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Abstract
Sorafenib represents the current standard of care for patients with advanced-stage 
hepatocellular carcinoma (HCC). However, acquired drug resistance occurs fre-
quently during therapy and is accompanied by rapid tumor regrowth after sorafenib 
therapy termination. To identify the mechanism of this therapy-limiting growth re-
sumption, we established robust sorafenib resistance HCC cell models that exhibited 
mitochondrial dysfunction and chemotherapeutic crossresistance. We found a rapid 
relapse of tumor cell proliferation after sorafenib withdrawal, which was caused by 
renewal of mitochondrial structures alongside a metabolic switch toward high elec-
tron transport system (ETS) activity. The translation-inhibiting antibiotic tigecycline 
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1 |  INTRODUCTION

HCC ranks as the third leading cause of cancer-related mor-
tality worldwide, accounting for more than 700 000 deaths 
each year.1,2 The majority of patients are diagnosed with 
advanced-stage HCC, which is characterized by tumors that 
have spread beyond the liver, vascular invasion, and cancer-re-
lated symptoms.3 These patients cannot benefit from curative 
options and are frequently treated with the small molecule 
sorafenib (Nexavar, Bayer HealthCare Pharmaceuticals-Onyx 
Pharmaceuticals), an orally administered multikinase inhibi-
tor that exerts antiproliferative, antiangiogenic, and proapop-
totic effects.4 Sorafenib is the first approved systemic therapy 
for unresectable HCC,5,6 however, resistance mediated by 
epithelial-to-mesenchymal transition (EMT) and evasive 
activation of the PI3K (phosphatidylinositol 3-kinase)/AKT-
signaling pathway limits the therapeutic benefit of this drug.7 
In addition, use of sorafenib is hampered by the occurrence 
of drug-related serious adverse events, which require dose 
reduction (26%), therapy interruption (44%), or complete 
abrogation of sorafenib treatment (38%).5 Importantly, rapid 
resumption of tumor growth has been previously reported 
upon withdrawal of tyrosine kinase inhibitors.7,8 Although 
tumor relapse represents a major clinical drawback limiting 
therapeutic effectiveness, the underlying mechanisms remain 
elusive and there are no therapeutic strategies to address this 
problem.

Aiming to increase efficacy or safety of HCC therapy, 
numerous alternative molecular-targeted agents and im-
munotherapies have been tested in clinical trials since the 
worldwide approval of sorafenib. However, lenvatinib is 
non-inferior to sorafenib in a systemic first-line setting and 
a promising clinical trial of atezolizumab in combination 
with bevacizumab is still ongoing.9-11 In the second-line 
setting, the approval of regorafenib in 2017 represented a 
breakthrough with a significantly improved overall survival 
(OS) from 7.8 to 10.6  months. Regardless, because of its 
strong molecular similarity, a toxicity profile comparable to 

that of sorafenib was expected. Thus, the RESOURCE trial 
investigated only patients who were refractory but tolerant 
to sorafenib.12 In summary, despite the rapidly developing 
treatment landscape with newly developed immunotherapy 
agents,13 an efficient second-line therapy with a reliable 
safety profile for sorafenib-intolerant HCC patients remains 
an unmet but essential need.14

To address this problem, we aimed to extend the cur-
rent knowledge on sorafenib resistance with focus on the 
mechanistic background of this uncharacterized tumor re-
lapse after sorafenib treatment termination, which might 
essentially contribute to a poor therapy outcome. Here, we 
reveal prominent mitochondrial and metabolic alterations 
in sorafenib-resistant HCC. Moreover, we show that mito-
chondrial renewal and metabolic reprograming causes rapid 
resumption of tumor cell proliferation upon sorafenib with-
drawal. Importantly, our data demonstrate that this unfavor-
able relapse of tumor growth can be prevented by inhibiting 
mitochondrial biosynthesis via the application of transla-
tion-inhibiting antibiotics. We thus present an efficacious 
second-line therapeutic strategy for sorafenib-resistant HCC 
that may be administered with good clinical experience re-
gardless of the occurrence of sorafenib-associated adverse 
events.

2 |  MATERIALS AND METHODS

2.1 | Cell lines

2.1.1 | Cell authentication

HUH7 cells were obtained from Japanese Collection of 
Research Biorescources (JCRB0403). RIL175 cells15 were 
kindly provided by Prof. Simon Rothenfußer (Center of 
Integrated Protein Science Munich (CIPS-M) and Division 
of Clinical Pharmacology, University Hospital, LMU 
Munich, Germany). CEM/VCR-R cells were characterized16 
and kindly provided by Prof. Maria Kavallaris (University 

impaired the biogenesis of mitochondrial DNA-encoded ETS subunits and limited 
the electron acceptor turnover required for glutamine oxidation. Thereby, tigecycline 
prevented the tumor relapse in vitro and in murine xenografts in vivo. These results 
offer a promising second-line therapeutic approach for advanced-stage HCC patients 
with progressive disease undergoing sorafenib therapy or treatment interruption due 
to severe adverse events.
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of New South Wales, Australia). The sorafenib-resistant 
HUH7-R and RIL175-R cell lines were generated by contin-
uous exposure of HUH7 and RIL-175 cells to increasing con-
centrations of sorafenib up to 10 µM (BAY 43-9006, Enzo 
Life Sciences GmbH, Lörrach, Germany). HUH7-R and 
RIL175-R cells cultured in the presence of 10 µM sorafenib 
are indicated as HUH7-R(+) and RIL175-R(+) cells. To gen-
erate the rebound growth cells HUH7-R(-) and RIL175-R(-), 
HUH7-R(+), respectively, RIL175-R(+) cells were cultured 
without sorafenib for 72 hours before seeding if not other-
wise indicated.

2.1.2 | Culture conditions

For the cultivation of HUH7 and CEM/VCR-R cells, 
DMEM (PAN Biotech GmbH, Aidenbach, Germany) and 
RPMI 1640 (PAN Biotech GmbH, Aidenbach, Germany) 
supplemented with 10% of FCS (PAA Laboratories GmbH, 
Pasching, Austria) were used. All cells were cultured at 
37°C with 5% of CO2 in constant humidity. Before cell seed-
ing, culture flasks, multiwell plates, and dishes were coated 
with collagen G (0.001% in PBS, Biochrom AG, Berlin, 
Germany).

2.2 | Animal experiments

2.2.1 | Study approval

All experiments were performed according to German respec-
tive Austrian legislation of animal protection and approved 
by: government of Upper Bavaria, Germany: Az  55.2-1-
54-2532-22-2016/ Federal ministry of science, research and 
economy, Austria: BMBWF-66.019-0041-V-3b-2018).

2.2.2 | Mice

For ectopic tumor mouse xenografts female albino SCID 
“CB17/lcr-PrkdcSCID/lcrlcocrl” mice were used. All mice 
were purchased between 5 and 6 weeks of age from Charles 
River.

2.2.3 | Stable lentiviral transfection

Luciferase-positive HUH7 cells (HUH7-R-LUC) were gen-
erated by lentiviral transduction using virus supernatant from 
HEK 293T cells that had been transfected with pCDH-eF-
FLuc-T2A-eGFP, pCMV-VSV-G and pCMV-dR8.2 plas-
mids. Cells were expanded after transduction and sorted for 
the eGFP-positive population.

2.2.4 | Ectopic tumor mouse xenograft

Mice were shaved on the left lateral abdomen and 3 × 106 
cells were injected subcutaneously in the left flank. From the 
day of tumor cell injection on, mice were treated by intraperi-
toneal injection with (100 μL solvent: 5% DMSO, 10% solu-
tol, 85% PBS). Three-dimensional tumor size measurement 
was performed using a digital caliper (Caliper Life Sciences 
GmbH, Rüsselsheim, Germany) and the tumor volume was 
calculated.

2.2.5 | In vivo bioluminescence imaging

The size of HUH7-R-LUC tumors was additionally as-
sessed by the IVIS spectrum (Caliper Life Sciences GmbH, 
Rüsselsheim, Germany). Therefore, 0.3 g/kg mg D-luciferin 
sodium salt (Biomol GmbH, Hamburg, Germany) dissolved 
in 100 μL of PBS were injected intraperitoneally in the mice 
prior to narcotization in 3% of isoflurane. Mice were kept 
under narcotization with 2% of isoflurane and imaged in lat-
eral position. The bioluminescence signal within the defined 
region of interest was calculated in photons/second/cm2 using 
the Living Image 4.4 software. Images were taken every min-
ute for 20 minutes and the area under the curve (AUC) of lu-
minescence counts was determined. All mice were sacrificed 
through cervical dislocation and tumors were resected.

