
Targeting Warburg effect: involvement of lactate transporter MCT1 and its 
chaperone in cancer cell killing by 18β-glycyrrhetinic acid

Bingxin Xia a , Chen Zhu a,b, Yi Rao a,b,*

a Academy for Advanced Interdisciplinary Studies, Department of Chemical Biology, College of Chemistry and Chemical Engineering, School of Pharmaceutical Sciences, 
Peking-Tsinghua Center for Life Sciences, School of Life Sciences, PKU-IDG/McGovern Institute for Brain Research, Peking University, Beijing, 100871, China
b Chinese Institutes for Medical Research, Capital Medical University, and Chinese Institute for Brain Research, Zhongguanchun Life Sciences Park, Beijing, China

A R T I C L E  I N F O

JEL classification:
Biological Sciences
Cell Biology
Pharmacology 
Keywords:
Warburg effect
cancer
Transporters
Chinese herb medicine

A B S T R A C T

One of the most commonly used Chinese medicinal herbs is licorice, whose major component is glycyrrizic acid, 
with a derived product 18β-glycyrrhetinic acid (18β-GA) possessing antitumor activity. Here we performed a 
genome-wide CRISPR screen to identify genes required for 18β-GA sensitivity. We discovered involvement of 
MCT1, a lactate transporter, and its membrane chaperone basigin (BSG) in 18β-GA killing of cancer cells. MCT1 
was necessary and sufficient for 18β-GA uptake by cancer cells. BSG was required for MCT1 localization on the 
membrane, and hence 18β-GA uptake into and death of, cancer cells. While it is known that Warburg effects in 
cancers increased lactate production, followed by selection of higher MCT1 expression which enhanced cancer 
cell survival by exporting lactate, our findings reveal a new opportunity for killing cancer cells by increased 18β- 
GA sensitivities of cancer cells with higher MCT1 expression due to the Warburg effect. Thus, our results have 
revealed a biomarker for 18β-GA sensitivity and suggested the possibility of using Warburg effect to allow drug 
entry into tumor cells, and will stimulate further molecular mechanistic studies and improvements of traditional 
Chinese herb medicines.

1. Introduction

Traditional Chinese medicine has helped China for thousands of 
years before the introduction of modern medicine. Among the most 
often used Chinese herb medicines is licorice (Glycyrrhiza glabra), which 
has a long history [1,2]. The major chemical extracted from its root is 
glycyrrizic acid, which is hydrolyzed by intestinal bacteria to 18β-gly
cyrrhetinic acid (18β-GA) [3,4].

Cancer continues to pose a significant challenge to global health, 
with conventional treatments often constrained by drug resistance and 
adverse effects. A hallmark of cancer cell metabolism was discovered by 
Otto Warburg a hundred years ago [5–7], and soon confirmed by Carl 
and Getty Coris [8–12]. It was initially thought that glycolysis was 
increased whereas oxidative phosphorylation, but later consensus is that 
only glycolysis is increased, even under aerobic conditions in cancer 
cells (“aerobic glycolysis), with increased production of lactate [5–7,10,
11].

The discovery of novel therapeutic agents and molecular targets is 

crucial for advancing cancer treatment. Several noteworthy anticancer 
drugs have been discovered from plants, such as paclitaxel and vinca 
alkaloids, which have ultimately become first-line treatment options for 
common cancers like ovarian cancer [13]. 18β-GA has been found to 
have anticancer effects [14,15], exhibiting broad-spectrum activities 
against multiple cancer cells [16–19]. 18β-GA can inhibit major path
ways essential for cancer growth and metastasis, such as PI3K/Akt, 
MAPK/ERK1/2, and Akt/mTORC1/STAT3 [14,17,20,21]. While there is 
much research on the anticancer mechanisms of 18β-GA, little is known 
about molecular basis on the cell membrane which allows 18β-GA entry 
into the cell [22–24].

CRISPR-Cas9 provides a powerful technology to modify genes [25] 
and a derived technique is to apply CRISPR-Cas9 for functional 
screening of genes [26–30]. It can be used to find the mechanisms un
derlying drug sensitivity and resistance [29,31,32].

In this study, we applied CRISPR-Cas9 based screening to systemat
ically search for genes required for 18β-GA responsiveness. We found 
monocarboxylate transporter 1 (MCT1, also known as SLC16A1), and its 
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membrane chaperone basigin (BSG) to be required for 18β-GA 
sensitivity.

Solute carriers (SLC) contribute to both cytoplasmic and vesicular 
transporters. Family 16 (SLC16) has 14 members in humans and they are 
secondary active transporters relying on electrochemical Na+ or H+

gradients [33–36]. MCT1, a member of SLC16, is a proton-coupled 
transporter for monocarboxylic acids such as lactate and pyruvate 
[37–41]. BSG is the chaperone for MCTs and is crucial for the membrane 
localization of MCT1, MCT3, and MCT4 [42–47]. Overexpression of 
MCT1 has been found in cancers [36,48–56]. MCT1 allows transport of 
lactic acid out of cancers undergoing aerobic glycolysis, which is critical 
for cancer cell metabolism. A previous strategy to target the Warburg 
effect of cancer cells is to inhibit MCT1 by chemical compounds 
[57–60]. Because lactate is quite small, it was not obvious that a toxic 
molecule could be tagged onto a molecule passing the MCT1.

