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Flavoproteins and their interacting proteins play important roles in mitochondrial electron transport, fatty acid degradation, and
redox regulation. However, their clinical significance and function in esophageal squamous cell carcinoma (ESCC) are little
known. Here, using survival analysis and machine learning, we mined 179 patient expression profiles with ESCC in GSE53625
from the Gene Expression Omnibus (GEO) database and constructed a signature consisting of two flavoprotein genes (GPD2 and
PYROXD?2) and four flavoprotein interacting protein genes (CTTN, GGH, SRC, and SYNJ2BP). Kaplan-Meier analysis revealed
the signature was significantly associated with the survival of ESCC patients (mean survival time: 26.77 months in the high-risk
group vs. 54.97 months in the low-risk group, P <0.001, #n=179), and time-dependent ROC analysis demonstrated that the six-
gene signature had good predictive ability for six-year survival for ESCC (AUC =0.86, 95% CI: 0.81-0.90). We then validated its
prediction performance in an independent set by RT-PCR (mean survival: 15.73 months in the high-risk group vs. 21.1 months in
the low-risk group, P = 0.032, n=121). Furthermore, RNAi-mediated knockdown of genes in the flavoprotein signature led to
decreased proliferation and migration of ESCC cells. Taken together, CTTN, GGH, GPD2, PYROXD?2, SRC, and SYNJ2BP have
an important clinical significance for prognosis of ESCC patients, suggesting they are efficient prognostic markers and potential

targets for ESCC therapy.

1. Introduction

Esophageal cancer has been ranked as the fifth most ma-
lignant disease, and it is the fourth leading cause of cancer
death in China [1]. There are two main histological types of
esophageal cancer: adenocarcinoma and squamous cell
carcinoma [2]. Esophageal squamous cell carcinoma (ESCC)
is the most common histologic type of esophageal cancer,
accounting for approximately 90% of esophageal cancer
tumors in China. Despite the advance in diagnosis, prog-
nosis, and treatment, the early diagnosis for ESCC is poor,
with a 5-year overall survival rate less than 20% [3]. It is
widely believed that the occurrence and development of
ESCC depends on alteration of multiple factors, multiple

stages, and multiple genes, making it very likely that both
genetic and environmental factors contribute to this disease
[4]. Further understanding of the molecular mechanism of
ESCC and screening of more efficient clinical markers are
crucial for the early diagnosis and improvement in prognosis
of ESCC patients.

Riboflavin (vitamin B2) is an essential micronutrient for
normal cellular function. Riboflavin is the precursor of both
flavin adenine dinucleotide (FAD) and flavin mono-
nucleotide (FMN), which play key roles in cell development
and growth. Riboflavin participates in intermediary meta-
bolism and is required for many metabolic reactions, such as
mitochondrial electron transport, fatty acid degradation,
and redox regulation [5, 6]. An increasing number of
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researchers have found a positive correlation between ri-
boflavin deficiency and cancer risk. Bassett et al. found thata
higher intake of riboflavin is associated with decreased risk
of breast cancer, and the same phenomenon has been ob-
served for gastric, colorectal, and lung cancers [7-10].
Throughout recent years, there has been much research
focused on the relationship between riboflavin and esoph-
ageal cancer. Siassi et al. suggested that riboflavin deficiency
of residents is higher in areas with a high incidence of ESCC
[L1]. Our previous studies have shown that low plasma ri-
boflavin levels are significantly associated with high risk and
poor prognosis of ESCC patients, while after repletion of
riboflavin can improve prognosis [4]. The above studies
show that riboflavin deficiency is common in high-incidence
areas of ESCC, suggesting that riboflavin dysfunction may be
present in ESCC patients.

Deficiency of riboflavin can directly lead to the abnormal
function of flavoproteins. Flavoproteins are a class of en-
zymes that catalyze a wide range of redox reactions through
a variety of chemical mechanisms. This kind of protein must
contain noncovalently bound FAD or FMN as a cofactor.
Warburg et al. isolated the first flavoprotein from yeast
(flavin phosphoric acid was its prosthetic group), and Banga
et al. observed the presence of flavin in muscle tissue. So far,
more than 160 kinds of flavoproteins have been isolated and
characterized [12]. One of the most important characteristics
of flavoproteins is the wide range of the catalytic reactions
they performed, such as typical redox catalysis, DNA
damage repair, or activation of dioxygen [13]. A number of
recent studies indicate that abnormal expression of flavo-
proteins and their interacting proteins lead to a variety of
clinical abnormalities, which range from degenerative
changes in the skin lesions, to the growth retardation, or
nervous system and peripheral neuropathy; it also affects the
proliferation and mobility of various cancer cells [14-16].
However, the clinical significance and function of flavo-
proteins and their interacting proteins in ESCC still need to
be evaluated. In this study, we obtained the expression level
of flavoproteins and their interactors by re-annotating gene
microarrays through analysis of the data and screened out a
flavoprotein-related signature that can accurately predict
overall survival of ESCC patients.

2. Materials and Methods

2.1. Flavoproteins and Their Interacting Proteins. We selected
flavoproteins from the UniProt database (http://www.
uniprot.org/) and identified their interacting proteins
from the Human Protein Reference Database (http://www.
hprd.org/) and BioGRID (https://thebiogrid.org/) database
[17].

2.2. GEO Cancer mRNA Expression Data. The mRNA ex-
pression data and corresponding clinical data of 179 ESCC
patients (GSE53625) were obtained from the GEO database
(https://www.ncbi.nlm.nih.gov/geo/). We used this dataset
as a training set [18] to analyze the correlation of flavo-
proteins and their interacting protein and the relationship

BioMed Research International

between flavoproteins and the survival of ESCC patients.
Probe re-annotation pipeline was performed as previously
described [17, 19]. The probes which were perfectly matched
to a transcript were retained. And the probes which targeted
both noncoding transcripts and coding cDNA sequences
were removed. The gene expression values were log2
transformed for all subsequent analysis.

2.3. Construction of a Weighted Overall Survival (OS) Pre-
dictive Score Algorithm. Firstly, we selected survival-related
flavoproteins and their interacting genes by univariate Cox
proportional hazards analysis (P <0.05) and then used the
random survival forests variable hunting (RSFVH) algo-
rithm to filter out genes until 10 genes [18]. Subsequently, we
developed a model to estimate prognosis risk as follows
[18, 20, 21]:

N
risk score (RS) = ) (B * EXP), (1)

i=1

where N is the number of prognostic flavoproteins and their
interacting genes, EXP is the gene’s fold change value of
expression, and f is the corresponding COX coefficient of
the genes.

