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A B S T R A C T   

Sorafenib is an important treatment strategy for advanced hepatocellular carcinoma (HCC). 
Unfortunately, drug resistance has become a major obstacle in sorafenib application. In this study, 
whole transcriptome sequencing (WTS) was conducted to compare the paired differences between 
non-coding RNAs (ncRNAs), including long non-coding RNAs (lncRNAs), circular RNAs (circR
NAs), microRNAs (miRNAs), and mRNAs, in sorafenib-resistant and parental cells. The overlap of 
differentially expressed ncRNAs (DENs) between the SMMC7721/S and Huh7/S cells and their 
parental cells was determined. 2 upregulated and 3 downregulated lncRNAs, 2 upregulated and 1 
downregulated circRNAs, as well as 10 upregulated and 2 downregulated miRNAs, in both 
SMMC7721/S and Huh7/S cells, attracted more attention. The target genes of these DENs were 
then identified as the overlaps between the differentially expressed mRNAs achieved using the 
WTS analysis and the predicted genes of DENs obtained using the “co-localization” or “co- 
expression,” miRanda, and RNAhybrid analysis. Consequently, the potential regulatory network 
between overlapping DENs and their target genes in both SMMC7721/S and Huh7/S cells was 
explored. The “lncRNA-miRNA-mRNA” and “circRNA-miRNA-mRNA” networks were constructed 
based on the competitive endogenous RNA (ceRNA) theory using the Cytoscape software. In 
particular, lncRNA MED17-203-miRNA (miR-193a-5p, miR-197-3p, miR-27a-5p, miR-320b, miR- 
767-3p, miR-767-5p, miR-92a-3p, let-7c-5p)-mRNA,” “circ_0002874-miR-27a-5p-mRNA” and 
“circ_0078607-miR-320b-mRNA” networks were first introduced in sorafenib-resistant HCC. 
Furthermore, these networks were most probably connected to the process of metabolic 
reprogramming, where the activation of the PPAR, HIF-1, Hippo, and TGF-β signaling pathways is 
governed. Alternatively, the network “circ_0002874-miR-27a-5p-mRNA” was also involved in the 
regulation of the activation of TGF-β signaling pathways, thus advancing Epithelial-mesenchymal 
transition (EMT). These findings provide a theoretical basis for exploring the mechanisms un
derlying sorafenib resistance mediated by metabolic reprogramming and EMT in HCC.   

1. Introduction 

Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-related deaths worldwide [1]. Most patients are diagnosed 
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during clinically advanced stages due to the early symptoms of hiding [2]. Sorafenib, a multiple-kinase inhibitor, is the first-line drug 
for treating advanced HCC [3]. However, drug resistance is a major obstacle for many patients with advanced HCC, leading to an 
unsatisfactory survival rate [4]. Elucidating the mechanism of sorafenib resistance and identifying targets for reversing drug resistance 
have, therefore, become top priorities. 

Recently, non-coding RNAs (ncRNAs), including long non-coding RNAs (lncRNAs), circular RNAs (circRNAs), and microRNAs 
(miRNAs), have been received increasing attentions. They have been found to transcriptionally and post-transcriptionally regulate 
vital processes in the progression of complex diseases, especially cancers [5]. In particular, lncRNAs are RNA molecules with lengths 
greater than 200 nt, and they generally do not encode proteins. LncRNAs have been ignored as useless transcripts for the longest time 
but have recently been found to play essential reoles in the pathogenesis of numerous diseases, such as cancer and immune deficiency 
disorders [6]. As newly discovered epigenetic RNA, lncRNAs also play vital roles in oncogenesis and tumor progression in HCC [7]. 
CircRNAs with a length of over 200 nt are mainly produced by precursor mRNA (pre-mRNA) through variable splicing processing; the 
5’and 3′ ends covalently combine to form a closed structure, widely present in animals and plants. Its unique circular structure allows it 
to evade the degradation by RNA enzymes and enhances internal stability [8]. CircRNAs have been proven to be widely distributed in 
cancer progression and are novel biomarkers and therapeutic targets for HCC [9,10]. MiRNAs represent a class of small endogenous 
ncRNAs located at fragile sites and breakpoints associated with tumors [11], where they are involved in most biological processes by 
imposing regulation on the expression of target genes [12]. MiRNAs have emerged as putative targets for the diagnosis, clinical 
treatment and prognostic evaluation of HCC [13]. 

LncRNAs or circRNAs can serve as miRNA “sponges” by targeting the common miRNA response elements to construct an RNAse- 
induced silencing complex, thus regulating the expression of target mRNA. This global mechanism, known as competitive endogenous 
RNA (ceRNA), was first described in 2011 [14]. In recent years, the understanding of the mechanisms of ncRNAs in the development of 
drug resistance in tumor cells has continuously improved on a continued basis, in which a ceRNA-based regulatory mechanism is 
involved [15]. However, exploration of novel ncRNAs and a clear consensus on the detailed mechanisms involved in sorafenib 
resistance in HCC are still lacking. 

