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Abstract

Reprogramming of cellular metabolism is one of the hallmarks for cancer, in which tumor cells
rewire their metabolic fluxes to generate sufficient energy and biosynthetic intermediates.
Therefore, elucidating the correlation between cellular metabolism and hepatocellular carcinoma
(HCC) progression may provide insights into novel approaches to cancer therapy.

Methods: We assembled an integrated pathway-level metabolic profiling by mining metabolomic,
transcriptomic and proteomic data of three HCC cell lines with increasing metastatic potentials.
Immunohistochemical staining was performed in a tissue microarray from 185 HCC clinical
specimens. Kaplan-Meier survival and Cox regression analyses were applied to test the association
between gene expression and survival outcome. In vitro assays were conducted to investigate the
functional role of enolase-phosphatase 1 (ENOPH 1) in HCC malignant behaviors. Reversed genetics
analysis was performed to determine the function of ENOPHI in HCC metastasis. An intrahepatic
mouse model further confirmed the role of ENOPH]1 in metastasis.

Results: We have determined that HCC cell metastasis is associated with alterations in metabolite
levels and expressions of metabolic enzymes in the cysteine/methionine metabolism pathway, and
show that one of metabolic enzymes, enolase-phosphatase 1 (ENOPHI), is persistently upregulated
with an increase in metastatic potential. The upregulation of ENOPH1 expression was observed as
an independent prognostic factor for HCC patients. ENOPHI overexpression promoted cell
migration and invasion, whereas ENOPHI downregulation inhibited cell migration and invasion.
Furthermore, an enhanced phosphorylation of AKT with ENOPHI upregulation was observed.
ENOPH I -mediated malignant capacity in HCC cells can be rescued by an AKT inhibitor-.

Conclusion: Taken together, our findings illustrate that ENOPH1 promotes HCC progression and
could serve as a novel biomarker and therapeutic target for HCC.
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Introduction

Reprogramming of cellular metabolism is one of  their metabolic fluxes to generate sufficient energy
the hallmarks of tumor cells [1, 2]. Tumor cells rewire  and biosynthetic building blocks for malignant
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behaviors [3]. A mounting evidence indicates that
cancer cells utilize aerobic glycolysis instead of
oxidative phosphorylation to generate adenosine
triphosphate (ATP) and biosynthetic intermediates for
rapid growth [4]. Several metabolic enzymes in the
glycolysis pathway, including pyruvate kinase M2
and lactate dehydrogenase, are highly expressed and
associated with poor prognosis in hepatocellular
carcinoma (HCC) patients [5, 6]. Glutaminolysis is
another alterable bioenergetic profile in cancer cells.
Glutaminolysis replenishes the tricarboxylic acid
cycle to support accumulating biosynthetic precursors
and NADPH for proliferating cancer cells [7-10].
Studies showing that cellular metabolism increases
cancer cell aggressiveness are limited. Metastatic
cancer cells utilize a special way in enhancing
mitochondrial respiration, which is necessary to
increase ~ ATP  production [11].  Moreover,
dihydropyrimidine dehydrogenase, a pyrimidine-
degrading enzyme, is upregulated during induction
of epithelial-mesenchymal transition in high-grade
carcinoma cells and in malignant cells to extravasate
into the mouse lung [12]. Therefore, the association
between cellular metabolism and HCC progression
are worthy of further exploration and could provide
insight into the development of novel approaches to
cancer therapy.

Cancer cells have elevated intracellular
polyamine levels, which are induced by the
upregulated expression levels of polyamine

biosynthetic enzymes contributing to supporting their
rapid proliferation and preserving neoplastic
phenotype [13, 14]. Moreover, high polyamine levels
are positively associated with poorer prognosis for
breast cancer patients [15]. Importantly, suppression
of polyamine production would be a selective
anti-tumor therapeutic strategy [16, 17]. For example,
difluoromethyl ornithine, a suicide inhibitor of
ornithine decarboxylase (a rate-limiting polyamine
biosynthetic enzyme), has been assessed in
pre-clinical and clinical trials [14, 16]. Unfortunately,
clinical trials have shown that currently available
inhibitors of enzymes in the polyamine metabolic
pathway have limited effect. Thus, there is a need to
identify novel diagnostic biomarkers or drug targets
based on studies on polyamine metabolism.
Enolase-phosphatase 1 (ENOPH1) is a bifunctional
enolase-dephosphorylase enzyme of the methionine
(Met) salvage pathway [18] that is required for
polyamine  biosynthesis = via  catalysis  of
S-adenosylmethionine (SAM) [19]. To date, except for
the association between ENOPHI1 overexpression and
ischemic brain injury [20], report about the
tumorigenesis relevance of ENOPH1 is limited.

