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Heat-shock proteins (HSPs) play a crucial role in maintaining protein stability for cell survival during stress-induced insults.
Overexpression of HSPs in cancer cells results in antiapoptotic activity contributing to cancer cell survival and restricting the
efficacy of cytotoxic chemotherapy, which continues to play an important role in the treatment of many cancers, including triple-
negative breast cancer (TNBC). First-line therapy for TNBC includes anthracycline antibiotics, which are associated with serious
dose-dependent side effects and the development of resistance. We previously identified YDJI, which encodes a heat-shock
protein 40 (HSP40), as an important factor in the cellular response to anthracyclines in yeast, with mutants displaying over 100-
fold increased sensitivity to doxorubicin. In humans, the DNAJA HSP40s are homologues of YDJI. To determine the role of
DNAJAs in the cellular response to cytotoxic drugs, we investigated their ability to rescue ydjIA mutants from exposure to
chemotherapeutic agents. Our results indicate that DNAJA1 and DNAJA2 provide effective protection, while DNAJA3 and
DNAJA4 did not. The level of complementation was also dependent on the agent used, with DNAJA1 and DNAJA?2 rescuing the
ydj1A strain from doxorubicin, cisplatin, and heat shock. DNAJA3 and DNAJA4 did not rescue the ydjIA strain and interfered
with the cellular response to stress when expressed in wild type background. DNAJA1 and DNAJA2 protect the cell from
proteotoxic damage caused by reactive oxygen species (ROS) and are not required for repair of DNA double-strand breaks. These
data indicate that the DNAJAs play a role in the protection of cells from ROS-induced cytotoxic stress.

which lacks the estrogen, progesterone, and HER2 receptors
required for targeted therapy [1], limiting its treatment to the
use of cytotoxic chemotherapy such as anthracycline anti-
biotics [2]. Anthracycline antibiotics, specifically doxoru-
bicin, are one of the most common and effective
antineoplastic agents used in treatment of a large number of
malignancies.

The effectiveness of doxorubicin can be attributed to its

1. Introduction

Despite advances in targeted therapy of cancer, cytotoxic
chemotherapy remains an essential therapeutic alternative.
Targeted and cytotoxic chemotherapy are two distinctive
modes of cancer treatment with each associating to certain
benefits and limitations. Targeted therapies are used to kill
tumor cells based on the presence of cancer-specific mol-

ecules, whereas cytotoxic chemotherapy has a nonselective
mechanism of action aimed at proliferating cells. However,
both approaches may result in therapeutic resistance.
Some cancers lack therapeutic targets or lose them
during cancer progression and therefore rely solely on cy-
totoxic chemotherapy as a means of treatment. This ap-
proach is used for triple-negative breast cancer (TNBC),

multiple mechanisms of actions. Doxorubicin poisons DNA
topoisomerase II, resulting in DNA double-strand breaks
(DSBs) leading to cell death [3]. In addition, in the cell,
doxorubicin is oxidized to a semiquinone, an unstable
metabolite, which is recycled in a process that releases re-
active oxygen species (ROS) [3]. ROS can result in a variety
of effects such as lipid peroxidation, membrane damage, and
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FIGURE 1: Rescue of the growth phenotype of ydjl1A by the human DNAJAs. (a). Sequence comparison indicates that YDJ1 is more closely
related to DNAJA1 and DNAJA 2, as indicated by the phylogenetic tree. The comparison included 49 human HSP40 sequences obtained
from NCBI protein database. Comparison was performed using the Constraint-based Multiple Alignment Tool from NCBI (COBALT). (b).
The growth of ydjlA complemented strains was evaluated by growing them in the absence of stressors, as described in the Materials and
Methods section. The strains tested are as follows: YDJI (open squares), ydjIA (closed circles), ydjl1A-DNAJAL (open triangles), ydjlA-
DNAJA2 (open rhombus), ydjlA-DNAJA3 (--X--), and ydjIA-DNAJA4 (open circles). Growth was monitored at specified intervals by
measuring and aliquot of the culture at ODggo. The fold increase, relative to the initial ODgy of the culture, is presented.

DNA damage. Anthracycline-induced ROS can result in the
development of cardiotoxicity, which can be partially
managed by chelation of intracellular iron [3]. Doxorubicin-
induced ROS trigger apoptotic pathways in nondividing cells
contributing to its side effects [4]. Although effective, drug
resistance to anthracyclines can develop during treatment.
This resistance cannot be overcome by increasing the dose,
due to potential development of cardiotoxicity [4].
Attempts to maintain efficacy while reducing toxicity of
anthracyclines has been a major focus of research [5]. We have
previously identified YDJ1, a homologue of the DNAJA family
of Hsp40s, as a crucial factor for the protection of cells under
cytotoxic stress displaying hypersensitivity (100-1000x) to
protein folding from doxorubicin [6]. YDJ1 is the yeast S.
cerevisiae HSP40 and functions as a cochaperone to HSP70.
HSP40 and HSP70 together protect thermally damaged pro-
teins from aggregation, dissociating aggregated protein com-
plexes, refolding damaged proteins in an ATP-dependent
manner, or targeting them for efficient degradation [7].
There are 3 types of DNAJ proteins, classified based on
the presence of the DNAJ domain, a zinc finger motif, a
glycine/phenylalanine rich region, and a C-terminal domain.
YD]J1 is most closely related to the type I subfamily DNAJA,
which contains all domains/motifs [8]. Type II (DNAJB)
lacks the zinc finger motif, while type III (DNAJC) only
contains the ] domain. There are four DNAJAs in humans,
DNAJA1, DNAJA2, DNAJA3, and DNAJA4. Sequence
analysis by constraint-based multiple alignment tool (NCBI,

COBALT) indicates that the yeast YDJ1 is most closely
related to DNAJA1 and DNAJA2 (Figure 1(a)). Pairwise
analysis using the NCBI blastp suite indicates that YDJ1 is
46.23%, 46.12%, 30.95%, and 43.21% identical to DNAJAL,
DNAJA2, DNAJA3, and DNAJA4, respectively.

Although a number of reports indicate that the heat-
shock response prevents cytotoxic effects of doxorubicin,
these have mostly focused on Hsp70 and Hsp27 [9, 10]. The
role of the DNAJAs in the response to cytotoxic chemo-
therapy has not been investigated. Interestingly, HSP40s,
including the DNAJAs, are overexpressed in multiple can-
cers, and recently, a report indicates that the DNAJAs have
high levels of expression in breast cancer after treatment
[11]. Recent work from our laboratory indicates that YDJ1, a
type I HSP40 in yeast, plays a critical role in the protection
from ROS stress from anthracycline exposure [12].

To determine the role of DNAJAs in the cellular response to
cytotoxic drugs, we investigated their ability to rescue ydjIA
mutants from exposure to chemotherapeutic agents. Mutant
strains complemented by the DNAJAs were exposed to che-
motherapy agents: doxorubicin, cisplatin, and etoposide, as well
as oxidative stress agent menadione. Our results indicate that the
different DNAJAs provide distinct levels of protection, with
DNAJA1 and DNAJA2 being more effective at complementation
while DNAJA3 and DNAJA4 did not complement. Deletion
ydjIA strains expressing DNAJA1 or DNAJA2 survived to ex-
posure to doxorubicin, cisplatin, and heat shock, comparable to
the strain expressing the wild type YDJ1. DNAJAI and DNAJA2
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also rescued the growth phenotype of the ydjIA strain and were
essential in the protection of the ydjIA strain to reactive oxygen
species (ROS) generated by menadione, consistent with our
previous observation in yeast [12]. Conversely, ydjIA strains
harboring DNAJA3 and DNAJA4 displayed reduced survival
when exposed to cytotoxic stress and did not rescue the growth
phenotype of ydjlIA, and in some cases, they appeared more
sensitive than the noncomplemented strain. In fact, expression of
DNAJA3 and DNAJA4 was detrimental to the growth of the wild
type strain and sensitized it to both doxorubicin and heat shock,
suggesting that DNAJA3 and DNAJA4 interfere with the normal
heat-shock response in yeast. Our results indicate that DNAJA1
and DNAJA?2 are functional homologues of yeast YD]1 and play
a role in the protection of cells from cytotoxic stresses such as
those exerted by cancer chemotherapeutic agents.

2. Materials and Methods

2.1. Media and Chemicals. E. coli strains were grown in LB
broth or on LB agar, both supplemented with 100 ug/ml
ampicillin (Sigma-Aldrich) for plasmid maintenance, when
appropriate. Yeast strains were grown in leucine drop-out
media (Leu”) for plasmid selection, containing 0.67% yeast
nitrogen base, 2% agar, 2% glucose (dextrose) or 2% ga-
lactose, and 0.087% amino acid drop-out mix [13, 14]. When
required, etoposide (Chem-Impex International Inc.) was
included in Leu™ selective media at 1 mM concentration.
Doxorubicin-HCl (2mg/mL) was purchased from MP
Biomedicals (Irvine, CA, USA); cisplatin (I mg/mL) was
purchased from Calbiochem; menadione (Vitamin K3) was
purchased from Enzo Life Sciences (Farmingdale, NY);
etoposide was purchased from Chem-Impex International
Inc (Wood Dale, IL).

2.2.S. cerevisiae Strains. The genotypes of all strains used in
these studies are shown in Table 1. Homozygous haploid
deletion strains library (parental strain BY4741: MATa
his3AI leu2A0 met15A0 ura3A0) was obtained from Thermo
Fisher Scientific (Waltham, MA). The gene deletion present
in the strains used in this study have been validated by
polymerase chain reaction (data not shown).

2.3. Molecular Biology. The YDJ]1 gene was PCR-amplified
using genomic DNA from wild type strain BY4741 as the
template and cloned into the EcoRI/SacI restriction sites of
the pXY142 yeast expression vector (Ingenious, 2y, LEU2,
TPI constitutive expression promoter). Correct clone was
confirmed by DNA sequencing (MCLAB, San Francisco,
CA). The DNAJAs 1 to 4 were PCR-amplified from plasmids
harboring the genes (Dharmacon, Lafayette, CO) and cloned
into the Ncol/Sacl restriction sites of pYX142. Correct
clones were confirmed by DNA sequence.

2.4. Yeast Genetics and Cytotoxic Stress Sensitivity Assays.
HSP40s-expressing plasmids were transformed into ydjIA
or wild type strains, as previously described [1, 6, 15-19]. The
rad52A deletion strain was transformed with pYX142 empty

vector to provide LEU2 selectivity and served as a control for
sensitivity to DNA double-strand breaks (DSBs) by
etoposide.

For the growth rate analysis, cells harboring the ex-
pression plasmid were cultured overnight in selective media
as described above (at 30°C, for approximately 16 hours) to
saturation, and then new cultures were started by inocu-
lating with the overnight culture to a dilution of
ODggo = 0.04. The cultures were started (30°C, with shaking)
and aliquots were taken to measure the ODg, at timed
intervals and observed under the microscope to exclude
bacterial contamination. In the cytotoxic stress survival
assay, the concentration of the drugs used for strain ex-
posure was determined experimentally using the WT pa-
rental strain BY4741 and sensitive strain ydjl, as previously
described [6]. Single colonies were grown overnight in liquid
Leu” media, at 30°C with shaking. Cells were then washed
and resuspended in ultrapure sterile water. Strains were then
separated into control and treatment groups and exposed to
drug or vehicle for 1-3h depending on the agent. After
exposure, the cells were once again washed and suspended in
sterile water. Serial dilutions (20 L) were spotted onto Leu™
agar plates and incubated at 30°C. Heat-shock treatment was
performed by plating serial dilutions of the strains and
incubating at 37°C. Cell growth was monitored daily, and
colonies were counted at day 3. Survival was calculated
relative to the corresponding untreated control, and sensi-
tivity was determined relative to the survival of the ydjIA-
complemented strain (YDJ1). Survival, as indicated in the
Results section, is specific for that drug concentration. Each
trial involved the testing of five independent colonies for
each cytotoxic agent, and a minimum of three trials were
performed. The survival of the untreated strain was defined
as 100%.

2.5. Statistical Analysis. Data analysis and graphing was
performed using the GraphPad Prism 7 software package.
Specific analysis for each experiment is indicated in the
respective figure. The mean of at least three trials is plotted,
together with the SEM. Differences between mean values
and multiple groups were analyzed by one-way analysis of
variance (ANOVA). Statistical significance was set at
P <0.05. Fitting and interpolation of the sigmoidal growth
curve were performed using the model Sigmoidal, 4PL, X is
log (concentration) from GraphPad Prism 7.

3. Results

3.1. Rescue of ydjlA Growth Phenotype by the Human
DNAJAs. The ydjIA strain displays a growth defect, which
results in slow growth, longer doubling time, and small
colonies relative to the wild type. To determine if the human
DNAJAs can rescue the growth defect of ydjIA, the strain
was transformed with yeast expression plasmids expressing
each DNAJA (1-4) as well as YDJI (positive control) and
empty vector (negative control) and cultured as described in
Materials and Methods section. Growth showed a typical
sigmoidal curve with varying lag time, slope, and plateau,
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TaBLE 1: Yeast strains used in this study.

Strain Genotype Description

Wild type (WT) MATa his3-1 leu2A met15A ura3A [pYX142 LEU2] Parental S. cerevisiae strain (BY4741)

ydj1A MATa his3-1 leu2A metI5A ura3A ydjlA [pYX142 LEU2] ydjl deletion strain

YDJ1 MATa his3-1 leu2A met15A ura3A ydjlA [pYX142-YDJ1 LEU2] »¥1 deletion strain complemented with wild type YDJ1

ydjl-DNAJA1 DNAJAI LEU2]

ydj1-DNAJA2 DNAJA2 LEU2]

ydj1-DNAJA3 DNAJA3 LEU2]

ydj1-DNAJA4 DNAJA4 LEU2]

rad52 MATa his3-1 leu2A met15A ura3A rad52A [pYX142 LEU2]
WT + DNAJA3 MATa his3-1 leu2A metlSAthgj]A ydjlA [pYX142- DNAJA3
WT + DNAJA4 MATa his3-1 leu2A metl5A ura3A ydjlA [pYX142- DNAJA4

LEU2]

MATa his3-1 leu2A met15A ura3A ydjIA [pYX1423-ydjl-
MATa his3-1 leu2A met15A ura3A ydjIA [pYX142-ydjl-
MATa his3-1 leu2A metI5A ura3A ydjlA [pYX142-ydjl-

MATa his3-1 leu2A met15A ura3A ydjIA [pYX142-ydjl-

gene

ydjl deletion strain complemented with human
DNAJAL gene

ydjl deletion strain complemented with human
DNAJA2 gene

ydjl deletion strain complemented with human
DNAJA3 gene

ydj1 deletion strain complemented with human
DNAJA4 gene

rad52 deletion strain

Wild type strain expressing the human DNAJA3 gene

Wild type strain expressing the human DNAJA4 gene

depending on the strain. Several parameters, including top
plateau, Growths, hill slope, and span (see Table 2), were
derived using the Sigmoidal 4PL model equation from
GraphPad Prism 7, where X is the log (concentration). As
shown in Figure 1, the ydjIA strain shows a long lag time,
compared to the complemented strain (YDJ]I), with slow
growth rate at exponential phase (hill slope of 0.281 vs
0.347), slower half maximum growth (growth 50%),
achieved in 13.2 vs 11.11 hours, respectively, and lower
maximum growth (plateau) (40.2-fold increase vs 59.4-fold,
respectively) (Table 2). Interestingly, DNAJA1 and DNAJA2
effectively complemented the ydj1A strain, achieving similar
maximum growth (55.2-fold and 49.4-fold increase, re-
spectively) compared to the YDJI complemented strain
(59.4). They achieved half maximum growth at similar times
(11.5h and 10.8 h) to the ydjIA-complemented strain (YDJ1,
11.1h), although they showed slightly lower growth rate at
the exponential phase (0.238 and 0.217, respectively). The
span, which represents the difference between the top and
the bottom plateau, shows that the overall performance of
each strain corresponds to the maximum growth they can
achieve. However, strains expressing DNAJA3 and DNAJA4
resembled more the ydjIA strain, achieving low maximum
growth (38.9-fold increase for DNAJA3 and 44.0 for
DNAJA4) and long half maximum growth time (12.3 h). This
is more evident in the DNAJA4-complemented strain, with
half maximum growth time of 15.0 h.

