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INTRODUCTION 
 

Liver cancer is the sixth most diagnosed cancer 

worldwide, and the second most frequent cause of 

cancer-related deaths in males. Hepatocellular 

carcinoma (HCC) accounts for 75% to 85% of the total 

liver cancer burden [1]. Although several surgical 

treatments, including surgical resection, liver 

transplantation, and radiofrequency ablation (RFA), can 

dramatically prolong the median overall survival (OS) 

of patients with early-stage HCC to 60 months, the 

limited number of therapeutic options for advanced-

stage cancer remains the primary challenge. Studies 

have reported that 80% of patients with HCC are 

diagnosed at an advanced stage and therefore cannot be 

treated using the available therapeutic options [1, 2]. To 

date, four drugs targeting tyrosine kinases have been 

approved for the treatment of HCC [3]. Sorafenib is the 

only Food and Drug Administration (FDA)-approved 

drug for the systemic treatment of advanced HCC for 

almost a decade [4, 5]. Recently, lenvatinib [6], as an 

alternative first-line drug (noninferior to sorafenib), and 

regorafenib [7] and cabozantinib [8], as second-line 

drugs in case of sorafenib failure, have been approved 
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ABSTRACT 
 

For nearly a decade, sorafenib has served as a first-line chemotherapeutic drug for the treatment of 
hepatocellular carcinoma (HCC), but it displays only limited efficacy against advanced drug-resistant HCC. 
Regorafenib, the first second-line drug approved for treatment after sorafenib failure, can reverse resistance to 
sorafenib. We used bioinformatics methods to identify genes whose expression was differentially induced by 
sorafenib and regorafenib in HCC. We identified KIF14 as an oncogene involved in the acquired resistance to 
sorafenib in HCC and investigated its potential as a target for reversing this resistance. Sustained exposure of 
resistant HCC cells to sorafenib activated the AKT pathway, which in turn upregulated KIF14 expression by 
increasing expression of the transcription factor ETS1. Silencing KIF14 reversed the acquired resistance to 
sorafenib by inhibiting AKT activation and downregulating ETS1 expression by blocking the AKT–ETS1–KIF14 
positive feedback loop. Moreover, injection of siKIF14 with sorafenib suppressed growth of sorafenib-resistant 
HCC tumors in mice. These results demonstrate that targeting KIF14 could be an effective means of reversing 
sorafenib failure or strengthening sorafenib’s antitumor effects. 
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for the treatment of HCC. However, these have not been 

widely accepted due to the lack of superiority over 

sorafenib. Moreover, sorafenib remains the preferred 

drug for the treatment of patients with advanced HCC. 

However, drug resistance to angiogenesis inhibitors, 

including sorafenib, is common in HCC and greatly 

minimizes the therapeutic benefits of this drug. 

 

Although few HCC cells are initially resistant to 

sorafenib due to genetic heterogeneity, more cells 

develop acquired resistance because long-term exposure 

to the drug reduces their sensitivity to it [9]. Since the 

approval of sorafenib, extensive studies have been 

conducted to explore the drug-resistance mechanism(s); 

several pathways, such as phosphatidylinositol 3-kinase 

(PI3K)/AKT and JAK–STAT, hypoxia-inducible, 

autophagy, epithelial–mesenchymal transition (EMT) 

pathway, and Keap/Nrf2 pathway, have been implicated 

[9–12]. In addition to alternative pro-angiogenic growth 

factors, the angiogenesis-independent mechanism 

contributes to tumor growth [13]. The acquired 

resistance to sorafenib can be induced by switching 

tumor growth from angiogenesis-dependent to 

angiogenesis-independent manner [14]. Moreover, 

angiogenesis-independent tumor growth is regulated by 

cell motility, adhesion, and tumor stroma, and may 

determine the specific resistance pathway [13]. 

Unfortunately, limited clinical benefits of drugs 

targeting single components of the above pathways 

restrict their use as therapeutics [3, 15]. Multitarget 

tyrosine kinase inhibitors, such as regorafenib and 

cabozantinib, are still the main second-line treatment 

options for HCC if the first-line sorafenib fails [3]. 

Although regorafenib is structurally similar to sorafenib 

and its targets are similar to those of sorafenib, 

including vascular endothelial growth factor receptors 

(VEGFRs), platelet-derived growth factor receptor beta 

(PDGFR-β), fibroblast growth factor receptor 1 

(FGFR1), cytokine receptor c-KIT, receptor tyrosine 

kinases (RET), and serine/threonine kinases c-Raf (Raf-

1) and B-Raf [3, 4, 16, 17], a study reported improved 

median survival, by approximately 3 months, with 

regorafenib, compared to that with placebo after the 

failure of sorafenib [7]. These findings hint at new 

targets that can reverse drug resistance to sorafenib [16–

18]. 

 

The PI3K/AKT pathway is highly activated in HCC. It 

is involved in the development and progression of HCC 

as it regulates numerous downstream molecules [19]. 

Consistent with the findings of our previous studies 

[20–23], AKT activation has been reported to contribute 

to sorafenib resistance in HCC [24–26]. Chronic 

exposure of HCC cells to sorafenib activates AKT to 

upregulate the expression of and/or activate its 

downstream factors [21]. Inhibition of AKT reversed 

drug resistance to sorafenib and restored sorafenib 

responsiveness in preclinical studies [20, 21, 24]. 

Moreover, the activation of the PI3K/AKT pathway is 

correlated with sorafenib resistance in HCC clinical 

studies and is specifically observed in the progenitor 

subclass of HCC [27, 28]. Although AKT inhibitors, as 

promising second-line treatment drugs, for HCC, have 

been thoroughly evaluated [29, 30], none of these have 

been clinically administered due to limited responses in 

HCC [3, 31]. We conducted an in-depth study of the 

mechanism of AKT activation during drug resistance to 

sorafenib and explored the potential therapeutics that 

could reverse this resistance. 

 

Human kinesin family member 14 (KIF14), a member 

of the kinesin-3 superfamily of microtubule-dependent 

cytoskeletal motor proteins, is located on chromosome 

1q32.1 and is involved in cytokinesis [32, 33]. The 

oncogene KIF14 is activated in several cancers, 

including HCC [32–35]. Its suppression inhibits cell 

proliferation and promotes apoptosis by increasing p27 

and decreasing cyclin D1 levels [35, 36]. Recently, 

KIF14 has been reported to regulate the PI3K/AKT 

pathway by upregulating the phosphorylation of AKT 

[33, 34, 36–38] and contribute to chemoresistance in 

breast cancer [38, 39]. Overexpression of transcription 

factor E26 transformation-specific sequence 1 (ETS1) is 

a common molecular event in the pathogenesis of HCC 

[40, 41] and is regulated by AKT [42, 43]. Moreover, 

ETS1 upregulates the expression of KIF14 [44] and is 

involved in drug resistance to sorafenib in HCC [45]. 

These findings suggest that the ETS1–KIF14 pathway 

may function downstream of AKT activation and 

represent a new therapeutic target to reverse drug 

resistance to sorafenib. We investigated whether the 

ETS1–KIF14 pathway is involved downstream of 

activated AKT and whether downregulating KIF14 

enhanced the efficacy of sorafenib in sorafenib-resistant 

HCC by inhibiting AKT activation. 

 

RESULTS 
 

Analysis of target genes involved in drug resistance 

to sorafenib 
 

Despite being the first molecular targeted drug for 

HCC, development of resistance to sorafenib has always 

remained a concern. Recently, regorafenib, another new 

molecular target drug, has been approved for the 

second-line treatment after sorafenib failure in patients 

with HCC [7]. To study the effects, mechanism(s), and 

downstream targets of regorafenib and to determine 

how it reverses sorafenib resistance, bioinformatics 

methods were used. First, the differentially expressed 

genes (DEGs) related to sorafenib and regorafenib were 

obtained from GSE89410 and DrugBank by comparing 
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the treated and untreated samples. Next, the potential 

target genes of sorafenib and regorafenib from 

GSE89410 and DrugBank were integrated, and 699 and 

727 target genes of sorafenib and regorafenib, 

respectively, were obtained. Only 280 target genes 

overlapped between the two sets of DEGs 

(Supplementary Figures 1, 2). 

