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ABSTRACT
Notwithstanding the numerous drugs available for liver cancer, emerging evidence suggests that
chemotherapeutic resistance is a significant issue. HGF and its receptor MET play critical roles in liver
carcinogenesis and metastasis, mainly dependent on the activity of receptor tyrosine kinase. However,
for unknown reasons, all HGF-MET kinase activity-targeted drugs have failed or have been suspended in
clinical trials thus far. Macroautophagy/autophagy is a protective ‘self-eating’ process for resisting
metabolic stress by recycling obsolete components, whereas the impact of autophagy-mediated repro-
grammed metabolism on therapeutic resistance is largely unclear, especially in liver cancer. In the
present study, we first observed that HGF stimulus facilitated the Warburg effect and glutaminolysis
to promote biogenesis in multiple liver cancer cells. We then identified the pyruvate dehydrogenase
complex (PDHC) and GLS/GLS1 as crucial substrates of HGF-activated MET kinase; MET-mediated
phosphorylation inhibits PDHC activity but activates GLS to promote cancer cell metabolism and
biogenesis. We further found that the key residues of kinase activity in MET (Y1234/1235) also constitute
a conserved LC3-interacting region motif (Y1234-Y1235-x-V1237). Therefore, on inhibiting HGF-mediated
MET kinase activation, Y1234/1235-dephosphorylated MET induced autophagy to maintain biogenesis
for cancer cell survival. Moreover, we verified that Y1234/1235-dephosphorylated MET correlated with
autophagy in clinical liver cancer. Finally, a combination of MET inhibitor and autophagy suppressor
significantly improved the therapeutic efficiency of liver cancer in vitro and in mice. Together, our
findings reveal an HGF-MET axis-coordinated functional interaction between tyrosine kinase signaling
and autophagy, and establish a MET-autophagy double-targeted strategy to overcome chemotherapeu-
tic resistance in liver cancer.

Abbreviations: ALDO: aldolase, fructose-bisphosphate; CQ: chloroquine; DLAT/PDCE2: dihydrolipoa-
mide S-acetyltransferase; EMT: epithelial-mesenchymal transition; ENO: enolase; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; GLS/GLS1: glutaminase; GLUL/GS: glutamine-ammonia
ligase; GPI/PGI: glucose-6-phosphate isomerase; HCC: hepatocellular carcinoma; HGF: hepatocyte growth
factor; HK: hexokinase; LDH: lactate dehydrogenase; LIHC: liver hepatocellular carcinoma; LIR:
LC3-interacting region; PDH: pyruvate dehydrogenase; PDHA1: pyruvate dehydrogenase E1 alpha 1
subunit; PDHX: pyruvate dehydrogenase complex component X; PFK: phosphofructokinase; PK: pyruvate
kinase; RTK: receptor tyrosine kinase; TCGA: The Cancer Genome Atlas
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Introduction

Liver cancer is currently the second leading cause of can-
cer-related mortality worldwide [1–3]. For instance, the
5-year survival rate among hepatocellular carcinoma
(HCC) patients is <5% owing to poor prognosis [4]. Thus
far, the most effective therapies for liver cancers are surgi-
cal excision, interventional radiological treatment, or liver
transplantation [5,6]. Nevertheless, owing to delayed or
indistinguishable appearance of clinical signs and symp-
toms, only few patients have the opportunity to receive
treatment [7]. Regarding conventional chemotherapy, sor-
afenib, an approved small-molecule inhibitor targeting

RAF1, BRAF, VEGFR2/KDR, FLT4/VEGFR3, PDGFRB,
FLT3, KIT, and FGFR1 tyrosine kinases, has a limited sur-
vival benefit in unresectable advanced HCC [8,9].
Therefore, it is critical to investigate how liver cancers
resist chemotherapy, and simultaneously develop new
drugs or strategies to overcome chemotherapeutic resis-
tance [10,11].

Because the liver is not only the largest metabolic organ in our
body, but is also associated with almost all the central metabolic
processes, tumorigenesis or tumor progression in the liver inevi-
tably result in the reprogramming of metabolism [12]. In the
case when nutrition supply is adequate, the Warburg effect and
glutaminolysis are major characteristic metabolic modes in
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cancer [13]. Generally, in contrast with normal differentiated
cells, most cancer cells or undifferentiated cells (such as stem
cells) rely primarily on aerobic glycolysis rather than mitochon-
drial oxidative phosphorylation to metabolize glucose to gener-
ate energy for cellular processes [14,15]. This phenomenon was
first described by Otto Warburg in 1924 [16], and is hence
termed the ‘Warburg effect’ [17]. In addition, many cancer
cells preferably metabolize glutamine, a nonessential amino
acid; this phenomenon is called ‘glutaminolysis’ [18].
Glutamine is not only a nitrogen source for amino acid and
nucleotide synthesis but is also a major carbon source for the
tricarboxylic acid cycle and macromolecule biosynthesis; thus,
cancer cells cannot survive without an exogenous supply of
glutamine [19–21]. However, whether reprogrammed metabo-
lism has a crucial impact on chemotherapeutic resistance in liver
cancer is still unclear. More importantly, besides the Warburg
effect and glutaminolysis, cancers also can depend on autophagy,
a protective ‘self-eating’ metabolic process, to recycle obsolete
components and supplement energy so as to support aberrant
cell growth under metabolic dysfunction or when cells are suf-
fering nutritional limitations [22], especially in the liver [23]. Of
note, there is a longtime conjecture that the intimate connection
and reciprocal conversion between the Warburg effect, glutami-
nolysis and autophagy determine cancer therapeutic efficacy.
Even so, their significance and association with chemotherapeu-
tic resistance in liver cancer are totally unknown.

HGF (hepatocyte growth factor) and its receptor tyrosine
kinase MET/HGFR were first identified in the 1980s, owing to
their hyperactivation in numerous liver cancers [24–27]. As
the name indicates, the HGF-MET axis stimulates hepatocytes
by sustaining proliferation, promotes epithelial-mesenchymal
transition (EMT), and finally, causes invasion and metastasis
during malignant transformation in liver cancer [28–31]. The
importance of HGF-MET signaling renders them appropriate
targets for at least 25 compounds currently being clinically
developed [32–34]. However, almost all the HGF-MET-
targeted drugs failed or were suspended in clinical trials, the
underlying reason for which is unclear. Although the co-
overexpression of human MET and mutant CTNNB1/beta-
catenin can lead to HCC in mice, owing to RAS activation
[35], the physio-pathological relevance of HGF-mediated
growth signaling to MET-associated downstream pathways
in chemotherapeutic resistance in liver cancer is largely
unknown. In this study, we attempted to determine the role
and detailed molecular mechanism of the HGF-MET axis in
chemotherapeutic resistance in liver cancer. Using a CRISPR-
Cas9-mediated knockout system, we found HGF-MET signal-
ing facilitated cancer characteristic metabolic modes
(Warburg effect and glutaminolysis) to support liver cancer
biogenesis for tumor growth. Moreover, it is dependent on
direct kinase effects of MET on the pyruvate dehydrogenase
complex (PDHC) and GLS (glutaminase). However, we
further found that the key residues for kinase activity in
MET, also constituted a potential LC3-interacting region
(LIR) motif. When treated with HGF-MET kinase activity-
targeted drugs, tyrosine 1234/1235-dephosphorylated MET
activated autophagy, which supports biogenesis for tumor
survival under therapeutic stress. This switch-like relationship
between the HGF-MET axis and autophagy was further

confirmed in clinical tissue microarray and the TCGA data-
base. Finally, we combined a MET-targeted inhibitor with an
autophagy blocker, and found this simple strategy could over-
come chemotherapeutic resistance in liver cancer.

Results

HGF-MET signaling stimulates the Warburg effect,
glutaminolysis and biogenesis in liver cancer

Cancer cells are capable of adapting their metabolic processes
to drive atypical synthesis of biological macromolecules to
meet the requirements of rapid cell growth and proliferation,
which is also referred to as ‘cancer biogenesis’. Initially and
intriguingly, we found HGF stimulation visibly accelerated
culture medium acidification of multiple liver cancer cell
lines of human and murine origin cells, including HepG2,
SMMC-7721, Huh-7, MHCC-97H, Hepa1-6, and H22 cell
lines (Figure 1(a)), which usually indicated that cancer cell
metabolism was increased. Since the liver plays a critical role
in the transformation of metabolites, we further investigated
the effects of HGF on cancer cell metabolism and biogenesis.
We found HGF stimulation facilitated glucose consumption
and lactate production across different liver cancer cells
(Figure 1(b)), which are hallmarks of the Warburg effect;
expedited glutamine consumption and glutamate production
uniformly (Figure 1(c)), which are signs of glutaminolysis;
and promoted the biosynthesis of DNA, triglyceride, and
aspartate (Figure 1(d)), which indicate cancer biogenesis. Of
note, the HepG2 cell line is universally recognized as a cell
model in liver cancer research, and it showed strong, stable
and significant phenotypes in all tests of metabolic marks and
biosynthetic indexes under HGF stimulation. Therefore, we
used it as the representative in most of the following analyses
unless otherwise stated.

