cancers

Article

Metabolic Reprogramming and Risk Stratification of
Hepatocellular Carcinoma Studied by Using Gas
Chromatography-Mass Spectrometry-Based Metabolomics

Chengnan Fang "2, Hui Wang 3, Zhikun Lin 4, Xinyu Liu !, Liwei Dong 3, Tianyi Jiang 3, Yexiong Tan 3,
Zhen Ning %, Yaorui Ye !, Guang Tan #* and Guowang Xu 1-*

check for
updates

Citation: Fang, C.; Wang, H.; Lin, Z,;
Liu, X,; Dong, L.; Jiang, T,; Tan, Y.;
Ning, Z.; Ye, Y;; Tan, G.; et al.
Metabolic Reprogramming and Risk
Stratification of Hepatocellular
Carcinoma Studied by Using Gas
Chromatography-Mass
Spectrometry-Based Metabolomics.
Cancers 2022, 14, 231.
https://doi.org/10.3390/
cancers14010231

Academic Editor: David Wong

Received: 24 November 2021
Accepted: 28 December 2021
Published: 4 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

CAS Key Laboratory of Separation Science for Analytical Chemistry, Dalian Institute of Chemical Physics,
Chinese Academy of Sciences, Dalian 116023, China; chengnanf@dicp.ac.cn (C.E); liuxy2012@dicp.ac.cn (X.L.);
gl808@dicp.ac.cn (Y.Y.)

University of Chinese Academy of Sciences, Beijing 100049, China

International Cooperation Laboratory on Signal Transduction, Eastern Hepatobiliary Surgery Institute, The
Second Military Medical University, Shanghai 200438, China; 13816444416@163.com (H.W.);
dlw@smmu.edu.cn (L.D.); 08300700057@fudan.edu.cn (T.J.); yxtan1214@163.com (Y.T.)

Department of Hepatobiliary Surgery, The First Affiliated Hospital of Dalian Medical University,

Dalian 116011, China; linzk@dicp.ac.cn (Z.L.); ningzhen@dmu.edu.cn (Z.N.)

*  Correspondence: guangtan@dmu.edu.cn (G.T.); xugw@dicp.ac.cn (G.X.)

Simple Summary: Hepatocellular carcinoma (HCC) displays dismal prognosis even after surgical
resection. Metabolic reprogramming is a hallmark of cancers, but the existence of tumor heterogeneity
makes it difficult to comprehensively reflect the overall characteristics of HCC prognosis with only a
single or a few biomarkers. The aim of our study was to elucidate HCC metabolic reprogramming
based on metabolomics and enable HCC prognostic risk evaluation using metabolic characteristics.
We identified three distinct metabolic clusters and a metabolite classifier composed of six fatty acids
for HCC prognosis risk stratification, which was externally validated in another independent dataset.
Metabolic classification may provide a new insight into the molecular pathological characteristics of
HCC for clinical prognosis evaluation and personalized treatment.

Abstract: Hepatocellular carcinoma (HCC) displays a high degree of metabolic and phenotypic
heterogeneity and has dismal prognosis in most patients. Here, a gas chromatography—mass spec-
trometry (GC-MS)-based nontargeted metabolomics method was applied to analyze the metabolic
profiling of 130 pairs of hepatocellular tumor tissues and matched adjacent noncancerous tissues
from HCC patients. A total of 81 differential metabolites were identified by paired nonparametric
test with false discovery rate correction to compare tumor tissues with adjacent noncancerous tis-
sues. Results demonstrated that the metabolic reprogramming of HCC was mainly characterized
by highly active glycolysis, enhanced fatty acid metabolism and inhibited tricarboxylic acid cycle,
which satisfied the energy and biomass demands for tumor initiation and progression, meanwhile
reducing apoptosis by counteracting oxidative stress. Risk stratification was performed based on
the differential metabolites between tumor and adjacent noncancerous tissues by using nonnegative
matrix factorization clustering. Three metabolic clusters displaying different characteristics were
identified, and the cluster with higher levels of free fatty acids (FFAs) in tumors showed a worse
prognosis. Finally, a metabolite classifier composed of six FFAs was further verified in a dependent
sample set to have potential to define the patients with poor prognosis. Together, our results offered
insights into the molecular pathological characteristics of HCC.

Keywords: hepatocellular carcinoma; prognosis; metabolomics; risk stratification; nonnegative
matrix factorization
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1. Introduction

Liver cancer, one of the most common malignances, accounts for about 8.4 million new
cases and 7.8 million deaths annually worldwide [1], and hepatocellular carcinoma (HCC),
as an aggressive cancer with dismal prognosis, accounting for around 90% of primary
liver cancers, typically appears in patients with cirrhosis and chronic infection [2]. Owing
to death from recurrence, metastasis or the underlying liver disease even after surgical
resection, which affects the surgical efficacy and survival of patients seriously, the long-term
survival of HCC is not satisfactory [3]. Different organizations have summarized several
clinical staging systems to define prognostic subclasses and personalized therapies [4-7];
however, there is still no consensus on the optimal classification system, which influences
the therapeutic effect and survival of HCC [8,9].

Metabolic reprogramming is a hallmark of cancers and participates directly in the tu-
morigenesis [10,11]. Metabolic disorder affects the biological behavior of solid tissues, and
the reprogrammed metabolism of tissues could better reflect the functional state of an organ.
Metabolomics study based on tissue is a useful strategy for studying the metabolic abnor-
malities of diseases, which could provide information about the metabolic modifications
and regulatory mechanism, further helping to clarify the basic cancer pathophysiology and
provide potential therapeutic targets for clinical treatment [12]. Currently, metabolomics
studies of HCC tissues are mainly conducted to characterize differential metabolic features
in cancers and further exploited to identify early diagnostic and prognostic markers and
understand the pathogenesis mechanism [13-15].

Different genotypes or phenotypes existing in the same tumor due to their hetero-
geneity result in difference in cell growth, drug sensitivity and prognosis. Although a
variety of prognostic biomarkers of HCC have been reported by previous studies [5,16,17],
it is difficult to comprehensively reflect the overall characteristics of prognosis with only
a single or a few biomarkers. As shown in previous research, an expression pattern of
gene tags screened from the vast tumor genome to enable cancer classification could reflect
tumor status more comprehensively than a single gene and also be more conducive to
predict the prognosis of patients [18]. Similarly, it is worthy trying to identify the HCC
metabotype related to prognosis based on a pattern of tissue metabolic characteristics,
which may contribute to personalized healthcare.

In this study, a metabolic profiling method based on gas chromatography—mass spec-
trometry (GC-MS) was applied to explore the metabolic reprogramming of 130 pairs of
matched tumor tissues (hepatocellular carcinoma tissue (HCT) and adjacent noncancerous
tissue (ANT). Nonnegative matrix factorization (NMF) clustering [19,20] was carried out to
define different metabolic clusters based on differential metabolites and further to identify
a metabolite classifier that could enable HCC prognosis risk stratification. Another batch
composed of 65 pairs of matched tissues was enrolled as an external validation to further
study the relationship between metabolic clusters and clinical prognosis. The flow chart of
the analysis process is shown in Figure 1.
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Figure 1. Flow chart of analysis process.

2. Materials and Methods
2.1. Chemicals

Methanol (high-performance liquid chromatography grade) was purchased from
Merck (Darmstadt, Germany). Ultrapure water was filtered through a Milli-Q water sys-
tem (EMD Millipore Corporation, Billerica, MA, USA). Derivatization reagents including
methoxyamine hydrochloride, pyridine and N-methyl-N-(trimethylsilyl)-trifluoroacetamide
(MSTFA) were supplied by Sigma-Aldrich (St. Louis, MO, USA). Valine-d8, succinic acid-
d4, phenylalanine-d5, tridecanoic acid, citric acid-d4 and myristic acid-d27 were used as
internal standards and obtained from Sigma-Aldrich. Metabolite standards for structure
identification were acquired from Sigma-Aldrich, Alfa Aesar (Ward Hill, MA, USA), Fluka
(Seelze, Niedersachsen, Germany) and J&K Scientific (Beijing, China).

2.2. Patients and Tumor Samples

Matched pairs of HCT and ANT samples were obtained from 130 patients undergoing
curative resection of HCC at the Eastern Hepatobiliary Surgery Institute of the Second
Military Medical University from July 2013 to June 2014. The ANTs were collected from
the adjacent edge, less than 2 cm away from the solid tumor border. Another batch of
65 matched pairs of HCT and ANT samples collected from The First Affiliated Hospital of
Dalian Medical University were used as an external validation cohort. All samples were
freshly frozen and stored at —80 °C prior to metabolomics analysis.