Whole transcriptome sequencing (WTS) is a one-stop solution that focuses on the aggregation of all transcriptional products 
(lncRNAs, circRNAs, miRNAs and mRNAs) in specific cells or tissues in a certain state. It can be used to conduct multiple RNA joint 
analyses, internal ceRNA integration analysis, molecular marker screening, and to explore potential regulatory network mechanisms 
[16]. Here, WTS was exhibited in sorafenib-resistant HCC cell lines Huh7/S and SMMC7721/S compared with their parental cells. In 
particular, 257 upregulated and 177 downregulated lncRNAs were identified in SMMC7721/S cells compared to those in SMMC7721 
cells, and 65 upregulated and 115 downregulated lncRNAs were identified in Huh7/S cells compared to those in Huh7 cells. Alter
natively, 61 and 19 upregulated, but 40 and 11 downregulated circRNAs have been determined in SMMC7721/S cells and Huh7/S 
cells, respectively, compared to Huh7 and SMMC7721 cells. Furthermore, 83 downregulated and 84 upregulated miRNAs in 
SMMC7721/S cells; 40 downregulated and 41 upregulated miRNAs in Huh7/S cells were screened. Additionally, the overlapped 
differentially expressed ncRNAs (DENs) in both SMMC7721/S and Huh7/S cells including the lncRNA SNHG1-229, lncRNA 
MED17-203, lncRNA SPINT1-AS1-202, lncRNA TPM1-233, lncRNA TPM4-229, circ_0001944, circ_0078607, circ_0002874, 
miR-193a-5p, miR-197-3p, miR-27a-5p, miR-320b, miR-767-3p, miR-767-5p, miR-92a-3p and let-7c-5p were identified for the first 
time in sorafenib-resistant HCC. 

Accordingly, the three networks firstly stood head and shoulders, where the overlapping DENs and their target genes in both 
SMMC7721/S and Huh7/S cells may be interrelated to promote sorafenib resistance in HCC. In particular, the network “lncRNA 
MED17-203-miRNA (miR-193a-5p, miR-197-3p, miR-27a-5p, miR-320b, miR-767-3p, miR-767-5p, miR-92a-3p, let-7c-5p)-mRNA” 
was involved in the lipid and alpha-amino acid metabolic, as well as the fatty acid transport process, and was enriched in the PPAR and 
HIF-1 signaling pathways. Alternatively, the network “circ_0002874-miR-27a-5p-mRNA” participated in the alpha-amino acid 
metabolic, cell-cell adhesion and ion transport process, as well as the activation of the Hippo signaling pathway. Furthermore, the 
network “circ_0078607-miR-320b-mRNA” was enriched in vesicle-mediated transport process, which can be regulated by the acti
vation of the TGF-β signaling pathway. These findings suggested that the “lncRNA MED17-203-miRNA-mRNA,” “circ_0002874-miR- 
27a-5p-mRNA,” and “circ_0078607-miR-320b-mRNA” networks should not be in the shadows, but can be valued for their roles to 
promote sorafenib resistance by encouraging metabolic reprogramming where the activation of PPAR, HIF-1, Hippo and TGF-β 
signaling pathways was regulated. Moreover, the network “circ_0002874-miR-27a-5p-mRNA” may also be widely distributed in 
Epithelial-mesenchymal transition (EMT), in addition to metabolic reprogramming to encourage sorafenib resistance in which the 
activation of the Hippo signaling pathway is modulated. 

Taken together, these detailed and originality findings point to a new path and direction for exploring the mechanisms inducing 
sorafenib resistance, and thus searching for reliable means to reverse sorafenib resistance in HCC. 

2. Materials and methods 

2.1. Cells 

SMMC7721 and Huh7 cells were obtained from Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Two sorafenib- 
resistant HCC lines SMMC7721/S and Huh7/S, were established in vitro using the continuity induction method. Briefly, SMMC7721 
and Huh7 cells at the logarithmic growth phase were seeded in the culture medium containing sorafenib at an initial concentration of 
1 μmol/L. Every two days later, surviving cells were re-collected and cultured with a fresh medium having a higher concentration of 
sorafenib (increasing by 0.1 μmol/L each time). The construction of SMMC7721/S and Huh7/S cells was completed over 8 months. 
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2.2. RNA quantification and qualification 

The SMMC7721, Huh7, SMMC7721/S, and Huh7/S cells were collected. Total RNA was extracted using a TRIZOL reagent. RNA 
degradation and contamination were monitored using 1 % agarose gel electrophoresis. The RNA purity was assessed using a Nano
Photometer® spectrophotometer (IMPLEN, CA, USA). RNA concentration was measured using Qubit® RNA Assay Kit in Qubit® 2.0 
Fluorometer (Life Technologies, CA, USA). RNA integrity was assessed using the RNA Nano 6000 Assay Kit on a Bioanalyzer 2100 
system (Agilent Technologies, CA, USA). 