Given that HGF stimulation may inevitably cause much
indirect metabolism-related transformation, as well as the
dominant role of MET in HGF signal transduction, we next
investigated the metabolic alteration in MET-deficient condi-
tions. We first generated a MET-knockout (KO) HepG2 cell
line by the CRISPR-Cas9 system and mediated a double-
strand break in a 5ʹ constitutive exon within the MET gene
to disrupt its expression. We employed wild-type (WT) and
MET KO HepG2 cells to perform an untargeted metabolomics
analysis by a GC/LC-MS based assay, and the outcomes were
basically consistent with the original conclusions under HGF
stimulation. The landscape of MET deletion-caused metabolic
alteration was presented in the heat-map, and the relative
levels of all differential metabolites detected between WT
and MET KO cells were quantified and clustered as indicated
(Figure S1(a)). Moreover, statistically significant metabolite-
metabolite connections in the case of MET deletion were
presented to clarify the relationship between MET-controlled
metabolites, such as the positive correlation between glucose
and lactic acid, or L-glutamate and L-aspartic acid (Figure S1
(b)). Subsequently, to figure out the potential influence of
MET depletion on metabolic pathways, these differential
metabolites were individually divided into main metabolic
groups according to KEGG annotation (Figure S1(c) and
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Figure 1. HGF facilitates liver cancer metabolism and biogenesis. (a) HGF accelerates acidification of liver cancer cell culture medium. After starvation overnight,
HepG2, SMMC-7721, Huh-7, MHCC-97H, Hepa1-6 and H22 liver cancer cell lines (5 × 104) were individually treated with or without HGF (40 ng/ml) for 48 h, then used
for photographs of the culture medium. The color of the medium indicated the degree of acidification. Abbreviations: DMEM, Dulbecco’s modified Eagle’s medium;
RPMI-1640, Roswell Park Memorial Institute 1640 medium. (b) Impact of HGF on the Warburg effect in liver cancer cell lines. After starvation overnight, HepG2,
SMMC-7721, Huh-7, MHCC-97H, Hepa1-6 and H22 cells (5 × 104) were individually stimulated with or without HGF (40 ng/ml) for 6 h, and subsequently subjected to
analysis of glucose consumption and lactate production. (c) Effect of HGF on glutaminolysis in liver cancer cell lines. After starvation overnight, HepG2, SMMC-7721,
Huh-7, MHCC-97H, Hepa1-6 and H22 cells (5 × 104) were individually stimulated with or without HGF (40 ng/ml) for 6 h, and subsequently subjected to analysis of
glutamine consumption and glutamate production. (d) Impact of HGF on biogenesis in liver cancer cell lines. After starvation overnight, HepG2, SMMC-7721, Huh-7,
MHCC-97H, Hepa1-6 and H22 cells (5 × 104) were individually stimulated with or without HGF (40 ng/ml) for 24 h, and subsequently subjected to analysis of
nucleotide (DNA), lipid (triglyceride) and amino acid (aspartate) synthesis. Data are presented as the means ± SD from at least 3 independent experiments.
Statistically significant differences with two-tailed Student’s t-test are marked as * (p < 0.05) or ** (p < 0.01). Abbreviations: HGF, hepatocyte growth factor.
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Table S1). Detailed enrichment analysis then demonstrated
that MET depletion indeed impaired the Warburg effect and
glutaminolysis-associated metabolic pathways, including but
not limited to carbohydrate metabolism, amino acid metabo-
lism, lipid metabolism and energy metabolism (Figure S1(d)
and Table S2). Together, the results of untargeted metabolo-
mics analysis further confirmed the importance of MET sig-
naling in cancer metabolism.

HGF-MET signaling facilitates the Warburg effect,
glutaminolysis and biogenesis via inhibiting PDHC and
activating GLS

It is well established that a few of the specific metabolic
enzymes dominate the Warburg effect and glutaminolysis,
mainly including HK (hexokinase), GPI/PGI (glucose-6-phos-
phate isomerase), PFK (phosphofructokinase), ALDO (aldo-
lase, fructose-bisphosphate), GAPDH (glyceraldehyde-
3-phosphate dehydrogenase), ENO (enolase), PK (pyruvate
kinase), pyruvate dehydrogenase (PDH), LDH (lactate dehy-
drogenase), GLS (glutaminase), and GLUL/GS (glutamine-
ammonia ligase). To determine how the HGF growth signal
is transmitted and acts on liver cancer metabolism via the
MET receptor, we conducted a small-scale activity-oriented
screening for all these enzymes under conditions of HGF
stimulation or/and MET deficiency to identify potential can-
didates which are probably regulated by HGF-MET signaling.
Results clearly showed that HGF stimulation inhibited PDHC
activity while it enhanced GLS activity; in contrast, MET
deletion activated PDHC but restrained GLS (Figure 2(a)).
Evidently, the HGF-MET axis presumably blocks PDHC and
activates GLS, respectively. Meanwhile, by co-
immunoprecipitation experiments, PDHC and GLS were
also identified as direct interaction targets of MET for a few
critical enzymes and transporters in cancer metabolism
(Figure 2(b)). Furthermore, we designed MET-specific small
interfering RNA to knock down MET in multiple other liver
cancer cells (Figure S2(a)), and found that MET reduction
generally and consistently activated PDHC and inhibited GLS
(Figure 2(c,d)).

Given that PDHC and GLS are pivotal regulatory factors of
the Warburg effect and glutaminolysis, and control carbon
and nitrogen sources of cancer biogenesis, respectively, from
glucose or glutamine, this observation suggested that the
HGF-MET axis-mediated growth signal might expedite the
metabolic processing of glucose-to-lactate and glutamine-to-
glutamate transformation, and in consequence would lead to
high-efficiency biogenesis in liver cancer cells. Indeed, on
using the PDH inhibitor CPI-613 and the GLS inhibitor
BPTES, we figured out that PDHC and GLS jointly contrib-
uted to HGF-MET axis-mediated cancer metabolism and bio-
genesis. In details, the HGF-MET axis lost its impact on the
Warburg effect under PDHC inhibition (Figure 2(e)), was
unable to control glutaminolysis under GLS inhibition
(Figure 2(f)), and the HGF-MET axis-mediated cancer cell
biogenesis was largely suppressed under combined inhibition
of PDHC and GLS (Figure 2(g)). Moreover, using culture
medium without glucose, glutamine, or both, we verified
that HGF-MET signaling-mediated biogenesis was indeed

dependent on glucose and glutamine (Figure S2(b)). Hence,
the HGF-MET axis promoted liver cancer metabolism and
biogenesis through PDHC and GLS.

In addition, metabolic functions of PDHC and GLS were
largely attributed to enzyme catalytic activity, which were
mainly regulated by reversible phosphorylation modification
or phosphate [36–40]. To demonstrate whether the HGF-
MET axis had the most direct effects on PDHC and GLS,
we performed MET kinase activity-associated assays. First, in
silico analysis revealed that PDHC and GLS contained con-
served proline (P)-rich regions (PxPP motif) that were neces-
sary for binding to MET-docking sites (Figure S3(a)). Next, an
immunoprecipitation assay with anti-phospho-tyrosine also
indicated that PDHC and GLS could be phosphorylated at
tyrosine residues (Figure S3(b)). Furthermore, we found
HGF-mediated MET activation stimulated phosphorylation
of PDHC and GLS in vivo (Figure 3(a)). Finally, an in vitro
kinase assay clearly shown that MET could directly phosphor-
ylate PDHC (including PDHA1, DLAT/PDCE2 and PDHX)
(Figure 3(b-d)) and GLS (Figure 3(e)). Obviously, all these
lines of evidence supported the idea that both PDHC and GLS
were direct substrates of MET kinase, which implied HGF-
MET signaling mediated liver cancer metabolism and biogen-
esis through post-translational modification of PDHC
and GLS.

HGF-MET kinase-targeted drugs only suppress the
Warburg effect and glutaminolysis, but without
disrupting biogenesis in resistant cells

Generally, the involvement of different receptor tyrosine
kinases (RTKs) in diverse signaling pathways is primarily
attributed to their kinase activities towards disparate sub-
strates. Therefore, all the current HGF-MET-targeted drug
candidates, such as Onartuzumab (Genentech) and
Tivantinib (ArQule), mainly focus on inhibiting MET kinase
activation or activity. Notwithstanding MET kinase inhibition,
it is unclear why HGF-MET-targeted drugs have failed in
clinical trials. To further investigate the reason underlying
this discrepancy, we employed the MET kinase-specific
small molecule inhibitor JNJ-38877605 and anti-MET mono-
clonal antibody 5D5 to establish MET-targeted inhibitor- or
antibody-insensitive HepG2 cells. In contrast to MET KO
HepG2 cells, MET-targeted inhibitor- or antibody-insensitive
cells showed similar growth properties as WT HepG2 cells in
cell proliferation, viability and colony formation capacity
(Figure S4(a)). Moreover, these cells possessed a strong ability
in resistance to MET-targeted drugs even after selection
(Figure S4(b,c)). We further verified that phosphorylation in
all kinase activity-associated residues of MET (including
Y1003, Y1234/1235, Y1349, Y1356 and Y1365) was completely
blocked in MET-targeted inhibitor- or antibody-insensitive
cells, and the consequent inhibitory impacts on its down-
stream effector molecules (such as AKT, PDHC and GLS)
were equally severe as well (Figure 4(a)). This indicated the
kinase activity of MET was effectively repressed in drug-
resistant cells.

