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Silencing ECHSI attenuates the proliferation and induces the autophagy
of hepatocellular carcinoma via impairing cell metabolism and activating AMPK
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Hepatocellular carcinoma (HCC) is among the most common cancers in the world with a low survival rate. Our previ-
ous study showed Short chain enoyl-CoA hydratase (ECHS1) could bind to HBsAg (HBs) and that ECHS1’s localization in
mitochondria induced HepG2 cell apoptosis. However, the role of the ECHS1 in energy metabolism and autophagy during
hepatocellular carcinoma development remains undefined. We aimed to determine what ECHS1 does to energy metabolism
and its effects on HCC progression. We performed CCK-8, EdU assays in hepatocellular carcinoma cell lines (HepG2 and
HuH7) with stable ECHS1 knock-down. ATP and NADP+/NADPH levels were measured using an colorimetric assay. Our
data demonstrated that ECHS1 silencing inhibited cell proliferation and induced autophagy. ECHS1 knockdown did not
increase fatty acid synthesis, but decreased cellular ATP. This resulted in AMP-activated protein kinase (AMPK) activation
and induced HCC cell autophagy. Our results showed that silencing ECHSI to attenuate proliferation and induce autophagy

may make it a novel cancer therapy target.
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HCC s one of the deadliest cancers with a five-year survival
rate of less than 5 percent, and it is a complex and heterogene-
ous tumor with several genomic alterations [1, 2]. Molecular
targeted therapies have become novel high throughput tech-
nologies to treat hepatocellular carcinoma, such as sorafenib,
a multikinase inhibitor with survival benefits for advanced
hepatocellular carcinoma patients [3]. Our previous study
showed ECHSI1 could bind to HBs and that ECHS1’s locali-
zation in mitochondria induced HepG2 cell apoptosis [4].
So, we suggested that ECHSI may be applied as a potential
therapeutic target during HCC treatment.

ECHSI is purified from the human liver, and it is the second
step in mitochondrial fatty acid B-oxidation (FAO). Mitochon-
drial FAO is a significant metabolic pathway that provides
energy, especially under physiological conditions in which
glucose as the primary energy source is reduced. Inherited
mitochondrial FAO disorders form a metabolic disease class
associated with high mortality rates [5]. ECHSI deficiencies

contributed to high-fat diet induced (HFD-induced) hepatic
steatosis in rat models [6]. ECHSI also regulated cellular ATP
consumption/production and defense responses to ischemic
stress [7]. When liver injuries or liver surgery was performed,
they resulted in a sudden and massive proliferation of hepa-
tocytes, and ECHS1 and other oxidative stress and fatty acid
metabolism proteins were significantly enriched [8]. The liver
regeneration process was impaired when fatty acid oxidation
was inhibited by p-oxidation inhibitors [9].

Lipid and fatty acid metabolism plays an important role in
cancer pathogenesis. fatty acid synthase(FAS) overexpression
occurs in many cancer types and is frequently correlated with
poor prognosis [10-13]. Researchers have tested inhibitors
against this enzyme as anti-cancer drugs. During metabolic
stress, FAO has a crucial role in cancer cell survival, and it sus-
tains ATP levels and NADPH production [14, 15]. Researchers
also observed that NADPH availability was controlled by the
LKBI1-AMP K axis.
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AMPK is a highly conserved cellular energy status sensor
comprised of one catalytic subunit a and two regulatory subu-
nits f and y. Although the LKB1-AMPK axis is thought to be
tumor suppressive, AMPK activity is essential for cancer cells
to ‘sense” stressful environments and respond by activating
a catabolic switch that increases ATP and NADPH reserves
[16]. AMPK switches on catabolic processes that provide
alternative pathways to generate ATP while switching off
anabolic pathways and other processes consuming ATP, thus
acting to restore cellular energy homeostasis. It was activated
by ATP depletion or glucose starvation, and researchers also
previously thought AMPK activated autophagy by inactivating
the mTOR complex-1 and inhibiting cell proliferation [17, 18].
Autophagy has an important role in cancer, and researchers
proposed that inhibiting this cellular process contributes to
HCC progression [19]. In this study, we aimed to determine
what silencing ECHSI does to energy metabolism and its ef-
fects on HCC progression.