 

To identify the DEGs in HCC, the expression of 

mRNAs in 371 HCC samples and 50 paired adjacent 

normal tissues obtained from The Cancer Genome 

Atlas (TCGA) dataset was analyzed. A total of 1,148 

mRNAs were found to be aberrantly expressed in 

HCC tissues, including 474 downregulated mRNAs 

and 674 upregulated mRNAs. The identified DEGs in 

HCC were intersected with the potential target genes 

of sorafenib and regorafenib to identify the common 

genes. In total, 70 potential target genes of sorafenib 

and 80 potential target genes of regorafenib were 

related to HCC. Moreover, 26 genes targeted by both 

sorafenib and regorafenib were related to HCC, as 

determined by regulatory network analysis (Figure 

1A, Supplementary Figure 3). The functional and 

pathway enrichment analysis of screened DEGs was 

performed using the Database for Annotation, 

Visualization and Integrated Discovery (DAVID). The 

top 10 enriched Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathways of sorafenib and 

regorafenib in HCC are shown in Supplementary 

Tables 1, 2. In particular, 15 potential target genes of 

regorafenib were mainly enriched in the PI3K/AKT 

signaling pathway. This finding is consistent with that 

of our previous study that demonstrated that 

activation of the PI3K/AKT signaling pathway was 

responsible for the acquired resistance to sorafenib 

and that inhibition of AKT reversed the resistance in 

HCC [20–23]. 

 

Next, to understand the link between the intersected 

genes, we constructed a protein–protein interaction 

(PPI) network based on the target genes of sorafenib 

and regorafenib in HCC. As shown in Figure 1B, 1C, 

the PPI network of sorafenib consisted of 37 protein 

nodes and 130 edges, whereas the regorafenib 

network consisted of 62 protein nodes and 181 edges. 

Among these nodes, 17 protein nodes were present in 

the intersection of sorafenib and regorafenib, and 82 

nodes were used for survival curve analysis. In total, 

38 genes related to the survival of patients with HCC 

(Supplementary Table 3). TOP2A, MELK, KIF2C, 

ASPM, KIF4A, and KIF14 were among the 10 highest 

degree target proteins of regorafenib that were related 

to the survival in HCC (Supplementary Tables 3, 4). 

The above results also indicate that certain targets of 

regorafenib are similar to those of sorafenib; however, 

more distinct targets exist that may represent the 

latent targets involved in the reversal of sorafenib 

resistance, especially those involved in the PI3K/AKT 

pathway and the single target of regorafenib related to 

survival. 

 

KIF14 is upregulated in sorafenib-resistant HCC 

cells 
 

As described in our previous studies [20–22, 46], we 

established and evaluated two sorafenib-resistant cell 

lines by culturing human HCC Huh7 and HepG2 cells 

in gradually increasing concentrations of sorafenib and 

named them Huh7-SR and HepG2-SR, respectively. To 

investigate the function of latent genes in drug 

resistance to sorafenib in HCC, we first detected the 

mRNA expression of TOP2A, MELK, KIF2C, ASPM, 

KIF4A, and KIF14 in sorafenib-resistant Huh7-SR and 

HepG2-SR cells and compared it with that in the 

corresponding parent cells. As shown in Figure 2A and 

Supplementary Figure 4A, compared with the 

corresponding parent cells, only the expression of 

KIF14 was upregulated among the latent genes in 

sorafenib-resistant Huh7-SR and HepG2-SR cells. 

Although sorafenib still exhibited antitumor activity in 

parent cells by inhibiting the expression of these genes 

and downregulating KIF14 in a concentration-

dependent manner, its effect in downregulating the 

expression of KIF14 in sorafenib-resistant cells 

weakened markedly (Figure 2B and Supplementary 

Figure 4B). 

 

Next, to investigate the protein expression of KIF14, 

sorafenib-resistant HCC cells and parent cells were 

incubated with 0 or 5 μM sorafenib for 48 h and 

subsequently subjected to western blotting. As shown in 

Figure 2C, 2D, compared with the corresponding parent 

cells, KIF14 was upregulated in sorafenib-resistant 

cells. Moreover, the upregulated KIF14 expression was 

confirmed in sorafenib-resistant Huh7-SR cells by 

immunofluorescence assay (Figure 2E). The high 

expression of KIF14 indicated poor OS in patients with 

HCC (Figure 2F). The above results demonstrated that 

the elevated expression of KIF14 was refractory to 

sorafenib-induced downregulation in sorafenib-resistant 

HCC cells. 

 

KIF14 silencing reverses acquired resistance to 

sorafenib in sorafenib-resistant HCC cells 

 

To further investigate the function of KIF14 in acquired 

resistance to sorafenib, we designed and synthesized 

three siRNAs to silence KIF14 (Table 1). As shown in 

Figure 3A, 3B and Supplementary Figure 5, compared 

with the corresponding control, siKIF14 downregulated 

the KIF14 protein in Huh7-SR and HepG2-SR cells. 

Consistent with the downregulated protein expression of 
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KIF14, siRNA-mediated silencing of KIF14 reduced the 

cell viability. Moreover, sorafenib-resistant cells were 

more sensitive to a siKIF14-induced decrease in cell 

viability than the corresponding parent cells (Figure 

3C). Considering the poor effects of siKIF14-1 in 

HepG2-SR cells in inhibiting KIF14 protein expression 

and reducing cell viability, siKIF14-2 and siKIF14-3 

were used in subsequent experiments. 

 

Consequently, we next analyzed the effect of siKIF14 in 

combination with sorafenib. As shown in Figure 3D, 

Huh7-SR and HepG2-SR cells were transfected with 

control or KIF14 siRNAs for 24 h and subsequently 

incubated with increasing concentrations of sorafenib 

for another 24 h. Although sorafenib alone had a limited 

effect on reducing the cell viability in sorafenib-

resistant cells—a drug resistance characteristic as 

previously described [20–22]—siKIF14 in combination 

with sorafenib reduced the cell viability. To investigate 

whether the silencing of KIF14 synergized with 

sorafenib to reduce cell viability, the coefficient of drug 

interaction (CDI) was calculated, as described 

previously [47]. The CDIs of siKIF14 in combination 

with 5 and 10 μM sorafenib were less than 1, indicating 

marked synergistic effects (Supplementary Tables 5 and 

6). The most optimized synergistic effect was exerted 

by siKIF14-3 in combination with 5 μM sorafenib, 

yielding CDIs of 0.69 and 0.66 for HepG2-SR and 

Huh7-SR cells, respectively. This combination was 

consequently used in subsequent experiments. Although 

the silencing of KIF14 did not show the synergistic 

effect with sorafenib in parent cells (Supplementary 

Figure 6), this combination promoted apoptosis in 

sorafenib-resistant cells. As shown in Figure 3E, 3F, 

 

 
 

Figure 1. Analysis of targets involved in drug resistance to sorafenib. (A) The target genes of sorafenib and regorafenib were 
obtained from GSE89410 of the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/) and DrugBank database 
(https://www.drugbank.ca/). The differentially expressed genes (DEGs) of HCC were obtained from The Cancer Genome Atlas (TCGA, 
https://cancergenome.nih.gov/). Next, the overlapping target genes of sorafenib and regorafenib or the intersection genes in HCC were 
obtained by Venn analysis using an online tool (http://bioinformatics.psb.ugent.be/webtools/Venn/). (B and C) The network graphs were 
constructed using Cytoscape software. The protein–protein interaction (PPI) network of sorafenib (B) and regorafenib (C) was analyzed by 
STRING (https://string-db.org/). 

http://www.ncbi.nlm.nih.gov/geo/
https://www.drugbank.ca/
https://cancergenome.nih.gov/
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://string-db.org/
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siKIF14 promoted apoptosis compared with the control 

or sorafenib alone. Further, compared with siKIF14 or 

sorafenib alone, a combination of siKIF14 and sorafenib 

promoted apoptosis. These results were also confirmed 

by detecting annexin V/propidium iodide (PI)-stained 

cells using confocal microscopy (Figure 3G). 

Furthermore, the silencing of KIF14 synergized with 

sorafenib to downregulate pro-caspase 3 and cyclin D1 

and upregulate p27 protein expression in sorafenib-

resistant cells (Figure 3H, 3I), which are downstream 

effectors of KIF14 and targets of sorafenib, and  

regulate cell proliferation and apoptosis [35, 48–50]. 

