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Abstract

BACKGROUND

Sorafenib is the first-line treatment for patients with advanced hepatocellular
carcinoma (HCC). Y-box binding protein 1 (YB-1) is closely correlated with
tumors and drug resistance. However, the relationship between YB-1 and
sorafenib resistance and the underlying mechanism in HCC remain unknown.

AIM

To explore the role and related mechanisms of YB-1 in mediating sorafenib
resistance in HCC.

METHODS

The protein expression levels of YB-1 were assessed in human HCC tissues and
adjacent nontumor tissues. Next, we constructed YB-1 overexpression and
knockdown hepatocarcinoma cell lines with lentiviruses and stimulated these cell
lines with different concentrations of sorafenib. Then, we detected the prolif-
eration and apoptosis in these cells by terminal deoxynucleotidyl transferase
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dUTP nick end labeling, flow cytometry and Western blotting assays. We also
constructed a xenograft tumor model to explore the effect of YB-1 on the efficacy
of sorafenib in vivo. Moreover, we studied and verified the specific molecular
mechanism of YB-1 mediating sorafenib resistance in hepatoma cells by digital
gene expression sequencing (DGE-seq).

RESULTS

YB-1 protein levels were found to be higher in HCC tissues than in corresponding
nontumor tissues. YB-1 suppressed the effect of sorafenib on cell proliferation and
apoptosis. Consistently, the efficacy of sorafenib in vivo was enhanced after YB-1
was knocked down. Furthermore, KEGG pathway enrichment analysis of DGE-
seq demonstrated that the phosphoinositide-3-kinase (PI3K)/protein kinase B
(Akt) signaling pathway was essential for the sorafenib resistance induced by YB-
1. Subsequently, YB-1 interacted with two key proteins of the PI3K/ Akt signaling
pathway (Aktl and PIK3R1) as shown by searching the BioGRID and HitPredict
websites. Finally, YB-1 suppressed the inactivation of the PI3K/ Akt signaling
pathway induced by sorafenib, and the blockade of the PI3K/Akt signaling
pathway by LY294002 mitigated YB-1-induced sorafenib resistance.

CONCLUSION

Overall, we concluded that YB-1 augments sorafenib resistance through the
PI3K/ Akt signaling pathway in HCC and suggest that YB-1 is a key drug
resistance-related gene, which is of great significance for the application of
sorafenib in advanced-stage HCC.

Key Words: Y-box binding protein 1; Hepatocellular carcinoma; Sorafenib; Drug
resistance; Phosphoinositide-3-kinase/protein kinase B

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Y-box binding protein 1 (YB-1) was significantly increased in hepatocellular
carcinoma (HCC), and it could increase the IC,, values of sorafenib in HCC cell lines.
Meanwhile, YB-1 suppressed apoptosis and cell proliferation inhibition induced by
sorafenib. Furthermore, we screened the phosphoinositide-3-kinase (PI3K)/protein
kinase B (Akt) signaling pathway to explore the molecular mechanism of sorafenib
resistance by the KEGG pathway enrichment analysis of the digital gene expression
profiling-seq. And the blockade of PI3K/Akt signaling pathway by LY294002
mitigated YB-1-induced sorafenib resistance. Given that sorafenib is the first-line
treatment for patients with advanced HCC, we proposed that the down-regulation of
YB-1 is of great significance for the application of sorafenib in advanced HCC.

Citation: Liu T, Xie XL, Zhou X, Chen SX, Wang YJ, Shi LP, Chen SJ, Wang YJ, Wang SL,
Zhang JN, Dou SY, Jiang XY, Cui RL, Jiang HQ. Y-box binding protein 1 augments sorafenib
resistance via the PI3K/Akt signaling pathway in hepatocellular carcinoma. World J
Gastroenterol 2021; 27(28): 4667-4686

URL: https://www.wjgnet.com/1007-9327/full/v27/i28/4667 .htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i28.4667

INTRODUCTION

Approximately 90% of liver cancer cases are hepatocellular carcinoma (HCC)[1,2].
Approximately 420,000 people die of HCC every year in China, a region with a high
HCC incidence[3,4]. Although studies have tried to clarify the pathogenesis of HCC,
our understanding of HCC remains limited[5,6], and treatments including resection,
ablation or transplantation are only feasible for patients diagnosed early[2,7]. For those
with advanced HCC, the best treatment options are still lacking. The Food and Drug
Administration (FDA) has approved sorafenib, which is a multitarget tyrosine kinase
inhibitor, as a first-line drug for patients with advanced HCC and provides circum-
scribed survival benefits[8-10]. Additionally, because HCC is prone to relapse and
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metastasis, the prognosis of this refractory disease remains frustrating[11]. Therefore,
further deepening our understanding of the molecular mechanisms of HCC and
developing new intervention strategies are critical.

