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Background: Chemotherapy remains a major clinical option for the successful treatment of

cancer by eliminating fast-growing populations of cancer cells. However, drug resistance causes

the failure of antitumor treatment. Increasing evidence suggests that a small subpopulation of

cancer cells will enter a “persister state” under drug pressure. The persister cell pool constitutes a

reservoir from which drug resistance may emerge. Therefore, targeting persister cells presents a

therapeutic opportunity to prevent drug resistance and impede tumor relapse.

Materials and methods: RT-qPCR, Western blot, Seahorse, apoptosis assay, clonogenic

assay, and xenografted mouse model were used for this study.

Results: We showed that a similar therapy-resistant cell state underlies the behavior of

persister cells derived from sorafenib treatments with reversible, nonmutational mechanisms.

Then, we demonstrated that persister cells showed upregulated glycolysis, as evidenced by

higher ECAR, as well as increased glucose consumption and lactate production. A database

analysis showed that sorafenib-tolerant persister cells exhibited the increased expression of

the glycolytic enzyme hexokinase 2, which is closely related to the poor prognosis in liver

cancer. We found that the combined treatment with the glycolytic inhibitor 2-DG and

sorafenib increased persister cell apoptosis and inhibited colony formation. Consequently,

we demonstrated that when persister cells were exposed to a low concentration of sorafenib,

they suffered mitochondrial dysfunction but showed compensatory increases in glycolysis,

which contributes to cell growth and proliferation. Finally, we showed that the combination

of 2-DG and sorafenib reduced persister tumor growth in mice.

Conclusions: These findings suggest that such a combination can effectively hamper

persister cell growth and may represent a promising therapeutic strategy to prevent persister

cell resistance.
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Introduction
Hepatocellular carcinoma (HCC) is one of the leading causes of cancer mortality.

Surgical resection plus adjuvant and systemic chemotherapy are currently the most

meticulously followed treatment procedures. However, the complex etiology and

high metastatic potential of the disease, as well as the acquired resistance to drugs,

results in disease relapse and treatment futility in the majority of cases.1 Persister

cells are the remaining, nonmutational and small subpopulations of cancer cells that

can evade strong selective drug pressure. Chemotherapy has traditionally focused

on eliminating fast-growing populations of cells and still plays an important role in
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the treatment of cancer. However, acquired drug resistance

prevents cancer therapies from achieving stable and com-

plete responses.2,3 Therefore, targeting persister cell ther-

apy can effectively prevent resistance and impede tumor

relapse.

Systemic chemotherapy using a multitargeted tyrosine

kinase inhibitor is an established treatment for HCCs.4

Sorafenib is a small inhibitor of several tyrosine protein

kinases, such as VEGFR, PDGFR and Raf family kinases

(more avidly C-Raf than B-Raf).5 Currently, sorafenib is

the most effective molecular-targeted drug against

advanced primary liver cancer (HCC). However, the sor-

afenib resistance rate is very high. The molecular mechan-

ism of this resistance has not been fully elucidated.

Additionally, researchers have shown that sorafenib treat-

ment can induce autophagy, which may suppress tumor

growth. However, autophagy can also cause drug

resistance.6,7 Therefore, it is extremely important to

explore an effective strategy to deal with drug resistance.

Understanding the mechanism of persister cell emergence

is therefore critical to designing more effective combina-

tion therapies that can achieve a cure. Aerobic glycolysis

was increased in HCC cell lines, and the downregulation

of HK2 expression can enhance sorafenib-induced cell

growth inhibition.8 DeWaal et al also showed that HCC

cells are metabolically distinct from normal hepatocytes

by expressing HK2 and suppressing glucokinase (GCK).

In addition, they also demonstrated that HK2 silencing

synergizes with sorafenib to inhibit tumor growth.9

Huang et al showed the upregulation of glycolytic activity

in sorafenib-resistant leukemia cells.10 However, little is

known about the glycolytic activity in sorafenib-tolerant

persister liver cancer cells.

Here, we began with a population of cancer cells that

were treated with targeted therapy to reveal a small sub-

population of persisters, which eventually gained the abil-

ity to proliferate in sorafenib. Then, we showed the

metabolic characteristics and high aerobic glycolysis of

these cells. The mRNA and protein levels and enzyme

activity of HK2 were also upregulated in persister cells.