After the Human Genome Project, studies on

3640
tumorigenesis and  metastasis have  been
revolutionized by the development of omics

technologies [21]. Omics technologies could provide
the comprehensive observation of genomics,
transcriptomics, proteomics, and metabolomics
analyses to expand our understanding of disease
processes [22]. Cancer is a complex systemic disease
that is characterized by various dysfunctional
mutually associated molecular networks that are
constructed by alterations in DNA, RNA, protein, to
metabolite [23, 24]. For example, the integrated
analysis of copy number and gene expression has
revealed novel breast cancer subgroups with distinct
clinical outcomes [25]. An analysis combining gene
expression profiling and DNA methylation revealed
that genes belonging to the nucleoporin family play
pivotal roles in the liver metastasis of colorectal cancer
[26]. Another integrative analysis of transcriptomics
and metabolomics identified four urinary biomarkers
for breast cancer patients [27]. Therefore, the
integration of multi-omics profiling may help to
elucidate the molecular mechanisms involving
tumorigenesis and cancer progress.

The present study also adopted an integrated
analytical strategy of multi-omics data and caged a
specific metabolic enzyme, ENOPH1. We found that
increased ENOPH1 expression promoted HCC
progression. The relationship between ENOPH1 and
the clinical characteristics was examined, and the
functional relevance of ENOPH1 in HCC metastasis
was also assessed based on RNA-seq data from
reversed genetic operation.

Methods

Chemicals, reagents, and antibodies

Lipofectamine 3000, BCA reagents, bovine
serum albumin (BSA), and N-2-hydroxyethyl-
piperazine-N-2-ethane sulfonic acid (HEPES) were
obtained from Invitrogen (Carlsbad, CA, USA).
Rabbit polyclonal antibody against ENOPH1 was
from Abcam (Cambridge, UK), rabbit polyclonal
antibody against AKT and mouse monoclonal
antibodies against p-AKT (Ser473) were from Cell
Signaling Technology (Danvers, MA, USA), and
mouse monoclonal antibodies against P-actin were
purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Enhanced chemiluminescence (ECL)
reagents were purchased from Pierce Biotechnology
(Rockford, IL, USA). Protease inhibitor cocktail
tablets, X-tremeGENE siRNA transfection reagent,
Adenosine-3C10,"°Ns 5'-triphosphate sodium salt
solution (13C10, 15Ns 5-ATP), S-adenosyl-L-
Methionine (SAM) were purchased from Sigma-
Aldrich (Shanghai, China). The ENOPH1-expressing
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plasmid was purchased from Sino Biological Inc
(Beijing, China). The shRNA against ENOPH1 and
non-targeting shRNA were designed and synthesized
by GenePharma (Shanghai, China). The siRNA
against ENOPH1 and non-targeting siRNA were
designed and synthesized by RiboBio (Guangzhou,
China). Perifosine was purchased from Santa Cruz
Biotechnology (CA, USA).

Multi-omics data of three cell lines

Metabolomic data were obtained from our
previous study [28]. Transcriptomics data were
downloaded from the Gene Expression Omnibus
(Bioproject: PRINA399198), and proteomics data were
from PRIDE (PXD005647). To investigate the
correlation between metastatic capabilities and the
levels of mRNA, protein, and metabolite, the
metastatic capability of Huh7, MHCC97L, and
HCCLM3 was quantitated as 1, 2, 3, respectively.
Absolute values of correlation coefficient greater than
0.8 (P < 0.05) were used as a cutoff to indicate that the
levels of mRNA, protein, and metabolite were
significantly correlated with metastatic capability.
Mbrole 2.0 (http://csbg.cnb.csic.es/mbrole2/) was
used in KEGG pathway analysis of the metabolites
that were potentially related to metastasis. R package
“KEGG profile” was used for enriching differentially
expressed genes (DEGs) in the KEGG pathway.

Tissue samples and analysis

Twenty-eight paired HCC and para-tumor
tissues were collected between January and March
2016 from the Affiliated Cancer Hospital of
Zhengzhou University (cohort #1, Table S1, Henan
Cancer Hospital, Henan, China). Another 185
paraffin-embedded HCC tissues (cohort #2, Table S2)
were collected between 2011 and 2012 from the same
hospital. HCC diagnosis was confirmed by pathology.
Informed consent was provided by each patient, and

ethics approval was approved by the Ethics
Committee (No. 2016CT054) of Henan Cancer
Hospital.