2.3 | LC-MS/MS analysis of the cellular 
proteome and lipidome

2.3.1 | Proteomics analysis

Cells were grown to confluence for 24  hours, washed five 
times with PBS, detached with trypsin/EDTA and centri-
fuged (215 rcf, 5 minutes, 4°C). The cell pellets were resus-
pended in 100 µL of ice-cold PBS and stored at −80°C until 
further processing. Per 1 × 105 cells 20 µL of 8 M urea/0.4 M 
NH4HCO3 was added. Cells were lysed using an ultrasonic 
device (Sonoplus GM3200 with BR30 cup booster, Bandelin, 
Berlin, Germany) applying 10  000  kJ. For further homog-
enization, samples were centrifuged through QIA-Shredder 
devices (Qiagen, Hilden, Germany). Protein concentra-
tions were determined by a Bradford assay and adjusted 
to 0.6  mg/mL with 8  M urea/0.4  M NH4HCO3. To cleave 
bisulfide bonds, 25  µg of total protein was incubated with 
1,4-dithioerythritol at a concentration of 4.5 mM for 30 min-
utes and free sulfhydryl residues were blocked with 10 mM 
of iodoacetamide for 30 minutes in the dark. After dilution 
with water to a concentration of 1  M urea, 0.5  µg porcine 
trypsin (Promega, Madison, WI, USA) was added and incu-
bated overnight at 37°C. Chromatography of peptides was 
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performed on an EASY-nLC 1000 chromatography system 
(Thermo Scientific, Waltham, MA) coupled to an Orbitrap 
XL instrument (Thermo Scientific). Therefore, 2.5 µg of pep-
tides diluted in 0.1% of formic acid (FA) were transferred to a 
trap column (PepMap100 C18, 75 µm × 2 cm, 3 µm particles, 
Thermo Scientific) and separated at a flow rate of 200 nl/min 
(Column: PepMap RSLC C18, 75 µm × 50 cm, 2 µm parti-
cles, Thermo Scientific) using a 260 minutes linear gradient 
from 5% to 25% solvent B (0.1% formic acid, 100% ACN) 
and a consecutive 60  minutes linear gradient from 25% to 
50% solvent B. For data acquisition, a top five data depend-
ent CID method was used.

2.3.2 | Gene set enrichment analysis

For the quantitative analysis of the MS-proteomics data and 
subsequent volcano plot analysis, the MaxQuant and Perseus 
software packages (both Max Planck Institute of Biochemistry, 
Munich) were used. Gene cluster analysis was performed 
using the gene set enrichment analysis (GSEA) software (The 
Broad Institute, Massachusetts, USA). Therefore, gene sets 
were obtained from the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) (C2.cp.keeg.v.5.1.symbols) and gene on-
tology database (C5.bp.v.5.1.symbols, C5.cc.v.5.1.symbols, 
C5.mf.v.5.1.symbols).

2.3.3 | Analysis of fatty acids, 
phospholipids, and acyl-CoAs

Fatty acids and phospholipids were extracted and analyzed 
as previously reported.17 Chromatography was carried out on 
an Acquity UPLC BEH C8 column (1.7 µm, 1 × 100 mm; 
Waters, Milford, MA) using an Acquity Ultraperformance LC 
system (Waters, Eschborn, Germany). Lipids were detected 
by a QTRAP 5500 mass spectrometer (Sciex, Darmstadt, 
Germany) equipped with an electrospray ionization source. 
Glycerophospholipids were identified and quantified in the 
negative ion mode based on the detection of both fatty acid 
anion fragments by multiple reaction monitoring (MRM). 
Sphingomyelins (SMs) were analyzed after fragmentation to 
the choline head group (m/z = 184) by MRM, and free fatty 
acids were detected by single ion monitoring in the negative 
ion mode. Absolute lipid amounts were normalized to the 
internal standard 1,2-dimyristoyl-sn-glycero-3-phosphatidyl-
choline (DMPC) and the cell number. Extraction and analy-
sis of acyl-CoAs was performed using [13C3]-malonyl-CoA 
as internal standard.18 In brief, acyl-CoAs were separated on 
an Acquity UPLC BEH C18 column (1.7 µM, 2.1 × 50 mm) 
and detected based on the neutral loss of 2′-phospho-ADP 
([M + H-507]+) in the positive ion mode using the UPLC-
coupled tandem ESI-MS system described above. Mass 

spectra were processed using Analyst 1.6 (Sciex, Darmstadt, 
Germany).

2.4 | Functional analysis of glycolysis and 
oxidative phosphorylation

2.4.1 | Glycolysis stress test

Cells were seeded into an XFe96 microplate and grown 
for 24 hours to confluence. The Seahorse Glycolysis Stress 
Test Kit was used in combination with the Seahorse XFe96 
Analyzer (Agilent Technologies, Santa Clara, CA) as de-
scribed by the manufacturer. Results were normalized to 
DNA content measured with CyQuant GR dye solution 
(Thermo Scientific, Waltham, MA) according to the manu-
facturer's protocol. Data analysis was performed with the 
Seahorse Wave 2.3.0 software.

2.4.2 | High-resolution respirometry

Mitochondrial oxygen consumption was determined using 
an OROBOROS Oxygraph-2k (Oroboros Instruments Corp, 
Innsbruck, Austria). The cells were centrifuged, resuspended 
in culture medium, and added to the chamber of the oxygraph 
for stimulation and measurement of the cellular oxygen con-
sumption. Data were analyzed using Datlab 6.1.

2.5 | Microscopy

2.5.1 | Phase-contrast microscopy

The cellular morphology of HUH7-WT and HUH7-R cells 
(Figure  1A) was assessed under standardized culture con-
ditions using a Leica DMi1 microscope (Leica, Wetzlar, 
Germany) with a Leica MC120 HD camera (Leica, Wetzlar, 
Germany). The cellular diameter  D (Figure  S3A) was as-
sessed by the Vi-Cell XR cell counter (Beckman Coulter, 
Krefeld, Germany) and used for the calculation of the cellular 
volume V: V = 4/3 × π × D/2.

2.5.2 | Immunostaining

Cells were seeded in ibidi-µslides (Ibidi GmbH, Martinsried, 
Germany) and grown overnight. After 24 hours, cells were 
washed with Ca2

+/Mg2
+-containing PBS, fixed with 4% of 

paraformaldehyde, permeabilized with 1% of Triton-X 100, 
and incubated with 1% of bovine-serum-albumin (BSA) solu-
tion for 30 minutes to block unspecific binding of antibodies. 
Thereafter cells were incubated with the respective primary 
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antibody in 0.2%  of BSA overnight (4°C): E-Cadherin 
(HECD1) (1:1000), N-Cadherin (1:200), and PGC-1α 
(1:300). Cells were washed with PBS and incubated with the 
secondary antibody together with Hoechst (bisbenzimide H 
33342) reagent (1:100) diluted in 0.2% of BSA for 2 hours 

at RT. The following secondary antibodies diluted in 0.2% of 
BSA were used: Alexa Fluor 488 goat-anti-mouse IgG 
(1:400), Alexa Fluor 546 donkey-anti-rabbit IgG (1:400), 
and Alexa Fluor 488 goat-anti-rabbit (1:400). After wash-
ing with PBS, stainings were sealed with mounting medium 
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(FluorSave Reagent) and a cover slip. Samples were kept at 
4°C until imaging using a Leica SP8 confocal laser scanning 
microscope (Leica Microsystems, Wetzlar, Germany).

2.5.3 | Live cell imaging

Mitochondrial morphology and lysosomal mass were as-
sessed in unfixed cells (37°C, 5% CO2, constant humidity) 
in a climate chamber (Ibidi GmbH, Martinsried, Germany). 
Cells were seeded in ibidi-µslides (Ibidi GmbH, Martinsried, 
Germany) and grown overnight. After 24 hours, cells were 
washed with PBS and incubated for 30  minutes protected 
from light with 200 µL/well MitoTracker Green FM (1:9000) 
or LysoTracker Red DND-99 (1:3000). Images were ob-
tained using a Leica TCS SP8 confocal laser scanning mi-
croscope (Leica Microsystems, Wetzlar, Germany) and 
image analysis was performed with the Leica Application 
Suite X software. Colocalization of mitochondria and lys-
osomes (Figure S5B) was quantified using the ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA). 
Colocalization was manually assessed by calculating the 
ratio of the yellow area (colocalization) to the total area of 
green (mitochondria) to red (lysosomes) signals. Further, 
Pearson's and Manders’ (here: green overlapping with red) 
correlation coefficients were determined as previously de-
scribed.19,20 The Pearson's correlation coefficient ranges 
from +1 (perfect correlation) over 0 (no correlation) to −1 
(perfect anti-correlation), whereas for the Manders’ split co-
efficient values range from +1 (perfect correlation) to 0 (no 
correlation).