2.3. Library preparation for transcriptome sequencing 

A total amount of 3 μg RNA per sample was used as input material for the RNA sample preparations. Sequencing libraries were 
generated using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) following manufacturer’s recommendations, and 
index codes were added to attribute sequences to each sample. Briefly, mRNA was purified from the total RNA using poly T oligo- 
attached magnetic beads. Fragmentation was carried out using divalent cations at elevated temperature in the NEBNext First 
Strand Synthesis Reaction Buffer. The first strand cDNA was synthesized using random hexamer primers and M-MuLV Reverse 
Transcriptase. Second strand cDNA synthesis was subsequently performed using DNA polymerase I and RNase H. The remaining 
overhangs were converted into blunt ends via exonuclease/polymerase activity. After adenylation of 3′ ends of DNA fragments, 
NEBNext Adaptor with hairpin loop structure was ligated to prepare for hybridization. To select cDNA fragments of preferentially 
150–200 bp in length, the library fragments were purified using the AMPure XP system (Beckman Coulter, Beverly, USA). Then, 3 μL 
USER Enzyme (NEB, USA) was used with size-selected, adaptor-ligated cDNA at 37 ◦C for 15 min followed by 5 min at 95 ◦C before 
PCR. PCR was performed using the Phusion High-Fidelity DNA polymerase, Universal PCR primers, and Index (X) Primer. Finally, PCR 
products were purified (AMPure XP system), and library quality was assessed using an Agilent Bioanalyzer 2100 system. 

2.4. Clustering and sequencing 

Qualified libraries were pooled and sequenced on an Illumina platform using the PE150 strategy to analyze differentially expressed 
lncRNAs and circRNAs. Alternatively, clustering of the index-coded samples was performed on a cBot Cluster Generation System using 
the TruSeq PE Cluster Kit v3-cBot-HS and SE50 (Illumina) to analyze differentially expressed miRNAs and mRNAs. After cluster 
generation, the library preparations were sequenced on an Illumina HiSeq platform, and 125 bp/150 bp paired-end reads were 
generated. 

2.5. Reads mapping to the reference genome 

Raw data (raw reads) in the FASTQ format were first processed using in-house Perl scripts. In this step, clean data (clean reads) 
were obtained by removing following reads: (1) reads with 5′ adapter; (2) reads without 3′ adapter or insert sequence; (3) reads with 
more than 10 % N; (4) reads with more than 50 % nucleotides with Qphred ≤ 20; (5) reads with ploy A/T/G/C. Adapter trimming for 
the removal of adapter sequences from the 3’ ends of reads was also performed. Simultaneously, Q20, Q30, and GC contents of the 
clean data were calculated. All downstream analyses were based on clean, high-quality data. The reference genome and gene model 
annotation files were downloaded directly from the genome website. The index of the reference genome was built using STAR [17] or 
HISAT2 (V2.0.5) [18] software, and clean paired-end clean reads were aligned to the reference genome using HISAT2 (V2.0.5) or STAR 
(V2.5.1b) software. In particular, clean reads for each sample were first mapped to a reference genome using the software HISAT2. 
STAR uses the maximal applicable prefix (MMP) method, which can generate precise mapping results for junction reads. The small 
RNA tags were also mapped to reference sequence using the Bowtie-0.12.9 software [19] to process raw sequencing data to get the 
reads count of miRNA. 

2.6. Identification of ncRNAs and mRNAs 

The read alignment results for lncRNAs were transferred to the StringTie program (StringTie1.3.3b) for transcript assembly. All the 
transcripts were merged using Cuffmerge software. LncRNAs and mRNAs were then identified from the assembled transcripts 
following four steps: (1) Removal of lowly expressed transcripts with Fragments Per Kilobase of transcript sequence per Millions base 
pairs sequenced (FPKM)<0.5; (2) Removal of short transcripts<200 bp and <2 exons; (3) Removal of the transcripts mapped within 
the 1 kb flanking regions of an annotated gene using Cuffcompare software. In particular, the transcripts with protein-coding capability 
using CNCI, Pfam and CPC2 database were identified as the predicted mRNAs. LncRNAs were distinguished from mRNAs by comparing 
the transcript length, exon count, and ORF length. Novel lncRNAs were named following rules of The HUGO Gene Nomenclature 
Committee (HGNC). The characteristics of novel lncRNA was compared with known lncRNA and mRNA. Alternatively, the circRNAs 
were detected and identified using find_ circ [20] and CIRI2 [21]. Circos software was used to construct the circos figure. Furthermore, 
mapped small RNA tags were used to looking for known miRNA. MiRBase20.0 was used as reference, modified software mirdeep2 [22] 
and srna-tools-cli were used to obtain the potential miRNA and draw the secondary structures. The available software miREvo [23] and 
mirdeep2 were integrated to predict novel miRNA through exploring the secondary structure. Custom scripts were used to obtain the 
miRNA counts as well as base bias on the first position of identified miRNA with certain length and on each position of all identified 
miRNA respectively. 
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2.7. Quantification of gene expression level 

When the quantification of expression level of circRNA and miRNA was performed, the raw counts were first normalized using 
transcript per million (TPM) through the following criteria: Normalized expression level = ReadCount*1,000,000)/libsize (libsize is 
the sum of circRNA or miRNA readcount). Alternatively, quantification of lncRNA and mRNA was identified following two steps: (1) 
The read numbers mapped to each gene were counted using the HTSeq (V0.6.0); (2) Reads Per Kilobase of transcript per Million 
mapped reads (RPKM) were obtained. The FPKM of each gene was calculated based on the length of the gene and the read count 
mapped to the gene. FPKM, the expected number of Fragments Per Kilobase of transcript sequence per million base pairs sequenced, 
considers the effect of sequencing depth and gene length on the read count simultaneously and is currently the most commonly used 
method for estimating gene expression levels. 