In addition, high HK2 expression in HCC is also closely

related to its poor clinical prognosis. The glycolysis inhi-

bitor 2-Deoxy-D-glucose (2-DG), an inhibitor of all forms

of HK, which is used as a tumor therapeutic, has been

suggested, and in fact, 2-DG is in clinical trials.11

Therefore, we used a combination of 2-DG and sorafenib

to show that these compounds can effectively inhibit drug-

tolerant persister cell survival and colony formation in

vitro and significantly inhibit persister cell growth in

vivo. These findings suggest that a combination glycolysis

inhibitor and sorafenib may represent a therapeutic strat-

egy to prevent persister cell drug resistance.

Materials and methods
Reagents and antibodies
Sorafenib (Selleck, Houston, TX, USA) was dissolved in

DMSO at a stock concentration of 10 mM, aliquoted and

stored at −20 °C, and 2-DG (Sigma-Aldrich, St. Louis, MO,

USA) was dissolved in PBS at a stock concentration of 10M.

TheMTS assay (CellTiter 96 Aqueous One Solution reagent)

was purchased from Promega Corporation (Madison, WI,

USA). The PI and Annexin V-FITC apoptosis Detection

Kit was purchased from Keygen Company (Nanjing,

China). The antibodies used in this study were purchased

from the following sources: anti-HK2 from Abcam and α-
Tubulin from Cell Signaling Technologies.

Cell culture
Hep3B and Huh7 cells were obtained from the American

Type Culture Collection. The cells were maintained in

DMEM (Gibco, Grand Island, NY, USA) supplemented

with 10% FBS (BI, Israel) in a 37 °C humidified incubator

under an atmosphere of 5% CO2 in air. Persister cell

derivation: Persister cells were derived from the treatment

of liver cancer cell lines Hep3B and Huh7 with 10 μM
sorafenib for at least 8 days with fresh drug added every

3 days. Then, the sorafenib was removed and the cells

were cultured for approximately 28 days.

Quantitative real-time polymerase chain

reaction (PCR) analysis
Total RNAwas extracted from cells as described previously.12

The primer sequences for the genes to be measured are as

follows: 5′- TTGACCAGGAGATTGACATGGG′ (forward)

and 5′- CAACCGCATCAGGACCTCA′ (reverse) for HK2;

and 5′- AACTCCATCATGAAGTGTGACG -3′ (forward)

and 5′- GATCCACATCTGCTGGAAGG -3′ (reverse) for β-
actin. The real-time PCR analysis was performed by using the

SYBRPremix Ex Taq II Kit (TaKaRa Bio, Otsu, Shiga, Japan)

and a real-time PCR detection system (Bio-Rad, Hercules,

CA, USA).

Western blotting analysis
The cells were homogenized in protein lysis buffer, and the

debris was removed by centrifugation at 12,000 g for
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10 min at 4 °C. The protein concentrations in all samples

were determined by using the PierceTM BCA Protein Assay

Kit (Thermo Scientific, Waltham, MA,USA). After the

addition of sample loading buffer, the protein samples

were electrophoresed and then transferred to poly-vinyli-

dene difluoride transfer membranes. The blots were blocked

for 1 h at room temperature with fresh 5% nonfat milk in

TBST and then incubated with specific primary antibody in

TBST overnight at 4 °C. Following three washes with

TBST, the blots were incubated with horseradish peroxi-

dase-conjugated secondary antibodies for 1 h, and the

immunoreactive bands were visualized by using an ECL

kit (Thermo Scientific, Waltham, MA,USA). The density of

the immunoreactive bands was analyzed using ImageJ.

Measurement of ROS generation
Cancer cells were incubated with serum-free medium sup-

plemented with 2 μM MitoSOX (Invitrogen, Carlsbad,

CA, USA) for 20 min at 37 °C. Following staining, the

cells were washed twice with 4 °C PBS and then collected

for flow cytometry analysis.

Mitochondria membrane potential (MMP)

evaluation
The MMP was assessed using 5,5ʹ,6,6ʹ-tetrachloro-1,1ʹ,3,3ʹ-

tetraethylbenzimidazolylcarbocyanine iodide (JC-1) staining

according to the manufacturer’s protocol. After treatment

with sorafenib, persister cells were incubated with JC-1

(10 µg·mL−1) at 37 °C for 30 min in the dark and then

washed with PBS, followed by flow cytometry analysis.