Materials and methods

Cell culture. We purchased HepG2 and HuH?7 cells from
ATCC (commercially purchased from ATCC, Manassas, VA).
We cultured cells in Dulbecco’s Modified Eagle’s Medium
(DMEM) and supplemented them with 10% fatal bovine
serum (Life Technologies, Grand Island, NY), 100 U/ml
penicillin, and 100 mg/ml streptomycin in a 37 °C incubator
with 5% CO,.

Establishing stable ECHS1-knockdown cell lines.
We designed two siRNAs to target ECHSI and ligated the
two siRNA target sequences (siECHS1-1: sense strand:
5-GCCCATATCGTTTCATA GCTT-3’; antisense strand:
5-AAGCTATGAAACGATATGGGC-3’; siECHS1-2: sense
strand: 5-GTAGATGAGATGTGACGAATT-3’; antisense
strand: 5-AATTCGTCACATCTCATCTAC-3’) into control
plasmids pu6 (pcPUR + U6-siRenilla) that targeted ECHSI.
We transfected siECHSI (pcPUR + U6-siECHSI1) or pu6
(pcPUR +U6-siRenilla) into HepG2 and HuH7 cells with
2 ug/ml puromycin (Invitrogen, Carlsbad, CA) for two weeks
and collected the puromycin-resistant colonies together. We
examined ECHSI1 expression using western blotting with an
antibody against ECHS1 (experiments were repeated three
times) to validate the constructs’ efficiency at blocking the
target gene.

Cell Counting Kit-8 (CCK8) assay. The two HCC cell
lines were plated in 96-well plates at a density of 5,000 cells
per well with 100 ul of culture in DMEM medium. After
adhesion, we removed the supernatant at 6, 24, 48, and
72 h and added 100 ul medium containing 10 ul CCK8
(DoJinDo, Tokyo, Japan) to each well, incubating for another
hour at 37 ¥C. We recorded the absorbance at 450 nm. The
detected OD was 450 nm in the two HCC cell lines in com-
plete culture medium (4.5 g/L D-Glucose) and low glucose
culture medium (1.0 g/L D-Glucose). All experiments were
independently repeated three times.

EdU cell proliferation assay. We cultured the cells in 8-well
culture plates (BD Biosciences, Bedford, MA). After 24 h, we
added 5-ethynyl-20-deoxyuridine (EdU) (100 mM) (CellLight
EdU DNA Imaging Kit, Guangzhou RiboBio, China) and cul-
tured the cells for an additional 2 h. We then stained the cells
according to the following protocol: we discarded the EdU me-
dium mixture, added 4% paraformaldehyde to fix cells at room
temperature for 30 min, washed them with glycine (2 mg/ml)
for 5 min in a shaker, added 0.5% Trion X-100 for 10 min,
washed them with PBS two times, added Apollo staining re-
action buffer for 30 min while protecting from light, washed
them with 0.5% Triton X-100 three times, stained them with
Hoechst33342 (10 ug/ml) for 30 min at room temperature,
and washed them with PBS three times. Images were taken
and visualized with fluorescence microscopy. EdU-positive
cells were obtained from the fluorescent images.

Western blot analyses. We collected the cultured cells and
lysed them with Mammalian Cell Lysis Reagent (Thermo
Scientific, Rockford, IL). The proteins were separated using
8%, 10%, 12%, or 15% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) according its MW, and pro-
teins were transferred to polyvinylidene difluoride (PVDF)
membranes using semidry electro-blotting. The membranes
were blocked in 5% nonfat milk, dissolved in TBST for 1 h at
room temperature, and incubated with the primary antibody
overnight at 4 °C .The next day, we washed the secondary an-
tibodies conjugated with horseradish peroxidase (HRP) and
incubated them for 1 h at room temperature. Then, we detected
the immunoreaction using the Enhanced Chemiluminescence
Kit (Amersham Pharmacia, Piscataway, NJ) and quantified
it using densitometry. We purchased the antibodies against
tubulin, Fatty Acid and Lipid Metabolism Antibody Sampler
Kit,and AMPK and Acetyl-CoA carboxylase (ACC) Antibody
Sampler Kit from Cell Signaling Technologies (Boston, MA,
USA), ECHSI from Abcam (1:1000 dilution, Cambridge, MA),
and protein A/B light chain 3-II (LC3A/B) from Santa Cruz
(1:1000 dilution, Santa Cruz, CA).