3.2. Complementation of the sensitivity of the ydj1A mutant
strain to chemotherapeutic agents doxorubicin and cisplatin by
human DNAJAs. We have previously shown yeast strains
deleted in the HSP40 YDJ1 to be highly sensitive to cytotoxic
stress [6]. To evaluate the ability of DNAJAs to complement
the sensitivity of ydjlA, we determined the survival of the
ydjIA strains expressing each human DNAJA exposed to
chemotherapeutic agents doxorubicin and cisplatin. The
concentration of the drugs used in the assays was deter-
mined empirically using the wild type strain (not sensitive

control) and ydjIA (sensitive control). Strains were grown in
Leu- selective media to maintain the expression plasmid,
treated and washed to remove the drug as described in
Material and Methods section. Serial dilutions were spotted
in Leu- agar plates to count colonies and to determine
survival. When exposed to doxorubicin (20 uM), the strain
harboring a wild type copy of YDJI displayed 63% survival
relative to the untreated strain. As expected, the ydjIA strain
was highly sensitive with 6.4% survival, which is 10-fold
more sensitive than the complemented strain (YD]1)
(Figures 2(a) and 2(b) and Table 3). Interestingly, both
DNAJA1L and DNAJA2 were effective at complementing the
ydjlA mutant, displaying similar levels of survival to the
strain expressing the wild type gene (66% and 85% survival
for DNAJA1 and DNAJA2, respectively). However, the
strains expressing DNAJA3 and DNAJA4 were sensitive to
doxorubicin (4% and 1.7% survival, respectively), similar to
the noncomplemented ydjIA strain. In fact, the strain
expressing DNAJA4 appears more sensitive (37-fold higher
sensitivity compared to the YDJI strain) (Figures 2(a) and
2(b) and Table 3). While the survival of YDJI- and DNAJA1-
complemented strains is not statistically significantly dif-
ferent (p>0.05) among each other, they are significantly
different to the ydjIA strain (p<0.05). Interestingly, the
DNAJA2-complemented strain displays higher survival
indicating that DNAJA2 provides more fitness than the wild
type YDJ1 itself.

Exposure of the strains to cisplatin (80 pM) indicates that
both the DNAJAI- and DNAJA2-complemented strains
rescued the sensitivity of the ydjIA mutation (p <0.05).
While DNAJAL1 displayed a survival similar to that of the
strain complemented by YDJI (38% vs 27%, respectively),
the DNAJA2-complemented strain was significantly more
resistant to cisplatin (72% survival) (Figures 3(a) and 3(b)
and Table 3). As with doxorubicin, the strains expressing
DNAJA3 and DNAJA4 failed to complement the ydjIA
mutation, with the DNAJA3 strain showing significant
sensitivity (1% survival) which is 27-fold more sensitive than
the YDJ1-complemented strain and ~3-fold more sensitive
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TaBLE 2: Growth Analysis of the HSP40s expressing strains.
Strain Max growth (fold increase) Growths, (h) Hill slope Span
ydj1A 402 132 0.281 38.6
YDJ1 59.4 11.1 0.347 57.2
ydjl-DNAJA1 55.2 11.5 0.238 54.1
ydj1-DNAJA2 49.4 10.8 0.217 48.8
ydjI-DNAJA3 40.6 12.3 0.307 38.9
ydjl-DNAJA4 44.0 15.0 0.102 40.8
+ Doxorubicin (20 4M) — Doxorubicin
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FIGURE 2: Sensitivity of the DNAJAs-expressing strains to doxorubicin. (a) The survival of the strains to 20 uM doxorubicin was determined
as described in the “Materials and Methods” section. Serial dilutions (1 : 10-1:10°) of the treated cultures were spotted onto Leu™ + glucose
plates. Growth was scored after 3 days of incubation at 30°C. The serial dilutions of the strains are shown. (b) Quantification of the survival of
the tested strains. Survival was determined by counting the number of colonies in the respective dilutions and calculated on the basis of the
growth of strains not treated with doxorubicin. At least three sets of experiments were used in the statistical analysis. Average survival plus
standard deviation is shown. Dil: serial dilutions; Doxo: doxorubicin; ns: not significantly different.

than the ydjIA strain (Table 3). The DNAJA4-expressing
strain was similar to ydjIA (3.7% vs 4% survival, respec-

tively) (Figures 3(a) and 3(b) and Table 3).

The role of YD]J1 in the heat-shock response has been
clearly described. The ydjlA deletion strain is highly

sensitive to heat shock and does not survive exposure to 37°C
(heat shock for yeast). We tested the ability of the human

DNAJASs to rescue the heat-sensitive phenotype of ydjIA. As

shown in Figures 4(a) and 4(b), the ydjIA strain shows no
growth upon heat shock, while complementation with YDJI,
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TABLE 3: Sensitivity of the HSP40s expressing strains to chemotherapeutic agents and heat shock.

Strai Doxorubicin Cisplatin Heat shock
rain

Survival (% + SEM)  Sensitivity (fold)  Survival (% + SEM)  Sensitivity (fold) Survival (% + SEM)  Sensitivity (fold)
ydj1A 6.4+38 10 37420 7.3 0+0 —
YDJ1 63.0+7.8 1 27.0+3.0 1.0 89+26 1
DNAJA1 66.0+5.0 1 38.0+3.8 0.7 119+5 0.7
DNAJA2 85.0+8.0 0.7 72.0+5.0 0.4 201 +24 0.4
DNAJA3 4.0+3.0 15.8 1.0+1.0 27.0 5+5 18
DNAJA4 1.7+2.0 37 4.0+2.0 6.8 0+0 —
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FIGURE 3: Sensitivity of the DNAJAs-expressing strains to cisplatin. (a) Strains were exposed to 80 uM cisplatin. Serial dilutions (1:10-1:
105) of the treated cultures were spotted onto Leu™ + glucose plates. Growth was scored after 3 days of incubation at 30°C. The serial
dilutions of the strains are shown. (b) Quantification of the survival of the tested strains. Survival was determined by counting the number of
colonies in the respective dilutions and calculated on the basis of the growth of strains not treated with cisplatin. At least three sets of
experiments were used in the statistical analysis. Average survival plus standard deviation is shown. Dil: serial dilutions; Cis: cisplatin; ns: not
significantly different. *Significantly different.

DNAJAL, and DNAJA2 rescues the phenotype. In fact, the = are functional homologs of YDJI and can substitute it ef-
DNAJA2-expressing strain grows significantly better at 37°C ~ fectively, rescuing the defects of the deletion strain.
(Figures 4(a) and 4(b) and Table 3). Conversely, DNAJA3

and DNAJA4 failed to rescue ydjl from heat shock and

similarly showed no growth at 37°C (Figures 4(a) and 4(b) and ~ 3.3. Sensitivity of DNAJA1- and DNAJ2-Expressing Strains
Table 3). These data suggest that both DNAJA1 and DNAJA2  to Menadione and Etoposide. Doxorubicin exerts its
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FIGURE 4: Sensitivity of the DNAJAs-expressing strains to heat shock. (a) The survival of the strains was tested for heat sensitivity. Serial
dilutions of the cells were plated onto Leu™ + glucose plates and incubated at 30°C (untreated controls) and at 37°C (heat shock). Growth was
scored at 72 hours. YDJ1 is the positive control, resistant to heat shock, and ydjIA is the negative control, sensitive to heat-shock. (b) Survival
was determined by growth of the heat-shocked strain relative to the growth of nonheat-shocked cells. At least three sets of experiments were
used in the statistical analysis. Average survival plus standard deviation is shown. Dil: serial dilutions; ns: not significantly different.

*Significantly different.

antineoplastic activity through two main mechanisms: (i)
DNA damage (generation of DSBs) and (ii) by the gener-
ation of reactive oxygen species (ROS) [4]. Our results in-
dicate that both DNAJA1 and DNAJA2 were more effective
at protecting the ydjIA strain from doxorubicin. To further
investigate if the protection was specific to DSBs or ROS, we
tested the sensitivity of the strains to the oxidative stress
generating agent menadione and to the DNA-topoisomerase
IT inhibitor, etoposide.

Menadione is commonly used in research as a ROS-pro-
ducing agent and shares the same quinone ring as doxorubicin
[4]. As shown in Figure 5(a), the strains that displayed the
highest levels of protection from exposure to menadione were
those expressing DNAJA2 (109% survival) and DNAJA1 (47%

survival), corresponding to 0.3-fold and 0.8-fold sensitivity
relative to the YDJ1 (37%), respectively. The ydjIA strain is
highly sensitive to oxidative stress, displaying 10% survival (>3-
fold more sensitive than YDJ1). Addition of ROS scavenger
agent N-acetylcysteine (NAc) significantly increased the sur-
vival of the ydjIA strain (21%), confirming that this strain is
sensitive to ROS (Table 4, Figures 5(a) and 5(b)). However, in
HSP40-complemented ~ strains (YDJ1, DNAJAl, and
DNAJA2), NAc only had a marginal effect (~20% increase in
survival, Figures 5(a) and 5(b)) Our results indicate that
DNAJA1 and DNAJA?2 protect the cell viability from exposure
to ROS-generating agents such as menadione.

As doxorubicin, the topoisomerase II inhibitor etoposide
generates DSBs that require homologous recombination for
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FIGURE 5: Sensitivity of the DNAJAs-expressing strains to menadione. (a) DNAJA1- and DNAJA2-expressing strains showed the most
resistance to doxorubicin and cisplatin and were therefore exposed to 6.6 mM menadione (1 h at 30°C) to determine survival. Cells were
washed with sterile water and serial dilutions (1:10-1:10°) of the treated cultures were spotted onto Leu™ + glucose plates. Growth was
scored after 3 days of incubation at 30°C. The serial dilutions of the strains are shown. N-acetylcysteine (NAc, 20 mM) was added as
cotreatment with menadione to the indicated strains. (b) Quantification of the survival of the tested strains. Survival was determined by
counting the number of colonies in the respective dilutions and calculated on the basis of the growth of strains not treated with menadione.

At least three sets of experiments were used in the statistical analysis. Average survival plus standard deviation is shown. Dil: serial dilutions.
*Significantly different.

TABLE 4: Sensitivity of the HSP40s expressing strains to etoposide and menadione.

. Menadione
) Etoposide
Strain -NAc +NAc
Survival (% + SEM)  Sensitivity (fold)  Survival (% + SEM)  Sensitivity (fold)  Survival (% + SEM)  Sensitivity (fold)
ydjlA 104+7.7 1 10£2.5 3.7 21+£5.7 2.0
YDJ1 139+6.4 1 37+14.5 1 41+ 16 1
DNAJA1 135+3.3 1 47+£5.0 0.8 55+7.0 0.8
DNAJA2 184 +£8.0 0.7 109 +£23.0 0.3 131£29 0.3
rad52A 5+4.8 29
repair. As expected, the homologous recombination de-  ydjIA strain does not show sensitivity to etoposide (104%

fective mutant rad52A is highly sensitive to the drug (5%  survival) and the expression of the wild type YDJI, or
survival) (Figures 6(a) and 6(b), Table 4). However, the DNAJAL and DNAJA2, does not negatively affect this
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FIGURE 6: Sensitivity of the DNAJAs-expressing strains to etoposide. (a) The survival of DNAJA1 and DNAJA2 strains was determined
through exposure to etoposide. Serial dilutions of the treated strains were spotted onto Leu™ + glucose plates containing etoposide (1 mM)
and incubated at 30°C. Growth was scored at 72 hours. Positive controls sensitive to etoposide is the rad52A deletion strain. (b) Survival was
determined by growth of the treated strain relative to the growth of its untreated control. At least three sets of experiments were used in the
statistical analysis. Average survival plus standard deviation is shown. Dil: serial dilutions; ns: not significantly different. *Significantly

different.

survival (139%, 135%, and 184%, respectively), with
DNAJALI not statistically significantly different to the strain
complemented with wild type YDJ1. The survival of the
DNAJA2-complemented strain was significantly higher than
that of YDJ1-complemented strain (Figures 6(a) and 6(b)
and Table 4).

Together, these data indicate that DNAJA1 and DNAJA2
are effective at complementing the ydjIA mutation, rescuing
it from its sensitivity to doxorubicin, cisplatin, and heat
shock, most likely through its chaperone activity.

3.4. Distant DNAJA3 and DNAJA4 Interfere with YDJI1 in
Wild Type Cells. Our results indicate that both DNAJA3 and
DNAJA4 fail to complement the ydjlA mutant as DNAJA1
and DNAJA2 do. In fact, strains expressing DNAJA3 and

DNAJA4 appear as sensitive or more sensitive than the
deletion strain. Based on these results, it is possible that
DNAJA3 and DNAJA4, which are more distant homologs of
YDJI than DNAJA1 and DNAJA2, may be interfering in
YDJI-dependent functions. To confirm this possibility, we
proceeded to express DNAJA3 and DNAJA4 in a wild type
background with functional YDJI. As shown in Figure 7,
expression of DNAJA3 or DNAJA4 considerably reduced
the growth rate of the wild type strain, with a hill slope, at the
exponential phase, of 0.18 for wild type and 0.04 and 0.10 for
WT + DNAJA3 and WT + DNAJA4, respectively. The time
to get to 50% growth is also extended from 11.34 h for wild
type to ~14h and 16h for WT+DNAJA3 and
WT + DNAJA4, respectively. To evaluate if these distant
DNAJAs affect the response of wild type cells to cytotoxic
stressors, we determined the survival of WT + DNAJA3 and
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specified intervals by measuring and aliquot of the culture at ODjgo.
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presented.

WT + DNAJA4 strains after exposure to doxorubicin and
heat shock (Figures 8(a) and 8(b)). Expression of DNAJA3
or DNAJA4 significantly reduced the survival of the wild
type strain from 63% to 20% for WT + DNAJA3 (3-fold
more sensitive, Table 5) and 4% for WT + DNAJA4 (15-fold
more sensitive, Table 5), both significantly different than the
wild type (p <0.05).

The expression of DNAJA3 and DNAJA4 in a wild type
background also interfered with the response to heat shock
(Figures 9(a) and 9(b)). Both the WT+DNAJA3 and
WT + DNAJA4 strains did not survive the heat shock (0%
survival) compared to the wild type (104% survival). Our
data confirm that the expression of the distant HSP40s,
DNAJA3 and DNAJ4, interferes with a functional YD]JI
affecting the response of the cell to stress and displaying a
phenotype similar to that of the ydjIA strain.