2.5.4 | Transmission electron microscopy

After detaching with trypsin/EDTA, 0.5  ×  106 cells were 
centrifuged (200  g, 5  minutes, RT) and resuspended in 
300 µL PBS. Cells were transferred into 0.95 mL of BEEM 

capsules (Plano GmbH, Wetzlar, Germany), centrifuged 
(410 g, 10 minutes, RT), and fixed in 600 µL glutaraldehyde 
(2.5%) in sodium cacodylate buffer (Electron Microscopy 
Sciences, Hatfield, PA, USA) for at least 24 hours. Thereafter 
glutaraldehyde was removed and samples were washed 
three times with 0.1  M of sodium cacodylate buffer, pH 
7.4 (Electron Microscopy Sciences, Hatfield, PA, USA). 
Postfixation and prestaining was done for 45 to 60 minutes 
with 1% of osmium tetroxide. Samples were washed three 
times with ddH2O and dehydrated with an ascending etha-
nol series (once 15 minutes with 30%, 50%, 70%, 90%, 96%, 
twice 10  minutes with 100%) and twice 30  minutes with 
propylene oxide (Serva Electrophoresis GmbH, Heidelberg, 
Germany). Subsequently, samples were embedded in Epon 
(3.61  M Glycidether 100, 1.83  M Methylnadicanhydride, 
0.92 M Dodecenylsuccinic anhydride, 5.53 mM 2,4,6-Tris-
(dimethylaminomethyl)phenol (all reagents obtained from 
Serva Electrophoresis GmbH, Heidelberg, Germany)). 
Ultrathin sections were sliced with an Ultramicrotome 
(Ultracut E; Reichert und Jung, Germany) and automatically 
stained with UranyLess EM Stain (Electron Microscopy 
Sciences) and 3% of lead citrate (Leica, Wetzlar, Germany) 
using the contrasting system Leica EM AC20 (Leica, 
Wetzlar, Germany). The samples were examined with a 
JEOL-1200 EXII transmission electron microscope (JEOL 
GmbH, Freising, Germany).

2.6 | Flow cytometry

For flow cytometry experiments cells were seeded in du-
plicated and grown overnight and washed with PBS before 
staining. Analysis and quantification was performed with 
the FlowJo 7.6 software (Tree Star Inc, Ashland, USA). For 
stainings of living cells, cell debris was excluded and the 
fluorescence intensity median normalized to the control. 
Experiments that compare HUH7-WT and HUH7-R cells 
were normalized to the cellular volume (Figure S3A).

F I G U R E  1  The sorafenib-resistant hepatocellular carcinoma (HCC) rebound growth model. A, Mesenchymal phenotype induced by sustained 
sorafenib exposure. Phase-contrast microscopy of wild-type (HUH7-WT) and sorafenib-resistant (HUH7-R) HUH7 cells. Scale bars indicate 
200 µm. B, HUH7-R cells acquired sorafenib resistance to a clinically relevant range. Dose-response curve with corresponding IC50-values and 
coefficient of determination (R2) of HUH7-WT, HUH7-R, and wild-type (RIL175-WT), respectively, sorafenib-resistant (RIL175-R) RIL175 
HCC cells are shown. C, Sorafenib resistance is sustained after drug withdrawal for 72 hours. Flow cytometric quantification of apoptotic cells 
(HUH7-WT vs HUH7-R) untreated (top) vs treated with sorafenib for 24 hours (10 µM) (bottom). HUH7-R cells were cultured in sorafenib 
(10 µM), which was withdrawn for 72 hours prior to stimulation (t test). D, HUH7-R cells revealed decreased sorafenib responsiveness in vivo. 
Ectopic tumor mouse model with HUH7-WT and HUH7-R cell xenografts that were treated with DMSO vs 20 mg/kg sorafenib every second day. 
Representative excised tumors of the four groups are shown (left) (t test). E, Sorafenib withdrawal from HUH7-R and RIL175-R cells continuously 
cultured in 10 µM of sorafenib (R(+)) leads to significantly increased resumption of proliferation. If not mentioned otherwise, cells with rebound 
growth were cultured without sorafenib for 72 hours (R(−)). Growth rates were calculated from normalized cell counts (index) obtained by 
impedance measurements over 72 hours (ANOVA). F, HUH7-R(+) cells acquired reversal chemotherapeutic cross-resistance. Proliferation rates 
within 72 hours of treatment were normalized to the untreated control (ANOVA). Values are shown as ± SEM, N = 3 for A-C, E-F, N = 7 for D, 
*P < .05, **P < .01, ***P < .001, ****P < .0001
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2.6.1 | Calcein assay

The Multi-Drug Resistance Assay Kit (Calcein AM) (Cayman 
Chemical, Michigan, USA) was used according to the manufac-
turer's instructions. Thereby the cells of the positive control were 
either stimulated with Cyclosporine A (25 µM) or Verapamil 
(50  µM) and incubated for 30  minutes. The calcein solution 
provided by the manufacturer was added to the samples in a 
final concentration of 250 nM and incubated for 30 minutes pro-
tected from light. The cells were detached with trypsin/EDTA 
and transferred in FACS tubes for centrifugation (400 g, 5 min-
utes, 25°C). Fluorescence was assessed on a FACSCanto II (Ex 
488 nm, Em 530 nm, Becton Dickinson, Heidelberg, Germany).

2.6.2 | Glucose uptake

Cells were stained with 100 µM of the fluorescent glucose 
analog 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-
2-Deoxyglucose (2-NBDG) for 30  minutes protected from 
light. Thereafter cells were detached with trypsin/EDTA, 
washed with PBS, and transferred to FACS tubes for cen-
trifugation (400 g, 5 minutes, 25°C). Fluorescence was as-
sessed on a FACSCanto II (Ex 488 nm, Em 530 nm, Becton 
Dickinson, Heidelberg, Germany).

2.6.3 | Cellular superoxides

Cells were incubated for 30 minutes with a 5 µM working solu-
tion of the MitoSOX Red dye. The cells were detached with 
trypsin/EDTA and excess dye removed by centrifugation 
(400  g, 5  minutes, 4°C). The cells were washed, centrifuged 
again, and kept on ice until measurement on a FACSCalibur (Ex 
488 nm, Em 575 nm, Becton Dickinson, Heidelberg, Germany).

2.6.4 | Mitochondrial and lysosomal mass

For assessment of mitochondrial mass, cells were stained 
with MitoTracker Green FM (1:9000 in DMEM) and for 
quantification of lysosomal mass, LysoTracker Red DND-99 
(1:3000 in DMEM) was used. After incubation for 30 min-
utes, cells were resuspended in PBS and fluorescence was 
assessed on a FACSCanto II (Ex 490 nm, Em 516 nm for mi-
tochondrial mass and Ex 577 nm, Em 590 nm for lysosomal 
mass, Becton Dickinson, Heidelberg, Germany).

2.6.5 | Intracellular Ca2+

Cytosolic calcium levels were determined using the calcium 
indicator Cal-520 AM (AAT BioQuest, Inc, Sunnyvale, CA, 

USA) according to the manufacturer's protocol. Cells were 
incubated with 10 μM of Cal-520 AM (90 minutes, 37°C and 
30 minutes, RT). Thereafter cells were detached with trypsin/
EDTA, centrifuged (5 minutes, 400 g, RT), washed to remove 
excess dye, and analyzed on a FACSCanto II (Ex 488 nm, 
Em 530 nm, Becton Dickinson, Heidelberg, Germany).

2.6.6 | Apoptosis analysis

The evaluation of apoptosis rates was performed as described 
previously.21 In detail, cells were, trypsinized, washed twice 
by centrifuging (600 g, 10 minutes, 4°C), and resuspended 
in ice-cold PBS. Next, cells were permeabilized and the 
DNA stained by adding fluorochrome solution containing 
propidium iodide (75 µM propidium iodide, 0.1% trisodium 
citrate, 0.1% Triton X-100, PBS). After an overnight incu-
bation at 4°C, cells were analyzed by flow cytometry on a 
FACSCalibur (Ex 493 nm, Em 632 nm, Becton Dickinson, 
Heidelberg, Germany). In apoptotic cells the DNA is frag-
mented, which results in a sub-G1 peak with low fluores-
cence, quantified by the FlowJo 7.6 software.

2.7 | Assessment of cell number and 
proliferation

2.7.1 | Crystal violet staining

For the assessment of cell number, cells were seeded in tripli-
cates in a 96-well plate and grown for 24 hours before stimula-
tion with the test compounds. After an incubation respectively 
sorafenib withdrawal for 72 hours, the cells were stained for 
10 minutes at RT with 100 μM of crystal violet solution (0.5% 
crystal violet, 20% methanol), before being washed with distilled 
water. The bound dye was solubilized by adding 200 μL of dis-
solving buffer (50 mM trisodium citrate, 50% ethanol) and the 
absorbance was measured at 550 nm on a SpectraFluorPLUS 
plate-reading photometer (Tecan, Crailsheim, Germany).

2.7.2 | Impedance measurement

The real-time proliferation of HCC cells was assessed using 
the xCELLigence system (Roche Diagnostics, Mannheim, 
Germany). The cells were seeded as triplicates in equilibrated 
16-well E-plates and incubated for 24 hours before treatment 
for 72 hours. The cell index, which is proportional to the cell 
count per well, was assessed through impedance measure-
ment every hour. After normalizing the cell index to the start 
point of treatment respectively sorafenib withdrawal, the 
growth rate was calculated by the RTCA software as slope of 
the cell-index curve.
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2.8 | Cellular metabolic activity

2.8.1 | Cell viability

IC50-assessment and growth rescue experiments were de-
termined with the CellTiter-Blue (CTB) Assay (Promega, 
Mannheim, Germany). Cells were seeded in triplicates into 
a 96-well plate, stimulated 24 hours after seeding and incu-
bated for 72 hours. For measurement 20 μL of CTB reagent 
was added to each well with a culture medium volume of 
100 µL. After 4 hours of incubation, the metabolic activity, 
was quantified via dual fluorescence record at 560/590 nm 
on a SpectraFluorPLUS (Tecan, Crailsheim, Germany) plate 
reading photometer.