Y-box binding protein 1 (YB-1) is a multifunctional protein of the Y-box binding
protein family that is distributed in both the cytoplasm and nucleus[12]. Current
research on the function of YB-1 mainly involves the following three aspects: (1) YB-1
promotes the proliferation of hepatoma cells via the Wnt (wingless/integrated)/ -
catenin signaling pathway[13] and promotes human breast epithelial tumor cell prolif-
eration by activating the endothelial growth factor receptor (EGFR)/ protein kinase B
(Akt) signaling pathway[14]; (2) YB-1 effectively inhibits the gene expression of fatty
acid synthase (Fas), thereby preventing the occurrence of apoptosis[15], and binds to
the key apoptotic factor p53 to form protein complexes, which also exert anti-apoptotic
effects[16,17]; (3) YB-1 activates the expression of multidrug resistance (MDR) genes in
multiple cancers, such as kidney cancer, breast cancer and colorectal cancer[18].
Additionally, the most recent research indicates that YB-1 augments gefitinib
resistance by activating the Akt signaling pathway and epithelial-mesenchymal
transition (EMT) by targeting major vault proteins in lung adenocarcinoma cells[19].
Furthermore, YB-1 is significantly increased in pancreatic cancer, breast cancer,
colorectal cancer, melanoma and sarcoma[13,14,20]. Chao et al[13] proved that the YB-1
expression level is significantly elevated in HCC and closely related to drug resistance.
However, the specific underlying molecular mechanism remains uncertain. Therefore,
our study intends to elucidate the relationship between YB-1 and sorafenib resistance
in HCC and further explore the specific molecular mechanism underlying sorafenib
resistance.

MATERIALS AND METHODS

Patients and samples

HCC tissues and paired paracancerous tissues (normal) were surgically resected from
6 patients with HCC and were obtained from 09/2020 to 11/2020 at our hospital.
Patients with HCC diagnosed according to clinical and histological diagnostic criteria
for HCC in China[21] were included in this study, and patients with tumor recurrence
or other organ tumors were excluded. The diagnosis of HCC and histological
evaluation were performed by an experienced pathologist. After excision, the tissues
were fixed with 4% paraformaldehyde (Shijiazhuang Huawo Kerui Biological
Technology Co., Ltd., Hebei Province, China) or immediately placed at -80 °C. All the
patients signed informed consent forms, and the Ethics Committee of the Second
Hospital of Hebei Medical University approved our study (approval letter No. 2020-
P025).

Cell culture

The human normal hepatic cell line (LO2) and human hepatocarcinoma cell lines
(HepG2, Huh7, Bel7402, SMMC7721) were purchased from the American Type
Culture Collection (ATCC; Manassas, VA, United States). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco BRL, Grand Island, NY, United
States) supplemented with 10% fetal bovine serum (FBS, HyClone, South Logan, UT,
United States), 100 pg/mL of streptomycin and 100 U/mL of penicillin (Gibco BRL).
Overexpression was accomplished by transfection with lentivirus-YB-1 (Lv-YB-1) for
24 h (Shanghai GenePharma Co., Ltd., Shanghai, China, Supplementary Table S1).
Sequences of the YB-1 siRNA are displayed in Supplementary Table S2. Lentiviral
vectors harboring YB-1-specific ShARNA (Lv-shYB-1) were used (Shanghai GenePharma
Co., Ltd, Supplementary Table S1), and cells were transfected for 24 h. Hepatoma cells
were then incubated with 2.5 or 5 pmol/L sorafenib (MedChemExpress, Monmouth
Junction, NJ, United States) for 24-48 h. LY294002 [a broad-spectrum inhibitor of
phosphoinositide-3-kinase (PI3K), 20 pmol/L, 24 h] (MedChemExpress) or vehicle was
also used to incubate YB-1-overexpressing cells with sorafenib.

Cell viability assay

Cell Counting Kit-8 (CCK-8) assays (Shanghai Share-bio Biotechnology Co., Shanghai,
China) were used to examine the half-inhibitory concentration (IC;,). Briefly, the cells
were seeded into 96-well plates at a density of 5 x 10° cells/well and incubated with
different concentrations of sorafenib. Next, CCK-8 (10 pL/well) was added (serum-
free medium vs CCK-8 = 10:1) to a volume of 110 pL and incubated for 2 h. The optical
density (OD) value was measured using a microplate reader (BioTek, Winooski, VT,
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United States) at 450 nm. For the cell cycle distribution analysis, the cells were cultured
in six-well plates and collected when the cells were transfected and incubated for 24 h.
Hereafter, we washed the cells with precooled phosphate-buffered saline (PBS;
Solarbio Science and Technology Co., Ltd., Beijing, China), fixed the cells in 70%
ethanol (Tianjin YongDa Chemical Reagent Co., Ltd., Tianjin, China), and subjected
them to staining with PI/RNase Staining Solution (Beyotime Biotechnology Co.,
Shanghai, China) at 37 °C in the dark for 30 min. A FACSVerse flow cytometer (BD
Biosciences, San Jose, CA, United States) was used to analyze the samples, and ModFit
5.0 software (BD Biosciences) was used to process the data.