Our further investigations show that 18β-GA relies on MCT1 to be 
transported into cancer cells and higher expression of MCT1 made cells 
more susceptible to 18β-GA, thus suggesting that molecules consider
ably larger than lactate such as 18β-GA could be transported through 
MCT1 and thus targeting cancer cells through Warburg effect, with 
implications for a new strategy for cancer treatment.

2. Materials and methods

2.1. Cell culture reagents and antibodies

H1975 and A375 cell lines were gifts from Dr. Wensheng Wei at 
Peking University. A375 cells were cultured in Dulbecco's minimum 
eagle medium (DMEM). H1975 cells were cultured in Roswell Park 
Memorial Institute (RPMI)1640 medium. All cells were supplemented 
with 10% fetal bovine serum (FBS), with 1% penicillin/streptomycin, 
cultured in a humidified incubator with 5% CO2 at 37 ◦C.

DMEM, RPMI 1640, trypsin, and FBS were purchased from Life 
Technologies/Gibco Laboratories (Grand Island, NY, USA). Lipofect
amine 3000 (Invitrogen). 18β-GA and AZD3965 were purchased from 
MedChemExpress (MCE) (Shanghai, China), dissolved in DMSO.

2.2. Cell viability assays

Cells were seeded in a 96-well plate at a density of 104 cells/well for 
overnight, then incubated with 18β-GA at indicated concentrations for 
24 or 48 h (h). After treatment, CellTiter-Glo (Promega), CCK-8 
(Abcam), and LDH Cytotoxicity Assay Kit (Beyotime) were used to 
measure the percentage of cell death for each concentration compared to 
DMSO-treated cells.

2.3. Lentivirus packaging of plasmid library and infection

For lentivirus production, HEK293T cells were plated at approxi
mately 40% confluence in five 10-cm dishes the day prior to trans
fection. On the day of transfection, a mixture containing 12 μg plasmid 
DNA (4 μg plasmid library: 4 μg psPAX2: 4 μg pMD2.G) was prepared in 
500 μL pre-warmed Opti-MEM medium. This mixture was then com
bined with Lipofectamine 3000 in an additional 500 μL of Opti-MEM 
medium. After a 30-min incubation at room temperature, the trans
fection mixture was added drop-wise to the HEK293T cells. The viral 
supernatant was harvested 48 h post-transfection, filtered through a 
0.45 μm Acrodisc syringe filter, aliquoted, and stored at − 80 ◦C for 
future use. To determine the multiplicity of infection (MOI), target cells 
were seeded at 5 × 106 cells per well in six-well plates and infected with 
varying volumes of the viral supernatant supplemented with 8 μg/ml 
polybrene (Millipore, #TR-1003-G) in fresh medium for 24 h. Subse
quently, the infected cells were transferred to 15-cm dishes and selected 
with puromycin (2 μg/mL).

2.4. Genome-scale CRISPR/Cas9 screening

The lentiviral gRNA plasmid library for genome-wide CRISPR-Cas9 
screen was a gift from Dr. Wensheng Wei at Peking University. A total of 
4 × 107 cells (MOI = 3) were plated on 10-cm dishes for sgRNA library 
construction. Cells were infected with the library and treated with 2 μg/ 
mL of puromycin for 72 h post infection. SgRNA-iBAR-integrated cells 
were cultured for an additional 15 days to maximize gene knockout. 
Cells were re-seeded onto 10-cm dishes, treated by 18β-GA (130 μM) for 
48 h, and followed by the removal of the loosely attached round cells 
through repeated pipetting. For each round of screening, cells were 
cultured in fresh media without 18β-GA to reach ~50–60% confluence. 
All resistant cells were pooled and subjected to another round of 18β-GA 
screening. For two subsequent rounds of screening, the 18β-GA con
centration was 140 μM, and 150 μM, respectively. After three rounds of 
treatment, resistant cells and untreated cells were collected for genomic 
DNA extraction (QIAGEN, 69506), PCR amplification of sgRNA (KAPA, 
KK2625), and next genome sequencing (NGS).

To process the NGS data obtained from the screens, we employed the 
MAGeCK-iBAR algorithm [61], to assess the variation in sgRNA levels 
between control and experimental groups. Utilizing the standard set
tings within MAGeCK-iBAR, we determined the Robust Rank Aggrega
tion (RRA) scores and p-values for each gene, taking into account the 
statistical significance and the replicability of the results across three 
iBARs.

2.5. Validation of candidate candidates

To validate each gene, we chose two sgRNAs designed in the library 
and cloned them into a lentiviral vector with a puromycin selection 
marker. We transfected the sgRNA plasmids into HEK293T cells with 
two lentiviral package plasmids (psPAX2 and pMD2.G). H1975 cells 
stably expressing Cas9 were infected with the lentivirus for 3 days and 
treated with 2 μg/mL puromycin for 2 days. 104 cells were seeded in 96- 
well plates, and three replicate wells were set up for each group. After 
24 h, experimental groups were treated with 18β-GA, and control groups 
were treated with DMSO for 24-48 h. CCK-8 staining and detection were 
performed following the standard protocol. Experimental wells treated 
with 18β-GA were normalized to control wells.