However, despite the drastic metabolic suppression in the
Warburg effect and glutaminolysis (Figure 4(b)), the
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Figure 2. HGF-MET signaling promotes liver cancer metabolism and biogenesis via PDHC and GLS. (a) Screening for critical enzymes under HGF-MET regulation in
cancer metabolism. After starvation overnight, HepG2-derived CRISPR-Cas9 system-mediated vehicle control (MET WT) or MET knockout (MET KO) cells (5 × 104) were
treated with or without HGF (40 ng/ml) for 2 h, and subsequently subjected to activity analysis for the indicated enzymes. (b) Identification for interaction targets of
MET from important enzymes and transporters in cancer metabolism. HepG2 cell lysates (5 × 105) were subjected to co-immunoprecipitation with anti-MET antibody,
and then analyzed by western blot with the indicated antibodies. (c and d) Effect of MET on PDHC and GLS activity in liver cancer cell lines. SMMC-7721, Huh-7,
MHCC-97H, Hepa1-6 and H22 cells (2 × 104) were individually transfected with siRNAs to knock down MET (siMET) or not (siCtrl). Seventy-two h after transfection,
cells were starved overnight, then treated with or without HGF (40 ng/ml) for 2 h, and subsequently subjected to analyze activity of PDHC (c) and GLS (d). (e)
Contribution of PDHC and GLS to the HGF-MET signaling-mediated Warburg effect. After pre-incubation with PDHC inhibitor (CPI-613, 100 μM) or GLS inhibitor
(BPTES, 100 nM) overnight under starvation, HepG2 MET WT or KO cells (5 × 104) were treated with or without HGF (40 ng/ml) for 6 h, and subsequently subjected to
analysis of glucose consumption and lactate production. (f) Contribution of PDHC and GLS to HGF-MET signaling-mediated glutaminolysis. HepG2 MET WT or KO cells
(5 × 104) were treated as mentioned above, and subsequently subjected to analysis of glutamine consumption and glutamate production. (g) Contribution of PDHC
and GLS to HGF-MET signaling-mediated biogenesis. After pre- and co-incubation with PDHC inhibitor (CPI-613, 100 μM) and GLS inhibitor (BPTES, 100 nM) overnight
under starvation, HepG2 MET WT or KO cells (5 × 104) were treated with or without HGF (40 ng/ml) for 24 h, and subsequently subjected to analysis of DNA,
triglyceride and aspartate contents. Data are presented as the means ± SD from at least 3 independent experiments. Statistically significant differences with two-
tailed Student’s t-test are marked as * (p < 0.05) or ** (p < 0.01). Abbreviations: WT, wild type; KO, knockout; PDHC, pyruvate dehydrogenase complex; GLS,
glutaminase; PDHi, PDHC inhibitor; GLSi, GLS inhibitor.
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Figure 3. MET phosphorylates PDHC and GLS in vivo and in vitro. (a) Stimulation of HGF-MET signaling on phosphorylation of PDHC and GLS in vivo. WT and MET KO
HepG2 cells (5 × 105) were individually treated with or without HGF (40 ng/ml) for 2 h, then subjected to immunoprecipitation with anti-PDHA1, anti-DLAT/PDCE2,
anti-PDHX and anti-GLS antibodies, and subsequently analyzed by western blot using anti-phospho-tyrosine or the other indicated antobodies. (b–e) Direct
phosphorylation effects of MET on PDHC and GLS in vitro. Recombinant HIS-PDHA1 (1 μg) (b), HIS-DLAT/PDCE2 (1 μg) (c), HIS-PDHX (1 μg) (d) or HIS-GLS (1 μg) (e)
were individually incubated with FLAG-MET (400 ng) in kinase reaction buffer at 37°C for 45 min, with or without ATP (10 mM) and MET kinase inhibitor (JNJ-
38877605, 50 nM). After the reaction, the mixtures were subjected to western blot analysis with anti-phospho-tyrosine or the other indicated antobodies.
Abbreviations: PDHA1, pyruvate dehydrogenase E1 alpha 1 subunit; DLAT/PDCE2, dihydrolipoamide S-acetyltransferase; PDHX, pyruvate dehydrogenase complex
component X; GLS, glutaminase.
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Figure 4. An atypical cancer biogenesis is actuated in HGF-MET-targeted drug-resistant cells. (a) Analysis of MET kinase activity in MET-targeted inhibitor- or
antibody-insensitive cells. After 3 rounds of selection with the MET-specific small molecule inhibitor JNJ-38877605 (50 nM) and anti-MET monoclonal antibody 5D5
(40 μg/ml), MET-targeted inhibitor- or antibody-insensitive HepG2 cells (5 × 104) were harvested for western blot with the indicated antibodies. WT and MET KO
HepG2 cells were used as controls. (b) Assessment of the Warburg effect and glutaminolysis in MET-targeted inhibitor- or antibody-insensitive cells. MET-targeted
inhibitor- or antibody-insensitive HepG2 cells (5 × 104) were subjected to analysis of glucose consumption, lactate production, glutamine consumption and
glutamate production. WT and MET KO HepG2 cells were used as controls. (c) Assessment of nucleotide, lipid and amino acid synthesis in MET-targeted inhibitor- or
antibody-insensitive cells. MET-targeted inhibitor- or antibody-insensitive HepG2 cells (5 × 104) were subjected to analysis of DNA, triglyceride and aspartate
contents. WT and MET KO HepG2 cells were used as controls. (d) Contribution of glucose and glutamine to biogenesis in HGF-MET-targeted drug-insensitive cells.
After being pre-cultured in normal medium or medium without glucose and glutamine for 12 h, HepG2 MET WT or KO and MET-targeted inhibitor- or antibody-
insensitive cells (5 × 104) were individually subjected to analysis of DNA, triglyceride and aspartate contents. Data are presented as the means ± SD from at least 3
independent experiments. Statistically significant differences with two-tailed Student’s t-test are marked as * (p < 0.05) or ** (p < 0.01). Abbreviations: p-Y, p-MET Y;
Y1234/5, Y1234/1235; In-insen, inhibitor-insensative; Ab-insen, antibody-insensitive; Ctrl, normal medium; No Glu&Gln, both glucose- and glutamine-deleted medium.
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biogenesis assay manifested that DNA, triglyceride and aspar-
tate synthesis just displayed a little fluctuation in MET-
targeted drug-resistant cells in comparison to MET KO cells
(Figure 4(c)), that implied cancer biogenesis was not sup-
ported by the Warburg effect or glutaminolysis in these
cells. On the contrary, these resistant cells still acted in
response to HGF stimulation to accelerate the Warburg effect,
glutaminolysis and biogenesis (Figure S4(d,e)). In addition,
further analyses also revealed that biogenesis was indeed not
dependent on glucose and glutamine in resistant cells (Figure
4(d)). Together, these findings indicated that HGF-MET
kinase-targeted drugs could induce an atypical, glucose- and
glutamine-independent cancer biogenesis in resistant cells.

HGF-MET kinase-targeted drugs reprogram liver cancer
biogenesis via Y1234/1235 dephosphorylated
MET-mediated autophagy

Besides the Warburg effect and glutaminolysis, emerging evi-
dence suggests that autophagy could recycle obsolete compo-
nents via ‘self-eating’ to maintain biogenesis under metabolic
stress [41]. Indeed, autophagy was greatly activated in cells
resistant to HGF-MET kinase-targeted drugs, whether or not
JNJ-38877605 inhibitor or 5D5 antibody was present (Figure 5
(a)). Moreover, we found that although the protein level of
MET was quite stable under kinase-based inhibition (at least
at 24 h when biogenesis was assessed in our system) (Figure
S5(a)), the blockade of autophagy by ATG5 deletion greatly
enhanced the inhibitory effects of MET-targeted drugs on
biogenesis (Figure 5(b) and S5(b)). Furthermore, through
a series of biochemical and morphological analyses, including
western blot, GFP-LC3 reporter system and electron micro-
scopy, we found that MET-targeted drugs significantly pro-
moted LC3 turnover in multiple liver cancer cells (Figure 5
(c)), induced LC3 punctate aggregation (Figure 5(d)), and
increased autophagosome formation (Figure S5(c)).
Furthermore, we demonstrated that kinase inhibition of
MET obviously expedited autophagic flux in multiple liver
cancer cells (Figure 5(e)), and a similar phenomenon was
also observed in MET kinase-targeted drug-resistant cells
(Figure 5(f)). Overall, HGF-MET kinase-targeted drugs pro-
moted autophagy to sustain biogenesis in liver cancer.

Even so, it is still unknown how the HGF-MET axis coordi-
nates conventional cancer cell metabolism and compensatory
autophagy. To address this issue, we first employed bioinfor-
matics analysis and found all essential tyrosine phosphorylation
sites to be regulating MET kinase activity (including Y1003,
Y1234/1235, Y1349, Y1356 and Y1365 as mentioned before),
with all simultaneously being basic components of the potential
LC3-interacting region (LIR) motifs (Figure 6(a)). LC3-I con-
version to LC3-II initiates autophagosome formation, and thus
acts as one of the leading participators in the autophagic process.
To investigate whether MET really has the possibility to bind to
LC3, we then performed an endogenous immunoprecipitation
assay with anti-MET antibody, and found MET indeed inter-
acted with LC3 in multiple liver cancer cell lines (Figure 6(b)).
Consistent results were also obtained in anti-LC3 antibody-
mediated reverse immunoprecipitation (Figure 6(c)). Given
that dephosphorylation of the tyrosine residue in the LIR motif

was supposed to enhance its interaction with LC3 [42], we next
constructed tyrosine-dephosphorylatedmutants ofMET (Figure
6(d)). Subsequently, we conducted exogenous mapping analysis
and the results suggested that the Y1234 and Y1235 residues
were the most essential sites, because Y1234/1235 double depho-
sphorylated MET recruited more LC3 than did other mutants
(Figure 6(e)). Moreover, through multiple sequence alignment,
we found that Y1234/Y1235 x V1237 (YYxV), the functional LIR
motif in MET, was highly conserved in evolution (Figure 6(f)).
Further analyses demonstrated that Y1234/1235 dephosphory-
lated MET indeed promoted LC3 turnover and SQSTM1 degra-
dation (Figure 6(g)), expedited autophagic flux (Figure S6(a)),
and strengthened LC3 binding to SQSTM1 (Figure S6(b)).
Finally, metabolic assays verified that Y1234/1235 dephosphory-
lated MET had no significant effects on the Warburg effect and
glutaminolysis (Figure S6(c)), but could markedly enhance
HGF-MET axis-controlled biogenesis (Figure S6(d)). Together,
MET concealed a conserved LIR motif in Y1234/1235 to drive
autophagy for cancer biogenesis under kinase inhibition.

The HGF-MET axis regulates MTOR activity, and controls
serum starvation-mediated autophagy and biogenesis

To further figure out how the HGF-MET axis regulates or is
regulated by autophagy, we tried to identify other potential
players that were involved in HGF-MET signaling-mediated
autophagic action. Interestingly, although none of the con-
ventional autophagic machineries (including the ULK1 com-
plex, the BECN1 complex and so on) existed in a MET-centric
interactome (Figure S6(e)), we found that pharmacological
inhibition of MTOR by rapamycin could suppress MET inhi-
bitor-induced autophagy (Figure 7(a)). Correspondingly,
overexpression of a constitutively active RRAGB mutant
(Q99L, RRAGBGTP) to activate MTOR could largely rescue
autophagy driven by MET inhibitor (Figure 7(b)). This indi-
cated that MET inhibition-mediated autophagy was indeed
MTOR dependent (at least largely if not completely).
Moreover, phosphorylation analyses showed that HGF stimu-
lated activation of MTOR signaling; in contrast, MET defi-
ciency suppressed both basal level activity and HGF-mediated
activation of MTOR (Figure 7(c)). In fact, there is evidence
indicating the close connection between MTOR activity and
states of oxidation-reduction reaction (redox), especially
under metabolic stress. Coincidentally, PDHC and GLS are
often linked to maintain redox homeostasis which is usually
reflected by ratios of GSSG:GSH, NADP:NADPH and NAD:
NADH. Therefore, to explore the regulatory mechanism of
MTOR signaling through the HGF-MET axis in our system,
we detected GSSG:GSH, NADP:NADPH and NAD:NADH
under conditions of HGF stimulation or/and MET deletion,
and found HGF-MET signaling indeed controlled redox states
via PDHC and GLS (Figure 7(d)). In addition to the well-
established RTK-PI3K-AKT cascade, this finding might also
help explain in a logical way how MET inhibition blocked
MTOR activity.

