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Abstract: Sorafenib, a novel orally-available multikinase inhibitor blocking several crucial oncogenic signaling path-
ways, presented survival benefits and became the first-line drug for treatment of patients with Hepatocellular car-
cinoma (HCC). However, the acquired resistance to Sorafenib resulted in limited benefits. In this study, we aimed to 
explore possible agents that might overcome Sorafenib resistance by bioinformatics methods. The gene expression 
profiles of HCC-3sp (acquired Sorafenib-resistance) and HCC-3p (Sorafenib-sensitive) cell line were downloaded 
from Gene Expression Omnibus (GEO) database. Then, the differentially expressed genes (DEGs) were selected us-
ing dChip software. Furthermore, Gene Ontology (GO) and pathway enrichment analyses were performed by DAVID 
database. Finally, the Connectivity Map was utilized to predict potential chemicals for reversing Sorafenib resis-
tance. Consequently, a total of 541 DEGs were identified, which were associated with cell extracellular matrix, cell 
adhesion and binding-related items. KEGG pathway analysis indicated that 8 dysfunctional pathways were enriched. 
Finally, several small molecules, such as pregnenolone and lomustine, were screened out as potential therapeutic 
agents capable of overcoming Sorafenib resistance. The data identified some potential small molecule drugs for 
treatment of Sorafenib resistance and offered a novel strategy for investigation and treatments of HCC.

Keywords: Sorafenib resistance, differentially expressed genes, dysfunctional pathway, function enrichment analy-
sis, hepatocellular carcinoma

Introduction

Hepatocellular carcinoma (HCC) is one of the 
most common malignancies with complex 
molecular mechanisms [1]. Most HCC patients 
are diagnosed at its late stage. However, the 
conventional chemotherapies are usually inef-
fective treatments for them, leading to poor 
outcome. Sorafenib, an orally multikinase inhib-
itor targeting a series of molecular pathways 
mediated by PDGFR, VEGFR, or Raf kinase, pre-
sented dramatically therapeutic effect on 
patients with HCC, including reduction of recur-
rence risk and prolongation of overall survival 
[2]. Sorafenib has been proved to be the stan-
dard first-line therapeutic agent for advan- 
ced HCC by the US Food and Drug Administration 
(FDA). However, the acquired resistance even-
tually occurred in most of patients with initial 
response to Sorafenib, which seriously offset 

its clinical benefit and became a severe clinical 
challenge for HCC treatment.

It is still not fully understood about the molecu-
lar mechanism related to acquired Sorafenib-
resistance. Previous studies have described 
that various dysfunctional signal pathways were 
involved in this progress. For instance, several 
abnormal expression and/or activation of sig-
naling molecules such as ERK [3], Met/Akt [4], 
CD44 [5], TGF-β [5], SETD4 [6] and HIF-2α [7] 
were included. Besides, recent evidence sug-
gests that Sorafenib resistance of HCC cells 
may be associated with altered autophagy me- 
chanism [8]. Moreover, epithelial-mesenchymal 
transition (EMT) contributed to not only Sora- 
fenib resistance but also cell proliferation, 
metastasis and recurrence of HCC [9]. In addi-
tion, recent reports revealed that HCC stem 
cells might play important roles in Sorafenib 
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resistance [10]. Taking together, these data 
demonstrated that various factors induced 
Sorafenib-resistance in HCC through multiple 
pathways. Therefore, it is difficult to treat 
Sorafenib-resistant HCC patients by interrupt-
ing single molecular or pathway.

Recently, numerous approaches in the attempt 
to overcome Sorafenib resistance have been 
reported, such as a combination with 2-Meth- 
oxyestradiol [11], knockout of ADAM10 [12] 
and inhibition of Akt [13]. However, the treat-
ment effectiveness was limited due to the 
unclear pathogenesis. In fact, many investiga-
tions mainly concentrated on a certain target. 
Since mechanisms of Sorafenib resistance 
involved multiple alterations in cellular and 
molecular levels, traditional therapeutic app- 
roaches targeting any single gene were insuffi-
cient to illuminate the molecular mechanism. 
Thus, it is critical to explore gene variation in 
Sorafenib resistance by more powerful genome-
wide technologies, which might help clarify the 
nature of Sorafenib resistance and then devel-
op effective treatment strategies.

Microarray is a high-throughput tool for carrying 
out global gene expression profiles efficiently, 
which has been widely used to explore the 

nib resistance and develop new potential thera-
peutic drugs for its reversion.