Immunocytochemistry. The two HCC cell lines were
incubated in 8-well Glass at a density of 5,000 cells per well
with 500 ul low glucose culture medium (1.0 g/L D-Glucose),
cultured 24 h, then removed, washed with PBS, and fixed in
4% paraformaldehyde for 15 min at room temperature. They
were perforated with 0.3% Triton X-100 for 10 min, blocked
with 5% BSA in PBS, and incubated with mouse monoclonal
anti-LC3A/B (1:1000 dilution, Santa Cruz, CA) for 1 h. After
being washed, cells were incubated with various fluorochrome-
conjugated secondary antibodies for 1 h. We performed cell
imaging using an Only Broadband Confocal Leica TCS SP5 IT
(Leica Microsystems GmbH, Wetzlar, Germany) and analyzed
the images with MetaMorph/MetaFluor version 7.0 software
(Leica Microsystems GmbH, Wetzlar, Germany).

Colorimetric measurements (ATP, NADP+/NADPH).
We measured cellular ATP levels using the ATP colorimetric
assay kit (Biovion, San Francisco, USA) according to the
manufacturer’s protocol. We lysed 1.5 x 10° cells in 100 ul
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Figure 1. The cell proliferation assay revealed that HCC cell proliferation was inhibited by silencing endogenous ECHS1.

HepG2-pu6, HepG2-siECHS1, HuH7-pu6, and HuH7-siECHSI cells were cultured in complete medium (4.5 g/L D-Glucose) (A, C) and low glucose
medium (1.0 g/L D-Glucose) (B, D). Cell proliferation ability (OD value) was detected using a CCK-8 kit (A, B) and EdU cell proliferation assay (red
color in C, D) , Hoechst 33342 (blue color). Data are presented as the means + SD of three independent experiments. * P < 0.05.
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ATP buffer and deproteinized the cell lysate using a spin
column. We added 35 ul of the sample to a 96-well plate and
adjusted the volume to 50 ul/well with an ATP assay buffer. We
prepared the standard curve and added 50 ul reaction mix to
each well, incubated it at room temperature for 30 min while
protecting it from light, and then measured the absorbance
(OD 570 nm).

We measured NADP+/NADPH using a colorimetric kit
(Biovion, San Francisco, USA). We extracted 10° cells with
200 pl of NADP/NADPH extraction buffer for each assay
and set the standard curve as the kit specified. We transferred
50 pl of the extracted samples into a labeled 96-well plate in
duplicate to detect the total NADP+/NADPH (NADPt). We
heated 200 ul of the samples to 60 °C for 30 min in a water
bath to detect NADPH only, and added 100 pl of the a NADP
cycling mix (NADP Cycling Buffer Mix: 98 pul, NADP Cycling
Enzyme Mix: 2 ul) into each well. We incubated the plate at
room temperature for 5 min to convert NADP to NADPH and
added 10 ul NADPH developer into each well. We let the reac-
tion develop for 1 to 4 h and read the plate at OD 450 nm. We
calculated the NADP+/NADPH ratio as: (NADPt - NADPH)
/ NADPH.

Statistical analyses. Statistical analysis was performed us-
ing SPSS 17.0 software (SPSS Inc., Chicago, IL). Data between
two groups were compared using the Student’s t-test. All values
are expressed as the means + standard deviation (SD), and
P<0.05 was considered to be statistically significant. Graphs
were generated using GraphPad Prism 5.0 (GraphPad Software
Inc., La Jolla, CA).

