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Purpose: There is still lacking of highly sensitive and specific biomarkers for the prediction

of hepatocellular carcinoma (HCC) early recurrence, which has hindered further improve-

ment of the clinical outcomes. We aim to find highly sensitive and specific biomarkers for the

prediction of HCC recurrence.

Patients and methods: By using isobaric tags for relative and absolute quantitation

(iTRAQ)-based multidimensional liquid chromatography-tandem mass spectrometry (2D

LC-MS/MS) technique, we have quantitatively investigated and monitored the proteome

alterations of a series of serum after radical resection during the follow-up of 4 HCC patients.

Results: A total of 27 differentially abundant proteins (DAPs) in serum were identified to be

closely associated with the early recurrence of HCC, and these DAPs were particularly

concentrated within ERK1/2 and nuclear factor-κ beta signaling pathways, suggesting the

dysregulation of these two pathways played an important role in the pathological process of

HCC early recurrence. Further investigation of a cohort of patients confirmed that the high

serum level of PGK1 was closely associated with HCC early recurrence and poor prognosis.

In addition, the serum level of PGK1 could be complementary with AFP to further improve

the sensitivity and specificity for predicting the relapse of HCC.

Conclusion: PGK1 might be an independent factor for the recurrence of HCC. And the

PGK1 could be complementary with AFP to further improve the sensitivity and specificity in

prognostic prediction of HCC relapse.
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Introduction
Hepatocellular carcinoma (HCC) is the sixth most common malignancy and

the second leading cause of cancer-related death worldwide.1,2 Although after

decades of efforts, surgical radical resection is still the first choice and the best

strategy for HCC therapy.3 However, the prognosis of HCC patients after

surgical treatment is still unsatisfactory due to high recurrence rate.4,5

According to recent studies, the 5 years' recurrence rate of HCC after radical

resection is still as high as more than 80%, and the 5 years' overall survival

rate of HCC is still less than 30%.4,6,7 Therefore, screening new biomarkers or

molecular signatures for predicting and monitoring the early recurrence of

HCC after surgical resection are crucial to improve its management and long-

term survival.

Serum AFP has been widely used as a biomarker to diagnose and monitor the

malignancy of HCC,8–11 but its application and interpretation are however constrained
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due to its relatively limited sensitivity and specificity.9,11–13

The high-throughput quantitative proteomic technique has

emerged as a powerful tool for systematically interrogating

most of the proteins or peptides in a biological system.14–16

Serum proteomics has become increasingly important in var-

ious applications including screening candidate biomarkers for

HCC early diagnosis;17–19 however, there are few studies

focused on screening biomarkers associated with the early

recurrence of HCC.

In this study, we performed isobaric tags for relative

and absolute quantitation (iTRAQ)-based quantitative pro-

teomics to investigate a series of serum proteomes after

radical resection to screen potential biomarkers for pre-

dicting HCC early recurrence. In contrast to previous

approaches that the sera from different patients are pooled

and mixed before subjecting to proteomic analysis,17,18 we

employed time-course proteomic profiling strategy for

each individual patient during the following-up. Our

approach could gain a high yield of individual information

with temporal resolution on the alterations of serum pro-

teome and thereby improve the specificity and sensitivity

of screening potential biomarkers associated with HCC

early recurrence.

Patients and methods
Patients
All HCC patients enrolled in the serum proteomic ana-

lysis and validation experiments received radical HCC

surgery at the Mengchao Hepatobiliary Hospital of

Fujian Medical University from February 2014 to

December 2016. All included patients met the following

eligibility criteria: 1) the patient was diagnosed with

HCC by postoperative pathological examinations; 2) pre-

operative serum HBsAg (hepatitis B surface antigen)

positive, but HCV (hepatitis C virus) negative; 3) the

patient had no other therapies before surgery, including

TACE, radio frequency ablation and radiotherapy; 4) the

patient received standard radical resection:20 no distal

metastasis was revealed in both pre- and intraoperative

examinations; no lesion was found in the rest of the liver

during intraoperative ultrasonic scan; no visible cancer-

embolus in the hepatic portal vein or primary venous

branch; no cancer cells were found in the incisal margin

at the postoperative pathological examinations, the

encapsulation of tumor tissue was intact and the bound-

ary of tumor tissue was distinct; 5) after surgery, the

HCC patient was monitored for relapses every 3 months

in the first year and every 6 months in the second year

by the ultrasonic and CT scan, magnetic resonance ima-

ging and serum AFP test and 6) the patient was followed

at least four times before recurrence was found.