Immunohistochemical analysis

Five-micrometer sections of the paraffin-
embedded samples were placed on microscopic
slides, followed by 15 min of dewaxing, rehydration
in an alcohol gradient, antigen retrieval in 1% sodium
citrate buffer (pH 6.0), and incubation in 3% hydrogen
peroxide. The sections were then incubated with
anti-ENOPH1 overnight at 4°C. Protein was
visualized using the Polink-1 HRP DAB detection Kit
(ZSGB-BIO, Beijing, China).

RNA extraction and quantitative reverse
transcription PCR (qPCR)

RNA extraction and qPCR were performed as
previously described [29]. The primer sequences used
for qPCR are listed in Table S3.

Western blot

Western blot analysis was
described in our previous study [30].

performed as

Cell culture and transfection

HCC cell lines, including Huh7, PLC, HepG2,
MHCC97L, MHCC97H, HCCLM3, and HCCLM6
cells were cultured in DMEM supplemented with 10%
fetal bovine serum and 1% penicillin-streptomycin at
37°C in a humidified 5% CO, atmosphere. The
ENOPH1 construct was transfected into cells using
Lipofectamine 3000. The ENOPH1 shRNA or siRNAs
and its scrambled control siRNAs (Table S4) were
transfected into cells using X-tremeGENE siRNA
Transfection Reagent. The overexpression or
knockdown efficiency of ENOPH1 was confirmed by
qPCR and Western blot analysis.

Cell proliferation assays

A growth curve assay was conducted according
to the Kratzat's method [31]. 1x105 cells were seeded
evenly in six-well plates. Cells were counted and
replaced at the same quantity at that at the start point
every two days.

For the colony formation assay, 10° cells were
plated into six-well plates, and the culture medium
was replaced every three days. After two weeks, cell
colonies were stained with 0.01% crystal violet and
counted manually.

Wound healing, migration, and invasion assays

For the wound healing assay, cells were seeded
evenly into six-well plates. Upon reaching 80% - 90%
confluency, the cells were scratched with a pipette tip
in the middle of the well and gently washed with PBS,
then incubated in culture medium containing 1% BSA.
The wound closure was monitored microscopically at
different time-points and photographed at 0 h and
48 h.

Invasion and migration assays were performed
using Transwell chambers containing polycarbonate
membranes with eight-micrometer pores (Millipore,
Billerica, MA, USA) coated with or without Matrigel
matrix (Corning, Lowell, MA, USA ). 2x10° of
pre-starved cells in the DMEM were added to the
upper chamber, and 600 pL of the complete culture
media were added to the lower chamber. After 24 h of
incubation at 37°C, the cells on the upper surface were
wiped off. The invading or migrating cells on the
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under surface were fixed, stained, and photographed
at six random regions at 100x.

Liquid chromatography-mass spectrometry
(LC/MS) analysis

A relative quantitative polar matabolomic data
was acquired with a 5500 qTRAP hybrid repine
quadrupole mass spectrometer (AB/SCIEX). In a
brief, metabolites were extracted from 1x107 cell with
500 pL of pre-cooled methanol containing 2 pL of
13C10, N5 5’ -ATP. Then, after separated with Acquity
UPLC HSS T3 (1.7 pm; 2.1 mm i.d. X 100 mm length;
Waters), the metabolites were detected with
positive/negative ion switching from a single 15 min
LC/MS acquisition. The MRM pairs of standard
metabolites were methionine (ESI+, 148/100), SAM
(ESI+, 397/134), S-Adenosyl-L-homocysteine (ESI+,
383/134). The detected peaks of metabolites and
13C10, ®Ns 5-ATP were integrated to generate
chromatographic peak areas to quantify using
MultiQuant 2.0 (AB/SCIEX, framingham, MA, USA).

