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A role for ABCG2 beyond drug transport: Regulation of autophagy

Rui Ding, Shengkan Jin, Kirk Pabon, and Kathleen W. Scotto

Cancer Institute of New Jersey and Robert Wood Johnson Medical School, Rutgers, State University of New Jersey, New Brunswick, NJ, USA

ARTICLE HISTORY
Received 20 August 2015
Revised 1 February 2016
Accepted 9 February 2016

ABSTRACT
The ABC drug transporters, including ABCG2, are well known for their ability to efflux a wide spectrum of
chemotherapeutic agents, thereby conferring a multidrug-resistant phenotype. However, studies over the
past several years suggest that the ABC transporters may play additional role(s) in cell survival in the face
of stress inducers that are not ABCG2 substrates (i.e., nutrient deprivation, ionizing radiation, rapamycin).
The mechanism by which this occurs is largely unknown. In the present study, using several cancer cell
lines and their ABCG2-overexpressing sublines, we show that cells overexpressing ABCG2 were more
resistant to these stressors. This resistance was associated with an elevated level of autophagy flux, as
measured by a higher rate of SQSTM1/p62 degradation and greater accumulation of LC3-II when
compared to parental cells. Knockdown of ABCG2 reduced autophagic activity in resistant cells to a level
similar to that observed in parental cells, confirming that the enhanced autophagy was ABCG2-
dependent. Moreover, using cell viability, apoptosis, and clonogenic assays, we demonstrated that the
ABCG2-expressing cells were more resistant to amino acid starvation and radiation-induced cell death.
Importantly, knockdown of the critical autophagy factors ATG5 and ATG7 greatly reduced cell survival,
verifying that enhanced autophagy was critical for this effect. Taken together, these data indicate that
autophagy induced by various stressors is enhanced/accelerated in the presence of ABCG2, resulting in
delayed cell death and enhanced cell survival. This defines a new role for this transporter, one with
potential clinical significance.

KEYWORDS
ABC transporters; ABCG2;
amino acid starvation;
autophagy; BCRP; drug
transporters; multidrug
resistance; radiation; tumor
cell survival

Introduction

The ATP-binding cassette (ABC) transporter family comprises
more than 50 transmembrane proteins that function to translo-
cate a wide variety of substrates across intra- and extracellular
membranes. Family members are selectively expressed in many
adult tissues, where they protect cells against environmental
assault and play a role in the secretion of a wide variety of intra-
cellular substrates. A subset of these transporters, including
ABCG2, ABCB1/P-glycoprotein and ABCC1/MRP1, are often
aberrantly overexpressed in human cancers, where their ability
to recognize and transport multiple functionally unrelated
drugs confers “multidrug resistance” to these chemotherapeutic
agents.1,2 Indeed, ABCG2 overexpression has been observed in
a number of cancer cell lines in vitro, as well as in hematologi-
cal malignancies and in colon, esophageal, endometrial, pancre-
atic, breast, and lung tumors in patients.3-5 In addition, both
ABCG2 and ABCB1 are also highly expressed and play a pro-
tective role in normal stem cells as well as in tumor initiating
cells (cancer stem cells).6,7 Interestingly, while it appears that
ABCB1 is not essential for the stem cell phenotype, some evi-
dence suggests that ABCG2 may be required to maintain
“stemness” and prevent differentiation.8

Although the best studied role for ABC drug transporters
involves their ability to enhance cell survival by effluxing
drug substrates from target cells, studies suggest that certain

transporters, including ABCG2, can also protect normal, tumor
and stem cells against apoptosis in the presence of stressors
that are not substrates for the transporters.8-10 In normal pla-
centa, inhibition of ABCG2 activity by Ko143 or knockdown of
ABCG2 expression by siRNA significantly increases the sensi-
tivity of placental trophoblasts to apoptotic injury in response
to cytokines as well as C6 and C8 ceramides.9 Silencing of
ABCG2 enhances apoptosis during forskolin-induced differen-
tiation due to the reduced expression of the pregnancy hor-
mones CGB/beta-hCG and ERVW-1/HERV-W.10 Human
embryonic stem cells are better able to tolerate physical stress,
drugs, and UV light when ABCG2 is present.11 Importantly,
ABCG2 also confers a tumor survival advantage in the presence
of nonsubstrate therapies in the clinic: its overexpression corre-
lates with radiation resistance, and its expression is associated
with worse clinical outcome in both lung cancer12 and medullo-
blastoma.13 Taken together, these studies strongly argue for a
key role for ABCG2 in cell survival, much broader than its cur-
rently established role in drug efflux. However, the underlying
mechanism by which ABCG2 protects cells from nonsubstrate
induced cell death is not well understood.

The present study implicates ABCG2 in the regulation of
autophagy. Autophagy is a conserved multistep cellular process
that results in the breakdown of cellular components such as
long-lived proteins and organelles, to maintain cytoplasmic
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homeostasis.14 In addition to this housekeeping function,
autophagy also functions as a prosurvival mechanism in
response to a variety of cellular stresses such as nutrient and
growth factor deprivation, endoplasmic reticulum stress or
microbial infection. It allows cells to defer apoptosis by catabo-
lizing nonessential proteins to provide amino acids and energy,
cleaning up dysfunctional organelles and misfolded protein
aggregates, and attacking invading microorganisms. However,
under certain conditions the uncontrolled upregulation of
autophagy can lead to cell death, possibly by activating apopto-
sis or overwhelming cells with degraded cytoplasmic content.15

Therefore, the activity of autophagy is tightly regulated; it is
induced when needed, but otherwise maintained at a basal
level.