Depletion of high-abundant proteins
Serum samples of three recurrent HCC patients and one

nonrecurrent HCC patient (defined A, B, C and D, respec-

tively) have been collected at the time points of 1 month,

3 months, 6 months and 9 months after radical resection.

Details of the major clinical and pathological features of

these four HCC patients are shown in Table S1. Before the

proteomic analysis, the serum samples were subjected to

deplete high-abundant proteins using Human 14 Multiple

Affinity Removal System Column (Agilent Technologies,

Santa Clara, CA, USA) according to the manufacturer’s

instructions. The SDS-PAGE and label-free quantitative

proteomics were applied to analyze the removal efficiency.

Proteomic analysis
The serum proteins were digested by sequence-grade mod-

ified trypsin (Promega, Madison, WI,USA) and then

labeled using chemicals from the iTRAQ reagent kit

(ABSCIEX, Framingham, MA, USA) as follows: the

four time points of patient A were labeled with 113, 114,

115 and 116 isobaric tags, respectively; the four time

points of Patient B were labeled with 117, 118, 119 and

121 isobaric tags, respectively; Patient C and Patient

D were labeled by another iTRAQ kit similarly, as illu-

strated in Figure 1A. The iTRAQ-labeled peptides were

separated using a high pH reverse-phase chromatography-

1260 infinity LC system (Agilent Technologies) and ana-

lyzed using a EASY-nLC1000 system (Thermo Fisher

Scientific,Waltham, MA, USA) connected to a quadrupole-

orbitrap mass spectrometer (Q-Exactive Plus) (Thermo

Fisher Scientific).

Raw data were processed using Proteome Discoverer

(Thermo Fisher Scientific; version 1.4) against

a human_database provided by The Universal Protein

Resource (http://www.uniprot.org/uniprot, released at 2014-

04-10, with 20,264 entries). The proteins were accepted if

peptide FDR is <1% and the protein probability is higher

than 90%. The differentially abundant proteins (DAPs) in

sera were selected by following settings: DAPs were selected

based on fold change >1.2 or <0.83 in both Patient A and

Patient B while exhibiting no such alterations in Patient D.

The Gene Ontology (GO) annotation and the pathway

enrichment analysis of DAPs were implemented using the
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Figure 1 iTRAQ-based LC-MS/MS proteomic strategy to investigate a series of serum proteomes after radical resection. (A) Schematic view of the experimental design and

the iTRAQ plex-labeling. Three recurrent HCC patients and 1 non-recurrent HCC patient were recruited and the serum samples of these 4 HCC patients have been

collected at the timepoints of 1 month, 3 months, 6 months and 9 months after radical resection. Recurrent patients were referred to as Patients A, B and C and

nonrecurrent patient as patient D. After depleting HAPs in the serum sample and protein digestion, the resultant peptide mixture was further labeled with chemicals from

the iTRAQ kit. Equal amounts of labeled peptide mixture were then analyzed by 2D LC–MS/MS. (B) A chromatogram of MARS-Human 14 Multiple Affinity Removal System

Column-based depletion. (C) SDS-PAGE analysis of serum samples before and after removal of HAP by MARS. LAP-1 and HAP-1 lanes were 5 μg of sample loading, LAP-2,

HAP-2 and the serum lane was 10 μg loading. (D) Label-free analysis of 16 serum samples after the removal of HAPs by MARS. The black triangle is the median of protein

concentration and the residual HAPs are marked as colored shapes.

