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ABSTRACT

Background: There is an unmet need to identify novel mechanism-based prognostic genes associated
with hepatocellular carcinoma (HCC) recurrence that can predict patient outcomes and provide thera-
peutic targets. This study aims to identify potential novel driver genes and mutations in HCC.

Methods: Single nucleotide variations (SNVs) contributing to HCC recurrence were identified using
whole-exome sequencing of 5 DNA samples extracted from a single HCC patient with HBV-induced
cirrhosis. SNVs were verified in primary HCC (n = 87), recurrent HCC (n = 34), and benign liver disease
with cirrhosis tissues (n = 43). A candidate gene was identified, and its association and function in HCC
development and recurrence were examined.

Results: 177 SNVs were identified and 70 SNVs were verified. A MPPET missense mutation on
chr18_11897016 was the most frequent mutation (16.5%) in primary and recurrent HCC tissues, occurring
with a higher frequency in recurrent HCC than primary HCC or benign liver tumor tissues. The MPPE1
mutation was significantly associated with HCC recurrence (P = .003), TNM stage (P = .002), and Child-
Pugh classification (P = .039), and was an independent risk factor for HCC recurrence (HR = 1.969; 95%
Cl = 1.043-3.714, P = .037). Analysis of publically available data deposited in the GEO and TCGA showed
MPPE1 expression levels were significantly increased in HCC tumor samples compared to adjacent
nontumor tissues. The knockdown of MPPE1 in HCC cell lines significantly inhibited cell proliferation,
migration and invasion, induced cell cycle arrest and apoptosis in vitro, and inhibited xenograft tumor
growth in nude mice in vivo (P < .05).

Conclusions: MPPET is a novel gene associated with HCC malignancy and recurrence.
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Introduction promote the malignant transformation of hepatocytes, contri-
buting to hepatocarcinogenesis and post-operative HCC
recurrence.'® The underlying mechanisms may involve altera-
tions in physiological signaling through the Wnt/p-catenin,
RAS-MAPK, JAK-STAT, PI3K-AKT-mTOR, and Notch
pathways.'"'? Currently, there is an unmet need to identify
novel mechanism-based prognostic genes associated with HCC
recurrence that can accurately predict patient outcomes and
provide potential therapeutic targets.

The metallophosphoesterase gene MPPEI encodes
a metallophosphoesterase protein that is a member of the
calcineurin-like phosphoesterase superfamily.'>'* MPPE1 pro-
tein contains metal binding and active sites similar to serine/
threonine phosphoprotein phosphatase catalytic subunits.'*'*
MPPE1 SNPs have been associated with bipolar disorder,'” and
MPPE] is involved in regulating the transport of glycosylpho-
sphatidylinositol-anchor proteins from the endoplasmic reti-
culum to the Golgi.'*"> MPPEl protein expression was

Hepatocellular carcinoma (HCC) accounts for approximately
70% to 85% of primary liver cancers"” and is the second lead-
ing cause of death from cancer in men worldwide.” Risk factors
for HCC include chronic hepatitis B virus (HBV) or hepatitis
C virus infection, consumption of food contaminated with
aflatoxin B, and alcoholism.*® Despite the progress in diag-
nosis and treatment, including hepatic resection, liver trans-
plantation, local ablation, and molecular-targeted therapies,
the prognosis of HCC patients remains poor due to difficulties
in early diagnosis and the high incidence of tumor recurrence
and metastasis.*”®

HCC is characterized by its propensity for vascular invasion
and metastasis, which results in a high incidence of recurrence
and poor prognosis after early resection.”” Induced gene
mutations and/or epigenetic alterations, such as silencing of
tumor suppressor genes and/or activation of oncogenes,
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detected in the cytoplasm/membranes of the majority of cells
in liver cancer tissues (http://www.proteinatlas.org/search/
MPPEL1); however, the exact function of MPPE1 in cancer
remains unclear.

In this study, with whole-exome sequencing and PCR-
MassARRAY, we identified MPPEI as a novel candidate gene
associated with HCC recurrence and characterized the role of
MPPE1 in HCC development. This study may provide a new
clue to develop drug targets for HCC for therapy of HCC
patients.