RNA-seq of reversed genetics operated cells

RNA-seq of ENOPH1-regulated HCC cells and
their corresponding control cells were performed at
Novogene (Beijing, China) using Illumina 2500. We
sequenced 12 samples, including three pairs of
ENOPH1-knockdown cells and their controls, and
three pairs of ENOPH1-overexpressing cells and their
controls. All sequencing data that support this
operation have been deposited to the National Center
for  Biotechnology = Information  (Bioproject:
PRJNA502993). Adapters and low-quality reads were
cleaned by using Trimmomatic [32]. Cleaned reads
were mapped to the reference genome (GRCh38) with
HISAT?2 [33] and then remaining reads were sorted by
samtools [34]. All mRNA reads were quantitated by
Stringtie [35], and mRNAs with read depth < 10 were
removed. Then, R package DEGseq was used for
search DEGs (logFC > 1, g < 0.05).

In vivo metastasis assays

An orthotopic xenograft model was constructed
using four-week-old male BALB/c-nude mice [30, 36].
Briefly, the mice were anesthetized using an
intraperitoneal injection of 1.2% 2,2,2-tribromoethanol
(240mg/kg; Sigma-Aldrich). A 5- to 8-mm transverse
incision was made below the xiphoid. The left hepatic
lobe of mice was pulled out of the abdominal cavity
and inoculated with 2 x 106 cells, which was mixed
previously with Matrigel matrix (Corning) at a 1:1
ratio in a total volume of 40 pL. The mice were
sacrificed at the sixth week after surgery and the
number of intrahepatic metastases was counted
manually.

Statistics

Statistical analyses were performed using R and
the data were presented as the means * SEM
(Standard Error of Mean). Cell proliferation and
wound-healing assays were analyzed by two-way
ANOVA. Student’s t-test was used to compare the
difference of the mean values between groups.
Clinicopathological correlations were calculated using
a Pearson’s chi-square test. A Kaplan-Meier survival
analysis and log-rank tests were used to calculate
overall survival (OS) and disease-free survival (DFS).
Statistical significance was considered as P < 0.05.

Results

Multi-omics reveals ENOPHI expression
correlating with HCC metastasis

Here, we identified metabolites associated with
HCC progress by computing and comparing
metabolomic data from three cell lines with increasing
metastatic  potentials, Huh7, MHCC97L, and
HCCLMS3 cells [37]. We found that the levels of 42
metabolites were significantly altered with metastatic
potential (Figure 1A). Among the identified 42
metabolites, the levels of 27 metabolites showed
negative correlations to metastatic potential, which
were reduced in MHCCI7L cells compared to Huh?
cells, and further reduced in HCCLM3 cells compared
to MHCC97L cells (Figure 1A, top panel). In contrast,
the levels of 15 metabolites showed positive
correlations and were elevated in MHCC97L cells
compared to Huh?7 cells, and further elevated in
HCCLMS3 cells compared to MHCC97L cells (Figure
1A, bottom panel). We then enriched those 42
differential metabolites into the KEGG pathways, and
they concentrated in seven metabolic pathways,
including cysteine/methionine metabolism, purine
metabolism, and nicotinate/nicotinamide metabolism
(Figure 1B).

To understand the gene expression profiles
involved in these seven enriched metabolic pathways,
pathway-related differentially expressed genes
(DEGs) were identified using the transcriptomic and
proteomic data of Huh7, MHCC97L, and HCCLM3
cells (Figure 1C). The results showed that the pathway
of cysteine/methionine metabolism displayed the
highest percentage of enriched DEGs both in the
transcriptomic data (8/45 = 17.8%) and the proteomic
data (6/45 =13.3%) (Table S5).

Among the DEGs in the cysteine/methionine
metabolism pathway, ENOPHI (Gene ID: 58478)
expression was shown to be upregulated with
metastatic capability at both the mRNA and protein
levels. qPCR analysis confirmed that the expression of
ENOPH1 was increased in MHCC97H cells and
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further upregulated in HCCLM3 and HCCLM6 cells
(Figure 1D, Supplemental Fig S1A). We also examined
the protein levels of ENOPHLI in a series of HCC cell
lines. ENOPH1 could be detected in all seven HCC
cell lines and in significantly upregulated metastatic

HCCLM6 cells (Figure 1E). Taken together, we
observe that the increased expression of ENOPHI is
positively correlated to metastatic potentials of the
HCC cells. Thus, we focused on ENOPH1 for the
subsequent studies.

