
Oncotarget113013www.impactjournals.com/oncotarget

Drug-resistance in doxorubicin-resistant FL5.12 hematopoietic 
cells: elevated MDR1, drug efflux and side-population positive 
and decreased BCL2-family member expression

Linda S. Steelman1, Steve L. Abrams1, Peter Ruvolo2,3, Vivian Ruvolo2,3, Lucio Cocco4, 
Stefano Ratti4, Alberto M. Martelli4, Luca M. Neri5, Saverio Candido6, Massimo  
Libra6 and James A. McCubrey1

1Department of Microbiology and Immunology, Brody School of Medicine at East Carolina University, Greenville, SC, USA
2Section of Signal Transduction and Apoptosis, Hormel Institute, University of Minnesota, Austin, TX, USA
3Current/Present address: Department of Leukemia, University of Texas MD Anderson Cancer Center, Houston, TX, USA
4Dipartimento di Scienze Biomediche e Neuromotorie, Università di Bologna, Bologna, Italy
5Department of Morphology, Surgery and Experimental Medicine, University of Ferrara, Ferrara, Italy
6Department of Biomedical and Biotechnological Sciences – Oncological, Clinical and General Pathology Section, University 
of Catania, Catania, Italy

Correspondence to: James A. McCubrey, email: mccubreyj@ecu.edu
Keywords: drug transporters; bcl-2; MEK1; p53; cancer stem cells
Received: October 16, 2017    Accepted: November 20, 2017    Published: December 06, 2017
Copyright: Steelman et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License 
3.0 (CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and 
source are credited.

ABSTRACT

Chemotherapeutic drug treatment can result in the emergence of drug-resistant 
cells. By culturing an interleukin-3 (IL-3)-dependent cell line, FL5.12 cells in the 
presence of the chemotherapeutic drug doxorubicin, we isolated FL/Doxo cells which 
are multi-drug resistant. Increased levels of drug efflux were detected in FL/Doxo 
cells which could be inhibited by the MDR1 inhibitor verapamil but not by the MRP1 
inhibitor MK571. The effects of TP53 and MEK1 were examined by infection of FL/
Doxo cells with retroviruses encoding either a dominant negative TP-53 gene (FL/
Doxo+ TP53 (DN) or a constitutively-activated MEK-1 gene (FL/Doxo + MEK1 (CA). 
Elevated MDR1 but not MRP1 mRNA transcripts were detected by quantitative RT-PCR 
in the drug-resistant cells while transcripts encoding anti-apoptotic genes such as: 
BCL2, BCLXL and MCL1 were observed at higher levels in the drug-sensitive FL5.12 
cells. The percentage of cells that were side-population positive was increased in 
the drug-resistant cells compared to the parental line. Drug-resistance and side-
positive population cells have been associated with cancer stem cells (CSC). Our 
studies suggest mechanisms which could allow the targeting of these molecules to 
prevent drug-resistance.

INTRODUCTION

The PI3K/PTEN/AKT/mTORC1/GSK-3, RAS/
RAF/MEK1/ERK, and TP53 pathways are critical in 
many biological processes including cancer progression 
and drug resistance. These pathways also exert pivotal 
roles in cell growth, death and senescence. The biological 

and biochemical effects of the Raf/MEK1/ERK, PI3K/
PTEN/AKT/mTORC1/GSK-3 and TP53 pathways have 
been recently reviewed [1–7]. These signaling cascades 
are also important in cardiovascular diseases, diabetes, 
metabolism, neurological diseases, obesity and other 
maladies [8–10]. A key factor controlled by both pathways 
positively and negatively is the mTORC complex which 
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is critical in regulating protein translation and is often 
dysregulated in various diseases [2, 4, 5, 7].

Dysregulation of the PI3K/PTEN/Akt/mTORC1/
GSK-3 pathway often occurs in human cancer. Certain 
members are thought of as oncogenes e.g., PI3K, AKT 
and GSK-3, while other members are considered to be 
tumor-suppressor genes e.g., PTEN and GSK-3 [11–30]. 
It is noted that GSK-3 can function as a tumor suppressor 
or an oncogene which might be due to the cell type or 
biological situation [1–6].

Inhibition of the PI3K/PTEN/AKT/mTORC/70S6K 
pathway by protein interacting with carboxyl terminus 
1 (PICT-1, a.k.a NOP53 ribosome biogenesis factor) 
can result in autophagy which results in cell death [31]. 
Serum-and glucocorticoid-induced protein kinase (SGK1) 
is related to AKT. Inhibition of SGK1 in glioblastoma 
cells can lead to cytotoxic autophagy [32]. Autophagy is a 
key process controlling cell death, cell fate and sensitivity 
to chemotherapeutic drugs, as well as, cancer [33–40].

The RAS/RAF/MEK/ERK pathway also consists of 
proteins which are considered as oncogenes, e.g., RAS, 
RAF and other proteins which may have tumor suppressor 
activities e.g., protein phosphatase 2A (PP2A), dual 
specificity protein phosphatase 1 (DUSP1) and others. 
The altered expression of components of this pathway can 
result in resistance to targeted therapeutics [33].

The TP53 pathway is critical in controlling many 
biological processes such as division, senescence, 
quiescence, geroconversion, autophagy, drug resistance 
and cancer induction [34–44]. Activation of autophagy 
can contribute to chemotherapeutic drug resistance [45]. 
The TP53 protein regulates many events and is involved 
in the regulation of microRNAs (miRs). The TP53 gene 
is frequently mutated in human cancer. In some cases, the 
mutations result in novel TP53 molecules which have gain 
of function activity [46].

Various classes of proteins are frequently implicated 
in resistance to chemotherapeutic drugs as well as targeted 
therapeutics. Prominent classes include proteins involved 
in signal transduction such as PI3K/PTEN/AKT/mTORC/
GSK-3, RAF/MEK/ERK, TP53 and BCL2 pathways 
[47–51]. The BCL2 family and other molecules which 
regulate apoptosis are also frequently deregulated in 
cancer and drug resistance [52–54]. The activity and levels 
of apoptotic regulatory proteins are often themselves 
regulated by the PI3K/PTEN/Akt/mTORC/GSK-3, Raf/
MEK/ERK, TP53 and other pathways by phosphorylation 
and transcriptional mechanisms [55–61].

Proteins that are frequently referred to as “drug-
transporters” are often upregulated in drug-resistant 
cells [62–64]. The “drug-transporting” functions of these 
proteins are often considered a “moon-lighting” activity 
of these proteins as they often have physiological roles in 
various organs (e.g., gut, colon) to transport xenobiotics 
[65–67].

Increased expression of MDR1 and/or MRP1 has 
been observed in certain drug-resistant hematopoietic cells 
such as HL-60 [68]. The MDR1 (a.k.a., Pgp, ABCB1) has 
been shown to efflux various chemotherapeutic drugs such 
as doxorubicin, daunorubicin, paclitaxel and others [69]. 
MRP1 (a.k.a. ABCC1) will transport various molecules 
including: daunorubicin, doxorubicin, edatrexate, 
etoposide, epirubicin, idarubicin, irinotecan, methotrexate, 
paclitaxel, vinblastine, vincristine and others [70]. Drug 
transporters may in some cases be regulated by miRs 
which in turn will change the sensitivity of certain tumors 
to chemotherapeutic drugs [71].

FL5.12 is an interleukin-3 (IL-3)-dependent 
hematopoietic cell line derived from the fetal liver of 
inbred mice [72]. They absolutely require IL-3 for their 
survival and after 18-24 hours of IL3-deprivation they 
commence to undergo apoptosis [73]. The IL3-dependency 
of these cells can be relieved after introduction of various 
activated oncogenes either by themselves (v-ABL, BCR-
ABL) [74] or in combination (AKT and RAF) [75]. In 
addition, activated cytokine genes such as IL-3 genes with 
mutations in the 3’untranslated region in the sequence 
motifs associated with mRNA (in)stability will relieve the 
dependency of these cells on the addition of exogenous 
IL-3 [76, 77]. FL5.12 cells do not normally cause tumors 
upon injection into nude immunocompromised mice, 
however, once their dependency on addition of exogenous 
IL-3 is abrogated, they usually will form tumors in 
immunocompromised mice [77, 78].

We derived a panel of doxorubicin-resistant FL5.12 
cells (FL/Doxo) by culturing them in the presence of 
doxorubicin for prolonged time periods [79]. These 
cells have been determined to have altered TP53 and 
ERK signaling. Furthermore, these cells show an altered 
response to certain small molecule inhibitors which target 
various molecules such as the mTORC1 complex [80]. We 
have previously shown that the doxorubicin-resistant FL/
Doxo cells are cross resistant to daunorubicin, paclitaxel 
but not 5-fluorouracil (5FU) [79]. We demonstrated 
recently that increased levels of mRNA transcripts 
encoding MDR1 but not MRP1 were detected by q-RT-
PCR in FL/Doxo in comparison to FL5.12 cells [80]. The 
drug-resistance of the FL/Doxo cells could be increased 
further by infection of the cells with retroviruses which 
encode either dominant negative (DN) TP53 (FL5.12 cells 
have wild-type TP53) or constitutively-active (CA) MEK1 
[79].

In the following studies, the drug efflux abilities 
of doxorubicin-resistant FL/Doxo and doxorubicin-
sensitive FL5.12 cells were determined, as well as, the 
presence of side-population positive cells in both types 
of cells. We document the effects of TP53(DN) and 
MEK1(CA) oncoproteins on drug-resistance and side-
population positive cells. These studies provide insights 
into mechanisms responsible for drug-resistance and side-
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positive population cells and may indicate approaches to 
target these cells which are often responsible for cancer 
development and progression.

RESULTS

IL-3 suppresses effects of doxorubicin in 
parental FL5.12 cells

The effects of doxorubicin were examined on the 
cytokine-dependent FL5.12 cells. When these cells were 
cultured in the presence of IL-3, the IC50 for doxorubicin 
was approximately 20 nM (Figure 1, Panel A). In 
contrast, when the cells were cultured in the absence 
of IL-3, the level of growth decreased and the IC50 for 
doxorubicin was approximately 3 nM (Figure 1, Panel 
A) which was 6.7-fold lower than when the cells were 
cultured in IL-3.

Doxorubicin-resistance of FL/Doxo and 
derivative cells

The doxorubicin-sensitivities of the FL5.12, FL/
Doxo, FL/Doxo + TP53(DN) and FL/Doxo + MEK1(CA) 
cells are presented in Figure 1, Panel B. In this experiment 
the doxorubicin IC50s for: FL5.12, FL/Doxo, FL/Doxo 
+ TP53(DN) and FL/Doxo + MEK1(CA) cells were 
approximately 12, 30, 100 and 55 nM respectively. These 
IC50s were all measured on the same day. There is some 

variation in IC50s measured on different days that is why 
it is better to make comparisons on results obtained on the 
same day.

Drug-resistant FL/Doxo cells are frequently 
larger cells than drug-sensitive FL5.12 cells

The morphologies of the FL5.12 and FL/Doxo cells 
were examined by phase contrast microscopsy (Figure 2). 
FL/Doxo cells (Panel B) were larger than parental FL5.12 
cells (Panel A). Often there were “giant” cells present in 
the FL/Doxo cultures [81]. Large multi-nucleate cells have 
been observed with drug-resistant prostate cancer cells 
[82].

