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Compound 968 reverses adriamycin resistance in breast cancer
MCF-7ADR cells via inhibiting P-glycoprotein function
independently of glutaminase
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Adriamycin (ADR) is a chemotherapeutic drug widely utilized to treat multiple types of cancers; however, the clinical efficacy of
ADR is compromised due to the development of drug resistance in patients. The combination of drugs with ADR may provide a
better therapeutic regimen to overcome this obstacle. Glutaminase (GLS) has been explored as a therapeutic cancer target, and
its inhibition also results in increased sensitivity of tumor cells to chemotherapeutic agents. This study aimed to investigate
whether GLS inhibition could reverse ADR resistance. We treated the ADR-resistant MCF-7 (MCF-7ADR) cells with a GLS inhibitor,
compound 968 or CB-839, in combination with ADR. We found that compound 968, rather than CB-839, together with ADR
synergistically inhibited the cell viability. These results indicated that compound 968 reversed ADR resistance in MCF-7ADR cells
independently of GLS. Moreover, we modified the structure of compound 968 and finally obtained a compound 968 derivative,
SY-1320, which was more potent than compound 968 in eliminating the drug resistance in MCF-7ADR cells. Furthermore, using
drug affinity responsive target stability and streptavidin–biotin immunoprecipitation assays, we demonstrated that SY-1320
could specifically target P-glycoprotein (P-gp) and increase ADR accumulation through inhibition of P-gp, thereby resulting in
cell death in MCF-7ADR cells. Together, our findings indicate that compound 968 or SY-1320 might be a promising drug for new
combination chemotherapy in breast cancer to overcome the drug resistance.
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INTRODUCTION
Breast cancer, which has high mortality rates, is a frequently
occurring cancer in women [1]. For early-stage breast cancer,
surgical treatment has good therapeutic effects, while che-
motherapy can significantly improve the 5-year survival rate of
patients with middle- or advanced-stage breast cancer [2].
Among the chemotherapeutic agents, adriamycin (ADR) has
been shown to have well-established benefits for these patients
[3, 4]. It inhibits DNA topoisomerase II activity, forms adducts
with DNA, and induces oxidative stress, thus mediating cell death
[5, 6]. However, despite its success in improving cancer survival
rates, long-term ADR treatment may lead to drug resistance and
side effects [7, 8]. Increased expression of P-glycoprotein (P-gp),
which is encoded by ATP-binding cassette subfamily B member 1
(ABCB1) gene, often contributes to ADR resistance in cancer
[9, 10]. P-gp is a transport protein pump that has important roles
in drug distribution and elimination. Many clinical trials using
P-gp inhibitors are being evaluated, but the inhibitor toxicities or
drug interactions drive researchers to develop more rational
inhibitors [11–13].
A hallmark of cancer cell metabolism is the reliance on glutamine

[14]. The glutamine metabolism depends on glutaminase (GLS), a

rate-limiting enzyme that converts glutamine into glutamate. Thus,
targeting glutamine dependence through GLS inhibition has
emerged as an attractive strategy for cancer treatment [15]. A
series of GLS inhibitors, such as compound 968, CB-839, and bis-2-
(5-phe-nylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide, have been
studied [16]. Previous studies also found that GLS silencing led to
the increased sensitivity of tumor cells to chemotherapy drugs. For
instance, GLS inhibitor compound 968 could significantly sensitize
ovarian cancer cells to paclitaxel [17]. The knockdown of GLS1 re-
sensitized the taxol-resistant breast cancer cells to taxol [18].
However, whether GLS inhibition can reverse ADR resistance in ADR-
resistant breast cancer cells remains unknown.
We found that a combination of ADR and compound 968,

rather than CB-839, led to synergistic tumor cell death in
MCF-7ADR cells, suggesting that compound 968 might reverse
ADR resistance independently of GLS. We also optimized the
structure of compound 968 and obtained a derivative, SY-1320,
which synergized with ADR to promote cell death more
efficiently. Compound 968 or SY-1320 increased ADR accumu-
lation and eliminated the ADR resistance in MCF-7ADR cells
through inhibition of P-gp. These results indicate that
compound 968 or SY-1320 could function as a P-gp inhibitor
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to increase drug accumulation in MCF-7ADR cells and represent
a rational combination therapeutic strategy to overcome drug
resistance.