Cell proliferation and cell viability assay
Cell proliferation was measured using the MTS assay

(CellTiter 96 AQueous One Solution, Promega). The MTS

assay was used to test cell viability as previously reported

(10). Briefly, the indicated cells were treated with various

concentrations of sorafenib for 72 h and subjected to MTS

assay. Then, the cell viability was calculated by the following

formula: cell viability (%) = (average absorbance of treated

group-average absorbance of blank)/(average absorbance of

untreated group - average absorbance of blank) ×100%. The

IC50 was calculated by GraphPad Prism 5 software.

Detection of apoptosis by annexin V-FITC

assay
The death of the indicated cells induced by sorafenib, 2-

DG or sorafenib+2-DG was analyzed with flow cytometry

using annexin V/propidium iodide (PI) assays according to

the manufacturer’s instructions. The cells were finally

subjected to flow cytometry, and the results were analyzed

using CellQuest Pro software.

Glucose uptake and lactate production
Cells in the exponential growth phase were seeded in

triplicate at a density of 1×106 cells/well onto 6-well

plates. The culture media was collected after a 24-h incu-

bation for the analysis of glucose and lactate levels by

using an SBA-40C Biosensor (Biology Institute of the

Shandong Academy of Science, Jinan, Shandong

Province, China). Glucose uptake or lactate production

was determined by the concentration difference between

the cell culture medium and fresh medium without cells.

Hexokinase activity detection
HK2 activity was measured by using the ScienCell™

Hexokinase Assay Kit (Carlsbad, CA, USA). A total of

1×105 cells were collected and washed with PBS, and

100 μL of lysis buffer was added to each sample before

incubation at 4 °C for 20 min. The samples were then cen-

trifuged at 1000× g for 10 min to remove the insoluble

material. Additionally, 10 μL of sample lysate was transferred

to a 96-well microplate and mixed with 90 μL of Master Mix.

The HK activity signal was measured immediately with a

fluorescence plate reader and recorded for 20 min.

Extracellular acidification rate and basal

oxygen consumption rate
Oxygen consumption rates (OCR) and extracellular acid-

ification rates (ECAR) were measured using an XF24

extracellular analyzer (Seahorse Bioscience, USA). Cells

in the exponential growth phase were seeded in triplicate

at a density of 2.5×105 cells/well onto a 24-well cell

culture microplate. After calibration of the analyzer,

sequential compound injections, including oligomycin A,

carbonyl-cyanide p-trifluoromethoxyphenylhydrazone

(FCCP), antimycin A and rotenone, were applied on the

microplate to test mitochondrial respiration. Sequential

compound injections, including glucose, oligomycin A

and 2-DG, were applied to test glycolytic activity.

Measurement of intracellular ATP levels
The level of intracellular ATPwasmeasured by the CellTiter-

Glo Luminescent Cell Viability Assay (Promega, Madison,

WI, USA). A total of 5×105 cells/mL were seeded in
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triplicate onto 6-well plates and treated with the indicated

compounds for 24 h. After normalization, 100 μL of cells

was transferred to a 96-well plate and mixed with 100 μL of

reagents. The mixture was incubated at room temperature for

10 min before the luminescence was detected by a

SYNERGY HT microplate reader.

Clonogenic assay
Hep3B persister cells were plated onto 6-well plates

(500 cells/well) and treated with 2-DG 5 mM or 2 μM
sorafenib or 2-DG 5 mM and 2 μM sorafenib for 72 h and

then replaced with 2 mL of fresh complete growth med-

ium. Normal medium containing 10% FBS served as a

negative control. Hep3B persister cells were incubated for

12 days at 37 °C in an atmosphere containing 5% CO2.

Then, the colonies were fixed with 4% paraformaldehyde

(Thermo Scientific, USA) and stained with 0.1% crystal

violet (Keygen Company, China). Images of the colonies

were taken with the G: Box Gel Imaging Analysis System

(Alpha Imager HP, USA) and analyzed by calculating the

number of colonies.