2.6. Real-time qPCR

Cultured cells were treated with Trizol. RNA was extracted using the 
Direct-zol RNA kit (Zymo, R2069), and cDNA was synthesized using 
HiScript II 1st Strand cDNA Synthesis Kit (Vazyme, R21101). Real-time 
PCR was performed using ChamQ SYBR qPCR Master Mix (Vazyme, 
R211-01) on LightCycler96 qPCR system (Roche). Relative mRNA level 
was calculated using the 2(− ΔΔCT) method. Actin was used as an internal 
control. All the primers used for real-time qPCR are listed in Table S2 in 
Supporting Information.

2.7. Immunofluorescence

Cells were seeded in PDL coated glass-bottomed dish for 24 h. After 
cells were attached to the bottom, old media were replaced with 4% PFA 
and fixed for 10 min at RT before being washed in phosphate buffered 
saline Triton (PBST, PBS containing 0.2% Triton X-100, vol/vol) for 
5 min three times, blocked in 500 μL PB buffer (PBS containing 2% 
Triton X-100, 10% normal goat serum, vol/vol) for 30 min. Expression 
of MCT1 was detected by cell incubation with primary antibodies in the 
dilution buffer (PBS containing 0.25% Triton X-100, 1% normal goat 
serum, vol/vol) for 12 h at 4 ◦C, followed by being washed with the 
washing buffer (PBS containing 1% Triton X-100, vol/vol, 3% NaCl, g/ 
ml) three times, each for 10 min. Cells were incubated with secondary 
antibodies in the dilution buffer for 1 h at RT in darkness and washed 
three times in the washing buffer for 10 min each. Finally, cells were 
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imaged on a Zeiss LSM880 confocal microscope.
A rabbit anti-MCT1 antibody (1:500 dilution; Santa Cruz, catalog no. 

sc-365501) was used, and the secondary antibody was Alexa Fluor488 
anti-rabbit immunoglobulin G (1:2000 dilution; Life Technology, cata
log no. A11034).

2.8. Correlation analysis

Seventeen cell lines (H1299, H2452, U2OS, TCCSUP, UM-UC-3, 
H1975, RKO, PC-3, HCT-15, TE-1, DU-145, COLO-680 N, H226, HCT- 
116, H522, A375 and MSTO-211H) were treated with 18β-GA (0- 
200 μM). After 48 h, cell viability was quantified via CCK-8 assay, and 
EC50 values were interpolated from the resulting dose-response curve 
using a nonlinear regression model. SLC16A1 mRNA level was detected 
by qPCR. Transcriptome-wide normalized mRNA levels from gene 
expression profiling experiments were obtained from CCLE [62] for all 
17 cell lines. The mRNA expression pattern across all 17 samples for 

each of the genes was then correlated with the EC50 values.

2.9. Liquid chromatography-tandem mass spectrometry assay

Uptake assays were performed by plating cells in six-well plates 
(8 × 105 cells per well) the day before experiments. Cells were treated 
with 18β-GA for up to 8 h at 37 ◦C before being washed three times with 
ice-cold PBS and lysed in 100-1000 μl of 80% ice-cold methanol. After 
centrifugation at 4 ◦C, 16,000g for 10 min, supernatants were dried with 
a nitrogen evaporator and reconstituted in 1 ml 50% ACN (Acetonitrile). 
The concentrated samples were analyzed by LC-MS/MS (ThermoFisher 
Vanquish HPLC coupled to a ThermoFisher TSQ Altis Triple Quadrupole 
Mass Spectrometer). LC-MS detected and analysis was performed by the 
CIBR mass spectrometry core facility.

Chromatographic separations were carried out with a ThermoFisher 
Vanquish HPLC, 1.9 μm, 2.1 × 100 mm analytical column. The column 
was maintained at 40 ◦C and 5 μL samples were injected per run. Mobile 

Fig. 1. Whole-genome CRISPR screening for genes required for 18β-GA sensitivity. (A-C) Dose-dependent effects of 18β-GA on H1975 cells after 48 h treatment: cell 
viability (A), ATP level (B) and LDH activity (C), with DMSO used as the control. (D-F) Time-dependence of the effects of 160 μM 18β-GA on H1975 cells. (G) A 
schematic diagram of the CRISPR screen for genes required for 18β-GA sensitivity in H1975 cells. (H) Robust rank aggregation (RRA) scores of all genes from the 
screen. (I) Gene hits from the screen. The top 2 hits are SLC16A1 and BSG. RRA score-based ranking, RRA score, and the number of sgRNA enriched in screening are 
listed. Data are represented as means ± standard deviation (SD), n = 3 for panels A-F.
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phase A was 5 mM ammonium acetate (pH = 7) and mobile phase B was 
ACN. For analysis of 18β-GA, gradient elution was applied by increasing 
mobile phase B from 5% to 95% within 7 min; the total analysis time was 
12 min with the flow rate set to 0.3 mL min− 1. The compounds were 
detected in a negative electrospray ionization mode. The multiple re
action monitoring transition 469 → 425.3. A six-point calibration curve 
was determined to allow quantification.