Patients were followed up after surgical resection, and overall survival was defined as
the time from the date of surgery to the time of death. For the subjects who still survived at
the end of the follow-up period, the latest follow-up time was counted as the endpoint of
overall survival. During the follow up, 42 of the patients from the Eastern Hepatobiliary
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Surgery Hospital of the Second Military Medical University survived, and 38 of them died
(the other patients were lost to follow up). Among the patients from The First Affiliated
Hospital of Dalian Medical University, 51 of the patients survived, and 14 of them passed
away. The detailed clinical characteristics of all patients are listed in Table 1. Tumor stages
were defined according to the eighth edition of tumor-node-metastasis (TNM) classification
(the American Joint Committee on Cancer/Union for International Cancer Control), and
the Barcelona Clinic Liver Cancer (BCLC) staging system.

Table 1. Clinical characteristics of patients P,

Discovery Cohort (n = 130) Validation Cohort (1 = 65)

Characteristics
Patients Survi N . Survi N .
All (i’l - 130) Wlth FO]lOW urvivors onsurvivors All (n - 65) urvivors onsurvivors
Up (1 = 80) (n=42) (n =38) (n=51) n=14)
p n
Age, years 49 (10.9) 49 (10.9) 49 (11.0) 50 (11.0) 60 (9.8) 60 (10.2) 62 (8.4)
Gender, 114 (87.7)/ 69 (86.3)/ 36 (85.7)/ 33 (86.8)/ 55 (84.6)/ 44 (86.3)/ 11 (78.6)/
Male/Female 16 (12.3) 11 (13.8) 6 (14.3) 5(13.2) 10 (15.4) 7 (13.7) 3(21.4)
. 61 (46.9)/ 36 (45.0)/ 19 (45.2)/ 17 (44.7)/ 34 (52.3)/ 27 (52.9) 7 (50.0)/
Smoking, Yes/No 69 (53.1) 44 (55.0) 23 (54.8) 21 (55.3) 31 (47.7) /24 (47.1) 7 (50.0)
Hepatitis B, 103 (79.2)/ 62 (77.5)/ 37 (92.5)/ 31 (81.6)/ 48 (73.8)/ 37 (72.5)/ 11 (78.6)/
Positive /Negative 27 (20.8) 18 (22.5) 3(7.5) 7 (18.4) 17 (26.2) 14 (27.5) 3(21.4)
Cirrhosis, 1205 4(22642)/ 12 (15.0)/ 2(4.8)/ 10 (26.3)/ 45 (69.2)/ 33 (64.7)/ 12 (85.7)/
Presence/ Absence "= 12'9 ! 68 (85.0) 40 (95.2) 28 (73.7) 20 (30.8) 18 (35.3) 2 (14.3)
58 (46.8)/ 38 (48.7)/ 18 (45.0)/ 15 (23.4)/ 5(38.5)/
AFP level, ug/L, 66 (53.2), 40 (51.3), 22 (55.0), 20 (52.6)/ 49 (76.6), 10(19.6)/ 8 (61.5),
>400/<400 iy o 0 18 (47.4) S 41 (80.4) o
ALP level, U/L 90’1(3:613}1)' 86 5132"79711)' 74 235_47035)’ %8 5152‘39711)' 98 (51-312) 89 (51-312) ( 6151_32'251)
GGT level, U/L 62;1(1:3@%5)' 627(11:*‘74738)' 43 ,(11358)' 11171(1:5;?7)' 67 (14-384) 64 (14-384)  77.5 (20-213)
N 13.7 (5.5-32.7), 13.9 (6.7-32.7), 13.6 (6.7-32), 14.6 14.1 12.9
Bilirubin, pmol /L n=124 n="78 1 =40 69-327) 47080 56950 (7.0-33.2)
Albumin, g/L 45-2 (132-451), 431-0: (%7), 42”'0:(4313))' 420 43) 40.6 (5.1) 41 (4.5) 38 (6.3)
57 (43.8)/ 37 (46.3)/ 27 (64.3)/ 10 (26.3)/ 39 (60.0)/ 32 (62.7)/ 7 (50.0)/
I?S\]tM Stﬁ*‘j‘;'tsmggl 32(246)/  17(13)/  10(238)/ 7(84)/  200308)/  16(314)/  4(28.6)/
age B/ otage 41 (31.5) 26 (32.5) 5(11.9) 21 (55.3) 6(9.2) 3(5.9) 3(21.4)
2 (1.5)/82 1(1.3)/53 0(0.0)/17 0(0.0)/42 0(0.0)/34 0(0.0)/8
%C/étc Staie/'s‘itage (63.1)/15 (66.3)/7 1(2(325";))//%6 44.7)/7 (64.6)/5 (66.7)/3 (57.1)/2
Ba/%et Cage (11.5)/31 B8)/19 (0501 (189/14 (7.7)/18 (5.9)/14 (14.3)/4
age (23.8) (23.8) : : (36.8) 27.7) (27.5) (28.6)
Maximum tumor
ametor, cn 74(13-17.8) 7.1(17-17.8) 47(1.7-17.8) 9.2(32-172) 43 (03-145) 4(1.5-12.0) 5(0.3-14.5)
Tumor number, 20 (15.4)/ 11 (13.8)/ 0(0.0)/ 11 (28.9)/ 10 (15.6)/ 6(11.8)/ 4(28.6)/
>2/1 110 (84.6) 69 (86.3) 42 (100.0) 27 (71.1) 55 (85.9) 45 (88.2) 10 (71.4)
le;g;:f;‘:lar 52 (40.0)/ 33 (41.3)/ 13 (31.0)/ 20 (52.6)/ 10 (15.6)/ 8(15.7)/ 2(14.3)/
Ry 78 (60.0) 47 (58.8) 29 (69.0) 18 (47.4) 55 (85.9) 43 (84.3) 12 (85.7)

2 All parameters were detected before surgery. Age and albumin were expressed as average (SD). ALP level,
GGT level, bilirubin and maximum tumor diameter were expressed as median (range). Other characteristics were
expressed as number (proportion%). ® 1 is as indicated in the column headings unless otherwise state. AFP, alpha
fetoprotein; ALP, alkaline phosphatase; GGT, gamma-glutamyl transferase; SD, standard deviation.

2.3. Sample Preparation and Metabolic Profiling Analysis

A piece of tissue (~10 mg) was mixed with 600 pL of cold 80% methanol solution
containing 5 pug/mL internal standards (valine-d8, succinic acid-d4, phenylalanine-d5,
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tridecanoic acid, citric acid-d4 and myristic acid-d27) and then homogenized using a high-
speed blender after vortexing for 30 s. The mixture was centrifuged at 4 °C (14,000 x g) for
10 min to remove the protein fraction. Finally, 480 uL of the supernatant was lyophilized
in Labconco vacuum concentrators and then subjected to an oximation reaction with
50 puL methoxyamine—pyridine solution (20 mg/mL) at 37 °C for 1.5 h, and a silylation
reaction with 40 uL of MSTFA at 37 °C for 1 h for subsequent metabolic profiling analysis.
Quality control (QC) samples, which were technical replicates by pooling an equal aliquot
of extracts from all experimental samples, were processed with the same method as the
experimental samples and inserted every 10 samples during the analytical batch to monitor
the data quality.

Metabolic profiling analysis was performed on a TQ 8050 NX GC-MS system in
single-quadrupole full-scan mode coupled with AOC-20i automatic sampler (Shimadzu,
Japan), and a DB-5MS fused-silica capillary column (30 m x 0.25mm x 0.25 um, Agilent
Technologies, Santa Clara, CA, USA) was used. The column temperature was maintained
at 80 °C for the first 1 min, increased to 210 °C at 30 °C/min, and then ramped to 320 °C at
a rate of 20 °C/min, and ultimately kept for 4 min. The injection volume was 1 pL with a
40:1 split ratio (50:1 in the external validation) and the detector voltage was set at 1.11 kV
(1.18 kV in the external validation). Other detailed system parameters of the metabolomics
method were published in our previous studies [21].

The peaks in a QC sample were deconvoluted by importing the NetCDF file into
ChromTOF 4.43 software (Leco Co., St. Joseph, MI, USA) and then identified by comparing
the derivatized mass fragments and retention index based on commercial standard libraries
(NIST, Gaithersburg, MD, USA, Wiley, Hoboken, NJ, USA; FiehnLib, Davis, CA, USA, and
Mainlib, Morris, MN, USA) and a house-made metabolite library.