Autophagy participates in many physiological processes and
disease states, and has recently emerged as an important deter-
minant in cancer biology, as cancer cells often endure stress
from a variety of sources and are still able to survive and prolif-
erate. Since there is evidence of both tumor suppression and
tumor promotion by autophagy, a context-dependent role of
this cellular process in cancer has been proposed. A current
hypothesis is that autophagy suppresses tumor initiation
through the elimination of oncogenic protein substrates, toxic
unfolded proteins and damaged organelles; alternatively, it can
promote tumor growth in established cancers through intracel-
lular recycling, thereby providing substrates for metabolism
and maintaining a functional pool of mitochondria.16

In the course of our investigation of ABCG2 gene regulation,
we noted that tumor cells overexpressing ABCG2, due to either
drug selection or transfection, appeared more “resistant” to
nonsubstrate stressors, including nutrient starvation and radia-
tion, as compared to their non-ABCG2 expressing counter-
parts. In the present study, we show that this resistance is
associated with an ABCG2-dependent increase in autophagy
flux following exposure to environmental stress. This observa-
tion may explain previous studies that show a role of ABCG2
in protection against nonsubstrate stress inducers, defining a
new role for this transporter and suggesting new targets for
intervention.

Results

Cells expressing ABCG2 are less sensitive to nutrient
deprivation

Cancer cell lines selected for resistance to ABCG2 drug sub-
strates, such as mitoxantrone (MX), usually become resistant
due to the aberrant overexpression of ABCG2, thereby provid-
ing an enhanced mechanism by which tumor cells can elimi-
nate the drug before it initiates a cell death pathway.17 Two
such cell lines, MCF-7 (MX100; MCF-7 cells selected with
100 nM MX), and H460 (MX20; H460 cells selected with
20 nM MX) (Fig. 1A) were utilized for these studies. During
the course of our investigations on the regulation of ABCG2
expression by methylxanthines in these cells18 we observed that
both cell lines were more resistant to this class of compounds
than their drug-sensitive parent lines. This result was unex-
pected, since methylxanthines are not ABCG2 substrates. We
therefore considered the possibility that ABCG2 may protect

cells against other nonsubstrate stressors. Rather than using
another drug, we chose to induce stress via nutrient depriva-
tion, reasoning that this approach would not introduce a new
substrate into the analysis. As shown in Figure 1B, when
deprived of amino acids via growth in Hank’s balanced salt
solution (HBSS), parental MCF-7 cells exhibited clear morpho-
logical changes associated with apoptosis, including cellular
shrinkage, cell convolution, formation of extensions and
detachment from the culture surface. In contrast, ABCG2-over-
expressing MCF-7 (MX100) cells appeared morphologically
unchanged under the same conditions. Similar results were
obtained with H460 and H460 (MX20) cells (data not shown).
To measure viability, cells were cultured in full medium with-
out MX for at least 7 d prior to incubation in HBSS, in order to
eliminate any cytotoxic effect of this chemotherapeutic agent.
As shown in Figure 1C, both drug-resistant cell lines (H460
[MX20] and MCF-7 [MX100]) exhibited a higher survival rate
than their parental counterparts (H460 and MCF-7), with 20%
to 30% survival at 7 d, when no viable parental cells were
detected. The degree of apoptosis observed in these cells was
consistent with the viability assays; apoptosis, as measured by
ANXA5/annexin V and 7AAD, was detected at earlier time
points and at higher levels in parental cells compared to their
drug-resistant sublines (Fig. 1D). Last, we examined the levels
of cleaved PARP, a classic marker for apoptotic enzyme activity
(Fig. 1E). Amino acid starvation induced a greater accumula-
tion of the PARP cleavage product in the parental cells indicat-
ing a higher apoptosis activity. Taken together, these results
suggest that ABCG2 protects cells under certain stress condi-
tions, including nutrient deprivation, and suggested that
autophagy, a well-conserved stress response, may play a role in
ABCG2-mediated cell survival.

ABCG2 expression increases autophagic activity

Autophagy is a highly conserved process by which unnecessary
or defective macromolecules are shuttled to the lysosome for
degradation to basic components that are then recycled to sup-
port survival during various types of stress, including nutrient
deprivation. To determine whether autophagy played a role in
cell survival mediated by ABCG2, we analyzed autophagy activ-
ity in the ABCG2 overexpressing drug-resistant cells and their
parental cells, using 2 well-established markers: 1) LC3-II, the
form of LC3 that is conjugated with phosphotidylethanolamine
and incorporated into the membrane of the phagophore (the
autophagosome precursor) following autophagy induction,
and 2) SQSTM1/p62, a ubiquitin-binding receptor protein that
is scavenged and degraded by autophagy.19 The drug-resistant
ABCG2-expressing cells exhibited higher basal autophagy
activity than their parent cell lines (Fig. 2). Using the GFP-LC3
puncta assay, we then measured the conversion of GFP-tagged
LC3 from the cytosolic form (LC3-I) to the lipidated form
(LC3-II), which can be visualized as puncta by fluorescence
microscopy (Fig. 2A). In both H460 and H460 (MX20) cells,
treatment with the lysosomal inhibitor bafilomycin A1 (BafA1),
which blocks the turnover of LC3-II, induced a significant cel-
lular accumulation of GFP-LC3 puncta. However, H460 MX20
cells accumulated » 50% more fluorescent puncta than H460
cells, again indicating that ABCG2 expression leads to higher
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basal autophagy activity. To confirm this apparent increase in
autophagy, the accumulation of LC3-II was also measured by
western blot. First, note that levels of LC3-II at 0hr were higher

in H460 MX20 as compared to H460 cells, indicating higher
steady state levels of autophagosome formation in the presence
of ABCG2. Importantly, when cells were treated with BafA1 to