RESULTS
Compound 968 reverses the drug resistance in MCF-7ADR cells
The ADR-resistant cell line (MCF-7ADR cells) was established by
culturing MCF-7 cells with a low concentration and a continuous
dose of ADR [19]. First, we verified the drug resistance of MCF-
7ADR cells to ADR. The sensitivity of MCF-7ADR cells to ADR was
greatly reduced compared to the cells without drug resistance
induction (MCF-7; Fig. 1A). Long-term ADR induction often leads
to multiple drug resistance. Indeed, MCF-7ADR cells were also
resistant to puromycin (Fig. 1B). Then we treated MCF-7ADR cells
with a GLS inhibitor (compound 968 or CB-839), together with
ADR (or puromycin), to determine whether GLS inhibitors could
reverse the drug resistance. Interestingly, compound 968, unlike
CB-839, significantly promoted the sensitivity of MCF-7ADR cells
to ADR or puromycin. Moreover, compound 968, but not CB-839,

when combined with ADR or puromycin induced apparent cell
death (Fig. 1C–F). Taken together, these results suggest that
compound 968 reverses ADR resistance in MCF-7ADR cells
independently of GLS.

Optimizing the structure of compound 968 and screening
more efficacious derivatives
To optimize the combined effect of compound 968 and ADR, we
modified the structure of compound 968 and obtained 95
derivatives (Fig. 2A, E). We found that 12 derivatives of
compound 968 inhibited MCF-7ADR cell proliferation by >50%
at 10 µM when combined with 4 µM ADR (Fig. 2B). Next, we
reduced the concentration of these derivatives to explore their
synergistic effects with ADR. Among these compounds, several
compounds were shown to be more potent than compound 968;
SY-1320 exhibited stronger inhibition against MCF-7ADR cell
viability than compound 968 when combined with ADR (Fig. 2C).
The cytotoxicity of SY-1320 alone to MCF-7 and MCF-7ADR cells
was moderate (Fig. 2D), indicating that SY-1320 reversed the
ADR-insensitive phenotype of MCF-7ADR cells.

Fig. 1 Combining compound 968 with adriamycin (ADR) or puromycin (Puro) results in decreased viability of MCF-7ADR cells. A, B MCF-7
and MCF-7ADR cells were treated with ADR or Puro as indicated for 48 h. Cell viability was assessed using the CCK8 assays, and the IC50 was
calculated using GraphPad 7.0. Scale bars: 100 µm. C–F MCF-7ADR cells were treated with compound 968 or CB-839 (0, 1, 2, 4, 8, and 16 µM)
alone or in combination with 4 µM ADR (C, D)/2 µg/mL Puro (E, F) for 48 h. All groups were normalized to the non-inhibitor-treated group. Cell
viability was assessed using the CCK8 assays. Scale bars: 50 µm. Data are presented as mean ± SD (three independent experiments). ns no
significance; ***P < 0.001, one-way ANOVA.
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SY-1320, a compound 968 derivative, eliminates the drug
resistance in MCF-7ADR cells
To further confirm the synergistic inhibitory effects, MCF-7ADR cells
were treated with ADR in combination with compound 968 (2 µM)
or SY-1320 (2 µM), as indicated for 48 h. The combination of ADR
and compound 968 exhibited higher cytotoxicity (IC50, 2.26 µM) than
that of ADR (IC50, 4.35 µM) alone in MCF-7ADR cells (Fig. 3A).
Moreover, SY-1320 significantly decreased the IC50 (1.02 µM) of MCF-
7ADR cells to ADR, which was similar to that of MCF-7 cells (IC50,
0.92 µM; Fig. 1A). The same results were obtained when the cells
were treated with puromycin (Fig. 3B). Furthermore, the clonogenic
survival assays showed that the combination of ADR and compound
968 (or SY-1320) significantly inhibited the colony formation,

whereas ADR, compound 968 or SY-1320 alone had limited effects
on the colony formation of MCF-7ADR cells (Fig. 3C, D).

Combination of SY-1320 and puromycin synergistically
induces apoptosis in MCF-7ADR cells
ADR is a broad-spectrum anticancer drug that can induce
apoptosis of a variety of tumor cells. However, the excitation
spectrum of ADR overlaps significantly with that of propidium
iodide. Thus, we used puromycin to determine whether the
combination therapy could induce apoptosis. After treatment
with puromycin (2 µg/mL), SY-1320 (2 µM), or both for 24 h, JC-1
staining was performed to detect the mitochondrial membrane
potential. JC-1 is a monomer that cannot gather in the matrix of