Apoptosis assays

Following treatment, we collected and washed the cells with precooled PBS and
utilized the Annexin V Apoptosis Detection Kit (Invitrogen, Carlsbad, CA, United
States) to detect apoptotic cells. Briefly, the cells were incubated with staining solution
containing 2.5 pL of Annexin V-APC, 5 pL of propidium iodide (PI) buffer and 200 pL
of binding buffer for 20 min in the dark at room temperature. A FACSVerse flow
cytometer was applied to analyze the samples. Additionally, a one-step terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) apoptosis detection kit
(Beyotime Biotechnology Co.) was employed to examine apoptosis according to the
manufacturer’s instructions. TUNEL-positive cells were recorded as the measurement
of cell apoptosis. A laser scanning confocal microscope (Olympus, Tokyo, Japan) was
used to acquire representative images.

Animal experiments

BALB/c nude mice were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. Approximately 2 x 10° Huh?7 cells transfected with Lv-shNC or
Lv-shYB-1 were subcutaneously injected into male BALB/c nude mice aged 4 wk. We
measured the tumors every 2 d, and (length x width?)/2 was used to calculate the
tumor volume. Next, we randomly divided the mice into designated groups (n = 6)
when the average volume of the tumors reached approximately 100 mm?®. The nude
mice in the Lv-shNC + sorafenib and Lv-shYB-1 + sorafenib groups were treated with
sorafenib by gavage at a dosage of 30 mg/kg/d for 14 d. We sacrificed the nude mice
when the treatment was completed, and the tissues were fixed with 4% paraformal-
dehyde or immediately placed at -80 °C. The animal protocol was designed to
minimize pain and discomfort to animals. The nude mice were acclimatized to
laboratory conditions for 1 wk prior our experiment. Intragastric gavage adminis-
tration was conducted by using straight gavage needles (22 gauge). All the animals in
our study received humane care, and the ethics committee of the Second Hospital of
Hebei Medical University approved our study (approval letter No. 2020-AE002).

Histological and immunohistochemical analyses

We fixed human liver tissues and mouse xenograft tumors with 4% paraformal-
dehyde, embedded tissues in paraffin (Shanghai YiYang Instrument Co., Ltd.,
Shanghai, China), and sectioned them. The sections were then subjected to
hematoxylin and eosin (HE, Beijing Legian Biotechnology Co., Ltd., Beijing, China)
and immunohistochemical (IHC) staining using standard protocols as previously
described[22]. YB-1 (diluted 1:200; catalog number: CY5462; Shanghai Abways
Biotechnology Co., Ltd., Shanghai, China) and proliferating cell nuclear antigen
(PCNA; diluted 1:200; catalog number: AB0051; Shanghai Abways Biotechnology Co.,
Ltd.) antibodies were used in our study, and IHC images were obtained using an
upright microscope (Leica, Wetzlar, Germany). We utilized Image] software (National
Institutes of Health, Bethesda, MD, United States) to morphometrically evaluate the
percentage of positive areas on the micrographs.

Western blot analysis

Cells or tissues were lysed using radioimmunoprecipitation assay buffer [50 mmol/L
Tris, 1 mmol/L ethylenediaminetetraacetic acid, 150 mmol/L NaCl, 0.1% sodium
dodecyl sulfate (SDS), 1% Triton X-100, 1% sodium deoxycholate, 1 mmol/L phenyl-
methylsulfonyl fluoride] (Beyotime Biotechnology Co.) for total protein extraction
after washing in PBS. Next, we quantified the protein concentrations by Coomassie
blue staining (Solarbio Science and Technology Co., Ltd.) and denatured in SDS
loading buffer (Beyotime Biotechnology Co.) by boiling for 10 min. The proteins from
each sample were subjected to SDS-polyacrylamide gel electrophoresis (Shanghai
Epizyme Biotechnology Co., Ltd., Shanghai, China) and transferred onto polyviny-
lidene difluoride membranes (Merck Millipore, Billerica, MA, United States). Next, 5%

WJG | https://www.wjgnet.com 4670 July 28,2021 | Volume?27 | Issue28 |



Jaishideng®

Liu T et al. YB-1 augments sorafenib resistance in HCC

milk (Solarbio Science and Technology Co., Ltd.) was used to block the membranes for
1 h, followed by incubation with the primary antibodies overnight at 4 °C. The next
day, the membranes were incubated with fluorescence-conjugated secondary
antibodies (LI-COR Biosciences, Lincoln, NE, United States) for 1 h at room
temperature. We applied an Odyssey infrared imaging system (LI-COR Bioscience) to
visualize the bands and quantified them using Image] software. GAPDH, PI3K or Akt
was applied to normalize the desired bands, and the results were shown as relative
density ratios. The primary antibodies used included YB-1 (diluted 1:500), p-PI3K
(diluted 1:100; catalog number: AF3242; RRID: AB_2834668; Affinity Biosciences Ltd.,
Jiangsu, China), PI3K (diluted 1:100; catalog number: AF6242; RRID: AB_2835106;
Affinity Biosciences Ltd.), GAPDH (diluted 1:1000; catalog number: AB0037; Shanghai
Abways Biotechnology Co., Ltd.), p-Akt (diluted 1:100; catalog number: CY6569;
Shanghai Abways Biotechnology Co., Ltd.), Akt (diluted 1:500; catalog number:
CY5561; Shanghai Abways Biotechnology Co., Ltd.), PCNA (diluted 1:1000), and
PARP (diluted 1:1000; catalog number: #9532; RRID: AB_659884; Cell Signaling
Technology, Danvers, MA, United States).

