clearly attenuated the activity of P-gp,
which lead to a clear increase in the accumulation of Rho-123
in K562/DOX cells. K562 cells exhibited no significant efflux
differences with verapamil.

CD38 expression. A phenotypic analysis of K562 and
K562/DOX cells to evaluate the expression of CD38 was
performed using flow cytometry. As revealed by Fig. 3A and B,
the expression levels of CD38 were 3.2 and 54.1% in the K562
and K562/DOX cells, respectively. Western blotting analysis
using the anti-CD38 antibody demonstrated the presence of a
45-kDa protein in the K562/DOX cells (Fig. 3C).

ADP-ribosyl cyclase activity assays. To investigate endog-
enous cADPR formation, a spectrophotometric assay of
GDPR-cyclase activity in K562 and K562/DOX cells was
performed (Fig. 4). This method is based on the conversion
of NGD*by ADPR cyclases into a cyclic derivative termed
c¢GDPR, which is resistant to hydrolysis. cGDPR production
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Figure 2. Representative results of Rho-123 accumulation in human chronic myelogenous leukemia (A) K562 and (B) K562/DOX cells. Peaks 1, 2 and 3 cor-
respond to auto-fluorescence of cells without Rho-123, cells incubated with 2 pg/ml Rho-123, and cells incubated with 2 yg/ml Rho-123 and 20 #M verapamil,
respectively. Rho-123, rhodamine 123; K562/DOX, human chronic myelogenous leukemia K562 doxorubicin-resistant subline.
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Figure 3. Expression of CD38 in human chronic myelogenous leukemia (A) K562 and (B) K562/DOX cells. (C) Western blot analysis of CD38 in cell
lysate proteins from K562 (Lane 1) and K562/DOX (Lane 2) cells. The results presented are representative of 3 experiments. CD, cluster of differentiation;
K562/DOX, human chronic myelogenous leukemia K562 doxorubicin-resistant subline; SSC, side-scattered light; APC, allophycocyanin.

was ~25.48 nM/1x10° in K562/DOX cells, which was signifi-
cantly higher compared with control cells (P<0.01). No cGDPR
activity was observed in the parental K562 cells.

Ca** release. Several studies have demonstrated that altered
intracellular Ca*> homeostasis contributes to anticancer drug
resistance (18,19). CD38 generates and degrades the second
messenger cADPR, and is key in the regulation of transient
changes in the intracellular concentration of Ca** (27).
To investigate the possible involvement of CD38 on Ca?

metabolism in K562/DOX cells, Fura-2 AM was added to the
cells. K562/DOX cells responded rapidly to cADPR (Fig. 5A),
and 8-bromo-cADPR (an antagonist of cADPR) blocked the
cADPR-mediated release of Ca** (Fig. 5B). The effect of vera-
pamil and MK-571 on the cADPR-mediated release of Ca**
was also investigated in the present study. It was demonstrated
that verapamil (Fig. 5C) and MK-571 (Fig. 5D) failed to inhibit
the response to cADPR. Thapsigargin is an inhibitor of the
sarco/endoplasmic reticulum Ca** ATPase (28). Thapsigargin
induces the mobilization of intracellular Ca** and the depletion
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Figure 4. Fluorometric assay of GDP-ribosyl cyclase activity. Human
chronic myelogenous leukemia K562 and K562/DOX cells (5x10° cells) were
incubated with 50 #M nicotinamide guanine dinucleotide for 1 h, and the
fluorescence of cGDPR, the product of the enzymatic reaction, was moni-
tored. The fluorescence intensity of the samples was converted to cGDPR
concentration by comparison with cGDPR standards. K562/DOX, human
chronic myelogenous leukemia K562 doxorubicin-resistant subline; GDP,
guanosine diphosphate; cGDPR, cyclic GDP-ribose.

of Ca* from the sarco/endoplasmic reticulum, which is an
important intracellular Ca* store (29). Thapsigargin has been
demonstrated to be a P-gp substrate; therefore, thapsigargin
may be eliminated from the cytoplasm in P-gp* cells (30). To
confirm this, the present study compared the effect of thap-
sigargin on K562/DOX and K562 cells. The results revealed
that K562/DOX cells were more resistant to thapsigargin than
K562 cells (Fig. SE). Therefore, the expression of P-gp in cells
may cause resistance to thapsigargin.

Discussion

Multidrug resistance to anticancer drugs remains one of
the most serious challenges for anticancer therapy, and is
mainly responsible for the failure of cancer chemotherapy (3).
Multidrug ABC transporters, including P-gp and MRP1, are
important in the efflux of drugs from tumor cells. Thus, over-
expression of ABC transporters may result in the failure of
anticancer chemotherapy (2-4). Overexpression of P-gp, which
is an integral membrane protein, represents one of the major
mechanisms contributing to the development of the multidrug
resistance phenotype, and leads to increased drug efflux (2).
However, drug resistance in various cancer cells overex-
pressing P-gp is not completely reversed by specific inhibitors
or gene-specific small interfering RNA, which suggests that
there may be additional mechanisms that lead to the develop-
ment of the multidrug resistance phenotype (31).

