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Background. 5-Fluorouracil (5-FU) has been widely applied in treating cancers. However, its usage is largely limited in
hepatocellular carcinoma (HCC), due to acquired resistance. Here, we aim to identify target proteins and investigate their roles
in 5-FU sensitivity of HCC cells. Methods. Mass spectrometry (MS) proteomics was performed on 5-FU-resistant cell line
(BEL7402/5-FU) and its parental cell line (BEL7402) with 5-FU treatment. In order to identify potential targets, we compared
the proteomics between two cell line groups and used bioinformatics tools to select hub proteins from all differentially
expressed proteins. Results. We finally focused on a group of cell cycle-related kinases (CDKs). By CCK8 assay, we confirmed
that the CDK inhibitor significantly decreased the IC;, of 5-FU-resistant cells. Conclusions. Our study verified that CDK

inhibition can reverse 5-FU resistance of HCC cells.

1. Introduction

Liver cancer is the sixth most frequent cancer and the fourth
leading cause of cancer death worldwide. For males, liver cancer
has the second highest mortality rate [1]. Hepatocellular carci-
noma (HCC), as the primary subtype, comprises 75%-85% [1]
of all liver cancer cases. Chemotherapy is a traditional way of
treating cancers. However, its application is limited in HCC
treatment, mainly due to chemoresistance [2]. 5-Fluorouracil
(5-FU) is one widely used chemotherapy drug which imple-
ments its anticancer function by inhibiting thymidylate syn-
thase (TS) and incorporating its metabolites into nucleic acid
molecules [3]. However, with severe resistance, 5-FU’s applica-
tion is largely limited in HCC. To overcome this problem,
efforts have been made to explore the mechanism of 5-FU resis-
tance in HCC and several involved genes were identified, such
as SIX1 [4], RBFOX3 [5], and BCL6B [6]. Noncoding RNAs
also play a role, such as microRNA-122 [7], IncRNA HULC
[8], and IncRNA KRAL [9]. However, the mechanism of 5-

FU resistance is still far from clear, and it remains a great chal-
lenge to reverse such resistance.

MS proteomics has been extensively applied in various
aspects of cancer research, including mechanism investiga-
tion, molecular subtype definition, and biomarker identifi-
cation [10]. Based on MS proteomics, there were already
several studies about 5-FU resistance in HCC [11-13].
These studies quantitatively compared the proteomes of
HCC cells with 5-FU-resistant HCC cells and identified
differential expressed proteins. Different from previous
studies, we aim to investigate the proteomes with 5-FU
treatment. Thus, we conducted a comparative proteomics
study between 5-FU-resistant HCC cell line (BEL7402/5-
FU) and its parental cell line (BEL7402), both treated with
5-FU. We found 129 differentially expressed proteins,
identified CDK1 (cyclin dependent kinase 1) as a hub pro-
tein by bioinformatics tools, and validated that CDK inhi-
bition can reverse the 5-FU resistance of BEL7402/5-FU
cells.
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2. Materials and Methods

2.1. Cell Lines and Cultures. Human hepatocellular carci-
noma cells (BEL7402) were supplied by Chinese Academy
of Sciences (Shanghai, China). The 5-FU-resistant strain
(BEL7402/5-FU) was successfully induced by increasing 5-
FU concentration from 0.5 ygmol/L to 150 ymol/L in the cul-
ture medium. BEL7402 cells and BEL7402/5-FU cells were
grown in RPMI 1640 medium supplemented with 10% fetal
bovine serum at 37°C in a saturated humidified incubator
containing 5% CO, [14]. All cell lines were verified by short
tandem repeat (STR) profiling. The concentration of 5-FU
treatment was set to be the IC;, of BEL7402 cells (3 uM).
Two groups were established from BEL7402 cells and
BEL7402/5-FU cells under 5-FU treatment with two repli-
cates per group.

2.2. Protein Extraction and Digestion. BEL7402 or BEL7402/
5-FU cells (>5%10°) with 5-FU treatment were sonicated
three times on ice using a high intensity ultrasonic processor
(Scientz) in lysis buffer with 8 M urea and 1% Protease
Inhibitor Cocktail. For each sample, the protein was col-
lected by centrifugation at 12,000g at 4°C for 10min.
450 ug protein solution was digested with 5mM dithiothrei-
tol for 30 min at 56°C and alkylated with 11 mM iodoaceta-
mide for 15min at room temperature in darkness and then
diluted by 100mM TEAB. For protein digestion, trypsin
was added at 1:50 trypsin-to-protein mass ratio overnight
and 1:100 ratio for 4h.