Digital gene expression profiling

Two samples of HepG2 cell lines (Lv-shNC + sorafenib and Lv-shYB-1 + sorafenib)
with stable YB-1 knockdown and sorafenib treatment were used, and each sample was
repeated 3 times. Next, we submitted the samples to Beijing Novogene Technology
Co., Ltd. (Beijing, China) for digital gene expression profiling (DGE) sequencing
analysis to screen out DEGs. The analysis process mainly included data quality
control, reference genome comparison, quantitative analysis, significance analysis of
differences and functional enrichment analysis. The DESeq2 R package (1.16.1) was
employed to perform the differential expression analysis between the groups (three
biological replicates per group). The Benjamini and Hochberg approach to control the
false discovery rate was adopted to adjust the resulting P-values (padj). A padj less
than 0.05 and an absolute value of the log2 (fold change) more than 0 were utilized as
the thresholds to recognize the differentially expressed genes[23,24].

Statistical analysis

All the experiments were repeated three times. Normally distributed data were
expressed as mean + SD, and nonnormally distributed data were expressed as medians
with interquartile range. The difference between two groups was analyzed by
Student’s t-test. For differences among multiple groups, one-way ANOVA was
performed. SPSS software version 19.0 (IBM, Armonk, NY, United States) was used to
perform all statistical analyses. P values less than 0.05 were deemed statistically
significant.

RESULTS

YB-1 is upregulated in HCC samples and cell lines

To determine the role of YB-1 in HCC, the expression of YB-1 in 6 paired HCC tissues
and paracarcinoma tissues was detected by Western blot analysis. The YB-1 protein
levels in HCC tissues were significantly elevated in all 6 patients (Figure 1A). To
further verify the dysregulation of YB-1, we also performed IHC to detect YB-1
expression in the 6 paraffin-embedded HCC tissues and their paired adjacent liver
tissues. The protein levels of YB-1 were also higher in HCC tissues than in nontumor
tissues, and YB-1 was mainly located in the cytoplasm (Figure 1B, C). The expression
of YB-1 was further detected in several hepatocarcinoma cell lines. Compared with the
protein levels of YB-1 in LO2 cells, those in HepG2 and Huh? cells were dramatically
increased but slightly elevated in Bel7402 and SMMC7721 cells (P < 0.05) (Figure 1D).
Taken together, YB-1 is elevated in HCC tissues and cell lines, implying that it might
play a role in tumor progression.

YB-1 induces sorafenib resistance in hepatoma cells

Recent studies have shown that YB-1 is related to anticancer drug resistance in
multiple tumor types. The IC,, of sorafenib in HCC cell lines was tested, and the IC,,
values of Bel7402, SMMC7721, HepG2 and Huh? cells were 4.47 pmol/L, 3.98 pmol/L,
5.01 pmol/L, and 2.51 umol/L, respectively (Supplementary Figure S1A). We also
found that YB-1 protein levels were upregulated in Bel7402, SMMC7721, HepG2 and
Huh? cells 24 h after sorafenib treatment (Supplementary Figure S1B). The transfection
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Figure 1 Increased expression of Y-box binding protein 1 in the liver tissues of hepatocellular carcinoma patients and cell lines. A: The
protein expression levels of Y-box binding protein 1 (YB-1) in 6 pairs of hepatocellular carcinoma (HCC) liver tissues and their corresponding nontumor tissues were
detected by Western blot analysis. Paraffin-embedded sections of liver tissues were stained with hematoxylin-eosin (HE) (B), and immunohistochemistry staining of
YB-1 (C) was performed in the 2 groups; D: Western blot analysis showed YB-1 protein expression in one normal (N) liver cell line and four HCC cell lines. YB-1
protein levels (normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)) were measured by scanning densitometry. 2P < 0.05, °P < 0.001 vs the indicated
groups. T: Tumor.

efficiency of the YB-1 siRNA and lentivirus is displayed in Supplementary Figure S2.
We further tested the IC,, values of sorafenib in HepG2 and Huh7 cells with overex-
pressed or knocked down YB-1. The IC,, values were increased after YB-1 overex-
pression, whereas they were lower in the two cell lines with Lv-shYB-1 (Figure 2A).
Hereafter, we elucidated the effects of YB-1 and sorafenib on cell proliferation and
apoptosis in HepG2 and Huh?7 cells. Overexpressing YB-1 decreased the number of
Gl-phase cells and increased the number of S-phase cells, and sorafenib restrained the
increase in G1-phase cells and reduced the number of S-phase cells (Figure 2B, C).
Simultaneously, YB-1 silencing resulted in increased G1-phase and reduced S-phase
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detected by the Cell Counting Kit-8 (CCK-8) assay; B-E: Flow cytometry was conducted to perform cell cycle distribution analysis of the cells infected with the empty
lentivirus vector as a negative control (Lv-NC) * sorafenib vs Lv-YB-1 + sorafenib groups (B, C) and lentivirus containing non-specific short hairpin RNA as a negative
control (Lv-shNC) + sorafenib vs Lv-shYB-1 + sorafenib groups (D, E); F, G: Western blot analysis showed proliferating cell nuclear antigen (PCNA) protein
expression in the Lv-NC + sorafenib vs Lv-YB-1 + sorafenib groups and Lv-shNC + sorafenib vs Lv-shYB-1 + sorafenib groups of HepG2 (F) and Huh7 (G) cells.
PCNA protein levels (normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)) were measured by scanning densitometry. 2P < 0.05, °P < 0.01, °P <
0.001 vs the indicated groups.