Xenograft tumor growth
Female Balb/c nude mice aged 5–6 weeks were obtained from

Beijing Vital River Laboratory Animal Technology Co., Ltd.

All experimental procedures using these mice were performed

in accordance with the protocols approved by the Institutional

Laboratory Animal Care and Use Committee of SYSU

University and the committee also approved the experiment

(Approval No 17040H). Eachmouse was inoculated s.c. in the

dorsal flank with 2×106 Hep3B persister cells suspended in

0.1 mL of serum-free DMEM. When the tumors reached

approximately 50 mm3, the mice randomly divided into four

groups, n=5 per group: 2-DG (500 mg/kg) intraperitoneally

three times a week, sorafenib tosylate (5 mg/kg) orally once

daily, 2-DG + sorafenib tosylate or saline. The tumors were

measured every 2–3 days using calipers, and the tumor

volumes were calculated using the following standard for-

mula: width2×length×0.52.12

Database analysis
The database was used to analyze the prognostic signifi-

cance of HK2 in liver cancer patients. The liver cancer

patient cohort from The Cancer Genome Atlas (TCGA)

database included 361 cases, including 234 cases with low

HK2 expression and 147 cases with high HK2 expression.

Another prognostic analysis was retrieved from the Gene

Expression Omnibus (GEO) database. The data set

(GSE10186) comprised 44 cases with low HK2 expression

and 36 cases with high HK2 expression and was submitted

by Hoshida Y et al.13 The hazard ratio was estimated by

fitting a CoxPH (Surv(time, status) model using the risk

group as the covariate.

Statistical analysis
The data are expressed as the means ± SEM. The difference

between two groups of data was evaluated by Student’s

paired t-test or two-wayANOVA, and the difference between

more than two groups was evaluated by one-way ANOVA

(Prism GraphPad 5.0, La Jolla, CA, USA). Survival curves

were estimated by the Kaplan-Meier method, and signifi-

cance was assessed by the log-rank test. p<0.05 was consid-

ered statistically significant. All statistical calculations were

performed using the SPSS Statistics 16.0 software package.

Results
Persister cells are resistant to sorafenib in

liver cancer
Persister cells are a small subpopulation of cells that survive

cytotoxic exposure to chemotherapy or targeted drugs. First,

we established Hep3B persister liver cancer cells against

sorafenib. We focused our initial work on the liver cancer

cell line Hep3B, which was treated for approximately 8 days

with cytotoxic concentrations of the tyrosine kinase inhibitor

sorafenib (10 μM). The results revealed that a small fraction

of Hep3B cells (4~5%) entered a quiescent (persister) state to

evade the strong selective pressure of high concentrations of

sorafenib (Figure 1A, upper right panel). We tested whether

our obtained persister cells were consistent with the previous

observation of a reversible state of drug resistance. The

removal of sorafenib (cultured the cells in sorafenib-free

media for over 28 days) allowed the persister cells to regrow

(Figure 1A, lower right panel). Subsequent sorafenib treat-

ment rederived persister cells and showed that these cells

reacquired sensitivity to sorafenib (Figure 1A, lower left

panel). The reversibility of drug resistance in Hep3B persis-

ter cells, which is also observed in Huh7 persister cell mod-

els, is indicative of a nonmutational resistance mechanism

(Figure S1). Then, we observed the rederived persister cell

sensitivity to sorafenib. The results showed that persister

cells were considerably more resistant to sorafenib than

parental cells. We noted that the IC50 of Hep3B parental

cells was approximately 3.562 μM. In contrast, the IC50 of

Hep3B persister cells was approximately 9.926 μM,which is

approximately 3× the IC50 of Hep3B parental cells
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(Figure 1B). This phenomenon has also been demonstrated in

other liver cancer cells (Huh7) (Figure 1C). As our persister

cells did not appear to have reverted to the original level of

parental sorafenib sensitivity, we wondered what drug-resis-

tance mechanisms they had acquired.

Glycolysis significantly increased in liver

cancer persister cells
Cancer cells generally exhibit increased Warburg effects,

which are frequently associated with resistance to che-

motherapeutic drugs.14,15 To investigate the sorafenib-

resistance mechanism present in our liver cancer persister

cells, previous reports showed that increased drug resis-

tance is associated with reduced glucose levels, and an

enhanced glycolysis phenotype prompted us to examine

glycolysis by the Seahorse XF Glycolysis Stress Test.