Furthermore, we investigated the importance of the
HGF-MET axis under serum starvation, in which condition
the activity of autophagy rather than regular metabolism
was supposed to be maximum in our system. The results
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Figure 5. HGF-MET-targeted drugs induce autophagy to reset biogenesis in liver cancer. (a) Assessment of autophagy state in MET-targeted inhibitor- or antibody-
insensitive cells. Cell lysates from MET-targeted inhibitor- or antibody-insensitive HepG2 cells (5 × 104) were analyzed by western blot with the indicated antibodies.
WT and MET KO HepG2 cells were used as controls. Quantification of LC3 turnover and SQSTM1 degradation are shown on the right. (b) Contribution of autophagy to
HGF-MET-targeted drugs-reprogrammed biogenesis. WT and ATG5 KD HepG2 cells (5 × 104) were individually treated with vehicle control, inhibitor of MET (JNJ-
38877605, 50 nM) or anti-MET antibody (5D5, 40 μg/ml) for 24 h, and subsequently subjected to analysis of DNA, triglyceride and aspartate contents. (c) Impact of
MET-targeted inhibitor or antibody on LC3 turnover in liver cancer cell lines. HepG2, SMMC-7721, Huh-7, MHCC-97H, Hepa1-6 and H22 cells (5 × 104) were
individually treated with vehicle control, an inhibitor of MET (JNJ-38877605, 50 nM) or anti-MET antibody (5D5, 40 μg/ml) for 8 h, and subsequently subjected to
western blot analysis with the indicated antibodies. (d) Effect of MET-targeted inhibitor or antibody on aggregation of GFP-LC3 puncta. HepG2 cells stably expressing
GFP-LC3 (1 × 104) were individually treated with vehicle control, inhibitor of MET (JNJ-38877605, 50 nM) or anti-MET antibody (5D5, 40 μg/ml) for 6 h. Representative
images and quantification of MET-targeted inhibitor or antibody-induced GFP-LC3 punctate cells were shown as indicated by confocal fluorescence microscopy. (e)
Effect of MET inhibition on autophagic flux. After pre-incubation with or without BAFA1 (50 nM) for 2 h, HepG2, SMMC-7721 and Huh-7 cells (5 × 104) were
individually treated with inhibitor of MET (JNJ-38877605, 50 nM) for 6 h or not treated, and subsequently subjected to western blot analysis with the indicated
antibodies. (f) Analysis of autophagic flux in MET-targeted inhibitor- or antibody-insensitive cells. MET-targeted inhibitor- or antibody-insensitive cells (5 × 104) were
individually treated with or without BAFA1 (50 nM) for 4 h, and subsequently subjected to western blot analysis with the indicated antibodies. Data are presented as
the means ± SD from at least 3 independent experiments. Statistically significant differences with two-tailed Student’s t-test are marked as * (p < 0.05) or **
(p < 0.01). Abbreviations: MET-in, MET-targeted inhibitor; MET-ab, MET-targeted antibody; ATG5, autophagy related 5; KD, knockdown; BAFA1, bafilomycin A1; R.U.,
relative units.
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Figure 6. MET conceals a conserved LIR motif in Y1234/1235 to recruit LC3 and drive autophagy under kinase inhibition. (a) Schema of potential LIR motifs hidden in
key tyrosine-phosphorylated modification sites of the MET kinase center. Underlined and capital highlighted letters indicate LIR constitution in MET. (b and c)
Endogenous immunoprecipitation assay between MET and LC3. Cell lysates of HepG2, SMMC-7721 and Huh-7 cells (5 × 105) were individually immunoprecipitated
with anti-MET antobody (b) or anti-LC3 antibody (c), and subsequently subjected to western blot analysis with the indicated antibodies. (d) Construction of MET
dephosphorylated mutants. Schematic diagrams of MET and its dephosphorylated mutants are depicted as indicated. (e) Identification of Y1234/1235 as key points
for MET-LC3 interaction. HepG2 MET KO cells (5 × 105) were individually co-transfected with vehicle control (Flag), or plasmids encoding WT or dephosphorylated
mutants of MET and GFP-LC3. 24 h after transfection, cell lysates were subjected to immunoprecipitation and western blot analysis with the indicated antibodies. (f)
Conservative analysis of Y1234, Y1235 and V1237-constituted LIR motif (YYxV) in MET. Alignment of amino acid sequences in evolutionarily different species is shown
as indicated, and the YYxV motif is highlighted with red and green letters. (g) Effects of MET dephosphorylated mutants on autophagy. HepG2 MET KO cells (5 × 104)
were individually transfected with vehicle control, or plasmids encoding WT or dephosphorylated mutants of MET. Twenty-four h after transfection, cell lysates were
analyzed by western blot with the indicated antibodies. Abbreviations: LIR, LC3-interacting region; WT, wild-type; Y, tyrosine residue; Y1234/5F, both Y1234 and
Y1235 mutated to F; Y-full-F, all Y sites mutated to F; V, valine residues.
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turned out that serum starvation blocked the Y1234/1235
phosphorylation of MET (Figure S7(a)), and consequently
enhanced the interaction between MET and LC3 (Figure S7
(b)). Autophagic assessment also proved that in compar-
ison to a parallel control, MET-deficient cells substantially
lost the ability to accelerate autophagy flux under serum
starvation (Figure S7(c)). Metabolic analyses further

manifested that MET played critical roles in serum starva-
tion-mediated biogenesis and that is primarily through
autophagy, because disruption of autophagy flux by chlor-
oquine (CQ) could block biogenesis under starvation, even
in MET-targeted drug-resistant cells (Figure S7(d)). Thus,
this also stated clearly that biogenesis in resistant cells were
truly dependent on autophagy. On the contrary, instead of

Figure 7. MTOR signaling is invovled in MET inhibition-induced autophagy. (a) Inhibitory effect of rapamycin on MET inhibition-induced autophagy. After pre-
incubation with or without rapamycin (50 nM) for 4 h, HepG2 cells (5 × 104) were individually treated with an inhibitor of MET (JNJ-38877605, 50 nM) or vehicle
control (DMSO) for 8 h, and subsequently subjected to western blot analysis with the indicated antibodies. (b) Rescue effect of MTOR activation on MET inhibition-
induced autophagy. HepG2 cells (5 × 104) were individually transfected with or without a plasmid encoding the constitutively active RRAGBQ99L mutant (RRAGBGTP)
for 48 h, and then treated with inhibitor of MET or vehicle control as above. Cell lysates were subjected to immunoblot with the indicated antibodies. (c) Impact of
the HGF-MET axis on MTOR signaling. After stavation overnight, HepG2 MET WT or KO cells (5 × 104) were individually treated with or without HGF (40 ng/ml) for 2 h,
and subsequently subjected to western blot analysis with the indicated antibodies. (d) Contribution of the HGF-MET axis to redox homeostasis through PDHC and
GLS. HepG2 MET WT or KO cells (5 × 104) were individually transfected with GLS-specific siRNA (siGLS), PDHC-specific siRNA (siPDHA1) or non-targeting siRNA control
(siCtrl). Seventy-two h after transfection, cells were starved overnight and treated with or without HGF (40 ng/ml) for 6 h, and then subjected to analysis of GSSG:
GSH, NADP:NADPH and NAD:NADH ratios. Data are presented as the means ± SD from at least 3 independent experiments. Statistically significant differences with
two-tailed Student’s t-test are marked as * (p < 0.05) or ** (p < 0.01). Abbreviations: GSSG:GSH, oxidized glutathione:reduced glutathione; NADP:NADPH,
nicotinamide adenine dinucleotide phosphate:reduced NADP; NAD:NADH, nicotinamide adenine dinucleotide:reduced NAD.
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starvation, autophagy flux inhibition showed no significant
impacts on biogenesis in the presence of HGF stimulation
when normal metabolic activities rather than autophagy
should be maximum in our system (Figure S7(e)). These
results suggested that once highly activated by HGF, MET
contributed to biogenesis in an autophagy-independent
manner, or that there was no need for autophagy to sup-
port biogenesis in a growth factor-stimulated signaling
pathway.

Y1234/1235 nonphosphorylated MET is associated with
autophagy in clinical liver tissue microarray and the
TCGA database

So far, we clarified the relationship between the phosphoryla-
tion status of MET in Y1234/1235, cancer biogenesis and
autophagy in liver cancer cells. To further define the clinical
significance of the aforementioned findings, we used liver
tissue microarray to investigate the correlation between
Y1234/1235 non-phosphorylated MET and autophagy in the
clinic. Tissue sections of 208 patients, including 152 patients
with liver hepatocellular carcinoma (LIHC), 12 with liver bile
duct adenocarcinoma, 28 with liver metastatic adenocarci-
noma, 8 with adjacent normal liver tissue, and 8 with normal
liver tissue, were subjected to IHC analysis with H&E staining
or antibodies against Y1234/1235 phosphorylated MET, the
autophagy marker SQSTM1 or relevant isotype controls. Full-
scale scanning of tissue chips was shown as indicated (Figure
8(a)), with representative images under high-power field
microscopy (Figure 8(b)). Intriguingly, semi-quantified ana-
lyses clearly revealed that about 61% of cancer cases showed
a positive correlation between p-MET (Y1234/1235) and
SQSTM1; in other words, co-occurrence of p-MET (Y1234/
1235) and SQSTM1 existed in a total of 61% of cancer sam-
ples; in contrast, only 36% of cancer cases showed a negative
correlation between p-MET (Y1234/1235) and SQSTM1;
more importantly, up to approximately 51% cancer cases
shown neither p-MET (Y1234/1235) nor SQSTM1 staining
signals; meanwhile, a similar expression tendency was
observed in normal cases, just with the lower stained grade
(Figure 8(c)). The results strongly suggested that the expres-
sion patterns of p-MET (Y1234/1235) and SQSTM1 were
closely co-correlated in clinical liver cancer samples, which
was actually consistent with our previous conclusion that
Y1234/1235 dephosphorylated MET (presented as none or
low staining of p-MET Y1234/1235) could promote autop-
hagy, causing SQSTM1 degradation (presented as none or low
staining of SQSTM1). Given the low level of phosphorylated
MET, these findings also indicated that targeting MET kinase
activity might be an unwise choice in liver cancer patients.

In addition, because the sample size in clinical tissue
microarray was not very large, we further employed the
TCGA database and bioinformatics methods to conduct
a series of supplementary analyses. First, we analyzed the
differential expression of MET-HGF-SQSTM1 in paired
tumor and normal tissues from multiple data sets. Of note,
contrary to widely accepted viewpoints, we found compared
with 2 other molecules, the expression level of HGF was much
lower in liver tumor rather than normal liver tissue (Figure S8

(a)). Given that MET is the principal receptor of HGF in
physiological and pathological conditions, this indicated the
phosphorylated level of MET might be downregulated in liver
cancer, which was also in line with our latest findings in
clinical liver tissue microarray (for instance, more than half
of liver cancer samples in microarray without p-MET Y1234/
1235). Furthermore, based on the clinical information avail-
able from the TCGA database (including copy number, muta-
tion frequency, mRNA expression, and survival curve), we
established a visual interactive network in liver hepatocellular
carcinoma (LIHC), and found SQSTM1 was indeed involved
in HGF-MET signaling pathways (Figure S8(b)). In fact, there
were multiple connections between MET, HGF and SQSTM1.
Overall, clinical data strongly suggested that in addition to
HGF-MET kinase-targeted strategies, the importance of non-
phosphorylated MET-mediated autophagy should be taken
into simultaneous consideration in liver cancer therapeutics.