4. Discussion

Cytotoxic therapeutic agents, such as doxorubicin and
cisplatin, are commonly used as sole agents or in com-
bination therapy in cancers that lack biological targets.
However, their nonselective mechanism of action against
cancer cells also results in serious side effects such as
cardiotoxicity, nephrotoxicity, and diverse injuries to
healthy tissues that can lead to necrosis [20]. Significant
effort in the field of cancer therapeutics is aimed at in-
creasing the effects of cytotoxic agents to cancer cells
while mitigating their toxic effects.

BioMed Research International

One approach to the goal of increasing therapeutic ef-
ficacy of anthracyclines, while decreasing toxic effects, is
through the hypersensitization of cancer cells. A study in
2001 described high levels of Hsp40 in the serum of lung
cancer patients compared to the serum of patients with no
lung cancer [21]. Moreover, there is increasing evidence of
HSP40s overexpression in a plethora of metastatic tumors
including, among others, those of the breast, prostate, brain,
and lung [22]. It has been suggested that the proteins in
cancer cells depend heavily on HSPs due to protein mis-
folding brought in by acquired mutations that result in
altered protein structure. This is critical for factors necessary
to support rapid proliferation and survival of cancer cells
driven by oncoproteins promoting metastatic growth [1].
Understanding the role of Hsp40s is vital for targeted in-
hibition of their overexpression as a potential therapeutic
option. Reducing the levels of overexpressed HSP40s would
sensitize cancer cells to therapeutic agent and lead to a lower
effective therapeutic dosage of cytotoxic drugs resulting in
less toxicity and thus enhancing the patient’s quality of life.

Previous work in our lab identified YDJ1, a homologue
of the DNAJA-type Hsp40s, as a crucial factor for survival
under doxorubicin stress. We have extended our investi-
gation by evaluating the role of all human DNAJAs
(DNAJAIL, DNAJA2, DNAJA3, and DNAJA4) in the re-
sponse of cells to cancer therapeutic agents, such as doxo-
rubicin, cisplatin, and etoposide, and to define cytotoxic
stresses such as ROS and heat shock.

While YDJ1 is more closely related to the DNAJA
subfamily of HSP40s, than to DNAJB and DNAJC sub-
families, there are differences between the homology of YDJ1
and the DNAJA subfamily members. Phylogenetic analysis
indicates that DNAJA1 and DNAJA2 are closer sequence
homologues, while DNAJA3 and DNAJA4 are more dis-
tantly related. In order to determine functional homology,
we tested if the DNAJAs could rescue the phenotype of the
ydjl1A deletion strain by expressing them in this strain and
exposing them to diverse cytotoxic stresses. As described in
the Results section, DNAJA1 and DNAJA2 displayed the
highest levels of complementation and were found to
consistently protect cells from all agents tested to levels
similar to those of wild type YDJ1. The requirement for
HSP40s in normal cell growth has been well documented
[16]. In fact, cells lacking YDJI display a slow growth
phenotype, as indicated by a longer doubling time, reduced
maximal growth in culture, and formation of smaller col-
onies on solid agar plates. Once again, DNAJAI and
DNAJA2 could rescue the growth phenotype, while
DNAJA3 and DNAJA4 could not. Consistently, DNAJA3
and DNAJA4 failed to complement the ydjIA strain, and
when expressed in wild type cells, they interfered with the
endogenous pathway, affecting cell growth and sensitizing
the cell to stress. It is possible that DNAJA3 and DNAJA4
form nonproductive interactions with components of the
heat-shock response (namely, HSP70s), sequestering and
preventing them from performing YDJ1 independent
functions that are crucial for cell growth. In fact, there are at
least 22 HSP40s [23] and multiple HSP70s [24] which do not
have exclusive partners and interact with each other.
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Figure 8: Effect of DNAJA3 and DNAJA4 expression in cells with wild type YDJ1 to exposure to doxorubicin. (a) The survival to
doxorubicin exposure of the DNAJA3- and DNAJA4-expressing wild type cells was determined. Serial dilutions (1:10-1:10°) of the treated
cultures were spotted onto Leu™ + glucose plates. Growth was scored after 3 days of incubation at 30°C. The serial dilutions of the strains are
shown. (b) Quantification of the survival of the tested strains. Survival was determined by counting the number of colonies in the respective
dilutions and calculated on the basis of the growth of strains not treated with doxorubicin. At least three sets of experiments were used in the
statistical analysis. Average survival plus standard deviation is shown. Dil: serial dilutions; Doxo, doxorubicin.

TaBLE 5: Effect of DNAJA3 and DNAJA4 expression in a wild type background.

Strai Doxorubicin Heat shock
rain

Survival (% + SEM) Sensitivity (fold) Survival (% + SEM) Sensitivity (fold)
WT 63.3+18.6 104+ 4 1
WT-DNAJA3 20+£2.9 3.2 0+0 —
WT-DNAJA4 4+1.8 15.8 0+0 —

As expected, the HSP40s are not required for the repair
of DSBs, since the ydjIA deletion strain was not sensitive to
etoposide. However, they are essential for the survival to
exposure to ROS-generating agent menadione, indicating
that ROS-induced protein damage is processed by DNAJA1
and DNAJA2.

While the HSP40s have not been as extensively studied as
HSP90 and the HSP70s, recent interest in these chaperones
has increased our knowledge of their function and the
cellular processes they are involved in, besides their protein
folding roles. DNAJAI, as all DNAJA members, is induced
by heat shock factor 1 (HSF1). DNAJA1 negatively regulates
the translocation of BAX from the cytosol to mitochondria
in response to cellular stress, thereby protecting cells against

apoptosis, and has subcellular localization within the nu-
cleus, mitochondria, and endoplasmic reticulum [25]. It is
known for binding to ubiquitin protein ligase and chaperone
activity [26]. There are several DNAJA1 isoforms, one of
which, isoform 2, is highly expressed in the testes and lung
[27].

DNAJAZ2 has been shown to play a role in the positive
regulation of cellular proliferation and the refolding of
proteins and subcellular localizations within the cytosol
[28]. It catalyzes unfolded protein binding and heat shock
protein binding activity [29]. DNAJA2 is highly
expressed in the adrenal gland, duodenum, kidney tu-
bules, testis seminiferous ducts, and follicle ovarian cells
[30].
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dilutions; Doxo, doxorubicin.

DNAJA3 is localized to mitochondria and mediates
several cellular processes including proliferation, survival,
and apoptotic signal transduction [31]. It plays a critical role
in tumor suppression through interactions with oncogenic
proteins including ErbB2 and the p53 tumor suppressor
protein [32]. DNAJA3 has been found to bind to protein
kinase [33]. Its subcellular locations include postsynaptic
plasma membrane, cytosol, and mitochondria. Its expres-
sion is high within the heart, liver, lung, and skeletal muscles
with expression in keratinocytes. DNAJA3 has been shown
to play a crucial role in preventing dilated cardiomyopathy
[34].

DNAJA4 has negative regulation of inclusion body as-
sembly [35]1). It interacts with nonstructure 2 protein of
classical swine fever virus by 2-hybrid system [36]. It has
been shown to be involved in cholesterol biosynthesis as a
SREBP-regulated chaperone [37]. DNAJA4, as well as
DNAJA1 and DNAJA2, acts in concert with Hsc70 to
regulate the maturation and trafficking of hERG potassium
channels [38].

Molecular chaperones such as DNAJAs are involved in
the regulation of kinases, caspases, and other protein

remodeling events, and it has been proposed that altered
levels of HSP expression in cancer could lead to the loss of
control of cell growth and inhibitory effects on apoptosis
[17]. In fact, altered expression of HSPs has been reported
for almost all classes of tumors, and because of their role in
the control of cell growth, they could serve as biomarkers for
cancer diagnosis and therapy [17].

The role of the DNAJAs in the response to stress may be
associated to the specific client proteins they interact with
and the biological processes they participate in. The role of
the heat shock response in preventing cytotoxicity of
doxorubicin has been reported; however, these studies have
mostly focused on Hsp70 and Hsp27 [9]. Our study has
identified the YDJI homologues DNAJA1 and DNAJA2 as
crucial factors for survival from doxorubicin and cisplatin
stress. Interestingly, while anthracyclines act through a
combination of DNA damage and generation of ROS,
preventing the cell from responding to ROS-induced protein
damage is sufficient sensitize it. Additionally, increasing the
expression of these DNAJAs may provide protection in
noncancerous sensitive tissue. Future research will elucidate
the role of these genes in mammalian cells. Targeting these
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factors for chemotherapeutic sensitization of cancer cells
may have potential in the development of alternative
therapeutic treatments.
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To precisely predict the clinical outcome and determine the optimal treatment options for patients with esophageal squamous cell
carcinoma (ESCC) remains challenging. Prognostic models based on multiple molecular markers of tumors have been shown to
have superiority over the use of single biomarkers. Our previous studies have identified the crucial role of ezrin in ESCC
progression, which prompted us to hypothesize that ezrin-associated proteins contribute to the pathobiology of ESCC. Herein, we
explored the clinical value of a molecular model constructed based on ezrin-associated proteins in ESCC patients. We revealed
that the ezrin-associated proteins (MYC, PDIA3, and ITGA5B1) correlated with the overall survival (OS) and disease-free survival
(DES) of patients with ESCC. High expression of MYC was associated with advanced pTNM-stage (P = 0.011), and PDIA3 and
ITGA5BI were correlated with both lymph node metastasis (PDIA3: P < 0.001; ITGA5BI1: P = 0.001) and pTNM-stage (PDIA3:
P =0.001; ITGA5BI: P = 0.009). Furthermore, we found that, compared with the current TNM staging system, the molecular
model elicited from the expression of MYC, PDIA3, and ITGA5B1 shows higher accuracy in predicting OS (P < 0.001) or DFS
(P <0.001) in ESCC patients. Moreover, ROC and regression analysis demonstrated that this model was an independent predictor
for OS and DFS, which could also help determine a subgroup of ESCC patients that may benefit from chemoradiotherapy. In
conclusion, our study has identified a novel molecular prognosis model, which may serve as a complement for current clinical risk
stratification approaches and provide potential therapeutic targets for ESCC treatment.

1. Introduction

Esophageal cancer is the sixth leading cause of cancer-re-
lated deaths and the eighth most common type of malignant
gastrointestinal cancer in the world [1, 2]. Adenocarcinoma
and squamous cell carcinoma (ESCC) are the two major
types of esophageal cancer, with the latter accounting for the
90% of cases worldwide [3]. In China, ESCC still remains the
highest incidence and cancer-induced mortality rates, and

the long-term prognosis of patients with ESCC is less than
20%, despite improvements in treatments such as surgical
resection and adjuvant chemoradiation [4, 5]. This poor
prognosis for ESCC patients is highly associated with the
difficult nature of diagnosing early-stage ESCC and the
frequent occurrence of local invasion and distant metastasis
[5]. In addition, conventional chemotherapy and radio-
therapy treatments are relatively ineffective [6]. Therefore,
seeking novel molecular prognostic markers that can help
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identify patients at high risk and improving their prognosis
are urgent needs in the clinic.

However, signal molecular marker cannot meet the clinical
requirements for biomarkers, such as high sensitivity and
specificity, and it is more accurate than the current clinical
staging system [7]. In the last few years, studies have dem-
onstrated that combinations of multiple biomarkers were more
sensitive and reliable than single molecular marker. Although
several prognostic biomarkers for ESCC have been reported
[8-12], there is still no ideal biomarker for clinical use.

Ezrin as a member of the ezrin/radixin/moesin (ERM)
protein family plays an important role in regulating the growth
and metastatic of cancer [13, 14]. In our previous studies, we
showed that ezrin was upregulated in ESCC and promoted
cellular proliferation and invasiveness of ESCC cells [15].
Furthermore, Ezrin might be a new prognostic molecular
marker for ESCC patients [16]. Ezrin was also known as a key
molecule connected with many other molecules in the biology
of tumor development [17]. In these ezrin-related proteins, our
previous studies identified that three proteins, ie., MYC,
PDIA3, and ITGAS5BI, correlated with patients’ survival
[11, 12]. MYC, a protooncogene, plays an integral role in a
variety of normal cellular functions [18]. MYC amplification is
a recurrent event in many tumors and contributes to tumor
development and progression [19-22]. The progress of MYC-
induced tumorigenesis in prostate cancer cells entails MYC
binding to the ezrin gene promoter and the induction of its
transcription [23]. Meanwhile, the induction of ezrin ex-
pression is essential for MYC-stimulated invasion [23]. PDIA3
(protein disulfide isomerase family A, member 3), also known
as ERp57, is one of the main members of the protein disulfide
isomerase (PDI) gene family and is identified primarily as
enzymatic chaperones for reconstructing misfolded proteins
within the endoplasmic reticullum (ER) [24]. Several studies
have linked PDIA3 to different types of cancer, including
breast [25], ovarian [26], and colon [27] cancers. In ESCC, we
found that PDIA3 interacted with ezrin, and it was not only
involved in the development and progression of ESCC but also
related to OS and DFS of ESCC patients [12]. ITGA5BI is a
member of the integrin family which plays a significant role in
cell adhesion to the extracellular matrix (ECM) [28, 29]. In
ESCC, ITGA5BI upregulates the expression of ezrin through
the LICAM [30].

Although ezrin plays a pivotal role in ESCC progression,
the clinical significance of ezrin-related proteins (MYC,
PDIA3, and ITGA5B1) has not been thoroughly investigated
in ESCC patients. Clinicopathological analyses of these
ezrin-interacting proteins may further our understanding of
the function of ezrin and provide therapeutic targets for
ESCC. In the current study, we found that a three-gene
signature comprised of MYC, PDIA3, and ITGA5B1 could
independently predict ESCC patient survival.

2. Materials and Methods

2.1. Patients and Specimens. For this retrospective study, 284
cases of formalin-fixed, paraffin-embedded ESCC tissue were
collected from the Shantou Central Hospital between No-
vember 2007 and January 2010. All patients underwent
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curative resection and were confirmed as having ESCC by
pathologists in the Clinical Pathology Department of the
Hospital. Information on age, gender, and histopathological
factors was obtained from the medical records and shown in
Table 1. An independent validation set (GSE53622 and
GSE5364) was obtained from the publicly available GEO da-
tabase (https://www.ncbi.nlm.nih.gov/). We excluded the
ESCC patients without clinical survival information, and the
clinicopathological information was shown in Table S1. Overall
survival (OS) was defined as the interval between surgery and
death from tumors or between surgery and the last observation
taken for surviving patients. Disease-free survival (DFS) was
defined as the interval between surgery and diagnosis of relapse
or death. Ethical approval was obtained from the ethical
committee of the Central Hospital of Shantou City and the
ethical committee of the Medical College of Shantou Uni-
versity, and only resected samples from surgical patients giving
written informed consent were included for use in research.

2.2. Tissue Microarrays (TMAs) and Immunohistochemistry
(IHC). TMAs were constructed based on standard tech-
niques as previously described [12]. IHC was performed
using the PV-9000 2-step Polymer Detection System (ZSGB-
BIO, Beijing, China) and Liquid DAB Substrate Kit (Invi-
trogen, San Francisco, CA) according to the manufacturer’s
instructions and has been described in our previous studies
[12]. The primary mouse monoclonal MYC antibody (1:100
dilution; Santa Cruz Biotechnology, USA), anti-PDIA3
antibody (polyclonal, 1:700 dilution; sigma, Saint Louis,
MO), and anti-ITGA5B1 antibody (monoclonal, 1:50 di-
lution; millipore, USA) were used in this study.