In the present study, human CML K562 cells were
rendered resistant to the cytotoxicity of doxorubicin by
progressive adaptation of the sensitive parental K562 cells to
doxorubicin. The resulting subline was termed K652/DOX.
The present study investigated the expression of P-gp in
K562 and K562/DOX cells. K562/DOX cells exhibited clear
P-gp protein levels in western blot analysis, and clear P-gp
activity was observed using flow cytometry. By contrast, in
the parental K562 cells P-gp was not observed. P-gp activity
is measured by the efflux of Rho-123, and is inhibited by vera-
pamil. The results of the Rho-123 assay, based on the extent
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Figure 5. Effect of cADPR on K562/DOX cells. K562/DOX cells were incu-
bated with 5 yM Fura-2 acetoxymethyl ester. (A) cADPR (2 uM) induced a
remarkable Ca®* release in the absence of extracellular Ca*. (B) Pretreatment
of the cells with 100 M 8-bromo-cADPR completely abolished the response
of the cells to a subsequent addition of 2 M cADPR. Results are represen-
tative of 4 experiments. Pretreatment of the cells with (C) verapamil and
(D) MK-571 failed to inhibit the effect of cADPR. (E) Thapsigargin-dependent
release of Ca* in K562/DOX (1) and K562 (2) cells. The cells were admin-
istered 1 uM thapsigargin (as indicated by the arrow) in Ca**-free standard
saline. Results are representative of 3 experiments. cADPR, cyclic adenosine
diphosphate ribose; K562/DOX, human chronic myelogenous leukemia
K562 doxorubicin-resistant subline; 8-Br-cADPR, 8-bromo-cADPR; Ca?*,
calcium; F fluorescence intensity.
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of Rho-123 efflux that verapamil was capable of inhibiting,
indicated that the differences observed in the fluorescence
intensity of Rho-123 were due to P-gp activity in K562 and
K562/DOX cells.

The present study revealed that K562/DOX cells expressed
CD38 and exhibited ADP-ribosyl cyclase enzymatic activity.
The expression levels of CD38 in K562/DOX cells was ~54%,
and western blot analysis clearly demonstrated the presence
of a 45-kDa band in the K562/DOX cell lysate, but not in the
parental K562 cell lysate. To the best of our knowledge, the
present study is the first to report direct CD38 involvement
in tumor cell drug resistance. CD38 is a single-chain type II
transmembrane glycoprotein that is expressed by a variety of
hematological cells, and its expression is dependent on cell
activation and differentiation (32). In addition to its role as a
cell surface marker, CD38 is a multifunctional enzyme that
synthesizes cCADPR, which is a second messenger (14-17).
cADPR is an endogenous Ca®* mobilizing cyclic nucleoside
that targets the stores of Ca*" located in the endoplasmic
reticulum of numerous types of cells and species, including
protozoa, plants, animals and humans (17,33). To inves-
tigate the role of CD38 in Ca’" homeostasis and drug
resistance, the present study observed the effect of cADPR
on Fura-2 AM-loaded cells. The results demonstrated that
cADPR led to an increase in intracellular Ca**, and this effect
was inhibited by pre-incubation of the cells with the cADPR
antagonist 8-bromo-cADPR. In addition, the present study
demonstrated that verapamil and MK-571 did not inhibit the
effect of cADPR.

CD38 has been identified as a major cellular NADase that
appears to regulate the activity of silent mating type informa-
tion regulation 2 homolog 1 (SIRT1) and the cellular levels
of NAD, which is a key molecule in energy production and
signal transduction, two processes that undergo crucial altera-
tions in tumor cells (34). Furthermore, previous evidence
indicates that the mammalian stress response gene SIRT1
regulates multiple aspects of cancer drug resistance (35).
Chu er al (36) and Oh et al (37) reported that SIRT1 is acti-
vated in multiple drug-resistant cancer cell lines and tumor
biopsies. The activation of SIRT1 increases the expression of
P-gp (35). Therefore, the increase in the expression of ABC
transporters induced by SIRT1 may increase drug efflux from
cells, which may lead to a decrease in drug concentration in
tumor cells and may result in drug resistance. There is no
direct evidence to indicate that an induction of CD38 expres-
sion in K562/DOX cells and the presence of ADP-ribosyl
cyclase enzymatic activity are regulated through SIRT1 (38).
Additional studies are required to establish the mechanisms
involved.

In conclusion, the present study demonstrated that CD38
participates in the mechanism of drug resistance to chemo-
therapy, and the present findings may contribute to future
studies aimed to identify a molecular basis for the reversal of
chemotherapeutic drug resistance in cancer cells.
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