2.4. Statistical Analyses

Before statistical analysis, all metabolic features were calibrated to internal standards
with the RSD-minimum principle and tissue weight [22]. QCs and samples were unsuper-
vised clustered by principal component analysis (PCA) to observe the degree of clustering,
and the global alteration of metabolic profiling between the ANT group and the HCT
group was monitored by supervised partial least squares discriminant analysis (PLS-DA)
by SIMCA-P program (version 11.0, Umetrics, Umed, Sweden). A permutation test was
applied to assess the reliability of the multivariate model and avoid overfitting. To explore
the metabolic variation, paired (Wilcoxon test) and nonpaired (Mann-Whitney U-test)
nonparametric tests were used to identify the significantly differential metabolites between
two groups, and the Kruskal-Wallis test was used for comparison among the three clusters
using SPSS Statistics software (version 25.0, IBM SPSS, Chicago, IL, USA). False discovery
rates (FDRs) were also calculated to the correct p value using the Benjamini—-Hochberg
method through the MATLAB program (MathWorks, Portola Valley, CA, USA). Hierar-
chical cluster analysis (HCA) was performed using the MultiExperiment Viewer software
package (MeV, version 4.7.1) (http:/ /mev.tm4.org (accessed on 31 December 2021)), and
the relative responses of differential metabolites were plotted in histograms using the
GraphPad software (version 5.01, La Jolla, CA, USA). Metabolic clustering was run by a
flexible R package named NMF [19] based on NMF algorithms [20] for 200 iterations of
best rank, with default settings of method brunet and seed random. Rank survey was
completed using 200 iterations of ranks 2-10, the value of k when the magnitude of the
cophenetic correlation coefficient began to fall was chosen as the optimal number of clus-
ters [23]. Volcano plots were drawn to visualize the metabolic differences between groups
or clusters. Metabolic clustering and volcano plots were implemented by R 4.0.2 version.
Kaplan—-Meier curves and log-rank test results were generated using MedCalc Software
(version 19.0.4, MedCalc Software, Ostend, Belgium). Cox regression analyses of metabolic
cluster and clinicopathological parameters associated with overall survival were completed
by using SPSS Statistics software (version 25.0, IBM SPSS, USA).
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3. Results
3.1. Metabolic Profiling Analysis of HCC Tissues

To enable comprehensive metabolic disturbance in HCC, a nontargeted GC-MS-based
metabolomics strategy was applied to obtain metabolic profiling in 130 pairs of matched
fresh HCT and ANT samples, encompassing tumors of different clinical TNM and BCLC
staging systems (Table 1). A total of 135 metabolic characteristic ions from 115 metabolites
were quantified and corrected by internal standards and tissue weight. In QC samples,
94.8% of the metabolites had RSD values less than 30%, and the corresponding area
accounted for 92.2% of total peak area (Figure Sla). The PCA score scatter plot based on
metabolites with RSD value less than 30% was constructed, which showed that the tumor
tissues were clearly separated from the noncancerous tissues, and QC samples were tightly
clustered (Figure S1b). Therefore, the metabolomics method was sufficiently stable and
reliable, and the data of metabolic profiling was well measured. Metabolites with RSD%
value less than 30% in QC samples were retained for further analysis.

3.2. Metabolic Reprogramming of HCC

As shown in the PLS-DA score plot, the HCT group was clearly separated from the
ANT group on the first principal component (Figure 2a), and no over-fitting was observed.
The result of running the permutation test 200 times showed the intercept values of R2Y
and Q2Y were 0.097 and —0.270, respectively (Figure S1c), meaning there was no overfitting.
After FDR correction, 81 metabolites (21 higher and 60 lower in HCT) were identified as
differential metabolites by paired nonparametric tests (Wilcoxon test), which displayed
differential abundance between HCT and ANT samples (FDR corrected p value < 0.05)
(Tables S1 and S2, and Figure 2b). Among them, palmitoleic acid, palmitelaidic acid, 2-
hydroxyglutaric acid, O-phosphocolamine and elaidic acid were most abundant in tumors
(fold change > 2), while glucose, malic acid, fumaric acid and 10 other metabolites (threitol,
ribitol, isopropyl beta-D-1-thiogalactopyranoside, xylitol, glycerol 3-phosphate, lyxose,
xanthine, uric acid, mannose and cytidine-5-monophosphate) were notably downregulated
(fold change < 0.5).

To visualize the variation trends of differential metabolites, the logarithms of the
fold changes (HCT/ANT) to the base 10 were plotted in a heatmap (Figure 2c), and the
metabolites were clustered according to their types. Overall, significant differences between
the HCT group and ANT group existed in amino acids, central carbon metabolism-related
metabolites, lipids, saccharides, polyols, organic acids, nucleotides, vitamins and other com-
pounds. The levels of tumor-dependent serine and tryptophan were significantly increased
in the HCT group, which have been reported to become therapeutic targets for tumor
targeted therapy [24,25]. Consistent with the Warburg effect [26], most of the metabolites
involved in the tricarboxylic acid (TCA) cycle were decreased, including succinic acid,
fumaric acid and malic acid, while pyruvate and lactic acid were significantly increased
corresponding to highly activated glycolysis. An obvious increase was observed in the
levels of monounsaturated fatty acids (MUFAs), whereas the polyunsaturated fatty acid
(PUFA) levels decreased, which confirmed our previous findings [12]. It was noteworthy
that all detected saccharides and most of the polyols had a low abundance in tumor tissues
(e.g., glucose, mannose, threitol, ribitol), which may be associated with the abnormally
activated glucose metabolism and greatly decreased fructose metabolism in malignant
tumors, representing the impact of cancerization on energy metabolism. In addition, hy-
poxanthine presented an elevated trend in the HCT group, whereas xanthine declined
drastically, which was consistent with the prior metabolomics analysis of paired HCC
tissues [12].
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Figure 2. Metabolic signatures of the adjacent noncancerous tissue (ANT) and hepatocellular carci-
noma tumor (HCT) group. (a) Partial least squares discriminant analysis (PLS-DA) score scatter plot
of ANT and HCT groups. (b) Volcano plot of the 81 significant differential metabolites (FDR < 0.05)
between ANT and HCT groups. Paired nonparametric test (Wilcoxon test) was used to calculate
statistical significance, and p values were corrected using the Benjamini-Hochberg method. FDR,
false discovery rate. FC, fold change. (c) Heatmap of 81 metabolites with significant changes by
comparing HCT group with ANT group. Red, increased metabolite. Blue, decreased metabolite. The
red arrows represent significant upregulation in the HCT group.

To investigate the metabolic reprogramming, a metabolic pathway map to depict
changes between the two groups was constructed based on the differential metabolites
(Figure 3). Elevated levels of pyruvate and lactate, the major glycolytic products, were
observed in the HCT group, indicating an enhanced global glycolysis flux. Moreover,
three intermediate products (succinic acid, fumaric acid and malic acid) in the TCA cycle
were markedly reduced, which suggested a low level of ATP production through aerobic
phosphorylation. As sources of one carbon unit, serine and tryptophan showed increased
abundance to accelerate fueling on synthesis of purine and pyrimidine. Due to the vigorous
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catabolism and high energy demand in cancer cells, FFA metabolism played a pivotal
role in tumor metabolic reprogramming as well. Interestingly, the content of PUFA was
obviously decreased contrary to the increase of MUFA, which may suggest inhibition of the
desaturation pathway and the promotion of 3-oxidation [12]. Hypoxanthine was oxidized
to xanthine under the catalysis of xanthine oxidoreductase (XOR), and then converted to
uric acid subsequently. Accumulation of hypoxanthine and the reduction of downstream
metabolites may be connected to the inhibited activity of XOR in HCC that blocked the
purine catabolism.

_.‘ Palmitic acid —— Palmitoleicacid -~

Sluru acid > Olelcacul > I\;'n:;lr(u acid ———» DHA :

\—V Elauduc acid-

. . Hypoxanthine — Xanthine — Urate

Figure 3. Metabolic pathways of some significantly changed metabolites in HCC. The blue and red
bars represent the corrected responses in the ANT and HCT groups, respectively. The colors of names
represent changes in HCT group compared with ANT group. Red, increased metabolite. Green,
decreased metabolite. Dark, not significantly changed. Dotted box, not measured. Dotted arrow,
indirect link. ** and *** represent p value of less than 0.01 and 0.001, respectively. Others the same as
Figure 2.