2.3. Evaluation of [HC Variables. The protein expression was
evaluated by an automated quantitative pathology imaging
system (PerkinElmer, Waltham, MA, USA), as described
previously [11]. Briefly, as shown in Figure S1, the auto-
mated image acquisition and color images were obtained
using Vectra 2.0.8 software. Subsequently, the spectral li-
braries were constructed using Nuance 3.0 software. And
then, the color images were evaluated by Inform 1.2 software
as follows: (1) segmentation of the tumor region from the
tissue compartments, (2) segmentation of the tumor region
from the tumor region, and (3) H score calculation (=(% at
0) %0+ (%at1+) =1+ (%at2+)*2+(%at3+) * 3)based on
the optical density which produces a continuous protein
expression value in the range of 0 to 300.

2.4. Construction of a Survival Predictive Model. Firstly, we
used a univariate Cox proportional hazards regression analysis
to evaluate the correlation between survival and each protein.
Subsequently, we constructed a predictive model by the sum-
mation of the expression of each biomarker (high= 1, low=0)
multiplied by its regression coeflicient, as described in the
following equation: Y= (f1)x MYC+ (82) x PDIA3 + (83) x
ITGAS5B1 [9]. Patients were then divided into three groups
(high-risk, medium-risk, and low-risk) by the cut-off value
generated by X-tile software [31].
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TaBLE 1: The clinicopathological characteristics of generation dataset of patients with ESCC.
Clinical and pathological indexes Case no. 5-year OS (%) p* 5-year DFS (%) p*
Specimens 284
Mean age 58.7
Age (year)
<58 148 48.1 43.4
>58 136 39.1 0.036 35.8 0.207
Gender
Male 220 44.8 40.5
Female 64 40.2 0.387 37.2 0.915
Therapies
Only surgery 160 45.2 42.0
Surgery + radiotherapy 39 53.6 51.3
Surgery + chemotherapy 57 46.2 0.080 36.4 0.070
Surgery + chemoradiotherapy 28 17.9 17.9
Tumor size
<3cm 67 55.6 54.4
3-5cm 134 43.5 0.057 37.9 0.021
>5cm 83 34.7 31.1
Tumor location
Upper 16 33.5 25.0
Middle 122 45.6 0.463 44.8 0.127
Lower 146 43.3 37.2
Histologic grade
Gl 45 57.7 57.7
G2 219 435 0.001 38.3 <0.001
G3 20 15.0 15.0
Invasive depth
T1 13 84.6 84.6
T2 42 50.0 0.005 45.2 0.013
T3 229 40.2 36.2
Lymph node metastasis
NO 141 58.1 53.5
N1 81 44.0 39.0
N2 46 152 <0.001 13.0 <0.001
N3 16 0.0 0.0
pTNM-stage
I 23 82.6 82.6
11 131 54.2 <0.001 49.2 <0.001
111 130 26.4 22.6

*Log-rank test of Kaplan-Meier method; P < 0.05 was considered significant. All patients underwent surgical treatment. OS: overall survival. DFS: disease-free survival.

2.5. Statistical Analysis. The SPSS v19.0 program was used
for statistical analysis. Cumulative survival time was cal-
culated by the Kaplan-Meier (K-M) method and analyzed by
the log-rank test. The association of biomarkers and clini-
copathological factors was evaluated by Fisher’s exact test.
The Cox proportional hazards regression model was used for
univariate and multivariate analyses. The predictive value of
the parameters was determined by receiver operating
characteristic (ROC) curve analysis. P < 0.05 was considered
to be statistically significant.

3. Results

3.1. Immunohistochemical Characteristics of 3 Biomarkers.
The expression levels of MYC, PDIA3, and ITGA5B1 protein
in ESCC were examined by IHC. As shown in Figure 1(a),
MYC, PDIA3, and ITGA5B1 were mainly localized in the
cytoplasm. We further investigated the association between

the expression of these 3 biomarkers and clinicopathological
parameters. There was no significant correlation between the
3 markers and age, gender, tumor size, histologic grade, or
invasive depth, etc. Nonetheless, low-expression of PDIA3
or high expression of ITGA5BI significantly correlated with
lymph node (LN) metastasis, whereas no correlation was
found between MYC and LN metastasis (Table 2). In ad-
dition, PDIA3 had a negative correlation while MYC and
ITGA5B1 had a positive correlation with pTNM-stage
(Table 2). In support of these correlation analyses, MYC and
ITGA5BI1 showed increased expression in tumors with high
clinical stage; in contrast, PDIA3 expression was down-
regulated in stage III tumors compared with those with
stages I and II (Figure 1(b)).

3.2. Prognostic Significance of MYC, PDIA3, and ITGA5BI in
Patients with ESCC. To further explore the clinical
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(b)

FIGURE 1: Expression of MYC, PDIA3, and ITGA5B1 in ESCC. (a) Representative images of IHC staining for MYC, PDIA3, and ITGA5B1 in
ESCC samples (scale bars =50 ym). (b) The H scores of MYC, PDIA3, and ITGA5B in different clinical stages (stages I, II, and III) of ESCC
were shown by scatter diagram (P <0.05, independent-samples ¢-test).

significance of MYC, PDIA3, and ITGA5B1 in ESCC pa-
tients, Kaplan-Meier analysis and log-rank test were per-
formed. As shown in Figure 2, high expression of MYC or
ITGA5B1 was significantly associated with poor prognosis
(MYC: OS, P=0.024, DFS, P =0.024; ITGA5BI1: OS,
P =0.001, DES, P = 0.009, Figures 2(a) and 2(c)). However,
the overexpression of PDIA3 trended to predict a favorable
OS (P =0.002) and DFS (P = 0.003, Figure 2(b)). Besides,
because ITGA5B1 is a heterodimer of alpha and beta sub-
unit, we used the expression level of ITGA5 instead of
ITGA5BI1 in microarray data, and the predictive value of
MYC, PDIA3, and ITGA5 was further validated in an in-
dependent cohort (GSE53622 and GSE5364).

The results for validation set were in line with those in
generation set (Supplementary Figure S2(a)). Univariate

Cox regression analysis further identified that these 3
molecules were significantly associated with OS (MYC:
P =0.026; PDIA3: P = 0.003; ITGA5BI1: P = 0.001) and DFS
(MYC: P =0.026; PDIA3: P = 0.004; ITGA5B1: P =0.010,
Table 3).

3.3. A Molecular Prognostic Model of the 3 Biomarkers
Signature. We then evaluated the prognostic value of a
molecular model that takes consideration of all the 3 bio-
markers. To this end, we calculated the risk score
Y=(fB1) * (MYC) + (82) * (PDIA3) + (83) = (ITGA5B1). In
this dataset, the regression coefficients (1 =0.347,
B2=-0.482, 53=0.501) were calculated by univariate Cox
proportional hazards analysis. All patients were divided into
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TaBLE 2: The correlation between 3 markers and clinicopathological characteristics in ESCC.
) MYC? PDIA3® ITCA5B1°
Variables i P* ) P* ) P*
Low High Low High Low High
Age (year)
<58 67 81 84 64 92 56
>58 68 68 0.425 80 56 0.725 92 44 0.334
Gender
Therapies
Only surgery 85 75 97 63 107 53
Surgery + radiothera 14 25 20 19 25 14
Surgerz + chemother};}l;y 21 36 0.067 30 27 0-588 35 22 0-849
Surgery + radiochemotherapy 15 13 17 11 17 11
Tumor size
<3cm 39 28 41 26 43 24
3-5cm 62 72 0.101 71 63 0.303 83 51 0.489
>5cm 34 49 52 31 58 25
Tumor location
Upper 6 10 9 7 8 8
Middle 64 58 0.307 65 57 0.383 82 40 0.395
Lower 65 81 90 56 94 52
Histologic grade
Gl 25 20 20 25 32 13
G2 101 118 0.499 129 90 0.054 140 79 0.588
G3 9 11 15 5 12 8
Invasive depth
T1+T2 32 23 37 18 34 21
T3+ T4 103 126 0.078 127 102 0111 150 79 0.607
Lymph node metastasis
D8 e 7 em WX o
pTNM-stage
1 17 6 10 13 16 7
1I 65 66 0.011 64 67 0.001 96 35 0.009
11T 53 77 920 40 72 58

*Fisher’s exact test. P value <0.05 was considered significant.

low-, medium-, and high-risk groups based on the Y scores,
and the optimal cut-oft values were determined by the X-tile
software based on patients’ prognosis [31]. Kaplan-Meier
analysis further demonstrated that patients in the low-risk
group indeed had markedly prolonged survival (OS:
P <0.001: DFS: P<0.001, Figure 3(a)). The 5-year OS for
low-, medium-, and high-risk groups was 62.9%, 41.3%, and
24.5%, respectively. Similar results were obtained for 5-year
DFS in those groups, which were 56.0%, 37.4%, and 24.5%,
respectively (Figure 3(a)). To validate whether this molecular
prognostic model can serve as an independent predictor for
OS and DFS, we carried out both univariate and multivariate
analyses. As shown in Table 3, our newly defined molecular
prognostic model, along with pTNM-stage and tumor size,
was independent prognostic factors (Table 3). Moreover,
receiver operating characteristic (ROC) analysis indicated
that the predictive power of this molecular prognostic model
was higher compared to each biomarker individually or the
pTNM-stage (Figure 3(b)). The predictive value and power

of molecular model for OS also yielded similar results from
validation set as shown in Figure S2(b).

3.4. The Potential of the Molecular Prognostic Model in
Identifying ESCC Patients Who Can Benefit from
Chemoradiotherapy. As shown in Table 1, chemo-
radiotherapy did not markedly prolong the OS and DFS of
ESCC patients. To test the utility of the molecular prognostic
model for predicting therapeutic efficacy, we performed
K-M survival analysis. Our results showed that the OS and
DEFS of patients who were treated with surgery only were
higher compared with those who received surger-
y + radiotherapy or surgery + chemotherapy in the low-risk
group (Figure 4(a)). However, the opposite was true for
patients in the high-risk group, in which ESCC patients who
received only surgery had an unfavorable outcome
(Figure 4(c)). Radiotherapy and chemotherapy tended to
prolong patients’ survival as the risk went up as determined
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F1Gure 2: K-M survival analysis in ESCC patients based on the expression of MYC, PDIA3, and ITGA5BI. The H scores of each protein were

divided into low and high groups as determined by X-tile, and the number of patients who were at risk at specific times was labeled under the
x-axis (P <0.05, log-rank test).



BioMed Research International

TaBLE 3: Univariate and multivariate analyses of factors associated with overall survival (OS) and disease-free survival (DFS) in patients with

ESCC.
Univariate analysis Multivariate analysis
Variables (6N DFS (6N DFS
HR (95% CI) P  HR(95%CI) P  HR(95%CI) P  HR(95%CI) P
1.376 (1.017 to 1.203 (0.900 to 1.498 (1.082 to
Age (>58 vs. <58) 1.861) 0.039 1.609) 0.213 2.073) 0.015
0.857 (0.603 to 0.981 (0.693 to
Gender (female vs. male) 1.219) 0.391 1.390) 0.916
Therapies 0.090 0.080
(Surgery + radiotherapy vs. only  0.799 (0.492 to 0.363 0.893 (0.557 to 0.639
surgery) 1.296) 1.432)
(Surgery + chemotherapy vs. only  0.918(0.642 to 0.825 1.225(0.847 to 0281
surgery) 1.423) ’ 1.770) ’
(Surgery + radiochemotherapy 0.918 (1.036 to 0.035 1.701 (1.087 to 0.020
vs. only surgery) 2.550) ’ 2.662) ’
Tumor size 0.062 0.025 0.045 0.021
1.285 (0.860 to 1.404 (0.948 to 1.378 (0.915 to 1.432 (0.964 to
- < . .
3-5cm vs. <3cm 1.921) 0.222 2.077) 0.090 2.075) 0.124 2.130) 0.076
1.657 (1.082 to 1.787 (1.176 to 1.730 (1.124 to 1.821 (1.193 to
<
>5cm vs. <3 cm 2.539) 0.020 2.716) 0.007 2.664) 0.013 2.779) 0.005
2.087 (1.443 to 1.956 (1.376 to 1.876 (1.267 to 1.689 (1.162 to
pTNM-stage (IIT vs. I+1I) 3.019) <0.001 2.780) <0.001 2.778) 0.002 2.456) 0.006
1.415 (1.043 to 1.397 (1.041 to
MYC 1.920) 0.026 1.874) 0.026
0.618 (0.450 to 0.638 (0.471 to
PDIA3 0.848) 0.003 0.864) 0.004
1.651 (1.216 to 1.477 (1.098 to
ITGA5B1 2.241) 0.001 1.986) 0.010
Molecular prognostic model <0.001 <0.001 0.001 0.006
. . . 1.830 (1.215 to 1.625 (1.111 to 1.577 (1.036 to 1.493 (1.010 to
_ < _
Medium-risk vs. <low-risk 2.758) 0.004 2.378) 0.012 2.402) 0.034 2.208) 0.045
. . . 2.914 (1.828 to 2.457 (1.580 to 2.539 (1.556 to 2.122 (1.338 to
_ < _
High-risk vs. <low-risk 4.680) <0.001 3.823) <0.001 4141) <0.001 3.367) 0.001

Note. Multivariate analysis, Cox proportional hazards regression model. Variables were adopted for their prognostic significance by univariate analysis.

by our molecular prognostic model. In particular, patients
treated with surgery + chemotherapy in the high-risk group
had the most favorable OS and DFS compared with surgery
alone and surgery + radiotherapy (Figure 4).

4. Discussion

ESCC is one of the most prevalent and lethal cancers in
Asian [4]; however, there is no effective molecular signatures
for predicting the effectiveness of adjuvant treatments and
prognosis in the clinic. Previous studies demonstrated that
the cytoskeleton changes are intimately associated with
cancer invasion and metastasis [32]. In support of this
notion, our research has confirmed that the membrane-
cytoskeletal linking protein ezrin contributes significantly to
ESCC progression [15]. In this study, we attempted to
generate an effective molecular model based on ezrin-related
proteins (MYC, PDIA3, and ITGA5B1) for potential clinical
applications. Our data highlight that a molecular model
elicited from MYC, PDIA3, and ITGA5B1 has superior
prognostic values compared with pTNM-stage, which also
facilitates the identification of ESCC patients who may
benefit from chemoradiotherapy.

Ezrin, a membrane-cytoskeleton linker, plays a major
role in promoting tumor progression [23, 33]. Our previous
study has identified the mislocalization of ezrin during
ESCC development, in which membranous ezrin in normal
epithelial cells becomes cytoplasmic in ESCC [34]. This
abnormal localization changes the interacting proteins of
ezrin, which has been shown to be critical for regulating
tumor cell survival, invasion, and metastasis [12, 17]. The
expressions of MYC, PDIA3, and ITGA5B1 have been
demonstrated to play critical roles in various malignant
tumors and are independent prognostic factors in certain
cancers [12, 35, 36].