Fig. 2 Compound 968 analogs exert synergistic inhibitory effects with ADR against MCF-7ADR cell viability. A Chemical structure of
compound 968. B Ninety-five analogs of compound 968 were synthesized and tested. MCF-7ADR cells were treated with compound 968
analogs (10 µM) combined with ADR (2 µM) for 48 h. Cell viability was detected using the CCK8 assays. C MCF-7ADR cells were treated with
compound 968 or compound 968 analogs alone (2 µM), together with ADR (2 µM) for 48 h. Cell viability was detected using the CCK8 assays.
D MCF-7 and MCF-7ADR cells were treated with compound 968 or compound 968 analogs (0, 1, 2, and 5 µM) for 48 h. Cell viability was
detected using the CCK8 assays. All groups were compared with the compound 968-treated group. E Chemical structures of compound 968
analogs. Data are presented as mean ± SD of three independent experiments. ***P < 0.001, two-tailed Student’s t test.
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mitochondria and emits green fluorescence when the mitochon-
drial membrane potential is low. The results showed that the
green fluorescence intensity in the combined group was
significantly enhanced, while the red fluorescence intensity
was weakened, suggesting that the membrane potential of
mitochondria decreased after treatment with puromycin and SY-
1320 (Fig. 4A). Decreased mitochondrial membrane potential is a
crucial indicator of the early stage of apoptosis. We next
detected the apoptosis of MCF-7ADR cells after 48 h exposure
to puromycin (1 µg/mL), SY-1320 (2 µM), or both by flow
cytometry. The combination treatment resulted in apparent
apoptosis in MCF-7ADR cells, while the puromycin alone did not
induce apoptosis (Fig. 4B). These results suggest that compound
968 could significantly eliminate the drug resistance in MCF-7ADR

cells, and SY-1320, a compound 968 derivative, has superior
characteristics.

P-gp is a target protein of compound 968 and SY-1320
We used a previously reported method, drug affinity responsive
target stability (DARTS) [20, 21], to further elucidate how
compound 968 and SY-1320 eliminated the drug resistance in
MCF-7ADR cells, to identify the target protein of SY-1320 (Fig. 5A).
The cells were lysed, and then the lysates were divided into two
equivalent volumes. The samples were incubated with dimethyl
sulfoxide (DMSO) or SY-1320 (1mM) and then proteolysed with
0.2% pronase for 10min, followed by Coomassie blue staining. We
observed a strong protective band at 120–300 kDa in the SY-1320-
treated group, whereas no detectable band was noted in the
DMSO-treated group (Fig. 5B). We next identified the proteins by
mass spectrometry and ranked the results using the Sum PEP Score
(Fig. 5C). Among the top 10 candidates, P-gp (or MDR1, encoded by

multi-drug resistant gene ABCB1) alone was shown to be related to
the drug resistance in tumors. Indeed, we found the proteolytic
protection effects of P-gp in the compound 968- or SY-1320-
treated groups, whereas no such effects were observed in the
DMSO- or CB-839-treated groups (Fig. 5D). Furthermore, we verified
the results of mass spectrometry using the streptavidin–biotin
immunoprecipitation assays (Fig. 5E). GLS1 and GLS2 are targets
for compound 968, thus served as the positive control. SY-1320
bound to P-gp, as well as GLS1 and GLS2 (Fig. 5F). Together, these
results indicate that P-gp is a target protein of compound 968 and
SY-1320.

Compound 968 and SY-1320 enhances ADR accumulation in
MCF-7ADR cells by inhibiting P-gp
As P-gp is the target protein for SY-1320, we speculated that SY-
1320 might eliminate the drug resistance in MCF-7ADR cells by
inhibiting P-gp. We first measured the expression of P-gp protein
and mRNA in MCF-7 and MCF-7ADR cells and showed that the
expression of P-gp protein and mRNA levels were higher in MCF-
7ADR cells than that in MCF-7 cells (Fig. 6A, B). Then we treated
MCF-7ADR cells with tariquidar (TQ), a reported P-gp-specific
inhibitor, and also observed significant combined inhibitory
effects with ADR, which were similar to that of SY-1320 or
compound 968 (Fig. 6C). P-gp can actively pump hydrophobic
antitumor drugs out of the cell, thus reducing drug accumulation
and increasing drug efflux. We then determined whether ADR
accumulated in MCF-7ADR cells. The percentage of ADR-positive
cells significantly increased in the combination treatment groups
compared to the ADR treatment group (Fig. 6D). Notably, the
fluorescence intensity of ADR in cells was also enhanced when
treated with the combination of compound 968 or SY-1320