2.4. Tissue Sample Collection. ESCC tissues were obtained
from the Department of Oncological Surgery of the Central
Hospital of Shantou City, Guangdong Province, P.R. China,
during 2012-2013 [22]. Tissues were collected from 121
ESCCs (Table 1) and confirmed by haematoxylin and eosin
staining. This study was approved by the Ethics Committee
of the Central Hospital of Shantou City.

2.5. RNA Extraction, cDNA Synthesis, and qRT-PCR.
Total RNA from cells and tissues was extracted with
TRIzol (Life Technologies, USA) according to the man-
ufacturer’s protocol. The purity and concentration of RNA
were determined by OD260/280 ratio using a NanoDrop
spectrophotometer, cDNA was obtained from the total
RNA using random hexamers, and real-time PCR was
performed by using a SYBR® Premix Ex Taq™ kit
(DRRO37A, Takara). The primer sequences for CTTN
(cortactin), GGH (gamma-glutamyl hydrolase), GPD2
(glycerol-3-phosphate dehydrogenase 2), PYROXD2
(pyridine nucleotide-disulphide oxidoreductase domain
2), SRC (non-receptor tyrosine kinase), and SYNJ2BP
(synaptojanin 2 binding protein) for real-time RT-PCR are
shown in Table 2, and f-actin was used for normalization.
Quantitative RT-PCR (qRT-PCR) was repeated at least
three times [23, 24].

2.6. Cell Culture and Small RNA Interference. Cell lines used
in this study were previously described [25, 26]. In brief,
KYSE150 and KYSE510 esophageal carcinoma cells were
grown in RPMI 1640 medium (Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (GIBCO),
penicillin-G (100 units/mL), and streptomycin (100 yg/mL).
Cells were incubated at 37°C in 5% CO,.
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TaBLE 1: Clinical characteristics of 121 ESCC patients used for
validation experiments.

Clinical parameters Number
Total cases 121
Status

Deceased 54

Living 67

Mean age, year 57.8
Age

<57.8 62

>57.8 59
Gender

Male 92

Female 29
pTNM stage

I 6

11 57

11T 58

TaBLE 2: Primer sequences for qRT-PCR and siRNA sequences.

Gene Sequence (5'-3')

Primers for qRT-PCR
CTTN-qF AACGATCTGGGGATCACAGC
CTTN-qR CCAGCCGTCGTCAATCATC T
PXROXD2-qF CAAGCTCAGCCACCACACAT
PXROXD2-qR GCTTCTCACCTCTGTGCCAT
SYNJ2BP-qF CTGCACCAGGATGCTGTAGAC
SYNJ2BP-qR GAAAGCCCAGGCTGCTACCAT
GGH-qF GATGGCATTTCCCATGCACC
GGH-qR TGCTTTCTCCTCTTCAGATTCAG
GPD2-qF GTGGCCAAAATGGCAAGTGT
GPD2-qR AATCCTGGGTAGGGCTTCCT
SRC-qF GTGGGAGAGAACCTGGTGTG
SRC-qR GATGGTGAAGCGGCCATAGA
ACTB-qF CAACTGGGACGACATGGAGAAA
ACTB-qR GATAGCAACGTACATGGCTGGG

siRNA target sequence
CCAUGGCUAUGGAGGGAAATT
CCUCCUUCAUCAGGCCUUUTT
GGACAAGUUGAAGACCCUUTT
GCGAGCCUCGAGCUGUCUATT
GCAUUUCAGAACCAGUUAATT
GCCUCUCAGUGUCUGACUUTT
UUCUCCGAACGUGUCACGUTT

CTTN-Homo-449
PYROXD2-Homo-1328
SYN]J2BP-Homo-2746
GGH-Homo-338
GPD2-Homo-494
SRC-Homo-937
Negative control

In functional assays, KYSE150 and KYSE510 cells were
seeded into plates and cultured for 12-24 h until 70-80%
confluence. ESCC cells were transfected with 30nM or
75nM siRNA using Lipofectamine 3000 (Invitrogen)
according to the manufacturer’s instructions. Then, cells
were cultured and used for further analysis. Short interfering
RNAs for CTTN, GGH, GPD2, PYROXD2, SRC, and
SYNJ2BP and a negative control (NC) siRNA were syn-
thesized by GenePharma (Suzhou, Jiangsu, China). The
siRNA sequences targeting the flavoprotein signature are
described in Table 2.

2.7. Colony Formation Assay. A colony formation assay was
performed as described previously [27]. In brief, transfected

cells were trypsinized and counted with a cell counter (Bio-
Rad, Hercules, CA, USA). 1000-2000 cells per well were
plated in a 6-well plate and incubated for 14 days at 37°C
with 5% CO,. After washing twice with 4°C precooled PBS,
cultures were fixed with ice-cold methanol for 20 min and
stained with haematoxylin for 15 min. Colonies were pho-
tographed using ChemiDoc Touch (Bio-Rad). Each exper-
iment was performed in triplicate.

2.8. Wound Healing Assay. KYSE150 and KYSE510 cells
were transfected with siRNAs targeting the flavoprotein
signature, and then cells were starved in serum-free medium
for 12h after being transfected for 36h. Circles 3 mm in
diameter were marked on the bottom of each dish to identify
the areas for image capture and ensure that measurements
were taken at the same locations. A wound was made by
scraping the cell monolayer with a 200 yL pipette tip. ESCC
cells were maintained in RPMI 1640 medium with 2.5% fetal
bovine serum. Images were captured at 0 and 36h using a
Leica DMI3000B inverted phase-contrast microscope (Leica
Microsystems GmbH, Wetzlar, Germany). The wound
closure rate was calculated from 6 images, using Image |
(National Institutes of Health, Bethesda) analysis. Each
experiment was performed in triplicate.

