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Background: LINE-1 ORF-1p is encoded by the human pro-oncogene LINE-1. Our previous 

work showed that LINE-1 ORF-1p could enhance the resistance of hepatocellular carcinoma 

(HCC) cells to antitumor agents. However, the mechanisms involved in LINE-1 ORF-1p-me-

diated drug resistance remain largely unknown.

Materials and methods: The endogenous mRNA level of LINE-1 ORF-1p in clinical HCC 

specimens was examined using quantitative PCR (qPCR). The prognosis of HCC patients was 

assessed using time to progression and overall survival. The transcription factor activity of preg-

nenolone X receptor (PXR) was examined using luciferase gene reporter assays, qPCR, chromatin 

immunoprecipitation assays and cellular subfraction assays. Protein interaction between LINE-1 

ORF-1p and PXR was detected by co-immunoprecipitation. The effect of LINE-1 ORF-1p on 

sorafenib resistance in HCC cells was studied using in vitro and in vivo models.

Results: A high level of LINE-1 ORF-1p in clinical specimens was related to poor prognosis 

in patients who received sorafenib treatment. LINE-1 ORF-1p increased the transcription factor 

activity of PXR by interacting with PXR and enhancing its cytoplasmic/nuclear translocation, 

and recruiting PXR to its downstream gene promoter, in turn enhancing the expression of the 

sorafenib resistance-related genes, CYP3A4 and mdr-1. LINE-1 ORF-1p enhanced the resistance 

to and clearance of sorafenib in HCC cells.

Conclusion: LINE-1 ORF-1p enhances the transcription factor activation of PXR and promotes 

the clearance of and resistance to sorafenib in HCC cells.

Keywords: LINE-1 ORF-1p, sorafenib resistance, pregnenolone X receptor, hepatocellular 

carcinoma, transcription factor activation

Introduction
LINE-1, which is an important component of the human genome, was initially char-

acterized by its retrotransposon process and has been shown to participate in the 

development and progression of several human cancers via epigenetic regulation.1,2 

The LINE-1 gene encodes two proteins: LINE-1 ORF-1p and LINE-1 ORF-2p.3 

Previous research has often focused on LINE-1 ORF-2p-mediated retrotransposition 

and previous studies have considered LINE-1 ORF-1p to be a molecular chaperon of 

LINE-1 ORF-2p.4 However, in cancers such as breast cancer or hepatocellular carci-

noma (HCC), the expression level of LINE-1 ORF-1p is higher than that of LINE-1 

ORF-2p, and LINE-1 ORF-1p itself also likely has important functions.5,6 Therefore, 

the role and biological function of LINE-1 ORF-1p are not clearly understood. Our 

previous work showed that LINE-1 ORF-1p could promote the survival of HCC cells 

Correspondence: Yinying lu
Comprehensive liver Cancer Center, 
The 302nd hospital, 100 Xisi huan 
Middle Road, Beijing 100039, P.R. China
Tel +86 10 6693 3380
Fax +86 10 6387 9193
email luyinying2017@sina.com

Yunfeng Zhu
College of life sciences and Bio-
engineering, Beijing Jiaotong University, 
3 shang-yuan-cun Road, Beijing 100044, 
P. R. China
Tel +86 10 5168 4352
Fax +86 10 5168 3887
email zhuyf2004@163.com

Journal name: Cancer Management and Research
Article Designation: Original Research
Year: 2018
Volume: 10
Running head verso: Chen et al
Running head recto: LINE-1 ORF-1p enhances the activation of PXR
DOI: http://dx.doi.org/10.2147/CMAR.S176088

C
an

ce
r 

M
an

ag
em

en
t a

nd
 R

es
ea

rc
h 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress


Cancer Management and Research 2018:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4422

Chen et al

and induce drug resistance-related gene expression, but the 

regulatory mechanism of LINE-1 ORF-1p in multidrug 

resistance in HCC cells is largely unknown.7

Although the recent application of the molecular targeted 

agent sorafenib improved the survival of patients suffering 

from advanced HCC, the effects of sorafenib are far from 

satisfactory: >50% of the patients were initially sorafenib 

resistant; only 26%–43% of the patients were sensitive 

to sorafenib, and they may develop sorafenib resistance 

during treatment.8 Our previous work reported on a novel 

endogenous sorafenib resistance mechanism, whereby the 

pregnenolone X receptor (PXR) nuclear receptor can be 

activated by interacting with sorafenib, which induces the 

expression of the downstream sorafenib resistance-related 

genes CYP3A4 and mdr-1.9 Therefore, we postulate that 

LINE-1 ORF-1p plays a role in sorafenib treatment failure 

and correlates with PXR-mediated sorafenib resistance.