2.10. Statistics

All statistical analyses were carried out with Prism 5 (GraphPad 
Software). Mann-Whitney tests were used to compare two columns of 
data. One-way analysis of variance (ANOVA) followed by Tukey's mul
tiple comparison posttest was used to compare multiple columns of data. 
Statistical significance is denoted by asterisks: * = p < 0.05, ** = p <
0.01, *** = p < 0.001, **** = p < 0.0001.

4. Results

4.1. CRISPR-based whole-genome screening for genes required for 18β- 
GA sensitivity

We examined the toxic activity of 18β-GA on human non-small cell 
lung cancer cells H1975. 18β-GA reduced H1975 cell viability with a 
half-maximal effective concentration (EC50) of 112.3 μM, consistent 
with previous observations in other cell lines [14]. Measurement of 
extracellular lactate dehydrogenase (LDH) and intracellular adenosine 
triphosphate (ATP) levels showed that 18β-GA induced H1975 cell death 
in a dose-dependent (Fig. 1A–C) and time-dependent manner 
(Fig. 1D–F).

To find genes involved in 18β-GA-induced cancer cell death, we 
utilized a CRISPR/Cas9 high-throughput screening to conduct a 
genome-wide selection of targets associated with 18β-GA-induced cell 
death [26–30]. The human whole-genome small guide ribonucleic acid 

Fig. 2. Validation of candidate genes identified from the screen. (A) SLC16A1 mRNA levels detected in WT and SLC16A1− /− H1975 cells by qPCR. Two-tailed 
unpaired Student's t-test was used (****P < 0.001). (B and C) Effects of SLC16A1 knockout on 18β-GA-induced cell death. Cell viability in WT and SLC16A1− /−

H1975 cells are shown following treatment with indicated concentrations of 18β-GA for 24 h (B) and treatment with a 160 μM concentration for indicated durations 
(C). (D) BSG mRNA levels detected in WT and/BSG− /− H1975 cells. (E and F) Effects of BSG knockout on 18β-GA-induced cell death. Cell viability in WT and BSG− /−

H1975 cells are shown following 18β-GA treatment under the same conditions as in panels (B) and (C). (G and H) Effects of MCT1 inhibitors on 18β-GA-induced cell 
death. Cell viability in H1975 cells in the absence or presence of the MCT1 inhibitor AZD3965 (10 nM) followed by 18β-GA treatment under the same conditions as in 
panels (B) and (C). Data are represented as means ± SD, n = 3 for all panels.
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(sgRNA) library used here targets 19,114 genes with a total of 233,000 
sgRNAs [61]. The sgRNA library was constructed with three internal 
barcodes (iBARs), which ensures a high-quality screening even at a high 
multiplicity of infection (MOI) while significantly reducing the number 
of cells required for the screening process. We stably infected this 
CRISPR sgRNA library into the H1975 cell line stably expressing Cas9. 
Following the construction of the cell library, it was evenly divided into 
two groups. One group served as the experimental group, which was 
treated with 18β-GA to enrich cells resistant to 18β-GA. The other group 
served as the control group, which was treated with an equivalent 
concentration of DMSO. After three rounds of chemical treatment, we 
isolated genomic DNA from the enriched cells from the experimental 
group and the control group cells. The sgRNA region was PCR-amplified 
and sequenced with next-generation sequencing (Fig. 1G).

The distribution of sgRNA distribution in the experimental group of 
cells was compared with that of the control group to calculate differ
ences in sgRNA abundance. By integrating the results from three rounds 
of drug treatment, genes corresponding to the most enriched sgRNAs in 
the experimental group were identified using the MAGeCK-iBAR algo
rithm [61]. The screening results showed the top two genes to be 
SLC16A1 and BSG (Fig. 1H and S1). Robust rank aggregation (RRA) 
scores and false discovery rate (FDR) values for these two genes were 
highly significant (Fig. 1I). The gene SLC16A1 encodes MCT1, which is a 
proton-coupled monocarboxylate transporter for monocarboxylic acids 
including lactate and pyruvate across the cell membrane [37–41]. The 
gene BSG encodes basigin, a chaperone molecule essential for escorting 
MCT1 to the plasma membrane [46,47].

4.2. Validation of SLC16A1 and BSG in 18β-GA sensitivity

To validate the role of these two genes, we selected two sgRNAs for 

each gene (Table S1). We isolated two clonal H1975 cell lines in which 
SLC16A1 and BSG mRNA were targeted and confirmed by quantitative 
polymerase chain reaction (qPCR) (Fig. 2, A and D). Knocking out 
SLC16A1 did not alter BSG expression, and vice versa (Fig. S2). 
Consistent with the screening results, the viability of control cells was 
decreased by increasing concentrations of 18β-GA for 24 h, whereas the 
viability of cells lacking SLC16A1 was significantly increased under the 
same conditions (Fig. 2B). The viability of cells was also decreased by a 
fixed concentration of 18β-GA at different time points, an effect signif
icantly reversed by genetic targeting of SLC16A1 (Fig. 2C). Genetic 
targeting of BSG also decreased the sensitivity of H1975 cancer cells to 
18β-GA, as assayed by either concentration-dependence (Fig. 2E) or 
time-dependence (Fig. 2F). We also used an MCT1 specific chemical 
inhibitor, AZD3965 [65–72]. 18β-GA-induced H1975 cell death was 
significantly reduced by AZD3965 (Fig. 2G and H). Together, genetic 
and pharmacological results confirm CRISPR-based screening outcomes 
and demonstrate that SLC16A1 and BSG are required for induction of 
cell death by 18β-GA.