The glycolysis of parental and persister cells was

detected by Seahorse XF Glycolysis Stress Test accord-

ing to the instructions in the Procedures Manual. As

shown in Figure 2A, the addition of glucose induced a

rapid increase in ECAR by both Hep3B and Huh7 pers-

ister cells when compared to the parental cells. After the

injection of 1 μM oligomycin, more lactate production

and higher maximum glycolytic capacity were observed

in both persister liver cancer cell lines (Figure 2B). In

addition, we also demonstrated a 50% increase in glucose

uptake and a 2-fold increase in lactate production in

persister cells (Figure 2C).

Hexokinases catalyze the first and irreversible step of glu-

cose metabolism (ATP-dependent phosphorylation of glucose

to yield glucose-6-phosphate).16 Hexokinase 2 (HK2) is the

only major isozyme that is overexpressed in tumors and this

enzyme catalyzes the first and rate-limiting reaction during

glycolysis; thus, HK2 is documented as a pivotal player in

the Warburg effect and is proposed as a metabolic target for
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cancer therapeutic development.17–19 Therefore, we detected

the HK2 level in persister and parental cells. As shown in

Figure 3A and B, both the mRNA and protein levels of

persister cells were significantly upregulated. We also

observed increased HK2 enzyme activity in persister cells

compared to the parental cells (Figure 3C).

High levels of HK2 are closely related to

poor prognosis in liver cancer
To investigate the prognostic significance of HK2 expression

in liver cancer patients, we analyzed the survival time of a liver

cancer patient cohort from Gene Expression Omnibus (GEO)

database and The Cancer Genome Atlas (TCGA) database.

We found that there was a significant association between

HK2 expression and overall survival time in liver cancer

patients (p=0.02184, Figure 4A) (data from GSE10186). A

similar result was also observed in the liver cancer patient

cohort by analyzing TCGA survival data (p=0.0003786,

Figure 4B). Both results showed that high HK2 expression is

associated with malignant and poor survival.

The combination of glycolysis inhibitor

2-DG and sorafenib can effectively kill

persister cells in vitro by reducing ATP

production
The metabolic alterations observed in persister cells and the

upregulation of the major glycolytic enzyme HK2 prompted
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us to examine whether we could overcome drug resistance in

persister cells by using glycolytic inhibitors. First, we used

siRNA targeting HK2 to knockdownHK2 protein expression

in persister cells. Then, we detected the ECAR by using the

Seahorse XF Glycolysis Stress Test. The results showed that

the glycolytic capacity was significantly decreased in HK2

knockdown Hep3B-P cells (Figure 5A). 2-DG can accumu-

late in cells and inhibit hexokinase by producing 2-deoxy-

glucose-phosphate-mediated inhibition.10,20 Cells generate

ATP through glycolysis and mitochondrial oxidative phos-

phorylation. 2-DG combined with sorafenib caused a dose-

dependent depletion of cellular ATP in Hep3B-P cells at 24 h

and a nearly >95% depletion when exposed to 10 mM 2-DG

and 2 μM sorafenib (Figure 5B). In addition, the cytotoxicity

against the persister cells to sorafenib in combination with

the glycolytic inhibitors 2-DG was tested. As shown in the

apoptosis assay in Figure 5C, Hep3B-P cells were treated

with various drugs for 48 h and subjected to annexin-V/PI

staining. The results demonstrated that 5 mM 2-DG and

10 μM sorafenib caused cell death rates of approximately

11% and 38%, respectively. However, the combination can

increase the cell death rate significantly, and the inhibition

rate could reach ~90%. However, 10 μM sorafenib caused

massive cell death (>95%) in Hep3B cells (Figure 5C, right

panel). The effect of the combination of these drugs on the

colony formation of Hep3B-P cells was determined, and the

results showed that the combination reduced the number of

colonies significantly, while 2-DG or sorafenib alone showed

no effect on this parameter (Figure 5D and E). Interestingly,

the low concentration of sorafenib (2 μM) treatment seemed

to promote colony formation. Then, we showed that mito-

chondria-associated ROS production was increased

(Figure 5F, left panel) and the mitochondrial membrane

potential slightly decreased (Figure 5F, right panel) after

treatment with low-dose sorafenib in Hep3B persister cells.