2.8. Differential expression analysis 

The GATK (V4.1.1.0) software was used to perform SNP calling. Raw VCF files were filtered using the GATK standard filter method 
and other parameters (cluster:3, WindowSize:35, QD < 2.0, FS > 30.0, and DP < 10). The read counts were adjusted by edgeR program 
package with one scaling normalization factor. 

Differential expression analysis of circRNAs and miRNAs was performed using the DESeq2 R package (V1.20.0). Differential 
expression analysis of lncRNAs and mRNAs was exhibited using Cuffdiff or edgeR (V3.2.4). P-values were adjusted using the Benjamini 
& Hochberg method for controlling the false discovery rate. Significantly differentially expressed genes were screened based on the 
following criteria: Corrected P-value<0.05 (Padj<0.05) and an absolute fold change of two was set as the threshold for significantly 
differential expression. In particular, overlapping DENs in SMMC7721/S and Huh7/S cells were identified. 

2.9. Identification for the target genes of DENs 

LncRNAs share the same transcript with mRNAs and regulate the expression of target genes (mRNAs) through “co-localization” or 
“co-expression” [24]. Herein, the target mRNAs of the differentially expressed lncRNAs were predicted using the “co-localization” and 
“co-expression”analysis. In particular,“co-localization” was considered to be the nearest location based on a reference genome map 
using reads mapping. “Co-localization-expressed” genes were identified based on the positional relationship between lncRNA and 
mRNA within a range of 100 kb. Alternatively, “co-expressed” genes were selected based on the correlation between lncRNA and 
mRNA expression, with screening conditions requiring a pearson correlation coefficient greater than 0.95. CircRNAs are found to be 
produced from pre-mRNA back-splicing of thousands of genes in eukaryotes [25]. Thus, the target mRNAs of the differentially 
expressed circRNAs were determined as the source genes of circRNAs in the reference genome map Target mRNAs of differentially 
expressed miRNAs were predicted using intersecting analysis of miRanda and RNAhybrid software [26,27]. Finally, the target genes 
were identified as the overlaps between the predicted genes of these DENs and differentially expressed mRNAs obtained using the WTS 
analysis. 

2.10. Interaction correlation analysis between DENs and mRNAs 

Intersection analysis between target genes of overlapping lncRNAs and miRNAs in both SMMC7721/S and Huh7/S cells was 
performed. Intersection analysis between target genes of overlapping circRNAs and miRNAs in both SMMC7721/S and Huh7/S cells 
was also exhibited. According to ceRNA theory, there is a competitive relationship between miRNAs that interact with lncRNAs or 
circRNAs. The “lncRNA -miRNA-mRNA” network was constructed based on ceRNA theory using the Cytoscape software where 
overlapped mRNAs of lncRNAs and miRNAs, as well as overlapping DENs in both SMMC7721/S and Huh7/S cells were involved in. 
The “circRNA-miRNA-mRNA” network was also constructed in which overlapped mRNAs of circRNAs and miRNAs, as well as over
lapping DENs in both SMMC7721/S and Huh7/S cells were also involved. In particular, upregulated miRNAs and downregulated 
lncRNAs or circRNAs and mRNAs, as well as downregulated miRNAs and upregulated lncRNAs or circRNAs and mRNAs, were 
demonstrated in these networks. The distance and position of ncRNAs in these networks depend on the strength of their expression 
correlation. 

2.11. GO and KEGG enrichment analysis 

Gene Ontology (GO) enrichment analysis for the target genes of DENs was implemented using the clusterProfiler R package, in 
which gene length bias was corrected. GO terms with corrected P-values less than 0.05 were considered significantly enriched by 
differentially expressed genes. In particular, the GO covers three domains: cellular components (CC), molecular functions (MF), and 
biological processes (BP). 

In living organisms, different genes coordinate with each other to perform their biological functions, and significant enrichment 
can determine the main biochemical metabolic, and signal transduction pathways in which candidate target genes participate [28]. 