Results

Identification of SNVs and genes potentially associated
with recurrent HCC

High-throughput whole-exome sequencing was used to identify
SNPs in genomic DNA extracted from one primary HCC sam-
ple, one recurrent HCC sample, their adjacent liver tissue sam-
ples, and one pre-operative peripheral blood sample from
a single HCC patient with HBV-induced cirrhosis
(Supplemental materials, Tables S1-S2, Fig S1 and Fig S3).
The mutation distribution in all chromosomes is shown in
Figure la. The distribution of non-synonymous mutations was
10%-18% for each chromosome. One hundred and seventy-
seven nonsynonymous SNVs, including 6 nonsense mutations
and 171 missense mutations, were potentially associated with
HCC recurrence (Fig. S2 and Table S3). Of these, 70 SNV's were
verified with PCR-MassARRAY and Sanger sequencing in the
additional dataset that included 87 primary HCC, 34 recurrent
HCC, and 43 benign liver disease with cirrhosis tissue samples.
Among the 70 verified SNVs, C:G->G:C transversions were the
predominate mutations in primary HCC tissues (Figure 1b) and
C:G->T:A transversions were the predominate mutations in
recurrent HCC tissues (Figure 1c), suggesting a different gene
signature of the recurrent HCC from that of the primary HCC.

Annotation of the 70 SNVs revealed their presence in 69
genes and all chromosomes, except chromosome 5 (Figure 1d).
Some of the 69 mutated genes were enriched in multiple
cancer-associated pathways (Table $4). Specifically, TP53,
MLH]I, STAT3, and LAMAI were enriched in a cancer pathway
(P =.01), CHDS8 and TP53 were enriched in the Wnt signaling
pathway (P = .02), and CCNB3, ESPLI, and TP53 were
enriched in the cell cycle pathway (P = .01). Notably, apart
from these known cancer-associated genes that are often
involved in KEGG pathways, previously undiscovered (or not
previously associated with cancer) frequently mutated genes,
such as MPPE] were identified with the Gene Ontology (GO)
and UniProtKB/Swiss-Prot databases in the GeneCard data-
base (https://www.genecards.org/c).

Gene Ontology annotations related to MPPEI include
hydrolase activity and phosphoric diester hydrolase activity
(Table S5). The UniProtKB/Swiss-Prot database indicates
MPPE] is required for transport of GPI-anchor proteins from
the endoplasmic reticulum to the Golgi apparatus. It acts in the
lipid remodeling steps of GPI-anchor maturation by mediating
the removal of a side-chain ethanolamine-phosphate (EtNP)
from the second Man (Man2) of the GPI intermediate, an
essential step for eflicient transport of GPI-anchor proteins.
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Figure 1. SNVs potentially associated with recurrent HCC were identified using
high-throughput whole-exome sequencing, PCR-MassArray, and Sanger DNA
sequencing. (a) Frequency of gene mutations in the genome of a single HCC
patient. Data from five exomic SNP profiles were combined. Nucleotide transver-
sions in (b) primary HCC (n = 87) and (c) recurrent HCC (n = 34) tissue samples. (d)
lllustration showing the presence of 70 verified SNVs in 69 genes and their
chromosomal locations. (e) Mutant genes occurring with the highest frequency
in primary HCC, recurrent HCC, and benign liver tumor tissues.

Mutation in the MPPET1 gene is associated with recurrent
HCC

Analysis of the frequencies of the candidate gene mutations
showed that none of the genotype frequencies deviated signifi-
cantly from those expected by the HWE for cases or controls.
Analysis of the minor allele frequency (MAF) of the 69 mutated
genes showed that only mutations in TP53, Mybpc2, and
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MPPE] were more abundant in primary HCC or recurrent
HCC than in benign liver tumors (MAF >0.05, Table S6).