It is important to note that although ESCC patients with
higher risk predicted by our three-protein molecular model
had poor prognosis, these patients might benefit from ad-
juvant therapies such as chemoradiotherapy, which im-
proved their survival compared with surgical treatment
alone. Compared with the model using three different genes
(PPARG, MDM2, and NANOG), which we reported in 2015
[9], the current molecular model not only accurately predicts
the OS of patients with ESCC but also predicts the DFS and
sensitivity to chemoradiation. This makes it much more
practical for clinical application. Our results are in line with
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FIGURE 3: Predictive value of the molecular model. (a) K-M survival curves showing that the OS and DFS had a striking contrast between the
ESCC patients in low-, medium-, and high-risk groups. (b) Receiver operating characteristic (ROC) curve was used to evaluate the ability of
the molecular model for OS or DFS compared with each biomarker alone or the pTMN-stage.

other clinical studies, which have shown that high expression
and rearrangement of MYC are associated with better re-
sponse to chemoradiotherapy compared with patients without
these abnormalities [37, 38]. The mechanism behind this
observation is probably related to the biological function of
MYC in promoting DNA replication and cell cycle distri-
bution [39]. As chemoradiotherapy utilizes the effects of DNA
damage-induced cytotoxicity in neoplastic cells, it is not
surprising to see an association between MYC and chemo/
radiosensitivity in ESCC patients. Indeed, overexpression of
MYC has been shown to render tumor cells susceptible to
chemotherapeutics, such as etoposide, doxorubicin, and

camptothecin [40]. Nevertheless, MYC remains an attractive
molecular target for therapy due to its high oncogenic
properties [41]. Antisense oligonucleotides (ASOs) targeting
MYC have been shown to block cell proliferation and induce
apoptosis in solid and hematologic tumors [41, 42].
Compared with MYC, relatively little is known about the
biological function of ITGAS5BI1 in carcinoma. Recent
studies suggest that ITGA5B1 can prevent cell anoikis
through suppressing inflammation- and oxidative stress-
related genes [43, 44]. ITGAS5BLI is especially more notice-
able in regulating cell adhesion [45], and it can promote
early peritoneal metastasis in serous ovarian cancer [46]. In
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FIGURE 4: K-M survival curves indicate that radiotherapy and chemotherapy prolonged patients’ OS and DFS in high-risk group but

shortened patients’ survival in low-risk group.

line with the protumorigenic role of ITGA5B1, we are the
first to uncover the high expression of this protein in more
advanced and metastatic ESCC tumors with unfavorable
prognosis. Further studies are needed to delineate the
mechanisms behind the deregulation of ITGA5B1 and its
biological function in ESCC. PDIA3 has been shown to
confer chemo/radioresistance to various types of tumor cells
such as ovarian carcinoma [47, 48]. PDIA3 expression level
is correlated with the clinical outcome of patients with
ovarian carcinoma who receive chemoradiotherapy, and the
sensitivity to paclitaxel can be enhanced by PDIA3 silencing
[47, 48]. In ESCC, we found that PDIA3 decreased gradually
with the progress of stage and related to favorable prognosis,
which was in accord with the findings in gastric cancer [49],
but contrary to those in hepatocellular carcinoma [50]. The
favorable prognostic value of PDIA3 in ESCC implies that
ESCC patients with high expression of PDIA3 may be more
sensitive to chemotherapy such as paclitaxel, but further
studies are warranted. These contrasting observations can be
attributed to the differences in the carcinogenic machinery
between ESCC and other carcinomas.

Taken together, these data suggest that MYC, PDIA3,
and ITGA5B1 may serve as potential therapeutic targets for
ESCC treatment, and cotargeting of these biomarkers might
be more effective than targeting a single biomarker alone.
Importantly, this study provides a clinically applicable
molecular model that can more precisely predict clinical
outcome than pTNM-stage, which may also facilitate the
identification of ESCC patients who can benefit from ra-
diotherapy or chemotherapy.
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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
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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 ug/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

1 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
SYNJ2BP-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 L 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 cutoft 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, PYROXD?2, 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
tebrile 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 KYSE510 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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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/RALBPI1-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
turther 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.
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The use of 5-fluorouracil (5-FU) has been proven benefits, but it also has adverse events in colorectal cancer (CRC) chemotherapy.
In this study, we explored the mechanism of 5-FU resistance by bioinformatics analysis of the NCBI public dataset series
GSE81005. Fifteen hub genes were screened out of 582 different expressed genes. Modules of the hub genes in protein-protein
interaction networks gathered to TOP2a showed a decrease in HCT-8 cells but an increase in 5-FU-resistant HCT-8/5-FU cells
with 5-FU exposure. Downregulation of TOP2« with siRNA or miR-494 transfection resulted in an increase of cytotoxicity and
decrease of cell colonies to 5-FU for HCT-8/5-FU cells. Moreover, we found that an ethanol extract of Spica Prunellae (EESP),
which is a traditional Chinese medicine with clinically beneficial effects in various cancers, was able to enhance the sensitivity of 5-
FU in HCT-8/5-FU cells and partly reverse the 5-FU resistance effect. It significantly helped suppress cell growth and induced cell
apoptosis in HCT-8/5-FU cells with the expression of TOP2« being significantly suppressed, which increased by 5-FU. Con-
sistently, miR-494, which reportedly regulates TOP2a, exhibited reverse trends in EESP/5-FU combination treatment. These

results suggested that Spica Prunellae may be beneficial in the treatment of 5-FU-resistant CRC patients.

1. Introduction

Colorectal cancer (CRC, also known as colon cancer) is one
of the most commonly diagnosed cancers. The GLOBOCAN
2018 data estimates of cancer incidence and mortality
showed that CRC is the third most commonly diagnosed
cancer, with an incidence of 10.2% and a mortality of 9.2%
[1]. Presently, the treatment for CRC includes surgery, ra-
diation, and chemotherapy palliative care [2]. Chemother-
apy drugs for the treatment of CRC include capecitabine,
oxaliplatin, fluorouracil (5-FU), leucovorin (folinic acid),
and irinotecan. Among these chemotherapy agents, 5-FU is
most commonly used for CRC [3]. Treatment with 5-FU has
been shown to reduce tumor size by approximately 50% in
patients with advanced CRC and prolong their median

survival by 5months [4]. However, since the late 1990s,
studies have revealed that 5-FU treatment can lead to
therapy resistance [5, 6] accompanied by hand-foot syn-
drome, cardiotoxicity [7], and gastrointestinal side effects
[3]. Therefore, combination chemotherapy has become
widely used in chemotherapeutic regimens [8]. Nevertheless,
this therapeutic strategy might be partly beneficial; however,
problems, such as new chemotherapeutic resistance or
unacceptable side effects, can still occur. Therefore, explored
of the resistance mechanism for 5-FU would benefit for
searching the new safe and acceptable resistance-reversal
medications.

In this case, natural products have great advantages because
they have relatively fewer adverse effects. Herbal medicines
applied to chemotherapy could improve chemotherapeutic
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efficacy and/or reduce induced toxicities in patients [9]. In
addition, our previous studies have demonstrated that
some herbal medicines suppressed cell growth, induced cell
apoptosis, inhibited CRC angiogenesis, and overcame 5-FU
resistance [10-12]. Therefore, herbal extracts might be
feasible to increase chemotherapeutic efficacy and reduce
the possibility of drug resistance and side effects.

Prunella vulgaris L. is a widely distributed perennial herb
in the family Lamiaceae. In China, the spike of this herb,
Spica Prunellae, is well known as a traditional Chinese
medicine for its effects on heat clearing, dispersing swelling,
and dissipating binds [13]. The herb has been reported to
promote cancer cell apoptosis [14] and to suppress cell
growth [15], vascular inflammation [16], tumor angiogenesis
[17], and tumor volume [14, 18]; it has also been used in the
treatment of cancers, such as breast cancer [19]. Recently, as
a novel herbal medicine, LA16001, which is composed of
Prunella vulgaris L., was found to prevent cisplatin-induced
anorexia [20]. Extracts from other Lamiaceae plants, such as
rosemary (Rosmarinus officinalis), have been shown to en-
hance the antitumor effect of 5-FU in 5-FU-resistant
SW620-5FU-R cells [21]. Both Rosmarinus officinalis and
Prunella vulgaris L. belong to the Labiatae family, and their
marker compound is rosmarinic acid [22, 23], which has
been shown to exhibit antioxidant [24], anti-inflammatory
[25], and anticancer activities [26].

The aim of this study was to understand the resistance
mechanism for 5-FU in depth and provide a clue for the
searching of effective medications. Through bioinformatics
analysis, DNA topoisomerase 2-alpha (TOP II alpha,
TOP2«) was important in the 5-FU resistance. Moreover, we
found it was involved in the 5-FU sensitivity enhancement of
EESP. In the fact, Spica Prunellae was suggested as a po-
tential reversal agent for treating 5-FU-resistant patients. In
addition, searching for medications which could down-
regulate TOP2a expression would be a benefit clue for the
therapy of 5-FU-resistant patients.

2. Materials and Methods

2.1. Identification of Key Genes Associated with 5-FU
Sensitivity. We chose a public and freely available gene
expression profile (GSE81005) from the US NCBI Gene
Expression Omnibus database to screen differentially
expressed genes between HCT-8/5-FU and HCT-8 cells
treated following 5-FU treatment. We searched for differ-
entially expressed genes firstly by comparing data between
the treatment of 5-FU for 24/48 h in HCT-8/5-FU cells or
HCT-8cells and control groups, secondly comparing the
differentially expressed genes between HCT-8/5-FU cells
and HCT-8cells, and thirdly obtaining the DEGs by
searching the common DEGs between 24h and 48h
treatment. DEGs were detected by the R (3.4.1) software. The
adjusted P values were used to reduce the false-positive rate
by using the Benjamini and Hochberg false discovery rate
method by default. An adjusted P value of <0.05 was set as
the cutoft criterion. Metascape was used to conduct pathway
and process enrichment analysis of the DEGs using default
settings [27]. STRING was employed to map the DEGs,
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which could detect the potential relationship among those
DEGs. A maximum number of interactors=0 and a confi-
dence score >0.4 were set as the cutoff criteria. The Molecular
Complex Detection (MCODE) app in Cytoscape was used
turther to screen modules in the PPI network with a cutoff =2,
k-core=2, node score cutoff=0.2, and max. depth=100.
Expression patterns of TOP2A in colon adenocarcinoma
cancer and normal tissues were demonstrated by the available
data from gene expression profiling interactive analysis
(GEPIA) and R2 (https://hgserverl.amc.nl/cgi-bin/r2/main.
cgi?&species=hs), which is a free publicly accessible web-
based genomics analysis and visualization platform.

2.2. Transfection of siRNA or miR-494. siRNA and its siRNA
control (Genepharma, Shanghai, China) or miR-494 mimics
and miRNA negative control (Guangzhou RiboBio Co.,
LTD, Guangzhou, China) were synthesized. Cells were
plated in 96 or 6 wells, and they were transfected with siRNA
or miR-494 mimics at 50 nM at 30%-40% cell confluence
following the instruction of Lipofectamine RNAIMAX
(Thermo Fisher Scientific Inc., MA, USA). Then, cell viability
was detected by performing a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide colorimetric assay (ELX800;
BioTek, Winooski, USA) at 570 nm each day, or cells were
collected for the western blot or gene expression validation in
48 h.

2.3. Western Blot. Proteins were extracted into RIPA
buffer (CWBIO, Beijing, China), separated in 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and
then transferred to 0.22 ym NC membranes (Millipore,
MA, USA). The membranes were blocked and probed with
antibodies against TOP2«, B-actin, and the anti-rabbit
IgG, HRP-linked antibody (Proteintech Group, Inc.,
Taiwan, China). The bands were detected with BeyoECL
Plus (Beyotime Institute of Biotechnology, Shanghai,
China) or Super ECL Star (US Everbright Inc., Suzhou,
China). Image Lab Software (Bio-Rad, Hercules, CA,
USA) was used to analyze the band intensity.

2.4. Gene Expression Validation. Total RNA was extracted
with TRIzol (Takara, Dalian, China). Then, a nanodrop
spectrophotometer (Thermo Fisher Scientific Inc., MA,
USA) was used to assess the RNA quantity and quality.
TOP2A primers for examination by real-time polymerase
chain reaction (PCR) were designed from NCBI/Primer-
BLAST, and GADPH primers were obtained from
PrimerBank (https://pga.mgh.harvard.edu/primerbank/).
The miRNA primers were obtained from (General Bio-
systems, NC, USA). Reverse transcriptase- (RT-) PCR was
performed for miRNA examination by Mir-X™ miRNA
First Strand Synthesis according to the SYBR® qRT-PCR
User Manual (Takara, Dalian, China) and for mRNA
detection by using a PrimeScript™ RT reagent Kit. Real-
time PCR was outperformed by using a TB Green™
Premix Ex Taq™ II (Takara, Dalian, China) for miRNA
and a SYBR™ Select Master Mix (Life Technologies,
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Shanghai, China). The 2-AACt method was used to ana-
lyze the expression levels.

2.5. EESP Stock Solution Preparation and Cell Culture.
EESP stock solution was prepared as previously described
[15]. Human carcinoma HCT-8 cells and HCT-8/5-FU cells
(KeyGEN Biotech, Nanjing, China) were cultured at 37°C in
a humidified incubator with 5% CO, in RPMI medium 1640
(KeyGEN Biotech, Nanjing, China) supplemented with 10%
FBS (Hyclone, Carlsbad, USA), 100 U/mL of penicillin, and
100 ug/mL of streptomycin (Life Technologies, Shanghai,
China). HCT-8/5-FU cells were cultured in the above-
mentioned medium with the addition of 15 ug/mL of 5-FU
(Shanghai Amino Acids Company, Shanghai, China).

2.6. Reversal Effect Assays. Two cell lines were seeded into
96-well plates at a density of 1 x 10* cells/well. After 24 h, the
cells were treated following various concentrations of EESP,
5-FU, or EESP plus 5-FU combination for 48 h. Then, the cell
viabilities were evaluated. SPSS 16.0 software was used to
calculate the cell survival rate and IC50 value. The resistance
index (RI) of HCT-8/5-FU cells to EESP or 5-FU, reversal
fold (RF), and relative reversal rate (RRR%) were calculated
according to the following formulas:

RI=IC50 of HCT-8/5-FU cells (EESP or 5-FU)/IC50 of
HCT-8 cells (EESP or 5-FU)

RF =IC50 of HCT-8/5-FU cells (5-FU)/IC50 of HCT-
8/5-FU cells (EESP + 5-FU)

RRR% =1C50 of HCT-8/5-FU cells (5-FU)-1IC50 of
HCT-8/5-FU cells (5-FU + EESP)/IC50 of HCT-8/5-FU
cells (5-FU) —IC50 of HCT-8 cells (5-FU)

2.7. Colony Formation. The HCT-8 and HCT-8/5-FU cells
were seeded into 6-well plates at a density of 4 x 105 cells/
well. After transfection or treatment with 5-FU (3.2 mM)
with/without EESP (0.25mg/mL or 0.5mg/mL) or EESP
(0.25mg/mL or 0.5 mg/mL) for 48 h, the cells were harvested
and reseeded into fresh 12-well plates at a density of
500 cells/well. With 2 weeks of maintenance in RPMI me-
dium 1640 supplemented with 10% FBS, penicillin, and
streptomycin, the formed colonies were fixed with 4%
polyoxymethylene and stained with 0.01% crystal violet.

2.8. Apoptosis Detection. After treatment with 5-FU (3.2 mM)
and with/without EESP (0.25 mg/mL or 0.5 mg/mL) or EESP
(0.25mg/mL or 0.5 mg/mL) for 48h in 6-well plates, apo-
ptosis of cells was detected by using an AnnexinV-FITC
Apoptosis Detection Kit (KeyGEN Biotech, Nanjing, China),
as described in a previous study [15].

2.9. Statistical Analysis. Data are presented as the mean + SD.
The statistical significance of differences was assessed by
Student’s t-test or one-way ANOVA in SPSS 16.0 software.
The level of statistical significance was set to *P <0.05,
**P<0.01, and ***P <0.001.