Fig. 3 SY-1320 reverses multidrug resistance in MCF-7ADR cells. A, B MCF-7ADR cells were treated with a series of concentrations of ADR (A)/
Puro (B) alone or combined with 2 µM compound 968 or SY-1320 for 48 h. Cell survival was measured using the CCK8 assays. C, D MCF-7ADR

cells were treated with the compounds as indicated for 2 weeks, and cell colonies were stained with crystal violet. In all, 1 µM compound 968,
1 µM SY-1320, 0.5 µM ADR, and 0.2 µg/mL Puro were used. Data are presented as mean ± SD of three independent experiments. ns no
significance; **P < 0.01, ***P < 0.001, one-way ANOVA (A, B) and two-tailed Student’s t test (C, D).
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(Fig. 6E, TQ as a positive control and CB-839 as a negative control).
Taken together, compound 968 and SY-1320 promoted the
accumulation of ADR in MCF-7ADR cells by inhibiting P-gp.
Moreover, we also used another antitumor drug, etoposide
(VP16), to determine whether MCF-7ADR cells developed multidrug
resistance (Fig. 6F). MCF-7ADR cells were also insensitive to VP16,
and SY-1320 reversed the resistance of MCF-7ADR cells to VP16.
Together, these results indicate that compound 968 (or SY-1320)
could serve as a P-gp inhibitor to increase drug accumulation in
multidrug-resistant cells.

DISCUSSION
The overexpression of P-gp or other ATP-binding cassette (ABC)
transporter family members usually causes multidrug resistance
[22]. Therefore, the inhibition of P-gp might be a feasible
treatment strategy to overcome multidrug resistance. In the past
decades, many inhibitors targeting P-gp have been found and
tested in clinical trials; however, the P-gp inhibitors have not
achieved widespread acceptance due to severe side effects or a
lack of efficacy [23–28]. Despite unexpected clinical trials out-
comes, P-gp remains to be a crucial target for overcoming the
obstacles of multidrug resistance. This study showed, for the first
time, that compound 968, a GLS1 inhibitor, could function as a
P-gp inhibitor to increase drug accumulation in multidrug-
resistant cells.
Wang et al. first identified compound 968 as a GLS inhibitor [29].

They screened the small-molecule inhibitors and found that
compound 968 could significantly inhibit the activity of Rho
GTPases, which was indirectly caused by the inhibition of GLS
activity. In addition, they showed that treatment with 10 µM
compound 968 had no effects on normal NIH3T3 cells, suggesting
that compound 968 had low toxicity to normal cells. We
demonstrated that 4 µM compound 968 was sufficient to suppress
the activity of P-gp and reversed multidrug resistance. Our
observations indicate that compound 968 has a strong inhibitory

effect on the activity of P-gp at a safe dose, and compound 968
might be a promising P-gp inhibitor.
Among the 95 derivatives of compound 968, SY-1320 was the

most potent compound that suppressed the survival of MCF-7ADR

cells when used in combination with ADR treatment. SY-1320 was
also more potent than compound 968. Further results demon-
strated that the inhibition efficiency of SY-1320 on P-gp was high,
but the inhibitory effect on GLS still needs to be verified. Most of
the effective derivatives had partially similar structures, thus
providing a reference for the optimization and development of
new P-gp inhibitors (Fig. 2).
Cancer cells exhibit fundamentally altered cellular metabolism

to support cell growth. The high demand for glutamine is one of
the characteristics of many tumor cells [30, 31]. The glutamine
metabolism is initially catalyzed by GLS, which converts
glutamine into glutamate. GLS activity has a correlation with
the proliferation of cancer cells, implying that GLS has the
potential as a druggable target [32]. Several GLS inhibitors have
been developed based on the crucial functions of GLS in various
cancer types that are driven by the dysregulated glutamine
metabolism [33]. CB-839 is the best-studied GLS inhibitor and is
currently being evaluated in clinical trials [34–36], whereas
studies about compound 968 are limited. We showed that
compound 968, unlike CB-839, acts as a P-gp inhibitor, thus
suggesting that compound 968 might be used in combination
with anticancer drugs to overcome the drug resistance. The
inhibitory effect of compound 968 on GLS and P-gp also makes it
superior to other P-gp inhibitors in killing cancer cells dependent
on glutamine metabolism.
Overall, our study suggested that compound 968 or its

derivative SY-1320 significantly eliminated multidrug resistance
in MCF-7ADR cells. Compound 968 or SY-1320 could increase the
drug accumulation in MCF-7ADR cells by suppressing P-gp. Thus,
this combination strategy might be potentially used for treating
drug-resistant tumors, especially those dependent on glutamine
metabolism.