Increasing concentrations of doxorubicin result 
in more apoptotic cells in drug-sensitive FL5.12 
than other drug-resistant FL5.12 cells

Doxorubicin-sensitive FL5.12 and doxorubicin-
resistant FL/Doxo, FL/Doxo + TP53 (DN) and FL/Doxo 
+ MEK1 (CA) cells were cultured with IL-3 + 10 nM 
doxorubicin (Figure 3) or IL-3 + 100 nM doxorubicin 
(Figure 4) for 24 hrs. Then the cells were stained with 
acridine orange and ethidium bromide and subsequently 
photographed. Upon culture with IL-3 + 10 nM 
doxorubicin, the drug-resistant cell cultures frequently 
contained larger cells (Figure 3, Panels B, C and D) in 
comparison to the FL5.12 cells (Figure 3, Panel A).

Figure 1: Effects of IL-3 on Sensitivity of FL5.12 cells to doxorubicin and sensitivies of FL5.12 and FL/Doxo cells to 
doxorubicin. (Panel A) The effects of IL-3 (solid red squares) and the absence of IL-3 (solid blue triangles) on the sensitivities of FL5.12 
cells to different concentrations doxorubicin and then examined by the 2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay as described 
[79, 80]. The MTT assay is a colorimetric assay that measures the reduction of MTT by mitochondrial succinate dehydrogenase as described 
[80]. Arrows pointing to the X-axis indicate where the IC50 can be estimated. Statistical analysis (unpaired t test results) indicated that the 
two-tailed P value: for (Panel A) FL5.12 in the presence of IL-3 and FL5.12 in the absence of IL-3 is less than 0.0001 which is considered 
to be extremely statistically significant. (Panel B) The effects of doxorubicin on: FL5.12 (solid red squares), FL/Doxo (solid blue upward 
triangles), FL/Doxo + TP53 (DN) (solid orange downward diamonds) and FL/Doxo + MEK1 (CA) (solid green diamonds) cells were 
determined by titrating all the cells on the same day with in the presence of IL-3 and then examined four days by MTT analysis. The P 
values for comparisons of FL5.12, FL/Doxo, FL/Doxo + TP53(DN) and FL/Doxo + MEK1(CA) are less than 0.0001 which are considered 
to be extremely statistical significant. These experiments were performed three times with similar results.
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Figure 2: Morphology of FL5.12 and FL/Doxo cells. The morphologies of (Panel A) FL5.12 and (Panel B) FL/Doxo cells were 
examined by phase microscopsy. The double-sided arrow in the cells is the same size in the different cells and serves to visualize how much 
larger some of the FL/Doxo cells are in comparison to the FL5.12 cells.

Figure 3: Morphology of FL5.12, FL/Doxo, FL/Doxo + TP53 (DN) and FL/Doxo + MEK1 (CA) cells after staining with 
acridine orange and ethidium bromide. The morphologies of FL5.12 (Panel A), FL/Doxo (Panel B), FL/Doxo + TP53 (DN) (Panel 
C) and FL/Doxo + MEK1 (CA) (Panel D) were examined after staining the cells with acridine orange and ethidium bromide. All cells were 
cultured in the presence of IL-3 + 10 nM doxorubicin before staining and then microscopic examination. A 60X magnification is presented.
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Upon culture with IL-3 + 100 nM doxorubicin, the 
drug-sensitive FL5.12 cell cultures frequently contained 
a large number bright red apoptotic cells (Figure 4, Panel 
A) in comparison to the FL/Doxo cells (Figure 4, Panel 
B). This concentration of doxorubicin is above the IC50 
for FL5.12 cells.

Drug-resistant FL/Doxo cells display altered 
drug efflux activity

The abilities of the FL5.12 and FL/Doxo cells to 
efflux the dye rhodamine 123 (Table 1) were determined 
by drug efflux assays in the presence and absence of 
the MDR1 (Pgp, ABCB1) pump inhibitor verapamil or 
the MRP1 inhibitor MK571. Verapamil is a substrate 

of ABCB1 (MDR1) [83]. A FACS assay was used to 
quantitate drug efflux [83].

The background flouresence in FL/Doxo cells 
(25.9) was higher than that detected in FL5.12 cells (4.9). 
When the FL/Doxo cells were resuspended in medium 
containing verapamil, a value of 24.4 was observed while 
when FL5.12 cells were set up under similar conditions, a 
value of 6.8 was observed. Higher background levels were 
observed when the cells were incubated with the MRP1 
inhibitor, MK571 as a value of 43.3 was observed with the 
FL/Doxo cells and 29 was observed with the FL5.12 cells. 
These values decreased to 34.8 and 21.3 in the FL/Doxo 
and FL5.12 cells respectively at the T2 hr. time points.

Rhodamine 123 is effluxed by MDR1 [84]. 
Rhodamine 123 is effluxed to a lesser extent by MRP1 

Figure 4: Morphology of FL5.12, FL/Doxo, FL/Doxo + TP53 (DN) and FL/Doxo + MEK1 (CA) cells after staining 
with acridine orange and ethidium bromide. The morphologies of FL5.12 (Panel A), FL/Doxo (Panel B), FL/Doxo + TP53 (DN) 
(Panel C) and FL/Doxo + MEK1 (CA) (Panel D) were examined after staining the cells with acridine orange and ethidium bromide. All 
cells were cultured in the presence of IL-3 + 100 nM doxorubicin before staining and then microscopic examination. A 60X magnification 
is presented.
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[85]. When FL5.12 cells were cultured in the presence of 
rhodamine, fluorescence values of 9,326.4 were observed 
at T0 hr. and 4,981 at the T2 hr. time point (Table 1). A 
ratio of 0.53. When FL5.12 cells were incubated with 
rhodamine 123 and verapamil, fluorescence values of 
2,042.4 and 3,330.8 were observed (a ratio of 1.63) 
indicating that verapamil prevented dye efflux at T2 hr. in 
rhodamine 123-treated FL5.12 cells.

When FL5.12 cells were incubated with MK571 
and rhodamine 123 values of 6861.2 were observed at 
T0 hr. while a value of 2740.5 was observed at the T2 
hr. incubation point (a ratio of 0.4). Thus, suppression of 
MRP1 with MK571 did not prevent total drug efflux.

When FL/Doxo cells were incubated with 
rhodamine 123, fluorescent values of 6,177.7 and 3,787.5 

were observed at the T0 hr. and T2 hr. time points 
respectively, a ratio of 0.61. When FL/Doxo cells were 
incubated with rhodamine 123 and verapamil, fluorescent 
values of 2,657.7 and 2,590.1 (a ratio of 0.97) at the 
T0 hr. and T2 hr. time points, indicating that verapamil 
inhibited rhodamine 123 efflux at the T2 hr. time point. 
More striking results were observed when FL/Doxo 
cells were incubated with rhodamine 123 and MK571 as 
fluorescence values of 4,029.1 were observed at the T0 hr. 
time point and 598.8 were seen at the T2 hr. time point, a 
ratio of 0.15. Thus, FL/Doxo cells, which express higher 
levels of MDR1 mRNA transcripts than FL5.12 cells (see 
Table 2) could efflux more rhodamine 123 than FL5.12 
cells (approximately 2.9-fold) upon treatment with the 
MRP1 inhibitor MK571.

Table 1: Abilities of FL5.12 and FL/Doxo cells to efflux rhodamine 1231

Cells Treatment T 0hr Point T 2hr Point Ratio Result

FL5.12 - 4.9 3.7 Background

FL5.12 Verapamil 6.8 6 Background

FL5.12 Rhodamine 123 9326.4 4981.1 0.53 Fluorescence decreased 
with time.

FL5.12 Rhodamine 123 +Verapamil 2042.4 3330.8 1.63 Verapamil inhibiting 
drug efflux.

FL5.12 MK571 29 21.3 Background

FL5.12 Rhodamine 123 + MK571 6861.2 2740.5 0.4 Verapamil inhibiting 
drug efflux.

FL/Doxo - 25.9 23.7 Background

FL/Doxo Verapamil 24.4 24.7 Background

FL/Doxo Rhodamine 123 6177.7 3787.5 0.61 Drug fluorescence 
decreased with time.

FL/Doxo Rhodamine + Verapamil 2657.7 2590.1 0.97

Fluorescence decreased 
compared to rhodamine 

123-alone treatment. 
Verapamil blocked 
further decrease in 

fluorescence. MDR1 
inhibited.

FL/Doxo MK571 43.3 34.8 Background

FL/Doxo Rhodamine 123 + MK571 4029.1 598.8 0.14

Fluorescence decreased 
compared to rhodamine 
123- alone treatment. 
MK571 inhibited drug 

efflux, MDR1 not 
inhibited. MDR1 able 

to pump rhodamine-123 
out. 6.7X less 
fluorescence.

1Drug efflux determine by FACS analysis as described by [83].
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Fold changes in MDR1 expression in 
doxorubicin-resistant FL/Doxo cells when 
normalized to doxorubicin-sensitive FL5.12 cells

The mRNA expression of MDR1 and MRP1 
molecules was examined previously in FL5.12, FL/Doxo, 
FL/Doxo+TP53(DN) and FL/Doxo+MEK1(CA) cells by 
q-RT-PCR [80]. The fold differences in the doxorubicin-
resistant FL/Doxo in comparison to the doxorubicin-
sensitive FL5.12 cells are summarized in Table 2.

The fold increase in MDR1 expression in the cells 
cultured presence of IL-3 ranged from 3.8-fold in FL/Doxo 
to 19.2-fold in FL/Doxo+MEK1(CA) cells. In contrast, 
the levels of MRP1 mRNA transcripts were similar in 
FL5.12 and FL/Doxo, when the cells were cultured in the 
presence of IL-3. In contrast, lower levels (2- and 1.8-fold 
respectively) of MRP1 mRNA transcripts were detected 
in FL/Doxo+TP53(DN) and FL/Doxo+MEK1(CA) cells 
respectively than in FL5.12 and FL/Doxo cells.

When the cells were cultured in the presence of 
IL-3 and 25 nM doxorubicin, the fold increase in MDR1 
transcripts in the doxorubicin-resistant cells in comparison 
with doxorubicin-sensitive FL5.12 cells ranged from 
between 8.6-fold in FL/Doxo cells to 99.7-fold in FL/
Doxo+MEK1(CA) cells. There were large increases in fold 
increase in MDR1 transcripts in FL/Doxo + MEK1(CA) 
cells cultured in the presence of doxorubicin. This stems 
from a 3.8-fold decrease in the levels of MDR1 mRNA 

transcripts detected in FL5.12 cells cultured in IL-3 and 
doxorubicin.

Upon culture of the cells in medium containing IL-3 
and doxorubicin, levels of MRP1 transcripts were similar 
in all four cell lines and ranged between 1.2-fold increase 
in FL/Doxo and FL/Doxo+MEK1(CA) cells and a 1.3-fold 
decrease in FL/Doxo+TP53(DN) cells in comparison to 
FL5.12 cells.

Effects of signal transduction inhibitors on 
sensitivity to doxorubicin in FL5.12 and drug 
resistant FL/Doxo derivative cells

The effects of titrating doxorubicin in the presence 
of the multi-kinase inhibitor sorafenib, which can 
inhibit RAF and other kinases, the MEK1 inhibitor 
(PD0325901), and the BCL2 inhibitor ABT737 were 
examined in Figures 5-7. In all of these graphs, the effects 
of suboptimal doses of the inhibitors and doxorubicin 
titrations were determined the same day. They are graphed 
in this manuscript to illustrate the differences between 
doxorubicin in the absence of inhibitor and doxorubicin 
in the presence of the inhibitor in the individual cell lines. 
In a previous manuscript, the effects of some of these and 
other inhibitors on the four different FL5.12-derived cell 
lines were plotted in the same graphs together [80].