Methods

Identification of differentially expressed genes 
(DEGs) from public microarray data

The public gene expression profile (GSE26391) 
was downloaded from the Gene Expression 
Omnibus (GEO) database (http://www.ncbi.nlm.
nih.gov/geo/) for obtaining the DEGs in acquired 
Sorafenib-resistant HCC cells compared to 
Sorafenib-sensitive HCC cells. This dataset was 
uploaded by Van et al in 2011 [14], containing 
HCC cell line HCC-3p (Sorafenib-sensitive) and 
HCC-3sp (acquired Sorafenib-resistance), whi- 
ch were isolated from one HCC patient. Then, 
the dataset was analyzed by dChip software 
(v.2011.01) (http://www.hsph.harvard.edu/). T 
test was used to identify Sorafenib resistance-
related DEGs between HCC-3sp and HCC-3p 
cells, with a threshold of P-value < 0.05 and 
fold-change ≥ 1.5.

Functional enrichment analysis of DEGs

The functional enrichment analysis of the DEGs 
was performed by the Database for Annotation, 

Table 1. The most significant up-regulated and down-regulat-
ed DEGs (Top 15)

Probe set Gene symbol Fold change P value
Up-regulated 7961693 ldhb 3.74 0.000002

7971077 postn 3.52 0.003723
8056257 Fap 3.02 0.000012
7917182 ELTD1 2.98 0.000714
7961514 MGP 2.94 0.002494
8127563 col12a1 2.83 0.000193
8112980 edil3 2.76 0.000093
8163257 lpar1 2.71 0.000127
8059905 Col6a3 2.69 0.000005
8021081 Slc14a1 2.65 0.000027

Down-regulated 8017766 Apoh -3.99 0.000033
8103326 FGG -3.70 0.000045
8149521 FGL1 -3.64 0
7957023 LYZ -3.51 0
8097910 fgb -3.50 0.000006
8084648 AHSG -3.42 0
8098439 epcam -3.33 0.000037
7926061 ITIH2 -3.33 0.000001
8082797 TF -3.17 0.00001
8103311 FGA -3.16 0.00043

mechanisms underlying some dis-
eases. Previous reports success-
fully described the gene expression 
profile of acquired Sorafenib-re- 
sistant hepatocellular carcinoma 
cells by using this tool [14]. Thus, to 
better understand the intrinsic 
mechanisms and develop effective 
drugs, it is necessary to perform 
further research about gene expre- 
ssion profile of acquired Sorafenib 
resistance. Therefore, in the pres-
ent study, using computational bio-
informatics methods, public micro-
array data were downloaded for 
identifying differentially expressed 
genes (DEGs) between acquired 
Sorafenib-resistant and -sensitive 
hepatocellular carcinoma cells. The 
functions of DEGs were further in- 
vestigated by Gene Ontology (GO) 
annotation and pathway enrichme- 
nt. In addition, candidate small mo- 
lecules for reversing Sorafenib-re- 
sistance were screened by CMAP. 
We aimed to better understand the 
molecular mechanisms of Sorafe- 
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Visualization and Integrated Discovery (DAVID) 
database, including gene ontology (GO) func-

tion analysis and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway analysis. In GO 

Figure 1. GO enrichment of DEGs in cellular 
component ontology (Top 20).

Figure 2. GO enrichment of 
DEGs in biological process 
ontology (Top 20).
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analysis, the categories include cellular compo-
nent (CC), biological process (BP), and molecu-
lar function (MF) terms, and P-value < 0.01 was 
regarded as statistically significant differences. 
In KEGG pathways analysis, enriched pathways 
were identified according to the hypergeomet-
ric distribution with a P-value of < 0.01.

Connectivity Map analysis

CMAP (The Connectivity Map, http://www.bro- 
ad.mit.edu/cmap/) database contains more 
than 7,000 expression signatures involving 
6100 small molecules as treatment-control 
pairs. By comparing queried expression signa-
tures, CMAP has previously been applied to 
explore the mechanisms of drug action, as well 
as to identify new potential drugs [15, 16]. The 
DEGs, divided into down-regulated and up-reg-
ulated groups, were submitted to CMAP for 
analysis. Consequently, the enrichment scores 
that ranged from -1 to 1 were calculated. Small 
molecules with negative enrichment scores, 
implying the ability of agents to reverse the 
expression direction of query genes, were cho-
sen as potential drugs for treatment of Sora- 
fenib resistance. To further identify the poten-
tial drugs with the capability of overcoming 

Sorafenib resistance, more strict criteria were 
utilized by limiting the number of repeat experi-
ments to more than 4 times, setting the propor-
tion of effective rate to > 50%, and using a 
threshold of P-value < 0.05. 