These results indicated that the silencing of KIF14 

reversed acquired resistance to sorafenib in sorafenib-

resistant cells. 

KIF14 silencing reverses acquired resistance to 

sorafenib by downregulating p-AKT 

 

As shown in our previous studies [21, 22], the 

activation of AKT, as evident from upregulated p-AKT, 

is responsible for the acquired resistance to sorafenib. 

Further, inhibition of AKT synergizes with sorafenib to 

reverse drug resistance. Therefore, in the current study, 

we next assessed the expression of AKT. As shown in 

Figure 4A, the expression of p-AKT was upregulated, 

whereas that of total AKT protein did not in sorafenib-

resistant cells compared with the corresponding parent 

cells. These results indicated that the activation of AKT. 

in sorafenib-resistant cells occurred after its 

translational modification. Recently, KIF14 was 

 

 
 

Figure 2. KIF14 is upregulated in sorafenib-resistant HCC cells. (A and B) Sorafenib-resistant Huh7-SR and HepG2-SR cells and the 
corresponding parent cells were incubated with 0, 2.5, or 5 μM sorafenib for 48 h. KIF14 mRNA levels were measured by quantitative reverse 
transcription-polymerase chain reaction (qRT-PCR) and normalized against glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (B) The 
relative KIF14 mRNA levels of cells treated with 0 μM sorafenib were normalized to 1. (C and D) Sorafenib-resistant Huh7-SR and HepG2-SR 
cells and the corresponding parent cells were incubated with 0 or 5 μM sorafenib for 48 h. The protein expression profiles were detected by 
western blotting (C). The density of each band was normalized to that of β-actin (D). (E) Huh7-SR and Huh7 cells were stained with anti-KIF14 
Ab (red) and DAPI (cellular nuclei, blue) and viewed with an inverted fluorescence microscope. (F) The KIF14 expression was used for survival 
analysis based on the TCGA database. The data represent three independent experiments. Scale bar = 10 μm. “*” Indicates P<0.05, and “**” 
indicates P<0.001; “‡” indicates P<0.001 versus untreated parent cells. 
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Table 1. siRNAs and their target genes used in the study. 

Genes siRNA sequences 

 Forward: 5’ to 3’ Reverse: 5’ to 3’ 

KIF14-1 CUCAGAGCAAGUUGGAUAUTT AUAUCCAACUUGCUCUGAGTT 

KIF14-2 GCCCGUUUAAUAGUCAACATT UGUUGACUAUUAAACGGGCTT 

KIF14-3 GCCAUCUGGAAGAGAUACUTT AGUAUCUCUUCCAGAUGGCTT 

ETS1 ACUUGCUACCAUCCCGUACTT GUACGGGAUGGUAGCAAGUTT [52]  

NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT 

Abbreviations: ETS1, transcription factor E26 transformation-specific sequence 1; KIF14, kinesin family member 14; NC, 
negative control. 
 

reported to cause tumorigenesis in different cancers, 

including HCC, and activate AKT [33, 34, 36–38]. To 

further investigate whether upregulation of KIF14 could 

activate AKT, sorafenib-resistant cells were transfected 

with siKIF14 or control siRNA for 48 h, and 

subsequently harvested for western blotting. As shown 

in Figure 4B, the silencing of KIF14 downregulated p-

AKT but did not affect the total AKT protein levels. 

These results indicated that KIF14 regulated the 

activation of AKT via a posttranslational modification 

in sorafenib-resistant cells. 

 

Consequently, 8-[4-(1-aminocyclobutyl)phenyl]-9-

phenyl-[1,2,4]triazolo[3,4-f] [1,6]naphthyridin-3(2H)-

one dihydrochloride (MK-2206), a highly selective 

non-ATP competitive allosteric inhibitor of AKT, was 

used. Sorafenib-resistant cells were pretreated with 0 

or 10 μM MK-2206 for 24 h, transfected with control 

or siKIF14, and incubated in a medium containing 

MK-2206 for another 24 h. The cells were harvested 

for analysis. As shown in Figure 4C, the silencing of 

KIF14 downregulated p-AKT, whereas down-

regulation of p-AKT by MK-2206 had no effect on 

the expression of KIF14. Moreover, siKIF14 or MK-

2206 alone downregulated pro-caspase 3. However, 

when cells were pretreated with MK-2206 to inhibit 

the AKT pathway, the effect of KIF14 silencing on 

the expression of pro-caspase 3 diminished while 

showing a similar inhibitory effect on the expression 

of KIF14 (Figure 4C). Furthermore, we investigated 

whether KIF14 silencing inhibited proliferation and 

promoted apoptosis after pretreatment with MK-2206. 

As shown in Figure 4D, 4E, pretreatment with MK-

2206 attenuated these effects. These results indicate 

that AKT functions downstream of KIF14 and that 

silencing of KIF14 reverses the acquired resistance to 

sorafenib by downregulating p-AKT. 

KIF14 silencing blocks the AKT–ETS1–KIF14 

positive feedback loop to reverse acquired resistance 

to sorafenib in HCC 
 

We next investigated the mechanism of KIF14 

upregulation in sorafenib-resistant HCC cells. ETS1, a 

transcription factor and downstream molecule of the 

Raf/mitogen-activated protein kinase (MAPK)/ 

extracellular signal-regulated kinase (ERK) signaling 

pathway and the PI3K/AKT pathway [42, 43, 51, 52], is 

downregulated by sorafenib [53] and is involved in drug 

resistance to sorafenib in HCC [45, 50]. Moreover, 

ETS1 upregulated the expression of KIF14 in glioma 

[44]. Therefore, in the current study, we investigated if 

ETS1 could activate KIF14 in sorafenib-resistant HCC. 

As shown in Figure 5A, the total protein expression of 

ETS1 was not different between parent and sorafenib-

resistant cells. The silencing of ETS1 downregulated the 

expression of KIF14 and p-AKT but did not affect the 

total AKT expression (Figure 5B). Silencing of KIF14 
inhibited the phosphorylation of AKT and simul-

taneously downregulated the expression of ETS1 

(Figure 5C). Moreover, the expression of ETS1 was 

downregulated when MK-2206 was used to inhibit the 

AKT pathway (Figure 5D). To further explore the latent 

molecular mechanism, sorafenib-resistant cells were 

pretreated with siKIF14 and MK-2206, and 

subsequently, the protein levels of ETS1 and AKT were 

detected by western blotting. As shown in Figure 5E, 

the cells were transfected with control or KIF14 siRNA 

for 24 h and next transfected with control or ETS1 

siRNA for another 24 h. The cells were finally 

harvested for analysis. The silencing of either KIF14 or 

ETS1 downregulated the expression of p-AKT; 

however, it did not affect the expression of AKT. 

However, following the siRNA-mediated knockdown of 

KIF14, siETS1 did not further amplify the inhibitory 

effect of siKIF14 on p-AKT. These results indicated 
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that KIF14 functions downstream of ETS1 and that 

silencing of ETS1 downregulates the expression of  

p-AKT by inhibiting the expression of KIF14. 

Moreover, pre-treatment of sorafenib-resistant cells 

with MK-2206 to inhibit p-AKT abrogated the siKIF14-

induced inhibition of ETS1 (Figure 5F). Compared with 

parent HCC cells, ETS1 translocated from the 

cytoplasm to the nucleus in sorafenib-resistant cells 

(Figure 5G). The silencing of KIF14 downregulated the 

expression of nuclear ETS1 protein and inhibited its 

translocation (Figure 5H). These results indicate that 

ETS1 functions downstream of KIF14 and that 

silencing of KIF14 inhibits ETS1 by downregulating the 

expression of p-AKT. Altogether, the AKT–ETS1–

KIF14 positive feedback loop is at least partially 

responsible for the upregulation of KIF14 and  

further AKT activation during drug resistance to 

sorafenib in HCC. 