2.8.2 | Intracellular ATP

For the assessment of the cellular dependency toward anaero-
bic glycolysis, cells were seeded in triplicates in a 96-well 
plate and grown for 24 hours prior to stimulation with the 
antimetabolite 2-deoxy-D-glucose (2-DG) (Sigma-Aldrich, 
Taufkirchen, Germany). After 72 hours, the microplate was 
equilibrated to RT for 20 minutes and 100 μL of CellTiter-
Glo reagent (Promega, Mannheim, Germany) were added to 
an equal amount of culture medium to each well. For cell 
line comparisons, cells were seeded in duplicates in a 24-
well plate, detached with trypsin/EDTA, normalized in cell 
number, and incubated with an equal amount of CellTiter-
Glo reagent. Cell lysis was induced on an orbital shaker for 
2  minutes, following 10  minutes of incubation at RT pro-
tected from light. The content of each well was transferred to 
a white walled Greiner CELLSTAR 96-well plate (Greiner 
Bio-One International GmbH, Kremsmünster, Austria) and 
luminescence was recorded with an Orion II microplate lumi-
nometer (Berthold Detection Systems, Pforzheim, Germany).

2.8.3 | Lactate fermentation

The extracellular lactate abundance was assessed with the 
L-Lactate Assay Kit (Cayman Chemical, Michigan, USA) 
according to the manufacturer's instruction. For each con-
dition 200 µL of supernatant were collected and deprotein-
ated by adding 200 µL of cold 0.5 M metaphosphoric acid 
provided by the manufacturer, vortexed, and placed for 
5 minutes on ice. The samples were centrifuged (10 000 g, 
5  minutes, 4°C) to pellet the proteins, 360  µL supernatant 
removed and neutralized with 36 µL of 2.5 M potassium car-
bonate. In a last centrifugation step (10 000 g, 5 minutes, 4°C) 
precipitated salts were removed and the supernatant used for 
analysis with the provided detection reagents as described in 
the manufacturer's protocol. Fluorescence was measured on 

a SpectraFluorPLUS plate reader (Ex 535 nm, Em 590 nm, 
Tecan, Crailsheim, Germany).

2.9 | Western blot analysis

Proteins were separated via SDS-PAGE,22 transferred to a 
PVDF membrane (Immun-Blot, Bio-Rad, Munich, Germany) 
and incubated with a primary antibody diluted in 5% of BSA in 
PBS overnight at 4°C (for details see key resources table): phos-
pho-Akt (Ser473) (1:500; 60 kDa), Akt (1:1000; 60 kDa), phos-
pho-Erk (Thr202/Tyr204) (1:1000; 42/44 kDa), Erk (1:1000; 
42/44 kDa), E-Cadherin (1:1000; 135 kDa), Vimentin (1:1000; 
57 kDa), Mfn-1 (1:1000; 82 kDa), Drp-1 (1:1000; 78-82 kDa), 
LC3 (1:1000; 14/16  kDa), phospho-NFΚBp65 (Ser536) 
(1:1000; 65  kDa), NFΚBp65 (1:500; 65  kDa), GADD153/
CHOP (1:500; ~37 kDa), TFEB (1:1000; 65-70 kDa), TFE3 
(1:1000; 72 kDa), Bax (1:500; 23 kDa), Bak (1:1000; 23 kDa), 
Bcl-2 (1:1000; 26 kDa), PGC-1α (1:1000; ~105 kDa), phos-
pho-AMPK (Thr172) (1:1000; 62  kDa), AMPK (1:1000; 
62  kDa), phospho-p38  MAPK (Thr180/Tyr182) (1:1000; 
43 kDa), p38 MAPK (1:1000; 40 kDa). For the separation of 
respiratory chain subunits and TCA-cycle enzymes, electro-
phoresis was performed with Tricine-PAGE electrophoresis-
buffers.23 The primary antibody mix OxPhos Rodent WB 
Antibody Cocktail (1:250; 55/48/40/30/20 kDa), IDH2 (1:500; 
48 kDa), and OGDH (1:1000; 116 kDa) were used. Proteins 
were visualized using horseradish peroxidase (HRP) coupled 
secondary antibodies and ECL solution containing 2.5 mM of 
luminol. The following secondary antibodies diluted in 5% of 
BSA in PBS were incubated with the membrane for 2 hours 
at RT: Goat-anti-rabbit IgG(H + L)-HRP conjugate (1:1000), 
goat-anti-mouse IgG1-HRP conjugate (1:1000), and donkey-
anti-goat IgG-HRP conjugate (1:10 000). Chemiluminescence 
was detected with the ChemiDoc Touch Imaging system (Bio-
Rad, Munich, Germany) and the protein expression was quan-
tified using Stain-free technology and the Image Lab Software. 
For all quantifications, the protein expression was normalized 
to the respective protein load and to HUH7-WT.

2.10 | Cellular Redox-balance

2.10.1 | Measurement of NAD+/NADH and 
NADP+/NADPH

The NAD+/NADH and the NADP+/NADPH ratio and total 
abundance were measured using the commercially available 
kits NAD/NADH-Glo (Promega, Madison, WI, USA) and 
NADP/NADPH-Glo (Promega, Madison, WI, USA), respec-
tively. Cells were seeded in triplicates in a 96-well plate and 
treated as indicated for 72 hours. Extraction and measurement 
were performed according to the manufacturer's protocol. 
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Briefly, 60 µL of PBS was added to each well and plates were 
frozen at −80°C for at least 20 minutes. Cells were scraped 
off and normalized in protein content by Bradford assay24 
before samples were either left untreated (total NAD, total 
NADP) or subjected to acid (NAD+, NADP+) respective 
basic (NADH, NADPH) treatment. Samples were incubated 
for 15  minutes at 60°C and pH-neutralized. The lumines-
cence was detected after 60 minutes of incubation in white 
walled Greiner CELLSTAR 96-well plates (Greiner Bio-One 
International GmbH, Kremsmünster, Austria) as described by 
the manufacturer. Luminescence was measured using a Spark 
multimode microplate reader (Tecan, Crailsheim, Germany).

2.10.2 | Production of reactive 
oxygen species

Cells were seeded in 96-well plates, grown for 24 hours and 
treated as indicated. Reactive oxygen species (ROS)-staining 
and measurement was performed with the ROS Detection 
Cell-Based Assay Kit (DCFDA) (Cayman Chemical, 
Michigan, USA) according to the manufacturers protocol. 
Fluorescence was assessed via dual fluorescence record at 
490/530 nm on a Spark multimode microplate reader (Tecan, 
Crailsheim, Germany). The obtained fluorescence intensities 
were normalized on cell number by crystal violet staining.

2.11 | Quantitative real-time PCR analysis

For the mRNA isolation from cell culture samples the Qiagen 
RNeasy Mini Kit (Qiagen, Hilden, Germany) was used ac-
cording to the manufacturer's protocol. The concentration of 
mRNA in each sample was determined with the NanoDrop ND 
1000 spectrophotomerter (NanoDrop Technologies, Erlangen, 
Germany) and normalized among the samples. For the crea-
tion of cDNA templates the High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Foster City, CA) 
was used as described by the manufacturer. The Real-Time 
Polymerase chain reaction (RT-PCR) was performed with the 
QuantStudio 3 Real-Time PCR System (Applied Biosystems, 
Foster City, CA). SYBR Green Mix I (Applied Biosystems) 
was used for the RT-PCR of E-cadherin (forward primer: 5′-
CAG CAC GTA CAC AGC CCT AA-3′, reverse primer: 5′-
AAG ATA CCG GGG GAC ACT CA-3′). For the RT-PCR 
of PGC-1α the TaqMan Gene Expression Master Mix to-
gether with the TaqMan Gene Expression Assay PPARGC1A 
(Hs00173304_m1, Thermo Scientific) were used.

2.12 | Transient gene-silencing

Gene-silencing experiments were performed with siRNA 
pools targeting IDH2 (M-004013-00-0005, Dharmacon) 

and OGDH (M-009679-02-0005, Dharmacon). A nontar-
geting siRNA for luciferase (siLUC) was used as a nega-
tive control (D-001206-14-05, Dharmacon). For transfection 
the respective siRNA was applied for 1.5 hours in an initial 
concentration of 50 nM with 0.08% of transfection reagent 
DharmaFECT 1 (T-2001-02, Dharmacon) per well. The cells 
were treated as indicated with a final concentration of 25 nM 
siRNA and 0.04% of DharmaFECT 1 per well. All experi-
ments were carried out 72 hours post transfection.

2.13 | Statistics

All experiments described were conducted at least three 
times. The data are presented as the mean ± SEM, and sta-
tistical significance was considered at P  ≤  .05. Statistical 
analysis was performed with GraphPad Prism software 7.0. 
For differences between two groups, an unpaired two-tailed 
Student's t test was used. Group comparisons were performed 
using one-way ANOVA with Tukey's multiple comparison 
test.