2.9. Transwell Assay. The transwell assay was performed as
described previously [28]. KYSE150 and KYSES510 cells were
starved in serum-free medium for 12h after being trans-
fected. A total of 5 x 10* cells were plated in medium without
serum in the upper well of a transwell chamber of a 24-well
transwell with 8 yum pores (BD Biosciences), which was
placed in a bottom chamber containing medium supple-
mented with 10% fetal bovine serum. After 48h, the
membranes were fixed and stained with haematoxylin so-
lution and scraped off the cells remaining in the upper
chamber. The migration was quantified by counting 10
random fields under a Leica DMI3000B inverted phase-
contrast microscope (400) with Image J. Each experiment
was performed in triplicate.

2.10. Statistical Analysis. In training datasets, 179 ESCC
patients were divided into low-risk (risk score <12.86) and
high-risk groups (risk score >12.86) by using the median as a
cutoft value [3]. In the independent validation datasets, 121
ESCC patients were divided into low-risk (risk score <1.28)
and high-risk (risk score >1.28) groups by using the X-tile
software [29]. Kaplan-Meier analysis was performed to test
the survival distributions in the different groups. The sensi-
tivity and specificity of the risk score for survival were
compared by the receiver operating characteristic (ROC)
curve [30]. All analyses were performed using the R program
(www.r-project.org), including packages named pROC, sur-
vival, and randomForestSRC downloaded from Bio-conduc-
tor (http://www.bioconductor.org/). SPSS v13.0 software was
used for statistical analysis. Where indicated, statistical
analysis was performed by calculating means and SD. Graphs
were mainly made by GraphPad Prism 6 (GraphPad, San
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Diego, USA). Differences between groups were evaluated with
Student’s ¢ test. Significance was defined as P < 0.05. Gene set
enrichment analysis (GSEA) was performed by the GSEA
software [31].

3. Results

3.1. Acquisition of Flavoproteins and Their Interacting Protein
Expression Level via Re-Annotation of the Agilent Array.
179 ESCC samples (contained tumor tissues and adjacent
normal tissues) from the GSE53625 dataset were selected
according to the dataset screening criteria described in the
Materials and Methods section. Several PCGs were identified
by probe re-annotation of the Agilent-038314 CBC Homo
sapiens IncRNA + mRNA microarray V2.0. We generated a
new mRNA expression profile of the GSE53625 profiles by
the following steps: First, we keep the probes which were
mapped to the genomic coordinates of mRNAs uniquely.
Second, we use the arithmetic mean to integrate the values of
multiple probes mapping to the same mRNAs. Then, we
identified 17434 PCGs in the dataset.

3.2. Selection of Flavoproteins and Interacting Protein Com-
binations for the Prognostic Signature in the Training Dataset.
The experimental process is shown in Figure 1(a). We
extracted 162 flavoproteins and 1133 interacting proteins
from the protein database. The ESCC patient cohort with
179 patients of ESCC was downloaded from the GEO da-
tabase (GSE53625) and was used to explore the correlation
between 1295 flavoproteins and their corresponding inter-
acting proteins. Firstly, the univariate Cox proportional
hazards regression analysis identified a flavoprotein family
set composed of 6 flavoproteins and 47 interacting proteins,
which were associated with overall survival (P <0.05), to
serve as prognostic genes. Secondly, ten genes most related
to the prognostic classification were selected among the
flavoprotein family set according to the permutation im-
portance score by using random survival forests variable
hunting (RSFVH) algorithm (Figure 1(b)).

We compared the risk-score model of 2'°-1 =1023 com-
binations of the flavoprotein set by the ROC curve to elect a
better prediction prognostic signature. All the risk scores of the
flavoprotein signature are described in the Materials and
Methods section. Then, the flavoprotein signature with the max
AUC is selected. The signature was composed of two flavo-
protein genes (GPD2 and PYROXD2) and four flavoprotein
interacting protein genes (CTTN, GGH, SRC, and SYNJ2BP),
and the risk score was obtained as follows: risk score=
(—0.77 x expression level of GPD2)+ (0.28 x expression level
PYROXD?2) + (0.33 x expression level of CTTN) + (-0.39 x
expression level of GGH)+ (0.54 x expression level of
SRC) + (0.48 x expression level of SYNJ2BP). AUC of the
flavoprotein signature in the prognostic model was 0.76 for
survival status (Figure 1(c), Table 3), and time ROC analysis
showed that AUC of the signature is 0.710 (95% CI:
0.643-0.822) at 3 years, 0.759 (95% CI: 0.696-0.822) at 4
years, 0.767 (95% CI: 0.697-0.836) at 5 years, and 0.857
(95% CI: 0.813-0.900) at 6 years (Figure 1(d)).
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3.3. The Flavoprotein Signature Could Predict ESCC Patients’
Survival in Training Dataset and Independent Validation
Datasets. By using the median risk score of the flavoprotein
signature as the cutoff point, 179 ESCC patients of the
training dataset were divided into the high-risk group
(n=90) and low-risk group (n=289). The high-risk group
had a significantly shorter OS than the low-risk group
(P<0.001, mean survival time: 26.77 months vs. 54.97
months; Figure 1(e)).

To confirm the findings described above, we also eval-
uated the efficiency of the constructed expression-defined
flavoprotein prognostic model in independent validation
datasets (n = 121). The same flavoprotein model was used to
calculate the flavoprotein signature-based risk scores for 121
patients in this dataset. Figure 1(f) shows the Kaplan-Meier
curves of the model in the validation datasets (P = 0.032,
mean survival time: 15.73 months vs. 21.1 months).

