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The inhibition of ABCB1/
MDR1 or ABCG2/BCRP enables 
doxorubicin to eliminate liver 
cancer stem cells
Wang Yin1,13, Dongxi Xiang2,3,4,13, Tao Wang5,6, Yumei Zhang1, Cuong V. Pham1, 
Shufeng Zhou7, Guoqin Jiang8, Yingchun Hou9, Yimin Zhu10, Yinglu Han11, Liang Qiao12, 
Phuong H.‑L. Tran1* & Wei Duan1*

Two ATP‑binding cassette transporters, ABCB1/MDR1 and ABCG2/BCRP, are considered the most 
critical determinants for chemoresistance in hepatocellular carcinoma. However, their roles in the 
chemoresistance in liver cancer stem cells remain elusive. Here we explored the role of inhibition 
of MDR1 or ABCG2 in sensitizing liver cancer stem cells to doxorubicin, the most frequently used 
chemotherapeutic agent in treating liver cancer. We show that the inhibition of MDR1 or ABCG2 in 
Huh7 and PLC/PRF/5 cells using either pharmacological inhibitors or RNAi resulted in the elevated 
level of intracellular concentration of doxorubicin and the accompanied increased apoptosis as 
determined by confocal microscopy, high‑performance liquid chromatography, flow cytometry, and 
annexin V assay. Notably, the inhibition of MDR1 or ABCG2 led to the reversal of the chemoresistance, 
as evident from the enhanced death of the chemoresistant liver cancer stem cells in tumorsphere‑
forming assays. Thus, the elevation of effective intracellular concentration of doxorubicin via the 
inhibition of MDR1 or ABCG2 represents a promising future strategy that transforms doxorubicin from 
a traditional chemotherapy agent into a robust killer of liver cancer stem cells for patients undergoing 
transarterial chemoembolization.

Abbreviations
HCC  Hepatocellular carcinoma
LCSC  Liver cancer stem cells
CSC  Cancer stem cells
DOX  Doxorubicin
ABC transporter  ATP‐binding cassette transporter
ABCB1/MDR1  ATP-binding cassette sub-family B member 1/multidrug resistance protein 1
ABCG2/BCRP  ATP-binding cassette sub-family G member 2/breast cancer resistance protein
FSC  Forward scatter
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SSC  Side scatter
EpCAM  Epithelial cell adhesion molecule

Hepatocellular carcinoma (HCC) accounts for the fourth leading cause of cancer mortality with a rising 
 incidence1. One of the major causes of chemotherapy failure in the treatment of HCC is multi-drug  resistance2. 
Accumulating evidence has demonstrated that a small subset of liver cancer cells, termed liver cancer stem cells 
(LCSCs), are responsible for the initiation, propagation, maintenance, and chemoresistance of  HCC3–5. Doxoru-
bicin (DOX) is the most frequently used chemotherapeutic agent in the treatment of  HCC1. However, its utility 
is limited by pre-existing and acquired  chemoresistance6. Indeed, DOX used in both systemic and local therapies 
for HCC has limited efficacy as it kills the tumor bulk but fails to eliminate the cancer stem cell population of 
HCC. Thus, cancer progression inevitably  follows7. Therefore, treatments that can effectively eliminate CSCs are 
urgently needed to improve the survival of patients’ with HCC. The ATP binding cassette (ABC) transporters 
have been identified as one of the causal factors underlying multi-drug  resistance8,9. Among the 48 known ABC 
transporters, the multi-drug resistance protein 1 (MDR1, ABCB1, P-glycoprotein) and the ABC-subfamily G 
member 2 (ABCG2, BCRP1) are reported as the two most important determinants for the multi-drug resistance 
to chemotherapy in  HCC2,10.

MDR1 is overexpressed in 80% of HCC  cases11, and its overexpression is associated with the reduction of 
overall survival. Moreover, the expression of MDR1 constitutes a prognostic factor after surgical resection in 
patients with  HCC12. On the other hand, ABCG2 has been regarded as the molecular determinant of the side 
population phenotype, which is a surrogate marker for CSC in  HCC13. In addition, ABCG2 has been shown as 
an LCSC marker and is implicated in the development of chemoresistance in  LCSCs14. Previous studies have 
shown that the inhibition of MDR1 or ABCG2 leads to sensitizing HCC cells to  DOX14,15. However, many factors 
contribute to the resistance of LCSCs to chemotherapy, including microenvironmental stimuli, tumor dormancy, 
enhanced expression of ABC transporters, activation of DNA damage repair and autophagy, as well as the infec-
tion of hepatitis B virus (HBV) and hepatitis C virus (HCV)16,17. Whether the inhibition of the ABC transporter 
MDR1 or ABCG2 can reverse the resistance of LCSCs to DOX remains elusive. In this study, two HCC cell lines 
Huh7 and PLC/PRF/5 were used to represent HCC cells with different expression patterns of MDR1 and ABCG2, 
as well as the differential expression of LCSC markers (epithelial adhesion molecule (EpCAM) and CD133). In 
addion, these two cell lines represent different pathological backgrounds in that PLC/PRF/5 cells were derived 
from a patient infected with HBV whereas Huh7 cells are HBV-free. Here, we show that the inhibition of MDR1 
or ABCG2 via pharmacological inhibitors or RNAi resulted in the increased intracellular concentration of DOX, 
which in turn enabled DOX to eradicate LCSCs and overcame chemoresistance. Thus, as long as sufficient intra-
cellular concentration is achieved, DOX is able to eliminate LCSCs, in sharp contrast to the popular belief that 
chemotherapeutic agents are generally unable to eradicate  CSC18,19.

