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Abstract. Acquired resistance to targeted therapies is an 
important clinical challenge. Research focusing on acquired 
resistance is hindered by the lack of relevant model systems. 
In the present study, the generation and characterization of an 
in vivo acquired sorafenib-resistant hepatocellular carcinoma 
(HCC) xenograft model derived from a patient tumor is 
reported. A cancer cell line (LIXC-004SR) was generated from 
a tumor that had developed following ~100 days of sorafenib 
treatment of a HCC patient-derived xenograft (PDX) model 
(LIX004). The xenograft tumors derived from this cell line 
demonstrated sorafenib-resistance in vivo. By contrast, a cell 
line (LIXC-004NA) generated from a vehicle-treated LIX004 
PDX model remained sensitive to sorafenib in vivo. Following 
treatment with sorafenib in vivo, angiogenesis was significantly 
elevated in the LIXC-004SR tumors when compared with that 

in the LIXC-004NA tumors. The LIXC-004SR cell culture 
supernatant stimulated human umbilical vein endothelial cell 
proliferation and extracellular-signal-regulated kinase and 
protein kinase B phosphorylation, which can only be inhib-
ited by the combination of sorafenib and a fibroblast growth 
factor receptor 1 (FGFR1) inhibitor, AZD4547. The tumor 
growth of the sorafenib-resistant LIXC-004SR xenograft was 
inhibited by the FGFR1 inhibitor in vivo, suggesting that one 
of the underlying mechanisms of the acquired resistance is 
likely due to activation of alternative angiogenic pathways. 
The LIXC-004SR cell line also exhibited signs of multi-drug 
resistance and genetic instability. Taken together, these data 
suggest that this in vivo model of acquired resistance from 
a PDX model may reflect sorafenib-resistance in certain 
patients and may facilitate drug resistance research, as well 
as contributing to the clinical prevention and management of 
drug resistance.

Introduction

Liver cancer is responsible for the second highest number of 
cancer-associated fatalities in men worldwide, following lung 
cancer. Hepatocellular carcinoma (HCC) accounts for 70-85% 
of all liver cancer types (1). Sorafenib is a multi-kinase inhib-
itor that inhibits angiogenesis and tumor cell proliferation (2). 
Sorafenib treatment has demonstrated survival benefits and 
good tolerability in clinical trials (3), and has become the stan-
dard treatment option for advanced HCC. Despite its success, 
sorafenib treatment extended patient overall survival by only 
2-3 months in previous studies (3,4). Even among those who 
initially responded well to sorafenib treatment, the majority 
of patients developed drug resistance during treatment (3,5). 
Currently, there is no effective systemic therapy available for 
patients following failure of sorafenib therapy (6,7). Therefore, 
preventing or treating sorafenib resistance has become an 
urgent unmet medical requirement.

Acquired drug resistance develops in the context of 
tumor-host interactions. In order to understand the key 
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mechanisms of sorafenib resistance, one such model was 
developed from an HCC patient-derived xenograft (PDX) 
model following long-term sorafenib-treatment. A PDX model 
was selected as these models preserve numerous clinical 
characteristics and their drug response is markedly associated 
with clinical drug efficacy (8-10). To facilitate mechanistic 
studies, cell lines were established from the vehicle-treated 
and sorafenib-treated xenografts. Through comparing the two 
cell lines and respective xenografts, the present study demon-
strated that the in vivo sorafenib resistance of the LIXC-004SR 
cell line appears to be partially mediated by alternative angio-
genesis pathways.

Materials and methods

Patient samples. Surgically removed human HCC samples 
were obtained from Nantong Cancer Hospital (Nantong, 
Jiangsu, China) and written informed consent was obtained 
according to protocols approved by the ChemPartner 
Institutional Ethical Committee.