Abbreviations: iTRAQ, isobaric tags for relative and absolute quantitation; LC-MS/MS, multidimensional liquid chromatography-tandem mass spectrometry; HCC,

hepatocellular carcinoma; HAPs, high abundance proteins; LAP, low abundance protein.
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online tool DAVID (https://david.ncifcrf.gov/) and

Ingenuity Pathway Analysis (IPA) software (version 7.5).

Validation of the PGK1 serum level

alteration
The serum levels of PGK1 were examined in a cohort of 82

HCC patients using ELISA assay kit (LifeSpan BioScience

Inc., Seattle, WA, USA) according to the manufacturer’s

protocol. The sensitivity and specificity of the optimal diag-

nostic cutoff values were obtained according to the gordon

index (sensitivity - (1-specific)).

Statistic analysis
SPSS 19.0 was used for statistical analysis. Multivariate

analysis was done using the Cox multivariate propor-

tional hazard regression model with stepwise manner

(forward, likelihood ratio). Survival curves were calcu-

lated using the Kaplan–Meier method, and the differ-

ence was determined using a log-rank test. The p<0.05

was considered as statistically significant.

Results
Depletion of high abundant proteins by

MARS
A typical chromatogram of MARS-based depletion is shown

in Figure 1B. The SDS-PAGE result (Figure 1C) indicated

that the depletion of high abundance proteins (HAPs) was

adequate, as many HAPs basically disappeared in the low

abundance proteins (LAPs) lanes compared with the

untreated sample. The results of MS-based label-free quanti-

tative proteomic analysis showed that the concentration of

residual HAPs was indeed as low as the concentration of

LAPs in all 16 serum samples, indicating an effective over-

coming of potential mask effects caused by HAPs

(Figure 1D).

iTRAQ- based 2D LC-MS/MS analysis of

the follow-up serum of HCC patients
We identified 690 proteins in patient group A/B and

687 proteins in patient group C/D, with around 80% of

the identified proteins being shared by both groups

(shown in Figure 2A). Isoelectric point (IP) analysis

of these in total 831 identified proteins demonstrated

that acidic proteins were slightly more than that of

alkaline proteins (Figure 2B); the molecular weights

of the identified serum proteins were relatively small

and concentrated between 20 and 60 kDa (Figure 2C).

Furthermore, all identified proteins were processed and

analyzed by GO annotation, which demonstrated these

identified proteins were mainly distributed in the extra-

cellular region (Figure 2D) and involved in the biolo-

gical processes that respond to wound, acute

inflammatory response and cell adhesion (Figure 2E).

For the analysis of DAPs, the serum proteomes of the

first month after surgical resection of all four patients were

excluded in the baseline analysis as they exhibited large

variations in protein abundance distribution (shown in the

Figure 2F), suggesting the unstabilized serum condition of

patients shortly after radical resection. We identified 27

HCC recurrence-associated DAPs (as described in the

“Materials and methods“ section), which were mainly

involved in the biological processes that respond to reac-

tive oxygen species stimulus as well as regulating lipid

homeostasis (Figure 3A), suggesting the progression of

inflammatory and the oxidative stress played an important

role in HCC recurrence after radical surgery.21 In the

clustering analysis of molecular functions, the majority

of aberrantly appeared DAPs were involved in the lipase

inhibition and the binding with HDL (high-density lipo-

protein) particle receptor22,23 (Figure 3B), which sug-

gested the abnormalities in lipid metabolism and

transportation. Furthermore, the correlation analysis of

disease progression revealed these 27 DAPs were mostly

linked to metabolic syndrome X and insulin resistance

(Figure 3C), suggesting metabolic disorders were involved

in HCC relapse. Additionally, the clustering analysis of

regulatory pathways revealed that the aberrant upregulated

consumption of glucose was activated through glycolysis

pathway (Figure 3D), probably in order to meet the rapid

growth requirements of abnormal cells, a phenomenon

well known as the Warburg effect in oncology. As shown

in Figure 3E and F, most of these identified DAPs were

particularly concentrated within ERK1/2 and nuclear fac-

tor-κB (NF-κB) signaling pathways. According to the IPA

analysis, the ERK1/2 signaling pathway highly enriched

15 DAPs, including 11 concentration increased and four

concentration decreased proteins. Among these, MMPs,

PGK1 and TXN are potential biomarkers and involved in

the disorder of substance metabolism and energy pathway.