Fig. 4 Combination of SY-1320 and puromycin synergistically induces apoptosis in MCF-7ADR cells. A MCF-7ADR cells were treated with
Puro (1 µg/mL), SY-1320 (2 µM) alone, or both for 24 h, followed by JC-1 staining. Scale bars, 50 µm. B MCF-7ADR cells were treated with Puro
(1 µg/mL), SY-1320 (2 µM) alone, or both for 48 h. The cell apoptosis was detected by flow cytometry. Data are presented as mean ± SD of
three independent experiments. ***P < 0.001, two-tailed Student’s t test.
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MATERIALS AND METHODS
Cell culture
The human MCF-7 cell line was purchased from ATCC and was used to
develop the ADR-resistant MCF-7 (MCF-7ADR) cell line via exposure to ADR
(2 µM). All the cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Rockville, MD, USA) with 10% fetal bovine serum (Gibco,
Rockville, MD, USA) and 1% streptomycin and penicillin (Gibco, Rockville,
MD, USA) at 37 °C in an atmosphere of 5% CO2. The MCF-7 was recently
authenticated by short tandem repeat analysis and tested negative for
mycoplasma. ADR, compound 968, CB-839, and TQ were purchased from
MedChemExpress (Monmouth Junction, NJ, USA) and dissolved in DMSO.

Compound library and screening
A total of 95 compound 968 analogs were synthesized by Centaurus
BioPharma Co., Ltd (Beijing, China). Stock solutions of all of the
compound 968 analogs were prepared in DMSO (10 mM) and stored at
−20 °C. MCF-7ADR cells were plated on 96-well plates (2000 cells per well)
in triplicate. The cells were incubated with ADR (2 µM) combined with
DMSO or the library compounds (10 µM) in the library after 24 h. The
number of cells was determined using the Cell Counting Kit-8
(MedChemExpress, Monmouth Junction, NJ, USA) assays 48 h later. The
compounds that inhibited the cell viability of MCF-7ADR by >50% were
selected as the candidates.

Fig. 5 DARTS identifies that SY-1320 could target the multidrug resistance protein, P-gp. A Scheme of DARTS. BMCF-7ADR cell lysates were
incubated with DMSO or SY-1320 (1mM) for 2 h at 4 °C and then subjected to pronase digestion for 10min, after which Coomassie blue
staining was performed. C Mass spectrometric results showed that P-gp might be a potential target for SY-1320. D Direct binding between
P-gp and compound 968 or SY-1320 was identified by DARTS. Tariquidar (TQ, a P-gp-specific inhibitor) served as a positive control. E Scheme
of Streptavidin–biotin immunoprecipitation. F Streptavidin–biotin immunoprecipitation of the interactions between SY-1320 and its targets.
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Western blotting
The protein was extracted by RIPA buffer and the concentration was
measured by bicinchoninic acid (BCA) assay (Beyotime, Shanghai,
China). Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) was performed with the same amounts of proteins. After
blocking, the polyvinylidene difluoride membrane was incubated with
the primary antibodies as follows: P-gp (22336-1-AP, Proteintech, USA),
GLS1 (12855-1-AP, Proteintech), glyceraldehyde 3-phosphate dehydro-
genase (GAPDH; 10494-1-AP, Proteintech), and GLS2 (ab113509,
Abcam, UK).

Cell apoptosis assay
The MCF-7ADR cells were plated on six-well plates with DMEM medium.
One day later, the cells were treated with puromycin (1 µg/mL) alone or in
combination with SY-1320 (2 µM). Cell apoptosis was measured using JC-1
staining (MedChemExpress, Monmouth Junction, NJ, USA) or an apoptosis
detection kit (Beyotime, Shanghai, China).

Clonogenic survival assay
The drug cytotoxicity of the indicated compounds was evaluated by the
clonogenic assays. Briefly, MCF-7ADR cells (300 cells per well) were plated

Fig. 6 SY-1320 promotes ADR accumulation in MCF-7ADR cells by targeting P-gp. A, B Levels of P-gp protein and mRNA in MCF-7 or MCF-7ADR

cells were detected by western blot and RT-qPCR, respectively. C MCF-7ADR cells were treated with ADR (2 μM) alone or together with TQ
(0.5 μM) for 48 h. Cell viability was detected using the CCK8 assays. D, E Intracellular ADR accumulation was detected by flow cytometry (D)
and fluorescence (E). Scale bars, 50 µm. F Both SY-1320 and TQ increased the sensitivity of MCF-7ADR cells to etoposide (VP16). Data are
presented as mean ± SD of three independent experiments. *P < 0.05, ***P < 0.001, two-tailed Student’s t test.
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on 6-well plates and treated with ADR (2 µM) or puromycin (1 µg/mL) alone
or in combination with SY-1320 (2 µM). After 2 weeks, crystal violet staining
was performed, and the clones were counted.