Animals. A total of 5 female 6-8-week-old severe combined 
immune deficiency (SCID) mice and ~150 female 6‑8‑week‑old 
Nu/Nu mice (16-20 g) were purchased from Beijing Vital 
River Laboratory Animal Technology Co. Ltd. (Beijing, 
China) and used for different experiments, including the PDX 
model establishment, sorafenib resistant model generation, 
tumorigenicity of cell lines, and in vivo efficacy study of these 
cell lines. Animals were housed under specific pathogen‑free 
conditions at ChemPartner. Animals for at least three days for 
acclimation prior to the study. Animals were provided pelleted 
food and water ad libitum and kept in a room conditioned 
at 20‑25˚C, 40‑70% relative humidity with a 12 h light/dark 
cycle according to guidelines provided by the Association for 
Assessment and Accreditation of Laboratory Animal Care. 
The experiment was performed according to the protocol 
approved by the ChemPartner Institutional Animal Care and 
Use Committee.

Reagents. Sorafenib was purchased from LC Laboratories 
(Woburn, MA, USA) and AZD4547 [a selective inhibitor 
for fibroblast growth factor (FGF) receptor 1] was purchased 
from Shanghai Biochempartner Co., Ltd. (Shanghai, China). 
For in vivo studies, sorafenib was dissolved in cremophor 
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), ethanol 
and distilled water (12.5:12.5:75, respectively), and adminis-
tered orally each day at a dosage of 40 mg/kg (2,11). AZD4547 
was dissolved in 1% Tween-80 (Sigma-Aldrich; Merck KGaA) 
in distilled water, sonicated for 30 min and mixed thoroughly 
and administered orally each day at a dosage of 12.5 mg/kg 
(dosage volume, 10 ml/kg) (12).

Establishment of cell lines from PDX. A PDX model, 
LIX004, was established by implantation of primary HCC 
tumor fragments from a 39-year-old female patient subcu-
taneously into the right flank of SCID mice with Matrigel 
(BD Biosciences, Franklin Lakes, NJ, USA) and subsequent 
passaging in Nu/Nu mice. The primary tumor cells isolated 
from a tumor obtained from vehicle-treated (10 ml/kg) or 
sorafenib-treated (40 mg/kg, orally once daily, for ~100 days) 

mice were used for HCC cell line establishment (Fig. 1) (13). 
All tissue culture media and supplements were purchased 
from Thermo Fisher Scientific, Inc. (Waltham, MA, USA). 
Tumor cells were suspended in serum-free medium and were 
incubated continuously in a 37˚C and 5% CO2 incubator 
(Thermo Fisher Scientific, Inc.). Half of the medium was 
changed every 3-4 days and the cells were subcultured at 
70‑80% confluence. When the cancer cell lines grew stably, 
the culture medium was gradually changed to RPMI-1640 
medium supplemented with 10% fetal bovine serum 
and10 µg/ml human insulin. Cultures were tested negative 
for Mycoplasma contamination using polymerase chain 
reaction analysis (MycoScan™ Mycoplasma Detection Kit; 
HD Biosciences, Shanghai, China), according to the manu-
facturer's protocol. Cells in the exponential growth phase 
were used in subsequent experiments following passage 20.

Cells. HUVECs were obtained from All Cells-Shanghai 
(Shanghai, China) and were used in studies within 7 passages.

Chromosome analysis. Metaphase cells were arrested using 
colchicines (Sigma-Aldrich; Merck KGaA) and fixed in 
methanol/acetic acid solution (3:1) prior to being stained 
with Giemsa solution (Thermo Fisher Scientific, Inc.) at 
room temperature for 20 min. The slides were mounted and 
the number of chromosomes was determined and observed 
using an Eclipse microscope (magnification, x1,000; Nikon 
Instruments Inc., Melville, NY, USA). The frequency was 
analyzed using Origin software (version 7.0; OriginLab, 
Northampton, MA, USA).