Recently, the disorder of substance metabolism and repro-

gramming of energy metabolism have been found asso-

ciated with the change of tumor microenvironment, which

is thought to be the soil of tumorigenesis, development and

recurrence of cancer. And the decreased proteins such as

APOA1, APOC2 and APOC3 were involved in lipid
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metabolism; SOD1, PGK1, TXN, CAT, CA2 and other

increased proteins are mainly involved in redox; in addition,

there is MMP9 protein involved in tumor metastasis and other

biological processes. All of these results demonstrated that

overall biological processes altered in proliferation, differen-

tiation and mobility. Proinflammatory signaling pathway NF-

κB also assembled five dysregulated proteins, including

BASP1,BPGM, ARHGDIA, IGKC and MAN2A2. Note

here, BASP1 that has been recently reported to be a poor

prognostic factor for cervical cancer and promote tumor

growth was also upregulated in serum level before the recur-

rence of HCC. Overall, these results suggested the inflamma-

tory response played an extremely important role in HCC

relapse, and the alternations of ERK1/2 and NF-κB signaling

pathways probably synergistically promoted the recurrence

and metastasis of HCC after the curative resection.
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Figure 2 The characteristics of serum proteome. (A) 690 proteins were identified in groups of Patient A/B and 687 proteins in groups of Patient C/D; meanwhile, 546

proteins were identified in both groups. (B) IPs of total 831 serum proteins. IPs were uniformly distributed with the fraction of acidic proteins slightly more abundant than

that of alkaline proteins. (C) The molecular weights of 831 serum proteins. The cell components (D) and the biological processes (E) of all identified proteins were analyzed

by GO annotation. (F) The abundances of all proteins identified in 16 serum proteomes.

Abbreviations: IP, isoelectric point; GO, Gene Ontology.
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Abbreviations: GO, Gene Ontology; IPA, ingenuity pathway analysis; DAP, differentially abundant protein; NF-κB, nuclear factor-κB; HCC, hepatocellular carcinoma.
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The prognostic value of PGK1 in HCC

recurrence
According to the classification based on changing of serum

levels, 27 DAPs could be divided into four types: steady

increase from 3 to 9 M (Figure 4A), steady increase from 3

to 6 M, then sharp increase from 6 to 9 M (Figure 4B), sharp

increase from 3 to 6M but then sharp decrease from 6 to 9 M

(Figure 4C), and steady decrease from 3 to 9 M (Figure 4D).

As shown in Figure 4B, 13 candidates were suitable for

further analysis as prognosis biomarker. Their serum con-

centration were steadily increased from 3 to 9 M, and six of

these proteins including PGK1 with the largest fold change

were emphatically analyzed. Among these, PGK1 was the

unique protein particularly enriched in the ERK1/2 signaling

pathway (Figure 3E), which demonstrated that altered serum

PGK1might play an essential role in the aggressive behavior

of HCC by enhancing tumor cell proliferation, anti-apoptosis

and migration. PGK1 transfers a phosphate group from

1,3-biphosphoglycerate to ADP to formATP and 3-phospho-

glycerate in the glycolytic pathway,24 and it has been pre-

viously reported to be involved in tumorigenesis in various

cancers through enhancing cellular metabolism.25,26 The

validation of PGK1 alternation pattern was further performed

through blinded analysis in a cohort of 82 HCC patients.

Details of the major clinical and pathological features of

these patients are shown in Table S2. The univariate analysis

indicated that the tumor size, microvascular invasion of

tumor, TNM stage, BCLC stage, serum level of PGK1, and

serum AFP level were significantly associated with the early

relapse of HCC after curative resection; whereas multivariate

analysis demonstrated that among all the univariate identified

factors only the serum level of PGK1 or AFP was an inde-

pendent risk factor for the recurrence of HCC (Table 1).