This decrease may cause mitochondrial dysfunction, as evi-

denced by lower OCA (Figure 5G, left panel), but compen-

satory ECAR was increased (Figure 5G, right panel). These

results also confirmed in Huh7 persister cells (Figure S2)

The combination of the glycolysis

inhibitor 2-DG and sorafenib can

effectively inhibit the growth of sorafenib-

tolerant persister cells in vivo
Next, we evaluated the effects of 2-DG and sorafenib on

the tumorigenesis of Hep3B-P cells in vivo. Consistent

with previous reports,21,22 treatment with 2-DG alone

failed to suppress tumor growth (Figure 6B) or reduce

tumor burden (Figure 6C and D). However, combined

treatment (2-DG+sorafenib) significantly inhibited tumor

growth (Figure 6B). This synergistic effect was also

accompanied by decreased tumor weight (Figure 6C

and D) and no weight loss (Figure 6A), which indicated

that this combined treatment was well tolerated and

highly efficacious against the human liver cancer pers-

ister cell xenograft model.

Discussion
Persister cells are nonmutational but drug-tolerant. These

cells have recently gained attention for their potential role

in acquired drug resistance, and they may constitute a

reservoir of surviving cells from which fully drug-resis-

tant cells eventually emerge to cause tumor relapse.23–25

Here, we have shown that both Hep3B and Huh7 persis-

ter cells acquired sorafenib resistance (Figure 1).

Sorafenib, as a first-line treatment for advanced hepato-

cellular carcinoma (HCC), has opened a window of hope

after searching for effective agents to combat HCC for

decades. However, the intratumor heterogeneity of HCC

results in resistance to sorafenib, which further leads to

poor overall survival. Previous studies of therapy resis-

tance have reported acquired resistance or adaptive resis-

tance to systemic chemotherapies in different human

cancers.26–29 Adaptive transcriptional responses have

been well characterized to promote persister cell toler-

ance and cancer cell survival.24,30 One study recently

proposed an alternative route for acquiring resistance

via a drug-tolerant persister state.23,31,32 Ramirez et al

also showed that the drug-tolerant persister state does

not limit—and may even provide a latent reservoir of

cells for—the emergence of heterogeneous drug-resis-

tance mechanisms.33 Understanding the pathways that

facilitate drug tolerant persister emergence is therefore

critical to designing more effective combination therapies

that can achieve cure.

There was a small population of quiescent surviving

persister cells when the liver cancer parental cells were

treated with a high concentration of sorafenib. Then, the

removal of sorafenib allowed the persister cells to regrow

and reacquire sensitivity to sorafenib. Subsequent sorafenib

treatment rederived persister cells (Figure 1A). The reversi-

bility of drug resistance in persister cells is indicative of a

nonmutational resistance mechanism. As shown in Figure 1B

and C, drug resistance emerges from drug-tolerant persisters,

which was also confirmed by Ramirez et al.33
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Cancer cells frequently exhibit increased glycolysis and

depend largely on this metabolic pathway for the generation

of ATP tomeet their energy needs.34 A number of studies have

identified that increased glycolysis is frequently associated

with resistance to therapeutic agents.10,15 In the current study,

we hypothesized that persister cells will increase dependency

on glycolysis and more sensitive to glycolytic inhibition.

Indeed, we showed that the two liver cancer persister cell

lines both exhibited higher glycolysis and glycolytic capacity,

as well as higher glucose uptake and lactate production

(Figure 2). The role of HK2 in coupling ATP from oxidative

phosphorylation to the rate-limiting step of glycolysis may

help drive the tumor cell growth.35,36 Notably, the inhibition

of HK2 has demonstrably improved the effectiveness of antic-

ancer drugs and sensitized resistant cancer cells to chemother-

apeutic agents.37–39 As expected, the HK2 level (both mRNA

and protein) and HK2 enzyme activity were significantly upre-

gulated in persister cells (Figure 3). In addition, the database

analysis showed that high expression of HK2 was associated

with statistically significantworse survival (p<0.05) (Figure 4).