In the 87 primary HCC, 34 recurrent HCC, and 43 benign
liver disease with cirrhosis tissues, TP53 (41.0%) was the most
frequently mutated gene, followed by Mybpc2 (26.2%), MPPE]1
(16.5%), Nox5 (9.1%), and Sponl (4.3%). Notably, the frequen-
cies of the TP53, MPPEI, and Nox5 mutations were higher in
primary or recurrent HCCs compared to benign liver disease
with cirrhosis tissues, and the frequency of the MPPEI muta-
tion was higher in recurrent HCC than in primary HCC or
benign liver disease with cirrhosis tissues (Figure le). These
results suggest that the mutation in MPPE] (chr18_11897016,
C/T), a missense mutation (NM_001242904:c.A248G:p.E83G)
occurring in the exonic (coding) region, is associated with
HCC recurrence.

Analysis of the association of mutation frequency with the
risk of primary HCC or HCC recurrence showed that the muta-
tion in MPPEI was significantly associated with recurrent HCC
(P = .003) but not primary HCC (P = .16) when compared to
benign liver disease with cirrhosis tissue (Table 1). Logistic
regression analysis indicated that only the MPPEI mutation
was significantly associated with recurrent HCC (P = .009)
(Table 2). These results suggest that the MPPEI mutation is
significantly associated with the risk of HCC recurrence.

Mutation in the MPPET1 gene is associated with TNM stage,
Child-Pugh classification, and post-operative HCC
recurrence

The association between the MPPEI mutation and the clinico-
pathological features of disease and prognosis in 121 HCC
patients was analyzed. The baseline characteristics of the HCC
patients are summarized in Table 3. The MPPEI mutation was
associated with TNM stage (P = .002) and Child-Pugh classifica-
tion (P = .04). To determine the association between the MPPE1
mutation and HCC recurrence, a Kaplan-Meier curve and the
log-rank test were used to compare postoperative HCC recur-
rence in patients with and without the MPPEI mutation. Among
HCC patients without the MPPEI mutation, 1-, 2-, and
3-y postoperative tumor recurrence rates were 28.0%, 45.0%,
and 56.0%, respectively. Among HCC patients with the MPPE]I
mutation 1-, 2-, and 3-y postoperative tumor recurrence rates
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were 53.0%, 69.0%, and 69.0%, respectively. HCC patients with
the MPPE] mutation showed a higher tumor recurrence rate
than those without the MPPEI mutation (P = .02; Figure 2).

In multivariate analysis using a Cox proportional hazards
model for tumor recurrence, including age, number of tumor
lesions, tumor size, venous invasion, lymph node invasion,
tumor differentiation, serum alpha-fetoprotein (AFP) level,
HBV DNA, Child-Pugh score, pre-operative antitumor ther-
apy, and the MPPEI mutation as variables, the MPPEI muta-
tion was an independent risk factor for HCC recurrence
(P = .04, HR = 1.969; CI: 1.043-3.714, Table S7). These results
suggest that the MPPEI mutation is a predictor of HCC
recurrence.

To determine whether the MPPE]1 mutation exists in HCC
cell lines, we examined the MPPE]I sequence in two HCC cell
lines (Huh7 and HepG2) and found that both cell lines con-
tained wild-type MPPEI (base TT) (Fig. S5). The TCGA data-
base showed that no mutation was found in the MPPEI gene in
27 HCC cell lines in the sequencing database.

MPPET1 is overexpressed in HCC

As the role of MPPEI in tumors remains unknown, we used
a data mining strategy to examine the expression of MPPEI in
HCC tissues. Data extracted from the GEO showed that
MPPEL1 expression was significantly increased in HCC tumor
samples compared to adjacent nontumor tissues (Figure 3a-c).
This finding was verified using data extracted from the TCGA,
although the difference in MPPE1 expression in HCC tumor
samples and adjacent nontumor tissues was not significant
(Figure 3d), possibly because of the limited number of non-
tumor samples included in the TCGA analysis.

Down-regulation of MPPET1 inhibits HCC cell proliferation
and affects cell apoptosis

To investigate the function of MPPEL in tumor cells, MPPE1
was knocked down in two human HCC cell lines, HuH-7 and
HepG2, using MPPE1-shRNA (Fig. S4A, 4B). Knockdown of
MPPEI1 expression in HuH-7 and HepG2 cells significantly
inhibited cell proliferation (P < .001) (Figure 4a) and induced
cell-cycle arrest. The proportion of HuH-7 cells and HepG2 in

Table 1. Associations of mutation frequency with the risk of primary HCC or HCC recurrence.