3.3. HCC Risk Stratification Based on Metabolic Phenotypes

To evaluate whether HCC tumors could be clustered according to their own distinct
metabolic phenotypes, unsupervised metabolic clustering was performed by applying NMF
consensus clustering. The fold changes of differential metabolites in the HCT compared
to the ANT groups were subjected to clustering. Cophenetic correlation coefficients were
calculated after NMF rank survey, and k = 3 was determined as the optimal number of
clusters (Figure 4a). Three metabolic clusters were yielded as shown in the consensus
matrix heatmap (Figure 4b). To better understand the metabolic characteristics of the three
HCC clusters, the Mann-Whitney U-tests were used to determine which metabolites were
significantly altered in each cluster relative to the remainder of the cohort (FDR corrected
p value < 0.05). For each cluster, the log10-(FDR-corrected p value) of significantly changed
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metabolites was plotted as the X-axis, and the log2-(fold change ratio) of these metabolites
was plotted as the Y-axis. Interestingly, Cluster 3 was characterized by the highest fold
change of six FFAs (palmitoleic acid, palmitelaidic acid, elaidic acid, myristic acid, oleic
acid and palmitic acid) in the HCT to the ANT, while Cluster 1 had the most significant low
fold change of four FFAs (palmitoleic acid, palmitelaidic acid, myristic acid, elaidic acid),
and Cluster 2 mainly displayed a higher fold change of nucleotides (Figure 4c). Meanwhile,
nonparametric test results showed that increasing and decreasing trends of metabolites in
each cluster were basically consistent (Table S3).

a b Cluster 3(n=16)  Cluster 1 (n=99)

NMF rank survey ChusiorZi(n= 18]

cophenetic correlation coefficient

1.00

0.98 =

0.96 =

0.94 o

0.92 = T T T T T T T T
2 3 4 5 6 7 8 9 10

Factorization rank

C Differential metabolites in each cluster
4 Nucleoside monophosphate
Uridine 5—monophosphate
Inosine — @ \4.
[ J
. Glycerophosphoric acid o O
. Cytidine—5—monophosphate \ f L FDR
2 ) PO Lo
Dehydroascorbic acid \ ® °® .l’almltela1d|c acid 2,( )
L a 'Y [} L4 N\ Palmitoleic acid ° 2
istic aci ® 3
2 e [Gee % ° 1 Myristc acia Elaidic acid ® 4
E *: 9 o Palmitic acid Oleic Acid o5
S0 1) i e e e e (o) ] S i ) (o] S R e ) ) S e ] ] e e e e
=) ° ) ° Y . 6
e
a s ° Elaidi id ‘ ¢
o Elaidic acig
: e 0 /v./
Myristic acid
2 : ./Palmitclaidic acid ® Cluster 3 vs Clusters 1&2
© ' '\ ® Cluster 2 vs Clusters 1&3
° Painiitoleleaid @® Cluster 1 vs Clusters 2&3
. Nucleoside monophosphate
4

2 4 6
-Log,,(FDR)
Figure 4. Unsupervised clustering of HCC based on metabolic signatures in the discovery co-
hort. (a) Relationship between rank and cophenetic correlation coefficient after NMF rank survey.
(b) NMF clustering based on fold change of differential metabolites between ANT and HCT groups.
(c) Volcano plot shows which differential metabolites have a significantly increased or decreased fold
change in each cluster, relative to all other clusters. NMF, nonnegative matrix factorization. FDR,
false discovery rate. FCR, fold change (HCT/ANT) ratio. Others the same as Figure 2.

To further characterize the HCC metabolic clusters, differential metabolites in tumor
tissues among the three clusters were defined by performing the Kruskal-Wallis test. A
total of 14 differential metabolites had discrepant levels after FDR correction, of which the
same 6 FFAs (elaidic acid, palmitelaidic acid, palmitoleic acid, myristic acid, oleic acid and
palmitic acid, p value from low to high) showed the most striking differences in tumor
tissues. Notably, Cluster 3 still had significantly higher levels of six FFAs than Clusters
1 and 2, but different from the ratio analysis of HCT to ANT, Cluster 2 exhibited higher
levels of eight other metabolites (1,3-propanediol, lactic acid, nucleoside monophosphate,
glycerophosphoric acid, leucine, tryptophan, valine and tyrosine, p value from low to high)
(Figure 5a).
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Figure 5. Association between metabolic clusters and prognosis of HCC in the discovery cohort.
(a) Heatmap of the differential metabolites in tumor tissues and AFP among three clusters. The
comparison among three clusters was completed by Kruskal-Wallis test. (b) Kaplan-Meier curves
of overall survival of low-risk group (Clusters 1 and 2) and high-risk group (Cluster 3). (c) DES of
low-risk and high-risk groups in the discovery cohort. Mann Whitney test was used to calculate
p value, and *** represent p value of less than 0.001. The black dots are not in the 90% confidence
interval. (d) ROC curve of DES for prognosis prediction. DES, difference enrichment score.

In addition to significant differences in metabolic characteristics, the alpha fetoprotein
(AFP) level was also distinct among the three clusters. The proportion of patients with
higher AFP level (>400 pg/L) in Cluster 3 accounted for 80%, which was significantly
higher than that in the other clusters, and this was consistent with the poor prognosis of
Cluster 3 (Figure 5a, Table 54). The overall survival of patients in each cluster was assessed,
and it was found that Cluster 3 with higher levels of FFAs exhibited the worst clinical
outcome among three clusters (log-rank test, p = 0.016) (Figure S2a). Three clusters were
classified into low-risk (Clusters 1 and 2) and high-risk (Clusters 3) groups of mortality,
and they were clearly stratified as well (log-rank test, p = 0.004) (Figure 5b). Univariate
and multivariable Cox regression analyses with overall survival were performed, and risk
stratification defined by metabolic clustering was shown to be an independent prognostic
factor for HCC, indicating an association between metabolic characteristics and prognosis
(Table 2). In addition, TNM stage was also a significant prognostic risk predictor, and
the high-risk group had the highest proportion (44%) of advanced stage (III) tumors
(Figure S2b).

3.4. Validation of Highly Abundant Free Fatty Acids’ Association with Poor HCC Prognosis

Unsupervised metabolic clustering identified one cluster of high-risk patients whose
tumors were characterized by high levels of FFAs (Cluster 3) (Figures 4 and 5). To validate
the correlation between metabolic characteristics and prognosis, another dataset of tissue
metabolomics was acquired and divided into three clusters as well by subjecting the
fold changes of six FFAs to NMF clustering (Figure 6a). Results of Mann—-Whitney U-
tests showed that Cluster 3 exhibited a significantly increased fold change in three FFAs
(palmitoleic acid, oleic acid and myristic acid), relative to Clusters 1 and 2 (FDR corrected
p <0.05), and there was also an upward trend in three other FFAs (Figure S3a). Then, the
overall survival of patients was examined, and results showed that the high-risk group
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(Clusters 3) exhibited worse clinical outcome than the low-risk group (Clusters 1 and 2)
(log-rank test, p = 0.039) (Figure 6b and Figur S3b). The above results verified that HCC
patients could be classified based on the metabolite classifier composed of six FFAs, and
patients with higher levels of these metabolites in tumors may have a worse prognosis.

Table 2. Univariate and multivariate Cox regression analyses of metabolic cluster and clinicopatho-
logical parameters associated with overall survival 2.

Overall Survival (1 = 80)

Variable Univariate Multivariate
HR (95% CI) p Value HR (95% CI) p Value
Metabolic risk stratification b,
High risk/Low risk 3.38 (1.40, 8.18) 0.007 3.16 (1.27,7.87) 0.013
Cirrhosis, Presence/ Absence 3.37(1.62,7.02) 0.001 - -
Maximum tumor diameter, cm 1.09 (1.02, 1.16) 0.009 - -
Tumor number, >2/1 5.48 (2.58, 11.62) 9.00 x 10— - -
Microvascular invasion,
Presence / Absence 1.96 (1.04, 3.72) 0.038 - -
TNM Stage © - 2.29 x 10-° - 0.014
TNM Stage II 1.65 (0.63, 4.34) 0.309 1.55 (0.59, 4.08) 0.377
TNM Stage 11T 5.50 (2.56, 11.81) 1.25 x 10> 3.89 (1.61,9.42) 0.003
BCLC Stage 4 - 2.08 x 10-° - -
BCLC Stage B 6.82 (2.73, 17.06) 407 x 10-° - -
BCLC Stage C 4.01 (1.96, 8.19) 1.39 x 10—* - -

2 HR, hazard ratio; CI, confidence interval. ® Clusters 1 and 2 were merged as low-risk group. € Stage I was used
as the reference group. ¢ Stage 0 + A was used as the reference group.

A difference enrichment score (DES) was defined to quantify and evaluate the differ-
ences in six FFAs (palmitoleic acid, palmitelaidic acid, elaidic acid, myristic acid, oleic acid
and palmitic acid) between HCT and ANT samples in each patient.