2.3. Peptide Labeling, Fractionation, and LC-MS/MS
Analysis. According to the manufacturer’s protocol for
TMT Kkit, the tryptic peptides were desalted by Strata X
C18 SPE column (Phenomenex) and vacuum-dried,
followed by reconstituted in 0.5 M TEAB. Use Thermo Beta-
sil C18 column (5um particles, 10 mm in inner diameter,
250 mm in length) to fractionate the tryptic peptides into
parts by high pH reversed-phase HPLC, then dissolve them
in 0.1% formic acid (solvent A), and load them directly into
a reversed-phase analytical column (15cm in length, 75 ym
in inner diameter). The gradient includes an increase from
6% to 23% solvent B (0.1% formic acid in 98% acetonitrile)
in 26 min, an increase from 23% to 35% in 8 min, an increase
to 80% in 3 min, and then holding at 80% in the last 3 min.
All of the above were performed on the EASY-nLC 1000
UPLC system at a constant flow rate of 400 nL/min. The
peptides are passed through an NSI source and then sub-
jected to tandem mass spectrometry (MS/MS) in Q Exac-
tive™ Plus (Thermo) and coupled to UPLC online.

2.4. Database Searching and Data Analysis. The resulting
MS/MS data were processed using Maxquant search engine
(v.1.5.2.8). Tandem mass spectra were searched against
human uniprot database concatenated with reverse decoy
database. Calculate the quantitative value of peptides in each
sample based on the ratio of the labeled reporter ion inten-
sity in the MS/MS spectrum of the original dataset. The pro-
tein content in each sample is calculated as the median of the
unique peptides of the specific protein. The quantitative
ratio of protein between the two samples is considered the
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protein expression ratio. In order to calculate the p value
of the differentially expressed protein between samples, the
log 2 transformation was performed on the unique peptide
quantitative value of the protein in the two samples to make
the data be normally distributed, and then, the two-tailed ¢
-test was used for the two samples. The Benjamini-
Hochberg method was used to adjust p values. Proteins with
false discovery rate (FDR) < 0.05 and expression ratio > 1.5
(or <1/1.5) were regarded as differentially expressed.

2.5. Functional and Pathway Enrichment Analysis. Gene
ontology (GO) analyses and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses for
identified proteins were carried out through Search Tool
for Retrieval of Interacting Genes/Proteins (STRING, ver-
sion 11.0) [15]. Enriched GO terms and pathways were con-
sidered significant with FDR lower than 0.05.

2.6. Protein-Protein Interaction (PPI) Network. A PPI net-
work was built using STRING database to identify key pro-
teins. In order for a credible network, interaction score
cutoft was set as 0.7 and only four reliable active interaction
sources (Experiments, Databases, Co-expression, and Text-
mining) were selected. The “NetworkAnalyzer” tool in
Cytoscape (3.7.1) [16] was then used to calculate degree cen-
trality for all nodes in the PPI network.

2.7. Western Blotting. The total proteins of each cell type
were extracted with RIPA lysis buffer. The protein concen-
trations were measured using the Bradford kit (Beyotime
Biotechnology, Nantong, China). Aliquots of 30 ug total pro-
tein were boiled for 5min in loading buffer, then separated
by 12.5% SDS-PAGE and transferred onto nitrocellulose
membranes. The membranes were blocked with blocking
buffer (5% skimmed milk in TBST) and incubated with pri-
mary antibodies (Cell Signaling Technology, Danvers, MA,
USA) (overnight at 4°C) followed by secondary antibodies
(Cell Signaling Technology, Danvers, MA, USA). Finally,
BeyoECL Plus was used for the protein bands developing.

2.8. Cell Counting Kit-8 (CCK-8) Assay. Cell viability was
measured by CCK-8 assay (Yeasen Biotech Co., Ltd., Shang-
hai, China). Cells treated with or without CDK inhibitor
Dinaciclib (Topscience Biotechnology, Shanghai, China)
were plated in 96-well plates at 2 x 10% cells per well. After
24 h incubation at 37°C and 5% CO,, 5-FU was added at dif-
ferent concentrations. After 72h incubation, the cells were
incubated with 10 uL/well CCK8 solution for 2h. Finally,
the light absorbance was measured by Microplate Reader
(Synergy 2, BioTek Instruments, Inc., USA) at 450 nm.
Based on the inhibition rate, the IC,, values were calculated
by GraphPad Prism (5.01).