Results
The expression of MDR1 and ABCG2 is elevated in the CSC population of HCC cells. The 
expression of ATP‐binding cassette (ABC) superfamily transporters in LCSCs has been implicated in the chem-
oresistance in patients with  HCC20. However, there is a paucity of experimental evidence on the overexpression 
of ABC superfamily transporters in LCSCs, which can be phenotypically defined as the cells expressing both 
EpCAM and CD133  (EPCAM+–CD133+) in Huh7 and PLC/PRF/5 human HCC  cells21–27.

We started our flow cytometry analysis by first excluding cell debris, dead cells, and clumped cells with for-
ward scatter (FSC) and side scatter (SSC) via a gating strategy shown in Fig. 1a. MDR1 was expressed in more 
than 18.1% of bulk Huh7 cells and less than 1% of the bulk PLC/PRF/5 cells (Quadrant 1 + Quadrant 4 in Fig. 1b). 
ABCG2 was found to express more frequently in the bulk PLC/PRF/5 cells (17.63%) than that in Huh7 cells 
(6.08%) (Quadrant 1 + Quadrant 2 in Fig. 1b). Next, based on immunophenotypes, LCSCs were defined as cells 
that are  EpCAM+–CD133+ (cells in Quadrant 1 in Fig. 1c1,d1). As shown in Fig. 1, MDR1 and ABCG2 were most 
abundantly expressed in the  EpCAM+–CD133+ subpopulation of the two cell types and least abundant in their 
 EpCAM––CD133− subpopulation, which is considered as the non-CSC population (Fig. 1c2–4,d2–4). Also, the 
percentage of  EpCAM+–CD133+ cells in Huh7 cells is much higher than that in the PLC/PRF/5 cells (49.7% and 
0.77%, respectively, Fig. 1c3,d3). The specificity of the immunophenotyping was confirmed by the fact that over 
99.9% of the cells exhibited negligible binding to the isotype-matched negative control antibodies (Fig. 1e,f).

The extrusion of DOX is enhanced in  EpCAM+–CD133+ LCSCs. DOX is a substrate of both MDR1 
and  ABCG228. Having shown the increased expression of MDR1 and ABCG2 on the  EpCAM+–CD133+ sub-
population of the HCC cells and confirmed their capacity to extrude the respective substrates calcein-AM and 
Hoechst 33342 (Supplementary Fig. S1), we proceeded to determine if the increased expression of MDR1 and 
ABCG2 in the  EpCAM+–CD133+ LCSCs is associated with the reduction in cellular DOX accumulation. To this 
end, the cellular accumulation of DOX was studied via the determination of intracellular fluorescence of DOX 
using flow cytometry in the bulk liver cancer cells or their CSC subpopulations. As demonstrated in Fig. 2, after 
treatment of DOX for 24 h, the percentage of DOX-positive cells (Fig. 2a), as well as the medium intracellular 
DOX fluorescence intensity (Fig. 2b), were significantly lower in the  EpCAM+–CD133+ subpopulation of cells 
compared to that in the tumor bulk (p < 0.01), indicating the greater capacity of  EpCAM+–CD133+ Huh7 and 
PLC/PRF/5 cells in extruding DOX.

Inhibitors to MDR1 or ABCG2 are able to reverse DOX efflux in LCSCs. Pharmacological inhibi-
tion of drug efflux pumps including MDR1 and ABCG2 has been frequently employed in studying multi-drug 
resistance. Valspodar (PSC833) and ko143 are selective MDR1 and ABCG2 inhibitors,  respectively29,30. To verify 
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Figure 1.  Expression of MDR1 and ABCG2 in the liver cancer stem cell (LCSC) population of Huh7 and PLC/
PRF/5 cells. (a) The gating of viable cells using forward scatter (FSC) and side scatter (SSC). (b) The percentage 
of  MDR1+ and  ABCG2+ expression in the bulk tumor population. (c1,d1) The percentage of LCSC markers 
EpCAM and CD133 in the bulk tumor population. The cells shown in (c1) and (d1) were divided into four 
quadrants (Q1, Q2, Q3 and Q4). (c2–c5,d2–d5) The expression of MDR1 and ABCG2 in the cells from Q1, Q2, 
Q3 and Q4 of (c1) and (d1) was determined. The Huh7 and PLC/PRF/5 cells were stained with IgG isotype-
matched control antibodies of (e) EpCAM and CD133 and (f) MDR1 and ABCG2. Horizontal and vertical axes 
denote expression intensity. One representative experiment of three is shown.
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if MDR1 and ABCG2 play critical roles in DOX efflux in LCSCs, we incubated HCC cells with DOX plus valspo-
dar or ko143 to examine if such treatments lead to increased DOX accumulation in the bulk and the  EpCAM+–
CD133+ HCC cells using flow cytometry. Indeed, the inhibition of MDR1 with valspodar and inhibition of 
ABCG2 with ko143 led to the increased percentage of DOX-positive cells (Fig. 3a) as well as elevated mean 
intracellular DOX fluorescence intensity (Fig. 3b) in the bulk and  EpCAM+–CD133+ Huh7 and PLC/PRF/5 cells. 
Specifically, the treatment of valspodar in the presence of DOX resulted in a 2.62-fold and 0.74-fold increase 
in DOX positive cells in the bulk Huh7 and PLC/PRF/5 cells, respectively, compared to that in the DOX-only 
control (p < 0.01). Such reduction in DOX efflux was more prominent in their  EpCAM+–CD133+ subpopulation 
as evident from a 4.77-fold (Huh7) and 1.88-fold (PLC/PRF/5) increase in the percentage of DOX-positive cells 
compared to that in DOX-only control (p < 0.001, Fig. 3a). The suppression of DOX efflux by MDR1 inhibitor 
was further corroborated by the increased intracellular DOX fluorescence intensity in valspodar-treated cells 
compared to that in DOX-only control (p < 0.001, Fig. 3b), demonstrating that the inhibition of MDR1 reduced 
DOX efflux in both the bulk and  EpCAM+–CD133+ population of Huh7 and PLC/PRF/5 cells.