Results

Silencing endogenous ECHS1 attenuated cell prolifera-
tion in HepG2 and HuH7 cells. To explore the ECHS1 gene’s
function in HCC cells, we established two stable ECHS1-
interference cell lines (HepG2-siECHS1, HuH7-siECHS1) and
their control cells (HepG2-pu6, HuH7-pu6). We confirmed
our comparisons between ECHS1 knockdown cells and con-
trol cells through western blotting (Fig. 4A). ECHSI played
an important role in fatty acid B-oxidation, and free fatty acid
(FFA) become more significant when glucose decreased. We
examined whether knocking down ECHS1 expression had any
effect on cell growth in complete medium (4.5 g/L D-Glucose)
and low glucose medium (1.0 g/L D-Glucose). The CCK-8 kit
and EdU cell proliferation assay showed that silencing ECHS1
inhibited HCC cell proliferation, evidently with lower glucose
compared to control cells (Fig. 1).

ECHS1 knockdown accelerated ATP and NADPH de-
pletion and increased the NADP+/NADPH ratio. ATP is
the primary energy currency of living systems. It is formed
exclusively in mitochondria, and various genetic diseases
and environmental changes effect ATP formation in the mi-
tochondria. NADP+/NADPH was primarily used in anabolic
biosynthetic reactions such as fatty acid synthesis and thus
utilized significant amounts of energy. We assessed ECHS1’s

impact on cellular bioenergetics by changes in ATP contents
and NADPH. Figures 2A, E, and G show that ECHS1 knock-
down decreased cellular ATP and NADPH and increased the
NADP+/NADPH ratio, and these effects were exaggerated in
glucose-limited conditions (Fig. 2B, E, and H). Furthermore,
we overexpressed the ECHSI in stable konckdown ECHS1
of HepG2 and HuH7, We observed that the level of cellular
ATP was increased both in normal and low glucose (Fig. 2C
and D).

Silencing ECHS1 inhibited fatty acid metabolism and
activated AMPK. ECHSI is vital in fatty acid B-oxidation, and
in this study we showed that silencing ECHS1 decreased ATP
and NADPH levels. Furthermore, we investigated the protein
alterations in fatty acid metabolism and AMPK. Figures 3A
and B showed that the long chain acyl-CoA synthetase (ACSL)
enzyme, which catalyzes cellular ligation of free fatty acids to
co-enzyme-A to form fatty acyl-CoA, was down-regulated as
compared to control cells. Expressions of ATP-citrate lyase
(ACL), phosphorylation of ATP-citrate lyase (P-ACL), and
fatty acid synthase (FAS), which are proteins that catalyze
fatty acid synthesis, were also decreased both in HepG2-
siECHS1 and HuH7-siECHSI cells compared to control cells.
The decreases were more obvious in low glucose conditions,
suggesting that fatty acid synthesis was also inhibited. We
also found that the phosphorylation of AMPK and ACC were
increased in ECHS1-knockdown cells, suggesting that fatty
acid synthesis was inhibited after ECHSI silencing.

ECHS1 knockdown induced autophagy. Autophagy plays
an important role in cell responses to stress [20]. Microtubule-
associated LC3-II protein was specifically associated with
autophagosome membranes during the autophagy process
and was an autophagy marker [21, 22]. Immunoblot analy-
ses indicated that LC3-II was significantly up-regulated in
ECHS1-knockdown cells, whether in complete medium or
glucose-limited medium (Fig. 4B and C). Consistent with
the western blot analysis, confocal microscopy showed that
LC3 proteins were also accumulated in HepG2-siECHSI
and HuH7-siECHSI cells (Fig. 4D), and LC3 fusion protein
fluorescence accumulated much more under glucose-limited
conditions (Fig. 4D).

Discussion

In this study, we clearly demonstrated that silencing ECHS1
in HCC cells not only inhibited proliferation but also induced
autophagy via impairing energy metabolism and activating
AMPK. This result was not only found in complete medium
(4.5 g/L D-Glucose) , but also in low glucose medium (1.0 g/L
D-Glucose). Furthermore, we revealed that the primary en-
ergy of ATP and NADPH was decreased, these effects were
exaggerated in glucose-limited conditions, and the fatty acid
metabolism (including FAO and FAS) inhibited after silencing
ECHSI1 in HCC, different from normal hepatic cells. As previ-
ous studies reported, silencing ECHS1 in normal hepatic cells
decreased FAO and led to accumulated fatty acid, resulting in
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Figure 2. ATP and NADPH production decreased after ECHSI silencing.