Short‑tandem repeat (STR) assay. Cell line purity was veri-
fied by microsatellite/STR analysis. The genomic DNA was 
extracted and the STR amplicons were analyzed using an 
AmpF/STR® Identifiler® PCR Amplification kit (Thermo 
Fisher Scientific, Inc.) according to the manufacturer's 
protocols.

In vivo xenograft studies. In total, ~150 female Nu/Nu nude 
mice aged 6-8 weeks were used in various in vivo studies. 
Cultured tumor cells were subcutaneously injected into the 
right flank of the mice (5.0x106 cells/mouse) with 50% Matrigel. 
Animals with a tumor volume of 100-150 mm3 (~60%) were 
selected and randomized for daily treatment with either the 
vehicle or sorafenib (n=8 or 10 per group). Un-enrolled animals 
(~40%) were euthanized with CO2 anesthesia. Treated animals 
were monitored daily with tumor volume and body weight 
was recorded ≥2 times per week. If animals exhibited signs of 
distress, weight loss >20% of initial body weight and/or tumor 
volume >2,000 mm3, they were sacrificed.

Immunohistochemical (IHC) analysis. Cells were cultured 
as a monolayer on sterile chamber slides prior to being fixed 
with 4% formaldehyde at 4˚C overnight. Tumor tissues were 
4% formaldehyde‑fixed at 4˚C for 48 h and paraffin‑embedded 
and 5 µm slides were prepared. The slides were rehydrated in 
Xylene and a descending alcohol series. Antigen heat retrieval 
(at 100˚C) was performed in EDTA buffer (pH 9.0) or citrate 
buffer (pH 6.0, all from Fuzhou Maixin Biotech. Co., Ltd., 
Fuzhou, Fujian, China) and washed in running water and 
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then the IHC wash buffer (Fuzhou Maixin Biotech Co., Ltd.). 
The slides were blocked in 4% goat serum (Thermo Fisher 
Scientific, Inc.) in PBS at room temperature for 30 min, and then 
incubated with different primary antibodies at 4˚C overnight, 
including anti-cytokeratin antibody (cat no. 130-080-101; 
diluted at 1:50; Miltenyi Biotec GmbH, Bergisch, Gladbach, 
Germany), anti-α1-fetoprotein (AFP) antibody (cat no. 7723-1; 
diluted at 1:200; Epitomics; Abcam, Cambridge, MA, USA), 
anti-vimentin antibody (cat no. 2707-1; diluted at 1:200; 
Epitomics; Abcam), and anti-CD34 antibody (cat no. 2150-1; 
diluted at 1:200; Epitomics; Abcam), which were diluted in the 
4% goat serum blocking buffer. Slides were washed with the 
wash buffer and then incubated with secondary horseradish 
peroxidase-conjugated secondary antibody (cat no. K400311, 
Dako; Agilent Technologies, Inc., Santa Clara, CA, USA) at 
room temperature for 30 min, and then slides were developed 
using the 3,3'-diaminobenzidine method (Fuzhou Maixin 
Biotech, Co., Ltd) at room temperature for 4 min. Slides 
were then mounted and scanned using a ScanScope XT slide 
scanner (Aperio Group LLC, Sausalito, CA, USA) and CD34+ 
areas were quantified using Image Scope software (vision 11.0, 
Aperio Group LLC).

Conditioned medium (CM) collection. LIXC-004NA or 
LIXC-004SR cells were seeded at a density of 2x106 cells 
per 75-cm2 flask. After 24 h, cells were washed twice with 
sterile PBS and medium was changed to serum-free medium 
(RPMI-1640) supplemented with 0.2% bovine serum albumin 
(purchased from Thermo Fisher Scientific, Inc.) and incubated 
at 37˚C for a further 48 h. Culture supernatant was collect and 
passed through a 0.45‑µm filter.