Kyoto Encyclopedia of Genes and Genomes (KEGG) is a database resource for understanding high-level functions and utilities of the 
biological systems, such as cells, organisms, and ecosystems, from molecular-level information, especially large-scale molecular 
datasets generated by genome sequencing and other high-through put experimental technologies (http://www.genome.jp/kegg/) [29] 
Pathway significance enrichment analysis uses KEGG Pathways as a unit and applies hypergeometric tests to identify pathways that are 
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Fig. 1. The determination for DENs in sorafenib-resistant cells, compared to sorafenib-sensitive HCC cells. (A and B) The volcano map for 
differentially expressed lncRNAs in SMMC7721/S and Huh7/S cells, compared to SMMC7721 and Huh7 cells, respectively. (C and D) The volcano 
plot image for differentially expressed circRNAs in SMMC7721/S compared to SMMC7721 cells (C), and in Huh7/S compared to Huh7 cells (D). (E 
and F) The volcano map for differentially expressed miRNAs in SMMC7721/S, compared to SMMC7721 cells (E), and in Huh7/S, compared to Huh7 
cells (F). For the volcano plot image, the horizontal axis represents the change in the expression fold (log2FoldChange) of DENs in different 
experimental groups/samples, while the vertical axis represents the statistical significance of the change in the expression of DENs. The “UP” and 
“DOWN” represents the upregulated and downregulated DENs, respectively. Padj is the value obtained using Benjamini and Hochberg’s method to 
perform multiple tests. Padj<0.05. Fold Change≥1.0. 
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Fig. 2. The identification for DENs, which partially play a vital role in the development of sorafenib resistance. (A) The Venn diagram 
showing the differentially expressed lncRNAs in both SMMC7721/S and Huh7/S cells, compared to their parental cells. (B) Details for these 
differentially expressed lncRNAs in both SMMC7721/S and Huh7/S cells, compared to SMMC7721 and Huh7 cells, respectively. (C and D) The 
Venn map (C) and the detail information (D) for the differentially expressed circRNAs in both SMMC7721/S and Huh7/S cells, compared to 
SMMC7721 and Huh7 cells respectively. (E and F) The Venn map (E) and the details (F) for the differentially expressed miRNAs in both 
SMMC7721/S and Huh7/S cells. The values in the intersection in the Venn map represent the number of DENs in both SMMC7721/S and Huh7/ 
S cells. 
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significantly enriched in candidate target genes compared to the entire genome background. The R clusterProfiler package was used to 
test the statistical enrichment of expression genes in the KEGG pathways. The 20 most significant GO and KEGG enrichment pathways 
are drawn as a bar chart; the horizontal axis in the figure represents the KEGG pathway, and the vertical axis represents the significance 
level of pathway enrichment, with higher values indicating greater significance. 

3. Results 

3.1. The identification of DENs in sorafenib-resistant HCC cells 

Whole transcriptome sequencing in sorafenib-resistant compared to sorafenib-sensitive HCC cell lines may be used to understand 
how acquired drug resistance occurs. Therefore, the DENs with fold change≥1 were firstly identified in SMMC7721/S cells and Huh7/ 
S cells, compared to Huh7 and SMMC7721 cells. A total of 257 upregulated and 177 downregulated lncRNAs were identified in 
SMMC7721/S cells compared to those in SMMC7721 cells (Fig. 1A). In addition, 65 upregulated and 115 downregulated lncRNAs were 
confirmed in Huh7/S cells compared to Huh7 cells (Fig. 1B). Alternatively, 61 upregulated and 40 downregulated circRNAs were 

Fig. 3. The construction of an interactive network in sorafenib-resistant HCC cells based on ceRNA theory using the Cytoscape software. 
(A) A network “lncRNA MED17-203-miRNA-mRNA” based on lncRNA MED17-203, miR-193a-5p, miR-197-3p, miR-27a-5p, miR-320b, miR-767-3p, 
miR-767-5p, miR-92a-3p, let-7c-5p and indicated mRNAs.(B) An interactive network “circ_0002874-miR-27a-5p-mRNA” depicts that circ_0002874 
targeted miR-27a-5p and downstream mRNAs. (C) “Circ_0078607-miR-320b-mRNA” network showing the interactive relationship between 
circ_0078607, miR-320b, and mRNAs. 
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Fig. 4. GO functional and KEGG pathway enrichment analysis for the target genes in these networks. (A) and (B) The enrichment map of GO 
terms (A) and KEGG pathways (B) for indicated mRNAs in the “lncRNA MED17-203-miRNA-mRNA” network. (C) and (D) GO and KEGG bar for 
these mRNAs of functional (C) and KEGG pathway enrichment (D) in the “circ_0002874-miR-27a-5p-mRNA” network. (E) and (F) The identification 
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determined in SMMC7721/S cells compared to those in SMMC7721 cells (Fig. 1C). 19 upregulated and 11 downregulated circRNAs 
were also identified in Huh7/S cells compared to those in Huh7 cells (Fig. 1D). 84 upregulated and 83 downregulated miRNAs in 
SMMC7721/S cells (Fig. 1E); 41 upregulated and 40 downregulated miRNAs in Huh7/S cells were screened (Fig. 1F). The heatmaps 
showing the differentially expressed ncRNAs with similar patterns were obtained using the clustering analysis and were shown in 
Supplementary Fig. 1.These findings point the way for further exploration of the function of differentially expressed ncRNA-related 
sorafenib resistance in HCC. 

3.2. The identification for DENs suspected to sorafenib resistance in HCC cells 

As shown in Fig. 1, so many DENs were obtained from the two separate sorafenib-resistant HCC lines; therefore, it was difficult to 
identify novel markers involved in sorafenib resistance. Interestingly, the target genes of differentially expressed miRNAs in 
SMMC7721/S and Huh7/S cells were enriched in the processes of protein phosphorylation, intracellular signal transduction and cell- 
cell adhesion. However, no overlap in gene function and pathway enrichment for the target genes of these differentially expressed 
lncRNAs or circRNAs in both SMMC7721/S and Huh7/S cells was found (Supplementary Fig. 2). Thus, we focused on DENs with an 
intersection between SMMC7721/S cells and Huh7/S cells to identify common issues that encourage sorafenib resistance in HCC. In 
particular, 2 upregulated (lncRNA SNHG1-229 and lncRNA MED17-203) and 3 downregulated lncRNAs (lncRNA SPINT1-AS1-202, 
lncRNA TPM1-233 and lncRNA TPM4-229) in both SMMC7721/S and Huh7/S cells attracted our attention (Fig. 2A and B). As 
demonstrated in Fig. 2C and D, 2 upregulated circRNAs (circ_0001944 and circ_0078607) and 1 downregulated circRNA 
(circ_0002874) in both SMMC7721/S and Huh7/S cells were also of interest. Moreover, 10 upregulated (miR-193a-5p, miR-197-3p, 
miR-27a-5p, miR-320b, miR-335-3p, miR-551b-5p, miR-767-3p, miR-767-5p, miR-92a-1-5p, and miR-92a-3p) and 2 downregulated 
miRNAs (let-7c-5p and miR-99a-5p) in both SMMC7721/S and Huh7/S cells were confirmed (Fig. 2E and F). 