4.3. Requirement of MCT1 for cellular uptake of 18β-GA

We investigated the mechanism by which MCT1 functioned in 18β- 
GA-induced cell death. Previous findings of MCT1 facilitated transport 
of drugs [73,74] promoted us to test whether MCT1 could facilitate the 
cellular uptake of 18β-GA.

We incubated wild-type (WT) and knockout H1975 cells with 18β- 
GA before repeatedly washing the cells to remove 18β-GA adhering to 
the cell surface and measuring the intracellular content of 18β-GA by 
mass spectrometry. The intracellular 18β-GA levels of H1975 WT cells 
were increased in a time dependent manner (Fig. 3A). It was also 
increased in a concentration-dependent manner after 4-h exposure to 

Fig. 3. Requirement of MCT1 for the transport of 18β-GA into the cell. (A) Intracellular 18β-GA levels in WT, SLC16A1− /− , and SLC16A1− /− ,SLC16A1 H1975 cells 
following 140 μM 18β-GA incubation, measured by MS over time. Each relative 18β-GA uptake was normalized to WT H1975 cells treated with 140 μM 18β-GA for 
4 h. (B) Dose curves of intracellular 18β-GA content in WT, SLC16A1− /− , and SLC16A1− /− , SLC16A1 H1975 cells following 4 h of 18β-GA incubation. (C) MCT1 
inhibitor diminished the 18β-GA uptake in WT H1975 cells. Dose curves of intracellular 18β-GA levels in the absence or presence of 10 nM AZD3965. (D) 18β-GA 
uptake in WT A375 or H1975 and SLC16A1− /− A375 or H1975 cells. Two-tailed unpaired Student's t tests were used (****P < 0.0001, ***P < 0.001). (E) Effects of 
SLC16A1 lactate-binding site mutations on 18β-GA transport activities. 18β-GA uptake in SLC16A1− /− H1975 cells re-expressing SLC16A1 WT, SLC16A1 R313Q, 
SLC16A1 R313A, or SLC16A1 D309 N after 4-h incubation with 18β-GA. (F) Effects of SLC16A1 lactate-binding site mutations on 18β-GA sensitivities. Cell viability 
after 24 h of 18β-GA treatment in mutant cell lines. Data are represented as means ± SD, n = 3 for all panels.
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18β-GA (Fig. 3B). Genetic targeting of SLC16A1 in H1975 cells signifi
cantly reduced the intracellular content of 18β-GA, as supported both by 
the time- (Fig. 3A) and dose-dependent curves (Fig. 3B). This result was 
further confirmed in a different cell line (A375 melanoma cells; Fig. 3D).

To confirm that the phenotype of SLC16A1− /− mutant clones was 
indeed caused by the lack of the SLC16A1 gene, we introduced exoge
nous SLC16A1 into the SLC16A1− /− cells (as confirmed by qPCR; 
Fig. S3A). We found that exogenous SLC16A1 could rescue the 18β-GA 
uptake phenotype of H1975 cells, as both indicated the time- (Fig. 3A) 
and dose-dependent curves (Fig. 3B). Thus, MCT1 is necessary and 
sufficient for cellular uptake of 18β-GA.

This was further confirmed by examining whether the MCT1 specific 
inhibitor, AZD3965 could affect the transport of 18β-GA. Our results 
showed that AZD3965 significantly reduced the intracellular content of 
18β-GA, with an inhibition level close to that observed in the knockout 
cell lines (Fig. 3C). Thus, both the genetic and the pharmacological 
support that MCT1 is essential for 18β-GA transport.

Amino acid residues arginine at position 313 (R313) and aspartate at 
309 (D309) of MCT1 were reportedly involved in its binding to lactate, 

and the same mutations have been shown to abrogate lactate transport 
[71]. We therefore introduced these previously validated mutations 
(R313A/Q, D309 N) into MCT1, and expressed them in SLC16A1− /−

cells. qPCR results confirmed MCT1 expression (Fig. S3B). MCT1 protein 
with any of these mutations (R313Q, R313A, or D309 N) could not 
transport 18β-GA (Fig. 3E). H1975 cells expressing any of these mutants 
could not restore sensitivity of SLC16A1− /− cells to 18β-GA (Fig. 3F).