 

 
 

Figure 3. Silencing of KIF14 reverses acquired resistance to sorafenib in sorafenib-resistant HCC cells. (A and B) Sorafenib-
resistant Huh7-SR and HepG2-SR cells were transfected with siKIF14 or negative control (NC) for 48 h. The corresponding untransfected cells 
served as the control. The protein expression profiles were detected by western blotting (A). The density of each band was normalized to 
that of β-actin (B). (C) Huh7-SR and HepG2-SR cells and the corresponding parent cells were transfected with siKIF14 or NC for 48 h. The 
transfection reagents served as the mock control. The corresponding untransfected cells served as the control. Cell viability (%) of transfected 
cells was compared with that of the corresponding untreated cells. (D) Huh7-SR and HepG2-SR cells were transfected with control or siKIF14 
for 24 h and subsequently incubated with increasing concentrations of sorafenib for 24 h. The cell viability (%) of transfected cells was 
compared with that of the corresponding untreated cells. (E and G) Huh7-SR and HepG2-SR cells were transfected with control or siKIF14 for 
24 h and subsequently incubated with 0 or 5 μM sorafenib for 24 h. (E and F) Flow cytometry was used to detect apoptosis and measure the 
rate of apoptosis. (G) Representative images were acquired from Huh7-SR cells stained with annexin V–fluorescein isothiocyanate 
(FITC)/propidium iodide (PI) and viewed by microscopy. Green fluorescent membranes alone represented early-stage apoptotic cells, and 
green fluorescent membranes in combination with red fluorescent nuclei represented late-stage apoptotic cells. (H and I) Cells from (E) were 
subjected to western blotting to detect the protein expression profiles. The density of each band was normalized to that of β-actin. Data 
represent three independent experiments. Scale bar = 100 μm. NS, not significant. “**” Indicates P<0.001; “†” indicates P<0.05, and “‡” 
indicates P<0.001 versus untreated parent cells; # indicates P<0.05, and “##” indicates P<0.001 versus siKIF14 alone. 
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To explore the molecular mechanism of KIF14 
silencing in reversing acquired resistance to sorafenib in 

HCC, sorafenib-resistant cells were transfected with 

control or KIF14 siRNA for 24 h, incubated with 0 or 5 

μM sorafenib for another 24 h, and finally subjected to 

western blotting. As shown in Figure 6A, 6B and 

consistent with the results of our previous studies [21, 

22], sorafenib upregulated the expression of p-AKT in 

sorafenib-resistant cells but did not affect the expression 

of AKT. The silencing of KIF14 inhibited the activation 

of AKT and simultaneously downregulated the 

expression of ETS1, whereas sorafenib alone had no 

effect on the expression of ETS1. A combination of 

siKIF14 and sorafenib suppressed sorafenib-induced 

AKT activation and simultaneously downregulated the 

expression of ETS1. These results were further 

confirmed by immunofluorescence assay. Sorafenib-

resistant cells showed upregulated expression of KIF14 

and p-AKT. The silencing of KIF14 simultaneously 

downregulated the expression of KIF14 and p-AKT 

(Figure 6C). These results indicate that the silencing of 

KIF14 inhibited the AKT–ETS1–KIF14 positive 

feedback loop to reverse acquired resistance to 

sorafenib in HCC. 

 

KIF14 silencing synergizes with sorafenib to 

suppress subcutaneous tumors formed from 

sorafenib-resistant cells in vivo 

 

As described in the Materials and Methods section here 

and in our previous studies [20, 21, 46], sorafenib- 

resistant Huh7-SR cells were subcutaneously inoculated 

 

 
 

Figure 4. KIF14 silencing reverses acquired resistance to sorafenib by downregulating p-AKT. (A) The protein expression profiles 
of sorafenib-resistant Huh7-SR and HepG2-SR cells and the corresponding parent cells were detected by western blotting. Representative 
protein bands are shown. The density of each band was normalized to that of β-actin. (B) Huh7-SR and HepG2-SR cells were transfected 
with control or siKIF14 for 48 h. The protein expression profiles were detected by western blotting. The density of each band was 
normalized to that of β-actin. (C–E) Huh7-SR and HepG2-SR cells were pretreated with 0 or 10 μM MK-2206 for 24 h, transfected with 
control or siKIF14, and incubated in a medium containing MK-2206 for another 24 h. Subsequently, the cells were harvested for analysis. 
The protein expression profiles were detected by western blotting. The density of each band was normalized to that of β-actin (C). The cell 
viability (%) of treated cells was compared with that of the corresponding untreated cells (D). The percentages of apoptotic cells (%) were 
measured by flow cytometry (E). Data represent three independent experiments. NS, not significant. “*” Indicates P<0.05 and “**” 
indicates P<0.001. 
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into nude mice. The sorafenib-resistant ability of 

injected Huh7-SR cells was maintained by orally 

administering the drug daily to mice at a dose of 10 

mg/kg. When the volume of tumors reached 

approximately 100 mm3, the mice were randomly 

assigned to four treatments. As shown in Figure 7A, the 

tumors were refractory to sorafenib because sorafenib-

treated tumors were only slightly smaller than the 

control tumors (1138.3 ± 52.4 mm3 vs. 898.7 ± 89.2 

mm3 in volume) 15 days after the commencement of 

treatments. However, intratumoral injection of siKIF14 

alone reduced the size of tumors (501.3 ± 85.6 mm3 in 

volume) by 55.9%. Compared with control tumors, the 

combination of siKIF14 and sorafenib further reduced 

the tumor size (240.8 ± 54.9 mm3 in volume) by 78.8% 

at the end of experiments. Moreover, compared to the 

 

 
 

Figure 5. The AKT–ETS1–KIF14 positive feedback loop is responsible for the activation of KIF14. (A) The protein expression 
profiles ETS1 in sorafenib-resistant Huh7-SR and HepG2-SR cells and the corresponding parent cells were detected by western blotting. 
Representative protein bands are shown. The density of each band was normalized to that of β-actin. (B) Huh7-SR and HepG2-SR cells were 
transfected with control or siETS1 for 48 h. The protein expression profiles of ETS1, AKT, p-AKT, and KIF14 were detected by western blotting. 
The density of each band was normalized to that of β-actin. (C) Huh7-SR and HepG2-SR cells were transfected with control or siKIF14 for 48 h. 
The protein expression profiles of ETS1, AKT, and p-AKT were detected by western blotting. The density of each band was normalized to that 
of β-actin. (D) Huh7-SR and HepG2-SR cells were incubated with 0 or 10 μM MK-2206 for 48 h. The protein expression profile of ETS1 was 
detected by western blotting. The density of each band was normalized to that of β-actin. (E) Huh7-SR and HepG2-SR cells were transfected 
with control or siKIF14 for 24 h and subsequently transfected with control or siETS1 for another 24 h. The protein expression profiles of AKT 
and p-AKT were detected by western blotting. The density of each band was normalized to that of β-actin. (F) Huh7-SR and HepG2-SR cells 
were incubated with 0 or 10 μM MK-2206 for 24 h and subsequently transfected with control or siKIF14 for another 24 h. The protein 
expression profile of ETS1 was detected by western blotting. The density of each band was normalized to that of β-actin. (G and H) The 
nuclear and cytoplasmic protein expression profiles of ETS1 in sorafenib-resistant cells, and the corresponding parent cells from (A) were 
detected by western blotting (G). The nuclear and cytoplasmic protein expression profiles of ETS1 in Huh7-SR and HepG2-SR cells, transfected 
with control or siKIF14 from (C), were detected by western blotting (H). The band density of nuclear and cytoplasmic proteins was normalized 
to that of Histone H3 and β-actin, respectively. The ratio of nuclear/cytoplasmic protein was calculated. Data represent three independent 
experiments. “*” Indicates P<0.05 and “**” indicates P<0.001. 
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treatment with siKIF14 or sorafenib alone, siKIF14 

synergized with sorafenib to reduce the tumor volumes 

(Figure 7A). The results were supported by the tumor 

weight (Figure 7B) and tumor size (Figure 7C) 

calculated at the end of the experiments. 

 

We used Ki-67 immunohistochemistry and in situ 

terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL) staining to detect cell proliferation 

and apoptosis, respectively. As shown in Figure 7D to 

7F, sorafenib alone exerted a weak effect on cell 

proliferation inhibition and apoptosis promotion. 