Combined treatment with MET-targeted inhibitor and an
autophagy blocker overcomes chemotherapeutic
resistance in liver cancer

Last, but perhaps most important, owing to the close association
between the HGF-MET axis and autophagy, we speculated
whether autophagy could be targeted to overcome HGF-MET-
targeted chemotherapeutic resistance in liver cancer. Through
combination therapy, we found that joint treatment with the
autophagy flux blocker CQ remarkably heightened the repressive
effects of the HGF-MET kinase-targeted inhibitor (JNJ-38877605)
and antibody (5D5) on liver cancer cell proliferation (Figure 9(a)),
viability (Figure 9(b)), and colony formation capacity (Figure 9(c))
in vitro. Representative images of clones under different treat-
ments were shown as indicated (Figure 9(d)). Moreover, biogen-
esis analysis demonstrated that combined treatment with MET
inhibitor and CQ considerably blocked synthesis of DNA, trigly-
ceride and aspartate simultaneously in vitro (Figure 9(e)).
Furthermore, to evaluate the synergistic effects of MET-targeted
inhibitor and CQ on liver cancer in vivo, we used 2 conventional
human liver cancer cell lines, SMMC-7721 and Huh-7, to con-
stitute different xenograft models in mice. Athymic nu/nu mice
bearing xenograft tumors were individually treated with vehicle
control PBS, MET inhibitor only, CQ only, or MET inhibitor plus
CQ, and were subsequently monitored as described. As expected,
MET inhibitor and CQ in combination drastically suppressed
tumor growth and reduced tumor surface area during growth
(Figure 9(f)), as well as end-point tumor weight (Figure 9(g)).
Therefore, autophagy blockage improved HGF-MET-targeted
drug efficiency in liver cancer therapy.

To further confirm that the beneficial effects of the combina-
tion of MET inhibitor and CQ really depend on simultaneous
inhibition of MET kinase activity and autophagy flux, we investi-
gated MET phosphorylation and autophagy state in randomly
selected xenograft tumor samples. As shown, whileMET inhibitor
suppressed Y1234/1235 phosphorylation of MET that resulted in
an increase of autophagy, combinatorial treatment of MET inhi-
bitor and CQ drastically blocked autophagy in comparison to CQ
only (Figure S9(a,b)). To determine whether combination therapy
truly disrupted cancer biogenesis, excised xenografts were further
used to analyze DNA, triglyceride, and aspartate contents.
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Consistent with the in vitro results, combinatorial treatment
strongly decreased liver cancer biogenesis in xenograft mice
(Figure 9(h)). Not to mention, the PDHC activity was enhanced
in xenograft tumors, andmeanwhile GLS activity was also blocked
within expectation (Figure S9(c,d)). In addition, the body weight
and liver weight of mice were not significantly affected during

treatments (Figure S9(e,f)), which indicated the relative safety of
combination treatment in mice. Together, autophagy-sustained
biogenesis was indeed responsible for HGF-MET-targeted che-
motherapeutic resistance in liver cancer.

In the end, a schematic diagram has been depicted to
illustrate HGF-MET-coordinated metabolic modes involved

Figure 8. Y1234/1235 unphosphorylated MET correlates with autophagy in clinical liver cancer patients. (a) Clinical liver tissue microarray assay for correlation
between Y1234/1235 unphosphorylated MET and the autophagic marker SQSTM1. A total of 208 cases of clinical liver tissue samples, including normal liver tissue (8
cases), cancer adjacent normal liver tissue (8 cases), hepatocellular carcinoma (152 cases), bile duct adenocarcinoma (12 cases) and metastatic adenocarcinoma (28
cases), were analyzed by immunohistochemistry (IHC) with the indicated antibodies and H&E staining. Full scans of tissue microarray are shown as indicated. (b)
Representative images of Y1234/1235 unphosphorylated MET and SQSTM1 staining under high power field (HPF) from clinical liver tissue microarray. Scale bar:
100 µm. (c) Qualitative analysis for expression pattern and stained grade of Y1234/1235 unphosphorylated MET and SQSTM1 in clinical liver tissue microarray.
Statistics in cancer, normal tissue or total samples were individually presented as indicated. Abbreviations: H&E staining, hematoxylin-eosin staining; ‘-’, negative; ‘+’,
positive or weak; ‘++’, moderate; ‘+++’, strong.
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Figure 9. Autophagy blockage improves HGF-MET-targeted drug efficiency in liver cancer. (a) Synergistic effect of CQ and MET-targeted drugs on proliferation capacity of liver
cancer cells. HepG2 cells (1 × 104) were individually treated with vehicle control, an inhibitor of MET (JNJ-38877605, 50 nM), anti-MET antibody (5D5, 40 μg/ml) or/and CQ (20
μM), and subsequently subjected to analysis of cell proliferation capacity at the indicated times. (b) Synergistic effect of CQ and MET-targeted drugs on viability of liver cancer
cells. HepG2 cells (2.5 × 103) were individually treated with vehicle control, an inhibitor of MET (JNJ-38877605, 50 nM), anti-MET antibody (5D5, 40 μg/ml) or/and CQ (20 μM) for
8 h, and then subjected to analysis of cell viability. (c and d) Synergistic effect of CQ and MET-targeted drugs on colony-formation capacity of liver cancer cells. HepG2 cells
(0.5 × 103) were individually treated with a single dose of vehicle control, an inhibitor of MET (JNJ-38877605, 50 nM), anti-MET antibody (5D5, 40 μg/ml) or/and CQ (20 μM) for
2 wk, and subsequently subjected to analysis of colony-formation capacity of cells (c). Representative images of clones are shown as indicated (d). (e) Synergistic impact of CQ
and MET-targeted drugs on biogenesis of liver cancer cells. HepG2 cells (5 × 104) were individually treated with vehicle control, an inhibitor of MET (JNJ-38877605, 50 nM), anti-
MET antibody (5D5, 40 μg/ml) or/and CQ (20 μM) for 24 h, and then subjected to analysis of DNA, triglyceride and aspartate contents. Data are presented as the means ± SD
from at least 3 independent experiments. (f and g) Synergistic effect of autophagy blockage and HGF-MET inhibition on tumor growth in xenograft-bearing mice. SMMC-7721
and Huh-7 cells (1 × 106) were individually inoculated subcutaneously into the flanks of athymic nu/nu mice. Once palpable, the tumors were individually treated with PBS
(vehicle control, 100 μl), MET inhibitor (20mg/kg in 100 μl of PBS) or/and the autophagic blocker CQ (10mg/kg in 100 μl of PBS) every 5 d. Tumor growth was recorded every 5 d
during treatment, and reported as the mean tumor surface size ± SDwith n = 10 animals per group (f). Tumor weight was detected after sacrifice and shown on the right (g). (h)
Synergistic impact of autophagy blockage and HGF-MET inhibition on cancer biogenesis in xenograft tumors. Individual samples (n = 3) from each treated group in SMMC-7721
and Huh-7 xenograft tumors were randomly selected and subjected to analysis of DNA, triglyceride and aspartate contents. Statistically significant differences with two-tailed
Student’s t-test are marked as * (p < 0.05) or ** (p < 0.01). Abbreviations: MET-in, MET inhibitor; MET-ab, MET antibody; CQ, chloroquine.
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in liver cancer therapeutic resistance, and a corresponding
strategy for practicable optimization (Figure 10). In brief,
HGF activates MET to facilitate the Warburg effect and glu-
taminolysis for biogenesis and growth in liver cancer. Upon
treatment by HGF-MET kinase-targeted drugs, Y1234/1235
dephosphorylated MET recruits LC3 and promotes autophagy
to maintain biogenesis homeostasis for survival under meta-
bolic stress. Combined inhibition of HGF-MET signaling and
autophagy flux improves liver cancer chemotherapeutic effi-
cacy by disrupting the Warburg effect, glutaminolysis and
autophagy, which co-contributed to cancer biogenesis.

Discussion

Physiologically, various growth factors, such as EGF (epidermal
growth factor) and FGF (fibroblast growth factor), serve as specific
growth signals to stimulate the proliferation of different cells,
primarily by activating metabolic enzymes and by upregulating
metabolite transporters to expedite metabolic flux.
Simultaneously, to avoid low effective production, growth factors
also have inhibitory effects on essential autophagy machinery,
includingULK1, BECN1, and theATG12–ATG5-ATG16L1 com-
plex [43,44]. However, in aberrant conditions, sustaining prolif-
erative signaling and deregulating cellular energetics are 2 general
hallmarks of cancer [45]. Although altered metabolism promotes
cancer formation and growth, it also results in an increased
demand for continuous nutrient supply. Thus, growth factor-
mediated extensive metabolic reprogramming is deemed to be
the Achilles’ heel of cancer, and it consequently offers a large
number of ideal targets for cancer therapy [46,47]. Multiple
enzyme-targeted agents have been used clinically, and some
important candidates are under development [48]. For example,
AGI-5198 (preclinical, Xcessbio) is designed to inhibit both wild-
type and mutant IDH (isocitrate dehydrogenase), which demon-
strates multipronged anticancer effects, presumably owing to
reductions in 2-hydroxyglutarate and interference with glutamine
metabolism.

In the present study, inspired by growth factor-driven cross-
talk between metabolism and autophagy, we successfully
addressed 2 questions. First, our findings explain why HGF-

MET-targeted drugs always failed. Onartuzumab (Genentech),
a single-arm MET-specific antibody that effectively prevents
ligand-receptor interaction, dimerization, and activation, was ter-
minated early in the phase III trial owing to its futility in patients
or even slight worsening of symptoms. The dominant view is that
its failuremay have resulted from an aberrant design of the clinical
trial [49]. Tivantinib (ArQule), a putative MET inhibitor, also
failed in phase III trials, indicating that this staurosporine deriva-
tive is more like a cytoskeleton inhibitor rather than an inhibitor
of MET [50]. In our opinion, this consideration is reasonable but
not comprehensive. This is because it ignores the fact that MET
itself, or in other words, HGF blockade-mediated MET depho-
sphorylation, still has critical roles in cancer. Considering our case
as an example, we unmask the HGF-MET axis as a novel meta-
bolic player in liver cancer and demonstrate that MET deficiency
or HGF-MET-targeted drugs block an HGF-controlled Warburg
effect and glutaminolysis. However, this action has no influence
on cancer metabolism-mediated biogenesis. Although HGF-MET
blockage indeed leads to MET Y1234/1235 dephosphorylation,
kinase inactivation, and metabolic stress, Y1234/1235-
dephosphorylated MET subsequently activates autophagy to
replenish materials required for biogenesis and survival. We
think that this is the reason for the failure of HGF-MET-
targeted therapy. Furthermore, based on the experimental evi-
dence and implications, we selected a novel strategy, wherein we
combined aMET-targeted inhibitor with an autophagy blocker to
investigate the synergistic effects on liver cancers. As described in
the results, the combination of a MET inhibitor plus autophagy
blocker drastically suppressed liver cancer growth in mice, which
was unexpected yet comprehensible. Because our strategy is quite
simple and practicable, we anticipate that medical practitioners or
pharmaceutical companies might consider redesigning and reini-
tiating the suspended trials to evaluate the efficiency and feasibility
of this treatment method in patients.