By the same token, the inhibition of ABCG2 using ko143 also resulted in an increased percentage of DOX-
positive cells and intracellular DOX fluorescence intensity in the bulk and  EpCAM+–CD133+ population of Huh7 
and PLC/PRF/5 cells, respectively (p < 0.05, Fig. 3a,b). Notably, in Huh7 cells, the magnitude of increase in the 
cellular accumulation of DOX after the inhibition of ABCG2 with ko143 was not as pronounced as that treated 
with the MDR1 inhibitor valspodar, which may be explained, at least in part, by the approximately six-fold lower 
expression of ABCG2 on Huh7 cells compared to that on PLC/PRF/5 cells (Fig. 1b). The representative flow 
cytometric diagrams demonstrating the accumulation of DOX in the bulk and the  EpCAM+–CD133+ population 
of Huh7 and PLC/PRF/5 cells are shown in Supplementary Fig. S2.

Next, alternative methodologies, i.e. confocal microscopy and high-performance liquid chromatography, were 
employed to confirm the valspodar and verapamil’s capacity in suppressing DOX efflux in the bulk HCC cells 
(Supplementary Figs. S3–S5). Interestingly, the fold of change in the intracellular concentration of DOX before 
and after the treatment of pharmacological inhibitors to MDR1 or ABCG2 was much less pronounced in the 
non-CSC subpopulations of cells  (EpCAM+–CD133−,  EpCAM––CD133+, and  EpCAM−–CD133−) in both Huh7 
and PLC/PRF/5 cells compared with that in the  EpCAM+–CD133+ subpopulations of these cells (Supplementary 
Fig. S6). Thus, we have established a causal relationship between the inhibition of MDR1 and ABCG2 and the 
reversal of DOX efflux via three independent yet complementary experimental approaches.

Downregulation of MDR1 or ABCG2 via RNAi inhibits DOX efflux in LCSCs. One of the limita-
tions inherent in the use of pharmacological inhibitors is the lack of specificity. For example, at a high dose, vera-
pamil also inhibits ABCG2 and multi-drug resistance protein 1 (MRP1)31,32. Likewise, ko143 can inhibit both 
MDR1 and MRP1 at high concentrations (> 1 µM)33. Therefore, we adopted a molecular biological approach to 
down-regulate the expression of MDR1 and ABCG2 using RNA interference (RNAi) to verify the role of MDR1 
and ABCG2 in the efflux of DOX in LCSCs.

Figure 2.  Robust extrusion of doxorubicin (DOX) by  EpCAM+–CD133+ population of Huh7 and PLC/PRF/5 
cells. The Huh7 or PLC/PRF/5 cells were treated with 200 nM or 100 nM of DOX for 24 h, respectively. The 
percentage of DOX fluorescence-positive cells (a), as well as the intracellular DOX fluorescence expressed as the 
median fluorescence intensity (b) in the bulk and the  EpCAM+–CD133+ population of Huh7 and PLC/PRF/5 
cells, were determined using flow cytometry. Data shown are means ± SD, (n = 3). ****p < 0.0001; ***p < 0.001; 
**p < 0.01; compared with the bulk population of Huh7 and PLC/PRF/5 cells respectively.
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As determined by quantitative reverse transcription PCR assay (Supplementary Fig. S7), treatment of cells 
with the siRNA against MDR1 for 48 h led to a ~ 78% reduction of MDR1 mRNA in both Huh7 and PLC/PRF/5 
cells, while the treatment of cells with siRNA against ABCG2 led to a 71% and 81% reduction on ABCG2 mRNA 
in Huh7 and PLC/PRF/5 cells, respectively. There was a corresponding reduction in at least 71% of MDR1 and 
ABCG2 protein in these two cell lines 48 h after RNAi as determined by Western blotting (Supplementary 
Fig. S7). Next, cells were subject to RNAi against MDR1 or ABCG2 for 6 h followed by a further 42 h culture 
in the fresh culture medium to suppress the expression of MDR1 and ABCG2 followed by the incubation with 
DOX for a further 24 h. The intracellular DOX, along with the immunophenotyping, was quantified by flow 
cytometry. As expected, the downregulation of MDR1 resulted in at least a 1.52-fold increase in both the per-
centage of DOX-positive cells and the intracellular DOX intensity in the bulk and  EpCAM+–CD133+ Huh7 cells.