However, siKIF14 alone exhibited a stronger 

proliferation inhibitory and proapoptotic activity than 

sorafenib alone in subcutaneous tumors. Moreover, the 

combination of siKIF14 and sorafenib showed stronger 

proliferation inhibitory and proapoptotic activity than 

siKIF14 or sorafenib alone (Figure 7E, 7F). The 

expression of downstream proteins was analyzed by 

western blotting (Figure 7G). Consistent with the in 

vitro results, sorafenib activated AKT, whereas siKIF14 

inactivated AKT in subcutaneous tumors. The siKIF14 

and sorafenib combination inhibited sorafenib-induced 

activation of AKT, downregulated the expression of 

pro-caspase-3 and cyclin D1, and upregulated the 

expression of p27 (Figure 7H). 

 

DISCUSSION 
 

Although extensive studies have been conducted in the 

past few decades to enhance the efficacy of anticancer 

drugs by overcoming chemoresistance, it remains a 

major clinical challenge in HCC treatment [3]. 

Sorafenib is the first approved molecular targeted drug 

for HCC [4, 5]. As previously reported [20–22, 54], 

drug resistance to sorafenib is characterized by a low 

 

 
 

Figure 6. KIF14 silencing inhibits the AKT–ETS1–KIF14 positive feedback loop to reverse acquired resistance to sorafenib in 
HCC. (A and B) Sorafenib-resistant Huh7-SR and HepG2-SR cells were transfected with control or siKIF14 for 24 h and subsequently incubated 
with 0 or 5 μM sorafenib for 24 h. The protein expression profiles of ETS1, AKT, and p-AKT were detected by western blotting (A). The density 
of each band was normalized to that of β-actin (B). (C) Control or siKIF14-transfected Huh7-SR cells were stained with anti-KIF14 Ab (red), 
anti-p-Akt Ab (green), and DAPI (cellular nuclei, blue) and viewed with an inverted fluorescence microscope. Data represent three 
independent experiments. Scale bar = 10 μm. NS, not significant. “*” Indicates P<0.05 and “**” indicates P<0.001. 
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and partial response rate and reduced survival benefits 

and poses a serious concern due to a shortage of 

effective systemic treatments for HCC [5, 9]. The 

present study demonstrates that activation of KIF14 

contributes to the resistance of HCC to sorafenib. 

Moreover, blocking KIF14 enhances the efficacy of 

sorafenib to combat HCC by inhibiting sorafenib-

induced AKT activation to promote apoptosis and 

inhibit proliferation. Further, the activation of KIF14 is 

at least partially attributed to the AKT–ETS1–KIF14 

positive feedback loop. The silencing of KIF14 inhibits 

the AKT activation and simultaneously downregulates 

the expression of ETS1 by blocking the AKT–ETS1–

KIF14 pathway (Figure 8). 

 

Sorafenib and regorafenib are currently principal 

molecular targeted drugs for HCC. They represent the 

standard first-line treatment at initial diagnosis and 

second-line treatment after sorafenib failure in HCC, 

respectively [5, 7]. Although both these drugs have 

similar targets, regorafenib prolongs the median 

survival of patients by approximately another 3 months 

after sorafenib fails [5, 7]. Moreover, regorafenib has 

more potent pharmacological activity in preclinical 

studies [16] and is more effective at inhibiting 

angiogenesis than sorafenib [17]. However, more new 

effective targets, such as tyrosine kinase with 

immunoglobulin and epidermal growth factor homology 

domain 2 (TIE2), which are involved in the antitumor 

activity of regorafenib, are being uncovered [55, 56]. 

These results indicate that the action of regorafenib 

could be different from that of sorafenib and that a 

latent new mechanism of combating drug resistance to 

sorafenib may exist among the effective targets of 

 

 
 

Figure 7. KIF14 silencing synergizes with sorafenib to suppress subcutaneous tumors formed from sorafenib-resistant cells in 
vivo. (A) Subcutaneous tumors were established in mice that received different treatments for 15 days as described in the Materials and 
Methods section. The volume (mm3) of tumors was recorded. (B and C) Tumors harvested at the end of experiments were weighed (B) and 
photographed (C). (D) Representative images of tumor sections stained with anti-Ki-67 Ab (top) and subjected to TUNEL assay (bottom; 
magnification, ×200). (E) The proliferation index (%) and (F) apoptosis index (%) were quantified. (G and H) Western blotting of lysates of 
tumors harvested from (A) at the end of experiments (G). The density of each band was normalized to that of β-actin (H). Scale bar = 500 μm. 
“*” Indicates P<0.05 and “**” indicates P<0.001. 
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regorafenib [3]. Here, we used bioinformatics methods 

to analyze the differentially expressed genes (DEGs) of 

sorafenib and regorafenib in HCC. KIF14 was identified 

and verified as an oncogene involved in acquired 

resistance to sorafenib in HCC. 

 

KIF14 was initially identified as a cytokinesis regulator. 

It is located at the central spindle and the midbody, 

where it exerts multiple biological activities, such as 

cargo-containing vesicle transport, mitotic spindle 

formation, chromosome segregation, and midbody 

formation [38]. Recently, KIF14 has been reported as a 

prognostic biomarker and oncogene in certain 

carcinomas, including breast cancer, colorectal cancer, 

gastric cancer, HCC, lung cancer, ovarian cancer, 

retinoblastoma, and glioblastoma [32, 34–36, 38, 57]. 

KIF14 is a DEG in HCC, and its high expression 

indicates poor OS in patients with HCC, especially 

during the first 80 months after the initial diagnosis 

(Figure 2F). Although no tumorigenesis was observed 

in a KIF14-overexpressing transgenic mouse model, 

enhanced proliferation was observed in multiple tissues 

including the liver [57]. This finding suggested that 

KIF14 rarely functions as an initiating oncogene but as 

an accelerator of tumor development in response to 

other oncogenic insults [57]. We previously showed that 

sustained exposure to sorafenib activated AKT, thus 

stimulating drug resistance to sorafenib in HCC cells 

[20–22]. Recently, silencing of KIF14 downregulated p-

AKT by its direct interaction at the plasma membrane 

[33, 34, 36–38] and reversed drug resistance to 

docetaxel but not to doxorubicin, carboplatin, or 

gemcitabine in breast cancer, indicating the function of 

KIF14 in altering drug resistance by effectively 

targeting antitumor drugs [38]. Herein, we demonstrated 

that the expression of KIF14 was upregulated in 

sorafenib-resistant HCC cells, and its silencing inhibited 

the activation of AKT by downregulating p-AKT, but 

not AKT, to reverse the acquired resistance to sorafenib. 

 

Activation of the PI3K/AKT pathway is a common 

phenomenon in the development and progression of 

HCC. A positive rate was reported in 92.3% of HCC 

tissues [19, 58]. We previously found that activation of 

 

 
 

Figure 8. Schematic representation of the activation of AKT–ETS1–KIF14 positive feedback loop during acquired resistance to 
sorafenib in HCC. +, positive regulation or activation; −, negative regulation or blockade; p, regulation by phosphorylation. The solid line 
indicates direct interaction, whereas the dotted line indicates indirect interaction. 
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AKT induced drug resistance to sorafenib in HCC [21, 

22], which is confirmed by current and other studies 

[24–26]. Sorafenib-resistant HCC cells were established 

by sustained treatment of initially responsive HCC 

parent cells with sorafenib. These cells showed 

sorafenib resistance accompanied by AKT activation 

[21] and inhibited AKT-reversed drug resistance to 

sorafenib by regulating downstream molecules involved 

in apoptosis, autophagy, endoplasmic reticulum, and 

EMT [20–22, 54]. We showed that AKT was activated 

in sorafenib-resistant HCC cells, and blocking it with a 

small molecule inhibitor, such as MK-2206, induced 

cell apoptosis and inhibited cell proliferation. 

Unfortunately, while AKT serves as a promising target 

for reversing drug resistance to sorafenib in preclinical 

studies, its inhibitors have poor clinical accessibility due 

to limited responses [3, 19]. 

 

ETS1, an oncogenic transcription factor and a 

downstream target of the PI3K/AKT pathway, contributes 

to the development and progression of several cancers, 

including HCC [43, 59, 60]. Moreover, ETS1 is 

considered an angiogenesis regulator and is upregulated in 

an AKT-dependent manner in primary endothelial cells 

[59, 60]. Both ETS1 and AKT are regulated by TIE2 in 

endothelial cells; however, this was not investigated in the 

present study [61]. TIE2 contains binding sites for ETS1 

in its promoter region [62] and controls angiogenesis. It is 

an effective target of regorafenib; however, it is not 

inhibited by sorafenib, an established angiogenesis 

inhibitor [16]. ETS1 is upregulated in HCC [41, 45] and is 

involved in drug resistance to sorafenib in HCC [45, 50]. 