3.4. Knocking Down the Flavoprotein Signature Components
in ESCC Cell Lines Affects Cell Migration and Growth. To
assess the effect of the flavoprotein signature expression in
ESCC cells, siRNAs targeting the flavoprotein signature
genes were transfected into KYSE510 cells and KYSE150
cells, and the silencing of the flavoprotein signature was
determined by qRT-PCR. Figure 2(a) shows that the rel-
ative mRNA expression of the flavoprotein signature in
KYSE150 cells and KYSE510 cells in the si-flavoprotein
signature group was lower than the si-negative control
(NC) group (P <0.01). Colony formation assay showed that
knockdown of the flavoprotein signature genes signifi-
cantly inhibited the growth of KYSE150 cells and KYSE510
cells (Figure 2(b)). Compared with the siNC group, ESCC
cell growth in the si-flavoprotein signature group was
generally suppressed (P <0.0001, one-way ANOVA). Mi-
gration of ESCC cells was examined in each group by
wound healing and transwell assays. As shown in Figures 3
and 4, siRNA-mediated knockdown of CTTN, GGH,
GPD2, PYROXD2, SRC, or SYNJ2BP in KYSE150 cells and
KYSE510 cells conferred reduced migration, compared
with the siNC group (P <0.01, one-way ANOVA). How-
ever, six genes in the flavoprotein signature produce dif-
ferent degrees of effect on ESCC cell proliferation and
migration. And six genes also play different roles in
KYSE150 and KYSE510 cells. After knocking down the
PYROXD2 gene in KYSE150 cells, the cell proliferation
ability was most significantly reduced (P < 0.0001, one-way
ANOVA), while wound healing and transwell assay showed
that knockdown of the PYROXD2 gene in KYSE150 cells
had the least effect on cell migration compared to other
genes (P <0.01, one-way ANOVA). In KYSE510 cells, the
significant effect of inhibiting cell proliferation is knocking
down the SYNJ2BP gene (P < 0.0001, one-way ANOVA). In
KYSE150 and KYSES510 cells, the effect of GGH on cell
proliferation was minimal compared to other genes
(P<0.01, one-way ANOVA). However, after knockdown
of GGH, wound healing and transwell assay showed that
the GGH gene has a great influence on the mobility of
ESCC cells (P <0.0001, one-way ANOVA). These results
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FiGure 1: Identification of a flavoprotein signature predictive of overall survival of patients with ESCC. (a) Schematic diagram of the study.
(b) Random forest supervised classification algorithm. (c) Procedure for identifying the final signature. The accuracies of all 1023 signatures
were calculated, and the nine highest accuracies for k=1, 2, .. ., 10 are shown in the plot and ROC for the flavoprotein signature prognostic
model in the training dataset. (d) Time-dependent ROC for the flavoprotein signature prognostic model at 3-6 years in the training dataset.
(e, f) Kaplan—Meier survival curves of patients classified into high- and low-risk groups, using the flavoprotein signature in the training and
independent validation datasets. P values were calculated by the log-rank test.
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TaBLE 3: Identities of flavoproteins and their interacting proteins in the prognostic expression signature and their univariate Cox association

with prognosis.

Gene expression

Ensembl ID Gene symbol Gene description Coefficient” P value® level association Chromosome location
with prognosis
ENSG00000115159  GPD2 Glycerol-3-phosphate ., 0.01 Low 2:156435290-156613735: 1
dehydrogenase 2
Pyridine nucleotide-
ENSG00000119943  PYROXD2 disulphide 0.28 0.00 High 10:98383565-98415184 : —1
oxidoreductase
domain 2
ENSG00000085733  CTTN Cortactin 0.33 0.00 High 11:70398404-70436584: 1
ENSG00000137563  GGH Gamma-glutamyl -0.39 0.01 Low 8:63015079-63039171 : 1
hydrolase
ENSG00000197122 SRC Non'recﬁf;:;etyrosme 0.54 0.02 High 20: 37344685-37406050 : 1
ENSG00000213463  SYNJ2BP Sy“aptoi;r;‘:eliibmdmg 0.48 0.02 High 14:70366496-70417061 : -1

“Derived from the univariable Cox regression analysis in the training set.

imply that the flavoprotein signature plays important but
different roles in the progression of ESCC.

3.5. Functional Characterization of the Flavoprotein
Signature. To further explore the potential biological
function of this signature, we compared the gene expression
profiles of ESCC patients classified as high-risk and low-risk
by the flavoprotein signature in the training set (GSE53625).
The gene sets with significantly different expression
(FDR < 0.05) between high-risk and low-risk were selected
for gene set enrichment analysis (GSEA). Several clusters of
genes functionally related to more than 150 GO terms and 20
KEGG pathways were observed. These data suggest that the
flavoprotein signature might affect tumorigenesis and de-
velopment through interacting with many important bi-
ological processes, such as epithelial mesenchymal
transition, focal adhesion, oxidative phosphorylation, and
long chain fatty acid metabolism (Figure 5).

4. Discussion

Esophageal cancer is the fifth most common and fourth most
lethal malignant tumor in China [1]. Currently, the thera-
peutic efficacy of treatment is quite limited, with patients
exhibiting a low five-year incidence of survival. In recent
years, many reports have used gene arrays to analyze the
gene expression profiles and predict prognostic signature in
esophageal cancer. So far, however, there are no clinical
predictive markers specific to the early diagnosis of ESCC.
Therefore, the identification and validation of new novel
biomarkers have vital significance in the diagnosis and
treatment of esophageal cancer. Increasing evidences in-
dicate that flavoproteins and their interacting proteins are
involved in tumorigenesis and may serve as potential bio-
markers [32, 33]. In this paper, we explored the clinical
significance of flavoproteins (GPD2 and PYROXD?2) and
their interacting proteins (CTTN, GGH, SRC, and
SYNJ2BP). The signature composed of six members is not

only involved in proliferation and migration of ESCC cells
but also related with OS of ESCC patients. Furthermore, the
combination of CTTN, GGH, GPD2, PYROXD2, SRC, and
SYNJ2BP can accurately predict the prognosis of ESCC
patients, with accuracies for predicting 6-year OS for ESCC
patients (AUC=0.857, 95% CI: 0.813-0.9). The signature
composed of flavoproteins and their interacting proteins
shows prognostic power in ESCC patients.