DARTS and mass spectrometry
MCF-7ADR cells were lysed with lysis buffer containing the phosphatase and
protease inhibitors. After centrifugation (4 °C, 14,000 r.p.m.,15min), the
concentration of protein was detected. Then 120 µg of protein was added
into the reaction buffer (50mM Tris-HCl [pH 8.0], 10mM CaCl2, and 50mM
NaCl) to make a final volume of 100 µL. Then DMSO or SY-1320 (1mM) were
incubated with the mixture on ice for 30min. All steps were performed on
ice to ensure the stability of protein. After quickly warming to room
temperature, the samples were proteolysed with 0.2 µg of pronase (Sigma-
Aldrich, St. Louis, MO, USA) for every 100 µg of protein for 10min. Then 20 µL
6× protein loading buffer was added to the samples to stop the reaction. The
proteins were separated using SDS-PAGE gel, after which the gels were
stained with SimplyBlue Coomassie (Invitrogen, Carlsbad, CA, USA), and
specific bands were cut out and subjected to mass spectrometric analysis.

Streptavidin–biotin immunoprecipitation
MCF-7ADR cells were harvested and lysed using RIPA buffer and EDTA-free
Protease Inhibitor Cocktail (Roche, Germany). After pre-clearing, the
concentration of protein was detected. The cell lysate with 500 µg of
proteins was incubated with biotin or SY-1320-biotin at 4 °C for 2 h. After
adding the streptomycin-coated beads, the samples were rotated at 4 °C
for 2 h. The beads were washed with RIPA buffer three times, after which
the biotinylated drug–protein complex was separated from the beads with
20 μL of 10mM biotin for 30min. Finally, equal volumes of 2× protein
loading buffer were added to the samples, and proteins were separated
using SDS-PAGE gel.

Reverse transcription (RT) and real-time PCR
RNA was extracted from the cells using TRIzol Reagent (Sigma-Aldrich, St.
Louis, MO, USA). Then 1 µg of total RNA was reverse-transcribed to cDNA
using a FastQuant RT Kit (Tiangen, Beijing, China). The primers for ABCB1
and GAPDH were as follows: ABCB1 forward, TGACAGCTACAGCACGGAAG
and reverse, GCCATCAAGCAGCACTTTCC; and GAPDH forward, GTCAGCCG
CATCTTCTTT and reverse, CGCCCAATACGACCAAAT. Fast Start Essential
DNA Green Master (Roche, Germany) was used to perform quantitative
real-time PCR.

Intracellular Adriamycin accumulation
MCF-7ADR cells were plated on six-well plates with DMEM. The cells were
treated with DMSO, ADR (2 µM), and ADR (2 µM) combined with SY-1320
(2 µM) or compound 968 (2 µM) 24 h later. The intracellular ADR
accumulation was detected by BD LSRFortessa flow cytometry.

Statistical analysis
The experiments were repeated at least three times. The statistical analysis
was conducted using Student’s t test (two-tailed) and one-way analysis of
variance. All results are shown as mean and standard deviation, and
P values < 0.05 indicated a significant difference. Analysis and graphical
presentation were performed using the SPSS 19.0 software (Chicago, IL,
USA) and GraphPad 5.0 software (San Diego, CA, USA).

DATA AVAILABILITY
All data generated or analyzed during this study are included in this published article.

REFERENCES
1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin.

2020;70:7–30.
2. Harbeck N, Penault-Llorca F, Cortes J, Gnant M, Houssami N, Poortmans P, et al.

Breast cancer. Nat Rev Dis Prim. 2019;5:66.
3. Garces CA, Cance WG. Neoadjuvant chemotherapy of breast cancer. Am Surg.

2004;70:565–9.
4. Shafei A, El-Bakly W, Sobhy A, Wagdy O, Reda A, Aboelenin O, et al. A review on

the efficacy and toxicity of different doxorubicin nanoparticles for targeted
therapy in metastatic breast cancer. Biomed Pharmacother. 2017;95:1209–18.

5. Speth PA, van Hoesel QG, Haanen C. Clinical pharmacokinetics of doxorubicin.
Clin Pharmacokinet. 1988;15:15–31.

6. Meredith AM, Dass CR. Increasing role of the cancer chemotherapeutic doxor-
ubicin in cellular metabolism. J Pharm Pharmacol. 2016;68:729–41.

7. Saltiel E, McGuire W. Doxorubicin (adriamycin) cardiomyopathy. West J Med.
1983;139:332–41.

8. Carvalho C, Santos RX, Cardoso S, Correia S, Oliveira PJ, Santos MS, et al. Doxor-
ubicin: the good, the bad and the ugly effect. Curr Med Chem. 2009;16:3267–85.