Gene chr SNV Al F_A F U A2 OR (95% Cl) P value
Recurrent HCC vs control

SPON1 chr11_14284477 A 0.044 0.023 G 1.89 (0.31-11.66) 0.48
NOX5 chr15_69325606 C 0.044 0.023 A 1.94 (0.31-11.94) 0.46
TP53 chr17_7579801 C 0.41 0.55 G 0.55 (0.25-1.25) 0.15
MPPE1 chr18_11897016 C 0.18 0.035 T 5.93 (1.60-21.97) 0.003
MYBPC2 chr19_50967640 A 0.20 0.16 G 1.31 (0.57-3.02) 0.52
Primary HCC vs control

SPON1 chr11_14284477 A 0.075 0.036 G 0.48 (0.067-3.49) 0.46
NOX5 chr15_69325606 C 0.057 0.023 A 2.56 (9.5486-11.96) 0.21
TP53 chr17_7579801 C 0.45 0.55 G 0.68 (0.3-1.38) 0.28
MPPE1 chr18_11897016 C 0.080 0.034 T 2.42 (0.68-8.66) 0.16
MYBPC2 chr19_50967640 A 0.15 0.16 G 0.92 (0.45-1.86) 0.80

A1, mutated; F-A, frequency of this mutated allele A1 in cases; A2, wild type; F_U, frequency of this mutated allele A1 in control. Statistical analysis performed with the

Chi-square test.
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Table 2. Logistic regression analysis of the associations of gene mutations with the risk of primary HCC or HCC recurrence.

Gene Chr SNV Al Test OR (95% Cl) FDR_BH FDR_BY STAT P value
Recurrent HCC vs control
SPON1 chr11_14284477 A ADD 1.94 (0.30-12.3) 0.6377 1 0.6997 0.48
NOX5 chr15_69325606 C ADD 1.98 (0.31-12.6) 1 1 0.7262 0.47
TP53 chr17_7579801 C ADD 0.57 (0.26-1.28) 1 1 —1.354 0.17
MPPE1 chr18_11897016 C ADD 6.05 (1.57-23.36) 1 1 2613 0.009
MYBPC2 chr19_50967640 A ADD 1.33 (0.56-3.12) 1 1 0.6467 0.51
Primary HCC vs control
SPON1 chr11_14284477 A ADD 5.39 (0.58-49.72) 1 1 1.485 0.14
NOX5 chr15_69325606 C ADD 2.24 (0.69-7.30) 1 1 1.338 0.18
TP53 chr17_7579801 C ADD 0.71 (0.37-1.39) 1 1 —0.991 0.32
MPPE1 chr18_11897016 C ADD 2.56 (0.69-9.43) 1 1 141 0.16
MYBPC2 chr19_50967640 A ADD 0.91 (0.45-1.86) 1 1 —0.2439 0.80
A1, mutated; Test, the additive model of analysis; FDR_BH, false discovery rate BH analysis; FDR_BY, false discovery rate BY analysis; STAT, T value
Table 3. Associations between the MPPET mutation and the clinicopathological MPPE1
features of HCC disease and prognosis. 1.07 —Imutaion
MPPET mutation arflppmieesey el
Yes No ——2-censored
Variables N (%) n (%) n (%) P-value 0.8
Gender 1.00 %
Male 114 (94.2) 23 (95.8) 91 (93.8) ;
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Number of tumor nodules 0.45 8 0.4
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T3 15(124) 8(333) 7(7.2) Figure 2. Kaplan-Meier curves showing the association between tumor recur-
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the GO/G1 phase was significantly increased and the propor-
tion of HuH-7 cells and HepG2 cells in the S phase was
substantially reduced at 72 h after MPPE1 knockdown
(Figure 4b). These results suggest that MPPEL1 plays an essen-
tial role in the proliferation of HCC cells by regulating the cell
cycle transition from the G0/G1 to the S phase. Apoptosis assay
indicated that knockdown of MPPEL significantly increased