In this study, we used different statistics and machine
learning methods to identify an expression signature, in-
volving flavoproteins and their interacting proteins, that is
associated with survival of ESCC patients. The six genes
CTTN, GGH, GPD2, PYROXD2, SRC, and SYNJ2BP with
the largest AUC were selected as the flavoprotein signature.
CTTN and SRC are two of the most studied oncogenes. SRC
is a non-receptor protein tyrosine kinase that is activated
following engagement of many different classes of cellular
receptors [34]. CTTN is a major substrate of the SRC ty-
rosine kinase and contributes to the organization of the actin
cytoskeleton and cell shape [35]. CTTN and SRC have been
implicated in cell proliferation, motility, and invasion in
various types of cancer, such as esophageal cancer, colorectal
cancer, laryngeal carcinoma, and lung cancer [36-41]. GPD2
and PYROXD2 are both flavoproteins that contain non-
covalently bound FAD as cofactor. In later years, researchers
found GPD2 is the target gene for many diseases, such as
febrile seizures, nonspecific mental retardation, and diabetes
[42-44]. Moreover, a study in Canada suggested that GPD2
can be a target for cancer therapeutics [45]. PYROXD?2 is
pyridine nucleotide-disulfide oxidoreductase domain 2 with
oxidoreductase activity [46]. Montoliu et al. confirmed the
effect of PYROXD2 polymorphisms on trimethylamine
metabolism [47]. Hong et al. found that PYROXD2 can be a
target gene for prostate cancer [48]. GGH plays an important
role in the metabolism of pteroylpolyglutamates and anti-
folates [49]. Many reports have shown that GGH is involved
in the ERG-negative prostate cancer and gastric cancer
development by multiple methods [50, 51]. SYNJ2BP reg-
ulates endocytosis of activin type 2 receptor kinases through
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F1GURE 2: Knockdown of the flavoprotein signature inhibits proliferation of ESCC cells. (a) siRNA-mediated knockdown of the flavoprotein
signature was examined by using qRT-PCR. B-Actin served as the loading control. Negative control (NC) siRNA or siRNA targeting the
flavoprotein signature (siRNA) was transfected into KYSE150 cells and KYSES510 cells. *P <0.05, **P <0.01, ***P < 0.001, Student’s ¢ test.
(b). Clone formation images and number of clones. Cell proliferation was determined in colony formation assays in which 2000 transfected
cells were inoculated in each well of a six-well plate. Cultures were maintained for 2 weeks, and cells were then fixed, stained, and
photographed. Each experiment was performed in triplicate, and results represent the mean + SD of three experiments. * P < 0.05, **P < 0.01,
***P <0.001, one-way ANOVA.
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F1GURE 3: Knockdown of flavoprotein signature components reduces cell migration in a wound healing assay. (a). Wound healing images in
KYSE150 and KYSES510 cells. (b) Top: rate of wound closure of KYSE150 and KYSES510 cells following transfection of siRNA and siNC. For
quantification, the cells were counted in 6 random fields under a light microscope (x400). Data represent the mean + SD of triplicate.
*P<0.05, **P<0.01, ***P <0.001, one-way ANOVA. Bottom: mean wound area (mmz) at 0 hours and 36 hours.
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F1Gure 4: Knockdown of flavoprotein signature components reduces cell migration in a transwell assay. (a) Migratory images of KYSE150
and KYSE510 cells. (b) A transwell assay was used to determine the effects of siRNA-mediated knockdown of flavoprotein signature
components on cell migration. Migrating cells were fixed and stained, and representative fields were photographed. For quantification, cells

were counted in 10 random fields under a light microscope (x400). Data represent mean+SD of triplicate. *P <0.05, **P <0.01,
***P <0.001; one-way ANOVA.
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Enrichment plot:
GO_LONG_CHAIN_FATTY_ACID_METABOLIC_PROCESS

0.0

-0.1 4
-0.2 4
-0.3 4
-0.4 4
-0.5

Enrichment score (ES)

-0.6
-0.7 4

0.25 ‘High’ (positively correlated)

0.0 %

Zero cross at 891
-0.25

‘Low’ (negatively correlated)

0 250 500 750 1000 1250 1500 1750 2000 2250 2500

Ranked in ordered dataset

Ranked list metric (signal2Noise)

—— Enrichment profile
—— Hits
Ranking metric score

(®)

Enrichment plot:
KEGG_PATHWAYS_IN_CANCER

0.30
0.25

0.20 -

0.10 -

Enrichment score (ES)
=3
G

0.05

0.00 ¥

I (NN

0.25 ‘High’ (positively correlated)

0.0 %
Zero cross at 891
-0.25

‘Low’ (negatively correlated)

0 250 500 750 1000 1250 1500 1750 2000 2250 2500
Ranked in ordered dataset

Ranked list metric (signal2Noise)

—— Enrichment profile
—— Hits

Ranking metric score

(d)

FIGURE 5: Predicting the function of genes in the signature. Gene set enrichment analysis (GSEA) showed that the flavoprotein signature was
significantly associated with EMT pathways and long chain fatty acid metabolism (a, b). Two KEGG pathways (focal adhesion and cancer-
related pathways) were significantly enriched in the enriched gene sets (¢, d) (P <0.05, FDR <0.05).

the Ral/RALBPI-dependent pathway. Liu et al. confirmed
that SYNJ2BP influences tumor growth and metastasis by
activating the DLL4 pathway in hepatocellular carcinoma
[52]. SYNJ2BP also plays an important role in breast cancer
and renal cell carcinoma metastasis [53, 54]. Although a
series of previous articles have revealed the potential value of
flavoproteins and their interacting proteins in cancer
prognosis prediction, such as CTTN, SRC, and GPD2, using

the combination of flavoproteins and their interacting
proteins in predicting ESCC prognosis has not been elu-
cidated clearly. Here, we analyzed the mRNA expression
profiles of patients with ESCC downloaded from GEO and
applied the RSFVH algorithm and ROC to pick out fla-
voproteins and their interacting proteins and reduce the
high dimension. Next, we identified a signature including
several flavoproteins and their interacting proteins, which
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are strongly associated with the overall survival. Then, we
constructed time-dependent ROC curves to assess the
sensitivity and specificity of variables and calculated the
corresponding AUC.

Functionally, we knocked down the flavoprotein sig-
nature by transfecting siRNA into ESCC cells. Next, the
functionally well-defined CTTN and SRC were used as
positive controls to compare the effect of the remaining
four genes on proliferation and migration of transfected
ESCC cells. Similar to knockdown of CTTN and SRC,
ESCC cell growth and motility are significantly reduced
following knockdown of GGH, GPD2, PYROXD2, and
SYNJ2BP. Among these genes, GPD2 knockdown has the
most significant effect on inhibiting the proliferation and
migration of ESCC cells. The GPD2 gene encodes the
mitochondrial glycerol-3-phosphate dehydrogenase, which
is localized to the outer surface of the inner mitochondrial
membrane. Mitochondrial glycerol-3-phosphate de-
hydrogenase, as a component of the glycerophosphate
shuttle, functions at the crossroads of glycolysis, oxidative
phosphorylation, and fatty acid metabolism. Mitochondrial
glycerol-3-phosphate dehydrogenase regulates both the
glycerol-3-phosphate and malate-aspartate shuttles, which
play important roles in tumor metabolism [55-58]. GSEA
analyses also suggest that the flavoprotein signature mainly
affects the function of tumor cells by affecting metabolic
pathways. The precise role played by GPD2 in ESCC needs
further study. This study still has many limitations. For
example, we only studied the flavoprotein signature as a
whole, but we did not learn the mechanism of one or
several genes. In addition, our study only stayed at the RNA
level, but not at the protein level. Other aspects will be
considered in future research.

