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Methods A genome-wide CRISPR screen was performed for finding critical vulnerabilities in liver cancer cells.
Compounds screen, RNA sequencing, and human phospho-receptor tyrosine kinase arrays were applied to explore
mechanisms and search for synergistic drugs.

Findings We identified mitochondrial translation-related genes associated with proliferation for liver cancer cells.
Tigecycline induced deficiency of respiratory chain by disturbing mitochondrial translation process and showed
therapeutic potential in liver cancer. For liver cancer cells extremely insensitive to tigecycline, a compounds
screen was applied to identify MEK inhibitors as synergistic drugs to tigecycline-insensitive liver cancer cells.
Mechanistically, sustained activation of EGFR-ERK1/2-MYC cascade conferred the insensitivity to tigecycline,
which was mediated by enhanced secretion of EREG and AREG. Moreover, glycolytic enzymes, such as HK2 and
PKM2 were upregulated to stimulate glycolysisin a MYC-dependent manner. Tigecycline induced respiratory
chain deficiency in combination with cutting off EGFR-ERK1/2-MYC cascade by MEK inhibitors or EGFR
inhibitors, resulting in decrease of both oxidative phosphorylation and glycolysis in liver cancer cells.

Interpretation Our study proved that blocking EGFR-ERK1/2-MYC cascade combined with tigecycline could be a
potential therapeutic strategy for liver cancer.
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Research in context

Evidence before this study

The emergence of functional genetic screens based on CRISPR
technology provides a solution to identify genetic
vulnerabilities that may represent therapeutic opportunities in
cancer and other diseases. However, there are few studies that
comprehensively identify potential therapeutic vulnerabilities
of liver cancer by genome-wide CRISPR screen. Tigecycline is
known to have an inhibitory effect on mitochondrial
translation in eukaryotic organisms, resulting in defective
oxidative phosphorylation. But in cancer cells, inhibition of
mitochondrial translation by tigecycline may cause the
metabolic switch to glycolysis due to metabolic
reprogramming.

Added value of this study
We identified mitochondrial translation-related genes
associated with proliferation for liver cancer cells. Tigecycline

Introduction
Conventional therapies for liver cancer, such as liver
transplantation, tumour resection or ablation, are
limited to early-stage tumours." For patients with
advanced stages of liver cancer, first-line systemic ther-
apies are sorafenib, lenvatinib, oratezolizumab plus
bevacizumab. The combination of atezolizumab (anti-
PD-L1 antibody) and bevacizumab (anti-VEGF antibody)
had Dbetter overall and progression-free survival out-
comes than single-drug treatment with sorafenib.
However, the response rate of the combination therapy
was only 27.3%.> Hence, it is urgent to find further
therapeutic approaches and strategies for liver cancer.
The complex regulatory networks that control tumor
function make identifying therapeutic targets a major
challenge. The use of CRISPR-Cas9 (Clustered Regu-
larly Interspaced Short Palindromic Repeats and
CRISPR-associated protein 9) screens has enabled the
exploration of cancer driver genes and molecular
mechanisms underlying drug resistance on a large
scale.’ For example, using a kinome-wide CRISPR-Cas9
genetic functional screen, we found that activation of
epidermal growth factor receptor (EGFR) limits the
response of liver cancer to lenvatinib. The combined
regimen of the EGFR inhibitor gefitinib and lenvatinib
provided a strategy for liver cancer patients with high
expression of EGFR.* Recently, identifying cancer type-
specific dependencies is becoming another critical
strategy for cancer therapy. The CRISPR-Cas9 screens

induced deficiency of respiratory chain by disturbing
mitochondrial translation process and showed therapeutic
potential in liver cancer. Mechanistically, the increase of
autocrine EREG and AREG activated EGFR-ERK1/2 cascade,
thereby enhanced the transcription of MYC downstream
genes, which increased glycolysis and conferred the
insensitivity to tigecycline.

Implications of all the available evidence

We demonstrated that sustained activation of EGFR-ERK1/2
signaling increased glycolysis and conferred the insensitivity
to tigecycline in liver cancer cells. Drugs involved in this study
have been approved for clinical use or are part of ongoing
clinical trials, therefore, clinical testing of the combination of
tigecycline and MEK inhibitors or EGFR inhibitors for the
treatment of liver cancer should be feasible.

can provide new insights into therapeutic vulnerabilities
of liver cancer. Using a kinome-focused genetic screen,
we showed that pharmacological inhibition of the DNA-
replication kinase CDC7 induces senescence selectively
in liver cancer cells with mutations in TP53.° In addi-
tion, Liang and colleagues performed a genome-wide
CRISPR-Cas9 screen and identified WEE1 kinase as a
therapeutic vulnerability in liver cancer cells depleted of
the ATRX chromatin remodeler gene.© However, po-
tential therapeutic vulnerabilities of liver cancer remain
to be investigated.

Here, we aim to further explore the dependencies of
liver cancer through performing genome-wide CRISPR-
Cas9 screen. Thus, we performed a genome-wide
CRISPR screen in two liver cancer cell lines (SNU398
and HepG2) and identified the vital roles of mitochon-
drial translation-related genes for liver cancer cells.
Emerging evidence suggests high level of mitochondrial
translation may be required to support the bioenergetic
requirements of cancer cells.” Besides, some studies
showed that abnormal mitochondrial translation was
involved in the process of epithelial-to-mesenchymal
transition, cell cycle progression and apoptosis
signaling.®** Therefore, therapeutic approaches that
disrupt mitochondrial translation are showing great
potentials in combating tumours.

Tigecycline, a FDA-approved broad spectrum anti-
biotic, can selectively inhibit mitochondrial trans-
lation.'"* Previous studies showed that tigecycline could
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be used to treat hematological tumors by inhibition of
mitochondrial translation.'""? Limited studies only
showed that tigecycline could enhance the activity of
chemotherapy in liver cancer, and prevent the tumor
relapse after resistance to sorafenib.'*'* However, the
roles of mitochondrial translation-related genes and the
rationale of tigecycline as a strategy for the treatment of
liver cancer are still unclear.