3. Results

3.1. Identification of DEGs and Hub Genes. The potential
molecular mechanisms were studied by searching for DEGs
and hub genes. R (3.4.1) software was applied to detect DEGs
in the US National Center for Biotechnology Information
Gene Expression Omnibus GSE81005 dataset. Since the main
difference between HCT-8/5-FU cells and HCT-8 cells was
the 5-FU sensitivity, we analyzed hub genes during 5-FU
intervention. We identified 1478 and 2316 DEGs in 5-FU
treatment for 24 h and 48 h, respectively. We identified 582
DEGs in both the 24 h and 48 h 5-FU treatment groups. DEGs
were functional and pathway enrichment analyzed using
online tools in Metascape (http://metascape.org/), and the top
20 enrichment items were shown. As shown in Figures 1(a)
and 1(b), the upregulated DEGs were enriched in brain
development, mitotic prometaphase, cofactor metabolic
process, etc., while the downregulated DEGs were enriched
in PID P53 downstream pathway, cellular response to
extracellular stimulus, negative regulation of cell pro-
liferation, etc. To determine the essential genes involved in
the 5-FU associated mechanism, the top 15 hub genes with
a high degree of connectivity were screened (see Table S1).
Then, an associated PPI network was created on the basis of
the information in the STRING database (Figure 1(c)). The
top 2 modules were selected by MCODE to find the key
modules in the PPI network. The results revealed that
TOP2A was involved in both the modules (Figures 1(d) and
1(e)). This suggested that TOP2A might be a key gene for
5-FU resistance of colorectal cancer.

TOP2a was involved in the enhancement of 5-FU
sensitivity to HCT-8/5-FU.

As TOP2«a was involved in both the modules, we
speculate that it should be important in 5-FU resistance.
Firstly, the expression levels of TOP2« were analyzed in a
public database. Compared with normal tissues, the tumor
samples appeared to have higher levels in the expression
profiling of TOP2« (Figures 2(a) and 2(b)). These results
suggested that overexpression of TOP2a might be a signal
for tumor development. In view of this fact, we wondered if
TOP2« overexpression might also be associated with 5-FU
resistance. The expression levels of TOP2« between HCT-8
and HCT-8/5-FU cells exposed to 5-FU were compared.
The results showed that TOP2« was significantly down-
regulated in HCT-8 cell lines but was upregulated in HCT-
8/5-FU cell lines (Figures 2(c), 2(d), and 2(e)). To further
confirm the role of TOP2« in 5-FU resistance, siRNA of
TOP2a and miR-494 which was reported to target TOP2«
[28] was used to knock down the expression of TOP2a. The
efficiency of siRNA was shown in Figure S1. Compared to
the negative control, siRNA or miR-494 transfection en-
hanced the 5-FU sensitive and cytotoxicity for HCT-8/5-
FU cells (Figures 2(f) and 2(g)). Their transfection could
also increase the cytotoxicity for HCT-8/5-FU cells, and
miR-494 enhanced the 5-FU sensitivity for HCT-8/5-FU
cells (Figures 2(h)-2(j)). But there was no significant dif-
ference in siRNA groups in the presence of 5-FU. These
results indicated that TOP2A was involved in 5-FU
resistance.
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B Brain development B PID P53 DOWNSTREAM PATHWAY
B Mitotic prometaphase B Cellular response to extracellular stimulus
B Cofactor metabolic process B Negative regulation of cell proliferation
B Renal system development B PID FRA PATHWAY
W Defective HLCS causes multiple carboxylase deficier M Response to wounding
Inositol phosphate-mediated signaling Negative regulation of proteolysis
B Adenosine to inosine editing B Positive regulation of programmed cell death
W Organic anion transport W TP53 regulates transcription of cell death genes
W Hindbrain development W Myeloid leukocyte activation
B Negative regulation of protein processing M Cell surface interactions at the vascular wall
Cell morphogenesis involved in differentiation Viral RNA genome replication
Cilium Assembly Negative regulation of immune effector process
W Positive regulation of neuron apoptotic process B Regulation of epidermal growth factor receptor signaling
B Glucagon signaling pathway W Regulation of epithelial cell proliferation
" Fatty acid metabolism " Modification of morphology or physiology of other org
W Reciprocal meiotic recombination W Leukocyte proliferation
Cellular response to alcohol Intestinal epithelial cell development
Hematopoietic progenitor cell differentiation Positive regulation of cellular catabolic process
W Jon transport by P-type ATPases B Lysosome

Signaling by WNT in cancer

(a)

(©)

Cytokine-mediated signaling pathway

(b)

(e)

FiGure 1: Identification of DEGs and hub genes. Enriched ontology clusters of (a) upregulated and (b) downregulated DEGs colored by
cluster ID. (c) The PPI network of the top 15 hub genes. (d, e) Selection of the top 2 modules by using the MCODE plug-in to detect
significant modules in this PPI network.
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FIGURE 2: Overexpression of TOP2«a mediates the 5-FU resistance. (a, b) Analysis of TOP2A expression levels in the GEPIA database and
Mega-sampler in the TCGA database. (c) Detection of relative protein levels for HCT-8 and HCT-8/5-FU cells treated with or without 5-FU
(3.2 mM) for 48 h by western blot and (d) quantification. (e) Real-time PCR evaluation of the mRNA levels of TOP2A. The data from western
blot and real-time PCR are normalized to GADPH. Relative cell viability of HCT-8/5-FU cells transfected with (f) siRNA or (g) miR-494 and
then treated with or without 5-FU (3.2 mM) for different time periods (1, 2, 3, and 4 days). (h) Cell colonies for HCT-8/5-FU cells transfected
with siRNA or miR-494 and then treated with or without 5-FU (3.2 mM) for 48 h and (i, j) their relative numbers for cell colonies were
analyzed. Compared with the negative control group, for siRNA or miR-494 transfection, *P <0.05, **P <0.01, and ***P <0.001; for
negative control treatment with the 5-FU group (NC + 5-FU), #p< 0.05, ##p< 0.01, and #H#p < 0.001; for siRNA or miR-494 transfection
and treatment with the 5-FU group (NC+ 5-FU), &P <0.05, &&P <0.01, and &&&P <0.001.

3.2. HCT-8/5-FU Cells Were Suitable for the Study of 5-FU
Modulation with EESP. Given that the resistance index (RI)
is a significant metric for evaluation of 5-FU-resistant cells to
anticancer drugs, we examined the RI for EESP and 5-FU
treatment. Compared with parental HCT-8 cells, HCT-8/5-
FU cells showed a 257.4-fold increase in resistance to 5-FU
and a 1.03-fold increase in resistance to EESP (Table 1).
These results suggested that HCT-8/5-FU cells were resistant
to 5-FU but not resistant to EESP; therefore, HCT-8/5-FU
cells were suitable for the further study of 5-FU modulation
with EESP.

3.3. Reversal Effect of EESP on 5-FU in HCT-8/5-FU Cells.
For the evaluation of the reversal effect of EESP on 5-FU, two
low concentrations of EESP (0.25 mg/mL and 0.5 mg/mL)
with weakly cytotoxicity (inhibition rate < 20%) were chosen

TasLE 1: Inhibitory effects of EESP and 5-FU on HCT-8 and HCT-
8/5-FU cells for 48h (n=3).

. ICso
Cell line
EESP (mg/mL) 5-FU (mM)
HCT-8 0.77 +0.07 0.60+0.13
HCT-8/5-FU 0.75+0.09 154.46 + 14.07
RI 1.03 257.40

“ICs represents semi-inhibitory concentration of modulators.

according to the evaluation of cell cytotoxicity with 5-FU in
MTT assays. The results showed that EESP increased the
sensitivity of HCT-8/5-FU cells to 5-FU by 3.88-fold (at
0.25mg/mL) and 20.68-fold (at 0.5mg/mL), respectively
(Table 2). The relative reversal rates for these 2 concen-
trations of EESP were 74.56% and 95.53%, respectively.
These results demonstrated that the combination of EESP
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with 5-FU increased the 5-FU sensitivity in HCT-8/5-FU
drug-resistant cells although 0.25 mg/mL and 0.50 mg/mL
of EESP combined separately with 5-FU each only partially
reversed the effect of 5-FU.

3.4. EESP Enhanced 5-FU Cell Sensitivity in HCT-8/5-FU Cells
via Cell Colony Formation Suppression and Cell Apoptosis
Induction. To study the effects of EESP on the 5-FU sen-
sitivity of colon carcinoma cells, 5-FU-resistant HCT-8/5-
FU cells were treated at 0.25mg/mL and 0.5mg/mL of
EESP separately with 5-FU at 3.2mM or 0.25 mg/mL and
0.5 mg/mL of EESP alone for 48 h. There was no significant
difference in the number of cell colonies between the 5-FU
group and the control group. However, following treat-
ment with 0.25mg/mL and 0.5mg/mL EESP combined
with 5-FU, the number of cell colonies significantly decreased
(Figures 3(a) and 3(c)). Furthermore, it was interesting that
EESP in 0.25 mg/mL combined with 5-FU could enhance the
suppression effect compared with 0.25 mg/mL of EESP alone
groups. Similar results were also observed in the detection of
cell apoptosis (Figures 3(b) and 3(d)). The combination of 5-
FU with EESP in 0.5 mg/mL notably increased the apoptotic
populations of HCT-8/5-FU cells relative to those in the 5-FU
or EESP group. Results suggested that combination of EESP
and 5-FU in low cytotoxicity concentration leads a better
effect for enhancement of 5-FU sensitivity in HCT-8/5-FU
cells. So in our following study, we chose to study its
mechanism by EESP combined with 5-FU groups. These
results together clearly implied that EESP enhanced 5-FU
cell sensitivity in HCT-8/5-FU cells via suppression of cell
colony formation and cell apoptosis induction.

3.5. ESSP Enhanced 5-FU Sensitivity in HCT-8/5-FU by
Downregulating the Expression of TOP2a. Our results
showed that EESP suppressed the expression of TOP2«
protein significantly, which increased by 3.2mM of 5-FU
(Figures 4(a) and 4(b)). Similar results were shown in the
transcription level analysis (Figure 4(c)). Because TOP2«
was a downstream target for miR-494 [28], we decided to
investigate its probable effects in the function of EESP. Levels
of miR-494 were detected in HCT-8 and HCT-8/5-FU cells
with or without 5-FU treatment. The expression level of
miR-494 was increased following 3.2 mM 5-FU treatment in
HCT-8 cells, but there was no difference in HCT-8/5-FU
cells (Figure 4(d)). Furthermore, treatment with 0.5 mg/mL
of EESP combined with 5-FU in HCT-8/5-FU cells signif-
icantly increased the levels of miR-494 (Figure 4(e)). In
addition, combination with 5-FU seemed to enhance EESP
effect for TOP2a and miR-494 (Figure S2), which was
consistant with the results of cell colonies depression. Taken
together, the results suggested that EESP suppressed TOP2«
expression and promoted the levels of miR-494, which could
partially reverse 5-FU resistance in HCT-8/5-FU cells.

4. Discussion

With the presence of 5-FU resistance, some chemical re-
versal molecules, such as bufalin [29], 2',4'-dihydroxy-6'-

TaBLE 2: Potency of EESP in enhancing cytotoxicity of 5-FU in
HCT-8/5-FU cells (n=23).

Anticancer drugs ICso RF* RRR%"
0.25 mg/mL EESP +5-FU 49.46+2.14 3.88 74.56
0.50 mg/mL EESP + 5-FU 7.47 +1.91 20.68 95.53

*RF and "RRR% represent reversal effect of modulators. The greater the RF
magnitude, the more significant the effect. When RRR% >100%, the
modulator totally reversed the effect of 5-FU; when RRR% <100%, the
modulator only partially reversed the effect of 5-FU.

methoxy-3',5'-dimethylchalcone [30], oroxylin A [31],
schizandrin A [32], and tyroservatide [33], were studied in 5-
FU-resistant cell lines. However, these chemical agents
might be restricted in clinical applications because of the
single mechanism, poor selectivity, or unacceptable side
effects.

As a chemotherapy agent, 5-FU is an analog of uracil
[34] that inhibits thymidylate synthase and incorporates
into DNA and RNA as the 5-FU metabolites [34]. 5-FU
induces cell apoptosis through p53. Moreover, its sensi-
tivity has been correlated with membrane-associated
proteins, such as MDR3, MDR4, and MAT-8 [35, 36]. In
addition, a recent study demonstrated that genes in drug
metabolism-cytochrome P450 and pyrimidine metabolic
pathways with promoter hypermethylation and concordant
expression were silenced in HCT-8/5-FU cells [37]. Among
fifteen hub genes in the PPI network, nine of them were
related to protein synthesis and protein translocation. They
consisted of seven genes associated with ribosome function:
5 ribosome proteins (RPL23, RPL27A, RPL37, RPL31, and
RPL41) and 2 ribosome binding proteins (RPS18 and
RPS27L). And the other two were translocation-associated
proteins: signal peptidase complex subunit 3 and signal
sequence receptor subunit 1. There were also three DNA
replication-associated proteins (DNA topoisomerase
TOP2A and sister chromatid cohesion proteins PDS5A and
PDS5B). The rest of them were mitotic checkpoint serine/
threonine kinase 1 (BUBI gene) which participated in
mitosis, chromosome condensation protein of structural
maintenance of chromosomes protein 2 (SMC-2 gene), or
baculoviral TAP repeat-containing 5 (BIRC5 gene). These
genes indicated that DNA replication, protein synthesis,
and protein translocation were active in 5-FU-resistant
cells. Identifying the key protein might be a favorable way
to reverse 5-FU resistance. In our study, TOP2« was selected
since it was involved in both the modules. Besides, it was also
reported as a character in new induction of 5-FU-resistant cell
lines for its level was always altered in 5-FU-resistant cancers
[38]. Furthermore, the other two hub genes, RPL37 and
RPL23, were identified in the expression profiling of the
cDNA-based microarray in response to 5-FU in a breast
cancer cell [36] though without subsequent validation. So we
considered that other genes were still valuable for further
research. Additionally, because the resistance mechanism of
5-FU is complex as noted above and Chinese medicine with
multiple compounds always targets many pathways, we
suspected that EESP might have a role through other genes or
pathways associated with 5-FU resistance besides regulation
of TOP2a.
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FI1GURE 3: EESP combined with 5-FU suppressed the colony formation ability and induced apoptosis of HCT-8/5-FU cells. (a) After treatment
with 5-FU (3.2 mM) with/without EESP (0.25 mg/mL or 0.5 mg/mL) or EESP (0.25 mg/mL or 0.5 mg/mL) for 48 h HCT-8/5-FU cells were fixed
with methanol and stained with 0.01% crystal violet. (b) The numbers of colony formation were calculated from (a). (c) Treatment of HCT-8/5-FU
cells with 5-FU (3.2 mM) with/without EESP (0.25 mg/mL or 0.5 mg/mL) or EESP (0.25 mg/mL or 0.5 mg/mL) for 48 h cell staining with annexin
V/PI and analysis by using fluorescence-activated cell sorting. (d) Statistical analysis of the data from (c). Compared with the control group,

*P<0.05, **P<0.01, and ***P < 0.001; for 5-FU group, * P <0.05, #

TOP2« is a DNA helicase encoded by the TOP2A gene,
which is located in chromosome 17. TOP2« can instantaneously
break and connect double-stranded DNA chains and regulate
and alter the topological states of DNA during transcription and
replication. Some type IIA topoisomerase inhibitors, including
epipodophyllotoxins and anthracyclines, were selected for re-
lated diseases [39]. Mutation or overexpression of TOP2« was
associated with chemotherapeutic resistance to some drugs,
such as etoposide, irinotecan, and 5-FU [40-42]. In our study,
we also confirmed the gene’s pivotal role in 5-FU resistance by
bioinformatics analysis. Besides TOP2«, topoisomerase-I, an-
other protein from the topoisomerase family, has also been
observed to be overexpressed in the tumor recurrences of
patients with colorectal cancer who had received 5-FU-based

#P<0.01, and ¥ P < 0.001.

adjuvant chemotherapy [42, 43]. We suggest that some
other members in the topoisomerase family probably take part
in the 5-FU-resistance mechanism or in the function of Spica
Prunellae.