cells and enhanced the effect of sorafenib on G1-phase and S-phase cells (Figure 2D, E).
Additionally, we examined the levels of PCNA and found that it was increased in cells
with YB-1 overexpression that the YB-1 overexpression offset PCNA reduction caused
by sorafenib and that the knockdown of YB-1 had opposite effects in HepG2
(Figure 2F) and Huh7 cells (Figure 2G). These results indicated that YB-1 played a very
important role in the G1/S transition in sorafenib-resistant HCC cell lines. Next,
apoptosis was analyzed by TUNEL and flow cytometric analysis in HepG2 and Huh7
cells. YB-1 overexpression decreased cell apoptosis and reduced apoptosis induced by
sorafenib (Figure 3A-D), while YB-1 knockdown strengthened the effect of sorafenib in
HepG2 and Huh?7 cells (Figure 4A-D). Furthermore, the protein levels of cleaved PARP
decreased after YB-1 overexpression, which reduced the sorafenib-induced protein
expression of activated PARP (Figure 3E, F). However, YB-1 knockdown played an
opposite role in HepG2 and Huh? cells (Figure 4E, F). Overall, these data proved that
YB-1 mediated sorafenib resistance in liver cancer cell lines.

YB-1 knockdown ameliorates the efficiency of sorafenib in vivo

Xenograft tumor models were constructed using Huh?7 cells with stable YB-1
knockdown. Tumor growth was suppressed both by YB-1 knockdown and sorafenib
treatment. Nevertheless, the most obvious suppression was achieved by the
amalgamation of YB-1 knockdown and sorafenib therapy (Figure 5A, B and Supple-
mentary Figure S3). Additionally, YB-1 knockdown notably promoted the efficiency of
sorafenib by examining tumor weights (Figure 5C). IHC staining also showed that the
protein expression levels of PCNA in cells of the Lv-shYB-1 + sorafenib group were the
lowest compared with those in cells with YB-1 knockdown or sorafenib treatment
alone (Figure 5D). Furthermore, we extracted protein from xenograft tumors and
found that the p-Akt and p-PI3K protein levels were downregulated after YB-1
knockdown or sorafenib treatment, and the most dramatic reduction occurred in the
Lv-shYB-1 + sorafenib group (Figure 5E and F). Together, these results showed that
YB-1 knockdown mitigated the resistance to sorafenib and reinforced the antitumor
efficacy.

Identification of differentially expressed genes in the DGE-seq results of HepG2
cells

In total, 6254 significant differentially expressed genes were detected between the Lv-
shYB-1 + sorafenib and Lv-shNC + sorafenib groups, among which 3317 were
downregulated and 2937 were upregulated. The differentially expressed genes in the
Lv-shYB1 + sorafenib and Lv-shNC + sorafenib groups were merged as the differential
gene set. Mainstream hierarchical clustering was used to cluster the FPKM values
(expected number of fragments per kilobase of transcript sequence per million base
pairs sequenced) of the differential gene set to gather genes with similar expression
patterns. The hierarchical clustering heatmap (Figure 6A) showed that the expression
patterns of genes in the Lv-shYB1 + sorafenib group were distinguishable from those
of the Lv-shNC + sorafenib group.

GO and KEGG pathway analyses

We identified the functional categories and signaling pathways using GO and KEGG
pathway analyses[25]. The differentially expressed genes were categorized into three
major GO categories: biological process (BP), cellular component (CC) and molecular
function (MF). The top 30 GO categories are shown in Figure 6B. The differentially
expressed genes were mapped to the reference canonical pathways using KEGG. The
top 20 KEGG pathways were demonstrated in Figure 6C. Additionally, we searched
the BioGRID (https:/ /thebiogrid.org/) and HitPredict (www hitpredict.org/) websites
to explore the potential YB-1-interacting proteins. In the top 20 KEGG pathways, we
found two key proteins that interact with YB-1 in the PI3K/ Akt signaling pathway: (1)
Aktl: activated Akt binds to the YB-1 cold shock domain at Ser102[26,27]; and (2)
phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1): PI3K is a critical regulator in
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Figure 3 Y-box binding protein 1 suppresses apoptosis induced by sorafenib treatment in hepatocellular carcinoma cell lines. A-D:
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Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and flow cytometry were employed to analyze apoptosis in the cells infected with empty
lentivirus vector as a negative control (Lv-NC) + sorafenib vs lentivirus with Y-box binding protein 1 (Lv-YB-1) + sorafenib groups; E, F: Western blot analysis showed
cleaved poly ADP-ribose polymerase (PARP) protein expression in the Lv-NC + sorafenib/Lv-YB-1 + sorafenib groups. Cleaved PARP protein levels (normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)) were measured by scanning densitometry. 2P < 0.05, °P < 0.01, °P < 0.001 vs the indicated groups. DAPI:
4'6’-diamidino-2-phenylindole dihydrochloride.