FL5.12 cells were cultured in the presence of 
doxorubicin in the absence and presence of 500 nM of 

Table 2: Levels of MDR1 and MRP1 mRNA transcripts detected after qRT-PCR1

Cells Cultured with IL-3

Cells MDR1 
Transcripts

Fold compared to 
FL5.12

Cells MRP1 
Transcripts

Fold compared to 
FL5.12

FL5.12 1.91±0.48 1 FL5.12 211±37.74 1

FL/Doxo 7.17±0.89 3.8X↑ FL/Doxo 249.24±33.57 1.2X↑

FL/Doxo+TP53 
(DN) 19.45±2.32 10.2X↑ FL/Doxo+TP53 

(DN) 107.15±10.86 2X↓

FL/Doxo+MEK1 
(CA) 36.73±2.46 19.2X↑ FL/Doxo+MEK1 

(CA) 117.57±7.15 1.8X↓

Cells Cultured with IL-3 + Doxorubicin

Cells MDR1 
Transcripts

Fold compared to 
FL5.12 Cells MRP1 

Transcripts
Fold compared to 

FL5.12

FL5.12 0.5±0.42 1 FL5.12 142.75±19.64 1

FL/Doxo 4.28±0.36 8.6X↑ FL/Doxo 181.42±18.26 1.2X↑

FL/Doxo+TP53 
(DN) 13.38±1.21 26.7X↑ FL/Doxo+TP53 

(DN) 107.15±16.96 1.3X↓

FL/Doxo+MEK1 
(CA) 49.84±5.42 99.7X↑ FL/Doxo+MEK1 

(CA) 174.4±5.56 1.2X↑

1Described in [80].
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the multi-kinase inhibitor sorafenib (Figure 5, Panel A). 
An IC50 of approximately 20 nM was observed under 
both conditions. When FL/Doxo cells were cultured 
in the absence of doxorubicin, an IC50 of 120 nM was 
observed. Upon culture of FL/Doxo cells in the presence 
of doxorubicin and 500 nM sorafenib, the IC50 for 
doxorubicin was approximately 80 nM (Panel B).

When FL/Doxo + TP53(DN) cells were cultured 
in the absence of doxorubicin, an IC50 of 120 nM was 
observed. Upon culture of FL/Doxo +TP53(DN) in the 
presence of doxorubicin and 500 nM sorafenib, the IC50 for 
doxorubicin remained the essentially the same (Panel C).

When FL/Doxo + MEK1(CA) cells were cultured 
in the absence of doxorubicin, an IC50 of 120 nM was 
observed. Upon culture of FL/Doxo +TP53(DN) in the 
presence of doxorubicin and 500 nM sorafenib, the IC50 for 
doxorubicin remained the essentially the same (Panel D).

The effects of the MEK1 inhibitor PD0329501 on 
the doxorubicin IC50s were also examined. When FL5.12 
cells were cultured in the presence of 500 nM PD0329501 

MEK1 inhibitor, the IC50 did not change from when 
they were cultured in the absence of the MEK1 inhibitor 
(Figure 6, Panel A). Likewise, when FL/Doxo and FL/
Doxo + TP53(DN) cells were cultured in the presence 
and absence of 500 nM PD0325901 MEK inhibitor, the 
doxorubicin IC50s did not change (Figure 6, Panels B 
and C). In contrast, when FL/Doxo + MEK1(CA) cells 
were cultured in the presence of 500 nM PD0329501, 
the doxorubicin IC50 was approximately 100 nM while 
when the cells were cultured in the absence of the MEK1 
inhibitor, the doxorubicin IC50 was approximately 150 nM 
(Figure 6, Panel D). Thus, the MEK1 inhibitor treatment 
reduced the IC50 for doxorubicin approximately 1.5-fold in 
the FL/Doxo + MEK1(CA) cells.

The effects of the BCL2 inhibitor ABT737 on the 
doxorubicin IC50s were also examined (Figure 7). When 
FL5.12 cells were cultured in the presence of 500 nM ABT 
737 inhibitor, the level of growth decreased and the IC50 
for doxorubicin declined from 20 nM to 8 nM, a 2.5-fold 
decrease (Figure 7, Panel A). Likewise, when FL/Doxo, 

Figure 5: Effects of combination of the multi-kinase inhibitor sorafenib on the doxorubicin IC50 in FL5.12 and FL/
Doxo derivative cells. The effects of 500 nM sorafenib (solid blue circles) or no sorafenib (solid red squares) on the doxorubicin-
sensitivity of: (Panel A) FL5.12 cells, (Panel B) FL/Doxo cells, (Panel C) FL/Doxo + TP53 (DN) cells or (Panel D) FL/Doxo + MEK1 
(CA) cells were determined by titrating all the cells on the same day. Arrows pointing to the X-axis indicate where the IC50 can be estimated. 
Statistical analysis (unpaired t test results) indicated that the two-tailed P values for FL/Doxo treated with doxorubicin or doxorubicin and 
sorafenib in (Panel B) is 0.0046 which is considered to be very statistically significant. These experiments were performed three times with 
similar results.
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FL/Doxo + TP53(DN) and FL/Doxo + MEK1(CA) cells 
were cultured in the presence and absence of 500 nM ABT-
737 (Figure 7, Panel B, C, and D), the level of growth 
decreased substantially and the doxorubicin IC50s decreased 
from 180 nM to 8 nM (22.5-fold) in FL/Doxo cells, from 
130 nM to 18 nM (7.2-fold) in FL/Doxo + TP53(DN) cells 
and from 160 to 2 nM (80-fold) in FL/Doxo + MEK1(CA) 
cells. Thus the BCL2 inhibitor decreased the amount of 
doxorubicin required to achieve the IC50.

Effects of combination of signal transduction 
and BCL2 inhibitors on FL5.12 and FL/Doxo 
derivative cells

The effects of combining sorafenib with the BCL2 
inhibitor ABT737 were examined in Figure 8. When 
FL5.12 cells were cultured in the presence of the multi-
kinase sorafenib inhibitor, an IC50 of 5,000 nM was 
observed (Figure 8, Panel A). In contrast, when they were 

incubated with sorafenib in the presence of 500 nM ABT-
737 inhibitor, the level of growth decreased and an IC50 
of approximately 65 nM (77-fold decrease) was observed.

When FL/Doxo cells were cultured in the presence 
of sorafenib, an IC50 was not obtained even with 
concentrations up to 5,000 nM (Figure 8, Panel B). In 
contrast, the level of growth decreased when FL/Doxo 
cells were cultured with sorafenib in the presence of 500 
nM ABT-737 inhibitor and an IC50 of approximately 3 nM 
(approximately a 1,666-fold decrease) with respect to the 
sorafenib inhibitor was observed.

When FL/Doxo + TP53 (DN) cells were cultured 
in the presence of sorafenib, the IC50 was not obtained 
even with doses of 5,000 nM doxorubicin (Figure 8, 
Panel C). In contrast, the level of growth decreased 
when FL/Doxo + TP53(DN) cells were cultured with 
sorafenib in the presence of the BCL2 inhibitor and an 
IC50 of approximately 2,000 nM sorafenib was observed. 
When FL/Doxo + MEK1(CA) cells were cultured in the 

Figure 6: Effects of combination of the MEK1 inhibitor PD0325901 on the doxorubicin IC50 in FL5.12 and FL/
Doxo derivative cells. The effects of 500 nM PD0325901 (solid blue circles) or no PD0325901 (solid red squares) on the doxorubicin-
sensitivity of: (Panel A) FL5.12 cells, (Panel B) FL/Doxo cells, (Panel C) FL/Doxo + TP53 (DN) cells or (Panel D) FL/Doxo + MEK1 
(CA) cells were determined by titrating all the cells on the same day. Arrows pointing to the X-axis indicate where the IC50 can be estimated. 
Statistical analysis (unpaired t test results) indicated that the two-tailed P values for FL/Doxo + MEK1 (CA) treated with doxorubicin 
or doxorubicin and the MEK inhibitor in (Panel D) is 0.0157 and is considered to be statistically significant. These experiments were 
performed three times with similar results.
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presence of sorafenib, an IC50 was not observed even with 
concentrations of 5,000 nM sorafenib (Figure 8, Panel D). 
Addition of the BCL2 inhibitor decreased growth and an 
IC50 of approximately 4,000 nM sorafenib was observed. 
In the FL/Doxo + MEK1(CA) cells, the decrease was 
not observed until approximately 100 nM sorafenib, 
demonstrating that the FL/Doxo + MEK1(CA) cells were 
more resistant to the BCL2 inhibitor than the other cells.

Essentially the reciprocal experiments were 
performed. Namely, the effects of titrating cells with the 
BCL2 inhibitor in the presence and absence of 500 nM 
sorafenib (Figure 9). Addition of 500 nM sorafenib did 
not increase the effect of the BCL2 inhibitor on FL5.12 
cells (Figure 9, Panel A). When FL/Doxo and FL/Doxo 
+ TP53(DN) cells were treated with 500 nM sorafenib 
and titrated with the BCL2 inhibitor, the IC50s decreased 
from 40 to 10 nM (4-fold) in FL/Doxo (Panel B) and from 
170 to 130 nM (1.3-fold) in FL/Doxo + TP53(DN) cells 
respectively (Panels B and C). Treatment of the FL/Doxo 

+ MEK1(CA) cells with up to 5,000 nM BCL2 inhibitor 
did not reach an IC50. Combined treatment with different 
doses of the BCL2 inhibitor and 500 nM sorafenib reduced 
cell growth but did not reduce the IC50 for the BCL2 
inhibitor. The experiments mirror the results presented in 
Figure 8 and document that the FL/Doxo + MEK1(CA) 
cells were more resistant to the BCL2 inhibitor than the 
other FL5.12 and FL/Doxo-derived cells.

When FL5.12 cells were cultured in the presence of 
the PD0329501 MEK1 inhibitor, an IC50 was not obtained 
even with concentrations up to 5,000 nM (Figure 10, Panel 
A). In contrast, the level of growth decreased when they 
were cultured with the MEK1 inhibitor in the presence of 
500 nM ABT-737 inhibitor and an IC50 of approximately 
100 nM with respect to the MEK1 inhibitor was observed.

When FL/Doxo cells were cultured in the presence 
of the PD0329501 MEK1 inhibitor, an IC50 was not 
obtained even with concentrations up to 5,000 nM (Figure 
10, Panel B). In contrast, the level of growth decreased 

Figure 7: Effects of combination of the BCL2 inhibitor ABT-737 on the doxorubicin IC50 in FL5.12 and FL/Doxo 
derivative cells. The effects of 500 nM ABT-737 (solid blue circles) or no ABT-737 (solid red squares) on the doxorubicin-sensitivity of: 
(Panel A) FL5.12 cells, (Panel B) FL/Doxo cells, (Panel C) FL/Doxo + TP53 (DN) cells or (Panel D) FL/Doxo + MEK1 (CA) cells were 
determined. Arrows pointing to the X-axis indicate where the IC50 can be estimated. Statistical analysis (unpaired t test results) indicated 
that the two-tailed P values for the various cells treated with doxorubicin or doxorubicin and the BCL2 inhibitor in: (Panels A-D) are less 
than 0.0001 which are considered to be extremely statistical significant. These experiments were performed three times with similar results.
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when FL/Doxo cells were cultured with the MEK1 
inhibitor in the presence of 500 nM ABT-737 inhibitor and 
an IC50 of approximately 3 nM with respect to the MEK1 
inhibitor was observed.