Results

Identification of DEGs between Sorafenib-
sensitive and acquired Sorafenib resistant 
HCC cells

Based on the public microarray data set GSE- 
26391, the dChip Software was utilized to ana-
lyze the gene expression profiles and identify 
the DEGs between Sorafenib-sensitive HCC-3p 
cells and acquired Sorafenib-resistant HCC-
3sp cells with the described criteria. As a result, 
a total of 541 DEGs were selected, including 
276 up-regulated and 265 down-regulated 
DEGs. The top ten down-regulated DEGs and 
up-regulated DEGs were listed in Table 1. 

Functional annotation and pathway enrich-
ment of DEGs

To investigate the altered biological function of 
the DEGs, the DEGs were clustered through 

Figure 3. GO enrichment of DEGs in 
molecular function ontology (Top 20).
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Gene Ontology (GO) analysis in DAVID, with P < 
0.01. The enriched GO terms, divided into CC, 
BP and MF ontologies, were illustrated as 
Figures 1-3. 

In the CC ontology, we found that the majority 
of enriched categories were associated with 
extracellular construction, such as extracellular 
region (144 genes), extracellular matrix (41 
genes), collagen (11 genes) and basement 
membrane (14 genes). The second enriched CC 
GO terms were membrane-related categories 
such as plasma membrane (151 genes) and 
vesicle lumen (11 genes). In addition, the third 
enriched CC GO terms included protein-lipid 
complex (9 genes), plasma lipoprotein particle 
(9 genes), high-density lipoprotein particle (8 
genes), and other similar protein-lipid related 
items. 

In the BP ontology, the most significant GO cat-
egories were adhesion related items such as 
cell adhesion (62 genes), biological adhesion 
(62 genes), cell-cell adhesion (27 genes) and 
extracellular structure organization (26 genes). 
Besides, the other enriched categories were 
associated with coagulation, including blood 
coagulation (21 genes) and hemostasis (21 
genes). Another enriched categories comprised 
vasculature development (27 genes), steroid 

genes), and peptidase inhibitor activity (20 
genes).

Furthermore, a total of 8 dysfunctional path-
ways were enriched via the KEGG pathway 
analysis, including complement and coagula-
tion cascades (27 genes), ECM-receptor inter-
action (19 genes), focal adhesion (24 genes), 
metabolism of xenobiotics by cytochrome P450 
(12 genes), steroid hormone biosynthesis (9 
genes), drug metabolism (10 genes), arrhyth-
mogenic right ventricular cardiomyopathy (10 
genes), and arachidonic acid metabolism (8 
genes) (Table 2).

Sorafenib-resistant HCC cell signature-specific 
drug screening from CMAP database

The DEGs, including 276 up-regulated and 265 
down-regulated DEGs, were analyzed by CMAP 
tool. As results, 646 small molecule chemicals 
with negative enrichment scores were predict-
ed, which indicated a potential to reverse So- 
rafenib-resistance signature. By further filtering 
with the described criteria, six remained agents 
were screened out as the most promising ther-
apeutic small-molecule candidates to over-
come Sorafenib resistance of HCC, including 
pregnenolone, bretylium tosilate, lomustine, 
chlorambucil, Prestwick-1100, and carisopro-
dol (Table 3).

Table 2. The enriched KEGG pathway of DEGs
Term Count P value
hsa04610: Complement and coagulation cascades 27 1.14E-20
hsa04512: ECM-receptor interaction 19 6.37E-10
hsa04510: Focal adhesion 24 7.24E-07
hsa00980: Metabolism of xenobiotics by cytochrome P450 12 7.93E-06
hsa00140: Steroid hormone biosynthesis 9 2.10E-04
hsa00982: Drug metabolism 10 3.52E-04
hsa05412: Arrhythmogenic right ventricular cardiomyopathy 10 1.59E-03
hsa00590: Arachidonic acid metabolism 8 3.86E-03

Table 3. Six therapeutic small molecule agents with potential abilities to 
overcome Sorafenib resistance of hepatocellular carcinoma
CMAP name Mean N Enrichment P value Specificity Percent non-null
pregnenolone -0.284 4 -0.733 0.01007 0.0255 50
bretylium tosilate -0.409 4 -0.728 0.01118 0.0165 50
lomustine -0.422 4 -0.715 0.01333 0.0986 50
chlorambucil -0.496 4 -0.675 0.02493 0.0714 75
Prestwick-1100 -0.479 4 -0.653 0.03378 0.0311 75
carisoprodol -0.381 4 -0.63 0.04579 0.0248 50

metabolic process (23 
genes) and lipid homeo-
stasis (13 genes).