Furthermore, its overexpression accelerates the metabolic 

clearance of sorafenib to induce resistance to the drug in 

HCC cells, whereas its blocking enhances the antitumor 

activity of sorafenib [45]. Here, we demonstrated that 

inhibiting AKT by MK-2206 downregulated the 

expression of ETS1. A recent study showed KIF14 as the 

downstream molecule of ETS1 [44]. ETS1 promotes 

angiogenesis by upregulating the expression of KIF14 in 

glioma [44]. Herein, we showed that the silencing of 

ETS1 simultaneously downregulated the expression of 

KIF14 and inhibited the activation of AKT. The silencing 

of KIF14 simultaneously inhibited the activation of AKT 

and downregulated the expression of ETS1. Although we 

could not detect the type of interaction (direct or indirect) 

between these molecules, re-expression of silenced 

protein will strengthen the above results. However, 

inhibiting AKT did not inhibit KIF14, which may explain 

the poor effect of AKT inhibitors in clinical trials [3, 31]. 

In the present study, the expression of ETS1 did not differ 

between sorafenib-resistant and parent HCC cells. 

Generally, transcription factors are translated in the 

cytoplasm and regulate transcription of genes in the 

nucleus by binding to a specific DNA sequence using 

their DNA-binding domain. ETS1 is located both in the 

nucleus and cytoplasm. A recent study reported the 

nuclear exclusion of ETS1 via nucleus-to-cytoplasm 

translocation [63]. In particular, the overexpression of 

nuclear ETS1 was related to drug resistance to 

vemurafenib in melanoma [64, 65]. Another study 

showed the migration of ETS1 into the nucleus to 

upregulate the expression of KIF14 [44]. Similarly, here, 

we showed that ETS1 translocated from the cytoplasm to 

the nucleus in sorafenib-resistant cells and silencing of 

KIF14 inhibited this translocation. These results 

demonstrated that not only the expression but also the 

location of ETS1 could be involved in controlling 

transcription and consequent biological effects. 

 

In summary, the present study demonstrates that 

sustained exposure to sorafenib activates AKT, which 

subsequently upregulates the expression of KIF14 by 

elevating the expression of transcription factor ETS1 in 

sorafenib-resistant HCC cells. Upregulation of KIF14 

contributes to the resistance of HCC to sorafenib. Its 

blocking synergizes with sorafenib to reverse the 

acquired resistance to the drug by inhibiting AKT 

activation and downregulating the expression of ETS1 

by blocking the AKT–ETS1–KIF14 positive feedback 

loop (Figure 8). These findings warrant further 

investigation of KIF14 as a second-line therapeutic 

target after sorafenib failure or in combination with 

sorafenib to strengthen the antitumor effects in HCC. 

 

MATERIALS AND METHODS 
 

Target gene profiles of sorafenib and regorafenib 

 

The expression profiles of target genes of sorafenib and 

regorafenib were obtained from the Gene Expression 

Omnibus (GEO) database (http://www.ncbi.nlm. 

nih.gov/geo/) under the accession number GSE89410 

[66]. It consisted of data obtained from patient-derived 

pluripotent stem cells treated with 1 μM sorafenib, 1 

μM regorafenib, and untreated control cells. 

Furthermore, the target genes of sorafenib and 

regorafenib were obtained from the DrugBank database 

(https://www.drugbank.ca/, version 4.0) [67]. The 

expression profiles of DEGs in HCC were downloaded 

from TCGA (https://cancergenome.nih.gov/) [68]. The 

intersection of target genes of sorafenib or regorafenib 

and DEGs of HCC was analyzed by Venn analysis 

using the online tool (http://bioinformatics.psb.ugent. 

be/webtools/Venn/). The Kyoto Encyclopedia of Genes 

and Genomes (KEGG) pathway enrichment analysis 

was performed using DAVID (https://david.ncifcrf. 

gov/, version 6.8) [69], and the PPI network analysis 

was performed using the online tool STRING 

(https://string-db.org/, version 10.5) [70]. The network 

graphs were constructed using Cytoscape software 

(version 3.5.1) [71]. The genes from the protein nodes 

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
https://www.drugbank.ca/
https://cancergenome.nih.gov/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
https://string-db.org/


 

www.aging-us.com 22988 AGING 

of the PPI network were used for Kaplan–Meier 

survival analysis using the KEGG database. 

 

Cells, antibodies, and reagents 
 

Human HCC Huh7 cell line was obtained from the Cell 

Bank of Type Culture Collection of the Chinese 

Academy of Sciences (Shanghai, China), and the 

HepG2 cell line was obtained from the American Type 

Culture Collection (ATCC; Manassas, VA, USA). The 

corresponding sorafenib-resistant cells, named Huh7-

SR and HepG2-SR, were established by culturing the 

parent cell lines in gradually increased concentrations of 

sorafenib, as previously described [20–22, 46]. Cells 

were routinely cultured at 37°C in Dulbecco’s modified 

Eagle’s medium (DMEM) (Gibco BRL; Grand Island, 

NY, USA) supplemented with 10% fetal bovine serum 

(ExCellBio, Shanghai, China) under 5% CO2 in an 

incubator. The primary antibody (Ab) against KIF14 

was purchased from Abcam (Cambridge, England). Abs 

against AKT, p-AKT (Ser473), caspase-3, p27, cyclin 

D1, and ETS1 were purchased from Cell Signaling 

Technology (Danvers, USA). The anti-β-actin, anti-Ki-

67, and secondary Abs were purchased from Beijing 

Zhongshan Golden Bridge Biotechnology Co., Ltd. 

(Beijing, China). Sorafenib was purchased from Jinan 

Trio Pharmatech Co., Ltd. (Jinan, China). MK-2206 

was purchased from Shanghai Biochempartner Co., Ltd. 

(Shanghai, China). The Cell Counting Kit-8 (CCK-8) 

was purchased from Dojindo Laboratories 

(Mashikimachi, Japan). The annexin V-fluorescein 

isothiocyanate (FITC)/propidium iodide (PI) apoptosis 

detection kit was obtained from BD Biosciences. The 

TUNEL assay agent was purchased from Roche. 

 

Quantitative reverse transcription-polymerase chain 

reaction 
 

Huh7, HepG2, or the corresponding sorafenib-resistant 

cells in the logarithmic phase were incubated with 0, 

2.5, or 5 μM sorafenib for 48 h, and total RNA was 

extracted using TRIzol (GENEWIZ Biotechnology Co., 

Ltd., Suzhou, China) according to the manufacturer’s 

instructions. The primers used to amplify human genes 

are shown in Table 2 and Supplementary Table 7. The 

methods have been described in detail previously [20, 

46]. Briefly, the reverse transcription products obtained 

from the total RNA were loaded onto the TaqMan array 

for quantitative reverse transcription-polymerase chain 

reaction (qRT-PCR) using an Mx3000P real-time PCR 

system (Stratagene, USA). The specificity of 

amplification was confirmed by the melting curves. 

Relative mRNA levels of genes were calculated using 

the Ct values and normalized against that of 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 

according to the equation: 2−ΔCt[ΔCt = Ct target 

gene−Ct GAPDH]. The experiments were repeated 

thrice, and the average results were calculated. 

 

Western blotting 
 

The method for western blotting has been described 

previously [20, 22, 54]. Briefly, the total cellular proteins 

were extracted by cell lysis buffer (Beyotime 

Biotechnology; Beijing, China). The cellular, nuclear, and 

cytoplasmic proteins were extracted using a Nuclear and 

Cytoplasmic Protein Extraction Kit (BioTeke 

Corporation; Beijing, China) according to the 

manufacturer’s instructions. The protein concentration of 

cell lysates was determined using the protein assay kit 

(Bio-Rad; Richmond, CA, USA). The lysates were boiled 

in the sample buffer for 5 min. Next, 30 μg of protein was 

subjected to sodium dodecyl sulfate (SDS)-

polyacrylamide gel electrophoresis, and the resolved 

proteins were transferred onto polyvinylidene difluoride 

(PVDF) membranes. The membranes were blocked with 

5% skim milk in TBST (Tris-buffered saline with 0.1% 

Tween 20) and subsequently incubated with primary 

antibodies against KIF14, AKT, p-AKT, pro-caspase-3, 

p27, Cyclin D1, ETS1, and β-actin overnight at 4°C. After 

washing five times with TBST, the membranes were 

incubated with alkaline phosphatase-conjugated 

secondary Ab. The antibody–antigen complexes were 

observed by placing the membranes in a gel-imaging 

system and adding 200 μL/membrane of enhanced 

chemiluminescence (ECL) plus detection reagent (Pierce 

Chemical; Rockford, IL, USA). β-actin was used as the 

loading control. All experiments were repeated thrice. 