In this study, we report that the sustained activation
of EGFR-ERK1/2 signaling pathway confers insensitivity
to tigecycline therapy in liver cancer. Tigecycline in
combination with MEK inhibitors or EGFR inhibitors
achieves synergistic effects both in vitro and in vivo.
Therefore, our findings suggest a therapeutic approach
for liver cancer, which is a combination of tigecycline
and MEK inhibitors or EGFR inhibitors.

Methods

Ethics statement

Ethical approval was gained from the Eastern Hep-
atobiliary Hospital Research Ethics Committee
(EHBHKY2014-03-006) and conducted in accordance
with the Helsinki Declaration. All patients provided
their written informed consent. All animal experiments
complied with the ARRIVE guidelines and were oper-
ated according to protocols approved by the Ren Ji
Hospital Institutional Animal Care Committee and
Shanghai Cancer Institute (DWLB102).

Cells and cell culture conditions

SNU398, Huh6, HepG2, SNU449, SNU423, SNU387,
Huh7, Hep3B, PLC/PRF/5, Li7 and MHCC97H cells
were cultured in DMEM with 10% FBS, glutamine and
penicillin-streptomycin (Gibco) at 37 °C and 5% CO2.
All cells were authenticated by Short Tandem Repeat
(STR) profiling. Mycoplasma contamination was
excluded via a PCR-based method.

Compounds

Tigecycline (S1403), Cobimetinib (S8041), Gefitinib
(S1025) and 2-Deoxy-p-glucose (S4701) were purchased
from Selleck Chemicals. Trametinib (HY-10999) was
purchased from MedChemExpress.

Genome-wide CRISPR screen

The genome-wide CRISPR library, around 75,000
sgRNAs (along with 1000 non-targeting controls) tar-
geting 19,114 human genes, including 50 negative
genes (non-essential genes) and 50 positive genes
(essential genes), was applied. By lentiviral transduction,
the genome-wide CRISPR library was ferried into
SNU398 and HepG2 cells (three independent repli-
cates). The coverage of the genome-wide library
screening was 800. After puromycin selection (2 pg/ml),
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cells were treated with trypsin and counted for TO (day
0) samples and Tu (day 14) samples incubated for
another 14 days. Genomic DNA isolation was per-
formed by the ZYMO gDNA isolation kit according to
the manufacturer’s protocol. After PCR amplification,
gRNA barcodes from TO and Tu were detected by deep
sequencing in an Illumina HiSeq-2500. A differential
test between TO and Tu for each sgRNA was conducted
by DESeq2. The MAGeCK Robust Rank Algorithm was
used to calculate to represent sgRNA prioritization. The
detailed method was described in our previous study.’

Short hairpin RNA (shRNA)-mediated knockdown
Lentiviral vectors containing shRNA against GFMI,
MRPL4, MRPS23, SHMT2, MYC, and HK2 came from
the Human TRC shRNA Library. PLKO is TRC cloning
vector. Lentivirus transduction was conducted using
polyplus regents according to the instructions and fol-
lowed by drug selection (2 pg/ml puromycin for 3-5
days). The sequences for shRNA were provided in
Supplementary Materials and Methods.

Quantitative reverse-transcription PCR

EZ-press RNA Purification Kit (EZBioscience) was used
to extract total RNA from cells. cDNA was acquired
using Color Reverse Transcription Kit with gDNA
remover (EZBioscience). Quantitative PCR reactions
were conducted using 2 x Color SYBR Green qPCR
Master Mix (EZBioscience). The sequences of the
primers for quantitative reverse-transcription PCR
(qQRT-PCR) were shown in Supplementary Materials and
Methods.

Immunohistochemistry (IHC)

Tissue microarray contained 243 hepatocellular carci-
noma (HCC) samples from the Naval Military Medical
University Affiliated Eastern Hepatobiliary Hospital in
Shanghai, China. Diagnosis of HCC was based on
clinical manifestations, laboratory and pathological ex-
aminations, combined with endoscopic and imaging
examinations by experienced clinicians according to
clinical guidelines. Patients did not receive any preop-
erative anticancer therapy, and clinical and follow-up
information were completed. The demographic data
were self-reported by study participants. The method of
IHC staining and H score evaluation referred to our
previous study.* Due to the differences in gene expres-
sion, we divided the patients into high and low expres-
sion groups according to the median value of H score."”
The demographic data including gender and age of the
243 HCC samples were shown in Table S1.

Gene set variation analysis (GSVA)

GSVA is a method to evaluate the variation of pathway
activity in an unsupervised manner.”* The list of 134
mitochondrial translation-related genes was downloaded


www.thelancet.com/digital-health

Articles

from http://www.gsea-msigdb.org/gsea/downloads.jsp.
For 50 pairs of tumour and corresponding non-tumour
tissues in HCC, GSVA scores of mitochondrial trans-
lation process of all mitochondrial translation-related
genes were estimated by “GSVA” R package. Besides,
GSVA score of mitochondrial translation was also
calculated in subclusters stratified by 26 mitochondrial
translation-related genes.

Long-term and short-term cell growth assays
Long-term cell growth assays

Cells were seeded into six-well plates at a density of
20,000-50,000 cells per well. After static adherence,
drugs were added into wells at the given concentrations
for 10-14 days. Culture medium was replaced twice a
week and drugs were supplemented accordingly. Cells
were fixed with 4% paraformaldehyde for 10 min and
stained with 0.1% crystal violet.

Short-term cell growth assays

Cells were seeded into 96-well plates at a density of
2000-5000 cells per well. After 24 h, drugs were added
at the indicated concentrations for three days. Cell
Counting Kit-8 (CCK8) (Dojindo) was used to measure
the absorbance at 450 nm according to the instructions.

Western blots

Cells were lysed in RIPA buffer contained with phos-
phatase and protease inhibitor cocktails (Sigma). Protein
quantification was conducted using BCA protein assay
Kit. Quantified proteins lysates were separated with
10%-15% SDS-PAGE and transferred to PVDF mem-
brane. After blocking with 5% skim milk, the PVDF
membranes were incubated with primary antibody
(1:1000 dilution) overnight at 2-8 °C on a rocking plat-
form shaker. Secondary antibodies were used at a
1:5000-5,0000 dilution of anti-rabbit or anti-mouse
HRP-conjugated secondary antibodies (Bioworld). The
information on antibodies applied in this study referred
to Supplementary Materials and Methods.