3.3. The depiction of interactive network diagrams involved in the development of sorafenib resistance in HCC 

Based on the findings mentioned above, it is unclear whether an interactive network exists among the DENs with an intersection 
between these two sorafenib-resistant HCC cells. In particular, the “lncRNA-miRNA-mRNA” network was constructed based on ceRNA 
theory using the Cytoscape software, where overlapping mRNAs of lncRNAs and miRNAs, as well as DENs in both SMMC7721/S and 
Huh7/S cells were involved in. The “circRNA-miRNA-mRNA” network was also constructed in which overlapping mRNAs of circRNAs 
and miRNAs, as well as DENs in both SMMC7721/S and Huh7/S cells were also involved. Herein, a network based on “lncRNA MED17- 
203-miRNA-mRNA” has been identified in which lncRNA MED17-203, miR-193a-5p, miR-197-3p, miR-27a-5p, miR-320b, miR-767- 
3p, miR-767-5p, miR-92a-3p, let-7c-5p, and indicated mRNAs were involved (Fig. 3A). Interestingly, KCNJ18 was located at the hub of 
the network, in which lncRNA MED17-203 targeted miR-197-3p, miR-767-3p, and miR-320b. Furthermore, a network “circ_0002874- 
miR-27a-5p-mRNA” based circ_0002874 and miR-27a-5p was also established, as shown in Fig. 3B. PRCD, MPDU1, LGALS4, NAA10, 
TGFBR3, SEMA6B, ZNF672, HIST1H1D, WIPF2, and RTL8A represented several mRNAs at the forefront of the charge in terms of the 
interactive relationships between circ_0002874, miR-27a-5p, and the indicated mRNAs. Similarly, another “circRNA-miRNA-mRNA” 
network was provided, as demonstrated in Fig. 3C. In particular, circ_0078607 targeted miR-320b to regulate downstream gene 
expression. CDC42EP5, FABP3, NSMF, ADAMTS10, GRB10, F12, IA2, and MIA2 attracted considerable attention in this network 
because they are closely related to miR-320b. 

3.4. The identification for the function and pathway enrichment of the target genes in these networks 

These findings prompted us to continue exploring the mechanisms underlying sorafenib resistance, which are clearly related to 
overlapping DENs and their target genes. Thus, functional and pathway enrichment analysis of the target genes in these networks were 
performed. GO functional and KEGG pathway enrichment analysis demonstrated that these mRNAs located in the “lncRNA MED17- 
203-miRNA-mRNA” network were involved in the lipid and alpha-amino acid metabolic, as well as the fatty acid transport process 
(Fig. 4A and Supplementary Figs. 3A–C). Moreover, these mRNAs based on this network were enriched in the PPAR and HIF-1 
signaling pathways (Fig. 4B). 

Alternatively, these mRNAs in the “circ_0002874-miR-27a-5p-mRNA” regulatory network were involved in the alpha-amino acid 
metabolic, cell-cell adhesion, and ion transport process (Fig. 4C and Supplementary Figs. 3D–F). They participated in the activation of 
the Hippo signaling pathway (Fig. 4D). 

Additionally, GO and KEGG pathway analysis for indicated mRNAs involved in the “circ_0078607-miR-320b-mRNA” network was 
also carried out. These mRNAs were enriched in the vesicle-mediated transport process (Fig. 4E and Supplementary Figs. 3G–I), which 
can be regulated by the activation of the TGF-β signaling pathway (Fig. 4F). 

A steady influx of fatty acids and ions, as well as a well-recognized increase in lipids and amino acids, may comprise an important 
chapter in the story of metabolic reprogramming [30]. Thus, we can assume that these networks can be considered as a motive force to 
support sorafenib resistance in HCC by promoting metabolic reprogramming. Alternatively, EMT is recognized as a reversible change 
in the process of epithelial cells transforming into mesenchymal phenotype cells, where cytoskeletal recombination loses polarity and 

of GO function (E) and KEGG pathway enrichment (F) for these mRNAs in the “circ_0078607-miR-miR-320b-mRNA” network. The corrected P-value 
(Padj) < 0.05 was considered significantly enriched by differentially expressed genes. The 20 most significant GO and KEGG enrichment pathways 
were drawn as a bar chart. 
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Fig. 4. (continued). 
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Fig. 4. (continued). 
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adhesion weakens, resulting in increased cell motility and invasiveness, as well as enhanced cell-cell adhesion [31]. It is reasonable to 
speculate that EMT is another mechanism encouraging aggressive malignant bio-behaviors of sorafenib-treated HCC cells where the 
network “circ_0002874-miR-27a-5p-mRNA” is also involved in. 