These data provide proof of principle that it is possible to use

glycolytic inhibitors (especially the HK2 inhibitor) to effec-

tively kill persister cells, overcome drug resistance and

improve patient survival. The knockdown of HK2 expression

effectively inhibited glycolysis (Figure 5A) but rarely caused

apoptosis (data not shown). Previous studies have suggested

that apoptosis is an ATP-dependent process and that the deple-

tion ofATP tends to cause cell death.40,41Here, we showed that

treatment with different concentrations of HK2 inhibitor (2-

DG) combined with 2 μM sorafenib significantly depleted

cellularATP inHep3Bpersister cells in a concentration-depen-

dent manner (Figure 5B). Furthermore, the combination of 2-

DG and sorafenib also caused massive cell death (>95%) in

Hep3B persister cells (Figure 5C) and inhibited colony forma-

tion (Figure 5D and E). Notably, the low concentration of

sorafenib not only can’t reduce colony formation but also

slightly promote colony growth. The increase in ROS levels

in mitochondria likely led to the downregulation of mitochon-

drial membrane potential, which further resulted in mitochon-

drial dysfunction but was not sufficient to induce cell apoptosis
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(Figure 5F). Increased compensatory glycolysis upon

increased ATP demand in sorafenib-treated Hep3B persister

cells promoted survival and proliferation (Figure 5G). These

data most likely reflect the necessity of high glycolytic meta-

bolism to maintain sufficient ATP supply in persister cells. As

such, the use of glycolytic inhibitors combined with sorafenib

as anticancer agents might provide a preferred therapeutic for

persister cells. Lastly, we revealed that the combined inhibition

of glycolysis with 2-DG and sorafenib exerts enhanced tumor-

suppressive effects in vivo.We also showed that persister cells

become desensitized to sorafenib (Figure 6). Tomizawa et al

have shown that 2-DG and sorafenib synergistically suppress

the proliferation and motility of HCC.42 Ledoux et al showed

that glucose deprivation by 2-DGcan enhance P-gp expression

and transport function in liver cancer cells, which might help

cancer cells develop chemoresistance.43 In our study, we

showed that using 2-DG alone had no antitumor effect on

HCC, but whether this treatment can help cancer cells develop

chemoresistance or not is still unknown. But it indicated that

this combination strategy is unsuited to long-term treatment to

avoid drug resistance.

Here, our study suggests that the feasibility and effective-

ness of the combination of glycolytic inhibitors and sorafenib

to kill persister cells and overcome drug resistance associated

with high glycolysis. Eliminating, modulating or even antici-

pating the range of drug-resistance solutions that can emerge

from the persister state will help guide the treatment of cancer.

This combination strategy may have broad applications in

cancer treatment by effectively eliminating persister cell for-

mation, improving the therapeutic effect, and prolonging the

survival time of the patients.
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Figure S1 Drug-tolerant persister cells established and resistant to sorafenib. A small fraction of Huh7 cells enter into a reversible, quiescent, drug-tolerant persister state

in response to 8 or more days of treatment with 10 μM sorafenib. Magnification: 100×.
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Figure S2 Sorafenib-persister cells are sensitive to the combination of glycolytic inhibitors 2-DG and sorafenib. (A) ECAR was monitored with a Seahorse XF24 analyzer

for 100 min for HK2 knockdown Huh7 persister cells. (B) Quantitative analysis of total ATP generation in the persister cells after different treatments. Bars, means ± SEM.

**p<0.01, n=3. (C) Huh7 persister cells were treated with the indicated drugs for 72 h and subjected to annexin-V/PI assay. Percentage values indicate cell survival

populations. (D) The colony formation assay showing cell growth inhibition of Huh7 persister cells in response to the indicated treatment. Representative colony images are

shown. (E) Data analysis of the number of colonies. **p<0.01, n=3. (F) ROS generation in mitochondria (left panel) and the mitochondrial membrane potential (right panel)

of Huh7 persister cells after 2 μM sorafenib treatment detected by flow cytometry. (G) OCR (left panel) and ECAR (right panel) were monitored with the Seahorse XF24

analyzer in Huh7 persister cells after treatment with 2 μM sorafenib for 12 h.

Abbreviations: n.s, not significant; ECAR, extracellular acidification rates; OCR, oxygen consumption rates.
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