In our study, the protein level of TOP2« in HCT-8/5-FU
cells after 5-FU exposure increased significantly, whereas its
transcription level showed no difference from that in the
control group (Figures 2(c)-2(e)). Since the levels of miR-494
was not change in the 5-FU exposure too (Figure 4(d)), it does
not exclude the possibility that resistance to 5-FU for HCT-8/
5-FU cells in this concentration of 5-FU was not in the ac-
tivation of transcriptional levels but in the inhibition of
protein degradation as a compensatory effect to protect cells.
Of course, this hypothesis would be confirmed in the future
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F1GURE 4: EESP enhanced the 5-FU sensitivity of HCT-8/5-FU cells through inhibition of TOP2a. (a) Detection of relative protein levels for
HCT-8 and HCT-8/5-FU cells treated with 5-FU (3.2 mM), with or without EESP (0.25 mg/mL or 0.5 mg/mL), for 48 h by western blot and
(b) quantification. (c) Real-time PCR evaluation of the mRNA levels of TOP2A. The data from western blot and real-time PCR were
normalized to GADPH. (d) Detection of levels of miR-494 by real-time PCR in HCT-8 and HCT-8/5-FU cells treated with 3.2 mM of 5-FU
for 48 h (e) Relative levels of miR-494 in HCT-8/5-FU cells treated with 5-FU (3.2 mM), with or without EESP (0.25 mg/mL or 0.5 mg/mL),
for 48 h. Data were normalized to U6. Compared with control, *P < 0.05, **P < 0.01, and ***P < 0.001; compared with the 5-FU (3.2 mM)
treatment alone group, #p< 0.05, #po 0.01, and D <0.001.

by performing a cyclohexamide chase assay [44]. Moreover,in ~ helped it play multiroles, there must be some apoptosis
our study, we also observed that EESP could enhance 5-FU  pathways involved.

sensitivity of HCT-8/5-FU cells by cell apoptosis induction; A recent study found that TOP2« is activated by Y-box
considering that EESP contained multicompounds which  binding protein-1 in transcriptional level, which is a



10

multifunctional oncoprotein containing an evolutionarily
conserved cold shock domain and dysregulates a wide range
of genes involved in cell proliferation and survival, drug
resistance, and chromatin destabilization by cancer [44]. So
there is a possibility for EESP being suppressed by the ex-
pression of TOP2«a via YBX1. Of course, this assumption
needs to be confirmed by further investigation. Since our
study suggested that TOP2a might be a marker for 5-FU
resistant, it could be an index for selection of more effective
treatments for 5-FU resistant patients. Additionally, we also
recommend trying the medications like TOP2« inhibitors or
other medicines like Spica Prunellae (with less side effects and
charges) in the clinical therapy might achieve some new hope
to change the bottleneck period for 5-FU resistance.
MicroRNAs (miRNAs) are a group of small noncoding
RNA molecules. They are crucial in every period of life or
cancer development. Previous studies have demonstrated that
TOP2a« was one of the targets for miR-494 [28]. miR-494 has a
global regulatory role in the cell cycle process by binding to the
open reading frame and downregulating TOP2« and PTTG1
[28]. Fortunately, we noticed that EESP enhanced 5-FU
sensitivity by downregulating TOP2« and miR-494. We
suggest that EESP probably suppressed expression of TOP2A
via upregulation of miR-494. This mechanism will be con-
firmed by miRNA mimics and inhibitors in a planned future
study. Furthermore, because more than two of these miRNAs
are involved in the regulation of TOP2« or drug-resistance
mechanisms, they would be valuable to study in the future.

5. Conclusions

Chemotherapy is a common phenomenon during the
treatment of colorectal cancer. In our study, we aimed to
find some key genes involved in chemotherapy resistance
of colorectal cancer. An important gene, TOP2A, was
obtained for 5-FU resistance of colorectal cancer by
bioinformatics analysis. Our study showed that TOP2ais a
potentially important protein in the 5-FU-resistance
mechanism and Spica Prunellae partly reversed 5-FU
resistance by downregulating TOP2«a and upregulating
levels of miR-494. Furthermore, we believe that Spica
Prunellae has more advantages in clinical therapy for 5-
FU-resistant patients because it is safer and has fewer
adverse effects than chemical agents have.

Data Availability
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clusters enrichment and PPI work are from previously re-
ported studies and datasets, which have been cited. The
processed data are available at the US NCBI Gene Expression
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cancer and normal tissues are from previously reported
studies and datasets, which have been cited. The processed
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r2/main.cgi?&species=hs).
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1. Introduction

Copyright © 2019 Yan Chen etal. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Background. Accumulating evidence from prospective epidemiological studies has showed that depression disorder (DD) is a risk
factor for cancer. The aim of this study is to explore the association of DD and the overall occurrence risk of hepatocellular carcinoma
(HCC) and the mechanism. Methods. In this study, 60 mice were randomly divided into four groups: Control group, DD group, HCC
group, HCC-DD group. Mice received a chronic dose of reserpine to establish depression model, followed by Diethylnitrosamine
and Carbon tetrachloride administration to establish HCC models. Behavioral depression was assessed by sucrose preference test
(SPT) and the expression of Serotonin 1A (5-HT1A) receptor in the hippocampal. The expression of Oatp2al and Oatp2bl in the
digestive system tissues was detected by PCR and western blotting. Results. Reserpine-administrated mice had a reducing sucrose
preference at Day 14 compared with blank mice (P<0.05). The expression of 5-HT1A receptor in the hippocampal was decreased
in DD mice compared with blank mice. The survival analysis indicated that the HCC mice with DD have poorer survival rate
compared with the HCC mice. Compared with HCC mice, the expression of Oatp2al and Oatp2bl was lower in liver and stomach
tissue and higher in hepatic carcinoma and colon tissue of HCC-DD mice (P<0.05), and the expression of Oatp2al was higher in
the spleen tissue of HCC-DD mice while the expression of Oatp2bl was lower (P<0.05). However, no difference was found in the
expression of Oatp2al and Oatp2bl in the small intestine tissue between HCC group and HCC-DD group. Conclusions. DD was
the adverse factors for the overall occurrence risk of HCC. Mechanistically, be the downregulation of Oatp2al and Oatp2bl in liver
tissue induced by DD might be involved.

therapies are the only treatment modalities for patients with
advanced HCC. Sorafenib provides a meaningful survival

Globally, HCC is the fifth most common cancer and is the
second cause of cancer mortality [1]. Statistics shows a rising
incidence of HCC from L5 per 100,000 persons to nearly 14
per 100,000 persons, and a 5-year survival under 12% in the
last 40 years even in the low incidence of hepatitis B in the
United States [2]. Although liver resection, transplantation,
radiofrequency ablation (RFA), or even for ablative tech-
niques of transcatheter arterial chemoembolization (TACE)
have been improved and applied widely for HCC, HCC recur-
rence remains to be a challenge [3]. The molecular targeted

benefit in patients with advanced HCC; however, as other
molecular targeted drugs developed, they still have serious
side effects [4]. Therefore, increasing researchers focus on
exploring the pathogenic factors and etiopathogenesis of
HCC, aiming at provide suitable treatment or even preventing
HCC.

Studies suggested that the long time chronic social defeat
stress induced by life style changing contributes to the patho-
genesis of major DD [5]. An interesting study demonstrated
that the increasing comparisons on Facebook may induce
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feelings of envy, which may be related to DD [6]. DD is
not only the leading cause of decrement in health utility in
general population, but also in the cancer patients [7]. The
researchers have found that hepatoma-burden might induce
depressive-related behavior and antidepressants might not
only palliate depression symptoms but also modify disease
processes in the auxiliary treatment of cancer. Moreover,
the antidepressants of selective serotonin reuptake inhibitors
(SSRIs) may possibly reduce the risk of HCC in HBV-infected
patients in a dose-responsive manner [8, 9].

Recently, growing evidence from prospective epidemio-
logical studies has showed that DD is a risk factor for cancer.
The study suggested that DD may be related to increased
risk of ovarian cancer [10]. Gut-derived serotonin induced
by depression could promote breast cancer bone metastasis
through the RUNX2/PTHrP/RANKL pathway in mice, and
DD might be responsible for progression of malignancy and
thus accelerate the metastasis formation in cancer patients
[11]. Another study showed a close relationship between DD
and the overall occurrence risk of HCC without mentioning
its underlying mechanism [12]. And the relationship between
DD and HCC has been seldom reported so far.

Organic anion transporters (Oatps) as a superfamily of
transporter proteins is globally expressed throughout tissues
and organs of human body with different abundance and
the organs and tissues of digestive system no exception [13].
Oatp family proteins mainly carry out the uptake of small
molecules and exert important functions to maintain the
homeostasis of human body under physiological condition
[14]. Oatp proteins in digestive system are involved in absorb-
ing nutrients and ions, excreting bile acids, and metabolise
toxins [14-18]. Thus, dysfunction of Oatp proteins in digestive
system may easily mediate the initiation and progression of
tumors [19]. The study reported that Oatp2al is likely to
promote tumorogenesis by PGE2 uptake into the endothelial
cells; blockade of Oatp2al is an additional pharmacologic
strategy to improve colon cancer outcomes [20]. The expres-
sion of Oatp2bl mRNA was increased in bone tumors [21].
Oatp2 is mainly expressed on the sinusoidal membrane of
human hepatocytes and transporting both unconjugated and
conjugated bilirubin from plasma into the liver [22]. In liver,
Oatp2 is in charge of the uptake and glucoronidation of
bilirubin in hepatocytes; mutation of Oatp2 may be involved
in the development of hyperbilirubinemia [23]. It plays an
important role in the excretion of bilirubin and liver toxin
[24]. We hypothesize that, as the important members of
transporter proteins to excrete bilirubin and liver toxin,
Oatp2al and Oatp 2bl may also be relevant to HCC.

Recently, the disordered tissue microenvironment and
imbalanced internal environment which is further enhanced
by the causes of metabolic have been proposed as the
pathogenic factors of HCC [25]. DD, caused by the stress
from physiological, psychological, and physical factors, has
an adverse impact on human body homeostasis [26]. To
our knowledge, DD has an adverse impact on human body
homeostasis and has a relationship with HCC, Oatp 2al, and
Oatp 2bl as the important members of transporter proteins
in the internal environment are closely related with the
occurrence of digestive system tumors; internal environment
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disorder is the important factor for HCC. Therefore, we will
observe the expression of Oatp 2al and Oatp 2bl on HCC-
DD mice and explore the relationship between DD and HCC
at the molecular level in body internal environment in this
study.

2. Materials and Methods

2.1. Experimental Animals. In total 60 specific pathogen-
free (SPF) C57BL/6 mice (male; weight, 18+2g; series No.:
44008500008530) were purchased from the Animal Exper-
imental Center of Sun Yat-sen University (Certification No.:
SYXK (Guangdong) 2012-0081; Guangzhou, China).

2.2. Chemicals. Reserpine injection (lot number: 1210111)
was purchased from Jinyao Amino Acids Co., Ltd,
(Tianjin, China). Diethylnitrosamine (CAS 55-18-5, N-
nitrosodiethylamine, DEN) was purchased from Sigma-
Aldrich Shanghai Trading Co., Ltd., (Shanghai, China).
Carbon tetrachloride (CAS 56-23-5, CCl,) and olive oil
(CAS 8001-25-0) were purchased from Aladdin biological
technology co., Ltd., (Shanghai, China). Rabbit polyclonal to
5HTI1A Receptor antibody (ab85615) was provide by Abcam
Co., Ltd., (USA). Goat anti-rabbit IgG-HRP (sc-2004) was
provided by Santa Cruz Biotechnology, Inc. (USA).

2.3. Experimental Design. After one-week acclimatization,
sixty mice were randomly divided into four groups as follows
(n=15per group): (A) Control group, (B) DD group, (C) HCC
group, and (D) HCC-DD group. At phase one, thirty mice
(Group B and Group D) were accepted DD model procedure;
then sixty mice (the all groups) were evaluated by Sucrose
Preference Test at the same time. At the second phase, fifteen
blank mice (Group C) and fifteen DD animals (Group D)
were used to establish HCC model one week after phase one.

2.4. Induction of DD Animal Model. A chronic dose of
reserpine administration was used to establish the animal
model of DD according to the previous study [27]. The mice
received a daily dose of reserpine (0.28 mg/kg i.p.) for 14 days;
then the DD models were evaluated by Sucrose Preference
Test.

2.5. SPT. 'Three days before the reserpine administration,
the animals were placed in a cage with two bottles of 1%
sucrose solution for 24 h to serve as a baseline. Then animals
were presented with a 1% sucrose solution bottle and a water
bottle for 24h and two water bottles for another 24h in
order to adapt. Sucrose preference test was carried out on
the 7th day and the 14th day. Animals were free to access
two bottles containing 1% sucrose solution and water for
24 h, respectively. The consumed sucrose solution and water
was recorded. The sum of water consumption and sucrose
consumption was defined as total intake. The percentage
of sucrose intake was calculated using the following equa-
tion: % sucrose preference= sucrose intakex100/total intake
[28].



BioMed Research International

2.6. Induction of HCC in Animal Model. HCC was induced
by four steps. Firstly, animals received single (i.p.) injection
of DEN (95 mg/kg) diluted in saline (100 mg/ml). After that,
promotion was induced by intragastric administration of
CCl, as a single necrogenic dose (5ml/kg diluted in olive
oil at a ratio of 1:4) twice a week from the fourth day. Then
all the animals were intraperitoneal injection of diluted DEN
once with a reduced dose 50 mg/kg at the third week. Finally,
animals had intragastrical administration by the increased
dose of CCl, (8 ml/kg, diluted in olive oil at a ratio of 1:4)
twice a week from the fourth week until the 20 weeks. This
was followed by feeding the animals the basal diet till the end
of the study [29].

2.7.Sample Collection. Mice were sacrificed by cervical dislo-
cation after they were anesthetized using 10% chloral hydrate
(3.5ml/kg, i.p.); all the brains, the livers, the spleens, the
stomachs, the small intestines, and the colons were collected.
One part of the samples were stored at —80° C for the following
researches; the other parts of the samples were fixed with
4% paraformaldehyde and then embedded in paraffin for
immunohistochemistry. Meanwhile, when the mice reached
the ethical limits of animal care (the body weight loss 20%,
chills or ascites), they were sacrificed by cervical dislocation
under anesthesia immediately in order to relieve suffering
and the samples were collected.