Figure 1. ABCG2-expressing drug-resistant cells are also more “resistant” to nutrient deprivation. (A) Levels of ABCG2 protein in both cell pairs (MCF-7 and MCF-7
[MX100]; H460 and H460 [MX20]) were examined by western blot. GAPDH was used as loading control. (B) MCF-7 and MCF-7 (MX100) cells exhibit different morphologies
following incubation in HBSS. White field images were captured at 10X amplification. Digital amplification of selected areas is shown in the upper right corner. (C) Drug-
sensitive and -resistant cell lines were incubated in HBSS for times indicated and assayed for viability. (D) Apoptotic cell death in both parental and resistant cells follow-
ing incubation in HBSS was measured by the Guava Nexin assay. (E) Western blot analysis of PARP cleavage confirms higher apoptotic activity in parental cells incubated
in HBSS as compared to ABCG2-expressing drug-resistant cells. Graphs indicate mean § SD for data from 3 independent experiments. The multiple Student t test was
used to calculate significance and the same was carried out for all figures. �, P < 0.05; ��, P < 0.01; ���, P < 0.001 (C and D).
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inhibit lysosomal degradation of autophagosome contents, the
accumulation of LC3-II was more rapid and robust in the
ABCG2-expressing cells compared to the parental cells
(Fig. 2B).

We then analyzed the autophagy activity induced by
amino acid starvation in both parental and resistant cells.
We used the tandem-fluorescence-tagged LC3 assay (utiliz-
ing GFP and RFP) to measure the autophagy flux during
incubation in HBSS.20 This assay relies on the instability of
GFP in acidic environments; GFP green fluorescence is
quenched upon the entry of GFP-LC3 into the autolyso-
somes and lysosomes, leaving the RFP red fluorescence as a
direct measure of the turnover of LC3 in these compart-
ments. Therefore, inhibition of the lysosomal activity is not
necessary in this assay. H460 cell lines were transiently
transfected with the GFP-RFP-LC3 construct 24 h prior to
HBSS incubation. Following treatment, cells were fixed and
observed by confocal microscopy. The numbers of cells con-
taining green or red fluorescent dots were counted and
averaged from 25 images for both cell lines. As shown in
Figure 3A, 2 h of incubation in HBSS resulted in a higher
percentage of red dots only containing cells in H460
(MX20) cells compared to H460, suggesting that the rate of
fusion of the autophagosome and lysosome, and hence
autophagy flux, is higher in the ABCG2 expressing drug-
resistant cells. To verify this result, LC3-II was also ana-
lyzed by western blot. When cells were incubated in HBSS,

higher levels of LC3-II were observed in H460 (MX20) cells
compared to H460 cells (Fig. 3B), consistent with the
hypothesis that ABCG2-expressing cells have higher levels
of autophagy flux.21 Similar results were shown with MCF-7
and MCF-7 (MX100) cells (Fig. 3B). Finally, the rate of
degradation of SQSTM1 following incubation in HBSS was
significantly increased in drug-selected cell lines (3C, shaded
bar), as compared to their parental counterparts (3C, black
bar). This degradation was blocked by treatment with the
lysosomal inhibitor BafA1, verifying that the loss of
SQSTM1 was due to lysosomal degradation.

ABCG2 is necessary and sufficient for the enhancement of
stress-induced autophagy flux

To verify that the increase in autophagy observed in the drug-
resistant cells was ABCG2-dependent, siRNA knockdown was
used to decrease the expression of ABCG2 in H460 (MX20)
cells. As shown in Figure 4A to C the reduction of ABCG2 pro-
tein expression significantly reduced the basal and induced lev-
els of autophagy to ones similar to what was observed in the
parental H460 cells, indicating that ABCG2 expression was
required for enhancement of autophagy. Importantly, the
ABCG2-induced reduction in autophagy flux was accompanied
by a decreased viability of nutrient-deprived drug-resistant
cells, supporting the hypothesis that the enhanced survival of

Figure 2. ABCG2-expressing drug-resistant cells have higher basal levels of autophagy. (A) H460 and H460 (MX20) cells were transiently transfected with a GFP-LC3 plas-
mid prior to 2 h of BafA1 (20 nM) treatment. Confocal fluorescence microscopic images of green-fluorescent GFP-LC3 were captured and LC3 puncta were quantified and
graphed (shown below). Results (mean§ SD) are the average of counts from 25 randomly selected cells for each cell line. (B) Levels of LC3-II in parental and resistant cells
were analyzed by western blot after treatment with BafA1. Quantification of LC3-II levels normalized to GAPDH is shown graphically (below).
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Figure 3. ABCG2-expressing drug-resistant cells have higher levels of autophagy following nutrient deprivation. (A) Autophagy flux was measured using a tandem-fluo-
rescence-tagged LC3 assay. Parental and resistant H460 cell lines were transfected with a GFP-RFP-LC3 construct and treated with HBSS for 2 h. Cells were fixed and con-
focal images were taken. Quantification of the green and red dots is shown on the right. (B) Both MCF-7 and H460 cell pairs were incubated in HBSS alone or HBSS plus
Baf A1 for 2 h. LC3 II levels were analyzed using western blot and quantified (right). (C) Levels of SQSTM1 in parental cells and their resistant sublines were determined fol-
lowing treatment with HBSS with or without BafA1 (20 nM). Quantifications are shown on the right.