In summary, this is the first study to investigate a sig-
nature, comprised of flavoproteins and their interacting
proteins, in patients with esophageal squamous cell carci-
noma. Furthermore, abnormal expression of the flavopro-
tein signature promotes proliferation and migration of
ESCC cells. These results implicate components of the fla-
voprotein signature as efficient prognostic markers and
potential targets in gene therapy for ESCC.

Abbreviations

AUC: Area under the curve

CL Confidence interval

CTTN: Cortactin

ESCC: Esophageal squamous cell carcinoma
GEO: Gene Expression Omnibus

GGH: Gamma-glutamyl hydrolase

GO: Gene ontology

GPD2: Glycerol-3-phosphate dehydrogenase 2
HR: Hazard ratio

KEGG: Kyoto Encyclopedia of Genes and Genomes
OS: Overall survival

PCG: Protein coding gene

PYROXD2: Pyridine nucleotide-disulphide oxidoreductase
domain 2

11

ROC: Receiver operating characteristic
SD: Standard deviation
SRC:

Non-receptor tyrosine kinase
SYNJ2BP:  Synaptojanin 2 binding protein.
Data Availability

No data were used to support this study.

Conflicts of Interest

The authors declare that there are no conflicts of interest.

Authors’ Contributions

Liu Peng and Jin-Cheng Guo contributed equally to this
study. Liu Peng and Jin-Cheng Guo were responsible for
data collection, data analysis, interpretation, and drafting.
Lin Long and Feng Pan performed qRT-PCR analysis of
ESCC samples. Jian-Mei Zhao provided technical support
for bioinformatics. En-Min Li and Li-Yan Xu were re-
sponsible for study design and study supervision. All authors
read and approved the final manuscript.

Acknowledgments

The authors thank Dr. Stanley Li Lin from the Department of
Cell Biology and Genetics of Shantou University Medical
College for assistance in revising the manuscript. This study
was supported by the Natural Science Foundation of China-
Guangdong Joint Fund (grant nos. U1301227 and
U1601229) and the National Science Foundation of China
(grant nos. 81472613 and 81772532).

References

[1] W. Chen, R. Zheng, P. D. Baade et al., “Cancer statistics in
China, 2015,” CA: A Cancer Journal for Clinicians, vol. 66,
no. 2, pp. 115-132, 2016.

[2] L. A. Torre, F. Bray, R. L. Siegel, J. Ferlay, J. Lortet-Tieulent,
and A. Jemal, “Global cancer statistics, 2012,” CA: A Cancer
Journal for Clinicians, vol. 65, no. 2, pp. 87-108, 2015.

[3] J.-J. Xie, J.-C. Guo, Z.-Y. Wu et al.,, “Integrin a5 promotes
tumor progression and is an independent unfavorable
prognostic factor in esophageal squamous cell carcinoma,”
Human Pathology, vol. 48, pp. 69-75, 2016.

[4] S.-S. Li, Y.-W. Xu, J.-Y. Wu et al., “Plasma riboflavin level is

associated with risk, relapse, and survival of esophageal

squamous cell carcinoma,” Nutrition and Cancer, vol. 69,

no. 1, pp. 21-28, 2017.

S. Ghisla and V. Massey, “Mechanisms of flavoprotein-cat-

alyzed reactions,” European Journal of Biochemistry, vol. 181,

no. 1, pp. 1-17, 1989.

[6] D. J. Stuehr, H. J. Cho, N. S. Kwon, M. F. Weise, and
C. F. Nathan, “Purification and characterization of the cy-
tokine-induced macrophage nitric oxide synthase: an FAD-
and FMN-containing flavoprotein,” Proceedings of the Na-
tional Academy of Sciences, vol. 88, no. 17, pp. 7773-7777,
1991.

[7] M. Eli, D.-S. Li, W.-W. Zhang et al., “Decreased blood ri-
boflavin levels are correlated with defective expression of

[5



12

RFT2gene in gastric cancer,” World Journal of Gastroenter-
ology, vol. 18, no. 24, pp. 3112-3118, 2012.

[8] J. K. Bassett, G. Severi, A. M. Hodge et al., “Dietary intake of B
vitamins and methionine and colorectal cancer risk,” Nu-
trition and Cancer, vol. 65, no. 5, pp. 659-667, 2013.

[9] H.-t. Yang, P.-c. Chao, and M.-c. Yin, “Riboflavin at high
doses enhances lung cancer cell proliferation, invasion, and
migration,” Journal of Food Science, vol. 78, mno. 2,
pp. H343-H349, 2013.

[10] J. K. Bassett, A. M. Hodge, D. R. English, R. J. MacInnis, and
G. G. Giles, “Plasma phospholipids fatty acids, dietary fatty
acids, and breast cancer risk,” Cancer Causes & Control,
vol. 27, no. 6, pp. 759-773, 2016.

[11] F. Siassi and P. Ghadirian, “Riboflavin deficiency and
esophageal cancer: a case control-household study in the
Caspian Littoral of Iran,” Cancer Detection and Prevention,
vol. 29, no. 5, pp. 464-469, 2005.

[12] F. B. Straub, “Isolation and properties of a flavoprotein from
heart muscle tissue,” Biochemical Journal, vol. 33, no. 5,
pp. 787-792, 1939.

[13] W.P. Dijkman, G. De Gonzalo, A. Mattevi, and M. W. Fraaije,
“Flavoprotein oxidases: classification and applications,” Ap-
plied Microbiology and Biotechnology, vol. 97, no. 12,
pp. 5177-5188, 2013.

[14] M. Medina, P. Ferreira, and M. Martinez-Julvez, “Editorial
(hot topic: flavoproteins and flavoenzymes with biomedical
and therapeutic impact),” Current Pharmaceutical Design,
vol. 19, no. 14, pp. 2497-2498, 2013.