HCC cells, particularly the MHCC97H, HCCLM3, and
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pathways. (D) qRT-PCR analysis of ENOPHI. Data represent the means + SEM of triplicate independent analyses. (E) Western blots showing ENOPH1 expression in seven

HCC cell lines. B-actin was used as a loading control.
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Figure 2 ENOPHI is overexpressed in HCC patients. (A) ENOPHI mRNA expressions in paired HCC samples and para-tumor tissues. Data represent the means + SEM
(P =10.001, Student’s t-test). (B) ENOPHI protein expression in paired HCC samples and para-tumor samples. (C) ENOPHI expression is positively correlated to tumor size
from an HCC clinical dataset of oncomine (n = 31, r=0.557, P = 0.001). (D) Expression levels of ENOPHI1 in T3+T4 HCC samples are higher than those in TI+T2 HCC samples
from the TCGA clinical data (P = 0.006, Student’s t-test). (D) High ENOPHI expression affects the OS of the patients from the TCGA clinical data (P = 0.013, Kaplan-Meier
survival analysis). (F) high ENOPH1 expression affects the DFS of the patients from the TCGA clinical data (P = 0.028, Kaplan-Meier survival analysis).

ENOPHI is overexpressed in HCC patients

ENOPH1 expressions were measured in 28
paired of HCC samples (cohort #1) by qPCR. The
average fold change of ENOPHI mRNA levels in
HCC was significantly higher compared to
para-tumor tissues (591 wvs. 1.00, Figure 2A).
Simultaneously, the increased protein levels were also
observed in 9 of 12 randomly tested HCC tissues
compared to para-tumor tissues (Figure 2B).
Moreover, the ENOPH1 expression levels were
significantly positively correlated to tumor size in the

HCC clinical dataset (www.oncomine.org) (Figure
2C). In addition, the expression level of ENOPH1 was
significantly higher in T3/T4 stage tumors (n = 48)
than T1/T2 stage tumors (n = 276), as indicated by
The Cancer Genome Atlas (TCGA) clinical data
(Figure 2D). ENOPHI-overexpression patients
(TCGA cohort) showed a shorter OS (Figure 2E) and
DFS (Figure 2F) after surgery. Taken together, our
results indicate that ENOPHI1 is overexpressed in
HCC patients.
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ENOPHI1 overexpression is associated with
clinicopathological characteristics and
prognosis of HCC patients

We performed immunohistochemical using a
tissue microarray from another 185 HCC patients
(cohort #2) independent of cohort #1. The intensity of
ENOPH1 immunostaining was examined under
double-blinded conditions. The staining intensity was
categorized as 0 (negative staining), 1 (weak staining),
2 (medium staining), or 3 (strong staining) (Figure
3A). The percentage of immunopositive cells in each
field under a microscope was scored as 0 (< 25%), 1 (>
25% and < 50%), 2 (> 50% and < 75%), 3 (> 75%).
Considering both the staining intensity and
percentage of immunopositive cells, ENOPH1
expressions were divided into low (score 0 - 3) and
high (score 4 - 9) expression groups (Figure S1B).
Kaplan-Meier analysis showed that ENOPHI1
overexpression was significantly correlated to poorer
OS (Figure 3B). Several factors, including TNM stage,
BCLC stage, the presence of satellite metastasis,
microvascular invasion, macrovascular invasion,
tumor size, tumor amount, intraoperative blood
transfusion, surgery time, intraoperative hemorrhage,
the alpha-fetoprotein (AFP), and ENOPHI1
expression, were significantly correlated with OS
(Figure 3C, left panel) in a univariate model.
However, only four factors, namely, ENOPH1
expression level, intraoperative blood transfusion,
tumor size, and the presence of satellite metastasis,
had independent impact on prognostic factors for the
OS of HCC patients (Figure 3C, right panel) according
to a multivariate Cox regression model.

ENOPH1 overexpression was also significantly
correlated with poorer DFS (Figure 3D). Univariate
Cox regression analyses determined that 13
clinicopathologic characteristics were significantly
correlated to DFS, including ENOPH1 expression
(Figure 3E, left panel). ENOPH1 expression, tumor
size, intraoperative blood transfusion, and the AFP
levels were significant and independent prognostic
factors for the DFS of HCC patients based on
multivariate Cox regression model (Figure 3E, right
panel). By combining the both results of OS and DFS
analyses, we conclude that high ENOPHI1 expression
might be an important and independent risk factor for
HCC patients.