HCC Non_tumor No_tumor

Figure 3. MPPE1 expression in HCC tumor samples and adjacent nontumor tissues
based on data extracted from the GEO and TCGA (a) GSE22058, (b) GSE144520, (c)
GSE63898, (d) TCGA_LIHC (**** P-value < 0.0001, *** P-value < 0.001, **P < .01).

the percentage of early and late apoptotic HuH-7 and HepG2
cells compared to control (Figure 4c), and obviously increased
the cleavage of PARP (Figure 4c), the hallmark of apoptosis.
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Figure 4. Functional analysis of MPPET knockdown in Huh-7 and HepG2 cells. (a)
Knockdown of MPPE1 expression significantly inhibited cell growth in a CCK-8
assay (n = 5). (b) Knockdown of MPPE1 expression significantly increased the
proportion of HuH-7 cells and HepG2 in the GO/G1 phase and significantly
decreased the proportion of HuH-7 cells and HepG2 cells in the S phase. The
DNA content of HCC cells was analyzed using PI staining and flow cytometry
(n = 4). (c) Knockdown of MPPE1 expression significantly increased the percen-
tage of apoptotic HCC cells, detected by flow cytometry, and increased the level of
cleaved PARP, identified with Western blotting analysis. Tubulin was used as an
internal control. (d) Knockdown of MPPE1 expression inhibited cell invasion in
a Transwell assay. Invasive cells were counted under a microscope (200x) as the
mean of ten randomly selected fields of view. (e) Knockdown of MPPE1 expression
inhibited cell migration in a Transwell assay. Migrated cells were counted under
a microscope (200x) as the mean of ten randomly selected fields of view. Error
bars represent the SD of the mean value. Statistical analysis was performed by the
two-tailed least-significant difference (LSD) t-test. *, P < .05, **P < .01, ***P < .001.

These results suggest that MPPE1 may help HCC cells resist
apoptosis.

Down-regulation of MPPE1 inhibits HCC cell invasion and
migration

Invasion and migration contribute to the malignant phenotype
of HCC cells. Knockdown of MPPE1 expression in HuH-7 cells
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and HepG2 cells significantly reduced cell invasion (Figure 4d)
and migration abilities compared to controls (Figure 4e).

The invasion and migration potential of cancer cells is
closely related to epithelial-mesenchymal transition (EMT)
status. We examined the EMT markers, E-cadherin, and
N-cadherin, in HepG2 cells with MPPEl knockdown
(shRNA2) or without (LV3-NC). Results showed that the
expression of E-cadherin was significantly up-regulated
(P=.002), while the expression of N-cadherin was significantly
down-regulated in HepG2 cells (P< .001) after transcriptional
silencing of MPPE1 (Fig S6), indicating that MPPE1 may
influence invasion and migration by regulating EMT in HCC
cells.

Down-regulation of MPPET1 inhibits tumor growth in vivo

A xenograft tumor model in nude mice was used to detect the
effect of MPPE1 knockdown on tumor growth in vivo.
Transcriptional silencing of MPPE1 (shRNA2) in HepG2
cells significantly reduced tumor weight and tumor volume
in vivo, compared to the LV3-NC control group (P = .049)
(Fig S7A-C). The results suggest that transcriptional silencing
of MPPEI inhibited tumor growth in vivo.

Discussion

In the present study, we found that an MPPEI missense muta-
tion on chr18_ 11897016 was among the most frequent muta-
tions in primary or recurrent HCC. The frequency of the
MPPEI mutation was higher in recurrent HCC than in primary
HCC or benign liver disease with cirrhosis tissues and was
significantly associated with HCC recurrence. The MPPEI
mutation was significantly associated with TNM stage and
Child-Pugh classification. In multivariable analysis of data
from 121 HCC patients, the MPPE] mutation was an indepen-
dent risk factor for HCC recurrence. HCC patients with the
MPPE] mutation had a higher post-operative tumor recur-
rence rate. Further, knockdown of MPPE1 in the HCC cell
lines, HepG2 or HuH-7, significantly inhibited cell prolifera-
tion, migration and invasion, induced cell cycle arrest and
apoptosis, and inhibited tumor growth in nude mice in vivo.
These data indicate that the MPPEI mutation is a risk factor for
HCC recurrence and that MPPE1 has potential as a novel
therapeutic target for HCC.