4.4. Failure of other MCTs in cellular uptake of and cell death induction 
by 18β-GA

MCT1 belongs to the SLC16 family, and among the 14 MCTs, MCT1- 
MCT4 mediate the proton-coupled influx or efflux of monocarboxylic 
acids (Fig. 4A), with the direction of transport determined by the con
centration gradients of protons and monocarboxylate anions [33,34,36,
75]. Because their substrate specificities were different, we investigated 
whether MCTs 2, 3 or 4 could function similarly as MCT1 in transporting 
18β-GA.

We introduced MCT 2 (SLC16A7), 3 (SLC16A8) or 4 (SLC16A3) 

Fig. 4. Failure of MCT 2-4 expression to restore 18β-GA cellular uptake and sensitivity. (A) A phylogenetic tree of the SLC16 subfamily. ClustalW alignment was 
carried out to generate the phylogenetic tree by using the ‘Neighbor Joining’ method. (B) 18β-GA transport activities of the SLC16 family. 18β-GA uptake in 
SLC16A1− /− H1975 cells reexpressing SLC16A1, SLC16A3, SLC16A7, and SLC16A8-mCherry after 4-h incubation with 18β-GA. (C) Cell viability following treatment 
with 18β-GA in cells expressing different members of the SLC16 family. (D) Membrane localization of SLC16 family members expressed in SLC16A1− /− H1975 cells. 
Scale bar, 30 μm. Data are represented as means ± SD, n = 3 for all panels.
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individually into the H1975 clone lacking MCT1 (SLC16A1− /− ), with the 
qPCR results confirming their expression (Fig. S4). We further confirmed 
that MCT 2, 3 and 4 proteins were located on the plasma membrane 
(Fig. 4D). After incubating H1975 cells with 18β-GA, we assessed cell 
viability and cellular uptake of 18β-GA. Only exogenous MCT1, but not 
MCT 2, 3 or 4 could restore 18β-GA uptake into H1975 cells lacking 
endogenous MCT1 (Fig. 4B). Similarly, cell death induction by 18β-GA 
could only be restored to H1975 cells lacking endogenous MCT1 by 
expression of exogenous MCT1 but not by MCT 2, 3 or 4 (Fig. 4C). Thus, 
MCT1 is specifically required for 18β-GA uptake into cells and induction 
of cell death.

4.5. BSG as the cofactor for MCT1 required for 18β-GA transport and 
function

BSG and Embigin (EMB) are two molecular chaperones previously 
reported to assist the translocation of MCT1-4 to the plasma membrane 
[36,47,73,76,77].

To examine the involvement of BSG in MCT1 membrane localization 
and subsequent impact on 18β-GA's effect on cell viability, we per
formed BSG knockout in melanoma cells A375 and assessed MCT1 
subcellular localization using an anti-MCT1 antibody in both A375/ 
BSG− /− and WT cells. MCT1 was localized on the cell membrane of WT 
A375 cells (Fig. 5A), but not on the cell membrane of BSG− /− A375 cells 
(Fig. 5B and Fig. S5C). 18β-GA uptake was reduced in BSG− /− cells 

(Fig. 5G) and cell death caused by 18β-GA treatment was enhanced in 
BSG− /− cells (Fig. 5H).

We then introduced BSG and EMB into the BSG− /− cell line, with 
qPCR results confirming their expression (Fig. S5, A and B). Only BSG 
expression rescued the phenotype of MCT1 membrane localization 
(Fig. 5C), whereas EMB did not (Fig. 5D). We also evaluated 18β-GA 
transport and sensitivity in these cells. Exogenous BSG expression into 
the BSG− /− cells showed a significant increase in 18β-GA transport ac
tivity, nearly to the WT level (Fig. 5G), and a marked increase in cell 
death response to 18β-GA (Fig. 5H). Exogenous EMB expression into the 
BSG− /− cells did not restore either cellular uptake of 18β-GA (Fig. 5G) or 
cell death response to 18β-GA (Fig. 5H).

Thus, BSG, but not EMB, is the key cofactor for MCT1 localization to 
the plasma membrane, which is essential for 18β-GA transport and of 
cell death.

4.6. SLC16A1 expression, cancer prognosis and 18β-GA sensitivity

To examine whether SLC16A1 expression is associated with patient 
outcome, we analyzed the correlation between SLC16A1 expression 
levels and patient prognosis of overall survival (OS) for all TCGA cases 
(Fig. 6A). Within individual tumor types, high SLC16A1 expression was 
independently significantly associated with poor OS in low grade glioma 
(LGG) (logrank p = 6.20E-07, HR = 5.5, p(HR) = 8.80E-06) (Fig. 6B), 
lung adenocarcinoma (LUAD) (logrank p = 0.00022, HR = 2.3, p 