3 |  RESULTS

3.1 | Sorafenib-resistant HCC undergoes 
a relapse of tumor growth upon sorafenib 
treatment termination

Although sorafenib is effective at prolonging the median 
OS of advanced-stage HCC, acquired resistance and tumor 
relapse has become an obstacle for increasing the life ex-
pectancy of patients. To address this clinically highly rel-
evant topic, we generated sorafenib-resistant HCC models 
by exposing the well-established HCC cell lines HUH7 and 
RIL175 to increasing doses of the drug. The sorafenib-resist-
ant HUH7-R cells, which are of human origin and obtained re-
sistance up to clinically relevant peak plasma concentrations 
of 10 µM (human dose: 800 mg/day; 8.5-15.7 µM),25 were 
subsequently characterized. We observed a major morpho-
logical alteration to a spindle-shaped phenotype (Figure 1A) 
and distinct chemoresistance up to a half maximal inhibi-
tory concentration (IC50) of 23  µM sorafenib (Figure  1B) 
that was maintained after treatment termination (Figure 1C). 
Moreover, the robustness of HUH7-R cells to sorafenib treat-
ment compared to that of their parental HUH7-WT cell line 
was confirmed in vivo in an ectopic tumor mouse xenograft 
(Figures 1D, S1A,B).

To mimic the clinical situation of advanced-stage HCC, 
in which discontinuous dosing schedules are common due 
to severe adverse events, sorafenib was withdrawn from 
the cells under standardized conditions. Strikingly, after 
drug withdrawal from HUH7-R cells cultured in 10 µM of 
sorafenib (HUH7-R(+) cells), proliferation initially rapidly 
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resumed within 72  hours. Herein, these cells characterized 
by a rebound of proliferation are termed HUH7-R(-) cells. 
This growth relapse upon sorafenib treatment termination 
was confirmed in RIL175 HCC cells (Figure 1E). Notably, 
under sorafenib exposure, HUH7-R(+) cells acquired broad 

cross-resistance to a wide variety of clinically used che-
motherapeutics but resensitized after sorafenib withdrawal 
(Figures  1F,  S1C,D). As previously reported, EMT is sug-
gested to contribute to chemoresistance in HUH7-R(+) 
cells (Figures S1E, S2A-E), which was induced by evasive 
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upregulation of the PI3K/AKT-signaling pathway.7 In sum-
mary, we could confirm that treatment termination after sus-
tained sorafenib therapy causes rapid tumor rebound growth, 
which will be investigated in this HCC model subsequently.

3.2 | Tumor relapse is accompanied 
by a metabolic switch toward increased 
respiratory activity

To obtain better insight into the underlying mechanism of 
sorafenib resistance and the therapy-limiting tumor relapse, 
we performed LC-MS/MS-based proteomics screening and 
identified differentially expressed proteins in HUH7-R cells 
before and after treatment termination. As sorafenib resist-
ance was accompanied by drastic changes of the cellular 
proteome, GSEA was applied to elucidate the most promi-
nent altered protein clusters (Figure 2A,B). In HUH7-R(+) 
cells, GSEA strongly highlighted an elevated abundance 
of proteins related to mitochondrial structural components 
and glucose turnover. In addition, higher lysosomal protein 
expression and suppressed transcriptional activity were ob-
served when compared to HUH7-R(-) cells. Volcano plot 
analysis at the single-protein level revealed a central role of 
mitochondrial NADH-ubiquinone  oxidoreductase (NDUF) 
subunit 1, Complex I of the respiratory chain, in HUH7-R(-) 
cells (Figure S3B-D). The mitochondrial ETS accounts not 
only for the majority of cellular ATP production, but it also 
supplies through its Complex I activity mitochondria with the 
oxidized cofactor NAD+. In turn, this intrinsic electron accep-
tor fuels TCA cycle activity, driving biosynthesis, and prolif-
eration.26,27 Subsequent metabolic profiling by a glycolytic 
stress test showed that upon growth resumption, HUH7-R 
cells shift toward a strongly energy-producing phenotype 
with high oxygen consumption (Figure  2C,D). In contrast, 

sustained sorafenib exposure was accompanied by an in-
creased rate of lactate fermentation (Figure 2D), an anaerobic 
high-flux elimination of extra-mitochondrial pyruvate,28 and 
a major dependency on anaerobic glycolysis for ATP produc-
tion (Figure 2E). Upon growth resumption, respiratory active 
HUH7-R(-) cells displayed the ability to switch to glycoly-
sis after ETS inhibition (Figure 2F). The tendency of cancer 
cells to undergo aerobic glycolysis and lactate fermentation 
for energy production, the so-called Warburg effect,29 has 
been previously associated with acquired chemoresistance 
in cancer cells.30 However, the dependency of HUH7-R(+) 
cells on anaerobic glycolysis suggests that mitochondrial 
functionality is impaired.

3.3 | Sustained sorafenib exposure mediates 
mitochondrial damage and degradation after 
treatment termination

Prominent alterations in mitochondria and their metabolic path-
ways, as revealed by LC-MS/MS-based proteomics analysis, 
warrant a detailed investigation of mitochondrial morphology 
and its functional dynamics upon tumor growth resumption. 
Mitochondria form a highly dynamic network undergoing 
constant fission and fusion to drive metabolism, regulated 
by dynamin-related protein (Drp1) and marked by mitofusin 
(Mfn-1) expression on the outer mitochondrial membrane 
(OMM).31 A strong increase in mitochondrial mass together 
with mitochondrial fission was observed in HUH7-R(+) cells 
compared to HUH7-WT cells, both of which were reversible 
upon sorafenib withdrawal (Figure 3A). Therefore, sorafenib 
impaired not only the mitochondrial network, but may also 
have had an impact on their functionality. First, electron leak-
age from the ETS led to excessive production of mitochon-
drial superoxides (O2

−) in HUH7-R(+) cells, which might 

F I G U R E  2  MS-based proteomics and metabolic profiling. A, Gene cluster analysis of MS-proteomics screening reveals massive 
alterations in the proteome of HUH7-R(+) (Resi_pos) and HUH7-R(−) (Resi_neg) cells compared to HUH7-WT (wt). B, Gene sets enriched 
in HUH7-WT compared to HUH7-R(+) cells (upper panel) and gene sets enriched in HUH7-R(+) compared to HUH7-R(−) cells (lower 
panel). The top 10 upregulated gene sets of GSEA ranked according to their nominal P value (NOM P-val) are shown and highlighted for 
NOM P-val < .05. ES: enrichment score, NES: normalized ES, FDR: false discovery rate. C, Metabolic switch from glycolysis to respiration 
upon rebound growth. The extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were assessed simultaneously using 
a glycolytic stress test. Cells were treated with (1) D-glucose (10 mM), (2) oligomycin (1 µM), and (3) 2-deoxy-D-glucose (2-DG) (50 mM). 
Basal ECAR and OCR were determined at the plateau after D-glucose injection and normalized to the cell number (ANOVA). D, Lactate 
fermentation and insufficient ATP generation in HUH7-R(+) cells. Measurements were performed upon sorafenib withdrawal and normalized 
to HUH7-R(+). The mean (dashed line) and SEM (green area) of HUH7-WT cells are shown (ANOVA). E, HUH7-R(+) cells are strongly 
dependent on glycolysis. ATP levels within 72 hours of glycolysis inhibition by 2-DG were normalized to the untreated control (left). Glucose 
uptake within 30 minutes was determined by flow cytometry (right) and normalized to HUH7-WT (ANOVA). F, HUH7-R(−) cells have a 
high capacity to switch from respiration to glycolysis. The glycolytic reserve depicts the percent change in ECAR before and after oligomycin 
treatment in glycolytic stress test (Figure 2C) (ANOVA). Values are shown as ± SEM, N = 5, technical duplicates for A-B, N = 3 for C-F, 
*P < .05, **P < .01, ***P < .001, ****P < .0001
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partially be due to the reduced protein expression of respira-
tory chain subunits Complex I (CI-NDUFB6) and Complex 
V (CV-ATP5A) (Figure 3B).32 Second, disrupted mitochon-
drial functionality was confirmed by low electron transport 
system (ETS) capacity and routine respiration, as determined 

by high-resolution respirometry (Figures 3C, S4A). The ori-
gin of mitochondrial damage was closely linked to elevated 
intracellular Ca2+ (Figure  3D) and prominent endoplasmic 
reticulum (ER)-stress, as indicated by NFκB and GADD 153/
CHOP activation in HUH7-R cells (Figure  S4B,C).33,34 As 
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mitochondria play a critical role in cellular homeostasis, they 
not only undergo dynamic reformation, but also constant 
quality control, whereby functionally disturbed mitochondria 
are engulfed by autophagosomes that fuse with lysosomes 
for degradation.35 Hints of mitophagy in HUH7-R(+) cells 
were previously obtained by GSEA (Figure 2B, lower panel) 
and supported by increased colocalization of mitochondria 
with lysosomes and an accumulation of lysosomal mass 
(Figures 3E, S5A-C). Further, in sorafenib-resistant cells lyso-
somal biogenesis is induced by the transcriptional activators 
TFEB and TFE3 (Figure S5D). Nonetheless, due to low levels 
of LC3II-positive, mature autophagosomes in HUH7-R(+) 
cells, defective mitochondria were only efficiently degraded 
at 96  hours after growth resumption, which might contrib-
ute to the accumulation of lysosomes in HUH7-R(+) cells  
(Figures 3F, S5E,F).35 Thus, inhibition of autophagosome for-
mation upon rebound growth, prevented the degradation of 
damaged mitochondria and significantly increased superoxide 
levels (Figure 3F, right panel). Although efficient mitophagy 
might be impaired in HUH7-R(+) cells, proteasomal removal 
of OMM proteins Bak, Bcl-2, and previously reported Mfn-1 
was observed in HUH7-R cells and prior to sorafenib with-
drawal, mitochondrial degradation remained inducible under 
starvation conditions (Figure  S5G,H).36,37 In summary, we 
suggest that sorafenib-induced ER stress not only contributes 
to the unfolding or oxidation of certain OMM proteins, but 
also leads to an overall impairment of mitochondrial function 
and consequent removal by the overlapping activity of differ-
ent mitochondrial degradation pathways.