The Kaplan–Meier survival analysis revealed that the

serum level of PGK1 could nicely discriminate the prog-

nosis performance of HCC patients, and the lower level of

serum PGK1 indicated better prognosis (longer recur-

rence-free survival, RFS) with the optimal cutoff value

of 0.7 ng/mL. Furthermore, the combination of

PGK1with AFP could even provide better discrimination

and higher performance for the prediction of HCC prog-

nosis (Figure 4E), as the patients with high serum levels of

both PGK1 and AFP had significantly shorter RFS com-

pared with the patients who were low with both or only

had high serum level of one either PGK1 or AFP alone

(p<0.01). Thus, the PGK1 could be complementary with

AFP to better predict the prognosis of HCC patients.

Taken together, these results demonstrated that high

serum level of PGK1 was closely associated with poor

prognosis and recurrence of HCC after radical resection,

and the combination of PGK1 and AFP could significantly

improve the predictive capacity of HCC relapse.
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Figure 4 The prognostic value of PGK1 in HCC recurrence. Twenty-seven DAPs could be divided into four clusters: steady increase from 3 to 9 M (A), steady increase

from 3 to 6 M then sharp increase from 6 to 9 M (B), sharp increase from 3 to 6 M but then sharp decrease from 6 to 9 M (C), and steady decrease from 3 to 9 M (D). The

fold change curve of PGK1 was colored in red in the second cluster (B). (E) The prognostic values of PGK1/AFP serum levels and the combination of PGK1/AFP in RFS (log-

rank test).

Abbreviations: HCC, hepatocellular carcinoma; DAP, differentially abundant protein; AFP, alpha-fetoprotein; RFS, recurrence-free survival.
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Discussion
High postoperative recurrence rates are themajor cause of poor

prognosis of HCC patients after radical resection.27–29

Previously, there were some efforts to screen clinicopatholo-

gical risk factors associated with the recurrence of HCC.30,31

However, the clinical outcomes of HCC patients with similar

clinical manifestations, similar clinical staging and receiving

the same treatments still may be very different after curative

resection.6,32 Therefore, elucidating the molecular mechan-

isms underlying HCC recurrence and screening new and reli-

able molecular biomarkers for discriminating the patients with

high risk of relapse are crucial for the improvement of long-

term survival of HCC patients after the surgical treatment.

In an attempt to obtain a high yield of individual informa-

tion with the temporal resolution, we applied time-course

profiling based onproteomic techniques for each patient during

the follow-up after radical resection. Comparing with the most

common proteomic strategy where sera from different patients

were pooled andmixed before analysis,17,18 we have proven in

the concept that our approach allowed to detect very subtle

alterations within each patient but could avoid the interference

originated from individual differences at some extent.

Moreover, the time window to detect specific alterations

related with HCC recurrence appeared rather early in this

study, which was demonstrated by the comparison between

Patient C and Patient A and Patient B. This observation further

supported the advantage of conducting time-course interroga-

tion within each patient.

By monitoring three recurrent patients and one nonrecur-

rent patient up to 2 years of follow-up based on quantitative

iTRAQ proteomics, we found that the abnormalities in lipid

homeostasis, upregulated cellular metabolism and stimulated

inflammatory reactions all contributed to the pathological

process prior to the relapse of HCC. The DAPs might serve

as molecular signatures of the recurrence of HCC after radi-

cal resection, but in-depth studies are required for better

understanding the underlying molecular mechanisms.

Furthermore, we confirmed the serum levels of PGK1

could be used as a novel prognostic biomarker for predicting

the recurrence ofHCCafter surgical therapy. Elevated levels of

PGK1 have been detected in the serum of patients with various

malignancies, such as pancreatic cancer,33 breast cancer,34

gastric cancer35 and usually associated with poor clinical out-

comes. In our study, high serum levels of PGK1were proved to

be an independent factor for the recurrence of HCC.

Additionally, the PGK1 could be complementary with AFP

to further improve the sensitivity and specificity in the prog-

nostic prediction of HCC relapse. Taken together, we have

revealed the molecular signatures prior to HCC recurrence

and provided in-depth information that may help to have

a better understanding of this pathological process and to

improve the HCC management for long-term survival.