Fig. 5. Membrane localization of MCT1 facilitated specifically by BSG to enable 18β-GA uptake and cytotoxicity. (A and B) Immunofluorescence results showing the 
subcellular localization of MCT1 in WT and BSG− /− A375 cells. (C–F) Subcellular localization of MCT1 after EMB/BSG-P2A-BFP expression in BSG− /− A375 cells. BFP 
indicates the expression of the indicated genes. Scale bar, 30 μm. (G) 18β-GA uptake in WT, BSG− /− , BSG− /− , BSG, BSG− /− , EMB A375 cells. (H) Cell viability after 18β- 
GA treatment of in WT, BSG− /− , BSG− /− , BSG, BSG− /− , EMB A375 cells. Data are represented as means ± SD, n = 3 for all panels.
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(HR) = 0.00031) (Fig. 6C), soft tissue carcinoma (SARC) (logrank 
p = 0.0033, HR = 2.7, p(HR) = 0.0047) (Fig. 6D) and pancreatic 
adenocarcinoma (PAAD) (logrank p = 0.0016, HR = 2.8, p 
(HR) = 0.0023) (Fig. 6E). While these results add SLC16A1 as one of the 
molecular markers in the prognosis diagnosis, our findings above sug
gest the new possibility that they would be more sensitive to drugs such 
as 18β-GA which targets MCT1 for entry into and killing of cancer cells.

LUAD is one of the malignant tumors with the highest mortality rate 
globally (accounting for approximately 45% of lung cancer cases) [78] 
and a five-year survival rate of less than 20% [79]. We used four human 
lung carcinoma cell lines (H226, H1299, H522, and H1975) to evaluate 
the therapeutic potential of 18β-GA. Dose-dependent cellular responses 
were assessed in a concentration range of 0-200 μM (Fig. 6F). The 
half-maximal effective concentration (EC50) was calculated using 

nonlinear regression analysis (four-parameter logistic model) (Fig. 6G). 
Quantitative real-time PCR was performed to quantify SLC16A1 mRNA 
expression levels (Fig. 6H), for correlation analysis with 18β-GA 
sensitivity.

A significant inverse correlation between SLC16A1 expression and 
18β-GA resistance was observed (Fig. 6I): lung carcinoma cell lines with 
higher SLC16A1 mRNA levels (H522 and H226) exhibited greater 
sensitivity to 18β-GA (EC50 = 74.78 μM) compared to low-expressing 
lines (H1299: EC50 = 171.8 μM; P < 0.01, Pearson's r2 = 0.9678).

Thus, in addition to the expectation of MCT1 allowing better cancer 
cell survival and worse patient survival, our finding of MCT1 in 18β-GA 
sensitivity suggests a new opportunity that MCT1 is a biomarker for 18β- 
GA-based cancer therapies.

Fig. 6. Correlation of higher MCT1 expression correlates with poorer LUAD patient survival and higher 18β-GA sensitivity. (A) Kaplan-Meier analysis of overall 
survival (OS) based on SLC16A1 expression in the TCGA pan-cancer cohort (low, <20%; high, >80%) using the GEPIA platform. The Log-rank test (Mantel-Cox test) 
was applied to compare overall survival (OS) between groups. Cox proportional hazards regression analysis provided the hazard ratio and p-value. Data sourced from 
The Cancer Genome Atlas (TCGA). (B) Kaplan-Meier survival analysis for tumor types with significant contribution of SLC16A1 to survival (low, <20%; high, >80%). 
LGG, Brain Lower Grade Glioma; LUAD, Lung adenocarcinoma; SARC, Sarcoma; PAAD, Pancreatic adenocarcinoma. The P-value is from the log-rank test. (C) Cell 
viability of four lung carcinoma cell lines after indicated concentrations of 18β-GA treatment for 48 h. (D) Calculated EC50 values from panel (C). (E) SLC16A1 mRNA 
levels by qPCR. (F) Correlation between SLC16A1 expression levels and cell sensitivity to 18β-GA (EC50). Data are represented as means ± SD, n = 3 for all panels.

B. Xia et al.                                                                                                                                                                                                                                      Biochemical and Biophysical Research Communications 809 (2026) 153492 

8 



4.7. MCT1 expression predictive of 18β-GA sensitivity in cancer cells

To study the relevance of SLC16A1 as a predictive biomarker other 
than LUAD, we expanded our analysis to a panel of 17 cell lines spanning 
eight cancer types (prostate, colon, esophageal, lung, bladder, amela
notic melanoma, pleural mesothelioma, osteosarcoma). Despite their 
diverse origins, they exhibited a robust inverse correlation between 
SLC16A1 mRNA levels and 18β-GA sensitivity (Pearson's r = − 0.8006, 
P = 0.0002; Fig. 7A–I and Fig. S6).

Because there are other MCTs in the human genome, we performed 
an unbiased analysis of whether the expression level of SLC16A1 is the 
most significant gene conferring 18β-GA sensitivity. We analyzed the 
whole gene expression levels of these cell lines in the Cancer Cell Line 
Encyclopedia (CCLE) database [62] and performed a correlation anal
ysis with EC50. Our results show that among 20,000 genes, the mRNA 

level of SLC16A1 has the highest correlation with the EC50 of cell 
sensitivity to 18β-GA (Fig. 7J).

By contrast, the expression levels of other MCTs were not signifi
cantly correlated with the EC50 of 18β-GA sensitivity (Fig. 7J and 
Fig. S7).

These results indicate that the levels of SLC16A1 gene expression are 
the best genetic predictor of 18β-GA sensitivity, suggesting that, while 
Warburg effect requires higher lactate transport for cancer cell survival 
and higher MCT1 predicts worse prognosis, higher MCT1 can also be 
targeted by drugs such as 18β-GA which enters cancer cells to kill them.