Evidence suggests that HCC is characterized by the accu-
mulation of genetic mutations and epigenetic changes during
oncogenesis and progression.'®'>'*"'® In this study, our data
identified unique genetic signatures for recurrent HCC and
primary HCC (Figure 1). The C:G-> G:C transversion may be
a characteristic mutational signature of primary HCC. In
recurrent HCC, the preferential C:G > T:A transversion may
result from the high frequency of CpG methylation in the
genome sequence, and represents a mutation commonly
found in solid tumors."” Annotation of the 70 SNVs revealed
their presence in 69 genes, some of which, such as TP53, MLH1
and STAT3, contribute to HCC development.17’18’20’21 Notably,
we identified MPPE]I as a novel gene whose mutation is poten-
tially associated with recurrent HCC.
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Several genes, such as TP53, f-catenin (CTNNBI), telomer-
ase reverse transcriptase (TERT), ARIDI1A, ARID2, and AXINI
are frequently mutated and contribute to HCC
development.'”"'*?*>7** Although mutations in the TP53 and f-
catenin genes are the most common aberrations in HCC
progression,”®*’ interventions that reverse the effect of these
mutations may not be beneficial.*® Reactivation of proteins
such as p53 in tumors holds great promise as anticancer ther-
apy; however, some studies suggest that chronic activation of
these molecules may be deleterious.””

p53 is a well-known tumor suppressor. p53 protein main-
tains genomic stability and mediates DNA repair, the induction
of apoptosis, cell cycle regulation, and interaction with other
genes.'>* p53 is frequently mutated in human HCC as HBV
and HCV can damage DNA and mutate cancer-related genes,
such as p53. The X gene of HBV (HBx) is commonly integrated
into the host genome and binds to p53, attenuating DNA repair
and p53-mediated apoptosis.’>>' The present study identified
p53 among the mutated genes in primary and recurrent HCC
tissue samples. According to KEGG pathway analysis and con-
sistent with the findings in previous reports, the genes identified
in this study were found to participate in several signaling
pathways, including cell cycle control, p53 signaling, pathways
in cancer, and the Wnt signaling pathway.

MPPE] encodes a metallophosphoesterase protein belong-
ing to the calcineurin-like phosphoesterase superfamily.'>'*
The phosphoesterases of this family are involved in a variety
of biological processes, including gene expression, cell growth,
and cell differentiation.'* MPPEI is required to transport gly-
cosylphosphatidylinositol-anchor proteins from the endoplas-
mic reticulum to the Golgi.'”” Gene Ontology annotations
include manganese ion and GPI-anchor binding. However,
the role of MPPEL in cancer remains to be elucidated. The
mechanisms and pathways underlying the role of MPPEI
mutation in cancer are unknown.

While analyzing the sequence of MPPEI, we found the
mutation site (p. E83G) to be close to the putative active sites
(D77, H79, D119), so we speculate that the mutation may
influence the activity of MPPE1. Furthermore, according to
data extracted from the TCGA and COSMIC, MPPEL1 expres-
sion was significantly increased in HCC tumor samples com-
pared to adjacent nontumor tissues. Therefore, we knocked
down MPPEI expression to investigate phenotypic changes in
HCC cells. To the authors’ knowledge, this is the first study to
demonstrate that down-regulation of MPPE1 expression sig-
nificantly inhibits cell proliferation, disrupts cell cycle progres-
sion by inhibiting G1 to S phase transition, induces cell
apoptosis, inhibits invasion and migration, and inhibits
HepG2 tumor growth in vivo. The impact of the MPPEI
mutation on gene function will be explored in future research.