AUTOPHAGY 741



drug-selected cells under stress conditions is ABCG2-depen-
dent (Fig. 4D).

We also considered the possibility that drug-selected cell
lines may harbor unidentified genetic alterations in addition to
ABCG2 overexpression that could contribute to the stress resis-
tance observed. To eliminate this potential complexity, we took

advantage of cells that had been stably transfected with an
ABCG2 expression vector (HEK293 [ABCG2]). When incu-
bated in HBSS, HEK293 (ABCG2) cells exhibited significant
higher autophagy activity compared to mock-transfected con-
trol cells (HEK293 [pcDNA] cells), as indicated by the faster
degradation of SQSTM1 and more rapid accumulation of LC3-

Figure 4. ABCG2 knockdown leads to reduction of autophagy in drug-resistant cells. (A) ABCG2 knockdown mediated by siRNA was carried out in both H460 and H460
(MX20) cell lines. 48 h after transfection, cells were harvested for analysis of LC3 expression. Quantification of levels of LC3-II is shown below. (B) H460 and H460 (MX20)
cells were incubated in HBSS and/or BafA1 for 3 h following knockdown of ABCG2. LC3 expression was analyzed and quantified (C) H460 and H460 (MX20) cells were incu-
bated in HBSS for different time periods following knockdown of ABCG2. SQSTM1, ABCG2 and tubulin were analyzed by western blot. Quantification of levels of SQSTM1
is shown below. All images shown represent results from 3 independent experiments. (D) Cell viability was measured for both H460 and H460(MX20) cells treated with
HBSS following ABCG2 knockdown.
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II (Fig. 5A). Similar results were obtained following transient
transfection of ABCG2 into the breast cancer cell line MCF-7
(Fig. 5B). Consistent with this observation, HEK293 cells exhib-
ited a significant increase (C15.8%) in early apoptotic cell death
within 6 h of incubation in HBSS, whereas HEK293 (ABCG2)
cells were only moderately affected (C4.5%). Cytotoxicity
assays confirmed this observation, since viability of HEK293
cells decreased to less than 10% by 96 h, while »80% of
HEK294 (ABCG2) cells remained viable (Fig. 5C and D).
Taken together, these data indicate that autophagy induced by
stress can be specifically enhanced by ABCG2 expression,
thereby delaying cell death and improving cell survival.

ABCG2 is known to efflux a variety of hydrophobic sub-
strates, including many chemotherapeutic agents as well as
endogenous substances such as folic acid and its polygluta-
mates,22-24 vitamins (riboflavin and vitamin K3),25,26 heme and
its precursors,27,28 and uric acid.29 To determine whether
ABCG2 transport activity was required for autophagy regula-
tion, Ko143, a potent and specific inhibitor of ABCG2 activity,
was used to block ABCG2-mediated transport during amino
acids deprivation. As expected, Ko143 resulted in a rapid inhi-
bition of ABCG2 transport function without altering the
expression or localization of ABCG2 (data not shown). As
shown in Figure 5E, Ko143 decreased the rate of HBSS-induced
SQSTM1 degradation in H460 (MX20) cells to levels similar to
what is observed in H460 cells, while the rate of SQSTM1 deg-
radation in parental cells was not significantly changed. Inter-
estingly, Ko143 by itself slightly increased the steady-state level
of SQSTM1 in the drug-resistant cells, indicating that inhibi-
tion of ABCG2 activity may contribute to a decrease of the
basal autophagic activity. Taken together, these results confirm
a requirement for ABCG2 transport activity in autophagy
regulation.

Inhibition of autophagy diminishes the resistance of
ABCG2-expressing cells to amino acid starvation. To prove
that the ABCG2-mediated stress resistance is a consequence of
the increased rate of autophagy, autophagy was inhibited by
siRNA-targeted downregulation of ATG5 (autophagy-related
5; part of a ubiquitin ligase essential for phagophore elonga-
tion30) or ATG7 (an E1-like enzyme essential for the E2-sub-
strate reaction of LC3 lipidation31). siRNAs were transfected
into both H460 and H460 (MX20) cells prior to HBSS treat-
ment. Both cell lines express similar levels of ATG5 and ATG7
protein (Fig. 6A). Seventy-two h post-transfection, when ATG5
or ATG7 was successfully downregulated, cells were incubated
in HBSS and the autophagy activity was determined. As previ-
ously shown, loss of SQSTM1 expression was more pro-
nounced in H460 (MX20) cells than in H460 cells exposed to
HBSS, indicating a higher level of autophagy in the ABCG2-
expressing cells. As expected, the knockdown of ATGs inhib-
ited the degradation of SQSTM1 in both cell lines (Fig. 6B),
and the accumulation of LC3-II was diminished. To evaluate
the effect of decreased autophagy on cell death, viability studies
and PARP cleavage assays were carried out. In the presence of
HBSS, the percentage of viable cells was much lower in parental
H460 cells than in their drug-selected counterparts, indicating
their greater sensitivity to amino acid deprivation. Importantly,
knockdown of either ATG5 or ATG7 greatly diminished this
difference; following 24 h exposure to HBSS, H460 cells and

H460 (MX20) cells treated with either ATG5 or ATG7 siRNA,
exhibited a similar cytotoxic profile (Fig. 6C) and a similar
degree of apoptosis (Fig. 6D). Similar results were also obtained
with drug-selected MCF-7 (MX100) cells and stably transfected
HEK293 cells (data not shown). Taken together, these results
show that knockdown of autophagy sensitized cells to stress
and diminished the survival advantage conferred by the expres-
sion of ABCG2, validating the hypothesis that ABCG2 protects
cancer cells against non-substrate stresses by upregulating
autophagy.