When FL/Doxo + TP53 (DN) cells were cultured in 
the presence of the PD0329501 MEK1 inhibitor, an IC50 of 
approximately 3,000 nM was observed (Figure 10, Panel 
C). The level of growth decreased slightly when FL/Doxo 
+ TP53(DN) cells were cultured with the MEK1 inhibitor 
in the presence of 500 nM ABT-737 inhibitor, but the IC50 
for the MEK1 inhibitor was not obtained even with doses 
of 5,000 nM PD0329501.

When FL/Doxo + MEK1(CA) were cultured in the 
presence of the PD0329501, an IC50 of approximately 400 
nM MEK1 inhibitor was observed (Figure 10, Panel D). 
In contrast, the addition of 500 nM BCL2 inhibitor did not 
decrease the concentration of the MEK1 inhibitor required 
to reach the IC50, if anything, it antagonized slightly with 
the MEK1 inhibitor in FL/Doxo + MEK1(CA) cells.

Essentially the reciprocal experiments were 
performed. Namely, the effects of titrating cells with the 
BCL2 inhibitor in the presence and absence of the 500 nM 
MEK1 inhibitor were determined (Figure 11). Addition of 
500 nM MEK inhibitor did not reduce the effect of the 
BCL2 inhibitor on FL5.12 cells (Figure 11, Panel A). 
When FL/Doxo and FL/Doxo + TP53(DN) cells were 
treated with 500 nM MEK inhibitor and titrated with the 
BCL2 inhibitor, the IC50s decreased from 55 to 45 nM 
(1.2-fold) in FL/Doxo (Panel B) and from 120 to 70 nM 
(1.7-fold) in FL/Doxo + TP53(DN) cells respectively 
(Panels B and C). In contrast, a more significant result 
was observed in FL/Doxo + MEK1(CA), the IC50 for the 
BCL2 inhibitor dropped from greater than 5,000 nM to 
approximately 20 nM. The experiments mirror the results 
presented in the previous figure and document that the 
FL/Doxo + MEK1(CA) cells are sensitive to the MEK1 
inhibitor while resistant to the BCL2 inhibitor. In contrast 
the FL/Doxo, FL/Doxo + TP53(DN) and FL5.12 cells are 

Figure 8: Effects of combination of the BCL2 inhibitor ABT-737 on sorafenib IC50 in FL5.12 and FL/Doxo derivative 
cells. The effects of 500 nM ABT-737 (solid blue circles) or no ABT-737 (solid red squares) on the sorafenib inhibitor-sensitivity of: 
(Panel A) FL5.12 cells, (Panel B) FL/Doxo cells, (Panel C) FL/Doxo + TP53 (DN) cells or (Panel D) FL/Doxo + MEK1 (CA) cells were 
determined by titrating all the cells on the same day. Arrows pointing to the X-axis indicate where the IC50 can be estimated. Statistical 
analysis (unpaired t test results) indicated that the two-tailed P values for the various cells treated with doxorubicin or doxorubicin and 
the BCL2 inhibitor in: (Panel A) is less than 0.0001 which is considered to be extremely statistically significant. These experiments were 
performed three times with similar results.
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more sensitive to the effects of the BCL2 inhibitor than the 
MEK1 inhibitor.

Drug-resistant FL/Doxo cells displayed increased 
levels of side-population positive cells

The presence of side-population positive cells in the 
FL5.12 and different FL/Doxo cells was examined. Side-
population positive cells is often associated with drug-
resistance and CSCs [86]. MDR1 expression has been 
shown to be important in glioma CSCs [87]. Verapamil 
has been shown to inhibit tumor progression by targeting 
the side population of certain types of cancer cells [88].

Side-population positive cells were detected as we 
and others have previously described [88–90]. Statistically 
significant higher levels of side-population positive cells were 
detected by FACSs analysis in FL/Doxo than in FL5.12 cells 
(Figure 12). Approximately 1.9-fold more side population 

positive cells were detected in FL/Doxo cells than in FL5.12 
cells. The detection of side population positive cells was 
prevented with the FL5.12 and FL/Doxo cells were treated 
with 25 nM verapamil which inhibits MDR1.

The presence of side-population positive cells in 
the FL/Doxo + TP53 (DN) and FL/Doxo + MEK1 (CA) 
cells was also examined in the same experiments (Figure 
12). Increased levels of side-population positive cells were 
detected in the FL/Doxo + TP53 (DN) and FL/Doxo + 
MEK1 (CA) cells than in either FL/Doxo or FL5.12 cells. 
Approximately 3- and 4.5-fold more side-positive cells 
were detected in FL/Doxo + TP53 (DN) and FL/Doxo 
+ MEK1 (CA) cells than in FL5.12 cells. In contrast to 
the results observed with FL/Doxo and FL5.12 cells, 
the percentage of side-population positive FL/Doxo + 
TP53 (DN) and FL/Doxo + MEK1 (CA) cells was not 
as inhibited in FL/Doxo and FL5.12 cells after 25 nM 
verapamil treatment.

Figure 9: Effects of combination of the multi-kinase inhibitor sorafenib on the BCL2 inhibitor ABT-737 IC50 in 
FL5.12 and FL/Doxo derivative cells. The effects of 500 nM sorafenib (solid blue circles) or no sorafenib (solid red squares) 
on the BCL2 inhibitor-sensitivity of: (Panel A) FL5.12 cells, (Panel B) FL/Doxo cells, (Panel C) FL/Doxo + TP53 (DN) 
cells or (Panel D) FL/Doxo + MEK1 (CA) cells were determined by titrating all the cells on the same day. Arrows pointing 
to the X-axis indicate where the IC50 can be estimated. Statistical analysis (unpaired t test results) indicated that the two-
tailed P values for the various cells treated with BCL2 inhibitor or BCL2 and sorafenib inhibitors in: (Panel B) is 0.0006 
which is considered to be extremely statistically significant, (Panel C) is 0.0290 which is considered to be significant. These 
experiments were performed three times with similar results.
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DISCUSSION

The cytokine IL-3 was protective in FL5.12 
cells against the effects of doxorubicin. When FL5.12 
cells were cultured in the absence of IL-3, the IC50 was 
approximately 6.7-fold less than when they were grown in 
the presence of IL-3. FL5.12 cells will undergo apoptosis 
when they are cultured in the absence of IL-3 [75, 79, 
81]. Upon their incubation in the absence of IL-3 in 
the presence of doxorubicin, their growth is even more 
inhibited than when they are cultured in the presence of 
IL-3 and doxorubicin. Doxorubicin-resistant FL/Doxo 
cells often were larger than doxorubicin-sensitive FL/
Doxo cells and acridine orange staining has indicated that 
they are often multi-nucleate [81].

Doxorubicin induced more apoptosis in the 
doxorubicin-sensitive cells at lower doxorubicin 
concentrations than in the doxorubicin-resistant cells 
[79]. Similar results were observed with daunorubicin 
and paclitaxel with the FL5.12 and FL/Doxo cells 

[79]. Previously we demonstrated that there was 
decreased caspase activation (caspases 3, 8 and 10) 
in the doxorubicin-resistant FL/Doxo cells than in the 
doxorubicin-sensitive FL5.12 cells after doxorubicin 
treatment [79]. In this current manuscript, we have focused 
on drug efflux, the effects of the MDR1 and the MRP1 
inhibitors on drug efflux, drug transporter gene expression, 
and the effects of signal transduction and BCL2 inhibitors 
on growth, and the presence of side-population positive 
cells in drug-sensitive and drug-resistant cells.

Both FL5.12 and FL/Doxo cells could readily efflux 
rhodamine 123. In both FL5.12 and FL/Doxo cells, the 
level of fluorescence detected after rhodamine 123 staining 
decreased after 2 hrs. on ice. The efflux of rhodamine 123 was 
inhibited in both FL5.12 and FL/Doxo cells after verapamil 
treatment. In contrast, after treatment with the MK571 MRP1 
inhibitor, the efflux of rhodamine 123 was not as inhibited. 
The FL/Doxo cells appeared to efflux approximately 2.9-fold 
more rhodamine 123 than the FL5.12 cells when they were 
treated with the MK571 MRP1 inhibitor.

Figure 10: Effects of combination of the BCL2 inhibitor ABT-737 on the MEK inhibitor PD0325901 IC50 in FL5.12 
and FL/Doxo derivative cells. The effects of 500 nM ABT-737 (solid blue circles) or no ABT-737 (solid red squares) on the MEK 
inhibitor-sensitivity of: (Panel A) FL5.12 cells, (Panel B) FL/Doxo cells, (Panel C) FL/Doxo + TP53 (DN) cells or (Panel D) FL/Doxo 
+ MEK1 (CA) cells were determined by titrating all the cells on the same day in the absence and presence of the BCL2 inhibitor. Arrows 
pointing to the X-axis indicate where the IC50 can be estimated. These experiments were performed three times with similar results.



Oncotarget113026www.impactjournals.com/oncotarget

The levels of mRNAs of MDR1 and MRP1 have 
been quantitated by qRT-PCR [80]. In this current 
manuscript we discuss the fold differences in mRNA 
expression. The cell lines with the highest degree 
of drug-resistance, FL/Doxo+TP53(DN) and FL/
Doxo+MEK1(CA) expressed approximately 10-100-fold 
more MDR1 mRNA transcripts than in the drug-sensitive 
FL5.12 cells. FL/Doxo cells expressed approximately 
4-fold more MDR1 transcripts than FL5.12 cells. The fold 
differences in MDR1 expression between the doxorubicin-
sensitive FL5.12 cells and doxorubicin-resistant FL/Doxo 
and derivative cells increased when the cells were cultured 
in the presence of doxorubicin as the levels of MDR1 
mRNAs detected in the FL5.12 cells decreased.

In contrast, 2- to 4-fold less BAX, BIM, BCL2 
and BIM mRNAs and between 1.3 to 2-fold less MCL1 
mRNA transcripts were detected in the cells with the 
highest-degree of drug-resistance, FL/Doxo+TP53(DN) 

and FL/Doxo+MEK1(CA) than in the drug-sensitive 
FL5.12 cells [80]. The FL/Doxo cells expressed 2-4-fold 
less BCL2 mRNA transcripts than the FL5.12 cells. The 
FL/Doxo cells were very sensitive to the BCL2/BCLXL 
inhibitor ABT-737 [80]. Our results with the expression of 
the anti-apoptotic BCL2 and BCLXL mRNA expression 
were interesting as the cells that were more doxorubicin-
sensitive expressed more of these transcripts as detected 
by q-RT-PCR. Thus, in our system, doxorubicin-resistance 
is associated with lower expression of BCL2 and BCLXL 
RNA expression. Previously we determined that ectopic 
expression of BCL2 could enhance the ability of the 
RAF and MEK1 oncoproteins to abrogate the cytokine-
dependence of IL3-dependent cells [91, 92].