Similarly, in the bulk and  EpCAM+–CD133+ PLC/PRF/5 cells treated with siRNA against MDR1, there was 
also an increase (83.7%) in both the percentage of DOX-positive cells and the intracellular DOX intensity, con-
firming the role of MDR1 in the extrusion of DOX. As for ABCG2, its downregulation by RNAi resulted in at 
least a 21.4% increase in the percentage of DOX-positive cells and the intracellular DOX intensity in the bulk and 
 EpCAM+–CD133+ Huh7 cells, as well as at least a 64.9% increase in both the percentage of DOX-positive cells 
and the intracellular DOX intensity in the bulk and  EpCAM+–CD133+ PLC/PRF/5 cells (Fig. 4, Supplementary 
Fig. S8). Taken together, these data indicate an important role of MDR1 and ABCG2 in the efflux of DOX in 
HCC cells in general and in the LCSCs in particular.

In the context of this study, the non-CSCs can be phenotypically defined as the subpopulations of cells that 
are  EpCAM+–CD133−,  EpCAM−–CD133+ or  EpCAM––CD133−. The down-regulation of MDR1 resulted in only 
moderate changes in DOX efflux in these non-CSC subpopulations of both Huh7 and PLC/PRF/5 cells, while 
the knockdown of ABCG2 had little impact on the DOX efflux activities in these non-CSC subpopulations of 
Huh7 cells (Supplementary Fig. S9). The specificity of the RNAi was confirmed by the demonstration that the 
treatment of cells with scrambled siRNAs had little effect on the cellular accumulation of DOX (Fig. 4, Sup-
plementary Fig. S9). Taken together, we have established that the inhibition of MDR1 or ABCG2 using either 
pharmacological inhibitors or RNAi resulted in a significant impairment of the DOX efflux activities in Huh7 
and PLC/PRF/5 cells, especially in the  EpCAM+–CD133+ subpopulation of these HCC cells.

Inhibition of MDR1 or ABCG2 enhances DOX‑induced apoptosis. DOX is known to induce apopto-
sis via intercalating between neighboring DNA base pairs and poisoning the topoisomerase  II34. Having demon-

Figure 3.  Involvement of MDR1 and ABCG2 in doxorubicin (DOX) efflux as determined by pharmacological 
inhibitors. The Huh7 or PLC/PRF/5 cells were treated with 200 nM or 100 nM of DOX in the presence or 
absence of MDR1 inhibitor valspodar (1 µM) or ABCG2 inhibitor ko143 (1 µM) for 24 h followed by flow 
cytometric analysis. (a) Percentage of DOX-positive cells; (b) DOX intensity followed by indicated treatments. 
Data shown are means ± SD, (n = 3). ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; compared with DOX 
treatment.
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strated that the inhibition of MDR1 and ABCG2 resulted in a significant elevation of intracellular levels of DOX, 
we proceeded to investigate the functional consequence of such inhibition in terms of induction of apoptosis 
in the  EpCAM+–CD133+ population of HCC cells. To this end, we analyzed both the early apoptotic events via 
Annexin V assay and the late apoptotic events using the 7-AAD assay. The annexin  V+ cells represent the apop-
totic cells. As shown in Fig. 5, Supplementary Figs. S10 and S11, the inhibition of MDR1 with RNAi or pharma-
cological inhibitor valspodar combined with the treatment of DOX resulted in at least a 1.4-fold increase in the 
percentage of annexin  V+ cells in both the bulk and  EpCAM+–CD133+ Huh7 and PLC/PRF/5 cells compared to 
that in DOX-only treatment, suggesting an increase in apoptosis (p < 0.0001). Similarly, the combined inhibition 
of ABCG2 and DOX treatment resulted in up to a 1.21-fold increase in the percentage of annexin  V+ cells in the 
bulk and  EpCAM+–CD133+ Huh7 and PLC/PRF/5 cells (p < 0.001). Finally, the inhibition of either MDR1 or 
ABCG2 combined with DOX led to an increase in the percentage of annexin  V+ cells in the non-CSC subpopu-
lation of Huh7 and PLC/PRF/5 cells compared with that with DOX-only treatment (p < 0.05) (Supplementary 
Fig. S12). Collectively, the inhibition of either MDR1 or ABCG2 sensitized both the bulk and  EpCAM+–CD133+ 
population of Huh7 and PLC/PRF/5 HCC cells to DOX-induced apoptosis. Interestingly, the ABCG2 inhibition 
was less effective in enhancing DOX-induced apoptosis than the MDR1 inhibition in Huh7 cells.

Inhibition of drug efflux pump converts DOX into a CSC killer. CSCs are functionally defined by 
their abilities to self-renew, differentiate, and form a xenograft that resembles the parent  tumor35. The tumor-
sphere formation assay is a widely used in vitro assay to analyze the self-renewal ability of  CSCs36. The special 
CSCs culture condition entailed in the tumorsphere assay allows only cells with the self-renew capacity to survive 
and form colonies. Sphere-forming cells derived from HCC cell lines and clinical samples have been reported to 
possess CSC properties and are highly resistant to chemotherapeutic agents, including  DOX21,37. Thus, we uti-
lized this gold standard in vitro CSC assay to explore if the inhibition of drug efflux proteins in HCC cells could 
enable a conventional chemotherapy drug to eliminate LCSCs when its intracellular concentration is elevated.