Compounds screen

A FDA-approved drug library containing 1957 com-
pounds (MedChemExpress) was used to perform com-
pounds screen in MHCC97H cells in the initial screen
process. MHCCI97H cells were seeded into 96-well
plates at a density of 3500 cells per well and divided
into two groups: control and tigecycline treatment
(25 pM). 2 pM compounds were added into each well of
these groups for three days respectively. Compared with
control group, top 20 compounds that inhibited cell
proliferation in tigecycline group were chosen for the
second-round screen in MHCC97H (tigecycline,
25 uM), PLC/PRE/5 (tigecycline, 10 pM), and Li7 (tige-
cycline, 25 pM) cells. The screen was conducted with

two replicates of each cell line. Under treatment of
compounds, the cell viability of control group was
normalized against control conditions (untreated cells)
after subtraction of background signal, and tigecycline
group was normalized against single tigecycline-treated
cells. The proliferation inhibition was calculated be-
tween normalized control cells and tigecycline-treated
cells under treatment of compounds.

Incucyte cell proliferation assays

MHCC97H, PLC/PRF/5 and Li7 cells were counted and
seeded into 96-well plates at a density of 2000-4000 cells
per well. After static adherence, drugs were added into
wells at the given concentrations. The confluence of
cells was monitored automatically using IncuCyte
ZOOM every 4 h (Essen Bioscience).

Seahorse analysis

Cells were seeded into XFe96 microplate at the density
of 4000-10,000 cells per well. Tigecyline or/and MEK
inhibitors were added to wells for three days before
Seahorse glycolysis or mitochondrial stress analyses.
The Seahorse glycolysis and mitochondrial stress test
kits were used in combination with the Seahorse XFe96
Analyzer (Agilent Technologies, Santa Clara, CA) as
described by the manufacturer. Glucose (10 mM), oli-
gomycin (1 pM), and 2-DG (50 mM) were used in the
glycolysis stress test. Oligomycin (1.5 pM), Carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP,
1 pM), rotenone and antimycin A (0.5 pM) were applied
in mitochondrial stress test. Results were analyzed by
the Seahorse Wave 2.6.1 software.

RNA sequencing and data analysis

MHCC97H and PLC/PRE/5 cells were treated with
DMSO or 10 pM tigecycline for three days followed by
RNA-sequencing. Compared tigecycline to control
groups, differentially expressed genes (DEGs) were
identified and KEGG analysis of these genes was per-
formed. Top enriched pathways and hub genes were
visualized using Sankey diagram.

Human phospho-receptor tyrosine kinase arrays
Human phospho-receptor tyrosine kinase (Phospho-
RTK) arrays were applied in the detection of kinase
signaling after treatment of tigecycline in MHCC97H
cells, according to the instructions (R&D).

Enzyme-linked immunosorbent assay (ELISA)

Cell culture supernatants were collected and analyzed
for relative autocrine EREG and AREG by ELISA ana-
lyses according to the manufacturer’s instructions.
Human EREG and AREG ELISA kits were purchased
from Mlbio.
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In vivo experiments

SNU398 and MHCC97H cells (5 x 10° per mouse) were
injected into right shoulder of 6-week-old BALB/c nude
mice (male, 6 mice per group), and Hepal-6 cells were
injected into right shoulder of 4-6-week-old C57BL/6
mice (male, 6 mice per group). Based on the measure-
ment of vernier caliper, tumour volume was assessed by
the modified ellipsoidal formula: tumour volume = Y2
length x width?. When tumours grew to about 100 mm?>,
nude mice were randomly assigned for 5 days/week to
receive either solvent, tigecycline (50 mg/kg, intraperi-
toneal injection), trametinib (0.25 mg/kg, oral gavage),
and combination of tigecycline plus trametinib once
daily. Immune-competent mice were assigned for 5
days/week to receive either solvent, tigecycline (50 mg/kg,
intraperitoneal injection), trametinib (0.25 mg/kg, oral
gavage), gefitinib (80 mg/kg, oral gavage), tigecycline plus
trametinib, and tigecycline plus gefitinib once daily. In
the combination group, drugs with each compound
administered at the same dose and schedule as a single
drug. Mice were euthanized when they lost more than
15 percent of their body weights or failed to thrive. All
mice were placed on a 12 h light/dark cycle and had
unlimited access to food and water. Experiments were
carried out with the minimization of animal suffering
and pain.

Statistics

In vitro and in vivo data are shown as the mean + SEM.
The Student’s t-test was applied for statistical discrep-
ancy between two groups. Kaplan-meier analysis was
performed to indicate overall survival of patients and the
log-rank (Mantel-Cox) test was conducted for statistical
difference comparisons.

Role of the funding source

The funding sources were not involved in study design,
analysis, interpretation, tissues collection, and submis-
sion decision.

Results

A genome-wide CRISPR-Cas9 screen identifies
requirement of mitochondrial translation-related
genes for liver cancer cells

To identify new vulnerabilities of liver cancer cells, we
performed a genome-wide CRISPR-Cas9 genetic screen
in SNU398 and HepG2 cells (Fig. la—c, Fig. S1,
Table S2) and identified 455 genes commonly required
in the two cells (Fig. 1d). According to the Gene
Ontology (GO) gene set enrichment analyses of cellular
component (CC) and biological process (BP), mito-
chondrial ribosome cellular component and mitochon-
drial translation biological process were highly enriched
(Fig. S2a and b). MitoCarta3.0 is an updated inventory of
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mammalian mitochondrial proteins using multiple
experimental and computational approaches.” By
comparing the common hits with the MitoCarta3.0 in-
ventory, we found that 26 of these genes were impli-
cated in mitochondrial translation process (Fig. 1d,
Table S3). The process of mitochondrial translation
mainly depends on mitochondrial translation factors
and mitochondrial ribosomes, which are encoded by
nuclear genome and they are called as mitochondrial
translation-related genes.”® The differential expression
of mitochondrial translation-related genes in The Can-
cer Genome Atlas (TCGA) liver hepatocellular carci-
noma (LIHC) cohort was investigated. 24 mitochondrial
translation-related genes were significantly upregulated
in 50 tumour (T) tissues compared with corresponding
non-tumour (N) tissues (Fig. 1le). Using GSVA to anal-
yse the enrichment scores of the 26 mitochondrial
translation-related genes between tumour and non-
tumour tissues of HCC in TCGA, we found that these
genes were highly enriched in tumour tissues, indi-
cating that mitochondrial translation may be an impor-
tant pathway for liver cancer cells (Fig. S2c).