In conclusion, we identified MPPE1 as a novel candidate
gene whose mutation is potentially associated with HCC recur-
rence. In addition, this study provides novel information
regarding the function of MPPEI in cancer cells. Enzymes are
generally accepted as ideal drug targets, and developing drugs
(such as small molecular inhibitors) that target enzyme activity
is warranted. Findings from this study identified MPPE1 as
a potential therapeutic target for HCC and indicate that

investigating MPPEI will further understanding of the mole-
cular mechanisms underlying HCC recurrence.

Materials and methods
Patients and tissue samples

Five specimens (a primary HCC tissue, a recurrent HCC tissue,
their adjacent non-tumor tissues, and peripheral blood mono-
nuclear cells) were obtained from a single patient who had been
suffering from HBV-induced cirrhosis for 23 y and had under-
gone surgical resection for primary HCC and recurrent HCC
in February 2013 and November 2013, respectively, at the
General Hospital of the Chinese People’s Armed Police Force.
Histological characteristics of the primary and recurrent HCC
samples, as well as their adjacent non-tumor tissues, are shown
in Fig. S1A and S1B. Genomic DNA was extracted from the
five samples and subjected to whole-exome sequencing
analysis.

In addition, genomic DNA was extracted from freshly fro-
zen hepatitis B surface antigen (HBsAg)-positive primary HCC
(n = 87), recurrent HCC (n = 34) and benign liver disease with
cirrhosis tissues (n = 43). Specimens were collected between
June 2012 and December 2016 following surgical resection at
the General Hospital of the Chinese People’s Armed Police
Force. All cases were histologically confirmed.

This study was approved by the ethics committee of the
General Hospital of the Chinese People’s Armed Police Force.
All procedures performed in studies involving human partici-
pants were in accordance with the ethical standards of the
institutional and national research committee and with the
1964 Helsinki declaration and its later amendments or com-
parable ethical standards. Written informed consent was
obtained from each patient.

Whole-exome sequencing and identification of SNVs and
their genes potentially associated with HCC recurrence

Procedures for DNA extraction and high-throughput whole-
exome sequencing are described in the Supplemental File. Single
nucleotide polymorphisms (SNPs) were identified from corrected
whole-exome sequencing data using SOAPsnp software (BGI
Tech Solutions Co., Ltd. Shenzhen, China), as previously
described.>*° Single nucleotide variants (SN'Vs) potentially asso-
ciated with HCC recurrence were identified using the dbSNP
(version 135) pipeline (Fig. $2). SNVs were annotated and classi-
fied using ANNOVAR, as previously described.”®

The initial list of candidate nonsynonymous SNVs poten-
tially associated with HCC recurrence was verified using poly-
merase chain reaction (PCR)-MassARRAY analysis in the
dataset that included the HBsAg-positive primary HCC
(n = 87), recurrent HCC (n = 34) and benign liver disease
with cirrhosis tissues (n = 43). After the PCR products were
modified using shrimp alkaline phosphatase (SAP) and single-
base extension, the purified products were analyzed on
a MassARRAY platform (Sequenom, Inc., San Diego, CA,
USA), according to the manufacturer’s instructions.
Candidate SNVs were further verified using standard



procedures for Sanger sequencing.’” Primers with high ampli-
fication efficiency were designed to localize 80-120 bp
upstream and downstream of the target mutation. The fre-
quency of each SNV was recorded.

Function and pathway enrichment analyses of mutated
genes with candidate SNVs potentially associated with HCC
recurrence were performed using WebGestalt®® based on the
Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://
www.kegg.jp/) and the Gene Ontology (GO) and UniProtKB/
Swiss-Prot databases in the GeneCard database (https://www.
genecards.org/c). Significance of the enrichment data was
determined by the hypergeometric test and adjusted for multi-
ple testing using the Benjamini-Hochberg false discovery rate
(FDR). KEGG terms were considered enriched at P < 0.05.%®

Cell lines and RNA interference

Two human HCC cell lines, HuH-7 and HepG2, and human
embryonic kidney 293 T cells were purchased from the Chinese
Academy of Sciences.”” Two ShRNA sequences targeting
human MPPE1 mRNA were designed using an online tool
(http://rnaidesigner.thermofisher.com/) and is shown in the
Supplemental File. A scrambled sequence that shared no
homology with the human genome was used as a negative
control. Successful cloning of these sequences into the pLV-
H1-Puro-GFP lentivector was confirmed by Sanger sequen-
cing. Procedures for amplification of shRNA-expressing
recombinant lentiviruses and stable transfection of LV-
shRNA-MPPEI1 in HepG2 and HuH-7 cells are described in
the Supplemental File.