Table 1 Univariate and multivariate logistic regression analysis for risk factors of HCC recurrence

Parameter Univariate analysis Multivariate analysis

OR 95% CI p OR 95% CI p

Gender 0.841 0.157–4.506 0.840 - - -

Age 1.249 0.409–3.812 0.696 - - -

Number 2.256 0.674–7.556 0.187 - - -

Size 4.765 1.635–13.891 0.004** 13.630 1.004–185.083 0.050

Gross vascular invasion 11.282 1.416–89.878 0.022* 0.014 0–2.654 0.111

Microvascular invasion 3.033 1.121–8.212 0.029* 2.056 0.195–21.629 0.548

Cirrhosis 1.620 0.354–7.411 0.534 - - -

Differentiation 1.728 0.626–4.768 0.291 - - -

AJCC stage 17.333 2.19–137.209 0.007** 1.904 0.014–264.541 0.798

BCLC stage 13.327 2.861–62.088 0.001** 37.874 0.811–1768.191 0.064

HBV copies 0.835 0.306–2.281 0.725 - - -

PGK1 4.274 1.44–12.683 0.009* 145.028 3.441–6112.214 0.009**

AFP 22.105 4.693–104.127 <0.001*** 24.097 2.401–241.839 0.007**

Notes: Multivariate analysis was done using the Cox multivariate proportional hazard regression model with stepwise manner (forward, likelihood ratio). *p<0.05; **p<0.01;
***p<0.001.
Abbreviations: AJCC, American Joint Committee on Cancer; BCLC, Barcelona Clinic Liver Cancer; HBV, hepatitis B virus ; AFP, α-fetoprotein; -, not available.
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Conclusion
By using iTRAQ-based 2D LC-MS/MS technique, we have

quantitatively investigated and monitored the proteome altera-

tions of a series of serum after radical resection during the

follow-up of four HCC patients. Further investigation of

a cohort of patients confirmed that the high serum level of

PGK1 was closely associated with HCC early recurrence and

poor prognosis. In addition, the serum level of PGK1 could be

complementary with AFP to further improve the sensitivity

and specificity for predicting the relapse of HCC. We have

revealed themolecular signatures prior to HCC recurrence and

provided fundamental information for further in-depth study.
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Supplementary materials

Table S2 The clinicopathologic characteristics of 82 patients with HCC

Clinicopathological characteristics Classify Cases

Gender Male 74

Female 8

Age (years) <45 19

≥45 63

Tumor number 1 59

≥2 23

Tumor size (cm) <5 39

≥5 43

Gross vascular invasion No 62

Yes 21

Micro-vascular invasion No 34

Yes 48

Cirrhosis Negative 8

Positive 74

Differentiation I-II 25

III-IV 57

AJCC stage I-II 55

III-IV 27

BCLC stage A 47

BC 35

HBV copies ≤1000 36

>1000 46

AFP (ng/mL) <400 53

≥400 29

Recurrence Negative 23

Positive 59

Abbreviations: AJCC, American Joint Committee on Cancer; BCLC, Barcelona Clinic Liver Cancer; HBV, Hepatitis B virus; AFP, α-fetoprotein; HCC, hepatocellular
carcinoma.

Table S1 The clinicopathologic characteristics of 4 patients with HCC

Characteristics Recurrent Nonrecurrenent

Patient A Patient B Patient C Patient D

Gender Female Male Male Male

Age (years) 50 43 51 42

Size (cm) 2 3.5 4.7 3.5

Number 1 1 1 1

Capsule Yes Yes No Yes

Gross vascular invasion No No No No

Microvascular invasion No Yes No No

Hepatitis B Positive Positive Positive Positive

Cirrhosis Yes Yes Yes Yes

AFP (ng/mL) 3.66 1,218.28 2.93 2.04

Differentiation I-II II III II

AJCC stage I II I I

BCLC stage A A A A

Recurrent time (months) 12 12 17 /

Abbreviations: AJCC, American Joint Committee on Cancer; BCLC, Barcelona Clinic Liver Cancer; AFP, α-fetoprotein; /, not available; HCC, hepatocellular carcinoma.
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