Mitochondrial translation products encoded by
mitochondrial DNA are only 13 hydrophobic subunits of
oxidative phosphorylation system, as well as several
tRNAs and rRNAs." Thus, detection of protein levels of
mitochondrial translation products is a common
method to reflect the function of mitochondrial trans-
lation."***' To validate the results of the CRISPR screen,
we selected three representative mitochondrial
translation-related genes, GFMI1 (a mitochondrial
translation factor), MRPL4 (a protein of large mito-
chondrial ribosomal subunit), and MRPS23 (a protein of
small mitochondrial ribosomal subunit), by interfering
with their expression through shRNA-mediated knock-
down. Knockdown of GFM1, MRPL4, or MRPS23 in
SNU398 and HepG2 cells resulted in not only short-
term and long-term cell proliferation inhibition
(Fig. 1f=h, Fig. S3a and b), but also the downregulation
of protein levels of translation products, such as CYTB
(complex III), MTCO2 (complex IV), and ATP6 (com-
plex V), which are components of the respiratory chain
complex (Fig. S3c and d), whereas mRNA levels of these
genes of respiratory chain complex were unchanged
(Fig. S3e-g), indicating that knockdown of mitochon-
drial translation-related genes leads to the reduced
expression of mitochondrial proteins such as CYTB,
MTCO2, and ATPG6.

Clinical significance of mitochondrial translation-
related genes

To investigate the clinical value of mitochondrial
translation-related genes, we collected tumour material
and clinical data from 243 HCC patients from the Naval
Military Medical University Affiliated Eastern Hep-
atobiliary Hospital. IHC analyses indicated that the
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Fig. 1: A genome-wide CRISPR-Cas9 screen identifies requirement of mitochondrial translation-related genes for liver cancer cells.
(a) Schematic diagram of the genome-wide screen. SNU398 and HepG2 cells were transduced with a lentiviral genome gRNA library (three
independent replicates). gRNA barcodes from TO (day 0) and Tu (day 14) were detected by deep sequencing. (b—c) Graphical representation for
the abundance of the gRNA sequences in the screen of SNU398 (b) and HepG2 (c) cells. The x-axis shows log (Base Mean). The y-axis shows
log,(Fold change) (gRNA abundance of day-14 sample/day-0 sample). For one sgRNA, when |log2 (fold change)|>1, false discovery rate
(FDR) < 0.1, and log (Base Mean) > 1.7, it was considered as a “hit”. Otherwise, it was a “non-hit”. 'n’, sgRNAs targeting 50 non-essential genes
(blue); 'p’, sgRNAs targeting 50 essential genes (red); ‘x’, sgRNAs targeting studied human genes (grey). (d) Identification of 26 genes related to
mitochondrial translation process in the screen in SNU398 and HepG2 cells. FDR< 0.1. (e) Expression analysis of 26 mitochondrial translation-
related genes in 50 paired samples of tumour (T) and corresponding non-tumour (N) tissues in liver hepatocellular carcinoma (LIHC) cohort of
The Cancer Genome Atlas (TCGA) (P values are calculated by two-tailed paired t test). Values in bold are statistically significant. (f-h) Gene
knockdown efficiency and long-term cell growth assays of GFM1 (f), MRPL4 (g), and MRPS23 (h) in SNU398 (left) and HepG2 (right) cells. Data
are mean + SEM (P values are calculated by two-tailed unpaired t test).
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Fig. 2: Prognostic significance of mitochondrial translation-related genes for patients with HCC. (a—) Differential protein levels of GFM1
(a), MRPL4 (b), or MRPS23 (c) between tumour (T) and corresponding non-tumour (N) tissues in liver cancer from 243 HCC patients (P values
are calculated by two-tailed paired t test). (d-i) IHC analyses for GFM1, MRPL4, and MRPS23 in patients with HCC. Representative images for

high or low expression of GFM1, MRPL4, and MRPS23 are shown in (d)

, (f), and (h), respectively. Kaplan-Meier analyses of overall survival (left)

and recurrence (right) for patients with HCC were performed based on their protein levels of GFM1 (e), MRPL4 (g), and MRPS23 (i) High
(n = 121) or low (n = 122) expression of genes was defined according to their median values of H score. (P values are calculated by log-rank
(Mantel-Cox) test.) (j) Identification of HCC subclusters by 26 mitochondrial translation-related genes from the genome-wide CRISPR-Cas9
screen. 193 HCC patients with relatively complete clinical information were from TCGA. Expression level of genes was transformed by log, with
the scale into -4 to 4. (k) Gene set variation analysis (GSVA) score of mitochondrial translation process for the subclusters (Unpaired two-sided
t-test). (I) Kaplan-Meier analysis of overall survival according to the subclusters (P values are calculated by log-rank (Mantel-Cox) test).

protein levels of GFM1 (P = 0.0005, two-tailed paired t
test), MRPL4 (P < 0.0001, two-tailed paired t test), and
MRPS23 (P < 0.0001, two-tailed paired t test) were
significantly high in the tumour tissues compared to
corresponding non-tumour tissues in liver cancer
(Fig. 2a—c). Univariate and multivariate analyses for
protein levels (as determined by IHC on tumour mate-
rial) and clinicopathological features showed that
GFM1, MRPL4, and MRPS23 were independent prog-
nostic markers of overall survival (OS) and time to
relapse (TTR) (Tables S4-S6). Kaplan—Meier survival
analyses showed that HCC patients with high expres-
sion of GFM1, MRPL4, or MRPS23, had worse OS and
shorter TTR (Fig. 2d-i). Using consensus clustering
analysis for the 26 genes, the HCC cohort from TCGA
could be divided into three subclusters. Patients in the
cluster 2 represented generally low levels of 26 mito-
chondrial translation-related genes and low GSVA score
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of mitochondrial translation, but high survival rate
(Fig. 2j-1). These data support the notion that high
expression of mitochondrial translation-related genes is
associated with poor outcome in HCC.