ENOPHI1 promotes cell proliferation,
migration, and invasiveness in HCC cells

To explore the function of ENOPH1 in HCC, we
repressed ENOPHI1 expression with two independent
shRNAs in HCCLM3 and MHCC97L cells and
overexpressed ENOPH1 in Huh? cells and PLC cells.
Synthesized specific siRNA also used to decrease

ENOPH1 expression in HCCLMS3 cells. Efficiency of
ENOPH1 knockdown or overexpression was
confirmed by qRT-PCR and Western blotting (Figure
4A-B, Figure S2A). The increase in ENOPHI1
expression significantly increased cell growth,
whereas ENOPH1 downregulation severely impaired
cell proliferation (Figure 4C-D, Figure S2B). The
enhancement of cell proliferation by ENOPH1
overexpression and the reduction in cell proliferation
by ENOPH1 knockdown were confirmed by colony
formation assays (Figure S2C-G). The wound-healing
assay showed that ENOPHI1 overexpression induced
cell migration, whereas knockdown of ENOPHI1
significantly reduced cell migration (Figure 4E-F,
Figure S3A-C). In the results of Transwell-chamber
and Matrigel invasion assays, migration and
invasiveness abilities in ENOPHI-overexpressing
HCC cells were increased compared to their
corresponding control cells (Figure 4G). However,
overexpression of ENOPH1 enhanced these abilities
(Figure 4H, Figure S3D). Thus, these results indicate
that ENOPH1 overexpression promotes proliferation,
migration, and invasion in HCC cells.

ENOPHI1 promotes metastasis through the
regulation of cysteine/methionine metabolism

ENOPH1 is an enzyme of the methionine
salvage pathway and catalyzes the reconstitution of
methionine with methylthioadenosine, the methylthio
group of the metabolite of S-adenosylmethionine [19].
Our metabolomics data suggested that the
cysteine/methionine metabolism pathway was
correlated with metastatic potential in the HCC cells
(Figure 1B). To confirm the association of the
cysteine/methionine metabolism with the metastatic
potential, we examined the levels of methionine,
S-adenosyl-L-methionine (SAM), and
S-adenosyl-L-homocysteine (SAH) using four HCC
cells (MHCC97L, MHCC97H, HCCLM3, and
HCCLMB6 cells) with increasing metastasis potential
[37, 38]. The yields of methionine and SAM were
decreased in MHCC97H, HCCLM3, and HCCLM®6
cells compared to MHCC97L cells. The levels of SAH
were increased in MHCC97H, HCCLM3, and
HCCLMB6 cells compared to MHCC97L cells (Figure
5A), suggesting that the cysteine/methionine
metabolism is associated with metastatic potential in
HCC cells.

Studies have suggested that a reduction of
hepatic SAM level is associated with malignant
degeneration in HCC rodent models [39, 40]. SAM
could significantly inhibit HCC establishment
through its pro-apoptotic effect and its ability of
inhibiting angiogenesis in a rat model [41]. We
detected the levels of SAM in ENOPHI-
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overexpressing cells or ENOPHI1-knockdown cells
and their corresponding control cells. The levels of
SAM were reduced by the unregulated expression of
ENOPHI and induced by knocking down ENOPH1
expression (Figure 5B-E). To confirm that ENOPH1
regulates HCC progression by modulating the
cysteine/ methionine metabolism pathway,
ENOPHI1-overexpressing PLC cells were incubated
with SAM for 48 h, and then the abilities of migration
and invasiveness were determined. SAM impaired
the cell migratory and invasive potential that was
promoted by ENOPH1 overexpression (Figure 5F-G).
Altogether, these data indicate that ENOPHI1
promotes cell migration and invasion by regulating
the cysteine/ methionine metabolism pathway.

ENOPHI1 enhances phosphorylation of AKT in
HCC cells

We performed reversed genetics analysis of
ENOPH1-knockdown HCCLM3 cells, ENOPH1-
overexpressing Huh?7 cells and their corresponding
control cells. Overall, 29 pathways were enriched
based on DEGs in ENOPHI1-overexpressing Huh?
cells, and 39 pathways were enriched for
ENOPH1-knockdown HCCLM3 cells (Figure 6A).
Among the overlapped 11 relevant pathways (Figure
6B), the AKT pathway included the maximum
number of DEGs both in ENOPH1-knockdown and
-overexpressing  cells  compared to  their

corresponding control cells. Therefore, the AKT
pathway could be considered as a significantly
enriched pathway that was influenced by ENOPH1
expression.
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Figure 3 ENOPHI overexpression is association with clinicopathological characteristics and prognosis of HCC patients. (A) Representative IHC staining
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Figure 5 ENOPHI1 promotes metastasis through the regulation of cysteine/methionine metabolism in HCC cells. (A) The relative levels of Met, SAM, and SAH
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Magnification: 100x. (G) Histogram showing the the numbers of migration or invading cells. Data represent the means + SEM (*:P < 0.05, **:P < 0.01, ***:P < 0.001, Student's

t-test).