the PI3K/ Akt pathway, and YB-1 is one of the 49 cross-species PI3K binding proteins
from Drosophila-human reciprocal blasts[28]. Pathway enrichment analysis indicated
that 133 differentially expressed genes were annotated to the PI3K/ Akt pathway.
Additionally, our results suggest that the mRNA expression of Aktl and Akt2 was
significantly changed after YB-1 knockdown (Figure 6D). Furthermore, the Akt
signaling pathway correlates with YB-1[29], sorafenib treatment[30] and HCC[31].
Therefore, we planned to further investigate the potential relationship of YB-1 and the
PI3K/ Akt pathway in HCC cell lines treated with sorafenib.

YB-1 promotes sorafenib resistance via the PI3K/Akt signaling pathway

Western blot analysis was consequently applied to detect the expression levels of key
proteins in the PI3K/ Akt signaling pathway in HepG2 and Huh? cells. The expression
levels of p-Akt and p-PI3K were increased in YB-1-overexpressing cells, and sorafenib
decreased the protein expression; however, the association of YB-1 overexpression and
sorafenib treatment neutralized the expression of the two proteins (Figure 7A-D).
Simultaneously, either single knockdown of YB-1 or treatment with sorafenib inhibited
p-Akt and p-PI3K expression. Furthermore, the most significant suppression of protein
expression was accomplished by the combination of YB-1 knockdown and sorafenib
incubation (Figure 7A-D).

Next, we explored whether blockade of the PI3K/ Akt pathway would avoid YB-1-
induced sorafenib resistance in Lv-NC + sorafenib and Lv-YB-1 + sorafenib-treated
HepG2 and Huh?7 cells. The phosphorylation of PI3K and Akt was obviously
attenuated after the suppression of PI3K/ Akt signaling by L'Y294002 in Lv-NC and Lv-
YB-1 cells incubated with sorafenib (Figure 7E-H). Moreover, LY294002 led to
increased Gl-phase and reduced S-phase cells, inhibited YB-1-induced decreased G1-
phase and increased S-phase cells (Figure 71 and ]), and decreased PCNA expression
(Figure 7K-M). Simultaneously, the suppression of PI3K/ Akt signaling by LY294002
increased apoptosis in Lv-NC and Lv-YB-1 cells with sorafenib incubation (Figure 8A-
D) and elevated the protein levels of cleaved PARP (Figure 8E and F). Taken together,
YB-1 induced sorafenib resistance by activating the PI3K/ Akt signaling pathway.

DISCUSSION

Researchers have mainly focused on the relationship between YB-1 and tumor prolif-
eration, apoptosis, invasion, metastasis and other biological behaviors[32-36]. To date,
few studies have investigated the correlation between YB-1 and drug resistance. In
addition to YB-1 activating MDR in various tumors[18], YB-1 also induces the
development of chemotherapy resistance by regulating the expression of P-
glycoprotein and focal adhesion kinase and the characteristics of stem cells in various
tumors[37-39]. Additionally, indirubin 3'-oxime inhibits the nuclear translocation of
YB-1, thereby reducing MDR1 expression and exerting efficacy in treating liver cancer
[40]. Sorafenib, a new type of multitarget antitumor drug, is a first-line systemic
treatment option for patients with advanced HCC[41]. It has dual antitumor effects: (1)
it blocks the signaling pathway mediated by RAF/MEK/extracellular regulated
protein kinases (ERK) and directly inhibits tumor cell proliferation; (2) it inhibits
vascular EGFR and platelet-derived growth factor receptor and then suppresses
angiogenesis, indirectly inhibiting tumor cell growth[41]. Studies on the resistance
mechanism of sorafenib have found that EMT, activation of the Akt signaling
pathway, tumor stem cells, and abnormal regulation of proliferation and apoptosis
induce sorafenib resistance[42].

The effect of sorafenib, which promotes cell apoptosis and inhibits cell proliferation,
has been proven in previous studies[30,43,44]. A study on sorafenib resistance
observed that B-catenin and its downstream target genes were elevated in hepatoma
cells after incubation with sorafenib, and B-catenin overexpression inhibited apoptosis
and promoted cell proliferation, while B-catenin knockdown enhanced the effect of
sorafenib on apoptosis and proliferation. Additionally, the IC;; values of sorafenib
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Figure 4 Y-box binding protein 1 suppresses apoptosis induced by sorafenib treatment in hepatocellular carcinoma cell lines. A-D:
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Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and flow cytometry were employed to analyze apoptosis in the cells infected with lentivirus
encoding non-specific short hairpin RNA as a negative control (Lv-shNC) + sorafenib vs lentivirus with short hairpin RNA targeting the Y box binding protein 1 (Lv-
shYB-1) + sorafenib groups; E, F: Western blot analysis showed cleaved poly ADP-ribose polymerase (PARP) protein expression in the Lv-shNC + sorafenib/Lv-
shYB-1zsorafenib groups. Cleaved PARP protein levels (normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)) were measured by scanning
densitometry. 2P < 0.05, °P < 0.01, °P < 0.001 vs the indicated groups.
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were heightened in liver cancer cells overexpressing p-catenin, confirming that B-
catenin is closely related to sorafenib resistance. The relationship between YB-1 and
sorafenib resistance in HCC was first clarified in our study. First, YB-1 in liver cancer
tissues showed dramatically higher expression than that in the corresponding adjacent
tissues. Next, we constructed lentiviruses that overexpress or knock down YB-1
expression in two human liver cancer cell lines (HepG2 and Huh?7) and simultaneously
stimulated cells with different concentrations of sorafenib; YB-1 significantly elevated
the IC;; of HCC cells. We proved that the effect of sorafenib on apoptosis and prolif-
eration was suppressed by YB-1 overexpression, while YB-1 knockdown had opposite
effects. Uniformly, the association of YB-1 knockdown and sorafenib treatment had the
most significant effect on the efficacy of sorafenib in vivo. These results indicate that
YB-1 leads to sorafenib resistance in HCC[43,44].