Figure 4.  The downregulation of ABCG2 or MDR1 via RNAi and the intracellular concentration of 
doxorubicin (DOX). Cells were treated with siRNAs (20 nM) against MDR1 or ABCG2 for 6 h followed by a 
further 42 h culture in the fresh culture medium. Then the Huh7 cells or PLC/PRF/5 cells were treated with 200 
nM or 100 nM of DOX for 24 h. The intracellular retention of DOX measured as (a) the percentage of DOX-
positive cells or (b) their intracellular DOX fluorescence intensity was determined via flow cytometry in the 
bulk Huh7 and PLC/PRF/5 cells as well as in their  EpCAM+–CD133+ counterparts. Data shown are means ± SD, 
(n = 3). ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; compared with DOX treatment.
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We began by validating the overexpression of LCSC markers EpCAM and CD133 in the Huh7 and PLC/
PRF/5 sphere-forming cells. The flow cytometry analyses showed that compared with adherent cells, EpCAM 
expression in the sphere-forming cells in Huh7 and PLC/PRF/5 increased by 16.5% and 61.3%, respectively. 
In addition, CD133 expression in the sphere-forming cells in Huh7 and PLC/PRF/5 increased by 27.5% and 
69.1%, respectively, demonstrating the enhanced expression of LCSC markers in the sphere-forming cells (Sup-
plementary Fig. S13). Secondly, we validated our sphere-forming assay using salinomycin, an agent shown to kill 
CSCs effectively in vitro38. As shown in Supplementary Table ST3, the frequency of sphere-forming cells after 
salinomycin treatment was less than 0.3% in both Huh7 and PLC/PRF/5 cells, confirming the validity of the assay 
in the quantification of the stem cell frequency in vitro. Next, we treated the HCC cells with MDR1 inhibitor 
verapamil or valspodar and DOX for 9 days. Interestingly, such combined treatment led to a dramatic decrease in 

Figure 5.  The effect of inhibition of MDR1 and ABCG2 on DOX-induced apoptosis. The cells were treated 
with 1 µM of MDR1 inhibitor valspodar or 1 µM of ABCG2 inhibitor ko143, and doxorubicin (DOX) (200 nM 
for Huh7 and 100 nM for PLC/PRF/5 cells, respectively) for 24 h. Alternatively, the cells were treated with 20 
nM siRNA to MDR1 or ABCG2 for 6 h, followed by a further 42 h culture in the fresh culture medium. Then 
the Huh7 cells or PLC/PRF/5 cells were treated with 200 nM or 100 nM of DOX for 24 h. The total percentage 
of apoptotic cells as defined by the combination of 7-AAD−/Annexin  V+ and 7-AAD+/Annexin  V+ cells are 
shown for (a) bulk Huh7 cells, (b) bulk PLC/PRF/5 cells, (c)  EpCAM+–CD133+ Hun7 cells as well as (d) 
 EpCAM+-CD133+ PLC/PRF/5 cells. Data shown are mean ± SD, n = 3. ****p < 0.0001; ***p < 0.001; **p < 0.01; 
*p < 0.05; compared with DOX-only treatment.
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the percentage of sphere-forming cells by more than 90.7% compared to that in DOX-only treatment (p < 0.001) 
in Huh7 (Fig. 6). Complete elimination of tumorsphere-forming cells was observed in the verapamil or valspodar 
plus DOX treatment in PLC/PRF/5 cells (Fig. 6). To corroborate the results from pharmacological inhibitors, we 
used RNAi to downregulate the expression of MDR1 by approximately 70%, followed by the incubation of DOX. 
Such treatment resulted in an 84.8% and 54.5% decrease in the percentage of sphere-forming cells in Huh7 and 
PLC/PRF/5 cells, respectively, compared to that in DOX-only treatment (p < 0.05). As for ABCG2, its inhibition 
followed by the DOX treatment led to an 83% reduction of the frequency of sphere-forming cells in PLC/PRF/5 
cells compared to that in DOX-only treatment (p < 0.001). However, a cell line-specific variation was observed 
in that the inhibition of ABCG2 followed by DOX treatment in Huh7 cells did not result in a statistically signifi-
cant difference in the frequency of sphere-forming cells compared with that in the DOX-only control (p > 0.05) 
(Fig. 6, Supplementary Fig. S12).

Notably, the treatment of pharmacological inhibitors or siRNA against MDR1 or ABCG2 without the subse-
quent incubation with DOX did not lead to a decreased frequency of sphere-forming cells in either Huh7 or PLC/
PRF/5 cells compared to that in the saline treatment control (p > 0.05) (Fig. 6, Supplementary Fig. S12). These 
data demonstrate that, when used alone, neither the inhibition of drug efflux proteins nor DOX was capable of 
killing LCSCs. Surprisingly, however, the same DOX concentration enabled the effective elimination of HCC 
tumor sphere-forming cells when drug efflux pumps were inhibited (Fig. 6, Supplementary Fig. S12). Thus, our 
results demonstrate that the inhibition of MDR1 or ABCG2 can sensitize the Huh7 and PLC/PRF/5 sphere-
forming cells to DOX-induced apoptosis. Taken together, we show that, for the first time, the inhibition of drug 
efflux pumps in HCC cells can transform a classical chemotherapy agent regarded as incapable of eliminating 
CSCs into a robust LCSC killer at least in vitro.