2
CFFA; __ —CFFA;
anlﬁ < HCT IANT >
1=

CFFA,;

DES = < 'ANT , 1)

A significant difference was observed in DES between low-risk and high-risk groups,
with higher DES of Cluster 3 than those of Clusters 1 and 2 (p < 0.001; Figure 5c), which
indicated that DES might be useful for prognostic prediction. The receiver operating
characteristic (ROC) curve of DES was obtained, and the area under the curve (AUC) was
0.979 for discriminating low-risk and high-risk groups in the discovery cohort (Figure 5d).
Based on the average DES of the low-risk group (Clusters 1 and 2), the cutoff value for
HCC prognosis risk assessment was determined as 1.27 with 100.0% sensitivity and 68.1%
specificity. Meanwhile, the Mann-Whitney U-test showed that DES of the validation cohort
was also significantly different between two risk groups (p < 0.001; Figure 6¢). Furthermore,
the sensitivity and specificity for identifying high-risk patients from the validation cohort
were 63.6% and 88.9%, respectively, with an AUC value of 0.869 (Figure 6d).
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Figure 6. Unsupervised clustering of HCC based on metabolic signatures of six free fatty acids in
the validation cohort. (a) NMF clustering based on fold change of six FFAs between ANT and HCT
group. (b) Kaplan-Meier curves of overall survival of low-risk group (Clusters 1 and 2) and high-risk
group (Cluster 3). (c) DES of low-risk and high-risk groups. Mann Whitney test was used to calculate
p value, and *** represent p value of less than 0.001. The black dots are not in the 90% confidence
interval. (d) ROC curve of DES for prognosis prediction. Others the same as Figures 2 and 5.

4. Discussion

In recent years, the study of cancer metabolism has attracted great interest due to the
identification of tumorigenic mutations in metabolic genes and the potential discovery of
drug targets from the metabolism characteristics. Accurate early diagnosis and prognosis
evaluation of cancer can be achieved through the detection of various biomarkers. Most
of the metabolic markers are found in biological fluid samples, which help to diagnose
malignant tumors by noninvasive means. However, it is limited to the determination of
organ-specific markers only by biological fluid samples, because they are easily affected by
other organs and systemic environment. In order to provide a systematic insight into the
metabolism of HCC, a nontargeted metabolomics method was used to analyze the metabolic
profiling of paired HCT and ANT samples. Tissue metabolomics comparing tumor tissues
with matched adjacent noncancerous tissues could eliminate as many individual differences
as possible, such as age, gender, region, etc.

4.1. Characteristics of Metabolic Reprogramming in HCC Tissue

Significant metabolic disturbances occurred during the process of tumorigenesis
and development, such as enhanced glycolysis, reduced TCA cycle and upregulated
[-oxidation. Additionally, metabolic reprogramming occurs in nucleotides and other
metabolites to adapt to tumor proliferation and invasion.

Adequate energy supply is essential for the growth and proliferation of tumors. Ac-
cording to the Warburg effect, even in the presence of sufficient oxygen, cancer cells prefer
to activate aerobic glycolysis rather than rely on oxidative phosphorylation. The levels of
glucose, malic acid and other intermediate metabolites in the TCA cycle were significantly
downregulated, while those of pyruvate and lactic acid were significantly upregulated in
the HCT group, which revealed that cancer cells consumed glucose rapidly to produce
energy through glycolysis, while energy acquisition through the TCA cycle was inhibited.
This may be in part due to the dysfunction of mitochondria, or the change of enzymes
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in cancer cells, especially the altered activity of three key glycolytic enzymes (hexoki-
nase, phosphofructokinase and pyruvate kinase) [27-29]. Furthermore, the glycolytic
pathway produces ATP faster than the TCA cycle, and provides NADPH to maintain the
internal redox homeostasis, as well as provides substrates for the synthesis of biological
macromolecules [30-32]. In addition to glucose catabolism, 3-oxidation in mitochondria is
another important source to produce a large amount of energy and NADPH [33], which is
regarded to be upregulated in HCC by extended PPAR« activation [34], corresponding to
the increased contents of MUFAs. Previous studies confirmed that the ratio of acetylcarni-
tine to carnitine (C2/C0) was increased in the HCT group, suggesting that the 3-oxidation
of even-numbered FFAs was upregulated [12]. In addition, the level of PUFA reduced
significantly in HCT group, while PUFA has been shown to exhibit anti-inflammatory and
anti-oxidant properties and to restrain the production of pro-inflammatory cytokines [35,36].
In particular, docosahexaenoic acid, the omega-3 PUFA, has also been reported to reduce
the HCC cell growth through inhibition of the signal transduction of prostaglandin E2
by downregulating COX-2 and upregulating 15-hydroxyprostaglandin dehydrogenase, a
COX-2 antagonist [37].

Amino acids play an important role in cell metabolism. As a nonessential amino acid,
serine is an intermediate connecting saccharide, lipid and nucleotide metabolism, and it
produces a marked effect in maintaining tumor proliferation and homeostasis [38]. Serine
contributing methyl to ensure the one carbon cycle and generate NADPH for anti-oxidant
defense was shown to be upregulated in tumor tissues in our results. A large amount of
serine is needed to maintain cell viability, and exogenous serine starvation stress can inhibit
the proliferation of a variety of cancer cells [24,39]. In vivo, serine is synthesized through the
serine synthesis pathway, from the intermediate product of glycolysis, 3-phosphoglycerate.
It has been found that phosphoglycerate dehydrogenase (PHGDH), the rate-limiting step
of serine synthesis, is overexpressed in triple-negative breast cancer, while the knockdown
of PHGDH significantly affects cell growth [40,41]. In addition to the expression level,
the enzyme activity of PHGDH in rectal cancer cells and sarcoma models also increased
significantly [42], and it has become a new target for cancer treatment and drug discovery
at present. The degradation of glycine provides 5,10-methylenetetrahydrofolate, which
is an intermediate product of the folate cycle, and inhibition of glycine decarboxylase in
the degradation leads to the disruption of cell homeostasis [42]. Although the content of
glycine decreased in tumor tissues in our results, it did not affect cancer cell proliferation
because serine is an important source of glycine synthesis. However, if serine is deficient
and the synthesis of serine is blocked, the growth of cells will be significantly inhibited [39].

The activity of DNA and RNA polymerases in tumor tissues was higher than that in
adjacent noncancerous tissues. Correspondingly, the process of nucleotide catabolism was
significantly reduced. XOR, a key enzyme catalyzing the decomposition of hypoxanthine,
had a significantly lower expression level in HCC tissues. The activity and expression of
XOR were confirmed to be abnormal in various tumors and related to the prognosis [43,44],
suggesting that XOR may be involved in tumorigenesis through different molecular mech-
anisms. Recently, XOR was found to aggravate the accumulation of ROS in liver cancer
stem cells by promoting ubiquitin-specific peptidase 15 (USP15)-mediated nuclear factor
erythroid 2-related factor 2 (Nrf2)-Kelch-like ECH associated protein 1 (KEAP1) signaling,
ultimately block liver cancer stem cell and tumor propagation [45]. In summary, cancer
cells obtained energy and substrates needed for survival and proliferation by adjusting
their metabolic pathways, meanwhile reducing apoptosis by counteracting oxidative stress.

4.2. Metabolite Classifier for HCC Risk Stratification

The metabolic abnormalities and phenotypes of HCC are highly heterogeneous, which
suggests that the influence of heterogeneity should not be ignored in the study [46].
With the expanding of the understanding of cancer molecular typing, some genome-
and transcriptome-based molecular classifications of HCC have been revealed in recent
years [18,47]. Previous joint studies of genomics and metabolomics highlighted the het-
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erogeneity of gene expression and metabolic alterations in the same pathway, and the
importance of generating a complete atlas by combining the two data types was high-
lighted [48]. Metabolic risk stratification based on the characteristics of the metabolome
could enrich the molecular pathological information of tumorigenesis and progression, and
provide assistance for clinically individualized therapeutics and prognosis evaluation [10].