3. Results

3.1. Identification of Differentially Expressed Proteins. At
first, we compared the sensitivity of BEL7402 cells and
BEL7402/5-FU cells towards 5-FU (Figure 1). The 5-FU
IC,, for BEL7402 cells and BEL7402/5-FU cells were 3.00
+0.98uM and 2758.50 +167.58 uM, respectively. Based
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F1GURE 1: Quantity-effect relationship graph of BEL7402 cells and
BEL7402/5-FU cells towards 5-FU. The X axis and Y axis show
the log transformation of 5-FU concentration and the cell
viability, respectively. Error bars show the standard error (SE).

on a nearly 920 folds higher IC;, than BEL7402 cells,
BEL7402/5-FU cells were confirmed to have obtained strong
5-FU resistance. To identify 5-FU resistance-related proteins
and pathways activated under drug condition, we performed
comparative quantitative proteomics analyses on 6425
unique proteins between BEL7402/5-FU cells and BEL7402
cells with 5-FU treatment (3 uM). In order to get reliable
results, we repeated the whole process twice. Differentially
expressed proteins (fold change > 1.5, FDR < 0.05) identified
from each experiment were compared, and 129 commonly
differentially expressed proteins (yellow in Figure 2) were
finally determined. We further selected 3 differentially
expressed proteins (KIF4A, RRM2, and CDK1) from MS
proteomics and validated their expression by western blot-
ting (Figure 3). We found under 5-FU treatment (3 uM) that
the expression of 3 proteins was higher in 5-FU-resistant
cells (BEL7402/5-FU) than sensitive cells (BEL7402) which
agreed with the MS proteomics results (Table 1).

3.2. Functional and Pathway Enrichment Results of
Differentially Expressed Proteins. Genes encoding all 129
proteins were included in GO analyses. There were a large
number of enriched GO terms (FDR < 0.05), including 85
Biological Processes (BP), 44 Molecular Functions (MF),
and 53 Cellular Components (CC) (top 10 terms of each cat-
egory are shown in Figure 4(a)). Cell cycle relevant terms
were among the top BP terms, such as “mitotic cell cycle,”
“mitotic cell cycle process,” “cell cycle” and “cell division.”
Interestingly, top BP terms were enriched by certain group
of genes (Figure 4(b)). Cell cycle relevant terms were all
enriched by upregulated genes (Figure 4(c)), while terms like
“nucleoside monophosphate metabolic process,” “ribonucle-
oside monophosphate metabolic process,” and “oxidative
phosphorylation” were mostly enriched by downregulated
genes.

There were 17 enriched KEGG pathways (Figure 5),
including specific ones like “Oxidative phosphorylation,”
“DNA replication,” “Purine metabolism,” “Cell cycle,” “Sul-
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FIGURE 2: Volcano plots of proteins in MS proteomics experiments.
Red and blue dots show upregulated and downregulated proteins in
5-FU-resistant cells in one parallel experiment. Yellow dots show
129 commonly differentially expressed proteins.

»

fur metabolism,” “Retrograde endocannabinoid signaling,”
and “Valine, leucine and isoleucine degradation”.

3.3. CDK1 Was Identified as the Hub Protein by PPI
Network. PPI network based on 129 proteins was con-
structed by STRING (11.0) (Figure 6(a)) and analyzed by
Cytoscape (3.7.1). According to the centrality of all nodes,
hub proteins were defined as the ones with high degree cen-
trality (the number of links upon nodes). With the highest
degree centrality (links to 24 proteins out of total 69 pro-
teins, Figure 6(b)), CDK1 was identified as the hub protein.
Besides CDK1, several other cell cycle relevant proteins were
also identified, such as MCM3, MCM4, SFN, and SMC3.

3.4. CDK Inhibition Increased 5-FU Sensitivity of BEL7402/5-
FU Cells. Besides proteomics analysis, we confirmed the high
expression of CDK1 in 5-FU-resistant cells by western blot
(Figures 3(c) and 3(d)). Our results showed that 5-FU-
resistant cells possessed higher CDK expression with or
without 5-FU treatment.

The CDK inhibitor (Dinaciclib) was previously proved
to largely decrease the activity of CDK1, CDK2, CDKS5,
and CDKO9 in vitro [17]. In order to verify the efficacy of
Dinaciclib, we detected the phosphorylation level of
retinoblastoma-associated protein (RB) which is the down-
stream protein of CDKs [18]. Based on our western blot
results, similar to Dinaciclib’s original paper [17], Dinaciclib
decreased RB’s phosphorylation and in the meantime
increased RB’s total expression (Figure 7). By CCK8 assay,
we confirmed that the addition of Dinaciclib (10 nmol/L)
significantly reduced the IC;, of BEL7402/5-FU cells (5-
FU: 2650.75+242.48 uM; 5-FU+Dinaciclib: 1941.25 +
424.82 uM; p = 0.032, Figure 8) towards 5-FU without sig-
nificant cytotoxicity during Dinaciclib treatment alone.
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FIGURE 3: Western blot of BEL7402 cells and BEL7402/5-FU cells without and with 3 ymol/L 5-FU treatment. (a) Western blot results of
KIF4A, RRM2, and tubulin. (b) Gray values of KIF4A, RRM2 western blot results. (c) Western blot results of CDK1 and tubulin. (d)

Gray values of CDK1 western blot result.

TaBLE 1: MS proteomics result of validated proteins from two
experiment replicates.