ABCG2 protects cells from other stress inducers

Ionizing radiation (IR) is critical to the treatment of some can-
cers, including lung and breast tumors, yet radiation resistance
is common and can lead to treatment failure. Since IR has been
shown to induce autophagy,32,33 we next tested whether the
presence of ABCG2 could accelerate IR-induced autophagy,
thereby delaying cell death. H460 and H460 (MX20) cells were
treated with a single dose of 10 Gy g-radiation in complete cul-
ture medium. Media was changed after treatment to prevent a
nonspecific effect of irradiation on media components. Cells
were cultured for up to 5 d and measured for viability. As
shown in Figure 7, the viability of both parental and resistant
H460 cells was affected by IR, but the ABCG2-expressing H460
(MX20) cells showed a marked resistance to cell death over
time (Fig. 7A), and continued to proliferate for at least 24 h
beyond what was observed for the H460 cells (48 h vs 24 h;
Fig. 7A). Clonogenic assays confirmed that the percentage of
long-term surviving cells was higher in the ABCG2-expressing
cells (Fig. 7B) at doses of 5 Gy and 10 Gy, demonstrating the
survival advantage that H460 (MX20) had over H460 cells.

To determine whether ABCG2-regulated autophagy played
a role in radiation resistance, the levels of LC3-II and SQSTM1
were examined in both cell lines following g-radiation. As
shown in Figure 7C, while g-radiation induced autophagy in
both parental and ABCG2-overexpresssing cells; the autophagy
response was more profound in the ABCG2-overexpressors,
supporting the hypothesis that ABCG2 enhances radiation-
induced autophagy, thereby delaying apoptosis and improving
cell survival. Furthermore, ATG7 knockdown blocked the
autophagy response to radiation treatment in both cell lines,
and dramatically decreased the proliferation rate of H460
(MX20) cells in clonogenic assays (Fig. 7E). Given that the IR
dose is fractionated in most clinical protocols, this delay in cell
death may be sufficient to allow tumor cells to survive radia-
tion-induced stress. This differential response was also
observed when autophagy was induced with rapamycin, a drug
that induces autophagy by inhibiting the MTORC1 complex, a
nutrient-sensing complex that maintains normal homeostasis
under nonstress conditions. As shown in Figure 7F, while rapa-
mycin induced autophagy in both HEK293 (pcDNA) and
HEK293 (ABCG2) cells, the ABCG2-expressing cells exhibited
a much higher rate of autophagy, as indicated by the more
rapid decrease in SQSTM1 levels and greater conversion of
LC3-I to LC3-II when compared to their mock-transfected
counterparts. Taken together, these studies suggest that the
ABCG2-mediated elevation of autophagy can be generalized to
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Figure 5. Overexpression of functional ABCG2 leads to higher autophagy activity and better survival under nutrient deprivation. (A) HEK293 cells stably expressing ABCG2
(HEK293 [ABCG2]) were compared with cells stably transfected with empty vector pcDNA (HEK293 [pcDNA]) following incubation in HBSS (for SQSTM1) or BafA1
(for LC3-II). Quantification of SQSTM1 and LC3-II is shown below. (B) MCF-7 cells transiently transfected with ABCG2 (MCF-7 [ABCG2]) were compared to mock-transfected
cells (VC: vector control) NT, Nontransfected. Levels of SQSTM1 and LC3-II were analyzed by western blot (quantification on the right). (C) HEK293 (ABCG2) and HEK293
(pcDNA) cells were incubated with HBSS for the indicated times and stained for ANXA5 and 7-AAD to analyze early apoptosis using the Guava EasyCyte flow cytometry
system. (D) Cell viability following incubation in HBSS was assayed by trypan blue exclusion. (E) Cells were incubated with HBSS and/or the ABCG2 inhibitor Ko143 (2 uM)
for the indicated time. SQSTM1 levels were analyzed by western blot, with tubulin used as loading control. Quantification of SQSTM1 is shown below. Graphs represent
mean § SD for data from 3 independent experiments. Significance was calculated using the multiple Student t tests. ���, P < 0.001.
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Figure 6. Inhibition of autophagy eliminates the cytoprotective effect of ABCG2 in drug-resistant cells. (A) Both H460 and H460 (MX20) cell lines were transfected with
siRNA targeting ATG5 or ATG7. Protein levels of ATG5 or ATG7 were analyzed after 72 h of transfection. Quantifications are shown on the right. (B). Post ATG5 or ATG7
knockdown, cells were treated with HBSS and/or BafA1 for 4 h and SQSTM1 levels were analyzed by western blot; for LC3-II, cells were treated with HBSS with or without
BafA1 for 2 h and analyzed by western blot. Quantification of these proteins is shown below. (C, D) Following knockdown of ATG5 or ATG7, cells were treated with HBSS
for 6 d and cell viability was analyzed by trypan blue exclusion. Note that H460 (MX20) cell viability was reduced to a level similar to what was observed in H460 cells in
response to nutrient deprivation. PARP protein was analyzed by western blot following 8-h HBSS treatment.
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Figure 7. ABCG2 protects cells from other autophagy inducers: radiation and rapamycin. (A) H460 and H460 (MX20) cells were treated with IR (10 Gy) then cultured for
indicated times. Viability was measured by trypan blue exclusion. Quantifications of the viability percentage (left panel) and total live cell numbers (right panel) are
shown. (B) Clonogenic assays were carried out with H460 and H460 (MX20) cells treated with increasing doses of ionizing radiation. Survival fractions were calculated for
both cell lines. (C) Cell lysates were also collected to analyze levels of LC3-II and SQSTM1. Quantification of the SQSTM1 and LC3-II/LC3-I ratios are shown graphically. (D)
Cells were transfected with siRNA targeting ATG7, followed by IR (10 Gy) treatment. Levels of LC3-II and SQSTM1 were analyzed at d 3 post IR treatment. (E) Clonogenic
assays were carried out for cells transfected with either scrambled siRNA or siRNA targeted to ATG7. (F). HEK293 (pCDNA) and HEK293 (ABCG2) cells were treated with
200 nM rapamycin. Levels of SQSTM1 and LC3-II were analyzed at the times indicated by western blot. Quantification of the western blots is shown below. GAPDH was
used as a loading control.
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multiple autophagy inducers, ranging from starvation to DNA
damage and drug treatment.