Notably, three metabolic clusters were identified by unsupervised clustering analysis,
and high levels of FFAs in tumor tissues were the key characteristics of the cluster with
poor prognosis, accompanied by a high level of AFP. The positive correlation between
abundance of the FFAs and prognosis was further validated by another metabolomics
dataset. The FFAs that composed the metabolite classifier were either saturated or mo-
nounsaturated and have been reported to get involved in the formation and prognosis
of HCC. Upregulated oxidation of fatty acids, as a driving force for tumor proliferation,
may also be closely related to the HCC prognosis. As confirmed, MUFAs produced by
stearoyl-CoA desaturase provided a Wnt-positive signaling loop via stabilization of low-
density lipoprotein-receptor-related proteins 5 and 6, which contributed to liver fibrosis
and tumor growth [49]. Palmitic acid increased the level of acetylated AFP by disrupting
SIRT1-mediated deacetylation, which was associated with poor prognosis and decreased
patient survival [50]. In addition, the growth inhibition caused by knockdown of lipolytic
enzyme acyl-CoA thioesterase 8 could be partially rescued by the addition of myristic acid
in HCC [51]. The indicated importance of FFA metabolism was helpful to improve the un-
derstanding of the pathogenesis of HCC. Nevertheless, the specific molecular mechanism
of HCC still needs to be elucidated thoroughly in the future.

NMEF can effectively reduce the dimension of a large-scale matrix, extract and classify
features, indicating the correlation between information, which has great potential in
academic research. The risk stratification defined by NMF unsupervised clustering was
an independent prognostic factor for HCC, revealing an association between metabolic
characteristics and prognosis. ROC analysis results showed that the classifier constructed
by the pivotal metabolic characteristics of the high-risk group could well distinguish the
patients with different levels of HCC prognostic risk. Hence, metabolic classification based
on the metabolic characteristics of HCC tissues in this study offered a new insight for the
heterogeneity of HCC and could be used as a new method to explore the molecular features
of tumors and prognosis.

Clinically, surgical resection is one of the optimal options for patients in early stage, but
for patients who have not received surgical resection or are on drug therapy, the prognosis
cannot be evaluated based on tissue samples. Therefore, it is still necessary to integrate
widely accepted clinical parameters and biomarkers for a comprehensive prognostic risk
assessment.

5. Conclusions

Overall, our study demonstrated that nontargeted metabolomics strategy was a reli-
able tool to explore the metabolic characteristics of HCC. HCC was characterized by distinct
metabolic reprogramming to satisfy energy and substance demand for tumor cell survival
and proliferation. Briefly, the Warburg effect that cancer cells were more inclined to rely on
active aerobic glycolysis was verified in our study, and the TCA cycle showed an obvious
downregulation. Moreover, 3-oxidation of FFAs was upregulated to obtain energy and
reductants, while all detected saccharides and most of the polyols had a low abundance in
tumor tissues due to the abnormal activation of carbohydrate metabolism. Three metabolic
clusters with different characteristics were classified by applying NMF consensus clustering
based on the ratio analysis of HCT to ANT. The cluster characterized by the highest fold
change of FFAs exhibited a worst prognosis, which was further validated in another dataset
of tissue metabolomics. Risk-stratification based on a classifier composed of six FFAs may
provide new insights into the clinical prognosis evaluation and personalized treatment
of HCC.



Cancers 2022, 14, 231

15 of 17

References

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers14010231/s1. Table S1. The derivatized mass fragments and retention index of the
differential metabolites. Table S2. Fold change (HCT/ANT), p value and FDR value of detected
metabolites. Table S3. Alteration of metabolites in each cluster by comparing HCT group with ANT
group. Table S4. Clinical alpha fetoprotein level of three metabolic clusters. Figure S1. Evaluation of
the data quality. (a) RSD distribution of peaks in QC samples. (b) PCA score scatter plot of samples
and QCs. (c) Permutation plot for PLS-DA Model. Figure S2. The prognosis of metabolic clusters in
the discovery cohort, Figure S3: Association between metabolic clusters and prognosis of HCC in the
validation cohort.

Author Contributions: Conceptualization, C.E, HW,, ZL., X.L,,L.D,, TJ., Y.T., ZN,, Y.Y,, G.T. and
G.X.; methodology, C.E, X.L., Y.Y. and G.X,; software, C.F,; validation, C.F,, X.L., Y.Y. and G.X.; formal
analysis, C.F,; investigation, C.E, HW.,, ZL., X.L.,,L.D,, T]., Y.T.,, ZN,, Y.Y,, G.T. and G.X; resources,
HW,ZL., LD,T],YT,ZN., G.T. and G.X; data curation, C.F,, X.L. and G.X,; writing—original
draft preparation, C.F,; writing—review and editing, C.F.,, X.L., G.T. and G.X,; visualization, C.F,;
supervision, X.L., G.T. and G.X,; funding acquisition, X.L., G.T. and G.X. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the foundation (no. 21876169) from the National Natural
Science Foundation of China, the key foundation (2019J11CY018) of Dalian City, the innovation
program (DICP ZZBS201804) of science and research from the DICP, CAS, the foundation from
the Youth Innovation Promotion Association CAS (2021186), the foundation from the Science and
Technology Commission of Shanghai Municipality (20JC1419400) and Key Research and Development
program of Liaoning Province (2019JH8/10300029).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the ethics committee of the Eastern Hepatobiliary Surgery
Hospital of the Second Military Medical University (protocol code: EHBHKY2017-K-006) and The
First Affiliated Hospital of Dalian Medical University (protocol code: PJ-KS-KY-2021-129).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

Hepatocellular carcinoma (HCC), gas chromatography-mass spectrometry (GC-MS), hepatocellular
carcinoma tissue (HCT), adjacent noncancerous tissue (ANT), free fatty acids (FFAs), N-methyl-N-
(trimethylsilyl)-trifluoroacetamide (MSTFA), tumor-node-metastasis (TNM), Barcelona Clinic Liver
Cancer (BCLC), quality control (QC), Automated Mass Spectral Deconvolution and Identification
system (AMDIS), principal components analysis (PCA), partial least squares discriminant analysis
(PLS-DA), false discovery rates (FDRs), hierarchical cluster analysis (HCA), nonnegative matrix fac-
torization (NMF), relative standard deviation (RSD), monounsaturated fatty acids (MUFAs), polyun-
saturated fatty acids (PUFAs), saturated fatty acids (SFAs), xanthine oxidoreductase (XOR), alpha
fetoprotein (AFP), tricarboxylic acid (TCA), receiving operator characteristic (ROC), area under the
curve (AUC), phosphoglycerate dehydrogenase (PHGDH), ubiquitin-specific peptidase 15 (USP15),
nuclear factor erythroid 2-related factor 2 (Nrf2), Kelch-like ECH-associated protein 1 (KEAP1).

1. Bray, F; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer |. Clin. 2018, 68, 394-424. [CrossRef]

2. Forner, A.; Reig, M.; Bruix, J. Hepatocellular carcinoma. Lancet 2018, 391, 1301-1314. [CrossRef]

3. Chan, AW.H.; Zhong, ].; Berhane, S.; Toyoda, H.; Cucchetti, A.; Shi, K;; Tada, T.; Chong, C.C.N.; Xiang, B.D.; Li, L.Q.; et al.
Development of pre and post-operative models to predict early recurrence of hepatocellular carcinoma after surgical resection. J.
Hepatol. 2018, 69, 1284-1293. [CrossRef]

4. Hussain, S.A ; Ferry, D.R.; El-Gazzaz, G.; Mirza, D.F; James, N.D.; McMaster, P.; Kerr, D.J. Hepatocellular carcinoma. Ann. Oncol.
2001, 12, 161-172. [CrossRef]


https://www.mdpi.com/article/10.3390/cancers14010231/s1
https://www.mdpi.com/article/10.3390/cancers14010231/s1
http://doi.org/10.3322/caac.21492
http://doi.org/10.1016/S0140-6736(18)30010-2
http://doi.org/10.1016/j.jhep.2018.08.027
http://doi.org/10.1023/A:1008370324827

Cancers 2022, 14, 231 16 of 17

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.
25.

26.

27.

28.
29.
30.
31.
32.
33.

34.