5. Discussion

We have performed a genome-wide CRISPR screen to identify genes 
required for 18β-GA sensitivity, a molecule from a Chinese medicinal 

Fig. 7. MCT1 expression as the predominant determinant of cancer cell sensitivity to 18β-GA. (A) EC50 values for 18β-GA treatment of cancer cells, calculated from 
the dose response curves shown in Fig. S6 and (E-H). (B) Violin plot of EC50 values from panel (A). (C) Expression levels of SLC16A1 in cancer cells determined by 
qPCR. (D) Violin plot of SLC16A1 expression levels from panel (C). (E-H) Cell viability of UM-UC-3, TE-1, MSTO-211H, H2452 after 18β-GA treatment for 48 h. Other 
cell lines are shown in Fig. S6. (I) Correlation between SLC16A1 expression levels and cell sensitivity to 18β-GA EC50. (J) Pearson correlation coefficients of EC50 
values with gene expression levels in the CCLE database. SLC16 family transporter genes were labeled, and SLC16A1 is represented by red dots. Data are represented 
as means ± SD, n = 3 for all panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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herb known to have anticancer activities. We found the lactate trans
porter, MCT1, and its membrane chaperone BSG, as major determinants 
of 18β-GA sensitivity. MCT1 plays a pivotal role in cellular uptake of 
18β-GA, while BSG is required for MCT1 localization to the plasma 
membrane. SLC16A1 mRNA levels predict 18β-GA sensitivities of 
human cancer cells. Our study demonstrates a direct link between 
SLC16A1-mediated 18β-GA transport and its cytotoxic effects on cancer 
cells.

Our analysis of TCGA data uncovers a significant correlation be
tween high SLC16A1 expression and poor prognosis in multiple cancer 
types, which is noteworthy given the recent interest in the development 
of personalized medicine strategies based on the molecular character
istics of tumors. This correlation can be turned upside down if drugs such 
as 18β-GA are used to enter cancer cells via MCT1. Our experiments with 
cancer cell lines support this suggestion and further substantiate the role 
of SLC16A1 in 18β-GA transport. The correlation between SLC16A1 
expression levels and EC50 for 18β-GA values of cell lines from the CCLE 
database confirms SLC16A1 as a significant predictor of 18β-GA sensi
tivity. However, under in vitro experimental conditions, 18β-GA re
quires a high concentration to kill tumor cells. Therefore, the molecular 
structure of 18β-GA should be modified so that the concentration 
required to kill cells is reduced and the potency is increased; at the same 
time, the ability to be transported by SLC16A1 is retained, which can 
have the effect of treating tumors with high expression of SLC16A1. Such 
compounds hold promise for new drugs targeting tumors with the 
Warburg effect.

MCT1 has been a known target for cancer treatment, but it has been 
targeted by small molecule inhibitors [65–72], which inhibit lactate 
export from cancer cells, causing cell death. 18β-GA is different in that it 
utilizes MCT1 to enter the cell before exerting toxic effects.

Drugs going through transporters have been known but are not 
cancer specific. SLCs for the cellular uptake of chemical molecules are 
important. For example, the nucleotide transporter SLC29A1 is linked to 
the transport of nucleoside analog drugs such as clofarabine, gemcita
bine, and fluorouracil [80]. The folate transporter SLC19A1 transports 
methotrexate and pemetrexed [81,82] and the organic cation trans
porter SLC22A1 (OCT1) has been reported to be associated with met
formin transport [83,84]. The U.S. Food and Drug Administration and 
the European Medicines Agency currently advocate for the testing of 
ABC and SLC22/SLCO family members in clinical drug interaction 
studies [85]. Screening of a CRISPR-Cas9 KO library for SLC, targeting 
394 human SLC genes and 60 cytotoxic drugs has shown a large number 
of SLC-compound associations, including SLC11A2/SLC16A1 with 
artemisinin derivatives and SLC35A2/SLC38A5 with cisplatin [86]. This 
approach may also lead to the identification of more small molecules 
derived from natural products, such as those extracted from herbs, for 
potential therapeutic use.

Because 18β-GA is not highly toxic, an obvious suggestion is to make 
derivatives more potent in killing cancer cells but retain its property of 
entering cells via MCT1-whose substrate pocket may recognize the 
monocarboxylate of 18β-GA through the same Arg313 and Asp309 
residues used for lactate binding. Drugs should be modified from 18β-GA 
to enter cancer cells via MCT1 but are more toxic than 18β-GA. Drugs 
can also be structurally different from 18β-GA but use the same mech
anism: entering cancer cells via MCT1 and causing cell death.
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[59] R. Polański, C.L. Hodgkinson, A. Fusi, D. Nonaka, L. Priest, P. Kelly, F. Trapani, P. 
W. Bishop, A. White, S.E. Critchlow, P.D. Smith, F. Blackhall, C. Dive, C.J. Morrow, 
Activity of the monocarboxylate transporter 1 inhibitor AZD3965 in small cell lung 
cancer, Clin. Cancer Res. 20 (2014) 926–937.
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