 

Immunofluorescence assay 
 

Huh7 and HepG2 cells or Huh7-SR cells were transfected 

with control or KIF14 siRNA for 48 h. Next, the cells 

were fixed with 4% paraformaldehyde and permeabilized 

in 0.5% Triton X-100. The cells were blocked with 5% 

bovine serum albumin (BSA) for 1 h at 37°C. 

Subsequently, the cells were incubated with anti-KIF14 

and/or anti-AKT primary Abs overnight at 4°C, followed 

by incubation with fluorochrome-conjugated secondary 

antibody diluted in antibody dilution buffer for 1 h at 

room temperature in the dark. The DNA was stained 

using DAPI. Images of immunostained cells were 

acquired using an inverted fluorescence microscope. 

 

siRNA transfection 
 

All siRNA duplexes were synthesized by Gemma 

Pharmaceutical Technology Co., Ltd. (Shanghai, 

China). Their sequences and corresponding target genes 

are shown in Table 1. The siRNAs targeting KIF14 and 

ETS1 were named siKIF14 and siETS1, respectively, and 

the negative control siRNA was called NC. The siRNA 
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Table 2. Primers used for RT-PCR in the study. 

Genes Gene ID Primers (5’ to 3’) 

KIF14 9928 
Forward: TGCCCCCAGTAGAGCAAAT 

Reverse: ACTCAGGGAAGCAATGGGTG 

ETS1 2113 
Forward: GTCGTGGTAAACTCGG 

Reverse: CAGCAGGAATGACAGG 

GAPDH 2597 
Forward: AAGAAGGTGGTGAAGCAGGC 

Reverse: TCCACCACCCAGT TGCTGTA 

Abbreviations: ETS1, transcription factor E26 transformation-specific sequence 1; GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase; KIF14, kinesin family member 14. 
 

transfection methods have been previously described in 

detail [20–22, 72]. In brief, Huh7, HepG2, Huh7-SR, and 

HepG2-SR cells (5 × 105 cells per well) in the logarithmic 

phase were cultured in 6-well plates for 24 h. After the 

cells had grown to 70% to 90% confluence, 

Lipofectamine 3000 (Thermo Fisher Scientific; 

Massachusetts, USA) and siKIF14, siETS1, or NC were 

diluted with Opti-MEM medium according to the 

manufacturer’s instructions. Next, the diluted siRNA was 

added to diluted Lipofectamine 3000 in equal volumes to 

obtain 50 nM as the final working concentration of 

siKIF14, siETS1, and NC. HCC cells were transfected 

with the corresponding siRNAs for 24 to 48 h and 

subsequently subjected to different assays. To verify the 

efficacy of siRNA, the cells were lysed, and the 

expression of related proteins was analyzed by western 

blotting. The experiments were repeated thrice. 

 

Cell viability assay 
 

Cell viability was analyzed using the CCK-8 assay, 

which has been described previously [22]. In brief, 

Huh7, HepG2, or the corresponding sorafenib-resistant 

cells were plated in 96-well culture plates at a density of 

3 × 103 cells/well overnight, and transfected with 

siKIF14 and/or incubated with 10 μM MK-2206 or 

gradually increasing concentrations of sorafenib for 24 

to 48 h. The culture medium was replaced with fresh 

medium containing 10 μL/well of CCK-8 solution for 2 

h at 37°C, and the optical density (OD) at 450 nm was 

measured. Cell viability (%) was calculated according 

to the formula: (experiment OD value−blank OD 

value)/(control OD value−blank OD value) × 100%. 

The experiments were repeated thrice, and the average 

results were calculated. 

 

Detection of cell apoptosis in vitro 
 

Cell apoptosis in vitro was detected by annexin V–

FITC/PI staining and flow cytometry, as previously 

described [21–23]. Briefly, HCC cells were transfected 

with siKIF14 and/or incubated with 5 μM sorafenib or 

10 μM MK-2206 for 24 to 48 h, and subsequently 

harvested. HCC cells (1 × 105) were resuspended in 100 

μL of binding buffer, and subsequently, 5 μL of annexin 

V and 5 μL of PI were added and incubated in the dark 

at room temperature for 15 min. Next, the apoptosis rate 

(%) was measured using the Beckman Coulter Epics 

Altra II cytometer (Beckman Coulter; California, USA). 

The experiments were repeated thrice, and the average 

results were calculated. 

 

Animal experiments 
 

Male BALB/c-nu/nu immunodeficient mice (6 to 8 

weeks old), obtained from Shanghai Laboratory Animal 

Center (SLAC) Laboratory Animal Co., Ltd. (Shanghai, 

China), were raised in specific pathogen-free (SPF) 

level mobile animal breeding rooms at the Fourth 

Affiliated Hospital of Harbin Medical University. The 

animal experiments were approved by the Animal 

Ethics Committee of Harbin Medical University (permit 

no. SYXK20020009) in compliance with the 

Experimental Animal Regulations by the National 

Science and Technology Commission, China. The 

protocol has been described previously [20, 21, 46, 54]. 

Briefly, Huh7-SR cells in the logarithmic phase were 

harvested and counted and subsequently diluted with 

serum-free DMEM medium. A total of 5 × 106 cells 

were subcutaneously injected into the back of mice for 

tumor formation. To maintain the sorafenib-resistant 

ability of Huh7-SR cells, the drug was dissolved in a 

solvent containing chromophore (Sigma-Aldrich), 95% 

ethanol, and water in a volume ratio of 1:1:6 and was 

administered to mice at an oral dose of 10 mg/kg daily. 

Subcutaneous tumors were measured by a Vernier 

caliper every 3 days. The tumor volume was calculated 

according to the longest and shortest vertical diameters 

using the following formula: π/6 × a2 × b, where “a” 

represents the short axis, and “b” represents the long 
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axis. When the tumor volume reached approximately 

100 mm3, the mice were randomly assigned to four 

treatment groups (n = 6/group): control, sorafenib, 

siKIF14, and sorafenib + siKIF14. Sorafenib was 

administered to mice in the sorafenib and sorafenib + 

siKIF14 groups by gavage at a dose of 30 mg/kg daily. 

A total of 250 pmol siKIF14 was intratumorally injected 

by mixing with Lipofectamine 3000 at a concentration 

of 5 pmol/μL and injected once every 3 days, five times, 

in mice in the siKIF14 and sorafenib + siKIF14 groups. 

Mice in the sorafenib group simultaneously received an 

intratumoral injection of NC, and those in the control 

group received oral vehicle and an intratumoral 

injection of NC. The tumor volumes were measured 

every 3 days. The tumors were harvested at the end of 

the experiments. 

 

Immunohistochemistry, in situ detection of apoptotic 

cells, quantification of Ki-67 proliferation index 
 

All these methods have been described in detail 

elsewhere [21, 54, 72]. 

 

Statistical analysis 
 

The data are expressed as mean values ± standard 

deviations (SDs). Statistical analysis was performed 

using the SPSS 20.0 statistical software (SPSS 224 Inc., 

IL, USA). Comparisons were made using one-way 

analysis of variance (ANOVA) followed by Dunnett’s t-
test. A P<0.05 was considered significant. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 
 

 
 

Supplementary Figure 1. DEGs from the GEO database. The gene expression profiles of GSE89410 were downloaded from the GEO 
database (http://www.ncbi.nlm.nih.gov/geo/), which consists of data from patient-derived pluripotent stem cells treated with 1 μM 
sorafenib, 1 μM regorafenib and no treatment controls. DEGs, differentially expressed genes; GEO, Gene Expression Omnibus. 