In the MF ontology, the 
binding-related items co- 
nstitute the majority of 
enriched GO categories, 
including calcium ion 
binding (69 genes), poly-
saccharide binding (19 
genes), steroid binding 
(12 genes), ion binding 
(165 genes), metal ion 
binding (160 genes), 
growth factor binding 
(13 genes), lipid binding 
(30 genes) and cation 
binding (162 genes). The 
other enriched MF ontol-
ogies were enzyme re- 
lated items, such as 
enzyme inhibitor activity  
(28 genes), endopeptida- 
se inhibitor activity (20 
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Discussion

Acquired Sorafenib-resistance is a huge chal-
lenge for treating patients with HCC. Therefore, 
it is very necessary to explore the mechanism 
of Sorafenib resistance, and develop possible 
treatment strategies for it. Through gene ex- 
pression profiling by microarray technology, the 
key genes associated with drug resistance 
could be discovered, which could be further uti-
lized to explore novel diagnostic and therapeu-
tic strategies. In this study, we identified DEGs 
of Sorafenib-resistant HCC cells. Then, we ana-
lyzed their functions by using GO annotation 
and pathway enrichment. Finally, some small 
molecule agents that had potential to over-
come Sorafenib-resistance were screened out 
by CMAP tool. These results not only explored 
possible mechanisms and candidate drugs for 
Sorafenib-resistance, but also present novel 
strategies for HCC therapy.

The dChip is a powerful software for probe-level 
and high-level analysis of gene expression 
microarrays. Using this tool, we obtained 541 
DEGs between Sorafenib-resistant and -sensi-
tive HCC cells, including 276 up-regulated and 
265 down-regulated DEGs. Among them, we 
found that the majority of the top 10 up-regulat-
ed and down-regulated DEGs were associated 
with extracellular matrix, such as Postn and 
Fap, which might reflect the extracellular ma- 
trix-related signal pathways participated in 
Sorafenib-resistance. Up to date, a series of 
studies have demonstrated the relationship 
between the DEGs and tumor development or 
drug resistance. Ldhb (Lactate dehydrogenase 
B), the top one up-regulated DEG, was an 
essential gene for the growth of KRAS-de- 
pendent lung adenocarcinomas [17] and triple-
negative breast cancer [18]. Postn, a secreted 
ECM protein, was capable of enhancing prolif-
eration, angiogenesis, invasion and metastasis 
and improving survival through induction of 
EMT (epithelial-mesenchymal transition) in 
some types of cancers, such as breast cancer 
[19] and gastric cancer [20]. In addition, evi-
dence revealed that Postn could promote drug 
resistance of pancreatic cancer [21] and ovari-
an cancer [22]. Fap, fibroblast activation pro-
tein, could suppress the bortezomib-induced 
apoptosis in myeloma cells through β-catenin 
signaling pathway [23] and induce the resis-
tance to doxorubicin or Fas-induced apoptosis 
[24]. MGP, an extracellular matrix protein, par-

ticipates in the cell attachment and spreading 
[25] and contributes to chemoresistance of 
ovarian cancer [26]. Furthermore, according to 
reports, other DEGs, such as col4a2, Col6a3, 
EDIL3, Epcam and lpar1 were also related to 
tumor progression or drug resistance [27-29]. 
Collectively, these results highlight that the 
DEGs might contribute to Sorafenib-resistance 
through various mechanisms. We hypothesized 
that the DEGs not only have a potential to be 
biomarkers for distinguishing or predicting 
Sorafenib-resistance, but also might be used 
as targets for Sorafenib-resistance treatment. 
However, the mechanisms remain unclear at 
present and further verification experiments 
are needed in the future.