Protein  Re/Se ratio 1 FDR 1 Re/Se ratio 2 FDR 2
KIF4A 1.78 0.00018 4.94 5.04e - 09
RRM2 1.83 0.00079 421 6.92e - 07
CDK1 1.79 9.55¢ - 07 3.73 2.33e-15

Re/Se ratio: the ratio of protein amount between BEL7402/5-FU and
BEL7402.

4. Discussion

5-FU is a commonly used chemotherapy drug. However, in
treating HCC, both 5-FU-based monotherapy and combina-
tion chemotherapy did not achieve high response rates
[19-22]. Numerous studies have been conducted to explore

the mechanism of 5-FU resistance and also try to reverse
such resistance [4-9]. MS proteomics, an approach for broad
detection, has been widely used in identifying cancer target
molecules, including the following studies about 5-FU resis-
tance mechanism in HCC cells. After comparing 5-FU-
resistant HCC cell line with its parental cell line, Tong
et al. identified 52 differentially expressed proteins and veri-
fied that ANXAS3 correlates with 5-FU resistance [13]. Simi-
larly, from 102 differentially expressed proteins, Tan et al.
verified that downregulation of PRDX6 and PSMB7 can
increase sensitivity towards 5-FU [12]. Conducting proteo-
mic and phosphoproteomic approaches, Liu et al. identified
2326 differentially expressed proteins and 8614 differentially
phosphorylated sites. Finally, they focused on GnRH signal-
ing pathway and confirmed that the knockdown of PLCf33,
PKCS, and SRC could increase 5-FU sensitivity [11]. The
above studies proved that comparing the proteomes of 5-
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FU-sensitive cells with resistant cells can identify effective
target proteins. However, 5-FU itself as a stimulus may
largely alter cell physiology. And by definition, the signifi-
cant difference between sensitive and resistant cell type is
their responses towards 5-FU. Thus, we performed the
quantitative proteomics method on those two cell types

under 5-FU treatment. Based on a threshold of 1.5-fold
change, we identified 129 significantly differentially
expressed proteins after comparing results from two repli-
cates. Based on three primary reasons, we finally focused
on CDK family. First, cell cycle was among the top BP terms
in GO analysis. Second, cell cycle pathway was one of the
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enriched KEGG pathways. Last and the most importantly,
CDKI1 was identified to be the hub protein in PPI network.

Cyclin-dependent kinases (CDKs), together with cyclins
and CDK inhibitors, play indispensable roles in cell cycle
control and also in other processes such as transcription,
DNA damage repair, proteolytic degradation, and epigenetic
regulation [23]. Cell cycle deregulation is associated with
resistance towards multiple drugs, including 5-FU [24].
The CDK inhibitor we used here was Dinaciclib which
inhibits the activity of CDK1, CDK2, CDK5, and CDK9
[17]. Due to the potential of CDKs as the drug target, since
2006, Dinaciclib (SCH 727965) (https://clinicaltrials.gov/
ct2/results?term=Dinaciclib) has entered 18 clinical trials
for treating cancers like leukemia, breast cancer and pancre-
atic cancer, myeloma, and melanoma. Here, our results
showed that Dinaciclib was also able to reverse the 5-FU
resistance in HCC cells.

Previous studies gave inconsistent results about the cor-
relation between CDK and 5-FU resistance. Consistent with
our results, Takagi et al. found that the CDK inhibitor
SU9516 upregulated the sensitivity of colorectal cancer cells
to 5-FU [25]. Using another agent, Chen et al. found that a
Chinese herbal (Hedyotis diffusa Willd) could enhance the
antitumor effect of 5-FU towards HCC cells by downregulat-
ing CDK2 and E2F1 [26]. Contradictory results were also
reported. By miR-381, Chen et al. sensitized renal cancer
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cells to 5-FU through WEEI inhibition and CDK1 activation
[27]. RB, as the downstream protein of CDKs [18], was con-
firmed to be partially dephosphorylated by Dinaciclib treat-
ment (Figure 7). The hypophosphorylated RB could further
bind to and downregulate transcription factor E2F1 [28].
Then the downregulation of E2F1 could cause the low
expression of its target gene thymidylate synthase (TS) [29]
which is known as the key enzyme in 5-FU’s anticancer
effect [30]. Similar stories have been told by other studies.
For example, Takagi et al. found that the CDK inhibitor
could significantly reduce TS expression [25]. Watanabe
et al. also successfully enhanced 5-FU efficacy by RB-
reactivating agents companied by TS downregulation [31].
In summary, the CDK-RB-E2F1-TS axis was likely to play
a part in our scenario.

5. Conclusions

In conclusion, by comparative MS proteomics between 5-
FU-sensitive and 5-FU-resistant cells with 5-FU treatment,
we identified CDKI as the hub protein and verified that
CDK inhibition can reverse acquired 5-FU resistance in
HCC cells.
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