Next, we conducted digital gene expression profile analysis in HepG2 cells (Lv-
shNC + sorafenib, Lv-shYB-1 + sorafenib) with stable YB-1 knockdown and sorafenib
treatment. Aktl and Akt2 in the Lv-shYB-1 + sorafenib group were notably lower than
those in the Lv-shNC + sorafenib group, and KEGG pathway enrichment analysis
revealed a significant difference in the PI3K/ Akt signaling pathway between the two
groups. At the same time, we searched for proteins that interact with YB-1 using the
BioGRID and HitPredict websites. Among proteins that interface with YB-1, we
identified two proteins, Akt1[26,27] and PIK3R1[28], which are essential proteins of
the PI3K/ Akt signaling pathway.

The PI3K/ Akt signaling pathway, a well-known survival mechanism of cancer, is
tightly correlated with cancer occurrence and growth. Presently, studies on the
PIBK/ Akt signaling pathway has mostly focused on the proliferation, apoptosis,
migration and invasion of tumor cells, such as gastric cancer[45], breast cancer[46],
cervical squamous cell carcinomal47] and osteosarcomal[48]. Additionally, YB-1 was
reported to promote the tumorigenesis and progression of spinal chordoma by
activating the EGFR/ Akt signaling pathway[29]. At the same time, the PI3K/Akt
pathway is also involved in chemotherapeutic drug resistance; for example,
suppressing the expression of Akt sensitizes cells to sorafenib-induced apoptosis[49],
and blocking the PI3K/ Akt signaling pathway induces increased sensitivity of hepato-
carcinoma cells to sorafenib[50-52]. Regarding acquired sorafenib resistance, the
PI3K/ Akt signaling pathway is considered a compensation mechanism, and multiple
studies have revealed that the phosphorylation level of Akt in HCC cells with acquired
sorafenib resistance is higher than that in its parental cells. Inhibition of Akt by
GDC0068, MK-2206 or LY294002 reverses the occurrence of acquired sorafenib
resistance[53-55]. Fortunately, we verified that YB-1 activates the PI3K/ Akt signaling
pathway and inhibits the inactivation of the PI3K/ Akt signaling pathway induced by
sorafenib treatment. Additionally, the blockade of PI3K/ Akt signaling pathway by
LY294002 inhibited YB-1-induced sorafenib resistance in HepG2 and Huh7 cells. Thus,
YB-1 stimulates sorafenib resistance by targeting the PI3K/ Akt signaling pathway in
HCC.