Of note, although MET was deemed as a receptor protein on
the plasma membrane for transduction of extracellular signals for
decades, recent studies have gradually disclosed the endocellular
functions ofMET. For instance,MET could enter into the nucleus
and phosphorylate PARP1 to increase its enzymatic activity and
reduce targeted drug binding [51]. Moreover, the p40 fragment of

Figure 10. Schematic diagram for HGF-MET-coordinated metabolic modes in liver cancer therapeutic resistance. HGF activates MET to facilitate the Warburg effect
and glutaminolysis for liver cancer biogenesis and growth. Upon treatment with HGF-MET-targeted drugs, dephosphorylated MET promotes autophagy to maintain
biogenesis homeostasis for survival. Double inhibition of HGF-MET and autophagy overcomes liver cancer therapeutic resistance by disrupting biogenesis.
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MET, generated by active caspase-mediated cleavage, could loca-
lize to mitochondria in a tyrosine kinase-independent manner,
and cause its permeabilization so as to favor apoptosis [52]. Here,
we report that through binding to LC3 and inhibiting MTOR
activity, dephosphorylated MET drives autophagy to maintain
cancer biogenesis, which is also an intracellular process.
However, even MET has the chance to meet the autophagic
machinery and MTOR regulatory complex when recycled
through a conventional endo-lysosomal degradation pathway;
however, the mechanistic significance of MET-LC3 interaction
for autophagy induction is still poorly understood. Not to men-
tion, we have identified several MET kinase activity-associated
LIR motifs in this study, besides Y1234-Y1235-S1236-V1237. On
account of the high frequency of genetic alterations in MET in
liver cancer patients, it is necessary to further investigate the
compensatory roles of clinic-derived MET mutation, especially
at the other LIR motifs. Additionally, it is still unclear as to the
potential functional impact of MET onMTOR signaling and how
MET modulates MTOR activity under metabolic stress, particu-
larly considering the complicated counteraction of MTORC1-
independent autophagy to MET phosphorylation in an
MTORC2-dependent manner [53]. Furthermore, in addition to
AKT-dependent or redox-involved regulation, the direct connec-
tion between MET and MTOR could not be excluded so far. To
figure out the interplay between MET, autophagy and MTOR, at
least some of these important questions are worthy of further
exploration for constructing a bigger interactive network of cancer
biogenesis and chemoresistance.

Last but not least, our findings indicate HGF-MET
together with autophagy as promising and valuable targets
and highlight the scope for curing liver cancer; however we
do not think an autophagy-based strategy would be suffi-
cient enough to overcome chemotherapeutic resistance, in
spite of the enormous potential in translation from bench
to bed. Emerging evidence has suggested that autophagy
itself has mutually contradictory effects on cancer progres-
sion [54]; e.g., autophagy might inhibit tumorigenesis but
promote metastasis. Particularly in liver cancer, it has
already been reported that genetic deletion or mutation in
autophagy central machinery (e.g. Atg5, Atg7 and Becn1) or
indirect regulatory factors (e.g. TSC)-mediated autophagy
inhibition, to some extent, can promote liver tumorigenesis.
Despite the fact that these studies did not completely
exclude potential autophagy-independent effects of autop-
hagy-associated genes or proteins, it still raises serious
concerns about the feasibility and safety of autophagy-
targeted therapeutic strategies in human, or at least that
the possible drawbacks of any proposed therapy should be
addressed in the near future. Conversely, therapeutic resis-
tance in cancer was previously attributed to cellular immor-
tality, e.g., avoiding apoptosis rather than autophagy;
however, paradoxically, in the present study, autophagy
seems to account for the majority of the effect.
Considering the close association between autophagy and
apoptosis [55–57], the role of each phenomenon in liver
cancer should be further clarified. Therefore, our study is
simply an initial attempt to elucidate the complicated roles
of autophagy in chemotherapeutic resistance in liver cancer,
exclusively in the context of HGF-MET signaling.

Materials and methods

Cell lines and cell culture

HepG2, SMMC-7721, Huh-7, MHCC-97H, Hepa1-6 and
H22 liver cancer cell lines were individually obtained from
the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China) or KeyGEN BioTECH (Nanjing,
China), where mycoplasma contamination detection and
short tandem repeat (STR) profiling were performed for
quality and identity guarantee. Mouse embryonic fibro-
blast Atg5 WT and atg5 KO cells were kindly provided
by Quan Chen (Institute of Zoology, Chinese Academy of
Sciences). All the cell lines and derived cells were main-
tained in a 37°C incubator with 5% CO2 under standard
conditions as specified by the suppliers, in Dulbecco’s
modified Eagle’s medium (Gibco, 11965092) or Roswell
Park Memorial Institute 1640 medium (Gibco,
11875093), supplemented with 2 mM L-glutamine, 1%
NEAA (Gibco, 11140050), 100 units/ml penicillin,
100 mg/ml streptomycin and 10% fetal bovine serum. No
cell lines used in this work were commonly misidentified
cell lines, according to the database from the International
Cell Line Authentication Committee (ICLAC). All the cell
lines were freshly thawed from the purchased seed cells,
cultured for no more than 2 months, and regularly
checked by virtue of their morphological features to
avoid cross-contamination or misuse.

Generation of a CRISPR-Cas9-mediated MET knockout
cell line

For generation of aMET knockout cell line via the CRISPR-Cas
9 system, HepG2 cells were cotransfected with a MET CRISPR/
Cas9 KO plasmid (Santa Cruz Biotechnology, sc-400101) and
MET HDR plasmid (Santa Cruz Biotechnology, sc-400101-
HDR) according to the manufacturer’s instructions. The MET
CRISPR/Cas9 KO plasmid was designed to disrupt gene expres-
sion by causing a double-strand break in a 5ʹ constitutive exon
within the MET gene. The MET CRISPR/Cas9 KO plasmid
consists of a pool of 3 plasmids, each encoding the Cas9
nuclease and a target-specific 20 nucleotide guide RNA
(gRNA) designed for maximum knockout efficiency. The
MET HDR Plasmid consists of a pool of 2–3 plasmids, each
containing a homology-directed DNA repair (HDR) template
corresponding to the cut sites generated by the MET CRISPR/
Cas9 KO plasmid. Each HDR template contains 2 800-base pair
homology arms designed to specifically bind to the genomic
DNA surrounding the corresponding Cas9-induced double-
strand DNA break site. Simply, 1 × 105 HepG2 cells were
seeded in 3 ml of antibiotic-free standard growth medium per
well in a 6-well tissue culture plate, 12 h prior to transfection.
When cell confluency was at 40%, 1 µg of CRISPR/Cas9 KO
plasmids plus 1 µg of HDR plasmids DNA were mixed and
cotransfected into HepG2 cells using UltraCruz® Transfection
Reagent (Santa Cruz Biotechnology, sc-395739). Successful
cotransfection of the CRISPR/Cas9 KO lasmid and HDR plas-
mid was visually confirmed by detection of the green and red
fluorescent protein (GFP and RFP) via fluorescence micro-
scopy. Seventy-two h post-transfection, 1 µg/ml puromycin
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(InvivoGen, ant-pr-1) was added into the growth medium for
selection for at least 10 d. After selection, cells were suspended,
diluted and re-seeded to ensure single clone formation. More
than 20 clones were picked and the expression of MET in each
single clone was evaluated by western blot with 2 different
antibodies against different sites on MET. Further verification
of positive candidate clones was done by sequencing the geno-
mic DNA to make sure that the functional genomic editing
occurred.

Establishment of a MET-targeted drug-insensitive cell line

To establish MET-targeted drug-insensitive cell lines, 1 × 106

HepG2 cells were individually treated with a single dose of
50 nM MET-specific small molecule inhibitor JNJ-38877605
(Selleck Chemicals, S1114) and 40 μg/ml anti-MET monoclo-
nal antibody (Alphamab, 5D5) for 3 d. After treatment, the
surviving population of HepG2 cells was cultured in normal
growth medium for 3 d to avoid the therapeutic stress-
mediated artificial effects. The recovered HepG2 cells were
treated again with JNJ-38877605 and 5D5 as above for the
other 2 rounds of selection. The concentration of JNJ-
38877605 and 5D5 used to select out the insensitive cell line
was based on clinical reports to apply a degree of clinical
relevance to this in vitro study. To assess the resistance of
MET-targeted drug-insensitive cell lines, cells were plated at
a concentration of 1 × 103 cells per well in triplicate wells of
6-well tissue culture plates. Six h after plating, the triplicate
wells were treated with JNJ-38877605 (0–100 nM) and 5D5
(0–80 μg/ml) for 3 d, and then subjected to cell proliferation,
viability and colony formation assays as described. The resis-
tant cells were incubated in very low concentrations of drugs
to maintain their resistance in cell culture, but the drugs were
withdrawn in formal experiments.

Generation of a stably expressing GFP-LC3 cell line

To generate a stably expressing GFP-LC3 reporter cell line,
1 × 104 HepG2 cells were seeded in 3 ml of antibiotic-free
standard growth medium per well in a 6-well tissue culture
plate overnight, and then transiently transfected with GFP-LC
3 plasmids containing a Geneticin resistance marker using
Lipofectamine 2000® (Invitrogen, 11668019). Following selec-
tion with the continuous presence of 200 μg/ml Geneticin
antibiotic for 3 wk, individual clones were generated from
the preliminary cell pool by single cell-sorting with a FACS
VantageTM Flow Cytometer (BD Biosciences). After validation
by western blot with antibody against LC3 and GFP, more
than 10 stable clones with low expression of GFP-LC3 and few
GFP puncta under normal conditions were picked up for
further verification via GFP-LC3 puncta formation assays.