Our results indicate the MEK1(CA) and the 
TP53(DN) genes can have effects on both the expression 
of MDR1 and the presence of side-population positive 
cells. These results are important as these characteristics 

Figure 11: Effects of combination of the MEK inhibitor PD0325901 on the BCL2 inhibitor ABT-737 IC50 in FL5.12 
and FL/Doxo derivative cells. The effects of 500 nM PD0325901 (solid blue circles) or no PD0325901 (solid red squares) on the 
BCL2 inhibitor-sensitivity of: (Panel A) FL5.12 cells, (Panel B) FL/Doxo cells, (Panel C) FL/Doxo + TP53 (DN) cells or (Panel D) FL/
Doxo + MEK1 (CA) cells were determined by titrating all of the cells on the same day in the absence and presence of the MEK inhibitor. 
Arrows pointing to the X-axis indicate where the IC50 can be estimated. Statistical analysis (unpaired t test results) indicated that the two-
tailed P values for the various cells treated with BCL2 or BCL2 and MEK1 inhibitor in: (Panel B) is 0.0073 which is considered to be 
very statistically significant, (Panel C) is less than 0.0011 which is considered to be very statistically significant. These experiments were 
performed three times with similar results.
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are often linked with CSC. CSCs have been detected in 
almost every cancer type. Novel methods to target CSCs 
are under intense investigation. Other studies have shown 
the side-population positive cells includes CSCs [93]. 
Chemotherapeutic drug-resistance is often associated 
with drug transporters, side-population positive and 
CSCs [86]. Other investigators have documented the 
sensitivity of other cancer cells to verapamil treatment 
and their enhanced abilities to form colony in vitro and 
tumors in animals [94]. In the above study, the presence 
of side-population positive AsPC1 pancreatic cancer cells 
was not eliminated completely after verapamil treatment. 
These and our results indicate that there may be other drug 
transporters not inhibited by verapamil that are present in 
some of the cells which contribute to their side-population 
positive cells and drug resistance. Alternatively, the 
concentration of verapamil used may not have been 
sufficient to inhibit all the MDR1 molecules expressed in 
the drug-resistant cells.

An effect of sorafenib on the sensitivity to 
doxorubicin was observed in FL/Doxo but not in the 
other FL/Doxo derivative or parental FL5.12 cells. In 
most experiments, the FL/Doxo are more sensitive to 
doxorubicin, than either FL/Doxo + TP53(DN) or FL/
Doxo + MEK1(CA) cells. In these studies, addition of 
500 nM PD0325901 MEK inhibitor only affected the 
doxorubicin IC50 in FL/Doxo + MEK1(CA) cells. In 
contrast, addition of 500 nM ABT-737 BCL2 inhibitor 
reduced both the level of cell growth and the doxorubicin 
IC50 in FL5.12, FL/Doxo and FL/Doxo +TP53(DN) and 
FL/Doxo + MEK1(CA) cells. Thus, the ABT-737 BCL2 
inhibitor could reduce the IC50 for doxorubicin in all cell 
lines. In contrast, the FL/Doxo+ MEK1(CA) cells were 
relatively resistant to the BCL2 inhibitor by itself or in 
combination with certain signal transduction inhibitors.

The PI3K/PTEN/AKT/mTORC1/GSK-3 pathway 
regulates the expression of various drug transporter 
molecules [95–97]. The PI3K/PTEN/AKT/mTORC1/

Figure 12: Presence of side-positive cells in FL5.12, FL/Doxo, FL/Doxo + TP53 (DN) and FL/Doxo + MEK1 (CA) 
cells. The presence of side-positive cells was determined by FACS analysis. In some cases, the cells were cultured with 25 nM verapamil. 
Statistical analysis (unpaired t test results) indicated that the two-tailed P value for the FL5.12 (no verapamil) and FL/Doxo (no verapamil) 
is 0.0195 which is considered to be statistically significant. Statistical analysis (unpaired t test results) indicated that the two-tailed P value 
for the FL5.12 (plus verapamil) and FL/Doxo (plus verapamil) is 0.2879 which is not statistically significant. Statistical analysis (unpaired 
t test results) indicated that the two-tailed P value for the FL5.12 (no verapamil) and FL/Doxo + TP53(DN) (no verapamil) is 0.0005 which 
is considered to be extremely statistically significant. Statistical analysis (unpaired t test results) indicated that the two-tailed P value for 
the FL5.12 (plus verapamil) and FL/Doxo + TP53 (DN) (plus verapamil) is 0.0001 which is considered extremely statistically significant. 
Statistical analysis (unpaired t test results) indicated that the two-tailed P value for the FL5.12 (no verapamil) and FL/Doxo + MEK1(CA) 
(no verapamil) is 0.0013 which is considered to be very statistically significant. Statistical analysis (unpaired t test results) indicated that the 
two-tailed P value for the FL5.12 (plus verapamil) and FL/Doxo + MEK1 (CA) (plus verapamil) is 0.0002 which is considered extremely 
statistically significant.
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GSK-3 pathway can induce multidrug-resistance in AML 
cells that were co-cultured with stromal cells [98].

Various signaling pathways have been implicated 
in drug resistance, both resistance to classical 
chemotherapeutic drugs, as well as, targeted therapeutics. 
Often resistance is associated with CSCs and CSCs 
frequently display altered activity of proteins which 
transport drugs. Our studies have documented the 
importance of activated MEK1 in drug-resistance and 
side-population positive cells in hematopoietic cells.

Parental FL5.12 and FL/Doxo + TP53(DN) cells 
were also sensitive to the BCL2 inhibitor, but the FL/Doxo 
+ MEK1(CA) cells were relatively resistant to the BCL2 
inhibitor ABT-737. It is possible that the activated MEK1 
present in the FL/Doxo + MEK1(CA) cells, activated 
ERK1,2 which phosphorylated a BCL2 family member 
which prevented the effects of the BCL2 inhibitor. 
Importantly, the doxorubicin-sensitivity of all the cell lines 
examined could be reduced upon treatment with the BCL2 
inhibitor.

Various BCL2 family members have been observed 
to be phosphorylated by RAF/MEK/ERK signaling 
which could have various effects on apoptosis, cellular 
proliferation, prevention of apoptosis and drug-resistance 
[99–106]. Interactions between RAF/MEK/ERK and 
BCL2 family members have been shown to abrogate the 
cytokine-dependency of certain hematopoietic cells [91, 
92]. BCL2 inhibitors increased the sensitivity of the cells 
to doxorubicin in the current study. Inhibition of RAF/
MEK/ERK signaling by sorafenib also had some effects 
on the doxorubicin-sensitivity of FL/Doxo cells.

Mutation of TP53 may also contribute to drug-
resistance and CSCs. We have demonstrated that 
introduction of the DN-TP53 gene into FL/Doxo cells 
resulted in more drug- resistance and increased side-
population positive cells. Inheritance of DN-TP53 also 
resulted in decreased anti-apoptotic and pro-apoptotic 
BCL2 family expression. In contrast, inheritance of DN-
TP53 resulted in increased levels of beta2-microglobulin 
mRNA transcripts [80]. Interestingly, FL/Doxo + TP53 
(DN) cells were very sensitive to the BCL-2 inhibitor, 
ABT-737. These cells were relatively resistant to MEK1 
inhibitor PD0329501. Addition of 500 nM MEK inhibitor 
to cells titrated with the BCL2 inhibitor decreased the IC50 
required for the BCL2 inhibitor less than 2-fold.

Similar experiments performed with the 
combination of the MEK1 inhibitor and titration with the 
BCL2 inhibitor in FL/Doxo + MEK1(CA) cells reduced 
the IC50 for the amount of BCL2 inhibitor approximately 
500-fold. While FL/Doxo + TP53(DN) cells expressed 
high levels of MDR1 as did FL/Doxo + MEK1(CA) cells, 
but they differed in their sensitivities to BCL2 and MEK1 
inhibitors.

In conclusion, our studies document the effects of 
signaling pathways and TP53 on the drug-resistance of 
hematopoietic cells. By using a single parental cell line 

and three drug resistant derivatives of it which either have 
or lack TP53 (DN) or MEK1(CA), we can identify some 
of the key components in resistance to doxorubicin a 
common, clinically used chemotherapeutic drug. Namely 
increased expression of MDR1 and altered BCL2 family 
member expression which contribute to altered sensitivity 
to doxorubicin as well as targeted therapeutics. Our results 
may have clinical significance as some of the drugs and 
signal transduction inhibitors and their next generation 
counter-parts are being used to treat various cancers.

MATERIALS AND METHODS

Cells and tissue culture conditions

FL5.12, FL/Doxo, FL/Doxo + TP53 (DN) and 
FL/Doxo + MEK1 (CA) were derived as described [72, 
79–81]. The cells were cultured in RPMI containing 
antibiotics, l-glutamine 10% fetal bovine serum and 10% 
WEHI-3B supernatant as a source of murine IL-3 as 
described [78–81].

Treatment of cells with signal transduction 
inhibitors and doxorubicin

FL5.12, FL/Doxo, FL/Doxo + TP53 (DN) and FL/
Doxo + MEK1 (CA) were titrated with the different signal 
transduction inhibitors and doxorubicin as described [79–
81]. Statistical analysis was performed using GraphPad 
Prism. MTT proliferation assays were performed as 
described [79–81].

Drug efflux assays

Drug Efflux assays were performed by FACS 
analysis as described previously [83].

Side population analysis

Side population analysis was performed as described 
[88–90]. Briefly, FL5.12, FL/Doxo, FL/Doxo + TP53(DN) 
and FL/Doxo + MEK1(CA) Cells were resuspended at 1 
× 106/mL in RPMI 1640 with 10% FBS and 10% WEHI-
3B supernatant in the presence and absence of 25 nM 
verapamil. Hoechst 33342 dye (Sigma-Aldrich, Saint 
Louis, Missouri) was added to a final concentration of 5 
μg/mL. The cells were incubated at 370C for 90 minutes. 
Cells were then centrifuged and the pellet resupended in 
cold PBS containing 2% FBS. Cells were counterstained 
with propidum iodide (10 μg/ml). Hoechst dye was excited 
at 355 nM. The side-population positive analysis was then 
performed as described [88–90] on a BD FACSVantage. 
The side-population population, essentially disappeared 
in FL5.12 and FL/Doxo cells when they were cultured 
in the presence of verapamil. Experiments were set up in 
triplicate in 6-well plates.
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Quantitative RT-PCR and normalization to 
FL5.12 cells

TaqMan Gene Expression assays were described 
previously [80]. Levels of mRNA transcripts were 
normalized to the levels of the particular gene transcripts 
detected in FL5.12 cells which was set at 1.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of 
interest with publication of this manuscript.

FUNDING

JAM and SLA were supported in part by grants 
from East Carolina University Grants (#111104 and # 
111110-668715-0000). LC and SR were supported in 
part by grants from: Intesa San Paolo Foundation. AMM 
was supported in part by grants from: MIUR FIRB 2011 
(RBAP11ZJFA_001).

REFERENCES

1. McCubrey JA, Steelman LS, Bertrand FE, Davis NM, 
Abrams SL, Montalto G, D’Assoro AB, Libra M, 
Nicoletti F, Maestro R, Basecke J, Cocco L, Cervello M, 
et al. Multifaceted roles of GSK-3 and Wnt/β-catenin 
in hematopoiesis and leukemogenesis: opportunities for 
therapeutic intervention. Leukemia. 2014; 28:15–33.

2. McCubrey JA, Steelman LS, Bertrand FE, Davis NM, 
Sokolosky M, Abrams SL, Montalto G, D’Assoro AB, Libra 
M, Nicoletti F, Maestro R, Basecke J, Rakus D, et al. GSK-3 
as potential target for therapeutic intervention in cancer. 
Oncotarget. 2014; 5:2881–2911. https://doi.org/10.18632/
oncotarget.2037.

3. McCubrey JA, Davis NM, Abrams SL, Montalto G, 
Cervello M, Basecke J, Libra M, Nicoletti F, Cocco L, 
Martelli AM, Steelman LS. Diverse roles of GSK-3: tumor 
promoter-tumor suppressor, target in cancer therapy. Adv 
Biol Regul. 2014; 54:176–196.