3.4 | Mitochondria are newly biosynthesized 
upon growth resumption

Mitochondrial quality control pathways not only eliminate 
damaged mitochondrial proteins or the entire organelle, 
but also renew components by adding proteins and lipids 

through biogenesis, collectively resulting in mitochondrial 
turnover.35 Considering that the regeneration of mitochon-
drial morphology, reestablishment of respiratory function-
ality and initial increase in mitochondrial mass (Figure 3F) 
were observed when proliferation resumed, we hypothesized 
that mitochondrial biogenesis occurs in an early phase after 
sorafenib withdrawal. Despite damaging mitochondria, el-
evated intracellular Ca2+-levels-induced protein expression 
of peroxisome proliferator activated receptor gamma coac-
tivator-1 alpha (PGC-1α), the key regulator of mitochon-
drial biogenesis, both in vitro and in vivo (Figure 4A,B).38 
PGC-1α is phosphorylated and activated by the cellular en-
ergy sensor, AMP-activated protein kinase (AMPK), and 
p38  MAPK signaling,39 resulting in nuclear translocation 
(Figure  4C,D). Transmission electron microscopy (TEM) 
revealed severe mitochondrial damage in HUH7-R(+) cells 
and complete mitochondrial recovery within 72  hours of 
rebound growth. In these newly biosynthesized mitochon-
dria in HUH7-R(-) cells, prominent cristae suggested high 
respiratory activity (Figure  4E). Mitochondrial biogenesis 
was also supported by LC-MS/MS-based lipidomics analy-
sis comparing HUH7-R(+) to HUH7-WT cells, which con-
firmed the strongly reduced fatty acid metabolism indicated 
by the proteomics screening (Figures  4F,  2B). Lipidomics 
analysis revealed decreased abundance of all phospholipid 
subspecies, except for phosphatidylglycerol (PG), which 
was significantly increased in HUH7-R(+) cells. PG is the 
precursor of cardiolipin, which is exclusively integrated into 
the inner mitochondrial membrane (IMM), where it acts as 
an essential constituent that contributes to crista formation 
and energy conversion via respiration; cardiolipin thus rep-
resents a hallmark lipid of mitochondrial biogenesis.40 Given 
that sustained sorafenib exposure has been shown to impair 
the functionality of ETS subunits required to fuel tumor re-
lapse, inhibition of mitochondrial renewal evoked as a po-
tential target for second-line therapies after sorafenib therapy 
termination.

F I G U R E  3  Degradation of damaged mitochondria upon tumor relapse. A, Mitochondrial reformation in response to sorafenib. MitoTracker 
staining of the mitochondrial network (left) and immunoblot analysis Mfn-1 and Drp-1 (right) are shown. Scale bars indicate 20 µm. B, Sorafenib 
induces damage of the ETS. Flow cytometric quantification of superoxide levels and immunoblot quantification of mtDNA- (CI-NDUFB6, CIV-
MTCO1) and nucDNA-encoded ETS-subunits (CII-SDHB, CIII-UQCRC2, CV-ATP5A), both normalized to HUH7-WT (ANOVA). C, Renewed 
mitochondria acquire increased ETS capacity. High-resolution O2-flux measurements without treatment (Routine) and after oligomycin (Leak), 
CCCP (ETS), rotenone (Complex II), and antimycin A (ROX) treatment (method: Figure S4A) (ANOVA). D, High cytosolic Ca2+ in HUH7-R(+) 
cells. Quantification performed by flow cytometry with normalization to HUH7-WT (ANOVA). E, Hints for increased mitophagy and lysosomal 
biogenesis were observed in HUH7-R(+) cells. Merged images of MitoTracker (green) and LysoTracker (red) live cell staining indicate increased 
colocalization of mitochondria with lysosomes (yellow) in HUH7-R(+) cells (left panel). Scale bars indicate 50 µm. Flow cytometric quantification 
of the lysosomal mass was normalized to HUH7-WT cells (right) (ANOVA). See also Figure S5A-C. F, Damaged mitochondria are degraded 
within 96 hours of rebound growth. Immunoblot quantification for mature autophagosomes (LC3II) was normalized to HUH7-WT (left panel) 
(ANOVA). Mitochondrial mass (ANOVA) and superoxide levels (t test) were assessed by flow cytometry and normalized to HUH7-WT. For 
superoxide measurements autophagy was inhibited by 3-methyladenine (3-MA) (5 mM) upon 72 hours of sorafenib withdrawal (right panel). See 
also Figure S5E. Values are shown as ± SEM, N = 3 for A-B and D-F, N = 4 for C, *P < .05, **P < .01, ***P < .001, ****P < .0001
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3.5 | Tigecycline (TGC) impairs rebound 
growth in vitro by establishing auxotrophy for 
electron acceptors

According to the endosymbiont hypothesis, mitochondria 
are derived from α-proteobacteria that were enveloped by 

pre-eukaryotic cells, providing an additional energy source 
and thereby conferring a competitive advantage.41 Notably, 
mitochondrial ETS subunits are partially encoded by both nu-
clear (nucDNA) and prokaryotic-derived mitochondrial DNA 
(mtDNA).42 We hypothesized that suppressing biogenesis of 
mtDNA-encoded subunits by bacterial translation-inhibiting 
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antibiotics would block the metabolic switch of HUH7-R 
and RIL175-R cells when released from sustained sorafenib 
treatment. Indeed, TGC impaired the biogenesis of mtDNA-
encoded subunits CI-NDUFB6 and CIV-MTCO1, thereby 
abrogating the recurrence of tumor growth (Figure 5A,B). At 
a TGC concentration (25 µM) that significantly impaired cell 
proliferation but did not induce apoptosis, concomitant reduc-
tion in NAD+ recovery and increased lactate fermentation 
were observed, whereas cellular ATP levels remained unaf-
fected (Figure 5C). Therefore, growth resumption appears to 
be limited by the reduction in aerobic glycolysis through a di-
minished NAD+/NADH ratio rather than by the cell's energetic 
state. Both the abrogation of tumor relapse and the increase 
in anaerobic glycolysis were confirmed by the antibiotic chlo-
ramphenicol (CHA) in this setting (Figure S6A-C). Next, we 
performed rescue experiments with various TCA cycle inter-
mediates to determine the limiting precursors required upon 
tumor relapse. Surprisingly, among the metabolites tested, 
only pyruvate (PYR), α-ketoglutarate (AKG), and oxaloac-
etate (OAA) sufficiently restored proliferation by reversing 
NAD+ depletion, whereas no rebound growth rescue was 
observed with acetyl-CoA, malate, citrate, cysteine, or aspar-
tate (Figure 5D, S6D). We hypothesized a structural causal-
ity of successful growth rescue as the alpha-ketoacids PYR, 
AKG, and OAA are substrates of NAD+-regenerating dehy-
drogenases (Figure 5E). To uncouple the role of TCA cycle 
intermediates as NAD+-regenerating electron acceptors from 
their role as carbon sources for cellular biogenesis, we sup-
plemented TGC-treated HUH7-R cells after sorafenib with-
drawal with α-ketobutyrate (AKB), which is not part of the 
TCA cycle. As shown previously, AKB acts as a substrate of 
dehydrogenases, oxidizing NADH to NAD+ while supplying 
cells with neither carbon nor ATP.26,43 Indeed, AKB success-
fully restored HUH7-R cell proliferation to a similar extent as 
PYR, AKG, and OAA (Figures 5D,E, S6D). Altogether, these 
data suggest that inhibited biogenesis of mtDNA-encoded ETS 
subunits under TGC treatment leads to impaired NAD+ recov-
ery by the NDUF, diminishing aerobic glycolysis in HUH7-R 
cells upon sorafenib withdrawal. These key results were 
confirmed in RIL175-R cells (Figure  S7). Thus, upon TGC  

treatment cells suffer reductive stress, which renders the exog-
enous electron acceptor supply limiting for restoring rebound 
growth.