Materials and methods
Cell culture. PLC/PRF/5 cell line (human HCC, ATCC CRL-8024) was purchased from ATCC. Huh7 cell 
line (human HCC, Japanese Collection of Research Bioresources) was kindly provided by Dr. Liang Qiao (Uni-
versity of Sydney, Australia). Cell line authentication was performed by CellBank Australia. The above cells were 
cultured in DMEM medium supplemented with 10% fetal bovine serum and 1 × Glutamax (Life Technologies, 
US) in a humidified atmosphere containing 5%  CO2 at 37 °C.

Determination of MDR1 and ABCG2 expression. Cells were dissociated into single cells, washed with 
PBS containing 0.1% BSA, and stained with indicated antibodies for 20 min at 4 °C. The details of the antibod-
ies and the isotype control antibodies used in this assay are listed in Supplementary Table ST1. After thor-
ough washing with PBS, the cells were stained with 7-AAD for 5 min, and the population of LCSCs (defined as 

Figure 6.  Effect of the inhibition of MDR1 and ABCG2 on the capability of doxorubicin (DOX) in the 
elimination of cancer stem cells in vitro. Huh7 or PLC/PRF/5 cells were treated with either doxorubicin (DOX) 
alone or treated with inhibitors or siRNA to MDR1 or ABCG2 first, followed by DOX treatment as described in 
“Materials and methods” section. Cells were then plated in ultra-low attachment plates at a density of 10, 20, or 
50 cells/well and incubated for 7 days under the condition of in vitro limiting dilution assay to assess the self-
renewal capacity of treated cells. The frequency of tumorsphere-forming cells for Huh7 (a) or PLC/PRF/5 cells 
(b) under indicated treatment is shown. Data presented are mean ± SD, n = 3. *p < 0.05; ***p < 0.001.
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 EpCAM+–CD133+ cells) and the expression of MDR1 and ABCG2 were analyzed via flow cytometry. A mini-
mum of 10,000 events was analyzed for each sample from three independent experiments.

Determination of DOX accumulation. The HCC cell lines were treated with DOX (Sigma, #44583) 
plus verapamil (Sigma, #SML0572) or ko143 (Cayman Chemical, #15215) or siRNA against MDR1 or ABCG2 
mRNA. Supplementary Table ST2 summarizes the sequences of siRNAs used in this study. The cells were then 
trypsinized, and the intracellular DOX accumulation was measured using flow cytometry with excitation at 488 
nm and emission at 585 nm.

Apoptosis assay. The cells were trypsinized and stained with APC/Fire 750 EpCAM antibody (1:20 dilu-
tion), VioBright FITC CD133/1 antibody (1:50 dilution), Pacific Blue Annexin V (Biolegend, #640918, 1:20 
dilution), and 7-AAD (Biolegend, #420404, 1:20 dilution) for 15 min at room temperature in the dark for the 
determination of cell apoptosis. The apoptotic cells were quantified using flow cytometry. The corresponding 
isotype-matched control antibodies were used to control for background fluorescence.

Tumorsphere formation assay. The tumorsphere assay was conducted in Corning Costar Ultra-Low 
attachment plates according to a previously reported  protocol39, as described in Supplementary Materials.

Statistical analysis. All statistical analyses were performed using GraphPad Prism 8.0 (San Diego, US). An 
unpaired t-test was used for comparisons between two experimental groups, and one-way analysis of variance 
(ANOVA) was used for comparisons of more than two groups. All analyses were two-tailed. Data normality 
was tested by Kolmogorov–Smirnov test, and parametrical statistical tests were only carried out if normality 
was confirmed. The homogeneity of variance was tested by Bartlett’s test. The Dunnett or the Tukey post hoc 
tests were conducted to compare every mean to a control mean or with every other mean only if the F value 
in ANOVA achieved p < 0.05, and there was no significant variance inhomogeneity. Otherwise, the data were 
converted to logarithms for further analysis. Unless stated otherwise, all results were averaged from biological 
triplicates, and values are reported as means ± SD. p < 0.05 was considered statistically significant.

Discussion
In this study, we explored the possibility of transforming a traditional chemotherapy drug into a CSC killer via 
the inhibition of MDR1 and ABCG2 in HCC cells, with Huh7 and PLC/PRF/5 cells as a model. We first demon-
strated overexpression of MDR1 and ABCG2 in the  EpCAM+–CD133+ LCSC population. Next, we showed that 
the inhibition of MDR1 or ABCG2 significantly increased the cellular accumulation of DOX in both the bulk of 
the HCC cells and the LCSCs. The combined inhibition of MDR1 or ABCG2 and DOX treatment resulted in a 
substantial elevation of apoptosis cells in the LCSCs than that treated with DOX alone.