Western blotting

Western blotting was performed as previously described®®
using antibodies for MPPE1 (ab177092, Abcam, USA), poly
(ADP-ribose) polymerase (PARP) (9542s, Parp CST, USA) and
tubulin (ca-8035, Santa Cruz, USA), and horseradish peroxi-
dize (HRP)-conjugated secondary antibodies (Jackson
ImmunoResearch, West Grove, PA, USA).

Cell proliferation assay

Proliferation of HuH-7 and HepG2 cells after transfection with
lentiviral ShRNA1, ShRNA2, or LV3-NC was determined
using the Cell Counting Kit-8 (CCK-8, Dojindo, Tokyo,
Japan), according to the manufacturer’s instructions.

Cell cycle analysis and apoptosis assay

The cell cycle was assessed in 70% ethanol-fixed cells by
propidium iodide (Sigma, USA) staining and a FACS flow
cytometer (BD Biosciences, San Jose, CA). Apoptosis was
assessed in floating and attached cells by annexin V/propi-
dium iodide staining using the Annexin V-APC/7-AAD
Apoptosis Detection Kit (BioVision, Palo Alto, CA) accord-
ing to the manufacturer’s instructions, and the flow
cytometer.
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Cell invasion and migration assays

Cell invasion and migration assays were performed in cham-
bers, as previously described.*” The number of cells was
counted under a microscope (200x) in ten randomly selected
fields of view.

HCC datasets from GEO and TCGA

MPPE1 expression in HCC tumor samples and adjacent non-
tumor tissues was investigated in publically available data depos-
ited in the Gene Expression Omnibus (GEO) (GSE22058,
GSE14520 and GSE63898) and The Cancer Genome Atlas
(TCGA) (TCGA _LIHC dataset: n = 371 HCC tumor samples,
n = 50 adjacent nontumor samples) (as of Jan 28, 2016).

Xenograft tumor model in nude mice

BALB/c nude mice (6-8 weeks) were supplied by the Liver
Cancer Institute of Fudan University (Shanghai, China).
Animal studies were approved by the local regulatory agency
(Institutional Animal Care and Use Committee of Laboratory
Animal Center of Academy of The Fourth Military Medical
University). Nude mice were randomly divided into two
groups: shRNA2- and LV-3NC- (control) infected HepG2
cells (n = 6 mice per group). After the cells were digested and
centrifuged (5 min, 1000 R/min), they were resuspended in
serum-free DMEM and stored at 4°C. Then, 150 p L of cells
(1.5 x 10%/mL) were injected into the back of nude mice.

Tumor volume was measured on Day 14, 21, 28, 32, 37, 42
and 49 after implantation. Tumor volume was calculated using
the formula: V (volume) = (n x length X width?)/6. Tumor
tissues were removed, weighed, and immediately fixed in for-
malin on Day 49 after implantation.

Statistical analysis

Statistical analysis was performed using SPSS for Windows
version 16.0 (SPSS, Chicago, IL, USA). A case—control model
(dichotomous) was applied to identify associations between
candidate mutant genes and primary and recurrent HCC.
The Hardy—Weinberg Equilibrium (HWE), the Fisher’s exact
test, chi-square test, and allele logistic regression was used to
investigate associations between mutant genes SNV and dis-
ease of primary or recurrent HCC. The Kaplan-Meier method
and the log-rank test were conducted to evaluate time to
recurrence, defined as the duration from surgery to recurrence
diagnosis. Cox proportional hazards model was used to iden-
tify independent risk factors for tumor recurrence. Data are
presented as the mean + standard deviation. P-<0.05 was
considered statistically significant.
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