Antibodies, inhibitors and other reagents

Antibodies were obtained from the indicated sources: anti-
MET (ThermoFisher, 700261, for WB; Proteintech Group,
25869-1-AP, for immunoprecipitation; Alphamab Co. Ltd,
5D5, for therapy), anti-p-MET Y1003 (Cell Signaling
Technology, 3135), anti-p-MET Y1234/1235 (Cell Signaling

Technology, 3077, for WB and immunohistochemistry
[IHC]), anti-p-MET Y1349 (Cell Signaling Technology,
3133), anti-p-MET Y1356 (Abcam, ab73992), anti-p-MET
Y1365 (Santa Cruz Biotechnology, sc-377548), anti-p-tyrosine
(Cell Signaling Technology, 8954, for WB and IP), anti-PDHA
1/PDH-E1α (Santa Cruz Biotechnology, sc-377092, for WB
and IP), anti-DLAT/PDC-E2 (Santa Cruz Biotechnology, sc-
271534, for WB and IP), anti-PDHX/E3BP (Santa Cruz
Biotechnology, sc-377255, for WB and IP), anti-GLS/GLS1
(Abcam, ab93434, for WB and IP), anti-GLS2 (Abcam,
ab150474), anti-GLUL/GS (Abcam, ab64613), anti-PKM
/PKM2 (Santa Cruz Biotechnology, sc-365684), anti-LDHA
(Santa Cruz Biotechnology, sc-137243), anti-SLC2A1/GLUT1
(Proteintech Group, 21829-1-AP), anti-SLC2A2/GLUT2
(Proteintech Group, 20436-1-AP), anti-SLC2A3/GLUT3
(Proteintech Group, 20403-1-AP), anti-SLC2A4/GLUT4
(Abgent, AP20792a), anti-SLC7A5/LAT1 (Proteintech
Group, 13752–1-AP), anti-SLC7A8/LAT2 (Santa Cruz
Biotechnology, sc-293242), anti-SLC8A1/SNAT1
(Proteintech Group, 12039-1-AP), anti-SLC8A3/SNAT3
(Proteintech Group, 14315-1-AP), anti-SLC1A5/ASCT2
(Abcam, ab187692), anti-MTOR (Cell Signaling Technology,
9862), Autophagy Antibody Sampler Kit (anti-BECN1, anti-
ATG7, anti-ATG5, anti-ATG16L1) (Cell Signaling
Technology, 4445), anti-LC3B (Novus, NB100-2220), anti-
SQSTM1 (MBL, PM045, for WB and IP; Santa Cruz
Biotechnology, sc-28359, for IHC), anti-ATG13 (ABclonal,
A0690), anti-ULK1 (Abcam, ab128859), anti-PIK3C3/Vps34
(Abcam, ab124905), anti-UVRAG (Abcam, ab174550), anti-
RB1CC1 (Proteintech Group, 17250-1-AP), anti-RUBCN
/rubicon (Proteintech Group, 21444-1-AP), anti-RPTOR/rap-
tor (Proteintech Group, 20984-1-AP), anti-Flag (Sigma,
F1804), anti-GFP (Santa Cruz Biotechnology, sc-81045), anti-
ACTB (Proteintech Group, HRP-60008), anti-rabbit IgG
(HRP conjugated; GeneTex, GTX221666-01), and anti-
mouse IgG (HRP conjugated; GeneTex, GTX221667-01).
Unless explicitly stated, all the antibodies were used for wes-
tern blot. Chemicals and growth factors were acquired from
the designated suppliers: MET inhibitor JNJ-38877605
(Selleck Chemicals, S1114), PDH inhibitor CPI-613 (Selleck
Chemicals, S2776), GLS inhibitor BPTES (Selleck Chemicals,
S7753), rapamycin (Selleck Chemicals, S1039), bafilomycin A1

(Tocris/R&D, 1334), chloroquine (Sigma, C6628), and HGF
(PeproTech, 100-39-2).

siRNAs and plasmids

For siRNA-mediated knockdown, 2 × 104 HepG2 cells were
seeded in 3 ml of antibiotic-free standard growth medium per
well in a 6-well tissue culture plate overnight, and then indi-
vidually transfected twice (on day 1 and 2) with 25 nM
indicated siRNAs (described below) by Lipofectamine
RNAiMAX Transfection Reagent (Invitrogen, 13778150),
according to the manufacturer’s instructions. Seventy-two
h after transfection, cells were treated as indicated, and sub-
sequently subjected to further experiments. Target sequences
of each designed siRNA were as follows: siMET (5ʹ-
GUGCCACUAACUACAUUUATT-3ʹ) and non-targeting
control siCtrl (5ʹ-UUCUCCGAACGUGUCACGUTT-3ʹ).
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The knockdown efficiency was verified by western blot ana-
lysis with a specific antibody. All the siRNAs used in this
study were widely validated, or obtained from a highly effec-
tive and specific siRNA online design site (http://sidirect2.
rnai.jp/) as described previously. All siRNA oligonucleotides
were synthesized by GenePharma. Full-length cDNA of MET
was purchased from Sino Biological Inc. (HG10692-NF).
Dephosphorylated point mutants of MET were synthesized
by GeneScript, and subsequently subcloned into a modified
pCDNA3.1(+)-3 × Flag vector (VT3106, MLCC, backbone
from Invitrogen) by a standard PCR cloning strategy for
transient expression. GFP-LC3 plasmid was kindly provided
by Dr. Quan Chen (Institute of Zoology, Chinese Academy of
Sciences) for construction of a reporter cell line. The pRK5-
HA GST RagB Q99L (RRAGBGTP) plasmid from Addgene
(19303; deposited by David Sabatini). All constructs were
confirmed by DNA sequencing.

Co-immunoprecipitation and western blot

After rinsing 2 times with ice-cold PBS, 5 × 105 cells were
resuspended in lysis buffer (25 mM HEPES, pH 7.5, 150 mM
NaCl, 0.25% Triton X-100 [Sangon Biotech, A600198], 0.25%
NP-40 [company, catalog number], 0.5% CHAPS [Sigma,
10810118001], 10% glycerol [Sigma, G6279], phosphatase
inhibitor cocktail [Bimake, B15001] and protease inhibitor
cocktail [Bimake, B14001]) on ice for 1.5 h, and then centri-
fuged at 14,000 g for 15 min. The supernatants were pre-
cleared with protein A/G-coupled agarose (Santa Cruz
Biotechnology, sc-2003), and subsequently incubated with 2
μg of the indicated antibodies or 20 μl Anti-DYKDDDDK
(Flag) Affinity Gel (Bimake, B23101) overnight at 4°C, fol-
lowed by addition of 20 μl protein A/G agarose (only for IP
with unconjugated antibodies mentioned above) for 4 h. After
washing 3 times with lysis buffer, immunoprecipitates were
boiled in 1 × loading buffer for western blot analysis. Protein
samples were resolved by SDS-PAGE with ExpressPlusTM

PAGE Gel, 4–20%, 15 wells (GenScript, M42015C), and then
transferred onto nitrocellulose membrane (PALL, 66485) fol-
lowing standard procedures. Membranes were blocked with
7.5% skim milk or BSA in TBST for 1 h, and subsequently
incubated with the indicated primary antibodies overnight at
4°C according to the manufacturer’s recommendation. After
washing with TBST 3 times, membranes were incubated with
the appropriate HRP-labeled secondary antibodies.
Immunolabeling was developed with SuperSignal™ West
Femto Maximum Sensitivity Substrate (ThermoFisher,
34095). Visualized images were obtained using
ImageQuantTM LAS-4000 (GE Fujifilm) or photographic
film. Similar settings for exposure time, brightness, contrast
and scanning condition were used for capture of the digital
images.

Warburg effect and glutaminolysis assessment

For assessment of the Warburg effect and glutaminolysis,
5 × 104 cells were cultured and treated with HGF or other
conditions as indicated, then subjected to metabolic analysis.
Colorimetric assay kits were used according to the

manufacturer’s instructions, and were as follows: glucose con-
sumption assay kit (Sigma, MAK083-1KT), lactate production
assay kit (Sigma, MAK065-1KT), glutamine consumption
assay kit (BioVision, K556-100) and glutamate production
assay kit (BioVision, K629-100). Consumption or production
rate of glucose, lactate, glutamine and glutamate was mea-
sured using an iMarkTM Microplate Reader (Bio-Rad,
168–1130). The values were normalized to the cell number
to exclude growth factor-stimulated proliferation-mediated
side-effects.

Nucleotide, lipid and amino acid synthesis analysis

For analysis of nucleotide, lipid and amino acid synthesis,
5 × 104 cells were cultured and treated with HGF or other
conditions as indicated, then subjected to analyze the biogen-
esis of metabolites with assay kits as follows: BrdU Cell
Proliferation Assay Kit (BioVision, K306-200), Triglyceride
Quantification Kit (BioVision, K622-100) and Aspartate
Assay Kit (Sigma, MAK095-1KT). The percentages of BrdU-
incorporated cells were counted and subjected to reflect DNA
synthetic rate. The contents of intracellular triglyceride and
aspartate were quantified using an iMarkTM Microplate
Reader (Bio-Rad, 168–1130), and normalized to the protein
concentration to exclude growth factor-stimulated prolifera-
tion-mediated side-effects.

Untargeted metabolomics analysis

GC-MS and LC-MS were conducted at BioNovoGene Co.,
Ltd. (Suzhou, China). In brief, 1 × 107 WT and MET KO
HepG2 cells were individually collected, extracted, and sub-
jected to a GC-MS assay (Agilent 7890 A/5975 C) using an
HP-5MS capillary column (5% phenyl:95% methylpolysilox-
ane 30 m × 250 μm internal diameter, 0.25-μm film thickness,
Agilent J & W Scientific, Folsom, CA, USA), and to LC-MS
assay (Waters ACQUITY UPLC system, Waters, Milford, MA,
USA) with an ACQUITY UPLC® HSS T3 column (1.8 μm,
2.1 × 150 mm, Ethylene Bridged Hybrid, Waters). The sam-
ples were randomized, the data acquisitions were conducted
in one batch to eliminate system errors, and the metabolites
were confirmed based on their exact molecular weight, mass
spectra, and retention time index. The original GC-MS and
LC-MS data were processed and analyzed using XCMS soft-
ware (www.bioconductor.org) with optimized settings. The
metabolite annotation of the GC-MS data was performed
with an automatic processing and identification system
(AMDIS), referenced to the databases of the National
Institute of Standards and Technology (NIST) and the Wiley
Registry of Mass Spectral Data (Wiley Online Library). The
metabolite annotation of the LC-MS data was performed with
the Compound Discoverer program and referenced to the
mzCloud database (www.mzCloud.org), as well as the
Human Metabolome Database (www.hmdb.ca), METLIN
(metlin.scripps.edu), MassBank (www.massbank.jp), and
LIPID MAPS (www.lipidmaps.org). Discriminating metabo-
lites between 2 classes of samples were identified using
a statistically significant threshold of Variable Importance in
Projection (VIP) value (VIP ≥ 1), and further validated by
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Student’s t-test analysis (P ≤ 0.05). Principal components
analysis (PCA) and partial least squares discriminant analysis
(PLS-DA) were performed with SIMCA–P software (www.
umetrics.com). Heat map was constructed using Euclidian
distances and complete linkage grouping with the pheatmap
package in R language (www.r-project.org), and the relative
quantitative values of metabolites were normalized, trans-
formed and clustered through Hierarchical Clustering.
Metabolite correlation was assessed using Pearson
Correlation Coefficient and constructed Cytoscape software
(www.cytoscape.org). To further identify alterative metabolic
pathways, differential metabolites were subjected to grouping
and enrichment of metabolic pathway using MetaboAnalyst
4.0 software (www.metaboanalyst.ca) and KEGG database
(www.kegg.jp). Univariate analysis of variance (ANOVA)
was used to determine the significance of differences in rela-
tive contents between different groups.