3.6 | Abrogation of tumor relapse-fueling 
oxidative glutamine metabolism by TGC leads 
to sustained mitochondrial damage

Next, we aimed to investigate in detail how diminished 
NAD+/NADH recovery under TGC treatment affects oxida-
tive processes and prevents HUH7-R cells from resuming 
proliferation. It is known that despite the presence of glu-
cose, glutamine is one of the most consumed nutrients to 
fuel oxidative TCA cycle activity, thus, contributing to cel-
lular energy generation and biosynthesis.44 To analyze the 
contributions of glucose and glutamine to tumor relapse, we 
transiently silenced oxoglutarate dehydrogenase (OGDH) 
downstream of the oxidative glutamine pathway and isoci-
trate dehydrogenase (IDH2) downstream of glucose, but up-
stream of glutamine oxidation (Figure 6A,B). Interestingly, 
suppression of OGDH expression impaired rebound growth 
and diminished the NAD+/NADH ratio of HUH7-R cells 
upon sorafenib withdrawal, whereas IDH2 silencing per se 
did not have an effect (Figure 6C). In addition, OGDH pro-
tein levels were significantly increased in HUH7-R(-) cells, 
supporting glutamine oxidation as a driving force for re-
bound growth (Figures 6D, S8A). The ETS is substantially 
powered by NADH provided by the oxidative TCA cycle,44 
thus, NDUF activity is impaired by both TGC treatment and 
OGDH silencing. In turn, the NDUF provides electron ac-
ceptors for de novo aspartate synthesis using glutamine car-
bon.26 Although we confirmed that TGC hinders aspartate 
production, levels of this amino acid were not limiting for 
rebound growth (Figure  S8B,C). However, TCA cycle-de-
rived aspartate or malate is exported to the cytoplasm and 
converted to pyruvate to produce NADPH (Figure S8D,E).45 
NADPH is an electron donor for biosynthetic processes that 
can transfer its reducing potential to glutathione (GSSG) for 
ROS elimination.32 In fact, ROS levels were elevated by 

F I G U R E  4  Mitochondrial biogenesis induced by PGC-1α. A, Elevated PGC-1α abundance in HUH7-R cells. mRNA-levels (left) and 
immunoblot quantification (right) of PGC-1α were normalized to HUH7-WT (ANOVA). B, Sorafenib modifies PGC-1α mRNA expression 
in HUH7-R cells in vivo. PGC-1α mRNA levels in excised tumors of ectopic mouse xenografts (Figure 1D) are normalized to the mean of 
HUH7-WT expression (ANOVA). C, Induction of AMPK- and p38MAPK-signaling for PGC-1α activation. Immunoblot quantification of 
phospho-AMPK and phospho-p38MAPK normalized to HUH7-WT (ANOVA) and schematic illustration of the PGC-1α activation cascade for 
induction of mitochondrial biogenesis is shown. D, Nuclear translocation of PGC-1α is shown by immunostaining. Scale bars indicate 40 µm. E, 
Mitochondrial damage and regeneration after sorafenib withdrawal is shown by TEM. Scale bars indicate 1 µm. F, Increase in PG-levels, despite 
breakdown of fatty acid synthesis in HUH7-R(+). MS-based lipidomics with normalization of free fatty acid (FFA), Acyl-Co-A species (ACA), 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidylglycerol (PG), and 
sphingomyelin (SM) abundance to HUH7-WT. The heatmap is color coded from blue (0%) to white (10%) to red (100%) (top: t test, bottom: 
ANOVA). Values are shown as ± SEM, N = 3 for A-E, N = 5 for F, *P < .05, **P < .01, ***P < .001, ****P < .0001
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both OGDH silencing and TGC treatment and rescued by 
the ROS-scavenger N-acetyl cysteine (NAC) (Figure  6E). 
Furthermore, impaired maintenance of redox homeosta-
sis was confirmed in HUH7-R(+) cells and by CHA treat-
ment upon growth resumption (Figure S8F). Thus, defective 

elimination of ROS by TGC treatment or abrogation of glu-
tamine oxidation by OGDH silencing alters the integrity of 
mitochondrial cristae, which might not only prevent tumor 
relapse, but also contribute to a long-term treatment benefit 
(Figure 6F).



11876 |   MEssNER Et al.

3.7 | TGC significantly impairs tumor 
relapse as a second-line therapy after sorafenib 
treatment in vivo

To assess TGC as a second-line therapy in vivo, we estab-
lished an ectopic tumor mouse xenograft with stably lucif-
erase-expressing HUH7-R-LUC cells. As already shown 
in vitro, TGC treatment significantly prevented tumor re-
lapse upon sorafenib withdrawal in vivo, with a tumor size 
as well as growth rate comparable to that of persistently 
sorafenib-treated mice; overall good tolerance was observed 
(Figure 7A-C).46 The excised tumors were visually smaller 
in the TGC-treated group, with a mean weight of 58.4 mg/
tumor compared to 246.7 mg/tumor of the untreated group 
(Figure  7D,E). Protein levels of citrate synthase and 
PGC-1α, which indicate alterations of mitochondrial mass 
and biogenesis, were significantly altered by sorafenib but 
not by TGC treatment in vivo (Figure  S9A). The impact 
of TGC on the biogenesis of mtDNA-encoded subunits in 
vivo was supported by significantly reduced CI-NDUFB6 
protein expression. Sorafenib withdrawal increased the 
abundance of the nucDNA-encoded CV-ATP5A subunit, 
as demonstrated in vitro, but had no effect on CI-NDUFB6 
expression in vivo (Figures 7F, S9B). In contrast to previ-
ous in vitro studies, tumor relapse was accompanied by el-
evated levels of the TCA cycle enzymes OGDH and IDH2 
(Figure S9C). A comparable ectopic tumor mouse xenograft 
implemented over 14 days showed a strong initial effect of 
TGC treatment (Figure S10A), though no alterations were 
observed in expression patterns of ETS subunits, OGDH, 
or IDH2 at the time of tumor excision (Figure S10B-E). We 
suggest that expression of these proteins underlies regu-
latory dynamics over the time of therapy with the strong-
est effectiveness of TGC in an early phase after sorafenib 
withdrawal. Altogether, these in vivo results are consistent 
with the in vitro findings presented above, indicating the 
biogenesis of mtDNA-encoded ETS subunits as a potential 

target for therapeutic intervention in a second-line setting of 
sorafenib-resistant HCC.

4 |  DISCUSSION

Since the 1970s, the epidemic of HCC has spread beyond 
Eastern Asia, with almost a doubling of cases reported 
in the United States and Canada within the last two dec-
ades.47 Currently, sorafenib is the standard of care for first-
line therapy for advanced-stage HCC. Nonetheless, with 
only 2% of patients showing a partial response, sorafenib 
resistance and consequent tumor relapse represent a seri-
ous challenge for prolonging the OS of these patients. In 
this study, we aimed to unravel unknown mechanistic fea-
tures of sorafenib resistance with a special focus on tumor 
growth resumption after sorafenib treatment termination. 
Both contribute to the low therapeutic benefit of sorafenib 
as well as to the frequent failure of first-line and second-
line therapeutic approaches in clinical trials.48 Thus, clar-
ifying the molecular basis of acquired resistance and the 
tumor relapse could help to find new therapeutic options for 
advanced-stage HCC patients.

To this end, we developed a human HCC cell line with 
acquired resistance to sorafenib in a range equivalent to the 
serum concentration of patients on a recommended sorafenib 
intake of 400 mg, twice daily.49 First, we showed that these 
HUH7-R(+) cells were highly refractory to any tested chemo-
therapeutic treatment but that they regained sensitivity when 
sorafenib was withdrawn. These cross-resistant HUH7-R(+) 
cells underwent EMT, a phenomenon that has previously 
been associated with sorafenib resistance and a poor OS.50 
EMT was triggered by activation of the PI3K/Akt axis, and 
therefore, reversible after sorafenib withdrawal.7 Thus, we 
conclude that upon acquired resistance, a second-line therapy 
is beneficial in comparison to combination treatment with 
sorafenib.