To date, a variety of LCSC surface markers have been identified, including  EpCAM40,  CD13341,  CD9042, 
 CD2443,  CD4444 and  CD1345. CD133 has been widely used to isolate LCSCs from either HCC cell lines or 
freshly isolated mouse HCC  tissues46,47.  CD133+ cells have been shown to possess classical CSC properties, 
including enhanced self-renewal, a broader differentiation capacity, high tumorigenicity and clonogenicity, and 
increased expression of stemness  genes41,48.  EpCAM+ HCC cells also display CSC traits, such as enhanced self-
renewal, high tumorigenicity, and resistance to chemotherapy, and natural killer cell-mediated  cytotoxicity49–51. 
Interestingly, although  EpCAM+ HCC cells have been shown to initiate larger tumors compared with their 
EpCAM-negative counterparts in vivo, they were found to express CD133 equally. Chen et al. demonstrated 
that  EpCAM+–CD133+ HCC cells better represent the LCSCs than the  CD133+–EpCAM−,  CD133−–EpCAM+ 
and  CD133−–EpCAM− HCC  cells23. The combination of  EpCAM+–CD133+ as LCSC markers was also success-
fully employed in the isolation and identification of LCSCs by a number of other  laboratories26,52,53. Therefore, 
we adopted the expression of EpCAM and CD133 as a phenotypical marker to define the LCSC population in 
this study.

HCC is characterized by highly intratumoral and interpatient heterogeneity. The Huh7 and PLC/PRF/5 cells 
used in the current study represent HCC cells from different pathological backgrounds, and the cell line hetero-
geneity may be able to mimic, although not completely, the heterogeneity of the primary  cells54. For example, 
they have different expression levels of MDR1 and ABCG2 and CSC markers, EpCAM and CD133, on their 
surface (Fig. 1). Furthermore, the PLC/PRF/5 cell line was derived from a patient infected with the hepatitis 
B virus (HBV). The HBV-encoded X antigen (HBx) is able to promote stemness and chemoresistance via the 
activation of PI3K/AKT signaling  pathway55–57. In contrast, Huh7 was established from a patient without HBV 
 infection58,59. Using different experimental strategies entailing pharmacological inhibitors and RNAi, we show 
that the inhibition of MDR1 effectively sensitized LCSCs to DOX treatment in both Huh7 and PLC/PRF/5 cells. 
Whereas the inhibition of ABCG2 reversed the DOX resistance in liver CSCs in PLC/PRF/5 but to a lesser extent 
in Huh7 (Figs. 4, 5, 6). Such discrepancies could be attributed to the following factors. First, the expression of 
MDR1 was higher than that of ABCG2 in both the bulk and the CSC populations of Huh7. However, the opposite 
was true in PLC/PRF/5 (Fig. 1). Second, in both the bulk and CSC populations of Huh7, the inhibition of MDR1 
resulted in a profound increase in the intracellular concentration of DOX, while the inhibition of ABCG2 had 
only a moderate effect in this regard. In contrast, the inhibition of either MDR1 or ABCG2 in PLC/PRF/5 cells 
had a similar impact on the intracellular retaining of DOX (Figs. 3, 4). Third, the inhibition of MDR1 followed 
by DOX treatment induced more profound apoptosis in the bulk and CSC population of Huh7 cells than that 
upon ABCG2 inhibition (Fig. 5). Fourth, the inhibition of MDR1, but not the inhibition of ABCG2, conferred 
the DOX with the ability to eradicate the tumorsphere-forming cells effectively in Huh7. Nonetheless, the inhibi-
tion of either MDR1 or ABCG2 endowed DOX with the ability to eliminate tumorsphere-forming cells, albeit 
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to a lesser extent in PLC/PRF/5 (Fig. 6). Taken together, our data support the hypothesis that the inhibition of 
MDR1 or ABCG2 enables DOX to eradicate LCSCs regardless of the HBV infection status.

The traditional chemotherapeutic agents mainly kill the rapidly dividing cancer cells. In contrast, quiescent 
CSCs are non-dividing and exist in the G0 phase of the cell cycle and are thus able to evade immune surveil-
lance, resist cytotoxic insults, and repopulate the tumor after  chemotherapy18. Indeed, LCSCs are resistant to 
chemotherapy, making HCC notoriously refractory to most treatment  regimens7,21,37. Chemotherapy has been 
extensively explored in HCC over the past decades but has achieved minimum gain in the improvement of the 
overall survival in patients with HCC so  far19. Via transarterial chemoembolization (TACE), the concentration of 
chemotherapeutic agents within tumors can be 10 to 100 times higher than that after systemic  administration60. 
Randomized trials have suggested an increase in mean survival of 5.8 months in patients treated with TACE 
compared with those underwent systemic  chemotherapy61, indicating the effectiveness of chemotherapeutic 
drug used for HCC treatment. However, evidence regarding the superiority of TACE over transarterial emboli-
zation (TAE) without using any chemotherapeutic agents is still  lacking62. Our data have shown that LCSCs can 
be eliminated by DOX as long as sufficient intracellular accumulation of DOX can be achieved in LCSCs, thus 
justifying the use of DOX for the treatment of HCC.