4. McCubrey JA, Abrams SL, Fitzgerald TL, Cocco L, 
Martelli AM, Montalto G, Cervello M, Scalisi A, Candido S, 
Libra M, Steelman LS. Roles of signaling pathways in drug 
resistance, cancer initiating cells and cancer progression and 
metastasis. Adv Biol Regul. 2015; 57:75–101.

5. McCubrey JA, Rakus D, Gizak A, Steelman LS, Abrams 
SL, Lertpiriyapong K, Fitzgerald TL, Yang LV, Montalto 
G, Cervello M, Libra M, Nicoletti F, Scalisi A, et al. Effects 
of mutations in Wnt/β-catenin, hedgehog, Notch and 
PI3K pathways on GSK-3 activity- Diverse effects on cell 
growth, metabolism and cancer. Biochim Biophys Acta. 
2016; 1863:2942–2976.

6. McCubrey JA, Fitzgerald TL, Yang LV, Lertpiriyapong K, 
Steelman LS, Abrams SL, Montalto G, Cervello M, Neri 

LM, Cocco L, Martelli AM, Laidler P, Dulinska-Litewka 
J, et al. Roles of GSK-3 and microRNAs on epithelial 
mesenchymal transition and cancer stem cells. Oncotarget. 
2017; 8:14221–14250. https://doi.org/10.18632/
oncotarget.13991.

7. Chappell WH, Abrams SL, Lertpiriyapong K, Fitzgerald 
TL, Martelli AM, Cocco L, Rakus D, Gizak A, Terrian 
D, Steelman LS, McCubrey JA. Novel roles of 
androgen receptor, epidermal growth factor receptor, 
TP53, regulatory RNAs, NF-kappa-B, chromosomal 
translocations, neutrophil associated gelatinase, and matrix 
metalloproteinase-9 in prostate cancer and prostate cancer 
stem cells. Adv Biol Regul. 2016; 60:64–87.

8. Lupieri A, Smirnova N, Malet N, Gayral S, Laffargue M. 
PI3K signaling in arterial diseases: non redundant functions 
of the PI3K isoforms. Adv Biol Regul. 2015; 59:4–18.

9. Guidetti GF, Canobbio I, Torti M. PI3K/Akt in platelet 
integrin signaling and implications in thrombosis. Adv Biol 
Regul. 2015; 59:36–52.

10. Beretta M, Bauer M, Hirsch E. PI3K signaling in the 
pathogenesis of obesity: the cause and the cure. Adv Biol 
Regul. 2015; 58:1–15.

11. Kriplani N, Hermida MA, Brown ER, Leslie NR. Class I PI 
3-kinases: function and evolution. Adv Biol Regul. 2015; 
59:53–64.

12. Fitzgerald TL, Lertpiriyapong K, Cocco L, Martelli AM, 
Libra M, Candido S, Montalto G, Cervello M, Steelman LS, 
Abrams SL, McCubrey JA. Roles of EGFR and KRAS and 
their downstream signaling pathways in pancreatic cancer 
and pancreatic cancer stem cells. Adv Biol Regul. 2015; 
59:65–81.

13. Baer R, Cintas C, Therville N, Guillermet-Guibert J. 
Implication of PI3K/Akt pathway in pancreatic cancer: 
when PI3K isoforms matter? Adv Biol Regul. 2015; 
59:19–35.

14. Jhanwar-Uniyal M, Gillick JL, Neil J, Tobias M, Thwing 
ZE, Murali R. Distinct signaling mechanisms of mTORC1 
and mTORC2 in glioblastoma multiforme: a tale of two 
complexes. Adv Biol Regul. 2015; 57:64–74.

15. Mollinedo F, Gajate C. Lipid rafts as major platforms 
for signaling regulation in cancer. Adv Biol Regul. 2015; 
57:130–146.

16. Shears SB. Inositol pyrophosphates: why so many 
phosphates? Adv Biol Regul. 2015; 57:203–216.

17. Dusaban SS, Brown JH. PLCε mediated sustained signaling 
pathways. Adv Biol Regul. 2015; 57:17–23.

18. Spinelli L, Lindsay YE, Leslie NR. PTEN inhibitors: an 
evaluation of current compounds. Adv Biol Regul. 2015; 
57:102–111.

19. Sabatini DM. Twenty-five years of mTOR: uncovering the 
link from nutrients to growth. Proc Natl Acad Sci U S A. 
2017; 114:11818–11825.

20. Carroll B, Donaldson JC, Obeid L. Sphingolipids in the 
DNA damage response. Adv Biol Regul. 2015; 58:38–52.

https://doi.org/10.18632/oncotarget.2037
https://doi.org/10.18632/oncotarget.2037
https://doi.org/10.18632/oncotarget.13991
https://doi.org/10.18632/oncotarget.13991


Oncotarget113030www.impactjournals.com/oncotarget

21. Schurmans S, Polizzi S, Scoumanne A, Sayyed S, Molina-
Ortiz P. The Ras/Rap GTPase activating protein RASA3: 
from gene structure to in vivo functions. Adv Biol Regul. 
2015; 57:153–161.

22. Scoumanne A, Molina-Ortiz P, Monteyne D, Perez-Morga 
D, Erneux C, Schurmans S. Specific expression and 
function of inositol 1,4,5-trisphosphate 3-kinase C (ITPKC) 
in wild type and knock-out mice. Adv Biol Regul. 2016; 
62:1–10.

23. Geck RC, Toker A. Nonessential amino acid metabolism in 
breast cancer. Adv Biol Regul. 2016; 62:11–17.

24. Fields AP, Justilien V, Murray NR. The chromosome 3q26 
OncCassette: a multigenic driver of human cancer. Adv Biol 
Regul. 2016; 60:47–63.

25. Maczis M, Milstien S, Spiegel S. Sphingosine-1-phosphate 
and estrogen signaling in breast cancer. Adv Biol Regul. 
2016; 60:160–165.

26. Tanaka T, Tsuchiya R, Hozumi Y, Nakano T, Okada 
M, Goto K. Reciprocal regulation of p53 and NF-κB by 
diacylglycerol kinase ζ. Adv Biol Regul. 2016; 60:15–21.

27. Perdios L, Bunney TD, Warren SC, Dunsby C, French PM, 
Tate EW, Katan M. Time-resolved FRET reports FGFR1 
dimerization and formation of a complex with its effector 
PLCγ1. Adv Biol Regul. 2016; 60:6–13.

28. Erneux C, Ghosh S, Koenig S. Inositol(1,4,5)P3 3-kinase 
isoenzymes: catalytic properties and importance of targeting 
to F-actin to understand function. Adv Biol Regul. 2016; 
60:135–143.

29. Banfic H, Crljen V, Lukinovic-Skudar V, Dembitz V, Lalic 
H, Bedalov A, Visnjic D. Inositol pyrophosphates modulate 
cell cycle independently of alteration in telomere length. 
Adv Biol Regul. 2016; 60:22–28.

30. Pyne NJ, McNaughton M, Boomkamp S, MacRitchie N, 
Evangelisti C, Martelli AM, Jiang HR, Ubhi S, Pyne S. Role 
of sphingosine 1-phosphate receptors, sphingosine kinases 
and sphingosine in cancer and inflammation. Adv Biol 
Regul. 2016; 60:151–159.

31. Chen H, Duo Y, Hu B, Wang Z, Zhang F, Tsai H, Zhang J, 
Zhou L, Wang L, Wang X, Huang L. PICT-1 triggers a pro-
death autophagy through inhibiting rRNA transcription and 
AKT/mTOR/p70S6K signaling pathway. Oncotarget. 2016; 
7:78747–78763. https://doi.org/10.18632/oncotarget.12288.

32. Talarico C, Dattilo V, D’Antona L, Barone A, Amodio 
N, Belviso S, Musumeci F, Abbruzzese C, Bianco C, 
Trapasso F, Schenone S, Alcaro S, Ortuso F, et al. SI113, 
a SGK1 inhibitor, potentiates the effects of radiotherapy, 
modulates the response to oxidative stress and induces 
cytotoxic autophagy in human glioblastoma multiforme 
cells. Oncotarget. 2016; 7:15868–15884. https://doi.
org/10.18632/oncotarget.7520.

33. McCubrey JA, Steelman LS, Chappell WH, Abrams SL, 
Montalto G, Cervello M, Nicoletti F, Fagone P, Malaponte 
G, Mazzarino MC, Candido S, Libra M, Bäsecke J, et al. 
Mutations and deregulation of Ras/Raf/MEK/ERK and 

PI3K/PTEN/Akt/mTOR cascades which alter therapy 
response. Oncotarget. 2012; 3:954–987. https://doi.
org/10.18632/oncotarget.652.

34. Garcia-Cano J, Ambroise G, Pascual-Serra R, Carrion MC, 
Serrano-Oviedo L, Ortega-Muelas M, Cimas FJ, Sabater 
S, Ruiz-Hidalgo MJ, Sanchez Perez I, Mas A, Jalon FA, 
Vazquez A, et al. Exploiting the potential of autophagy in 
cisplatin therapy: a new strategy to overcome resistance. 
Oncotarget. 2015; 6:15551–15565. https://doi.org/10.18632/
oncotarget.3902.

35. Sui X, Han W, Pan H. p53-induced autophagy and 
senescence. Oncotarget. 2015; 6:11723–11724. https://doi.
org/10.18632/oncotarget.4170.

36. Ringer L, Sirajuddin P, Tricoli L, Waye S, Choudhry 
MU, Parasido E, Sivakumar A, Heckler M, Naeem A, 
Abdelgawad I, Liu X, Feldman AS, Lee RJ, et al. The 
induction of the p53 tumor suppressor protein bridges the 
apoptotic and autophagic signaling pathways to regulate cell 
death in prostate cancer cells. Oncotarget. 2014; 5:10678–
10691. https://doi.org/10.18632/oncotarget.2528.

37. Duan L, Perez RE, Davaadelger B, Dedkova EN, Blatter 
LA, Maki CG. p53-regulated autophagy is controlled by 
glycolysis and determines cell fate. Oncotarget. 2015; 
6:23135–23156.  https://doi.org/10.18632/oncotarget.5218.

38. Galluzzi L, Kepp O, Kroemer G. TP53 and MTOR crosstalk 
to regulate cellular senescence. Aging (Albany NY). 2010; 
2:535–527. https://doi.org/10.18632/aging.100202.

39. Borodkina AV, Shatrova AN, Deryabin PI, Griukova 
AA, Abushik PA, Antonov SM, Nikolsky NN, Burova 
EB. Calcium alterations signal either to senescence or to 
autophagy induction in stem cells upon oxidative stress. 
Aging (Albany NY). 2016; 8:3400–3418. https://doi.
org/10.18632/aging.101130.

40. Lee E, Wei Y, Zou Z, Tucker K, Rakheja D, Levine B, 
Amatruda JF. Genetic inhibition of autophagy promotes p53 
loss-of-heterozygosity and tumorigenesis. Oncotarget. 2016; 
7:67919–67933. https://doi.org/10.18632/oncotarget.12084.

41. Waye S, Naeem A, Choudhry MU, Parasido E, Tricoli 
L, Sivakumar A, Mikhaiel JP, Yenugonda V, Rodriguez 
OC, Karam SD, Rood BR, Avantaggiati ML, Albanese 
C. The p53 tumor suppressor protein protects against 
chemotherapeutic stress and apoptosis in human 
medulloblastoma cells. Aging (Albany NY). 7:854–68, 
2015. https://doi.org/10.18632/aging.100831.