Discussion

One hallmark of cancer is the ability of tumor cells to survive in
stressful environments, whether these environs exist within the
tumor milieu or are created by therapeutic intervention (i.e.
drugs, radiation, etc). A well-studied mechanism of cancer cell
survival in the presence of certain chemotherapeutic agents is
the enhanced expression of multidrug resistance transporters.
Interestingly, while these transporters have long been known to
confer resistance to their drug substrates, sporadic evidence has
accumulated over the years to suggest that some of these trans-
porters may also contribute to cell survival in the presence of
other, nonsubstrate stressors. Most early studies focused on
ABCB1, whose enhanced expression conferred a survival
advantage in the presence of stressors that were not drug sub-
strates, including Fas ligand, tumor necrosis factor, and ultravi-
olet (UV) irradiation.34,35 More recently, it has been suggested
that ABCG2 may also play a more general role in cell survival.
An early indicator of this phenotype is the observation that
ABCG2 expression protects placental trophoblasts and placenta
choriocarcinoma cells against cytokines (TNF, IFNG) and
exogenous ceramides (C6 and C8). In this case, ABCG2 appears
to exert its cytoprotective effect upstream of a common termi-
nal pathway of apoptotic death, since cell death induced by 2
intrinsic apoptotic activators, deguelin (iAA1) and 1-(3, 4-
dichlorobezyl)-1H-indole-2, 3-dione (iAA2,) is not affected by
ABCG2 expression.9 Another study demonstrates that ABCG2-
expressing human embryonic stem cells tolerate the physical
stress of cell sorting as well as UV irradiation much better than
the ABCG2-negative population.11 These in vitro studies have
correlates in the clinical setting, where the expression and activ-
ity of ABCG2 has been linked to radiotherapy resistance.12

Interestingly, several studies suggest that ABCG2 may also be
an indicator of poor prognosis in some tumors, including
lung,36 breast,37 and esophageal cancers38 even in the absence
of drug treatment. Together, these observations suggest a role
for ABCG2 in general tumor cell survival independent of its
well-characterized drug efflux function. How this is accom-
plished has not been previously addressed.

We now report that ABCG2 regulates the rate of autophagy,
a function that may contribute to its role in resistance to stress
inducers. Under normal growth conditions, ABCG2-overex-
pressing cells exhibited a higher basal rate of autophagy than
their low-expressing counterparts. Under conditions designed
to induce autophagy (nutrient starvation, ionizing radiation,
inhibition of the MTOR signaling pathway) an even higher rate
of autophagy was observed in ABCG2-expressing cells. This
effect was seen in multiple ABCG2-containing tumor cell lines
regardless of whether ABCG2 overexpression was the result of
drug selection or accomplished through transfection, indicating
the generality of ABCG2-regulated autophagy in different
genotypic/phenotypic backgrounds. Moreover, although the
autophagy inducers used in this study were not ABCG2 sub-
strates, the transport activity of ABCG2 was required for the
phenotype, suggesting that ABCG2 may transport certain cellu-
lar substance(s) involved in autophagy regulation. One

potential candidate is glutathione, which has previously been
proposed to be a substrate for ABCG2.39 However, a recent
study shows that ABCG2 is not able to transport glutathione,40

and our laboratory has also been unable to detect increased glu-
tathione transport in ABCG2-expressing vs. parental cells (data
not shown). Other ABCG2 substrates that are potential autoph-
agy mediators are currently under investigation.