To assess the clinical potential of eradicating LCSCs via increasing intracellular concentration of DOX, we 
judiciously used DOX concentration approximately five-fold lower than the 50% inhibiting concentration  (IC50) 
reported for the cell line in question. Specifically, we used 200 nM DOX for Huh7 instead of the reported  IC50 
of DOX in Huh7 of 1 μM63, and 100 nM DOX for PLC/PRF/5 instead of the reported  IC50 of 430  nM64. Under 
such a low DOX concentration, we demonstrated that DOX alone could not eliminate tumorsphere-forming 
cells in both HCC cell lines studied. However, after the inhibition of MDR1 with valspodar or verapamil, the 
same low dose of DOX was capable of eradicating the LCSCs as evident from the dramatical drop of the percent-
age of sphere-forming cells from 12.8% to at least 1.19% in Huh7 cells and from 11.65% to zero in PLC/PRF/5 
cells. The fact that increased intracellular concentration of DOX upon treatment of pharmacological inhibitors 
to drug efflux proteins led to the elimination of tumorsphere-forming cells was corroborated by an alternative 
experimental approach of using RNAi to knockdown MDR1 (Figs. 4, 6, Supplementary Table ST3). Similarly, 
the RNAi-mediated knockdown of ABCG2 in PLC/PRF/5 cells led to the transformation of the “incompetent” 
DOX into a robust tumorsphere-forming cell killer (Fig. 6, Supplementary Table ST3).

Treatment with DOX alone or DOX plus inhibitors of drug efflux pumps resulted in different extent in the 
induction of apoptosis in Huh7 and PLC/PRF/5 cells (Fig. 5). Such a difference could be attributed to the distinct 
expression pattern of MDR1 and ABCG2 and the different abundance of the  EpCAM+–CD133+ subpopulation 
in these two cell lines. In addition, PLC/PRF/5 cells were found to possess more substantial self-renewal capacity 
than Huh7 cells as revealed by the in vitro tumorsphere assay, indicating an enhanced stemness of PLC/PRF/5 
cells and thus elevated resistance to  apoptosis65. Finally, compared with Huh7 cells, PLC/PRF/5 cells exhibited 
stronger autophagic activity, which is known to contribute to the resistance to  apoptosis66.

Apart from MDR1 and ABCG2, a few other ABC transporters, including ABCC1 (human ATP-binding 
cassette, subfamily C, member 1) and ABCB5 (human ATP-binding cassette, subfamily B, member 5), are also 
involved in the resistance to  DOX67,68. The expression of ABCC1 in HCC is linked to a more aggressive tumor 
phenotype and reflects a progenitor cell  origin69. Being highly expressed in LCSCs, ABCB5 is associated with 
tumor progression, chemoresistance, and recurrence in patients with  HCC70. Furthermore, the activation of 
autophagy represents another mechanism underlying resistance to DOX treatment in HCC. DOX has been 
reported to trigger autophagy, which plays protective roles in HCC cells to the cytotoxicity of  chemotherapy71. 
Therefore, the inhibition of these ABC transporter molecules and/or autophagy may also augment the anti-cancer 
effect of DOX in patients with HCC.

Among all the ABC transporters, MDR1 and its inhibitors have been most extensively studied. Although 
ample evidence suggests a rationale for using MDR1 inhibitors plus chemotherapy in cancer treatment, none 
of them have proven to provide clinical benefit in  patients72. Moreover, only a few studies on the efficacy of 
using ABCG2 inhibitors to sensitize chemotherapy have been evaluated in clinical trials, but none of them have 
achieved positive clinical outcomes so  far73. The common reasons underlying the failure of these inhibitors 
include safety, in vivo efficacy, and their impact on the metabolism of the chemotherapy drugs. For example, 
inhibitors such as valspodar and zosuquidar change the pharmacokinetics of the DOX by inhibiting the liver 
cytochrome P450 enzyme, leading to an increase in the systemic exposure of  DOX74,75. Since TACE is a local 
treatment of liver cancer, the administration of MDR1 and ABCG2 inhibitors via TACE is expected to enhance 
the efficacy of DOX to kill HCC while minimally affect the systemic exposure of DOX.

Recent studies demonstrated that HCC cells surviving DOX treatment exhibit increased migratory potential 
and decreased susceptibility to further chemotherapeutic treatment, a sign of enrichment of CSC in the total 
tumor cell  populations76. A prevailing view embraced by many cancer researchers holds that DOX is intrinsically 
incapable of eliminating CSCs in solid  cancers77–79. On the contrary, our results suggest that the efficacy of DOX 
in cancer treatment has been underappreciated by the medical fraternity. We show here that as long as one can 
raise the intracellular DOX concentration, DOX may function as an effective CSC eliminator (Supplementary 
Fig. S4, Fig. 6).

In conclusion, our study shows that DOX can function as an effective LCSC eradicator as long as sufficient 
intracellular concentration is achieved in LCSCs. In the clinic, a large portion of HCC patients is diagnosed 
with intermediate HCC and are treated with TACE. Given none of the first-line or second-line agents used in 
systemic therapies are capable of eradicating LCSCs, our findings suggest that a promising future direction to 
improve the survival of patients HCC is to develop smart drug delivery systems for TACE in which the intracel-
lular concentration of DOX in HCC cells is elevated via a combination of pharmacological inhibitors, RNAi, 
antisense oligonucleotides and/or gene editing.
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