Tigecycline reduces mitochondrial translation
products in liver cancer cells

Tigecycline, the only FDA-approved antibiotic of the
glycylcyclines, has been shown to specifically inhibit
mitochondrial translation.** According to cell viability
assays, we found tigecycline had significant activity
against the majority of liver cancer cells tested (Fig. 3a).
Most liver cancer cells were sensitive to tigecycline,
especially SNU398, Huh6, and HepG2 cells. In contrast,
PLC/PRF/5, Li7, and MHCC97H cells were considered
to be relatively insensitive because their half maximal
inhibitory concentration (ICsp) exceeded 30 pM (Fig. 3a).
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Fig. 3: Tigecycline inhibits cell proliferation in liver cancer cells. (a) Short-term cell growth assays of tigecycline in liver cancer cell lines. Cells
with half maximal inhibitory concentration (ICso) > 30 uM were considered as relatively insensitive cells, while those with IC5o < 30 uM were
regarded as sensitive cells. (b) Western blot analyses for subunits of respiratory complex (ClII-CV) from sensitive (SNU398 and HepG2) and
insensitive (MHCC97H and PLC/PRF/5) cells treated with increasing concentration of tigecycline. (c) Tumour volumes of subcutaneous xe-

nografts for control (n = 6) and tigecycline-treated groups (50 mg/

kg, intraperitoneal injection, n = 6) of SNU398 cells. (d) Body weight for

mice of control and tigecycline-treated groups. (e) Tumour image and tumour weight. (f) Representative IHC staining for ki67, MTCO2, CYTB,
and ATP6 on sequential slides in xenografts tumour tissues and H score analyses. Scale bar = 100 pM. Data are mean + SEM (Unpaired two-

sided t-test).

Moreover, long-term cell proliferation assays using
tigecycline also validated that SNU398, Huh6, and
HepG2 cells were sensitive to tigecycline, while PLC/
PRF/5, Li7, and MHCC97H cells were not (Fig. S4).
Tigecycline could reduce mitochondrial translation
products of both sensitive and insensitive cells, as evi-
denced by the notion that this drug can downregulate

protein levels of CYTB, MTCO2, and ATP6 in both
sensitive and insensitive cells (Fig. 3b). In vivo experi-
ments showed that tigecycline could inhibit the growth
of liver cancer cells without affecting the body weight of
mice (Fig. 3c—e). IHC staining analyses confirmed that
protein levels of mitochondrially-translated MTCO2,
CYTB, and ATP6 were decreased in tumour tissues
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removed from mice treated with tigecycline (Fig. 3f).
Therefore, we conclude that tigecycline reduced the
mitochondrial translation products of all liver cancer
cells but has major anti-proliferative effects in a subset
of liver cancer cells.

Compound screen identifies MEK inhibitors as
synergistic with tigecycline

To find drugs that have synergistic effects of tigecycline
in liver cancer cells, we performed a compound screen

in tigecycline-insensitive cells (Fig. 4a). The top 20
compounds with synergistic effects in MHCC97H cells
were then selected for the second-round screen in three
insensitive cell lines: MHCC97H, PLC/PRF/5, and Li7
(Fig. 4b). The second-round screen showed mitogen-
activated protein kinase kinase (MEK) inhibitors and
receptor tyrosine kinase (RTK) inhibitors such as tra-
metinib, cobimetinib, selumetinib, ceritinib, crizotinib,
and cabozantinib had favorable synergies of tigecycline
(Fig. 4c). Incucyte cell proliferation, short-term and
long-term cell proliferation assays showed that the MEK
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Fig. 4: Compound screen identifies MEK inhibitors as synergistic drugs for tigecycline-insensitive cells. (a) Schematic diagram of two-
rounds compounds screen. (b) Proliferation inhibition of the first-round screen in MHCC97H cells. (c) Proliferation inhibition between
normalized control cells and tigecycline-treated cells with application of top 20 compounds in MHCC97H, PLC/PRF/5, and Li7 cells. Main targets
of top 20 compounds are shown on the bar chart. (d) Incucyte cell proliferation assays (left) and long-term cell growth assays (right) showed
the synergistic effect of a combined regimen of tigecycline and trametinib in MHCC97H and PLC/PRF/5 cells (n = 3). (e) Incucyte cell prolif-
eration assays (left) and long-term cell growth assays (right) showed the synergistic effect of drug combination of tigecycline and cobimetinib

in MHCC97H and PLC/PRF/5 cells (n = 3).
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inhibitors trametinib and cobimetinib increased the
sensitivity of MHCC97H, PLC/PRF/5, and Li7 cells to
tigecycline (Fig. 4d-e, Fig. S5a—d). However, ceritinib,
crizotinib, and cabozantinib had no synergistic effects in
long-term cell growth assays (data not shown). Thus, we
identify MEK inhibitors as drugs that display synergy
with tigecycline.

Combined regimen of tigecycline and trametinib
inhibits both oxidative phosphorylation and
glycolysis

Given that tigecycline inhibited mitochondrial trans-
lation, thereby potentially affecting oxidative phosphor-
ylation (OXPHOS), we measured the oxygen
consumption rate (OCR) and extracellular acidification
rate (ECAR) of sensitive and insensitive cells treated
with tigecycline. These results showed that tigecycline
could reduce the basal OCR, maximal respiration and
ATP production of OXPHOS of both tigecycline-
sensitive and -insensitive cells (Fig. S6a and b). How-
ever, the effects on glycolysis were quite different.
Compensatory enhancement of glycolysis and glycolytic
capacity was only observed in tigecycline-insensitive
cells, which might explain the differences in sensitivity
of liver cancer cells to tigecycline (Fig. S6c and d).
Compared to tigecycline treatment alone, the combina-
tion of trametinib and tigecycline could further reduce
the basal OCR, maximal respiration, and ATP produc-
tion of OXPHOS in tigecycline-insensitive cells. Addi-
tionally, compensatory enhancement of glycolysis and
glycolytic capacity was inhibited (Fig. 5a and b, Fig. S7a—e).
Besides, tigecycline caused changes in the activities of
key enzymes in glycolysis pathway. After treatment
with tigecycline, the activities of hexokinase, pyruvate
kinase, and the content of extracellular lactate
increased in MHCC97H and PLC/PRF/5 cells, but
decreased after addition of trametinib (Fig. 5c—e).