Bruix, J.; Reig, M.; Sherman, M. Evidence-Based Diagnosis, Staging, and Treatment of Patients With Hepatocellular Carcinoma.
Gastroenterology 2016, 150, 835-853. [CrossRef]

Addissie, B.D.; Roberts, L.R. Classification and staging of hepatocellular carcinoma: An aid to clinical decision-making. Clin.
Liver Dis. 2015, 19, 277-294. [CrossRef] [PubMed]

Yau, T.; Tang, V.Y.E; Yao, T.-].; Fan, S.-T.; Lo, C.-M.; Poon, R.T.P. Development of Hong Kong Liver Cancer staging system with
treatment stratification for patients with hepatocellular carcinoma. Gastroenterology 2014, 146, 1599-1602. [CrossRef] [PubMed]
Marrero, J.A. Staging systems for hepatocellular carcinoma: Should we all use the BCLC system? J. Hepatol. 2006, 44, 630-632.
[CrossRef] [PubMed]

Adhoute, X.; Penaranda, G.; Bronowicki, J.-P.; Raoul, J.-L. Usefulness of the HKLC vs. the BCLC staging system in a European
HCC cohort. J. Hepatol. 2015, 62, 492-493. [CrossRef]

Vander Heiden, M.G.; DeBerardinis, R.J. Understanding the Intersections between Metabolism and Cancer Biology. Cell 2017, 168,
657-669. [CrossRef]

Pavlova, N.N.; Thompson, C.B. The Emerging Hallmarks of Cancer Metabolism. Cell Metab. 2016, 23, 27-47. [CrossRef]

Huang, Q.; Tan, Y;; Yin, P; Ye, G.; Gao, P; Lu, X.; Wang, H.; Xu, G. Metabolic Characterization of Hepatocellular Carcinoma Using
Nontargeted Tissue Metabolomics. Cancer Res. 2013, 73, 4992-5002. [CrossRef]

Ferrarini, A.; Di Poto, C.; He, S.; Tu, C.; Varghese, R.S.; Kara Balla, A ; Jayatilake, M.; Li, Z.; Ghaffari, K.; Fan, Z.; et al. Metabolomic
Analysis of Liver Tissues for Characterization of Hepatocellular Carcinoma. J. Proteome Res. 2019, 18, 3067-3076. [CrossRef]
Cheung, PK.; Ma, M.H.; Tse, HF,; Yeung, K.E; Tsang, H.E.,; Chu, M.K.M.; Kan, C.M.; Cho, W.C.S.; Ng, L.B.W.; Chan, LW.C,; et al.
The applications of metabolomics in the molecular diagnostics of cancer. Expert Rev. Mol. Diagn. 2019, 19, 785-793. [CrossRef]
[PubMed]

Han, J.; Han, M.-L,; Xing, H.; Li, Z.-L.; Yuan, D.-Y.; Wu, H.; Zhang, H.; Wang, M.-D.; Li, C; Liang, L.; et al. Tissue and serum
metabolomic phenotyping for diagnosis and prognosis of hepatocellular carcinoma. Int. J. Cancer 2020, 146, 1741-1753. [CrossRef]
Frau, M.; Feo, E; Pascale, R.M. Pleiotropic effects of methionine adenosyltransferases deregulation as determinants of liver cancer
progression and prognosis. J. Hepatol. 2013, 59, 830-841. [CrossRef]

Pifiero, F; Dirchwolf, M.; Pess6a, M.G. Biomarkers in Hepatocellular Carcinoma: Diagnosis, Prognosis and Treatment Response
Assessment. Cells 2020, 9, 1370. [CrossRef] [PubMed]

Yang, C.; Huang, X.; Liu, Z.; Qin, W.; Wang, C. Metabolism-associated molecular classification of hepatocellular carcinoma. Mol.
Oncol. 2020, 14, 896-913. [CrossRef]

Gaujoux, R.; Seoighe, C. A flexible R package for nonnegative matrix factorization. BMC Bioinform. 2010, 11, 367. [CrossRef]
[PubMed]

Lee, D.D.; Seung, H.S. Learning the parts of objects by non-negative matrix factorization. Nature 1999, 401, 788-791. [CrossRef]
Wang, Y.; Zhou, L.; Zhou, Y.; Zhao, C.; Lu, X.; Xu, G. A rapid GC method coupled with quadrupole or time of flight mass
spectrometry for metabolomics analysis. J. Chromatogr. B 2020, 1160, 122355. [CrossRef]

Tang, L.; Zeng, ].; Geng, P; Fang, C.; Wang, Y.; Sun, M.; Wang, C.; Wang, |.; Yin, P; Hu, C,; et al. Global Metabolic Profiling
Identifies a Pivotal Role of Proline and Hydroxyproline Metabolism in Supporting Hypoxic Response in Hepatocellular Carcinoma.
Clin. Cancer Res. 2018, 24, 474-485. [CrossRef]

Brunet, ].-P; Tamayo, P.; Golub, T.R.; Mesirov, ].P. Metagenes and molecular pattern discovery using matrix factorization. Proc.
Natl. Acad. Sci. USA 2004, 101, 4164-4169. [CrossRef]

Yang, M.; Vousden, K.H. Serine and one-carbon metabolism in cancer. Nat. Rev. Cancer 2016, 16, 650-662. [CrossRef] [PubMed]
Austin, C.].D.; Rendina, L.M. Targeting key dioxygenases in tryptophan-kynurenine metabolism for immunomodulation and
cancer chemotherapy. Drug Discov. Today 2015, 20, 609-617. [CrossRef]

Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic requirements of cell
proliferation. Science 2009, 324, 1029-1033. [CrossRef] [PubMed]

Peschiaroli, A.; Giacobbe, A.; Formosa, A.; Markert, E.K.; Bongiorno-Borbone, L.; Levine, A.J.; Candi, E.; D’ Alessandro, A.; Zolla,
L.; Finazzi Agro, A.; et al. miR-143 regulates hexokinase 2 expression in cancer cells. Oncogene 2013, 32, 797-802. [CrossRef]
[PubMed]

Li, L.; Li, L.; Li, W,; Chen, T.; Bin, Z.; Zhao, L.; Wang, H.; Wang, X.; Xu, L.; Liu, X,; et al. TAp73-induced phosphofructokinase-1
transcription promotes the Warburg effect and enhances cell proliferation. Nat. Commun. 2018, 9, 4683. [CrossRef]

Mazurek, S.; Boschek, C.B.; Hugo, F; Eigenbrodt, E. Pyruvate kinase type M2 and its role in tumor growth and spreading. Semin.
Cancer Biol. 2005, 15, 300-308. [CrossRef]

Patra, K.C.; Hay, N. The pentose phosphate pathway and cancer. Trends Biochem. Sci. 2014, 39, 347-354. [CrossRef]

Jiang, P.; Du, W.; Wu, M. Regulation of the pentose phosphate pathway in cancer. Protein Cell 2014, 5, 592-602. [CrossRef]

Sosa, V.; Moliné, T.; Somoza, R.; Paciucci, R.; Kondoh, H.; Lleonart, M.E. Oxidative stress and cancer: An overview. Ageing Res.
Rev. 2013, 12, 376-390. [CrossRef] [PubMed]

Currie, E.; Schulze, A.; Zechner, R.; Walther, T.C.; Farese, R.V. Cellular fatty acid metabolism and cancer. Cell Metab. 2013, 18,
153-161. [CrossRef] [PubMed]

Carracedo, A.; Cantley, L.C.; Pandolfi, P.P. Cancer metabolism: Fatty acid oxidation in the limelight. Nat. Rev. Cancer 2013, 13,
227-232. [CrossRef]


http://doi.org/10.1053/j.gastro.2015.12.041
http://doi.org/10.1016/j.cld.2015.01.011
http://www.ncbi.nlm.nih.gov/pubmed/25921663
http://doi.org/10.1053/j.gastro.2014.02.032
http://www.ncbi.nlm.nih.gov/pubmed/24583061
http://doi.org/10.1016/j.jhep.2006.02.003
http://www.ncbi.nlm.nih.gov/pubmed/16503077
http://doi.org/10.1016/j.jhep.2014.08.035
http://doi.org/10.1016/j.cell.2016.12.039
http://doi.org/10.1016/j.cmet.2015.12.006
http://doi.org/10.1158/0008-5472.CAN-13-0308
http://doi.org/10.1021/acs.jproteome.9b00185
http://doi.org/10.1080/14737159.2019.1656530
http://www.ncbi.nlm.nih.gov/pubmed/31414918
http://doi.org/10.1002/ijc.32599
http://doi.org/10.1016/j.jhep.2013.04.031
http://doi.org/10.3390/cells9061370
http://www.ncbi.nlm.nih.gov/pubmed/32492896
http://doi.org/10.1002/1878-0261.12639
http://doi.org/10.1186/1471-2105-11-367
http://www.ncbi.nlm.nih.gov/pubmed/20598126
http://doi.org/10.1038/44565
http://doi.org/10.1016/j.jchromb.2020.122355
http://doi.org/10.1158/1078-0432.CCR-17-1707
http://doi.org/10.1073/pnas.0308531101
http://doi.org/10.1038/nrc.2016.81
http://www.ncbi.nlm.nih.gov/pubmed/27634448
http://doi.org/10.1016/j.drudis.2014.11.007
http://doi.org/10.1126/science.1160809
http://www.ncbi.nlm.nih.gov/pubmed/19460998
http://doi.org/10.1038/onc.2012.100
http://www.ncbi.nlm.nih.gov/pubmed/22469988
http://doi.org/10.1038/s41467-018-07127-8
http://doi.org/10.1016/j.semcancer.2005.04.009
http://doi.org/10.1016/j.tibs.2014.06.005
http://doi.org/10.1007/s13238-014-0082-8
http://doi.org/10.1016/j.arr.2012.10.004
http://www.ncbi.nlm.nih.gov/pubmed/23123177
http://doi.org/10.1016/j.cmet.2013.05.017
http://www.ncbi.nlm.nih.gov/pubmed/23791484
http://doi.org/10.1038/nrc3483