The role of autophagy in tumorigenesis is complex and con-
text-dependent. Mice heterozygous for the autophagy mediator
beclin 1 (BECN1) exhibit a higher tumor incidence than their
wild-type counterparts, suggesting a key role for autophagy in
the prevention of tumorigenesis. This hypothesis is supported
by the observation that human tumors, including ovarian,
breast and prostate cancers, express low levels of BECN1.41,42

In contrast, a recent study using palb2 knockout mice suggests
that autophagy promotes mammary tumor growth by sup-
pressing TP53/TRP53/p53 (note that the mouse nomenclature
is TRP53, but we use TP53 hereafter to refer to both the human
and mouse genes/proteins for simplicity) activation induced by
DNA damage.43 Although these 2 roles appear contradictory
on the surface, evidence is emerging to suggest that the impact
of autophagy in a given tumor will be context-specific, likely
influenced by the genotype or phenotype of the tumor as well
as the stage of tumorigenesis. That said, in most established
tumor models studied to date autophagy is cytoprotective and
confers resistance to cancer treatments, including chemother-
apy and radiation.44 This finding has led to numerous
phase I/II clinical trials to test autophagy inhibitors as chemo-
sensitizers for other antitumor regimens.45 Our studies suggest
that this combination could be particularly important for
ABCG2-expressing tumors due to their high levels of autoph-
agy. Additionally, it is interesting to note that the majority of
these trials employ hydroxychloroquine (HCQ) as the auto-
phagy inhibitor, due to its well-established safety profile. How-
ever, HCQ is a known substrate of ABCG2 46 and failed to
inhibit autophagy in our ABCG2-expressing cells (data not
shown). If these in vitro observations are borne out in the in
vivo setting, it may be useful to include ABCG2 as a biomarker
for tumor response to HCQ combination therapies.

Considerable progress has been made in identifying compo-
nents of the autophagy machinery, and in understanding regu-
latory mechanisms that control the autophagic process. Yet
there are several unanswered questions, and many factors that
control autophagy remain elusive. The identification of ABCG2
as a regulator of autophagy flux suggests that this transporter
may confer a “transient resistance” to tumor cells under stress
conditions. Recently, both ABCC1 and ABCB1 have also been
suggested to play a role in autophagy,47,48 suggesting that there
may be a general role of ABC transprorters in cell survival that
has not been recognized and exploited. This may be particularly
important for ABCG2, since this transporter, along with
ABCB1, is highly expressed in most cancer stem cells (CSCs),
where it has been used for both CSC isolation and as a CSC bio-
marker.49 Evidence is also accumulating to suggest that
ABCG2, unlike ABCB1, may be required for the maintenance
of “stemness.”8 Since CSCs have been shown to contribute to
the pathology of many cancers with respect to both cell survival
and metastases,50 it is intriguing to speculate that ABCG2, in
addition to protecting CSCs against chemotherapeutic

AUTOPHAGY 747



substrates, may also play a role in autophagy regulation in these
progenitor cells. While this remains to be tested, it suggests that
ABCG2 may protect CSCs against a variety of microenviron-
mental stressors, adding to the inherent resistance of these cells
to both unfavorable milieus and standard anticancer regimens.

Our finding that ABCG2 expression enhances stress-
induced autophagy and cell survival in multiple tumor cell
types indicates a novel role of this transporter beyond the con-
ventional drug-efflux function. An understanding of the mech-
anism by which ABCG2 regulates autophagy will allow us to
better define the tumor milieu in which increased autophagy
flux leads to increased tumor survival. This in turn may allow
us to predict those tumors in which autophagy-targeted therapy
should be exploited, and provide a new target for the elimina-
tion of CSC populations.

Materials and methods

Cell culture and chemicals

The human breast adenocarcinoma cell line MCF-7 and its
mitoxantrone (MX)-resistant subline MCF-7 (MX100) as well
as the human large cell lung carcinoma cell line NCI-H460 and
its MX-resistant subline NCI-H460 (MX20) were kindly pro-
vided by Dr. Susan Bates (National Institutes of Health,
Bethesda, MD). Both MCF-7 cell lines were grown in improved
minimum essential medium (IMEM; Invitrogen, 10373-017)
containing 2 g/l glucose, 2 mM L-glutamine, 1 mM sodium
pyruvate and 10% fetal bovine serum at 37�C in 5% (v/v) CO2.
MCF-7 (MX100) cells were maintained in the presence of
100 nM MX (Sigma, M6545).51 Both H460 cell lines were
maintained in RPMI-1640 medium supplemented with 10%
fetal bovine serum and 2 mM L-glutamine at 378C in 5% (v/v)
CO2. H460 (MX20) cells were maintained in the presence of
20 nM MX.51 HEK293 cells stably transfected with either
pcDNA or pcDNA-ABCG2 were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Cellgro, 15-017-CV) con-
taining 10% fetal bovine serum and 2 mM L-glutamine, and
supplemented with 2 mg/ml geneticin (Invitrogen, 10131-035).
Hank’s Balanced Salt Solution was purchased from Thermo
Fisher Scienctific (24020117). Bafilomycin A1 (B1793) and
rapamycin (R8781) were purchased from Sigma-Aldrich. The
ABCG2 specific inhibitor, Ko143, was purchased from Tocris
Bioscience (3241).

Transient transfection

MCF-7 cells were seeded at 2.5£105 per well in 6-well plates
and cultured overnight before transfection. Two mg of plasmid
pCMV-V6 (empty vector control) or pCMV-ABCG2 (Origene,
SC320948) were mixed with Lipofectamine 2000 (Life Technol-
ogies, 11668027) at a 1:3 ratio according to the manufacturer’s
instructions and added to the culture media. Transfected cells
were incubated at 37�C for 24 h before treatment and analysis.