HUVEC proliferation and western blot analysis. A HUVEC 
proliferation assay was performed with the cells inoculated 
into the poly-D-lysine-coated 96-well plates (BD Biosciences) 
and incubated at 37˚C overnight (2,000 cells/well). Culture 
medium was changed to 50% LIXC-004NA or LIXC-004SR 
CM and incubated at 37˚C for another 48 h. Cells were fixed 
in 4% formaldehyde at 4˚C overnight and treated with 0.1% 
Triton X-100 at room temperature for 10 min. Cell numbers 
were then quantified using Acumen eX3 (TTP Labtech Ltd., 
Melbourn, UK) following staining with 1.5 µM propidium 
iodide (Thermo Fisher Scientific, Inc.) at room temperature 
for 15 min in the dark.

HUVECs were seeded onto 6-well plates and incubated 
at 37˚C overnight, then serum‑starved for 3 h, followed 
by compound treatment for 1 h prior to being stimulated 
with LIXC-004NA or LIXC-004SR CM for 10 min. Cells 
were washed with PBS twice, and western blot analysis was 
performed on the total protein.

Cell or tumor samples were lysed in cell lysis buffer (Cell 
Signaling Technology, Inc., Danvers, MA, USA) containing a 
Halt protease inhibitor (Thermo Fisher Scientific, Inc.) and a 
phosphatase inhibitor cocktail (Sigma-Aldrich; Merck KGaA). 
The protein concentration was determined using a bicinchoninic 
acid method (Beyotime Institute of Biotechnology, Haimen, 
China) and a total of 20 µg protein per sample was loaded onto 
NuPAGE™ 4-12% Bis-Tris Protein Gels. Proteins were trans-
ferred onto nitrocellulose membranes (all from Thermo Fisher 
Scientific, Inc.). Membranes were incubated with blocking buffer 
(LI-COR Biosciences, Lincoln, NE, USA) at room temperature 
for 1 h and incubated with primary antibodies at 4˚C overnight, 
including anti-extracellular-signal-regulated kinases (ERK) 1/2 
antibody (cat no. 4695), phosphorylated (pho)-ERK1/2 
(Thr202/Tyr204) antibody (cat no. 4370), protein kinase B (Akt) 
(cat no, 9272) antibody and pho-Akt (Ser437) antibody (Cat. 
No. 4060, all primary antibodies were diluted at 1:1,000, and 
purchased from Cell Signaling Technology, Inc.), followed by 
the Alexa Fluor 680-conjugated secondary antibody incubation 
(cat no. A21076; diluted at 1:10,000; Thermo Fisher Scientific, 
Inc.) at room temperature for 60 min. Blots were scanned using 
Odyssey systems (LI-COR Biosciences). Anti-GAPDH anti-
body (cat no. 5632-1; diluted at 1:2,000; Epitomics; Abcam) was 
used as a loading control.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from each cell line 
using an RNeasy kit (Qiagen, Inc., Valencia, CA, USA) and 
complementary DNA (cDNA) was produced from 1 µg RNA 
using a RevertAid First Strand cDNA Synthesis kit (Thermo 
Fisher Scientific, Inc.). TaqMan primers for matrix metallopro-
teinase‑1 (MMP‑1; Hs00899658_m1), fibroblast growth factor 
5 (FGF5; Hs00738132_m1), vascular endothelial growth factor 
A (VEGFA; Hs00899658_m1) and GAPDH (Hs02758991_g1) 
were used for RT-qPCR on a ViiA 7 System (Thermo Fisher 
Scientific, Inc.). All TaqMan primers were purchased from 
Thermo Fisher Scientific, Inc., and a TaqMan gene expres-
sion master mix kit (Thermo Fisher Scientific, Inc.) was used 

Figure 1. Schematic diagram of the establishment of the cell lines. A hepatocellular carcinoma PDX model LIX-004 was subjected to daily treatment with 
vehicle or sorafenib. Cell lines, LIXC-004NA (from a tumor of the vehicle-treated group) and LIXC-004SR (from a tumor developed following ~100 days of 
treatment with sorafenib), were established. PDX, patient-derived tumor xenograft; Sora, sorafenib.
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according to the manufacturer's protocol. Each sample was 
assayed in duplicate and the ∆∆Cq method was used to deter-
mine relative gene expression levels (14).