Cancers 2022, 14, 231 17 of 17

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Layé, S.; Nadjar, A.; Joffre, C.; Bazinet, R.P. Anti-Inflammatory Effects of Omega-3 Fatty Acids in the Brain: Physiological
Mechanisms and Relevance to Pharmacology. Pharmacol. Rev. 2018, 70, 12-38. [CrossRef] [PubMed]

Tortosa-Caparrés, E.; Navas-Carrillo, D.; Marin, F; Orenes-Pifiero, E. Anti-inflammatory effects of omega 3 and omega 6
polyunsaturated fatty acids in cardiovascular disease and metabolic syndrome. Crit. Rev. Food Sci. Nutr. 2017, 57, 3421-3429.
[CrossRef]

Lim, K;; Han, C.; Dai, Y.; Shen, M.; Wu, T. Omega-3 polyunsaturated fatty acids inhibit hepatocellular carcinoma cell growth
through blocking beta-catenin and cyclooxygenase-2. Mol. Cancer Ther. 2009, 8, 3046-3055. [CrossRef] [PubMed]

Li, Z.; Zhang, H. Reprogramming of glucose, fatty acid and amino acid metabolism for cancer progression. Cell Mol. Life Sci. 2016,
73,377-392. [CrossRef]

Maddocks, O.D.K.; Berkers, C.R.; Mason, S.M.; Zheng, L.; Blyth, K.; Gottlieb, E.; Vousden, K.H. Serine starvation induces stress
and p53-dependent metabolic remodelling in cancer cells. Nature 2013, 493, 542-546. [CrossRef]

Pacold, M.E.; Brimacombe, K.R.; Chan, S.H.; Rohde, ].M.; Lewis, C.A.; Swier, L.].Y.M.; Possemato, R.; Chen, W.W.; Sullivan, L.B.;
Fiske, B.P; et al. A PHGDH inhibitor reveals coordination of serine synthesis and one-carbon unit fate. Nat. Chem. Biol. 2016, 12,
452-458. [CrossRef]

Barnabas, G.D.; Lee, ].S.; Shami, T.; Harel, M.; Beck, L.; Selitrennik, M.; Jerby-Arnon, L.; Erez, N.; Ruppin, E.; Geiger, T. Serine
Biosynthesis Is a Metabolic Vulnerability in IDH2-Driven Breast Cancer Progression. Cancer Res. 2021, 81, 1443-1456. [CrossRef]
[PubMed]

Tsun, Z.-Y.; Possemato, R. Amino acid management in cancer. Semin. Cell Dev. Biol. 2015, 43, 22-32. [CrossRef] [PubMed]

Taibi, G.; Carruba, G.; Cocciadiferro, L.; Granata, O.M.; Nicotra, C.M.A. Low levels of both xanthine dehydrogenase and cellular
retinol binding protein are responsible for retinoic acid deficiency in malignant human mammary epithelial cells. Ann. N. Y. Acad.
Sci. 2009, 1155, 268-272. [CrossRef]

Linder, N.; Biitzow, R.; Lassus, H.; Lundin, M.; Lundin, J. Decreased xanthine oxidoreductase (XOR) is associated with a worse
prognosis in patients with serous ovarian carcinoma. Gynecol. Oncol. 2012, 124, 311-318. [CrossRef] [PubMed]

Sun, Q.; Zhang, Z.; Lu, Y.; Liu, Q.; Xu, X.; Xu, J; Liu, Y;; Yu, H.; Yu, D.; Sun, B. Loss of Xanthine Oxidoreductase Potentiates
Propagation of Hepatocellular Carcinoma Stem Cells. Hepatology 2020, 71, 2033-2049. [CrossRef]

Craig, A.J.; von Felden, ].; Garcia-Lezana, T.; Sarcognato, S.; Villanueva, A. Tumour evolution in hepatocellular carcinoma. Nature
reviews. Gastroenterol. Hepatol. 2020, 17, 139-152. [CrossRef]

Hoshida, Y.; Nijman, S.M.B.; Kobayashi, M.; Chan, J.A.; Brunet, ].-P.; Chiang, D.Y.; Villanueva, A.; Newell, P; Ikeda, K.; Hashimoto,
M.; et al. Integrative transcriptome analysis reveals common molecular subclasses of human hepatocellular carcinoma. Cancer
Res. 2009, 69, 7385-7392. [CrossRef] [PubMed]

Hakimi, A.A.; Reznik, E.; Lee, C.H.; Creighton, C.J.; Brannon, A.R;; Luna, A.; Aksoy, B.A.; Liu, EIM.; Shen, R; Lee, W.; et al. An
Integrated Metabolic Atlas of Clear Cell Renal Cell Carcinoma. Cancer Cell 2016, 29, 104-116. [CrossRef] [PubMed]

Lai, KK.Y,; Kweon, S.-M.; Chi, F.; Hwang, E.; Kabe, Y.; Higashiyama, R.; Qin, L.; Yan, R.; Wu, R.P; Lai, K; et al. Stearoyl-CoA
Desaturase Promotes Liver Fibrosis and Tumor Development in Mice via a Wnt Positive-Signaling Loop by Stabilization of
Low-Density Lipoprotein-Receptor-Related Proteins 5 and 6. Gastroenterology 2017, 152, 1477-1491. [CrossRef]

Xue, J.; Cao, Z.; Cheng, Y.; Wang, J.; Liu, Y.; Yang, R; Li, H.; Jiang, W.; Li, G.; Zhao, W,; et al. Acetylation of alpha-fetoprotein
promotes hepatocellular carcinoma progression. Cancer Lett. 2020, 471, 12-26. [CrossRef]

Hung, Y.-H.; Chan, Y.-S.; Chang, Y.-S.; Lee, K.-T.; Hsu, H.-P,; Yen, M.-C.; Chen, W.-C.; Wang, C.-Y.; Lai, M.-D. Fatty acid metabolic
enzyme acyl-CoA thioesterase 8 promotes the development of hepatocellular carcinoma. Oncol. Rep. 2014, 31, 2797-2803.
[CrossRef] [PubMed]


http://doi.org/10.1124/pr.117.014092
http://www.ncbi.nlm.nih.gov/pubmed/29217656
http://doi.org/10.1080/10408398.2015.1126549
http://doi.org/10.1158/1535-7163.MCT-09-0551
http://www.ncbi.nlm.nih.gov/pubmed/19887546
http://doi.org/10.1007/s00018-015-2070-4
http://doi.org/10.1038/nature11743
http://doi.org/10.1038/nchembio.2070
http://doi.org/10.1158/0008-5472.CAN-19-3020
http://www.ncbi.nlm.nih.gov/pubmed/33500247
http://doi.org/10.1016/j.semcdb.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26277542
http://doi.org/10.1111/j.1749-6632.2008.03687.x
http://doi.org/10.1016/j.ygyno.2011.10.026
http://www.ncbi.nlm.nih.gov/pubmed/22044687
http://doi.org/10.1002/hep.30978
http://doi.org/10.1038/s41575-019-0229-4
http://doi.org/10.1158/0008-5472.CAN-09-1089
http://www.ncbi.nlm.nih.gov/pubmed/19723656
http://doi.org/10.1016/j.ccell.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26766592
http://doi.org/10.1053/j.gastro.2017.01.021
http://doi.org/10.1016/j.canlet.2019.11.043
http://doi.org/10.3892/or.2014.3155
http://www.ncbi.nlm.nih.gov/pubmed/24788990

	Introduction 
	Materials and Methods 
	Chemicals 
	Patients and Tumor Samples 
	Sample Preparation and Metabolic Profiling Analysis 
	Statistical Analyses 

	Results 
	Metabolic Profiling Analysis of HCC Tissues 
	Metabolic Reprogramming of HCC 
	HCC Risk Stratification Based on Metabolic Phenotypes 
	Validation of Highly Abundant Free Fatty Acids’ Association with Poor HCC Prognosis 

	Discussion 
	Characteristics of Metabolic Reprogramming in HCC Tissue 
	Metabolite Classifier for HCC Risk Stratification 

	Conclusions 
	References