[15] P. Chaiyen and N. S. Scrutton, “Special issue: flavins and
flavoproteins,” The FEBS Journal, vol. 282, no. 16,
pp. 3001-3002, 2015.

[16] R. M. Buey, J. B. Arellano, L. Lépez-Maury et al., “Un-
precedented pathway of reducing equivalents in a diflavin-
linked disulfide oxidoreductase,” Proceedings of the National
Academy of Sciences, vol. 114, no. 48, pp. 12725-12730, 2017.

[17] J.-C. Guo, C.-Q. Li, Q.-Y. Wang et al., “Protein-coding genes
combined with long non-coding RNAs predict prognosis in
esophageal squamous cell carcinoma patients as a novel
clinical multi-dimensional signature,” Molecular BioSystems,
vol. 12, no. 11, pp. 3467-3477, 2016.

[18] J. Li, Z. Chen, L. Tian et al., “LncRNA profile study reveals a
three-IncRNA signature associated with the survival of pa-
tients with oesophageal squamous cell carcinoma,” Gut,
vol. 63, no. 11, pp. 1700-1710, 2014.

[19] J. C. Guo, Y. Wu, Y. Chen et al., “Protein-coding genes
combined with long noncoding RNA as a novel transcriptome
molecular staging model to predict the survival of patients
with esophageal squamous cell carcinoma,” Cancer Com-
munications, vol. 38, no. 1, p. 4, 2018.

[20] U. B. Mogensen, H. Ishwaran, and T. A. Gerds, “Evaluating
random forests for survival analysis using prediction error
curves,” Journal of Statistical Software, vol. 50, no. 11, pp. 1-23,
2012.

[21] H. Ishwaran and M. Lu, “Standard errors and confidence
intervals for variable importance in random forest regression,
classification, and survival,” Statistics in Medicine, vol. 38,
no. 3, pp. 558-582, 2018.

[22] H. H. Cao, S. Y. Zhang, J. H. Shen et al., “A three-protein
signature and clinical outcome in esophageal squamous cell
carcinoma,” Oncotarget, vol. 6, no. 7, pp. 5435-5448, 2015.

[23] S.-Y. Gao, E.-M. Li, L. Cui et al, “Spl and AP-1 regulate
expression of the human GeneVIL2in esophageal carcinoma
cells,” Journal of Biological Chemistry, vol. 284, no. 12,
pp. 7995-8004, 2009.

BioMed Research International

[24] X. D. Zhang, J. J. Xie, L. D. Liao et al., “12-O-Tetradeca-
noylphorbol-13-Acetate induces up-regulated transcription
of variant 1 but not variant 2 of VIL2 in esophageal squamous
cell carcinoma cells via ERK1/2/AP-1/spl signaling,” PLoS
One, vol. 10, no. 4, Article ID 0124680, 2015.

[25] J.-C. Guo, Y.-M. Xie, L.-Q. Ran et al.,, “LICAM drives on-
cogenicity in esophageal squamous cell carcinoma by stim-
ulation of ezrin transcription,” Journal of Molecular Medicine,
vol. 95, no. 12, pp. 1355-1368, 2017.

[26] X.-D. Zhang, G.-W. Huang, Y.-H. Xie et al., “The interaction
of IncRNA EZR-AS1 with SMYD3 maintains overexpression
of EZR in ESCC cells,” Nucleic Acids Research, vol. 46, no. 4,
pp. 17931809, 2018.

[27] L. Long, X.-X. Pang, F. Lei et al,, “SLC52A3 expression is
activated by NF-kappaB p65/Rel-B and serves as a prognostic
biomarker in esophageal cancer,” Cellular and Molecular Life
Sciences, vol. 75, no. 14, pp. 2643-2661, 2018.

[28] F.-M. Zeng, X.-N. Wang, H.-S. Shi et al., “Fascin phos-
phorylation sites combine to regulate esophageal squamous
cancer cell behavior,” Amino Acids, vol. 49, no. 5, pp. 943-955,
2017.

[29] R.L.Camp, M. Dolled-Filhart, and D. L. Rimm, “X-tile: a new
bio-informatics tool for biomarker assessment and outcome-
based cut-point optimization,” Clinical Cancer Research,
vol. 10, no. 21, pp. 7252-7259, 2004.

[30] J.-C. Guo, S.-S. Fang, Y. Wu et al., “CNIT: a fast and accurate
web tool for identifying protein-coding and long non-coding
transcripts based on intrinsic sequence composition,” Nucleic
Acids Research, vol. 47, no. W1, pp. W516-W522, 2019.

[31] A. Subramanian, P. Tamayo, V. K. Mootha et al., “Gene set
enrichment analysis: a knowledge-based approach for inter-
preting genome-wide expression profiles,” Proceedings of the
National Academy of Sciences, vol. 102, no. 43, pp. 15545-
15550, 2005.

[32] D. J. Stuehr, J. Tejero, and M. M. Haque, “Structural and
mechanistic aspects of flavoproteins: electron transfer
through the nitric oxide synthase flavoprotein domain,” FEBS
Journal, vol. 276, no. 15, pp. 3959-3974, 2009.

[33] E. Jortzik, L. Wang, J. Ma, and K. Becker, “Flavins and fla-
voproteins: applications in medicine,” in Methods in Molec-
ular Biology, vol. 1146, pp. 113-157, Springer, Berlin,
Germany, 2014.

[34] A.B.Reynolds, S. B. Kanner, A. H. Bouton et al., “SRChing for
the substrates of Src,” Oncogene, vol. 33, no. 37, pp. 4537-
4547, 2014.

[35] V. Martini, C. Gattazzo, F. Frezzato et al., “Cortactin, a Lyn
substrate, is a checkpoint molecule at the intersection of BCR
and CXCR4 signalling pathway in chronic lymphocytic leu-
kaemia cells,” British Journal of Haematology, vol. 178, no. 1,
pp. 81-93, 2017.

[36] M.-L. Luo, X.-M. Shen, Y. Zhang et al., “Amplification and
overexpression of CTTN (EMS1) contribute to the metastasis
of esophageal squamous cell carcinoma by promoting cell
migration and anoikis resistance,” Cancer Research, vol. 66,
no. 24, pp. 11690-11699, 2006.