42. Kovatcheva M, Liu DD, Dickson MA, Klein ME, O’Connor 
R, Wilder FO, Socci ND, Tap WD, Schwartz GK, Singer S, 
Crago AM, Koff A. MDM2 turnover and expression of ATRX 
determine the choice between quiescence and senescence in 
response to CDK4 inhibition. Oncotarget. 2015; 6:8226–
8243. https://doi.org/10.18632/oncotarget.3364.

43. Leontieva OV, Natarajan V, Demidenko ZN, Burdelya 
LG, Gudkov AV, Blagosklonny MV. Hypoxia suppresses 
conversion from proliferative arrest to cellular senescence. 
Proc Natl Acad Sci U S A. 2012; 109:13314–13318.

https://doi.org/10.18632/oncotarget.12288
https://doi.org/10.18632/oncotarget.7520
https://doi.org/10.18632/oncotarget.7520
https://doi.org/10.18632/oncotarget.652/
https://doi.org/10.18632/oncotarget.652/
https://doi.org/10.18632/oncotarget.3902
https://doi.org/10.18632/oncotarget.3902
https://doi.org/10.18632/oncotarget.4170
https://doi.org/10.18632/oncotarget.4170
https://doi.org/10.18632/oncotarget.2528
https://doi.org/10.18632/oncotarget.5218
https://doi.org/10.18632/aging.100202
https://doi.org/10.18632/aging.101130
https://doi.org/10.18632/aging.101130
https://doi.org/10.18632/oncotarget.12084
https://doi.org/10.18632/aging.100831
https://doi.org/10.18632/oncotarget.3364


Oncotarget113031www.impactjournals.com/oncotarget

44. Blagosklonny MV. Cell cycle arrest is not yet senescence, 
which is not just cell cycle arrest: terminology for TOR-
driven aging. Aging (Albany NY). 2012; 4:159–165. https://
doi.org/10.18632/aging.100443.

45. Kim TW, Lee SJ, Kim JT, Kim SJ, Min JK, Bae KH, Jung 
H, Kim BY, Lim JS, Yang Y, Yoon DY, Choe YK, Lee HG. 
Kallikrein-related peptidase 6 induces chemotherapeutic 
resistance by attenuating auranofin-induced cell death 
through activation of autophagy in gastric cancer. 
Oncotarget. 2016; 7:85332–85348. https://doi.org/10.18632/
oncotarget.13352.

46. Jung CL, Mun H, Jo SY, Oh JH, Lee C, Choi EK, Jang 
SJ, Suh YA. Suppression of gain-of-function mutant p53 
with metabolic inhibitors reduces tumor growth in vivo. 
Oncotarget. 2016; 7:77664–77682. https://doi.org/10.18632/
oncotarget.12758.

47. Pistritto G, Trisciuoglio D, Ceci C, Garufi A, D’Orazi 
G. Apoptosis as anticancer mechanism: function and 
dysfunction of its modulators and targeted therapeutic 
strategies. Aging (Albany NY). 2016; 8:603–619. https://
doi.org/10.18632/aging.100934.

48. Wang X, Bao Y, Dong Z, Chen Q, Guo H, Ziang C, Shao J. 
WP1130 attenuates cisplatin resistance by decreasing P53 
expression in non-small cell lung carcinomas. Oncotarget. 
2017; 8:49033–49043. https://doi.org/10.18632/
oncotarget.16931.

49. Wang Q, Ding W, Ding Y, Ma J, Qian Z, Shao J, Li Y. 
Homoharringtonine suppresses imatinib resistance via the 
Bcl-6/p53 pathway in chronic myeloid leukemia cell lines. 
Oncotarget. 2017; 8:37594–37604. https://doi.org/10.18632/
oncotarget.16731.

50. Xu K, Chen G, Qiu Y, Yuan Z, Li H, Yuan X, Sun J, Xu 
J, Liang X, Yin P. miR-503-5p confers drug resistance by 
targeting PUMA in colorectal carcinoma. Oncotarget. 2017; 
8:21719–21732. https://doi.org/10.18632/oncotarget.15559.

51. Hientz K, Mohr A, Bhakta-Guha D, Efferth T. The role of 
p53 in cancer drug resistance and targeted chemotherapy. 
Oncotarget. 2017; 8:8921–8946. https://doi.org/10.18632/
oncotarget.13475.

52. Dai Y, Jin S, Li X, Wang D. The involvement of Bcl-2 
family proteins in AKT-regulated cell survival in cisplatin 
resistant epithelial ovarian cancer. Oncotarget. 2017; 
8:1354–1368. https://doi.org/10.18632/oncotarget.13817.

53. Hari Y, Harashima N, Tajima Y, Harada M. Bcl-xL 
inhibition by molecular-targeting drugs sensitizes human 
pancreatic cancer cells to TRAIL. Oncotarget. 2015; 
6:41902–41915. https://doi.org/10.18632/oncotarget.5881.

54. Zhou W, Xu J, Gelston E, Wu X, Zou Z, Wang B, Zeng 
Y, Wang H, Liu A, Xu L, Liu Q. Inhibition of Bcl-xL 
overcomes polyploidy resistance and leads to apoptotic cell 
death in acute myeloid leukemia cells. Oncotarget. 2015; 
6:21557–21571. https://doi.org/10.18632/oncotarget.4306.

55. Choudhary GS, Tat TT, Misra S, Hill BT, Smith MR, 
Almasan A, Mazumder S. Cyclin E/Cdk2-dependent 

phosphorylation of Mcl-1 determines its stability and 
cellular sensitivity to BH3 mimetics. Oncotarget. 2015; 
6:16912–16925. https://doi.org/10.18632/oncotarget.4857.

56. Choudhary GS, Al-Harbi S, Mazumder S, Hill BT, Smith 
MR, Bodo J, Hsi ED, Almasan A. MCL-1 and BCL-xL-
dependent resistance to the BCL-2 inhibitor ABT-199 can 
be overcome by preventing PI3K/AKT/mTOR activation 
in lymphoid malignancies. Cell Death  Dis. 2015; 6:e1593.

57. Singh V, Ram M, Kumar R, Prasad R, Roy BK, Singh KK. 
Phosphorylation: implications in cancer. Protein J. 2017; 
36:1–6.

58. Nifoussi SK, Ratcliffe NR, Ornstein DL, Kasof G, Strack 
S, Craig RW. Inhibition of protein phosphatase 2A (PP2A) 
prevents Mcl-1 protein dephosphorylation at the Thr-163/
Ser-159 phosphodegron, dramatically reducing expression 
in Mcl-1-amplified lymphoma cells. J Biol Chem. 2014; 
289:21950–21959.

59. Liu Y, Zhang Z, Song T, Liang F, Xie M, Sheng H. 
Resistance to BH3 mimetic S1 in SCLC cells that 
up-regulate and phosphorylate Bcl-2 through ERK1/2. Br 
J Pharmacol. 2013; 169:1612–1623.

60. Yang H, Xie Y, Yang D, Ren D. Oxidative stress-induced 
apoptosis in granulosa cells involves JNK, p53 and Puma. 
Oncotarget. 2017; 8:25310–25322. https://doi.org/10.18632/
oncotarget.15813.

61. Kim EM, Park JK, Hwang SG, Kim WJ, Liu ZG, Kang 
SW, Um HD. Nuclear and cytoplasmic p53 suppress cell 
invasion by inhibiting respiratory complex-I activity via 
Bcl-2 family proteins. Oncotarget. 2014; 5:8452–8465. 
https://doi.org/10.18632/oncotarget.2320.

62. Zhang YK, Zhang H, Zhang GN, Wang YJ, Kathawala RJ, 
Si R, Patel BA, Xu J, Chen ZS. Semi-synthetic ocotillol 
analogues as selective ABCB1-mediated drug resistance 
reversal agents. Oncotarget. 2015; 6:24277–24290. https://
doi.org/10.18632/oncotarget.4493.

63. Qiu JG, Zhang YJ, Li Y, Zhao JM, Zhang WJ, Jiang QW, 
Mei XL, Xue YQ, Qin WM, Yang Y, Zheng DW, Chen Y, 
Wei MN, et al. Trametinib modulates cancer multidrug 
resistance by targeting ABCB1 transporter. Oncotarget. 
2015; 6:15494–15509. https://doi.org/10.18632/
oncotarget.3820.

64. Su L, Fu L, Li Y, Yang F, Zhang M, Hu D. Disruption 
of the association between drug transporter and actin 
cytoskeleton abolishes drug resistance in hypertrophic scar. 
Oncotarget. 2017; 8:2617–2627. https://doi.org/10.18632/
oncotarget.13734.

65. Amacher DE. The regulation of human hepatic drug 
transporter expression by activation of xenobiotic-sensing 
nuclear receptors. Expert Opin Drug Metab Toxicol. 2016; 
12:1463–1477.

66. Gameiro M, Silva R, Rocha-Pereira C, Carmo H, Carvalho 
F, Bastos ML, Remiao F. Cellular Models and in vitro 
assays for the screening of modulators of P-gp, MRP1 and 
BCRP. Molecules. 2017; 22:600.

https://doi.org/10.18632/aging.100443
https://doi.org/10.18632/aging.100443
https://doi.org/10.18632/oncotarget.13352
https://doi.org/10.18632/oncotarget.13352
https://doi.org/10.18632/oncotarget.12758
https://doi.org/10.18632/oncotarget.12758
https://doi.org/10.18632/aging.100934
https://doi.org/10.18632/aging.100934
https://doi.org/10.18632/oncotarget.16931
https://doi.org/10.18632/oncotarget.16931
https://doi.org/10.18632/oncotarget.16731
https://doi.org/10.18632/oncotarget.16731
https://doi.org/10.18632/oncotarget.15559
https://doi.org/10.18632/oncotarget.13475
https://doi.org/10.18632/oncotarget.13475
https://doi.org/10.18632/oncotarget.13817
https://doi.org/10.18632/oncotarget.5881
https://doi.org/10.18632/oncotarget.4306
https://doi.org/10.18632/oncotarget.4857
https://doi.org/10.18632/oncotarget.15813
https://doi.org/10.18632/oncotarget.15813
https://doi.org/10.18632/oncotarget.2320
https://doi.org/10.18632/oncotarget.4493
https://doi.org/10.18632/oncotarget.4493
https://doi.org/10.18632/oncotarget.3820
https://doi.org/10.18632/oncotarget.3820
https://doi.org/10.18632/oncotarget.13734
https://doi.org/10.18632/oncotarget.13734


Oncotarget113032www.impactjournals.com/oncotarget

67. Jeong CB, Kim HS, Kang HM, Lee YH, Zhou B, Choe 
J, Lee JS. Genome-wide identification of ATP-binding 
cassette (ABC) transporters and conservation of their 
xenobiotic transporter function in the monogonont rotifer 
(Brachionus koreanus). Comp Biochem Physiol Part D 
Genomics Proteomics. 2017; 21:17–26.

68. Baran Y, Gür B, Kaya P, Ural AU, Avcu F, Gündüz U. 
Upregulation of multi drug resistance genes in doxorubicin 
resistant human acute myelogeneous leukemia cells and 
reversal of the resistance. Hematology. 2007; 12:511–517.

69. Noguchi K, Katayama K, Sugimoto Y. Human ABC 
transporter ABCG2/BCRP expression in chemoresistance: 
basic and clinical perspectives for molecular cancer 
therapeutics. Pharmgenomics Pers Med. 2014; 7:53–64.

70. Munoz M, Henderson M, Haber M, Norris M. Role of the 
MRP1/ABCC1 multidrug transporter protein in cancer. 
IUBMB Life. 2007; 59:752–757.