The ATP and NADPH levels were detected in HepG2-siECHS1, HuH7-siECHS1 and their control cells in normal medium (A, E), and ATP and NADPH
were significantly decreased in low glucose medium (B, F). ATP was detected in normal and low glucose after overexpression ECHS1 (C, D). The NADP+/
NADPH ratio was higher in HepG2-siECHS1 and HuH7-siECHSI cells than control cells (G, H). *P < 0.05.
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a fatty liver and hepatic steatosis. We propose that this might
have been due to hepatoma carcinoma cells dividing more
frequently than normal hepatic cells. This would imply that
hepatoma carcinoma cells would have a higher energy demand
for cellular survival, and would therefore lack energy to store
in fatty tissues. We also suggested other pathways existed that
regulate energy homeostasis, which would compensate for the
energy shortage after silencing ECHS1 in HCC.

Altered metabolic activity is crucial for supporting uncon-
trolled proliferation, growth-inhibitory signal evasion, cell
migration, and the dissemination of metastatic cells into dis-
tant tissues. In addition to glucose and glutamine metabolism,
the increased biosynthesis of macromolecules, particularly
lipids, has been recognized as a metabolic reprogramming
component in cancer cells [23]. In vivo distribution of energy
metabolites, including lipids and lipoproteins, significantly
affected tumor cell survival and cancer development. It also
impaired the viability of cancer cells, which could provide
new strategies for cancer treatment. Anti-metabolites like
metformin and pemetrexed, which activate AMPK-mediated
inhibition of glycolysis and purine metabolism, are being
widely investigated for cancer prevention and treatment
strategies [24-26].

AMPK is a master regulator of metabolic homeostasis by
sensing cellular energy status [27]. As a principal sensor, it
switches off anabolic pathways such as fatty acids, triglyceride,
cholesterol, and protein synthesis, and switches on catabolic
pathways such as fatty acid oxidation and glycolysis [18, 28].
We suggested AMPK activation suppressed proliferation cell
via p53-p21 axis up-regulation and TSC2-mTOR regula-
tion [29] or activated by AXIN-AMPK-LKB1 Complex [30].
AMPK also reduced FAS and ACC expressions, resulting in
suppressed proliferation in prostate-cancer cells [31]. This
may explain why silencing ECHS1 caused lower expressions
of the fatty acid synthesis proteins FAS and ACC (Fig. 3A-B).
It demonstrated that silencing ECHS1 impaired metabolism
via activating AMPK to maintain metabolic homeostasis (Fig.
3C). Furthermore, inhibiting ACL suppressed tumor growth
[32], so we suggested that the ECHS1-knockdown not only
inhibited cell proliferation by activating AMPK, but may also
result in inhibited ACL and P-ACL expressions.

During nutrient and metabolic stress, AMPK was acti-
vated via phosphorylation by LKB1, thus providing starved
cells with nutrients by inducing autophagy [33]. Autophagy
was quantified by measuring GFP-LC3 (or LC3 by immun-
ofluorescence) and monitoring LC3-II using western blot.
Figure 4 showed many more LC3 dots were detected in si-
lenced ECHSI cells than controls in a regular medium, and
the number became much larger in low glucose medium.
Autophagy serves as a critical adaptive response to starvation
(amino acid and nutrient deprivation) and metabolic stress by
recycling energy and nutrients [34], so we supposed silencing
ECHSI indirectly activated AMPK by inhibiting fatty acid
synthesis and inducing autophagy to rescue cells from the
deadly energy imbalance.

In conclusion, ECHS1 knockdown attenuated HCC prolif-
eration via impairing cell metabolism and inducing autophagy;,
and a new study identified some small autophagy-inducing
molecules that may prove useful in therapeutic applications
[35-37]. Combined with the study we had done previously,
we conclude that ECHSI acted as a novel target for treating
hepatocellular carcinoma.
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