4. Discussion 

Sorafenib can prolong the survival period and improve the quality of life of patients with advanced HCC, but it has been shown to 
offer unfavorable outcomes in patients with resistant conditions. The mechanisms underlying sorafenib resistance in HCC are poorly 
understood. 

Traditionally, enhanced DNA repair, altered drug targets, drug inactivation, reduced drug absorption, and increased drug efflux 
have been the major mechanisms that advance drug resistance in tumor cells [32]. However, tumor cells progressively optimize 
themselves to accumulate genetic alterations, thus accommodating a complicated TME [33]. These so-called “successful” tumor cells 
exhibited intratumor heterogeneity and constructed such epigenetic genetic maps, where ncRNAs, including lncRNAs, circRNAs, and 
miRNAs, played the role of a sentry very well. Some are tipped to trigger drug resistance, whereas others may be fortunate guards, but 
they are also defeated at the end of in the story of drug resistance [34]. 

However, previous studies have mostly focused on selecting a type of sorafenib-resistant cell line and analyzing a specific ncRNA, 
where Microarray analysis was usually exhibited. Subsequently, ncRNAs involved in sorafenib resistance in HCC are selected by 
borrowing their roles in the progress of drug resistance in other types of tumors. Therefore, novel ncRNAs may be dropped out of sight 
while exploring the mechanisms underlying sorafenib resistance in HCC. Herein, WTS but not Microarray analysis, which was usually 
used in previous studies, was performed. One-time acquisition of differentially expressed lncRNAs, circRNAs, miRNAs, and mRNAs in 
sorafenib-resistant HCC cell lines compared to their parental cells was achieved. In particular, the overlap of DENs in both SMMC7721/ 
S and Huh7/S cells derived from different types of parental cells attracted more attention to investigate the mechanisms promoting 
sorafenib resistance. Interestingly, overlapping DENs, including the lncRNA SNHG1-229, lncRNA MED17-203, lncRNA SPINT1-AS1- 
202, lncRNA TPM1-233, and lncRNA TPM4-229; circ_0001944, circ_0002874, and circ_0078607; and miR-27a-5p and miR-320b, have 
not been confirmed in HCC, much less for their implications in sorafenib treatment in HCC. Alternatively,miR-193a-5p [35], 
miR-197-3p [36], miR-767-3p [37], and let-7c-5p [38] inhibits cell growth, proliferation, and invasion. In contrast, upregulation of 
miR-767-5p correlates well with disease progression and predicts poor prognosis in patients with HCC [39]. MiR-92a-3p also promotes 
the malignant progression of HCC by mediating the PI3K/AKT/mTOR signaling pathway [40]. However, these miRNAs have not been 
reported to be associated with sorafenib treatment of HCC. Collectively, our findings have identified some novel ncRNAs that may be 
provided with greater “powers” to encourage sorafenib resistance in HCC. 

Obviously, the target genes of these DENs, as well as the interactive network among these target genes and DENs, should be 
identified to provide more convincing evidence regarding their role in encouraging sorafenib resistance in HCC. Herein, the “lncRNA 
MED17-203-miRNA-mRNA,” “circ_0002874-miR-27a-5p-mRNA” and “circ_0078607-miR-320b-mRNA” networks were established. 
To the best of our knowledge, this is the first report on these networks in sorafenib-resistant HCC. 

Subsequently, the functional and enrichment identification of target genes in these networks must be performed to reveal the 
underlying mechanisms that promote sorafenib resistance in HCC. Interestingly, target genes in these networks are involved in 
metabolic reprogramming. The activation of the PPAR and HIF-1, Hippo, and TGF-β signaling pathways is highly likely to be closely 
related to metabolic reprogramming regulated by these networks. Metabolic reprogramming has enjoyed high exposure and is closely 
related to drug resistance in tumor cells, including HCC [41]. HCC is recognized as one of the most hypoxic malignancies, and the 
dizziness caused by HIFs induction contributes to drug resistance in sorafenib-treated HCC [42]. It has been found that HIF-mediated 
induction of metabolic reprogramming is an important mechanism to hinder significantly the efficacy of sorafenib in HCC [43]. 
Huh7/S cells showed markedly higher glucose uptake and lactate production, indicating augmented glycolysis. HIF-mediated in
duction of glucose metabolism contributes to sorafenib resistance in multiple HCC cell lines, including Huh7/S cells [44]. Furthermore, 
HIF-mediated suppression of mitochondrial metabolism is involved in the development of sorafenib resistance by lowering ROS levels 
in sorafenib-treated hypoxic HCC [45]. Additionally, phosphoglycerate dehydrogenase (PHGDH), the first committed enzyme in the 
serine synthesis pathway (SSP), has been regarded as a critical driver for sorafenib resistance by increasing the αKG, serine, and 
NADPH production [46]. More interestingly, the activation of the HIF-1α/PPAR-γ/PKM2 pathway encourages PKM2-mediated 
glycolysis to inhibit cell apoptosis [47], and PPARδ reprograms glutamine metabolism, thus in-sensitizing HCC cells to sorafenib [48]. 