The activation of AKT pathway is an important
contributor to HCC progression [42]. The relationship
between the expression levels of ENOPH1 and the
AKT activation was confirmed by Western blotting,
which suggested that the up regulation of ENOPH1
enhanced AKT phosphorylation, whereas ENOPH1
knockdown inhibited it (Figure 6C). Next, an AKT
pathway blocker, perifosine [43], was used to inhibit
the phenotypes of ENOPHI1-overexpressing Huh7
cells. Perifosine restrained AKT activation in
ENOPH1-overexpressing Huh? cells (Figure 6D). The
Transwell-chamber and Matrigel invasion assays
confirmed that perifosine treatments reversed the
increase of cell migration and invasion in response to
ENOPH]1 overexpression (Figure 6E). In addition, the
phosphorylation levels of AKT were determined in
ENOPH1-overexpressing PLC cells after the
treatment of SAM for 48 h. The results showed that

treatment with SAM significantly impaired the
abilities of migration and invasiveness promoted by
ENOPH1 upregulation (Figure 6F). Thus, our results
suggest that ENOPH1 overexpression enhances the
AKT activation, consequently promoting cell
metastasis in HCC cells.

ENOPHI1 promotes intrahepatic metastasis in
vivo

To determine the metastatic relevance of
ENOPHL1 in vivo, we examined the effects of ENOPH1
in an intrahepatic tumor xenograft mouse model. The
ENOPH1-overexpression Huh7 cells and the
corresponding  control  cells were injected
orthotopically in the mouse left hepatic lobe,
respectively. As shown in Fig 7A, ENOPHI1
upregulation induced the intrahepatic
micro-metastasis of Huh7 cells. The intrahepatic
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metastases ~ were  further  observed  using
hematoxylin-eosin  staining (Figure 7B). More
extensive tumor foci were shown in mice injected
with the ENOPH-overexpression Huh7 cells
compared with mice injected with the corresponding
control cells (Figure 7C).

Discussion

Cancer metabolism is in tandem with the
proliferation of genomic, transcriptomic, proteomic,
and epigenomic measurements of tumor. A
pathway-based pipeline for studying cancer
metabolism from an integrative multi-omics
perspective could generate a complete atlas of cancer
metabolism [44-46]. In our pervious study, we
integrated the multi-omics data of HCC cells and
identified a metabolic enzyme, uridine diphosphate
(UDP)-glucose pyrophosphorylase 2, which is
associated with HCC metastasis [28]. Here, we
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adopted another integrated analysis strategy of the
multi-omics data. Here, seven metabolic pathways are
associated with HCC progression, which were
identified in the first step by the metabolomic analysis
of three HCC cell lines with increasing metastatic
potentials. These seven pathways included purine
metabolism, nicotinate/nicotinamide metabolism,
cysteine/methionine =~ metabolism,  beta-alanine
metabolism, glutathione  metabolism,  valine,
leucine/isoleucine degradation, and propanoate
metabolism. Previous studies have shown that the
cysteine/methionine and glutathione metabolism
pathways were associated with tumor progression
and metastasis in clear cell renal cell carcinoma [44],
and purine synthesis is required by cancer cells [47].
Then, we integrated the result of metabolomic
analysis into transcriptomic and proteomic analysis
and focused on ENOPHI1. Analysis of TCGA HCC
data and tissue assay of clinical samples both suggest
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Figure 6 ENOPHI promotes cell metastasis via increased phosphorylation of AKT in HCC cells. (A) Venn diagrams showing the overlap of the numbers of
DEG-enriched pathways based on analysis of transcriptomic data between the ENOPHI-knockdown HCCLM3 cells or ENOPH1-overexpressing Huh7 cells and their
corresponding control cells. (B) The details of 11 overlapped pathways. (C) Western blots of p-AKT and AKT expression in the ENOPH1-overexpressing cells or
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Histograms shows the relative intensities of phosphorylation levels of AKT versus total AKT expression levels (right panel). (E) Transwell-chamber and Matrigel invasion assays
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means + SEM (*:P < 0.05, **:P < 0.01, ***:P < 0.001, Student's t-test).
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that ENOPH1 over-expression is associated with poor
prognosis. Functional analysis revealed that ENOPH1
promoted HCC cells proliferation and metastasis. By
using mass spectroscopy, the effect of ENOPH1
upregulation on cellular metabolism were measured,
and found that the SAM content is decreased with
ENOPH]1 upregulation. As shown in previous studies,
AKT phosphorylation could be enhanced by the
decrease of SAM level [48-50], thus we observed a
positive link between ENOPH1 expression and AKT
phosphorylation in this study. Taken together,

A B
Huh7

vec ENOPH1

ENOPH1 appears exert its function through
repressing SAM level, resulting in inducted activation
of AKT (Figure 7D).