CONCLUSION

In conclusion, the absence of YB-1 effectively suppresses the occurrence of sorafenib
resistance and promotes the deactivation of the PI3K/ Akt signaling pathway caused
by sorafenib. Given that sorafenib is the first-line treatment for patients with advanced
HCC, we propose that downregulation of YB-1 may be a novel potential approach to
treat advanced HCC and improve the efficacy of sorafenib in treating advanced HCC.
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Figure 5 Sorafenib efficiency improves after Y-box binding protein 1 knockdown in vivo. A: The morphologies of collected tumors in subcutaneous
Huh7 xenografts in nude mice; B: Tumor growth curves; C: Tumor weights were measured after collection; D: Hematoxylin-eosin (HE) and immunohistochemical
staining for proliferating cell nuclear antigen; E, F: Western blot analysis showed Y-box binding protein 1 (YB-1), phosphorylated protein kinase B (p-Akt), protein
kinase B (Akt), phosphorylated phosphoinositide-3-kinase (p-PI3K), and phosphoinositide-3-kinase (PI3K) expression in cells infected with lentivirus encoding non-
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Akt (normalized to Akt) and p-PI3K (normalized to PI3K) protein levels were measured by scanning densitometry. Protein samples derived from the same experiment
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encoding short hairpin RNA against Y box protein 1 (Lv-shYB-1) + sorafenib). Each column denotes the DEGs identified in our study. Each row indicates a sample.
For each gene, red represents a high level of expression relative to the mean, while green expresses a low level. The scale bar is the number of standard deviations
from the mean; B: Histogram of GO functional analysis for the DEGs obtained from DGE sequencing. GO terms with padj < 0.05 were thought to be notably enriched
by DEGs. The y axis represents the number of genes in a GO classification category. Red represents increased expression in the Lv-shYB-1 + sorafenib group,
whereas green indicates decreased expression in that group; C: Pathway enrichment analysis showed the top 20 signaling pathways in KEGG (padj < 0.05); D:
mRNA expression levels of protein kinase B1 (Akt1) and protein kinase B2 (Akt2) from the DGE-seq data (Lv-shNC + sorafenib, Lv-shYB-1 + sorafenib).
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Figure 7 Y-box binding protein 1 suppresses the function of sorafenib in the PI3K/Akt signaling pathway, and blockade of the PI3K/Akt
signaling pathway inhibits the promoting effect of YB-1 on proliferation. A-D: The protein expression levels of phosphorylated protein kinase B (p-Akt),
protein kinase B (Akt), phosphoinositide-3-kinase (PI3K), and phosphorylated PI3K (p-PI3K) were detected by Western blot analysis in cells infected with lentivirus
vector as a negative control (Lv-NC)xsorafenib vs cells infected with lentivirus encoding Y-box protein 1 (Lv-YB-1) + sorafenib groups and lentivirus encoding non-
specific short hairpin RNA as a negative control (Lv-shNC)zsorafenib vs cells infected with lentivirus encoding short hairpin RNA targeting Y-box binding protein 1
(Lv-shYB-1) + sorafenib groups of HepG2 (A, B) and Huh7 (C, D) cells; E-H: Western blot analysis was also applied to evaluate the expression of p-Akt, Akt, p-PI3K
and PI3K in the Lv-NC + sorafenib, Lv-NC + LY294002 + sorafenib, Lv-YB-1 + sorafenib, Lv-YB-1 + LY294002 + sorafenib groups of HepG2 (E, G) and Huh7 (F, H)
cells. Protein samples derived from the same experiment and gels were processed in parallel; I, J: Flow cytometry was conducted to analyze the cell cycle
distribution; K-M: Western blot analysis showed proliferating cell nuclear antigen (PCNA) protein expression, and its protein levels were measured by scanning
densitometry. 2P < 0.05, °P < 0.01, °P < 0.001 vs the indicated groups.
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Figure 8 Blocking the PI3K/Akt signaling pathway suppresses the effect of Y-box binding protein 1 on apoptosis. A-D: Apoptosis analysis was
conducted by terminal deoxynucleotidyl transferase dUTP nick end labeling staining (A, B) and flow cytometry with Annexin V-APC and P! staining (C, D); E, F:
Western blot analysis showed cleaved poly ADP-ribose polymerase (PARP) protein expression. 2P < 0.05, °P < 0.01 vs the indicated groups. Lv: Lentivirus; NC:
Negative control; YB-1: Y-box binding protein 1; DAPI: 4'6’-diamidino-2-phenylindole dihydrochloride; TUNEL: Terminal deoxynucleotidy! transferase dUTP nick end
labeling; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

ARTICLE HIGHLIGHTS

Research background

Y-box binding protein 1 (YB-1) promotes the proliferation of tumor cells, inhibits
apoptosis, and activates the expression of multidrug resistance genes in breast cancer,
kidney cancer and other cancers. It can also promote the resistance of gefitinib in lung
adenocarcinoma cells. The specific molecular mechanism of YB-1 mediating drug
resistance in hepatocellular carcinoma (HCC) is still unclear.

Research motivation

The study will provide a basis for the application of YB-1 in sorafenib resistance of
HCC.

Research objectives
To detect the expression of YB-1 in HCC tissues and cells, and explore the role and the
potential mechanism of YB-1 in sorafenib resistance of HCC.

Research methods

In this study, the authors examined the expression levels of YB-1 in cancer and corres-
ponding paracancerous tissues of HCC patients, and clarified whether YB-1 was
involved in sorafenib resistance in HCC by overexpressing and knocking down YB-1
in two kinds of hepatoma cell lines. Furthermore, a nude mouse liver cancer xenograft
tumor model was established to verify the role of YB-1 in mediating sorafenib
resistance in HCC in vivo. The signaling pathways involved in YB-1-mediated drug
resistance in hepatocarcinoma cells were also screened and validated by digital
expression profiling (DGE) technology.

Research results

YB-1 expression levels were significantly upregulated in both cancer tissues of HCC
patients and human hepatoma cell lines. YB-1 could resist the effects of sorafenib on
proliferation and apoptosis in hepatocarcinoma cells, which in turn mediated the
resistance of HCC cells to sorafenib. YB-1 mediates sorafenib resistance in hepatocar-
cinoma cells through activating the phosphoinositide-3-kinase (PI3K)/protein kinase B
(Akt) signaling pathway.

Research conclusions
Knockdown of YB-1 can effectively inhibit the occurrence of sorafenib resistance, and
can also enhance the inactivation of sorafenib on the PI3K/Akt signaling pathway.
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Therefore, YB-1 is a sorafenib resistance related gene.

Research perspectives

Downregulation of YB-1 may be a new potential method for the treatment of advanced
HCC, and it is expected to improve the efficacy of sorafenib in the treatment of
advanced HCC patients.
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