However, it is rarely to be reported for the activation of the Hippo and TGF-β signaling pathways in the metabolic reprogramming 
that promoted sorafenib resistance in HCC. Recently, miR-494 was found to induce metabolic changes that modulate the response to 
sorafenib in HCC through G6pc targeting [49]. However, few reports involve a clearer explanation for the role of other ncRNAs in 
metabolic reprogramming and sorafenib resistance in HCC that was mediated by the activation of the PPAR, HIF-1, Hippo, and TGF-β 
signaling pathways. Moreover, there was no report regarding that the networks “lncRNA MED17-203-miRNA-mRNA,” 
“circ_0002874-miR-27a-5p-mRNA,” and “circ_0078607-miR-320b-mRNA” were involved in the regulation of the activation of the 
PPAR, HIF-1, Hippo and TGF-β signaling pathways to induce sorafenib resistance in HCC by regulating the process of the metabolism 
and transport of lipid, α-amino acid, fatty acid and ion. 

Our findings also suggest that the target genes in the “circ_0002874-miR-27a-5p-mRNA”network are concerned with EMT, where 
the activation of the Hippo signaling pathway was monitored. EMT is considered a new mechanism leading to drug resistance because 
tumor cells exhibiting acquired drug resistance often tended to be interstitially differentiated, whereas tumor cells with inherent 
interstitial differentiation often exhibit primary drug resistance [50]. Previously, our group has revealed that EMT is closely connected 
to sorafenib resistance in HCC, with ncRNAs playing integral roles in this process [51]. For example, miR-216a/217 encourages EMT 
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development by activating the PTEN/PI3K/AKT and SMAD7/TGF-β pathways, thereby introducing sorafenib resistance in HCC [52]. 
LncRNA SNHG3 [53], lncRNA MALAT1 [54], and lncRNA-POIR [55] activate the miR-128/CD151 and miR-140-5p/Aurora-a axis and 
sponge miR-182-5p, thus encouraging EMT and sorafenib resistance in HCC. LncRNA MAFG-AS1 also promotes EMT and sorafenib 
resistance in HCC by targeting the miR-3196/STRN4 axis [56]. In contrast, circMEMO1 targets the miR-106b-5p/TET1/5hmC axis to 
enhance TCF21 promoter methylation, which can hinder EMT and improve the sensitivity of HCC cells [57]. However, no reports 
mentioned that the activation of the Hippo signaling pathway regulated by the “circ_0002874-miR-27a-5p-mRNA” network con
tributes to the development of EMT and sorafenib resistance in HCC. 

Therefore, our findings replenished and deepened previous achievements, and have a great significance for exploring underlining 
mechanisms that promote sorafenib resistance in HCC, particularly the role of ncRNAs. Although some novelties draw our attention, it 
is true that there are still many shortcomings to the article. First, the statistically significant and biologically meaningful findings 
should be distinguished. A series of experiments such as CCK-8 assay, chimeric algorithm prediction, Co-Immunoprecipitation assay, RNA 
immunopreciptation and Fluorescence in situ hybridization assay should be conducted to confirm the specific lncRNA or circRNA and 
miRNA as well as targeted mRNAs in these networks that encourage sorafenib resistance. We intended to focus on KCNJ18, a 48-kDa 
potassium channel protein that was previously identified in esophageal squamous cell carcinoma for its role in promoting cell cycle 
and proliferation [58], which is now confirmed firstly in our study. An in-depth exploration will be performed on the exact role of 
KCNJ18 in this core position in the network, where lncRNA MED17-203 targets miR-197-3p, miR-767-3p, and miR-320b, especially for 
its implications in the activation of the PPAR and HIF-1 signaling pathways and metabolic reprogramming. Alternatively, we can 
expand this foundation for investigation based on PRCD, MPDU1, LGALS4, NAA10, TGFBR3, SEMA6B, ZNF672, HIST1H1D, WIPF2, 
and RTL8A. Because these targeted genes were followed closely behind circ_0002874/miR-27a-5p, and were rarely to be reported 
about their roles in the activation of the Hippo signaling pathways, as well as metabolic reprogramming, EMT development, and 
sorafenib resistance in HCC. Similarly, the mechanisms promoting metabolic reprogramming and sorafenib resistance that was closely 
associated with the activation of the TGF-β signaling pathway should be determined based on CDC42EP5, FABP3, NSMF, ADAMTS10, 
GRB10, F12, IA2, and MIA2. Because they were tightly bound and close to circ_0078607/miR-320b. Furthermore, the clinical cor
relation between these overlapping DENs and sorafenib resistance in HCC requires further exploration. The validation of clinical 
effects is a necessary path to achieve “clinical reversal” through “theoretical exploration,” which still has a long way to go. 

In conclusion, our data opens new avenues for the optimization of sorafenib applications. In particular, the “lncRNA MED17-203- 
miRNA-mRNA,” “circ_0002874-miR-27a-5p-mRNA,” and “circ_0078607-miR-320b-mRNA” networks were highly likely to promote 
metabolic reprogramming and EMT, thus highlighting a bright future for overcoming sorafenib resistance in HCC. 
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