Metabolic enzyme activity analysis

For analysis of metabolic enzyme activity, 5 × 104 cells were
cultured and treated as indicated, then subjected to analyze
activities of metabolic enzymes with specific assay kits,
according to the manufacturer’s instructions. All used kits
were listed as follows: Hexokinase (HK) Activity Assay Kit
(Sigma, MAK091-1KT), Phosphoglucose Isomerase (GPI/
PGI) Activity Assay Kit (Sigma, MAK103-1KT),
Phosphofructokinase (PFK) Activity Assay Kit (Sigma,
MAK093-1KT), Fructose-bisphosphate Aldolase (ALDO)
Activity Assay Kit (Sigma, MAK223-1KT), Glyceraldehyde-
3-phosphate Dehydrogenase (GAPDH) Activity Assay Kit
(BioVision, K680-100), Enolase (ENO) Activity Assay Kit
(Sigma, MAK178-1KT), Pyruvate Kinase (PK) Activity Assay
Kit (Sigma, MAK072-1KT), Pyruvate Dehydrogenase (PDH)
Activity Assay Kit (Sigma, MAK183-1KT), Lactate
Dehydrogenase (LDH) Activity Assay Kit (Sigma, MAK066-
1KT), Glutaminase (GLS) Activity Assay Kit (Nanjing
Jiancheng Bioengineering Institute, A124) and Glutamine
Synthetase (GLUL/GS) Activity Assay Kit (Nanjing
Jiancheng Bioengineering Institute, A047). Enzyme activity
was determined using an iMarkTM Microplate Reader (Bio-
Rad, 168–1130). The values were normalized to the protein
concentration.

MET kinase assay

FLAG-MET, HIS-PDHA1, HIS-DLAT/PDCE2, HIS-PDHX
and HIS-GLS were individually expressed in HEK-293T cells
and BL21 Escherichia coli, and the recombinant proteins were
purified using anti-FLAG® M2 magnetic beads (Sigma,
M8823) and HIS-Select® Nickel magnetic beads (Sigma,
H9914), respectively. To perform assays of MET kinase-
mediated phosphorylation, 1 μg of HIS-PDHA1, HIS-DLAT
/PDCE2, HIS-PDHX or HIS-GLS were individually incubated
with 400 ng of FLAG-MET in 50 µl of specific kinase buffer
(50 mM HEPES, pH 7.5, 150 mM NaCl, 12.5 mM MgCl2,
1 mM DTT, 10 mM ATP [InvivoGen, tlrl-atpl] and protease
inhibitors) for 45 min at 37°C. MET kinase inhibitor (JNJ-
38877605, 50 nM) was used as a negative control to the

reaction. The reaction was terminated by adding the same
amount of 2 × SDS loading buffer and boiling at 100°C for
10 min. The mixture samples were subjected to western blot
analysis as described above, and phosphorylated PDHA1,
DLAT/PDCE2, PDHX and GLS were individually visualized
with anti-phospho-tyrosine antibody.

Autophagy assessment

Autophagy was assessed in accordance with ‘Guidelines for
the use and interpretation of assays for monitoring autophagy
(3rd edition)’ by Daniel J. Klionsky, et al. in Autophagy [58],
via western blot, confocal fluorescence microscopy and elec-
tron microscopy. Note: In the densitometry-based quantifica-
tion of related protein level in the western-blot analyses, the
ratio of ‘LC3-II:LC3-I:ACTB’ means LC3-II is first normalized
to LC3-I and then normalized to ACTB.

Cell proliferation, viability and colony formation assay

For the cellular proliferation assay, 1 × 104 cells were seeded
in 6-well tissue culture plates at day 0 in triplicates in 3 ml of
normal growth medium per well, and subsequently treated as
described. The medium was changed every day. Cell number
at the indicated time points was counted after trypsin (Gibco,
25300054) digestion using a hemocytometer, and recorded for
analysis. For cell viability assay, 2.5 × 103 cells were seeded in
96-well microplates at day 0 in triplicates in 100 μl of normal
growth medium per well, and subsequently treated as
described. After treatment, cells were further incubated with
0.25 mg/ml WST-8 solution (Bimake, B34302) at 37°C for 2 h,
followed by addition with 10 μl of 3% SDS to end the reaction.
The absorbance at 450 nm was measured, and the percentage
of viable cells was calculated and averaged for each well. For
clonogenic assay, the same amount of cells need to be seeded
at a density to maintain control (untreated) cells in an expo-
nential phase of growth during the entire experiment. After
pre-tests for HepG2 cell line, 500 cells were seeded in 6-well
plates at day 0 with triplicates in 3 ml of regular growth media
supplemented with 20% fetal boine serum per well. Cells were
then cultured and treated as indicated at 37°C under 5% CO2

for 2 wk. Growth medium with or without HGF or drugs was
replaced every 2 d. Remaining cells were fixed with 4% cold
paraformaldehyde for 45 min, and then stained with 0.1% (w:
v) crystal violet (SunShineBio, SSI1047-1), dissolved in 10%
methanol, for 2 h at room temperature. After extensive wash-
ing with distilled water until the background became clear,
pictures of each replicate were photographed using a digital
camera, and colony numbers were quantified under
a microscope.

Bioinformatics analysis for the TCGA data set

According to data sets obtained from TCGA (https://tcga-
data.nci.nih.gov/tcga/), differential expression of MET-HGF-
SQSTM1 in paired tumor and normal tissues were individu-
ally investigated with FireBrowse (http://firebrowse.org) for
clinical correlation. A visual interactive network between
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MET-HGF-SQSTM1 in liver hepatocellular carcinoma was set
up via cBioPortal (http://www.cbioportal.org/).

Clinical liver tissue microarray

Liver tissue chips (LV2091) containing a total of 208 cases of
clinical liver tissue samples were obtained from US Biomax
Inc., including 152 cases of liver hepatocellular carcinoma, 12
cases of liver bile duct adenocarcinoma, 28 cases of liver
metastatic adenocarcinoma, 8 cases of adjacent normal liver
tissue and 8 cases of normal liver tissue. The slides were
deparaffinized with xylene after baking at 60°C for 30 min,
and subsequently rehydrated in a series of ethanol solutions.
Antigen was retrieved using 0.01 M sodium citrate buffer (pH
6.0) at a sub-boiling temperature for 10 min after boiling in
a microwave oven. After 1 h of pre-incubation in 5% normal
goat serum (Cell Signaling Technology, 5425) to block non-
specific staining, the slides were individually incubated with
antibodies against p-MET Y1234/1235 (Cell Signaling
Technology, 3077, 1:50) or SQSTM1 (Santa Cruz
Biotechnology, sc-28359, 1:100) at 4°C overnight. Negative
control was obtained by replacing the primary antibody with
normal IgG of the same isotype (rabbit mAb IgG [Cell
Signaling Technology, 3900]; mouse mAb IgG1 [Cell
Signaling Technology, 5415]). After washing with PBST
(PBS [Sangon Biotech, B548117], 0.1% Tween-20 [Sangon
Biotech, A600560]) for 3 × 5 min, the sections were incubated
with secondary antibody (Fuzhou Maixin Biotech., KIT-9720),
and subsequently developed using a DAB Detection Kit
(Fuzhou Maixin Biotech., Kit-0017) according to the manu-
facturer’s protocol. A semi-quantitative scoring criterion for
IHC of p-MET Y1234/1235 and SQSTM1 was used, in which
both staining intensity and positive areas were integrated into
account and recorded as a single staining index (‘-’, negative;
‘+’, positive or weak; ‘++’, moderate; ‘+++’, strong). Two
independent pathologists, blinded to the clinic pathological
information, performed the scorings. All the immunostained
slides were scanned on the Aperio Digital Pathology Slide
Scanner ScanScope® System (Aperio, SN: SS005396), and the
captured pictures were subjected to quantification by
ImageScope_v11.2.0.780 software (Aperio).

Tumor xenograft model

Athymic nu/nu mice (male, 4- to 6-weeks old) were obtained
from the Comparative Medicine Center, Yangzhou University
(Yangzhou, China), and maintained in specific pathogen-free
conditions in the animal facility of the School of Medicine at
Southeast University (SEU), with constant temperature and
humidity, under 12-h light-dark cycles, and received food and
water ad libitum. To evaluate synergistic therapeutic efficiency
of autophagy blockage and HGF-MET inhibition, 1 × 106

equal numbers of SMMC-7721 or Huh-7 cells were individu-
ally prepared in 100 μl of PBS, and individually inoculated
subcutaneously into the right flank of nu/nu mouse. After
inoculation, mice were monitored daily and weighed twice
weekly. When tumors became visible, tumor growth was
routinely measured by caliper, and reported as tumor surface
size (longest dimension × perpendicular dimension). Once

a tumor reached 35–45 mm2, mice respectively received sub-
cutaneous multi-point injection adjacent to the tumor every
5 d after caliper measurement, with PBS (vehicle control, 100
μl), MET inhibitor (20 mg/kg in 100 μl of PBS) or/and the
autophagic blocker CQ (10 mg/kg in 100 μl of PBS). Mice
were sacrificed when signs of ulceration in the tumor were
evident or when tumors reached the maximum permitted
condition. After sacrifice, tumors were dissected, weighed
and processed for further analysis. All experiments contained
5 mice per group and were run at least twice. Each one of the
total 10 mice under same treatment showed the same ten-
dency, and were analyzed together. All animal research in this
study was approved and supervised by the Institutional
Animal Care and Use Committee (IACUC) of the Institute
of Life Sciences (ILS) at SEU. All animals received humane
care according to the criteria outlined in the ‘Guide for the
Care and Use of Laboratory Animals’ prepared by the
National Academy of Sciences and published by the
National Institutes of Health (NIH publication 86–23 revised
1985). Animals bearing neoplastic lesions that exceeded 20%
of their body mass or 20 mm in the longest axis were eutha-
natized for ethical considerations.

Statistical analysis

Sample sizes were chosen by standard methods to ensure
adequate power for proper statistical analysis. Statistical ana-
lysis was performed with Excel 2015 (Microsoft Corporation)
and GraphPad Prism 5 (GraphPad Software, Inc.) software to
assess the differences between experimental groups. Results
are shown as means ± SD, which were calculated from at least
triplicate technical or biological replicates. Statistical signifi-
cance was analyzed by means of the Student’s t-test and
expressed as a p-value. All p-values were obtained by means
of two-tailed Student’s t-test. * p-value < 0.05, ** p-value <
0.01, as compared to the negative, untreated or scrambled
control. p-value < 0.05 was considered statistically significant.
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