2.8. Immunohistochemistry (IHC). The hippocampi were
separated from the brains which were fixed with 4%
paraformaldehyde. Then, the hippocampi tissues were dehy-
drated and set in paraffin. After dewaxing by xylene, ethanol,
and distilled water, the sections were put into citrate buffer
solution and heated in a microwave oven. The slides were
blocked using 6.5% BSA at room temperature and incubated
in diluted primary antibody (1:500) at 4°C overnight. After
washing thrice in PBS, the sections were incubated with
diluted secondary antibody (1:1,000) for 1 h at room temper-
ature. After washing with distilled water the sections were
counterstained with Harris hematoxylin solution dehydrated,
cleared in xylene, and mounted with synthetic resin mount-
ing medium and coverslip. Brown-yellow stain was positive
staining [30].

2.9. Fluorescence-Based Quantitative RT-PCR Reactions. The
levels of Oatp 2al and Oatp 2bl mRNA in the digestive
system tissues were analyzed by Real-Time quantitative-
PCR. The total RNA was extracted using Trizol, and the
DNA was obtained by reverse transcription with a BIO-
RAD quantitative PCR instrument. The quantitative standard
curve was prepared based on a gradient of positive standard
with a negative control of sterile double-distilled water.
The following probes and primers were used for mRNA
analysis: Oatp2al:forward primer:5'-CTC CCG TCC ATC
TTC CTC ATC T-3', reverse primer:5'-AGA ACT GTA CTC
CAA TGG CAA ACG A-3'; Oatp2bl:forward primer:5' -GGT
GGC TGG GCT TCC TCA TCT-3', reverse primer: 5'-CCA
AGA CCT TCC GCC TGA AAT GA-3'; GAPDH:forward
primer:5'-AGA AGG TGG TGA AGC AGG CAT C-3,

reverse primer:5 -CGA AGG TGG AAG AGT GGG AGT
TG-3'. The PCR conditions were as follows: 94°C for 30s
was operated for 1 cycle, then 94°C for 5 s, 55°C for 15 s,
and 72°C for 10 s were repeated for 40 cycles, and after
that 60°C for 15 s and 95°C for 15 s were operated for
1 cycle.

2.10. Western-Blotting. The Oatp 2al and Oatp 2bl protein
expression in the digestive system tissues were analyzed by
western blot. Tissue lysates were clarified by centrifugation
at 4°C, 12000r/min for 30 minutes. Protein extract was
separated on 10% sodium dodecyl sulphate-polyacrylamide
gel electrophoresis. And then it was electrophoretically
transferred onto a PDVF membrane (Millipore, Etten-Leur,
The Netherlands) for 90 min at 100V. Subsequently, the
PVDF membrane which had been blocked in 5% nonfat
milk for 1h at room temperature was incubated with pri-
mary antibodies. The primary antibodies Slco2al(Santa Cruz
biotechnology, USA) and Slco2bl(Abcam, USA), GAPDH
(ABclonal Biotechnology, USA), were diluted in 1:1000, 1:500
and 1:5000, respectively at 4°C overnight;. And the secondary
antibody Horseradish peroxidase (HRP) (Zhongshanjinqiao
Biotechnology, Beijing, China) was diluted in 1:5000 at
room temperature for 1h. The membranes were washed
with TBST, and the proteins were analysed by using ECL
chemiluminescence.

2.11. Statistical Analysis. The data were analyzed using the
Statistical Product and Service Solutions (SPSS17.0) software
package for Windows. The survival time was analyzed using
the Kaplan-Meier and Log-Rank (Mantel-Cox) test. The
normally distributed data were analyzed using an indepen-
dent t-test. A Wilcoxon nonparametric test was used while
normal distribution wasnot assumed. P<0.05 was considered
to indicate a statistically significant difference.

3. Results

3.1. Effects of the DD Model Established by Reserpine. Sucrose
preference test is an important method to assess behavioral
depression. Reserpine-administrated mice (DD group and
HCC-DD group) did not significantly differ from blank
mice (Control group and HCC group) in sucrose prefer-
ence at Day 7 but had a reducing sucrose preference at
Day 14 compared with blank mice (P<0.05, Figures 1(a)
and 1(b)). Between-group analyses showed that reserpine-
exposed animals weighed significantly less compared to blank
animals through Day 4 till Day 14 (P<0.05, Figure 1(c)). In
addition, the data of food intake of DD animals was also less
compared to blank animals through Day 4 till Day 14 (P<0.05,
Figure 1(d)).

5-HTIA receptor of the hippocampal is an admittedly
important biological marker of DD. The expression level
of 5-HTI1A receptor in the CAl region of the hippocam-
pus was detected by IHC. DD triggered the decrease
in 5-HT1A receptor expression in the CAl region in
the hippocampus compared with blank mice without DD
(Figure 2).
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FIGURE 2: Change in the hippocampal 5-HT1A receptor expression of mice by immunohistochemistry (THC).
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TaBLE 1: Liver weight, spleen weight, stomach weight, and body weight (n=15, mean + standard deviation).

Group Liver Spleen Stomach Body weight

Control 1.45 + 0.06 0.09 £ 0.00 0.21 £0.02 26.67 +0.84

DD 1.53 £0.05 0.11 £0.00 0.20 +£0.01 28.82 + 1.07

HCC 0.83 +0.08 * * 0.15+ 0.03x 0.15+0.01 = 15.94 +0.87 +

HCC-DD 1.19 £ 0.07 = *& 0.11 £0.01 0.17 £0.01 20.99 + 1.00 = *&

Control, Control group; DD, DD group; HCC, HCC group; HCC-DD, HCC-DD group. * P<0.05 vs. Control group; #P<0.05 vs. DD group; &p<0.05 vs. HCC

group.

FIGURE 3: HE stain of the liver tissue. Scale, 200X. Control, Control
group; DD, DD group; HCC, HCC group; HCC-DD, HCC-DD
group.

3.2. Pathological Analysis of Hepatic Carcinoma. The liver
tissues in all groups were analyzed at the end of the building
of HCC at the 20th week. The hematoxylin-eosin (H&E)
staining results showed that the constructions of hepato-
cytes were in normal situation with full-constructed hepatic
lobes, aligned nuclei, radially distributed hepatic cords, and
apparent hepatic sinusoids in the Control group and DD
group mice. The liver tissue in HCC group and HCC-DD
group showed the carcinoma cells were of all sizes, multi-
nucleated tumor giant cells, and funicular slice distributed
and accumulated irregularly without the normal hepatocytes
constructions. The Edmondson-Steiner classification of the
liver tissue in HCC group was the III level while the HCC-DD
group was the IV level. The results showed that the malignant
degree of the tumor tissue was higher in HCC-DD (Figure 3).

3.3. Weight and Survival Analysis. The spleen weight of the
HCC group was the highest, and the stomach weight of the
HCC group was the lowest (P<0.05, Table 1). Liver weight
and body weight of the HCC group and HCC-DD group
were lower than other groups; they were higher in HCC-DD
group compared with HCC group because of the increased
tumor size inside the HCC-DD liver (P<0.05, Table 1). The
survival analysis indicated that the HCC-DD mice have
poorer survival rate when compared with the HCC mice
(P <0.05, Figure 4).

1.0 -
0.8 4
E 0.6
z
5
w
£
=
©04 -
0.2
0.0 T T T T T ‘ 1
0 5 10 15 20 25 30
survival time (week)
Control
DD
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HCC-DD-Censored

T Faa 3a

FIGURE 4: Survival analysis. Kaplan-Meier and Log-Rank (Mantel-
Cox) Pairwise Comparison test of survival distributions for different
levels of each group. Control-Censored and DD-Censored: when
the study was completed on the 20th week, there were alive mice in
Control group (n =15) and DD group (1 = 13), but the survival time
was not observed. Control, Control group; DD, DD group; HCC,
HCC group; HCC-DD, HCC-DD group.

3.4. The Expression Levels of Oatp2al and Oatp2bl

3.4.1. The mRNA Levels of Oatp2al and Oatp2bl. The expres-
sion level of liver Oatp2al mRNA in DD group was the lowest
in all the groups; it was lower in HCC-DD group compared
with HCC group. For the Oatp2bl mRNA, the expression
level was decreased in DD group compared with control
group; the expression level was also decreased in HCC-DD
group compared with HCC group (P<0.05, Figure 5(a)). In
the spleen tissue, the expression level of Oatp2al mRNA in
HCC-DD group was the highest, while the DD group was the
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FIGURE 6: The expression level of Oatp2al and Oatp2bl protein in digestive system tissues. Control, Control group; HCC, HCC group; HCC-
DD, HCC-DD group; DD, DD group; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

lowest; for Oatp2bl mRNA, it was the highest in HCC group
(P<0.05, Figure 5(b)). In the stomach tissue, the expression
levels of Oatp2al mRNA and Oatp2bl mRNA were lower
in HCC-DD group compared with HCC group; they were
increased in DD group compared with Control group and the
expression of Oatp2al mRNA in DD group was the highest
(P<0.05, Figure 5(c)). In the small intestine tissue, for the
Oatp2al mRNA, the expression levels in HCC group and
HCC-DD group were higher than Control group (P<0.05,
Figure 5(d)); however, no difference was found in all groups
for Oatp2bl mRNA. In the colon tissue, for both Oatp2al
mRNA and Oatp2bl mRNA, the expression level in HCC-
DD group was the highest (P<0.05, Figure 5(e)). Compared
with HCC group, the expression of Oatp2al mRNA and
Oatp2bl mRNA of hepatic carcinoma was increased in HCC-
DD group (P<0.05, Figure 5(f)).

3.4.2. The Protein Levels of Oatp2al and Oatp2bl. The expres-
sion levels of Oatp2al and Oatp2bl in different groups and
tissues showed a different trend. The levels of both Oatp2al
and Oatp2bl protein were almost consistent with the levels
of Oatp2al and Oatp2bl mRNA (Figures 6 and 7). In the
liver tissue, the expression levels of Oatp2al and Oatp2bl were
decreased in the DD group compared with Control group,
and they were decreased in the HCC-DD group compared
with HCC group. In the spleen tissue, the expression level
of Oatp2al protein in DD group was lower than Control
group, while it was increased in HCC-DD group compared
with HCC group; for the Oatp2bl protein, the trend was
the reversed. In the stomach tissue, the expression level of
Oatp2al protein and Oatp2bl protein in DD group was higher
than Control group, while they were decreased in HCC-DD
group compared with HCC group. In the small intestine

tissue, the expression level of Oatp2al protein in DD group
was lower than Control; however no difference was found in
all groups for Oatp2bl protein. Compared with HCC group,
the expression levels of Oatp2al and Oatp2bl in the colon
tissue and hepatic carcinoma tissue were increased significant
in HCC-DD group.

4. Discussion

DD shows relatively high prevalence rates; it is ranked by
the World Health Organization (WHO) as the highest global
cause of “years of life lived with disability” for all age
groups [31]. Cancer patients usually live under chronic stress
caused by diagnosis-related strong emotional experience and
depression. The study indicated a subsequent risk of DD
in patients with HCC, and the risk increased for those
with female gender, aged 40 to 59 and aged 60 to 79, with
metastasis, with HCV; or with liver cirrhosis [32, 33]. In spite
of the fact that no association was detected between DD
and risk of HCC in people aged 65 years or older in Taiwan
without the data of the younger people, other studies have
found an etiological association [12, 34].

Studies have shown that reserpine is widely used to
establish mouse depression model [35]. Reserpine is not
lethal. Chronic rather than an acute dose of reserpine was
used convincingly in the study to induce DD animals. SPT
was used for this study, since previous studies have shown
that sucrose consumption is a weak and inconsistent index
of reward responsiveness in DD [36]. 5-HT1A receptor is
closely related to emotional disorders; it is an admittedly
important biological markers of DD [37]. This study showed
the effect of reduced sucrose consumption in DD group and
HCC-DD group at Day 14. Besides, DD group and HCC-DD
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group had lower body weight and food intake compared with
Control group and HCC group. The expression of 5-HT1A
receptor in the CAI region of the hippocampus of the DD
mice was decreased compared with the blank mice. These
results suggested that DD animal models are successfully
established after reserpine administration (0.28 mg/kg i.p.)
for 14 consecutive days.

Animal models are crucial tools in the study of HCC.
Chemically induced HCC which has an irreversible process
characterization by structural DNA changes is closer to
human HCC, and DEN induced HCC model is the most
frequently used [38]. In this study, DEN and CCl4 were
used to establish HCC models as a classic HCC animal
model for 20 weeks. The H&E staining results indicated the
HCC occurred in the HCC group and HCC-DD group. The
survival analysis indicated that there was no significance
difference between Control group and DD group in the
survival rate, liver weight, spleen weight, stomach weight, and
body weight. The results suggested that the effect of DD did
not continue for 20 weeks or did not enough affect the mice
growth. The survival rate of HCC-DD group was poorer than
HCC group. The body weights of the HCC group and HCC-
DD group were lower than other groups. And the body weight
of HCC-DD group with a higher liver weight was higher than
HCC group; it was due to increased tumor size inside the
HCC-DD liver. The comparison of survival rate, body weight,
and liver weight indicated that DD might be beneficial to the
growth of the tumor in HCC-DD mice.

DD and tumor growth could suppress the immune
function of mice to different degrees and change the body
microenvironment [39]. Immune dysregulation may be a
central feature common to DD which induced decreased
natural killer cell cytotoxicity and elevated IL-6, TNFalpha,
and CRP [40]. At the molecular level, the DD induce the
production and secretion of dopamine, catecholamines, and
glucocorticoids, which influence the body internal environ-
ment and promote proliferation, apoptosis susceptibility, and
migration/invasion potential of cancer cells [26]. Recent
studies demonstrate that some Oatps are up- or downreg-
ulated in several cancers and that Oatp expression might
affect cancer development, Oatps could be valuable targets for
anticancer therapy [41]. Oatp 2al and Oatp 2bl as members
of the solute carrier (SLC) transporters family also undertake
the responsibility [20, 21].

Oatp2 is mainly expressed on the sinusoidal membrane of
hepatocytes and transporting bilirubin from plasma into the
liver. It plays an important role in the excretion of bilirubin
and liver toxin. The results showed that, compared with Con-
trol group, the expression levels of Oatp2al were decreased
in liver tissue, spleen tissue, and small intestine tissue in DD
group while it increased in colon tissue and stomach tissue;
the expression levels of Oatp2bl were increased in spleen
tissue, stomach tissue and colon tissue in DD group. That
suggested the DD could regulate the expression of Oatp2al
and Oatp2bl in digestive system tissues especial in liver tissue.
The expression levels of Oatp2al and Oatp2bl were decreased
in liver tissue in HCC-DD group compared with HCC group.
However, the study found that downregulation of OATP2
may be involved in the development of hyperbilirubinemia

and hepatotoxicity [42]. So, the reason of bigger tumor size
and poorer survival rate of HCC-DD mice might be the
decreased Oatp2al and Oatp2bl in the internal environment
of depression. In other words, the lower level of Oatp2al and
Oatp2bl from the DD might be beneficial to the growth of
the tumor in HCC-DD mice. And the toxin metabolism dis-
ordered by the decreased expression of Oatp2al and Oatp2bl
in liver of HCC-DD. The accumulation of toxins in the tissue
of hepatocellular carcinoma might result in an increase of
expression of Oatp2al and Oatp2bl in compensatory activity,
so they were higher in hepatic carcinoma tissue from HCC-
DD mice.

5. Conclusions

Indeed, there was a positive relationship between DD and
the overall occurrence risk of HCC. The pathogenic factors
might be an imbalanced body homeostasis caused by DD. At
the molecular levels, the decreased expression of Oatp2al and
Oatp2bl by DD might be involved. However, further studies
are needed to explore the role of the Oatp2al and Oatp2bl
played in the progression of cancer.
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