Statistical analysis. Data are presented as the mean ± standard 
deviation and the data of the in vivo efficacy studies are 
expressed as the mean ± standard error of the mean. 
Statistical differences between groups were analyzed using 
Student's t-test, one-way analysis of variance (ANOVA) or 
two-way ANOVA with Bonferroni post hoc test using Prism 
(version 5; GraphPad Software, La Jolla, CA, USA). P<0.05 
was considered to indicate a statistically significant difference.

Results

LIXC‑004SR cells are generated from sorafenib‑treated 
HCC PDX tumors and exhibit signs of multi‑drug resistance. 
To reproduce the acquired sorafenib resistance, Nu/Nu mice 
bearing LIX004 PDX tumors were treated with 40 mg/kg 
sorafenib daily. Despite retardation of tumor progression, the 
animals were not cured and, following ~100 days of sorafenib 
treatment, all animals developed tumors, with certain tumors 
reaching a volume of nearly 2,000 mm3 (Fig. 1).

To determine the mechanisms of sorafenib resistance in 
the tumor, primary tumor cell lines were established. The cell 
line generated from the tumor, which had developed following 
long-term sorafenib treatment, was LIXC-004SR, and the cell 
line derived from a vehicle-treated tumor was LIXC-004NA 
(Fig. 1). LIXC-004SR cells exhibited a slightly shorter in vitro 
doubling time when compared with that of the LIXC-004NA 
cells (24.67 and 32.37 h, respectively). LIXC-004SR displayed 
less cytokeratin expression and each cell line expressed 
vimentin (Fig. 2A). STR analyses revealed that the two cell 
lines matched perfectly with the original PDX model (Fig. 2B) 
and thus that the two cell lines and the PDX had been derived 
from the same individual.

Furthermore, the two cell lines exhibited similar sensitivity 
to sorafenib, fluorouracil and docetexal, while LIXC‑004SR 
displayed a decreased sensitivity to doxorubicin, vinblastine 
and erlotinib (Table I), despite the fact that the model had 
never been exposed to these drugs previously.

Sorafenib resistance of the LIXC‑004SR xenograft in vivo. The 
two cell lines were tested for tumorigenicity in vivo and were 
able to produce xenograft tumors (Fig. 2C). When reviewed 
by a pathologist, the two xenografts were diagnosed as poorly 
differentiated HCC, as was the original PDX model (Fig. 2D).

When the average tumor size reached 100-150 mm3, the 
tumor-bearing animals were randomized and treated with 
vehicle or 40 mg/kg sorafenib daily. The xenograft derived from 
the LIXC-004NA cell line responded to sorafenib treatment. 
Smaller, paler tumors were observed in the sorafenib-treated 
animals (Fig. 2C), suggesting that angiogenesis and tumor 
growth had been successfully inhibited. In contrast, when 
LIXC-004SR tumor-bearing animals were treated with 
sorafenib, 6/10 mice displayed tumors of a similar size when 
compared with those displayed by the vehicle group, while 
the other 4 animals developed tumors that were larger than 
any of those displayed by the vehicle control group (Fig. 2C), 
suggesting that the LIXC-004SR tumors were resistant to 

sorafenib in a number of the animals. The studies were repeated 
twice and similar tumor growth and drug response profiles 
were observed. Notably, the LIXC-004SR tumors grew faster 
than the LIXC-004NA tumors, using approximately half of 
the time to reach a tumor volume of ~1,500 mm3 (Fig. 2C). In 
light of this, LIXC-004SR represents one of the few acquired 
sorafenib-resistant tumor models established from a PDX 
model.