Tigecycline activates the EGFR-ERK1/2-MYC cascade
To explore the molecular basis of liver cancer cells
insensitivity to tigecycline and how trametinib might
enhance this sensitivity, we conducted RNA sequencing
of MHCC97H and PLC/PRF/5 cells following treatment
with tigecycline. Compared tigecycline to control
groups, we found 357 upregulated and 261 down-
regulated genes in MHCC97H cells, and 603 upregu-
lated and 574 downregulated genes in PLC/PRF/5 cells
(Fig. S8a, Tables S7 and S8). KEGG pathways analyses
showed shared upregulated pathways and no shared
downregulated pathway of MHCC97H and PLC/PRF/
5 cells (Fig. 6a, Fig. S8b). Sankey diagrams of upregu-
lated genes showed that tigecycline treatment signifi-
cantly enriched the mitogen-activated protein kinase
(MAPK) signaling pathway and one carbon pool by
folate pathway compared to control treated cells

(Fig. 6a). qRT-PCR was then performed to investigate
the expression of genes involved in one carbon pool by
folate  pathway, including SHMT2, ALDHIL2,
MTHFDIL and MTHFD2. Results showed that mRNA
level of SHMT2 was markedly elevated with treatment
of tigecycline in MHCC97H and PLC/PRF/5 cells
(Fig. 6b, Fig. S8c). These results suggest that the MAPK
cascade is enhanced in tigecycline-insensitive cells with
treatment of tigecycline and SHMT2 may be involved in
the low response of liver cancer cells to tigecycline.

Next, we performed an assay to measure activation
(tyrosine phosphorylation) of human receptor tyrosine
kinases. Results showed that phosphorylation of EGFR
and hepatocyte growth factor receptor (HGFR) are
further activated following treatment with tigecycline
(Fig. 6¢). Combined data analysis for RNA sequencing,
mRNA levels of amphiregulin (AREG) and epiregulin
(EREG), ligands of EGFR in ERBB signaling pathway,
were upregulated in tigecycline-treated cells. Therefore,
we focused on EGFR signaling in subsequent studies
(Fig. 6a). qRT-PCR experiments confirmed that mRNA
levels of AREG and EREG were increased following
treatment with tigecycline (Fig. S9a and b). It has been
reported that oxidative phosphorylation inhibitors-
mediated mitochondrial stress (such as the inhibitors
of oxidative phosphorylation: Roteone, Carbonyl cyanide
m-chlorophenylhydrazone (CCCP), and Antimycin A,
etc.) might increase intracellular levels of reactive oxy-
gen species (ROS) and calcium, which promotes gene
transcription, translation and secretion of AREG by
mitonuclear retrograde signaling.”” We detected the ef-
fects of BAPTA-AM (a cell membrane-permeable cal-
cium chelator) and NAC (N-Acetylcysteine, a ROS
inhibitor) on mRNA levels of EREG and AREG under
treatment of tigecycline. Results showed that BAPTA-
AM and NAC could decrease the expression of EREG
and AREG which were stimulated by the treatment of
tigecycline (Fig. S9a and b). The results suggest ROS
and calcium may be involved in the tigecycline-induced
expression of EREG and AREG.

Since AREG and EREG are growth factors that can
interact with EGFR in an autocrine fashion, ELISA was
then performed to measure the levels of AREG and
EREG in the supernatants. Results showed that AREG
and EREG were significantly increased in the cell cul-
ture supernatants with treatment of tigecyline (Fig. 6d—
e, Fig. S9c and d). Moreover, Western blot experiments
indicated that EGFR pathway was activated, which sub-
sequently the levels of p-MEK1/2 and p-ERK1/2 were
increased in tigecycline-treated cells. Inhibition of EGFR
by gefitinib could also reduce the levels of p-MEK1/2
and p-ERK1/2 and had a synergistic effect of inhibition
on liver cancer cells with tigecycline (Fig. 6f—g, Fig. S9e
and f). It has been described that MAPK cascade can
transcriptionally activate MYC expression, thereby
increasing the transcription of MYC downstream
genes.”*” Considering the increase of glycolysis after
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Fig. 5: Combined regimen of tigecycline and trametinib inhibits both oxidative phosphorylation and glycolysis. (a-b) Oxygen con-
sumption rate (OCR) (a) and Extracellular acidification rate (ECAR) (b) with the regimen of tigecycline and trametinib in MHCC97H and PLC/PRF/
5 cells. (c—e) Activity of hexokinase (c) and pyruvate kinase (d), and concentration of extracellular lactate (e) in MHCC97H and PLC/PRF/5 cells
with the combined treatment of tigecycline and trametinib. (n = 3). Data are mean + SEM (P values are calculated by two-tailed unpaired t test).
2-DG, 2-Deoxy-p-glucose; FCCP, Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone.

treatment with tigecycline, protein levels of hexokinase
2 (HK2), pyruvate kinase M2 (PKM2), and lactate de-
hydrogenase A (LDHA) were detected by Western blot.
Results showed the increase in their protein levels after
treatment with tigecycline and a decrease after addition
of trametinib (Fig. 6h, Fig. S9g). Our data suggest that a
feedback activation loop involving in the EGFR-ERK1/2-
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MYC cascade may mediate insensitivity of liver cancer
cells to tigecycline. Now that AREG and EREG resulted
in activation of EGFR and downstream signaling, we
detected baseline mRNA levels of AREG and EREG in
liver cancer cells to see whether these genes could pre-
dict response to tigecycline. Results showed that mRNA
levels of AREG and EREG were generally high in
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Fig. 6: Feedback activation of the EGFR-ERK1/2-MYC cascade limits response to tigecycline of liver cancer cells. (a) Sankey Diagram of top
upregulated Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways on the tigecycline group versus control group for MHCC97H and PLC/
PRF/5 cells. (b) mRNA levels of SHMT2 in MHCC97H and PLC/PRF/5 cells with treatment of tigecycline. (c) Relative levels of tyrosine phos-
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tigecycline-insensitive cells PLC/PRF/5, MHCC97H,
and Li7 (Fig. S10a and b), which suggests these two
genes may be related to the sensitivity of tigecycline.
Whereas, further studies are needed to test for associ-
ation between sensitivity of tigecycline and expressions
of AREG and EREG.