ENOPHI1 was first reported to be included in a
4921 microdeletion syndrome with a distinctive
phenotype comprised of severe mental retardation,
hypotonia, pronounced developmental delay, absent
of speech, and facial dysmorphism [51]. Recent
studies have shown that ENOPHI1 is widely
expressed in brain tissues of C57BL/6] mice and
ENOPH1 upregulation was associated with ischemic
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Figure 7 ENOPHI1 promotes intrahepatic metastasis. (A) The orthotropic mouse models were transplanted with ENOPH 1-overexpressing Huh7 cells and their
corresponding control cells. Representative images show the orthotropic transplanted tumor (marked with yellow arrows in bold) and the intrahepatic metastases (marked
with thin yellow arrows). (B) Representative hematoxylin and eosin-staining images of the orthotropic transplanted tumor (bold yellow arrows) and the intrahepatic
metastases (thin yellow arrows) in the orthotropic mouse models injected with ENOPH 1-overexpressing Huh7 cells and their corresponding control cells. Magnification: 25
x and 100 x. (C) Histogram shows the intrahepatic metastases counted under the microscope. Data represent the means + SD (***: P <0.001, Student's t-test). (D) Schematic
representation of the proposed working model, in which ENOPH| contributes to HCC progress.
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brain injury [20]. However, studies suggesting the
tumorigenesis relevance of ENOPHI1 are limited.
ENOPH]1 has been implicated in stress responses [20].
Upregulation of ENOPH1 could increase intracellular
ROS generation in a model of cerebral ischemia [52].
Elevated production of free radical is common
pathophysiological event occurring in the metastatic
tumor cells [28, 53]. Intracellular ROS levels are
gradually increased with metastatic potential in HCC
cells [28]. We have shown that ENOPHI1 is
upregulated in malignant HCC cells and in HCC
tissues. Multivariate analysis revealed that ENOPH1
expression was an independent risk factor for OS and
DFS in HCC patients. The overexpression of ENOPH1
significantly =~ promoted cell migration and
invasiveness, whereas the downregulation of
ENOPH1 remarkably impaired cell migration and
invasiveness. Therefore, ENOPH1 might be a novel
prognostic biomarker and therapeutic target for HCC.

Our mechanistic investigation was based on
reverse genetic analysis of ENOPH1-regulated HCC
cells and their corresponding control cells.
ROS/mTORC2/p-AKT signaling is involved in cell
migration and invasion in HCC [54]. Our observation
also showed the enhanced phosphorylation of AKT
with ENOPH1 overexpression in the HCC cells. In
addition, AKT activation has been suggested to be a
potential therapeutic target. Blockage of AKT
activation could be a promising approach for HCC
treatment  [42]. Perifosine is a  synthetic
alkylphosphocholine anti-tumor agent that targets the
AKT pathway [55]. Perifosine inhibited growth of
HCC cells through inhibition of AKT phosphorylation
[56]. Moreover, perifosine has been used in breast and
prostate cancer patients in a phase I/1II clinical trial
[57, 58]. Here, we showed that perifosine restrained
ENOPH1-mediated migration and invasiveness.
Therefore, an analysis of the ENOPHI1 expression
levels could possibly predict increased sensitivity to
AKT-inhibitors, which may be selectively added to
the chemotherapy strategy in HCC patients.

In summary, this integrative multi-omics study
expands our knowledge of the relationship between
the expression of metabolic enzymes and metastasis.
According to the multi-omics analysis, our study
defines a novel role of ENOPH1 in HCC, in which
ENOPH1 upregulation increases phosphorylation of
AKT, leading to HCC progression. Thus, ENOPH1
could be utilized as a prognostic and therapeutic
target of HCC. AKT inhibitors could also be employed
as a potential drug for the treatment of
ENOPH1-driven HCC patients.
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