Western blot analysis

Western blot assays for the autophagy markers LC3B (this is
the only isoform of LC3 tested, referred as LC3 in this study)

and SQSTM1 were conducted according to the protocol
described previously,18 with specific modifications for LC3.
Immunoblotting was accomplished using a rabbit monoclonal
antibody against LC3 (1:1,000; Cell Signaling Technology,
2775) and immunoreactive proteins were visualized using an
enhanced chemiluminescent system (Super Signal West
Femto Chemiluminescent Substrate; Thermo Scientific,
34095) according to the manufacturer’s recommendations.
SQSTM1was detected with guinea pig monoclonal anti-
SQSTM1 antibody (Progen, GP62-C). Mouse monoclonal anti-
body against ABCG2 was purchased from Kamiya Biomedical
(MC-177) and rabbit monoclonal antibodies against GAPDH
(2118), PARP (9542), ATG7 (8558) and ATG5 (2630) were
purchased from Cell Signaling Technology.

Apoptosis assay

The Guava EasyCyte flow cytometry analysis system (Guava
Technologies, Millipore) was utilized to determine the percent-
age of apoptotic cells. Assays were conducted according to the
manufacturer’s instructions. Cells were pretreated with HBSS
for different time periods prior to the assay. Pretreated cells
were trypsinized and collected in ice-cold phosphate-buffered
saline (Cellgro, 231-031-CV) to a final concentration of
2�105/ml. Prior to analysis, 5 mL of ANXA5-phycoerythrin, a
marker for early apoptosis, and 5 mL of 7-amino-actinomycin
(7-AAD), a cell-impermeant dye indicating late apoptosis or
dead cells (Guava Nexin reagent, Millipore, 4500-0455), were
added to cell suspensions in ice-cold phosphate-buffered saline.
After 20 min incubation and thorough mixing, 200 ul of each
sample was added to a 96-well plate and analyzed.

Immunocytochemistry

Cells were transfected with either GFP-LC3 (for LC3 puncta
assay) or GFP-mRFP-LC3 (for tandem fluorescence LC3 assay)
constructs 24 h prior to treatment. Cells were then washed and
fixed in 4% paraformaldehye solution for 10 min. Hoechst
33258 (50 ng/ml) were used to stain the nucleus. Coverslips
with cells were then mounted, sealed on glass slides with
mounting medium (Life Technologies, S36937) and examined
using a Nikon A1C confocal laser microscope system
(Melville, NY).

Ionizing radiation and clonogenic assays

Cells were seeded in 60-mm dishes at 4£105 per dish the day
before treatment. H460 and H460 (MX20) cells were treated with
gamma-irradiation in a Nordion JS Gamma Irradiator (447
March Rd, Ottawa, ON, Canada, K2K 1X8) at a single dosage of
10 Gy. Immediately after the treatment, cells were cultured for 1
to 5 d and analyzed for survival using the apoptosis assay. For clo-
nogenic assays, cells were plated at predetermined concentrations
in 6-well dishes (e.g., 1000 cells/well) and treated with gamma-
irradiation at dosages of 0, 5, 10, 15, and 20 Gy. Cells were then
cultured for 10 d before fixation and staining with crystal violet
(0.5%). Colonies with more than 50 cells were counted manually
using a stereomicroscope or automatically using ImageJ software.
Plating efficiency (PE) and survival fractions were calculated as
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follow: PE D no. of colonies formed/no. of cells seeded £ 100%;
survival fractionsD no. of colonies formed after treatment/no. of
cells seeded£ PE.

siRNA knockdown

The customized ON-Target plus siRNA (synthesized by
Thermo Scientific according to a previously identified sequence
targeting exon 7 in ABCG2 mRNA 52) was used to downregu-
late ABCG2 in H460 or H460 (MX20) cells. Cells were seeded
at 3£105 per well in 6-well plates in RPMI medium without
antibiotics the day before transfection. Either ABCG2 siRNA
(100 nM) or scrambled siRNA (100 nM) (siGENOME Nontar-
geting siRNA; Thermo Scientific, D-001210-05-20) was trans-
fected into cells using 10 ml Lipofectamine 2000. Twenty-four
h after transfection, cells were washed with media and further
cultured for 24 h before treatment. A siGENOME SMARTpool
siRNA mixture (Dharmacon/GE, M-004374-04-0005) was
used to downregulate ATG5 (M-020112-01-0005 for ATG7),
using a procedure similar to that used to knock down ABCG2.

Statistical analyses

One-way ANOVA was used for the statistical analyses in the
apoptosis and cell viability studies. The Student t test was used
for the statistical analyses in GFP-LC3 puncta quantifications
and the clonogenic assay. Multiple Student t tests were used for
the statistical analyses for the western blot quantification. Data
are presented as the means § s.d., and statistical significance is
denoted as the P value.

Abbreviations

ABC ATP-binding cassette
ABCB1 ATP-binding cassette subfamily B member 1
ABCG2 ATP-binding cassette subfamily G member 2

(junior blood group)
ATG5 autophagy-related 5
ATG7 autophagy-related 7
BafA1 bafilomycin A1

CSC cancer stem cell
GFP green fluorescent protein
HBSS Hank’s balanced salt solution
HCQ hydroxychloroquine
IR ionizing radiation
LC3B microtubule-associated protein 1 light chain 3 b
MX mitoxantrone
PARP poly(ADP-ribose) polymerase
RFP red fluorescent protein
SQSTM1 sequestosome 1
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