Figure 2. In vitro and in vivo characterization of LIXC-004NA and 
LIXC-004SR cell lines. (A) IHC staining of the cultured cells under phase 
contrast microscopy (upper panels), cytokeratin (middle panels) and vimentin 
(lower panels; magnification, x200). (B) Short‑tandem repeat analyses of the 
two cell lines and the original PDX tumor. (C) Tumor growth curves (left 
panels) and images (right panels) of the tumors in response to treatment with 
vehicle or sorafenib. (D) Hematoxylin and eosin staining of original 004 
PDX tumor (left panels), 004NA tumor (middle panels) and 004SR tumor 
(right panels; magnification, x100). (E) IHC using anti‑CD34 antibody (left 
panels; magnification, x100), and blood vessel density by quantification of 
the percentage of CD34+ pixels (right panel). ***P<0.001 by two-way analysis 
of variance. IHC, immunohistochemistry; 004 PDX, LIX-004 PDX; 004NA, 
LIXC-004NA; 004SR, LIXC-004SR; Sora, sorafenib; CD, cluster of differ-
entiation.
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Activation of the sorafenib‑resistant angiogenic pathway in 
the LIXC‑004SR xenograft. IHC was performed to quantify 
the state of angiogenesis in the two tumor models (in vivo with 
or without sorafenib treatment). LIXC-004SR tumors that were 
not treated with sorafenib exhibited increased blood vessel 
density compared with the LIXC-004NA tumors (Fig. 2E), 
which may contribute to the faster tumor growth observed 
in vivo. Notably, in accordance with the tumor appear-
ance, sorafenib significantly reduced blood vessel density 
in LIXC-004NA tumors, but not in LIXC-004SR tumors 
(Fig. 2E), indicating that an alternative angiogenic pathway 
may contribute to the sorafenib resistance in LIXC-004SR 
tumors.

Western blot analyses of the tumors indicated that 
sorafenib treatment induced similar changes in MEK, Akt 
and ERK phosphorylation in LIXC-004NA and LIXC-004SR 
tumors (data not shown), suggesting that the direct tumor cell 
inhibition or death may not contribute to the differences in 
sorafenib responses between these tumors. Microarray anal-
yses were performed on the LIXC-004SR and LIXC-004NA 
cells. Among the differentially expressed genes, a group of 
genes involved in angiogenesis, including MMP-1, FGF5 and 
VEGFA, were upregulated in the LIXC-004SR cells when 
compared with expression in the LIXC-004NA cells (data 
not shown). This over‑expression was confirmed by RT‑qPCR 
analyses (Fig. 3A).

LIXC-004SR and LIXC-004NA culture supernatant was 
used in further analyses, as soluble factors mediate tumor-host 
communication in vivo. LIXC-004SR, but not LIXC-004NA, 
culture supernatant was able to significantly induce HUVEC 
proliferation (Fig. 3B), and induce Akt and ERK phosphory-
lation in HUVECs (Fig. 3C), suggesting that pro-angiogenic 
factors were present in the LIXC-004SR culture supernatant. 
This HUVEC Akt and ERK phosphorylation was only inhib-
ited by the combination of sorafenib and an FGFR1 selective 
inhibitor, AZD4547 almost completely (Fig. 3D). These data 
suggest that LIXC-004SR cells were able to induce endo-
thelial cell signaling and proliferation that was insensitive 
to sorafenib treatment. The FGF pathway may be one of the 
mechanisms involved.

To examine whether or not the FGF pathway serves a role 
in tumor growth in vivo, LIXC-004SR tumor-bearing mice 
were treated with vehicle, sorafenib, AZD4547, or the combi-
nation of sorafenib and AZD4547. The LIXC-004SR tumors 
were resistant to sorafenib treatment. The tumor growth was 
inhibited by AZD4547 and was not further inhibited by the 
addition of sorafenib (Fig. 3E). The results suggest that the 

FGF pathway contributed towards LIXC-004SR tumor growth 
in vivo.