[37] A. M. Weaver, “Cortactin in tumor invasiveness,” Cancer
Letters, vol. 265, no. 2, pp. 157-166, 2008.

[38] D. Jia, Y. Jing, Z. Zhang et al., “Amplification of MPZL1/PZR
promotes tumor cell migration through Src-mediated phos-
phorylation of cortactin in hepatocellular carcinoma,” Cell
Research, vol. 24, no. 2, pp. 204-217, 2014.

[39] Y. Song, Y.-d. Dong, W.-1. Bai, and X.-1. Ma, “Silencing of Src
by siRNA inhibits laryngeal carcinoma growth through the



BioMed Research International

(40]

(41

(42

(43]

(44]

[45

[46

[47

(48]

(49]

(50]

(51]

(52]

(53]

(54]

Src/PI-3 K/Akt pathway in vitro and in vivo,” Tumor Biology,
vol. 35, no. 9, pp. 9009-9014, 2014.

F.-P.Xu, Y.-H. Liu, X.-L. Luo et al., “Overexpression of SRC-3
promotes esophageal squamous cell carcinoma aggressiveness
by enhancing cell growth and invasiveness,” Cancer Medicine,
vol. 5, no. 12, pp. 3500-3511, 2016.

X. Zhang, K. Liu, T. Zhang et al., “Cortactin promotes co-
lorectal cancer cell proliferation by activating the EGFR-
MAPK pathway,” Oncotarget, vol. 8, no. 1, pp. 1541-1554,
2017.

G. Koike, P. V. Vooren, M. Shiozawa et al., “Genetic mapping
and chromosome localization of the rat mitochondrial
glycerol-3-phosphate dehydrogenase gene, a candidate for
non-insulin-dependent diabetes mellitus,” Genomics, vol. 38,
no. 1, pp. 96-99, 1996.

H. Daoud, N. Gruchy, J.-M. Constans et al, “Hap-
loinsufficiency of the GPD2 gene in a patient with non-
syndromic mental retardation,” Human Genetics, vol. 124,
no. 6, pp. 649-658, 2009.

E. V. S. Hessel, H. A. van Lith, I. G. Wolterink-Donselaar
et al., “Mapping of aFEB3homologous febrile seizure locus on
mouse chromosome 2 containing candidate gen-
esScnlaandScn3a,” European Journal of Neuroscience, vol. 44,
no. 11, pp. 2950-2957, 2016.

G. Singh, “Mitochondrial FAD-linked glycerol-3-phosphate
dehydrogenase: a target for cancer therapeutics,” Pharma-
ceuticals, vol. 7, no. 2, pp. 192-206, 2014.

G. Nicholson, M. Rantalainen, J. V. Li et al., “A genome-wide
metabolic QTL analysis in Europeans implicates two loci
shaped by recent positive selection,” PLoS Genetics, vol. 7,
no. 9, Article ID 1002270, 2011.

I. Montoliu, U. Genick, M. Ledda et al., “Current status on
genome-metabolome-wide associations: an opportunity in
nutrition research,” Genes ¢ Nutrition, vol. 8, no. 1, pp. 19-27,
2013.

M.-G. Hong, R. Karlsson, P. K. E. Magnusson et al., “A ge-
nome-wide assessment of variability in human serum
metabolism,” Human Mutation, vol. 34, no. 3, pp. 515-524,
2013.

M. Jin, K. Kawakami, Y. Fukui et al., “Different histological
types of non-small cell lung cancer have distinct folate and
DNA methylation levels,” Cancer Science, vol. 100, no. 12,
pp. 2325-2330, 2009.

N. Melling, M. Rashed, C. Schroeder et al., “High-level
gamma-glutamyl-hydrolase (GGH) expression is linked to
poor prognosis in ERG negative prostate cancer,” In-
ternational Journal of Molecular Sciences, vol. 18, no. 2, p. 286,
2017.

M. Terashima, W. Ichikawa, A. Ochiai et al., “TOP2A, GGH,
and PECAMI1 are associated with hematogenous, lymph
node, and peritoneal recurrence in stage II/III gastric cancer
patients enrolled in the ACTS-GC study,” Oncotarget, vol. 8,
no. 34, pp. 57574-57582, 2017.

X. Liu, J. Zhou, N. Zhou, J. Zhu, Y. Feng, X. Miao et al,,
“SYNJ2BP inhibits tumor growth and metastasis by activating
DLL4 pathway in hepatocellular carcinoma,” Journal of Ex-
perimental & Clinical Cancer Research, vol. 35, no. 1, p. 115,
2016.

G. C. Brito, A. A. Fachel, A. L. Vettore et al., “Identification of
protein-coding and intronic noncoding RNAs down-regu-
lated in clear cell renal carcinoma,” Molecular Carcinogenesis,
vol. 47, no. 10, pp. 757-767, 2008.

M. Wang, H. Wu, S. Li et al,, “SYNJ2BP promotes the deg-
radation of PTEN through the lysosome-pathway and

(55]

(56]

(57]

(58]

13

enhances breast tumor metastasis via PI3K/AKT/SNAIL
signaling,” Oncotarget, vol. 8, no. 52, pp. 89692-89706, 2017.
M. Kaneko, M. Kurokawa, and S. Ishibashi, “Binding and
function of mitochondrial glycerol kinase in comparison with
those of mitochondrial hexokinase,” Archives of Biochemistry
and Biophysics, vol. 237, no. 1, pp. 135-141, 1985.

P. Kugler, “Microphotometric determination of enzymes in
brain sections,” Histochemistry, vol. 93, no. 5, pp. 537-540,
1990.

R. Ansell, K. Granath, S. Hohmann, J. M. Thevelein, and
L. Adler, “The two isoenzymes for yeast NAD"-dependent
glycerol 3-phosphate dehydrogenase encoded byGPD1 and
GPD2have distinct roles in osmoadaptation and redox reg-
ulation,” The EMBO Journal, vol. 16, no. 9, pp. 2179-2187,
1997.

T. Mracek, Z. Drahota, and J. Hous$ték, “The function and the
role of the mitochondrial glycerol-3-phosphate de-
hydrogenase in mammalian tissues,” Biochimica et Biophysica
Acta (BBA) - Bioenergetics, vol. 1827, no. 3, pp. 401-410, 2013.