Through GO annotation in DAVID database, we 
analyzed the biological function of the DEGs. In 
CC oncology, we discovered that the majority of 
the DEGs were enriched in extracellular con-
struction-related items such as extracellular 
matrix and basement membrane. Besides, the 
second enriched CC GO terms were cellular 
membrane-related ontologies such as plasma 
membrane and vesicle lumen, and the third 
enriched CC GO terms were protein-lipid relat-
ed items. The results reflect that complex cel-
lular components, especially extracellular con-
struction, might contribute to Sorafenib-
resistance, which is in accordance with the 
results of the majority of DEGs showed in Table 
1. The majority of DEGs products are extracel-
lular construction and cell-surface protein, 
which participate in tumor microenvironment. 
As we know, tumor microenvironment might 
play crucial roles in the therapeutic resistance 
process [30], including Sorafenib-resistance of 
cancers [31]. Furthermore, most of the DEGs 
enriched in BP ontologies were adhesion-relat-
ed items such as cell adhesion and extracellu-
lar structure organization. These data were 
concordant with the results of CC oncology 
enrichment. Previous studies have shown that 
multifarious microenvironmental factors and 
focal adhesion signaling play crucial roles in 
therapy resistance of cancers [32]. In addition, 
In MF portion, the most significant enriched 
oncologies were binding-related items, includ-
ing ion binding, lipid binding, steroid binding 
and growth factor binding, while the second 
enriched oncologies were enzyme-related 
items. These data reflected that the DEGs may 
affect the binding between growth factor, ion, 
lipid and extracellular matrix, and then influ-
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ence enzyme activity that might result in 
Sorafenib-resistance. It has been reported that 
ATP-binding cassette (ABC) transporters play 
crucial roles in chemoresistance of cancer cells 
via promoting efflux of drugs from cells [33]. 
Accordingly, DEGs might lead to Sorafenib-
resistance through binding-related mecha-
nisms, which is worth evaluating in furth- 
er studies.

Pathway analysis may reflect more precise bio-
logical function of genes than GO analysis. In 
the present study, 8 pathways were enriched. 
Among them, the adhesion related pathways, 
including ECM-receptor interaction and focal 
adhesion, have been reported to facilitate drug 
resistance of cancers. These enriched path-
ways corresponded to the results of GO analy-
sis. Then, the other enriched pathways were 
the metabolism related pathways, including 
metabolism of xenobiotics by cytochrome P4- 
50, steroid hormone biosynthesis, drug metab-
olism and arachidonic acid metabolism. It is 
easily comprehensible that metabolism is 
responsible for drug-resistant phenotype devel-
opment of cancers. As we know, sphingolipid 
metabolism and glutathione metabolism have 
been reported to play important roles in multi-
drug resistance of cancers [34, 35]. In addition, 
another enriched pathway was complement 
and coagulation cascades. A recent study 
found up-regulated expression of membrane-
bound complement restriction proteins (mC- 
RPs) CD55, CD46 and CD59 in head and neck 
cancer, which enable cancer cells to escape 
complement-dependent cytotoxicity and anti-
body-dependent killing, hence enhancing the 
survival ability of cancer cells [36]. Therefore, 
we hypothesized that the DEGs enriched in 
metabolism-related pathways might confer 
Sorafenib-resistance to HCC, which deserves 
further research.

In the present study, several molecule chemi-
cals with highly significant negative scores were 
identified, which have a potential to treat HCC 
with Sorafenib-resistance. Among the chemi-
cals, three have been applied in cancer treat-
ment. Pregnenolone, an endogenous steroid 
hormone, has been demonstrated to treat met-
astatic prostate cancer [37]. Lomustine, an 
alkylating nitrosourea compound used in che-
motherapy, exhibits anticancer activities aga-
inst some cancer types, especially brain tumors 
[38]. Chlorambucil, a chemotherapy drug, was 
used in the treatment of chronic lymphocytic 

leukemia and non-Hodgkin lymphoma [39]. In 
addition, other chemicals were usually used in 
other non-oncologic diseases. Bretylium tosi-
late, an antiarrhythmic agent, was also tradi-
tionally utilized as an inhibitor of sympathetic 
transmission [40]. Carisoprodol, a carbamic 
acid ester, was used as a centrally acting skel-
etal muscle relaxant [41]. Nevertheless, no 
report has been retrieved to prove the abilities 
of overcoming Sorafenib-resistance of the ab- 
ove chemicals, although they showed negative 
enrichment scores in CMAP analysis. Our study 
only provides the preliminary clues, and further 
evaluations for their potential pharmacological 
effects are still needed.

In conclusion, the study provides some primary 
research and analysis about the mechanism of 
Sorafenib-resistance of HCC. A series of impor-
tant DEGs and dysfunctional pathways partici-
pating in Sorafenib-resistance were discov-
ered. Moreover, some small molecule drugs 
that have a potential to reverse Sorafenib-
resistance were screened out. This study may 
imply an efficient strategy for research and 
treatment of Sorafenib-resistant HCC. However, 
further investigations are still required to vali-
date the results.
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