LIXC‑004SR cells display genome instability. Whole exome 
sequencing and RNA sequencing analyses of the cell lines 
were performed and compared with the whole genome 
sequencing data from the LIX-004 PDX tumor. It was revealed 
that >98.5% of the single nucleotide polymorphisms (SNPs) 
observed in the two cell lines were present in the LIX-004 
PDX tumor (Fig. 4A), demonstrating that the cell lines effec-
tively preserved the genetic mutations of the PDX model. 
Notably, 123 SNPs were revealed to be unique to LIX-004SR 
cells compared with the 33 unique SNPs observed in the 
LIX-004NA cells.

To investigate the potential source of this acquired drug 
resistance, chromosomal analyses were performed, as genome 
instability was suggested to be an enabling Hallmark of 
Cancer (15). LIXC-004NA cells exhibited a peak of 55±4 
chromosomes with ~50% of the cells exhibiting a chromosome 
number within this range (Fig. 4B). This number is close to the 
normal human chromosomal number of 46. LIXC-004SR cells, 
on the other hand, presented with a more diverse distribution 
of chromosomal numbers with a peak at 85±4 chromosomes 
and with only ~25% of the cells within the range (Fig. 4B). 
These data suggest that genome instability may be associated 
with the tumor size increase observed following long-term 
sorafenib treatment.

Discussion

At present, sorafenib is the only approved targeted therapy for 
liver cancer (5). However, acquired sorafenib resistance has 
prevented patients from experiencing the long‑term benefits 
of this drug. A number of drug resistance studies have focused 
on tumor cell lines either naturally resistant or induced to 
become resistant in tissue culture. Such ‘tumor-centric’ 
approaches have led to ‘tumor-centric’ mechanisms of drug 
resistance (16). However, these types of approaches do not 
take into account the role served by tumor-host interaction. 
In previous studies, tumor microenvironment/tumor stroma 
has been revealed to contribute toward tumor drug resis-
tance (17,18). The present study used in vivo PDX models to 
recapitulate the process of drug resistance in vivo, since PDX 
models are able to preserve a number of the characteristics of 
clinical tumor samples and the drug response is more strongly 
associated with clinical drug efficacy when compared with 
conventional cell line-derived xenograft models (19). One 

Table I. In vitro inhibition of hepatocellular carcinoma tumor cell growth by different drug therapies.

 IC50, µM
 --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Cell line Sorafenib Docetaxel Doxorubicin  Vinblastine  5-FU  Erlotinib

LIXC-004NA  13.295 >20 0.675 <0.032 >200 13.998
LIXC-004SR  10.110 >20 >10 0.306 >200 >200

5‑FU, fluorouracil; IC50, half-maximal inhibitory concentration.
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Figure 3. LIXC-004SR activates an alternative angiogenic pathway. (A) Reverse transcription-quantitative polymerase chain reaction analyses of selected 
differentially expressed genes; MMP-1, FGF-5 and VEGF-A. *P<0.05, ***P<0.0001; two-way ANOVA with Bonferroni post tests. (B) HUVEC proliferation. 
***P<0.001, one-way ANOVA. (C) HUVEC Akt and ERK phosphorylation determination by western blot analysis. (D) Western blot analyses of 004SR 
supernatant‑induced HUVEC Akt and ERK phosphorylation in the presence of sorafenib and AZD4547 (upper panel) and quantification of the western 
blot analyses (lower panel, data represent two separate experiments). (E) 004SR tumor-bearing mice were treated with vehicle, sorafenib, AZD4547, or the 
combination of AZD4547 and sorafenib. (F) AZD4547 inhibited tumor progression (***P<0.001 vs. the vehicle control group on day 27; two-way ANOVA with 
Bonferroni post hoc tests). The study was repeated once with similar results. 004SR, LIXC‑004SR; MMP‑1, matrix metalloproteinase 1; FGF‑5, fibroblast 
growth factor 5; VEGF-A, vascular endothelial growth factor A; ANOVA, analysis of variance; HUVEC, human umbilical vein endothelial cells; ERK, 
extracellular-signal-regulated kinase; CM, conditioned medium.
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of the drawbacks of the model used in the present study is 
that it requires the use of immune-compromised animals, 
namely Nu/Nu mice. These animals lack functional T cells 
and thus, do not account for the mechanisms that these cells 
are involved in. However, these animals have a number of 
the components of the tumor microenvironment, including 
endothelial cells, fibroblasts, pericytes, myeloid cells, B 
cells and the extracellular matrix (19). In addition, certain 
key factors in tumor-host interactions, including VEGF and 
granulocyte-colony stimulating factor, may induce similar 
signals through receptors in mice. Therefore, despite the lack 
of T cells, PDX models possess several aspects of relevant 
tumor-host interactions.