 

http://www.ncbi.nlm.nih.gov/geo/
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Supplementary Figure 2. DEGs identified from the GEO and DrugBank databases. (A) DEGs downloaded from the GSE89410 
dataset. (B) Genes induced by sorafenib and regorafenib obtained from the DrugBank database (https://www.drugbank.ca/). (C) Genes 
induced by sorafenib and regorafenib from (A) and (B) integrated into a Venn diagram (online tool: 
http://bioinformatics.psb.ugent.be/webtools/Venn/). DEGs, differentially expressed genes; GEO, Gene Expression Omnibus. 

 

 
 

Supplementary Figure 3. DEGs induced by sorafenib and regorafenib in HCC. DEGs in HCC were downloaded from The Cancer 
Genome Atlas (https://cancergenome.nih.gov/). (A) DEGs in HCC and the sorafenib target genes identified in a Venn diagram. (B) DEGs in 
HCC and the regorafenib target genes were identified in a Venn diagram. (C) DEGs in HCC and the intersection of the sorafenib and 
regorafenib target genes identified in a Venn diagram. DEGs, differentially expressed genes; HCC, hepatocellular carcinoma. 

https://www.drugbank.ca/
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://cancergenome.nih.gov/
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Supplementary Figure 4. DEGs from bioinformatics analysis identified using qRT-PCR. (A) Gene expression in sorafenib-resistant 
Huh7-SR and HepG2-SR cells and the corresponding parental cells detected with qRT-PCR. (B) Huh7 cells were incubated for 48 h with 0, 2.5 
or 5 μM sorafenib. mRNA expression was measured by qRT-PCR and normalized to GAPDH. The level of mRNA from untreated cells was 
assigned a value of 1. Data represent three independent experiments. NS, not significant. “**” indicates P<0.001. DEGs, differentially 
expressed genes; qRT-PCR, quantitative reverse-transcription polymerase chain reaction. 
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Supplementary Figure 5. KIF14 protein expression profile is unaffected by NC. Huh7-SR (A) and HepG2-SR (B) cells were 
transfected for 48 h with NC, after which western blot analysis was used to assess the protein expression profiles. The density of each band 

was normalized to that of -actin. The transfection reagents served as a mock control. Corresponding untransfected cells served as a control. 
Data represent three independent experiments. NC, negative control. 
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Supplementary Figure 6. Silencing KIF14 does not have a synergistic effect with sorafenib in parental HCC cells. (A) Huh7 and 
HepG2 cells were transfected for 24 h with control or siKIF14 and then incubated for 24 h with 0 or 5 μM sorafenib. Cells were then analyzed 
cytometrically to detect apoptosis, and the rates of apoptosis were determined. (B, C) Cells from (A) were subjected to western blot analysis 
to assess protein expression profiles (B). The density of each band was normalized to that of -actin (C). Data represent three independent 
experiments. NS, not significant. “**” indicates P<0.001.  
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Supplementary Tables 
 

Supplementary Table 1. Top 10 enriched KEGG pathways of sorafenib in HCC. 

Category Term Count P Value 

KEGG hsa00830:Retinol metabolism 7 8.55E-07 

KEGG hsa00982:Drug metabolism - cytochrome P450 7 1.12E-06 

KEGG hsa05204:Chemical carcinogenesis 7 2.94E-06 

KEGG hsa00591:Linoleic acid metabolism 5 1.34E-05 

KEGG hsa00980:Metabolism of xenobiotics by cytochrome P450 5 5.51E-04 

KEGG hsa00140:Steroid hormone biosynthesis 4 3.29E-03 

KEGG hsa00590:Arachidonic acid metabolism 4 3.98E-03 

KEGG hsa00983:Drug metabolism - other enzymes 3 2.37E-02 

KEGG hsa00232:Caffeine metabolism 2 2.58E-02 

KEGG hsa01100:Metabolic pathways 12 4.29E-02 

 

Supplementary Table 2. Top 10 enriched KEGG pathways of regorafenib in HCC. 

Category Term Count P Value 

KEGG hsa04151:PI3K-Akt signaling pathway 15 4.72E-08 

KEGG hsa00982:Drug metabolism - cytochrome P450 8 3.49E-07 

KEGG hsa00830:Retinol metabolism 7 4.93E-06 

KEGG hsa05204:Chemical carcinogenesis 6 2.13E-04 

KEGG hsa04512:ECM-receptor interaction 6 3.15E-04 

KEGG hsa00591:Linoleic acid metabolism 4 1.01E-03 

KEGG hsa00980:Metabolism of xenobiotics by cytochrome P450 5 1.65E-03 

KEGG hsa04510:Focal adhesion 7 2.82E-03 

KEGG hsa04015:Rap1 signaling pathway 7 3.10E-03 

KEGG hsa00590:Arachidonic acid metabolism 4 8.93E-03 
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Supplementary Table 3. The genes related to the survival of HCC patients in PPI network. 

Gene 
Logrank 

p value 
Gene 

Logrank 

p value 
Gene 

Logrank 

p value 
Gene 

Logrank 

p value 

KIF2C 0.000011 MELK 0.0015 KIF14 0.0052 SHCBP1 0.018 

EXO1 0.00034 DNA2 0.0015 TEK 0.0052 CYP3A4 0.019 

ASPM 0.00061 PDE2A 0.0017 CYP2C8 0.0064 CDC6 0.02 

CYP2C9 0.0007 PLK4 0.0028 KNTC1 0.0072 NCAPH 0.02 

ECT2 0.00076 BUB1B 0.0028 CCNE2 0.0072 ITGA2 0.022 

ANLN 0.00085 TOP2A 0.0028 ABCA9 0.0075 ESPL1 0.024 

TYMS 0.0009 POLQ 0.0033 TCF19 0.01 ZNF692 0.024 

KIF4A 0.001 MYBL2 0.0034 TARBP1 0.013 COL15A1 0.037 

KIF15 0.0011 TROAP 0.0035 MSH5 0.014   

STMN1 0.0011 DTL 0.0049 XDH 0.015 
  

Abbreviations: PPI, protein-protein interaction. 

 

Supplementary Table 4. Top10 highest degree proteins of sorafenib and regorafenib in PPI network. 

SORAFENIB REGORAFENIB 

Node Type Degree Node Type Degree 

EXO1 down 14 TOP2A down 22 

TYMS down 14 CDKN3 down 16 

POLQ down 13 MELK down 16 

PLK4 down 13 KIF2C down 15 

UBE2C down 12 ASPM down 15 

BUB1B down 12 KIF4A down 14 

DTL down 12 KIF14 down 14 

KIF15 down 12 LRRK2 up 14 

ANLN down 12 TYMS down 13 

CDC6 down 11 KNTC1 down 13 

 

Supplementary Table 5. The CDIs of siKIF14 in combination with sorafenib in Huh7-SR cells. 

Sorafenib (μM) siKIF4-2 siKIF4-3 

2.5 0.99 0.98 

5 0.69 0.69 

10 0.72 0.75 

Abbreviations: CDI, coefficient of drug interaction. 
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Supplementary Table 6. The CDIs of siKIF14 in combination with sorafenib in HepG2-SR cells. 

Sorafenib (μM) siKIF4-2 siKIF4-3 

2.5 0.97 0.95 

5 0.67 0.66 

10 0.71 0.73 

Abbreviations: CDI, coefficient of drug interaction. 

 

Supplementary Table 7. The primers used for RT-PCR in this study. 

Genes Gene ID  Primers (5’ to 3’) 

ECT2 1894 
Forward: GCAAGAGTGGTTCTGGGGAA 

Reverse: TTGCGATTGCTGTTAGGGGT 

TOP2A 7153 
Forward: GAAGTGTCACCATTGCAGCC 

Reverse: TGTCTGGGCGGAGCAAAATA 

MELK 9833 
Forward: AGATGTTTGGAGCATGGGCA 

Reverse: ATGCTACTGGGAGAGAGCCA 

KIF4A 24137 
Forward: ACGCCATCTGAATGACCTCC 

Reverse: CCACGCACTTCAGTAAGGGA 

ASPM 259266 
Forward: ATCATCCTGCAATCTAGGATAAGAA 

Reverse: AAATAAGCACGCCAATGCCTC 

 
 