71. Chen M, Li D, Gong N, Wu H, Su C, Xie C, Xiang H, Lin C, 
Li X. miR-133b down-regulates ABCC1 and enhances the 
sensitivity of CRC to anti-tumor drugs. Oncotarget. 2017; 
8:52983–52994. https://doi.org/10.18632/oncotarget.17677.

72. McKearn JP, McCubrey J, Fagg B. Enrichment of 
hematopoietic precursor cells and cloning of multipotential 
B-lymphocyte precursors. Proc Natl Acad Sci U S A. 1985; 
82:7414–7418.

73. Blalock WL, Navolanic PM, Steelman LS, Shelton JG, 
Moye PW, Lee JT, Franklin RA, Mirza A, McMahon M, 
White MK, McCubrey JA. Requirement for the PI3K/Akt 
pathway in MEK1-mediated growth and prevention of 
apoptosis: identification of an Achilles heel in leukemia. 
Leukemia. 2003; 17:1058–1067.

74. McCubrey J, Steelman L, Wang X, Algate P, Hoyle P, White 
C, Davidian E, Prevost K, Robbins P, Mylott D, White M. 
Differential-effects of viral and cellular oncogenes on the 
growth factor-dependency of hematopoietic-cells. Int J 
Oncol. 1995; 7:295–310.

75. Shelton JG, Steelman LS, Lee JT, Knapp SL, Blalock WL, 
Moye PW, Franklin RA, Pohnert SC, Mirza AM, McMahon 
M, McCubrey JA. Effects of the RAF/MEK/ERK and 
PI3K/AKT signal transduction pathways on the abrogation 
of cytokine-dependence and prevention of apoptosis in 
hematopoietic cells. Oncogene. 2003; 22:2478–2492.

76. Algate PA, McCubrey JA. Autocrine transformation 
of hemopoietic cells resulting from cytokine message 
stabilization after intracisternal A particle transposition. 
Oncogene. 1993; 8:1221–1232.

77. Mayo MW, Wang XY, Algate PA, Arana GF, Hoyle PE, 
Steelman LS, McCubrey JA. Synergy between AUUUA 
motif disruption and enhancer insertion results in autocrine 
transformation of interleukin-3-dependent hematopoietic 
cells. Blood. 1995; 86:3139–3150.

78. McCubrey J, Holland G, McKearn J, Risser R. Abrogation 
of factor-dependence in two IL-3-dependent cell lines can 
occur by two distinct mechanisms. Oncogene Res. 1989; 
4:97–109.

79. McCubrey JA, Abrams SL, Ligresti G, Misaghian N, 
Wong EW, Steelman LS, Bäsecke J, Troppmair J, Libra 
M, Nicoletti F, Molton S, McMahon M, Evangelisti C, 
et al. Involvement of p53 and Raf/MEK/ERK pathways 
in hematopoietic drug resistance. Leukemia. 2008; 
22:2080–2090.

80. Abrams SL, Ruvolo PP, Ruvolo VR, Ligresti G, Martelli 
AM, Cocco L, Ratti S, Tafuri A, Steelman LS, Candido S, 
Libra M, McCubrey M. Targeting signaling and apoptotic 
pathways involved in chemotherapeutic drug-resistance of 
hematopoietic cells. Oncotarget. 2017; 8:76525–76557. 
https://doi.org/10.18632/oncotarget.20408.

81. McCubrey JA, Steelman LS, Franklin RA, Abrams SL, 
Chappell WH, Wong EW, Lehmann BD, Terrian DM, 
Basecke J, Stivala F, Libra M, Evangelisti C, Martelli 
AM. Targeting the RAF/MEK/ERK, PI3K/AKT and p53 
pathways in hematopoietic drug resistance. Adv Enzyme 
Regul. 2007; 47:64–103.

82. Zhang L, Wu C, Hoffman RM. Prostate cancer 
heterogeneous high-metastatic multi-organ-colonizing 
chemo-resistant variants selected by serial metastatic 
passage in nude mice are highly enriched for multinucleate 
giant cells. PLoS One. 2015; 10:e0140721.

83. Cory JG, Cory AH, Lorico A, Rappa G, Sartorelli AC. 
Altered efflux properties of mouse leukemia L1210 cells 
resistant to 4-methyl-5-amino-1-formylisoquinoline 
thiosemicarbazone. Anticancer Res. 1997; 17:3185–3193.

84. Forster S, Thumser AE, Hood SR, Plant N. Characterization 
of rhodamine-123 as a tracer dye for use in in vitro drug 
transport assays. PLoS One. 2012; 7:e33253.

85. Daoud R, Kast C, Gros P, Georges E. Rhodamine 123 binds 
to multiple sites in the multidrug resistance protein (MRP1). 
Biochemistry. 2000; 39:15344–15352.

86. Dai Y, Liu S, Zhang WQ, Yang YL, Hang P, Wang H, Cheng 
L, Hsu PC, Wang YC, Xu Z, Jablons DM, You L. YAP1 
regulates ABCG2 and cancer cell side population in human 
lung cancer cells. Oncotarget. 2017; 8:4096–4109. https://
doi.org/10.18632/oncotarget.13686.

87. Zhang Y, Wang SX, Ma JW, Li HY, Ye JC, Xie SM, Du 
B, Zhong XY. EGCG inhibits properties of glioma stem-
like cells and synergizes with temozolomide through 
downregulation of P-glycoprotein inhibition. J Neurooncol. 
2015; 121:41–52.

88. Zhao L, Zhao Y, Schwarz B, Mysliwietz J, Hartig R, 
Camaj P, Bao Q, Jauch KW, Guba M, Ellwart JW, Nelson 
PJ, Bruns CJ. Verapamil inhibits tumor progression of 
chemotherapy-resistant pancreatic cancer side population 
cells. Int J Oncol. 2016; 49:99–110.

89. Christgen M, Ballmaier M, Bruchhardt H, von Wasielewski 
R, Kreipe H, Lehmann U. Identification of a distinct side 
population of cancer cells in the Cal-51 human breast 
carcinoma cell line. Mol Cell Biochem. 2007; 306:201–212.

90. Chiarini F, Grimaldi C, Ricci F, Tazzari PL, Evangelisti 
C, Ognibene A, Battistelli M, Falcieri E, Melchionda 
F, Pession A, Pagliaro P, McCubrey JA, Martelli AM. 

https://doi.org/10.18632/oncotarget.17677
https://doi.org/10.18632/oncotarget.20408
https://doi.org/10.18632/oncotarget.13686
https://doi.org/10.18632/oncotarget.13686


Oncotarget113033www.impactjournals.com/oncotarget

Activity of the novel dual phosphatidylinositol 3-kinase/
mammalian target of rapamycin inhibitor NVP-BEZ235 
against T-cell acute lymphoblastic leukemia. Cancer Res. 
2010; 70:8097–8107.

91. Moye PW, Blalock WL, Hoyle PE, Chang F, Franklin 
RA, Weinstein-Oppenheimer C, Pearce M, Steelman 
L, McMahon M, McCubrey JA. Synergy between Raf 
and BCL2 in abrogating the cytokine dependency of 
hematopoietic cells. Leukemia. 2000; 14:1060–1079.

92. Blalock WL, Moye PW, Chang F, Pearce M, Steelman LS, 
McMahon M, McCubrey JA. Combined effects of aberrant 
MEK1 activity and BCL2 overexpression on relieving the 
cytokine dependency of human and murine hematopoietic 
cells. Leukemia. 2000; 14:1080–1096.

93. Yu B, Gu D, Zhang X, Li J, Liu B, Xie J. GLI1-mediated 
regulation of side population is responsible for drug 
resistance in gastric cancer. Oncotarget. 2017; 8:27412–
27427. https://doi.org/10.18632/oncotarget.16174.

94. Bhagwandin VJ, Bishop JM, Wright WE, Shay JW. 
The metastatic potential and chemoresistance of 
human pancreatic cancer stem cells. PLoS One. 2016; 
11:e0148807.

95. Wang H, Jia XH, Chen JR, Yi YJ, Wang JY, Li YJ, Xie SY. 
HOXB4 knockdown reverses multidrug resistance of human 
myelogenous leukemia K562/ADM cells by downregulating 
P-gp, MRP1 and BCRP expression via PI3K/Akt signaling 
pathway. Int J Oncol. 2016; 49:2529–2537.

96. Chiarini F, Del Sole M, Mongiorgi S, Gaboardi GC, 
Cappellini A, Mantovani I, Follo MY, McCubrey JA, 
Martelli AM. The novel Akt inhibitor, perifosine, 
induces caspase-dependent apoptosis and downregulates 
P-glycoprotein expression in multidrug-resistant human 
T-acute leukemia cells by a JNK-dependent mechanism. 
Leukemia. 2008; 22:1106–1116.

97. Tazzari PL, Cappellini A, Ricci F, Evangelisti C, Papa V, 
Grafone T, Martinelli G, Conte R, Cocco L, McCubrey 
JA, Martelli AM. Multidrug resistance-associated protein 
1 expression is under the control of the phosphoinositide 

3 kinase/Akt signal transduction network in human acute 
myelogenous leukemia blasts. Leukemia. 2007; 21:427–438.

98. Chen P, Jin Q, Fu Q, You P, Jiang X, Yuan Q, Huang H. 
Induction of multidrug resistance of acute myeloid leukemia 
cells by cocultured stromal cells via upregulation of the 
PI3K/Akt signaling pathway. Oncol Res. 2016; 24:215–223.

99. Scheid MP, Duronio V. Dissociation of cytokine-induced 
phosphorylation of Bad and activation of PKB/akt: 
involvement of MEK upstream of Bad phosphorylation. 
Proc Natl Acad Sci USA. 1998; 95:7439–7444.

100. Scheid MP, Schubert KM, Duronio V. Regulation of bad 
phosphorylation and association with Bcl-x(L) by the 
MAPK/Erk kinase. J Biol Chem. 1999; 274:31108–31113.

101. Ruvolo PP, Deng X, May WS. Phosphorylation of Bcl2 and 
regulation of apoptosis. Leukemia. 2001; 15:515–522.

102. Domina AM, Vrana JA, Gregory MA, Hann SR, Craig RW. 
MCL1 is phosphorylated in the PEST region and stabilized 
upon ERK activation in viable cells, and at additional sites 
with cytotoxic okadaic acid or taxol. Oncogene. 2004; 
23:5301–5315.

103. Tamura Y, Simizu S, Osada H. The phosphorylation status 
and anti-apoptotic activity of Bcl-2 are regulated by ERK 
and protein phosphatase 2A on the mitochondria. FEBS 
Lett. 2004; 569:249–255.

104. Simizu S, Tamura Y, Osada H. Dephosphorylation of Bcl-2 
by protein phosphatase 2A results in apoptosis resistance. 
Cancer Sci. 2004; 95:266–270.

105. Konopleva M, Contractor R, Tsao T, Samudio I, Ruvolo PP, 
Kitada S, Deng X, Zhai D, Shi YX, Sneed T, Verhaegen 
M, Soengas M, Ruvolo VR, et al. Mechanisms of apoptosis 
sensitivity and resistance to the BH3 mimetic ABT-737 in 
acute myeloid leukemia. Cancer Cell. 2006; 10:375–388.

106. O’Reilly LA, Kruse EA, Puthalakath H, Kelly PN, 
Kaufmann T, Huang DC, Strasser A. MEK/ERK-mediated 
phosphorylation of Bim is required to ensure survival of 
T and B lymphocytes during mitogenic stimulation. J 
Immunol. 2009; 183:261–269.

https://doi.org/10.18632/oncotarget.16174