F I G U R E  5  TGC impairs rebound growth by inhibiting TCA cycle activity. A, TGC inhibits the biogenesis of mtDNA-encoded ETS subunits. 
Immunoblot quantification of HUH7-R cells treated with TGC upon 72 hours of sorafenib withdrawal (ANOVA). B, TGC prevents rebound growth 
of HUH7-R and RIL175-R cells. Proliferation was assessed by impedance measurement (shown for HUH7-R; top). Growth rates of HUH7-R and 
RIL175-R cells were calculated from normalized cell counts (index) after 72 hours of TGC treatment (ANOVA). C, TGC inhibits TCA cycle and 
NDUF activity. Assessment of proliferation by crystal violet staining, apoptosis (percentage of total cell count), NAD+/NADH ratio, intracellular 
ATP, and extracellular lactate, is shown. HUH7-R cells upon rebound growth were treated with TGC for 72 hours (ANOVA). D, Substitution with 
NAD+-regenerating electron acceptors (EAs) rescues rebound growth. Viability (left) and NAD+/NADH-ratio (middle) of HUH7-R cells treated 
with TGC upon 72 hours of sorafenib withdrawal and substituted with the respective EA is shown. Viability was obtained by subtracting the 
metabolite-specific toxicity when applied as a single treatment (Figure S6D). Growth rates (right) of HUH7-R and RIL175-R cells were assessed 
by impedance measurements over 72 hours of rebound growth (Figure S7D) (ANOVA). E, TGC impairs NAD+ turnover and TCA cycle activity. 
The ETS is constantly powered by NADH turnover of the TCA cycle. A decrease in biogenesis of mtDNA-encoded Complex I subunits by TGC 
impairs NADH oxidation, leading to decreased TCA cycle activity and extracellular lactate fermentation. Substitution with extracellular EAs 
restores intracellular NAD+ and rescues rebound growth, as they are substrates of intracellular dehydrogenases. All experiments were normalized to 
the untreated control. Values are shown as ± SEM, N = 3, *P < .05, **P < .01, ***P < .001, ****P < .0001
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Second, we observed that sorafenib withdrawal promotes 
rapid resumption of proliferation, caused by mitochondrial 
regeneration and a metabolic switch from glycolysis to res-
piration. This rebound growth phenomenon was previously 
described,7,51 though the underlying metabolic mechanism 

has not been investigated thus far. Anaerobic glycolysis, as 
observed in HUH7-R(+) cells, is physiologically promoted 
by the PI3K/Akt pathway.52,53 Nonetheless, sorafenib-in-
duced ETS dysfunction renders HUH7-R(+) cells dependent 
on lactate fermentation and reduces biosynthesis of TCA 
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cycle metabolites required for anabolic processes, such as 
fatty acid synthesis.45 Anaerobic glycolysis does not solely 
contribute to cell proliferation but is essentially limited by 
mtDNA maintenance and NDUF activity.43,54 Therefore, we 
emphasize renewal of the ETS by mitochondrial biogenesis 
as a driving force for tumor relapse and as a potential target 
for therapeutic intervention after sorafenib failure.

Third, we efficiently prevented rebound growth by sup-
pressing the biogenesis of mtDNA-encoded ETS subunits via 
treatment with the bacterial translation-inhibiting antibiotic 
TGC. To date, inhibition of mitochondrial biosynthesis by the 
use of antibiotics has not been investigated in HCC or as a 
chemotherapeutic second-line therapy in general. The targeted 
prokaryotic-derived mtDNA accounts for 13 essential subunits 
of the ETS and contributes to all metabolic functions, thus, 
we sought to determine which metabolite was rate limiting 
for rebound growth.42,55 On the one hand, at high concentra-
tions TGC enhanced CV-ATP5A expression and intracellular 
ATP levels, indicating that mitochondrial ATP generation may 
not be crucial. On the other hand, TGC impairs the NDUF-
mediated oxidation of NADH to the electron acceptor NAD+, 
required for driving aerobic TCA cycle activity to generate bio-
synthetic intermediates for lipids, nucleotides, and amino-ac-
ids.53,56 The substitution experiments presented herein clearly 
demonstrated that TGC treatment establishes auxotrophy for 
exogenous electron acceptors that restore proliferation-limit-
ing glutamine oxidation by regenerating NAD+. It was shown 
that TGC thereby diminishes aspartate production, which 
plays an essential role in nucleotide biosynthesis and has been 
previously reported to limit proliferation under Complex I in-
hibition.26 Aspartate can be generated by glutamate transami-
nation and via reductive carboxylation or oxidative TCA cycle 
activity.56 Nonetheless, aspartate substitution per se did not 
rescue the effect of TGC and aspartate levels are mostly re-
stored by pyruvate, which can form aspartate by carboxylation 
and transamination independently of NAD+.26,45 The amino 
acids glutamate, cysteine and glycine, however, which are re-
quired for synthesis of the ROS-neutralizing tri-peptide glu-
tathione, are all dependent on glutamine input.45 In addition, 
abrogation of glutamine oxidation eliminates pools of malate 

and NADPH, both of which contribute to ROS elimination by 
glutathione reduction.53 The mitochondrial NADP+/NADPH 
ratio thereby reflects NDUF impairment by TGC via enzy-
matic hydride transfer from NADH to NADP+, which is pos-
sibly compensated by evasive NADPH-consuming reductive 
carboxylation in OGDH-silenced HUH7-R cells.57 In contrast, 
cytosolic NADPH levels essentially rely on TCA cycle-depen-
dent malate turnover.53 In summary, we could show that TGC 
treatment leads to electron acceptor depletion, which limits 
glutamine oxidation, required to promote rebound growth and 
to generate directly ROS-controlling products. Thus, inhibit-
ing the biogenesis of the NAD+-recycling NDUF may consti-
tute a sensitive target for therapeutic intervention second-line 
to sorafenib. Importantly, translation-inhibiting antibiotics 
prevent the recurrence of tumor growth after sorafenib with-
drawal, while enabling resensitization to long-term chemo-
therapeutic alternatives.

To date, there is scant research on the therapeutic benefit 
of antibiotics in cancer, as most studies focus on adminis-
tration for cancer-associated infections. In initial endeav-
ors, TGC was shown to selectively induce cell death in a 
panel of leukemia cell lines,58 to target subtypes of lung and 
breast cancer59,60 and to eradicate cancer stem cells.61 TGC 
is a clinically approved low-cost antimicrobial agent that is 
used to treat complicated skin- and intraabdominal-infec-
tions.62 Thus, TGC is characterized by a favorable safety 
profile and good experience in dosing schedules, with there-
fore tremendous promise for clinical translation. Herein, 
mitochondrial mass and biogenesis was not significantly 
altered by TGC treatment in vivo, suggesting low incidence 
of off-target side-effects mediated by altered mitochondrial 
dynamics. As translation-inhibiting antibiotics establish 
electron acceptor auxotrophy by impairing renewal of es-
sential ETS subunits, we suggest good selectivity toward 
fast proliferating cancer cells and cells, which suffer mito-
chondrial damage due to previous chemotherapy. Given the 
metabolic implication for preventing the growth resumption 
in HUH7-R cells, we are the first to present the use of trans-
lation-inhibiting antibiotics as an efficacious second-line 
therapeutic approach for advanced-stage HCC patients.

F I G U R E  6  Glutamine oxidation is essential in tumor relapse and ROS defense. A, Transient gene silencing of IDH2 and OGDH upon 
rebound growth. Immunoblot analysis was normalized to the siLUC-transfected control (t test). B, Schematic illustration of the impact of IDH2 
and OGDH silencing on glucose and glutamine metabolism and redox-mediated ROS production. C, OGDH silencing prevents tumor relapse 
by reducing NDUF activity. Viability and NAD+/NADH-ratio were assessed in HUH7-R cells transiently transfected for 72 hours upon rebound 
growth and normalized to the siLUC transfected, untreated control (ANOVA). D, Increased protein expression of OGDH in HUH7-R cells. 
Immunoblot analysis of IDH2 and OGDH is shown (quantification: Figure S8A). E, Abrogated glutamine oxidation increases the ROS production. 
ROS levels were assessed in HUH7-R cells transiently transfected or treated with TGC for 72 hours upon rebound growth. The ROS scavenger 
N-acetyl cysteine (NAC) was used as a negative control, and ROS levels were normalized to the untreated, siLUC-transfected control (ANOVA). F, 
Abrogated glutamine oxidation promotes ROS-mediated mitochondrial damage. TEM of HUH7-R cells untreated, treated with TGC or transiently 
transfected with siOGDH upon 72 hours of rebound growth are shown. Scale bars indicate 1 µm. Values are shown as ± SEM, N = 3, *P < .05, 
**P < .01, ***P < .001, ****P < .0001



   | 11879MEssNER Et al.

F I G U R E  7  TGC prevents rebound growth after sorafenib treatment termination in vivo. A, TGC prevents tumor relapse in an ectopic tumor 
mouse xenograft of HUH7-R(+)-LUC cells. Mice were treated with 20 mg/kg sorafenib (Control), DMSO (Relapse), or 50 mg/kg TGC daily 
for 6 days. Control #2 was excluded because no tumor was detected until day 6 post-cell injection (ANOVA). B, TGC strongly reduces tumor 
growth rate as determined by in vivo bioluminescence imaging (day 6/ day 3). The AUC of luminescence counts was assessed for 20 minutes 
after 13 minutes of 0.3 g/kg luciferin injection (ANOVA). C, In vivo bioluminescence imaging at day 3 and day 6 of treatment. Images were 
taken 20 minutes after 0.3 g/kg luciferin injection (binning 4, min = 150 counts; max = 3000 counts). D, Images of excised tumors (Figure 7A). 
E, Weight of excised tumors (Figure 7D) (ANOVA). F, Significantly reduced CI-NDUFB6 protein expression upon TGC treatment in vivo. 
Immunoblot quantifications from excised tumors (Figure 7D) were normalized to the mean band intensity (ANOVA). Values are shown as ± SEM, 
N = 11, *P < .05, **P < .01, ***P < .001, ****P < .0001
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