9. Jiang B, Yan LJ, Wu Q. ABCB1 (C1236T) polymorphism affects P-glycoprotein-
mediated transport of methotrexate, doxorubicin, actinomycin D, and etoposide.
DNA Cell Biol. 2019;38:485–90.

10. Vaidyanathan A, Sawers L, Gannon AL, Chakravarty P, Scott AL, Bray SE, et al.
ABCB1 (MDR1) induction defines a common resistance mechanism in paclitaxel-
and olaparib-resistant ovarian cancer cells. Br J Cancer. 2016;115:431–41.

11. Mollazadeh S, Sahebkar A, Hadizadeh F, Behravan J, Arabzadeh S. Structural and
functional aspects of P-glycoprotein and its inhibitors. Life Sci. 2018;214:118–23.

12. Kopecka J, Godel M, Dei S, Giampietro R, Belisario DC, Akman M, et al. Insights into
P-glycoprotein inhibitors: new inducers of immunogenic cell death. Cells. 2020;9:1033.

13. Dong J, Qin Z, Zhang WD, Cheng G, Yehuda AG, Ashby CR Jr., et al. Medicinal
chemistry strategies to discover P-glycoprotein inhibitors: an update. Drug Resist
Updat. 2020;49:100681.

14. Bott AJ, Maimouni S, Zong WX. The pleiotropic effects of glutamine metabolism
in cancer. Cancers. 2019;11:770.

15. Masisi BK, El Ansari R, Alfarsi L, Rakha EA, Green AR, Craze ML. The role of
glutaminase in cancer. Histopathology. 2020;76:498–508.

16. Wu C, Chen L, Jin S, Li H. Glutaminase inhibitors: a patent review. Expert Opin
Ther Pat. 2018;28:823–35.

17. Yuan L, Sheng X, Clark LH, Zhang L, Guo H, Jones HM, et al. Glutaminase inhibitor
compound 968 inhibits cell proliferation and sensitizes paclitaxel in ovarian
cancer. Am J Transl Res. 2016;8:4265–77.

18. Fu A, Yu Z, Song Y, Zhang E. Silencing of glutaminase 1 resensitizes taxol-resistant
breast cancer cells to taxol. Mol Med Rep. 2015;11:4727–33.

19. Fairchild CR, Ivy SP, Kao-Shan CS, Whang-Peng J, Rosen N, Israel MA, et al. Iso-
lation of amplified and overexpressed DNA sequences from adriamycin-resistant
human breast cancer cells. Cancer Res. 1987;47:5141–8.

20. Lomenick B, Hao R, Jonai N, Chin RM, Aghajan M, Warburton S, et al. Target
identification using drug affinity responsive target stability (DARTS). Proc Natl
Acad Sci USA. 2009;106:21984–9.

21. Pai MY, Lomenick B, Hwang H, Schiestl R, McBride W, Loo JA, et al. Drug affinity
responsive target stability (DARTS) for small-molecule target identification.
Methods Mol Biol. 2015;1263:287–98.

22. Kunjachan S, Rychlik B, Storm G, Kiessling F, Lammers T. Multidrug resistance:
physiological principles and nanomedical solutions. Adv Drug Deliv Rev.
2013;65:1852–65.

23. Wilson WH, Jamis-Dow C, Bryant G, Balis FM, Klecker RW, Bates SE, et al. Phase I
and pharmacokinetic study of the multidrug resistance modulator dexverapamil
with EPOCH chemotherapy. J Clin Oncol. 1995;13:1985–94.

24. Tranchand B, Catimel G, Lucas C, Sarkany M, Bastian G, Evene E, et al. Phase I
clinical and pharmacokinetic study of S9788, a new multidrug-resistance reversal
agent given alone and in combination with doxorubicin to patients with
advanced solid tumors. Cancer Chemother Pharmacol. 1998;41:281–91.

25. Tidefelt U, Liliemark J, Gruber A, Liliemark E, Sundman-Engberg B, Juliusson G,
et al. P-glycoprotein inhibitor valspodar (PSC 833) increases the intracellular
concentrations of daunorubicin in vivo in patients with P-glycoprotein-positive
acute myeloid leukemia. J Clin Oncol. 2000;18:1837–44.

26. Kelly RJ, Draper D, Chen CC, Robey RW, Figg WD, Piekarz RL, et al. A pharma-
codynamic study of docetaxel in combination with the P-glycoprotein antagonist
tariquidar (XR9576) in patients with lung, ovarian, and cervical cancer. Clin Cancer
Res. 2011;17:569–80.