Another drawback of the system used in the present study 
is that the tumor was implanted subcutaneously, instead of 
orthotopically in the liver. This may lead to loss of the tumor 
organ-microenvironment. By contrast, one of the key advan-
tages of PDX models is that the tumor is maintained in vivo and 

it carries sufficient structural information to ensure its normal 
growth behavior (19). In the present study, adenocarcinomas 
formed gland-like structures despite having been implanted 
subcutaneously and even did so following several rounds of 
in vivo passaging (20). Furthermore, the pathological diag-
nosis of these tumors was poorly differentiated HCC, as was 
the original clinical diagnosis, indicating the preservation of at 
least some of the clinical characteristics of the human tumor 
sample. In the present study, the resistance of LIXC-004SR to 
sorafenib developed in the presence of tumor-host interaction, 
making it a more relevant model for drug resistance research.

In the present study, the FGF pathway is suggested to 
be involved in acquired sorafenib resistance. This finding is 
infrequently reported in ‘tumor-centric’ sorafenib-resistance 
studies (21-24). However, this novel finding appears to be 
reasonable, as the FGF pathway has been reported to be one of 
the most dysregulated pathways in patients with HCC (6,25). 
FGF5 has been reported to be upregulated in pancreatic cancer 
patient samples and to contribute to the malignant pheno-
type (16,26-28). A more recent study revealed an association 
between FGF5 and a more aggressive HCC phenotype, and 
suggested FGF5 as an oncogene in HCC, and thus its potential 
as a novel therapeutic target for HCC (29). Tovar et al (30) 
also revealed that FGF signaling contributed toward sorafenib 
resistance in cell line-derived HCC xenografts following 
sorafenib treatment in vivo.

In the present study, LIXC-004SR cells also demon-
strated signs of genome instability when compared with the 
LIXC-004NA cells. As genome instability is an enabling 
Hallmark of Cancer (15), it may contribute to the acquired 
in vivo sorafenib resistance. Given the heterogeneity of 
human cancer, particularly liver cancer, and the chromosome 
instability observed in the present study, this type of study is 
unlikely to cover all the potential mechanisms of acquired drug 
resistance. The fact that the FGFR1 inhibitor only resulted in a 
certain degree of inhibition of LIXC-004SR xenograft tumor 
growth in vivo suggests that additional mechanism(s) exist in 
this model.

Overall, the approach of the present study has produced 
a relevant animal model of acquired sorafenib resistance 
from a PDX model. From this in vivo model, the alternative 
angiogenic pathways and genome instability, which were 
previously overlooked in drug resistance studies focusing 
only on tumor cells in tissue culture, were rediscovered. The 
model also exhibited characteristics of multi-drug resistance. 
The generation of a sister cell line, with an identical genetic 
background and only differing in drug sensitivity, makes 
this pair of cell lines and associated xenograft and PDX 
models valuable tools in the study of drug resistance. The 
understanding and further utilization of this model system 
may facilitate research and drug development regarding the 
prevention and treatment of drug resistance, and will hope-
fully contribute toward sustained therapeutic efficacy and 
long-term survival in cancer patients.
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