To explore whether responses of liver cancer cells to
tigecycline could be identified by the level of activation
of the MAPK cascade, we performed Western blot ana-
lyses and found sustained activation of ERK1/2
signaling by tigecycline in tigecycline-insensitive cells,
while this signaling was only transiently activated in
tigecycline-sensitive cells, indicating that sustained
feedback activation of ERK1/2 is crucial for liver cancer
cells insensitivity to tigecycline (Fig. S10c and d).

To understand how MYC, an important downstream
target of the MAPK cascade, influenced OXPHOS and
glycolysis after treatment with tigecycline, we conducted
shRNA-mediated knockdown of MYC in MHCC97H
and PLC/PRF/5 cells. After addition of tigecycline,
knockdown of MYC not only reduced the expression of
SHMT?2 and glycolytic enzymes-encoding genes such as
HK2, PKM2, and LDHA (Fig. 6i, Fig. S11a), but also
decreased the levels of OCR and ECAR in MHCC97H
and PLC/PRE/5 cells (Fig. 6j-k, Fig. S11b and d).

To confirm feedback activation of glycolysis when
treated with tigecycline, we knocked down HK2 in
MHCC97H and PLC/PRF/5 cells with shRNA
(Fig. S12a). Results exhibited that the levels of OCR
were enhanced and ECAR were declined after knock-
down of HK2, while the levels of OCR and ECAR were
decreased in the presence of tigecycline (Fig. S12b and
c). Our findings indicate that inhibition of feedback
activation of glycolysis might result in energy depletion
when treated with tigecycline, which was further sup-
ported by the synergistic effect of glycolysis inhibitor
2-Deoxy-D-glucose (2-DG) and tigecycline in liver cancer
cells (Fig. S12d).

To explore the role of SHMT?2 in the treatment of
tigecycline, we stably knocked down SHMT?2 in liver
cancer cells. In the presence of tigecycline, the expres-
sion of SHMT2 increased to partially maintain the
suppressed mitochondrial function, while knockdown
of SHMT2 in MHCC97H and PLC/PRF/5 cells led to
downregulation of mitochondrial translation products,
such as CYTB, MTCO2 (Fig. S13a). The usage of tige-
cycline in SHMT2-knockdown cells further reduced the
OCR levels compared with only treated with tigecycline
(Fig. S13b). Thus, knockdown of mitochondrial folate
enzyme SHMT?2 in treatment of tigecycline resulted in
further defective OXPHOS.

Blocking EGFR-ERK1/2-MYC cascade sensitizes to
tigecycline in vivo

To validate the tigecycline drug combination in vivo,
we used the tigecycline-insensitive MHCC97H
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subcutaneous tumour model. Compared to the control
group, treatment of tigecycline or trametinib alone
represented no obvious tumour suppressive effect,
while the combination of tigecycline and trametinib
showed a more effective inhibition of tumour growth
without affecting the weight of mice (Fig. 7a and b,
Fig. S14a and b). Protein levels of MYC, glycolytic en-
zymes such as HK2 and LDHA, SHMT?2, and p-ERK1/2
in tumour tissues from tigecycline group were increased
compared to control. The combination of tigecycline and
trametinib reduced the protein levels of these genes
induced by feedback activation (Fig. 7c, Fig. S14c and d).
On the other hand, the combination treatment further
inhibited the expression of mitochondrial translation
products such as MTCO2, ATP6, and CYTB compared
to tigecycline monotherapy, indicating the involvement
of defective OXPHOS in the xenografts treated with the
drug combination (Fig. S14c and d). Our data suggest
that combined regimen of tigecycline and trametinib
can significantly suppress tumour growth in vivo by
reducing glycolysis and OXPHOS.

We then investigated the combination therapies in
immune-competent mice with mouse liver cancer cells
(Hepal-6) transplanted subcutaneously. Trametinib or
gefitinib had markedly synergistic effects with tigecycline
in immune-competent mice, without affecting the weight
of mice (Fig. 7d and e, Fig. Sl4e). IHC analyses of
markers of mouse immune cells showed the increased
CD4+ cells, CD8+ cells, and NKG2D + cells (a marker of
NK cells) in the combination groups (tigecycline com-
bined with trametinib or tigecycline combined with gefi-
tinib) compared to control or tigecycline group (Fig. S14f).

Discussion

Tumours exhibit reprogrammed metabolic activities that
promote cancer progression.® Research on cancer meta-
bolism has mainly focused on glycolysis in the past. The
rapid rise in studies on the role of mitochondria in
tumour reprograming has uncovered new insights and
therapeutic opportunities.” Recent studies have high-
lighted the heterogeneity and flexibility of tumour meta-
bolism between tumours and even within different
regions of solid tumours. A rigid or static focus on cellular
autonomic pathways, such as glycolysis, would not be
conducive to the precise treatment of tumours.” However,
identifying metabolic vulnerabilities susceptible to thera-
peutic targeting remains a challenge.’ The emergence of
functional genetic screens provides a possible solution to
this conundrum.” Through a genome-wide CRISPR
screen, we found that mitochondrial translation-related
genes are essential for proliferation in liver cancer cells.
Our data indicate that liver cancer cells can have different
dependencies on mitochondrial translation-related genes,
indicating the heterogeneity in tumour cell metabolism
and the need for different strategies targeting tumour
vulnerabilities.
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Based on a high-resolution CRISPR screen, it was
found that colorectal carcinoma cell HCT116 was spe-
cifically dependent on mitochondrial activity. However,
the specific mechanism and its clinical significance
were not described.” In this study, we found through a
genome-wide CRISPR screen that mitochondrial
translation-related genes were closely involved in cell
proliferation and may become a therapeutic strategy for
liver cancer. This finding has clinical significance
because FDA-approved tigecycline has inhibitory prop-
erties on mitochondrial translation. For tigecycline-
sensitive liver cancer cells, tigecycline serves as a po-
tential therapeutic agent to inhibit OXPHOS. As for
tigecycline-insensitive  cells, tigecycline inhibited
OXPHOS as well. However, due to the increase of
compensatory glycolysis and the decrease in depen-
dence on OXPHOS, cells still survived under tigecycline
treatment. Through a compound library screen, we
identified MEK inhibitors as a class of drugs that can
sensitize tigecycline-insensitive cells to this drug. From
a perspective of energy metabolism, the combination
regimen of tigecycline and MEK inhibitors reduced the
increase of compensatory glycolysis and avoided the
energy shift between glycolysis and OXPHOS. For such
metabolic plasticity or hybrid metabolism of cancer
cells, our strategy is to inhibit the main energy meta-
bolism of the tumour to achieve tumour starvation.