27. Rubin EH, de Alwis DP, Pouliquen I, Green L, Marder P, Lin Y, et al. A phase I trial of
a potent P-glycoprotein inhibitor, Zosuquidar.3HCl trihydrochloride (LY335979),
administered orally in combination with doxorubicin in patients with advanced
malignancies. Clin Cancer Res. 2002;8:3710–7.

28. Kolitz JE, George SL, Dodge RK, Hurd DD, Powell BL, Allen SL, et al. Dose esca-
lation studies of cytarabine, daunorubicin, and etoposide with and without
multidrug resistance modulation with PSC-833 in untreated adults with acute
myeloid leukemia younger than 60 years: final induction results of Cancer and
Leukemia Group B Study 9621. J Clin Oncol. 2004;22:4290–301.

29. Wang JB, Erickson JW, Fuji R, Ramachandran S, Gao P, Dinavahi R, et al. Targeting
mitochondrial glutaminase activity inhibits oncogenic transformation. Cancer
Cell. 2010;18:207–19.

30. Altman BJ, Stine ZE, Dang CV. From Krebs to clinic: glutamine metabolism to
cancer therapy. Nat Rev Cancer. 2016;16:749.

31. Martinez-Outschoorn UE, Peiris-Pages M, Pestell RG, Sotgia F, Lisanti MP. Cancer
metabolism: a therapeutic perspective. Nat Rev Clin Oncol. 2017;14:113.

32. Mates JM, Campos-Sandoval JA, Marquez J. Glutaminase isoenzymes in the
metabolic therapy of cancer. Biochim Biophys Acta. 2018;1870:158–64.

R. Yang et al.

8

Cell Death Discovery           (2021) 7:204 



33. Song M, Kim SH, Im CY, Hwang HJ. Recent development of small molecule
glutaminase inhibitors. Curr Top Med Chem. 2018;18:432–43.

34. Boysen G, Jamshidi-Parsian A, Davis MA, Siegel ER, Simecka CM, Kore RA, et al.
Glutaminase inhibitor CB-839 increases radiation sensitivity of lung tumor cells
and human lung tumor xenografts in mice. Int J Radiat Biol. 2019;95:436–42.

35. Varghese S, Pramanik S, Williams LJ, Hodges HR, Hudgens CW, Fischer GM, et al.
The glutaminase inhibitor CB-839 (telaglenastat) enhances the antimelanoma
activity of T-cell-mediated immunotherapies. Mol Cancer Ther. 2021;20:500–11.

36. Gross MI, Demo SD, Dennison JB, Chen L, Chernov-Rogan T, Goyal B, et al.
Antitumor activity of the glutaminase inhibitor CB-839 in triple-negative breast
cancer. Mol Cancer Ther. 2014;13:890–901.

ACKNOWLEDGEMENTS
We appreciate the assistance of Lei Li from the Core Facilities of Basic Medical
Sciences of Capital Medical University for technical help.

AUTHOR CONTRIBUTIONS
Study conception and design: C.Y., R.Y., and B.L.; data acquisition, analysis, and
interpretation: R.Y., Z.G., Y.Z., L.M., and B.L.; statistical analysis: R.Y., Z.G., Y.Z., L.M., and
B.L.; development of methodology and writing: C.Y., R.Y., and B.L.; revising and final
approval of manuscript: all authors.

FUNDING
This work was supported by the National Natural Science Foundation of China
(81972567 and 82002958), the Beijing Natural Science Foundation (5194023), and the
Start Grant from Advanced Innovation Center for Human Brain Protection.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to C.Y.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

R. Yang et al.

9

Cell Death Discovery           (2021) 7:204 

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Compound 968 reverses adriamycin resistance in breast cancer MCF-7ADR cells via inhibiting P-nobreakglycoprotein function independently of glutaminase
	Introduction
	Results
	Compound 968 reverses the drug resistance in MCF-7ADR cells
	Optimizing the structure of compound 968 and screening more efficacious derivatives
	SY-1320, a compound 968 derivative, eliminates the drug resistance in MCF-7ADR cells
	Combination of SY-1320 and puromycin synergistically induces apoptosis in MCF-7ADR cells
	P-nobreakgp is a target protein of compound 968 and SY-1320
	Compound 968 and SY-1320 enhances ADR accumulation in MCF-7ADR cells by inhibiting P-nobreakgp

	Discussion
	Materials and Methods
	Cell culture
	Compound library and screening
	Western blotting
	Cell apoptosis assay
	Clonogenic survival assay
	DARTS and mass spectrometry
	Streptavidin&#x02013;nobreakbiotin immunoprecipitation
	Reverse transcription (RT) and real-time PCR
	Intracellular Adriamycin accumulation
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