In this study, we observed that secretion of EREG
and AREG increased following treatment with tigecy-
cline, resulting in activation of EGFR and downstream
signaling. We found that EREG and AREG induced
glycolysis by activating the EGFR-ERK1/2 cascade and
the subsequent transcription of its downstream gene
MYC, which represents a highlight of mechanism of our
results. MYC is involved in the development and
maintenance of most human tumors, including HCC.*!
MYC regulates the expression of glycolytic enzymes,
such as HK2 and PKM2, to stimulate glycolysis. Besides,
we found that the expression of SHMT2 was elevated by
MYC after treatment with tigecycline. Ye et al. reported
that the mitochondrial enzyme SHMT2 was induced in
MYC-transformed cells under hypoxia.”> However, their
studies did not report that SHMT2 can be regulated by
MYC through mitochondrial translation inhibitors or
inhibition of OXPHOS.

Loss of the mitochondrial folate enzyme SHMT2
(rather than other folate enzymes) led to the inhibition
of mitochondrial translation and defective OXPHOS.*
Further research showed that methyltetrahydrofolate
catalyzed by SHMT2 could lead to methyl modification
to form the taurinomethyluridine base, which is
important for mitochondrial tRNAs. Lacking of this
modified base caused defective translation, which may
block the elongation of polypeptide chains.** In addition,
SHMT2 participated in providing formylmethionyl-
tRNAs, which is utilized to initiate translation in pro-
karyotes and eukaryotic mitochondria. Specifically, from
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serine via the SHMT2 reaction, MettRNAM®" is modi-
fied by a formyl group to form fMet-tRNAM®', Under the
action of initiation factors, the small ribosomal subunit
of mitochondria, mRNA, fMettRNAM®, and large ri-
bosomal subunit combine to form initiation complex to
initiate the synthesis of polypeptide chains.* Tigecycline
inhibits mitochondrial translation by competing with
charged aminoacyl-tRNAs to bind the small ribosomal
subunit, resulting in a blockage of the entry of (EF-
Tu)-GTP aminoacyl (AA)-tRNA complex into the A site
of the ribosome, thereby blocking the initial codon
recognition step of tRNA accommodation and elonga-
tion process.'* In this study, under treatment of tige-
cycline the expression of SHMT?2 was reactively elevated
to compensate for the assembly of initiation complex by
providing fMet-tRNAM®' and guarantee the elongation of
polypeptide chains by providing methyl donors for
mitochondrial tRNAs as possible. Thus, the increased
secretion of EREG and AREG activated EGFR-ERK1/2-
MYC cascade to upregulate SHMT2 that may partially
maintain the suppressed mitochondrial function in the
tigecycline-insensitive  cells under treatment of
tigecycline.

This study has potential clinical and translational
significance in liver cancer. Tigecycline is a broad-
spectrum antibiotic used against many Gram-positive
and Gram-negative pathogens. Its safety should be
similar to standard antimicrobial therapy for compli-
cated skin and soft tissue infections and complicated
intra-abdominal infections in adults.** A multicenter,
controlled, randomized clinical trial uncovered that the
combination of piperacillin/tazobactam and tigecycline
(50 mg/12 h intravenously) was safe, effective and well
tolerated in high-risk hematologic patients with cancer
with febrile neutropenia.’” Though tumour suppression
was not disclosed in the trial, it appears that tigecycline
(50 mg/12 h intravenously) is tolerated in cancer pa-
tients. Recent studies have revealed the anti-tumour
activity of tigecycline and an in vitro study of tigecy-
cline in the treatment of chronic myeloid leukemia is
under way (NCT02883036). More efforts are still needed
to bring tigecycline to the clinical treatment of cancer. In
this study, we identified the feedback activation of
EGFR-ERK1/2-MYC cascade as the primary mechanism
of the low response of some liver cancer cells to
mitoribosome-targeting antibiotic tigecycline. MEK in-
hibitors or EGFR inhibitors conferred tigecycline
sensitivity by blocking this feedback activation. Clinical
trials of dabrafenib and MEK inhibitor trametinib in
patients with advanced or metastatic BRAF V600-
mutant anaplastic thyroid cancer, melanoma, and
non-small-cell lung cancer (NSCLC) revealed that this
therapeutic regimen had strong clinical activity and
good tolerability.’*** EGFR inhibitor gefitinib has been
approved by FDA for the treatment of NSCLC.” Our
previous study showed that the combined treatment of
lenvatinib plus gefitinib had favorable clinical responses
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in 12 patients with advanced HCC (NCT04642547)."
Since these drugs have been approved for clinical use
or are part of ongoing clinical trials, clinical testing of
the combination of tigecycline and MEK inhibitors or
EGFR inhibitors for the treatment of liver cancer should
be feasible in the near future.

In conclusion, we characterized the crucial role of
mitochondrial translation-related genes in liver cancer
cells. Tigecycline is a potential therapeutic agent for liver
cancer by impairing mitochondrial respiratory. Sus-
tained activation of EGFR-ERK1/2-MYC cascade limits
the response of liver cancer cells to tigecycline. Blocking
the EGFR-ERK1/2-MYC cascade by EGFR inhibitor
gefitinib or MEK inhibitor trametinib sensitizes the
effects of liver cancer cells to tigecycline both in vitro and
in vivo, which inhibits the energy metabolism of
glycolysis and OXPHOS (Fig. 7f).
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