In the current study, we show that LINE-1 ORF-1p inter-

acts with PXR. LINE-1 ORF-1p increased PXR transcription 

factor activity by enhancing the cytoplasmic/nuclear trans-

location of PXR and the recruitment of PXR to the CYP3A4 

promoter or enhancer region. LINE-1 ORF-1p may also 

promote the clearance of sorafenib in HCC cells. Therefore, 

we conclude that LINE-1 ORF-1p could be a therapeutic 

target for overcoming sorafenib resistance in HCC.

Materials and methods
Patients and quantitative PCR (qPCR)
The collection of clinical specimens was with the informed con-

sent of patients, and all experimental protocols were approved 

by the ethics committee of No. 302nd hospital, Chinese People’s 

Liberation Army. A total of 52 HCC cases were included and 

described in our previous work (Table S1).9 Patients whose 

tissues were used in this research provided written informed 

consent and had been described in our previous work.9 Total 

RNA sample from HCC patients or cell lines was extracted 

using a PARISTM Kit (Thermo Fisher Scientific, Waltham, 

MA, USA) and reverse transcribed by Multiscribe™ Reverse 

Transcriptase (Thermo Fisher Scientific). qPCR (real-time 

PCR) was performed following the methods described in Ma 

et al10 and Ji et al.11 Primers used in qPCR are listed in Table S2.

Plasmids
The expression of siRNA vectors of LINE-1 ORF-1p has 

been described in our previous work.12,13 Expression vectors 

of PXR were purchased from Vigene Corporation (Jinan, P.R. 

China). PXR-response luciferase reporters (XREM-Luc or 

PXRE-Luc) have been described in our previous work.9 To 

construct PXR truncated mutants, the truncated FLAG-PXR-

NTD (N-terminal domain, residues 1–40), FLAG-PXR-DBD 

(DNA-binding domain, residues 41–110), FLAG-PXR-HD 

(hinge domain, residues 1–140) and FLAG-PXR-LBD 

(ligand-binding domain, residues 141–434) sequences were 

amplified and cloned into the pcDNA3.0-FLAG vector. All of 

the expression vectors were confirmed by DNA sequencing.

Cell culture and agents
MHCC97-H cell, a highly aggressive HCC cell line, was pur-

chased from Type Culture Collection of the Chinese Academy 

of Sciences (Shanghai, P.R. China), a type culture resource 

of the Chinese government.14,15 MHCC87-H cells were main-

tained under recommended culture conditions described in 

our previous work.14,15 LM-3, another highly aggressive HCC 

cell line, was a gift from Dr Yingshi Zhang in Department 

of Pharmacy, General Hospital of Shenyang Military Area 

Command, Shenyang, P.R. China. Molecular targeted agents 

sorafenib (Cat. No. S7397), rifampicin (Cat. No. S1764) 

and ketoconazole (Cat. No. S1353) were purchased from 

Selleck Corporation (Houston, TX, USA). For cell survival 

examination, sorafenib was dissolved in dimethyl sulfoxide 

and diluted in DMEM with a final concentration of 1%. Cells 

were treated with indicated concentrations (10, 3, 1, 0.3, 0.1, 

0.03 and 0.01 μmol/L) of sorafenib for indicated time points. 

Next, cells were harvested for MTT experiments according 

to manufacturer’s instructions (Amresco, Cleveland, OH, 

USA). The inhibition rate of sorafenib was calculated as (OD 

490 control group − OD 490 nm administration group)/(OD 

490 nm control group). For sorafenib clearance experiments, 

sorafenib (2 mg) was dissolved in 10 μL dimethyl sulfoxide, 

50 μL polyethylene glycol 400 and 30 μL Tween 80. Then, 

the sorafenib solution was carefully diluted with physiologi-

cal saline to 1 mL total volume. The final concentration of 

sorafenib in this solution was 2 mg/mL, and this sorafenib-

containing solution was named as Sor-Sol.

luciferase assay
MHCC97-H cells were cultured in phenol red-free DMEM 

supplemented with 1% charcoal/dextran-treated FBS (Hyclone, 

Waltham, MA, USA) and seeded into 24-well plates (Corning 

Incorporated, Corning, NY, USA). Next, the cells were trans-

fected with PXR-responsive Luciferase reporters (XREM-Luc 

or PXRE-Luc), treated with indicated concentration of rifam-

picin and analyzed for luciferase or β-galactosidase activities 

following methods described previously.16–19

antibodies and Western blot
Antibodies against LINE-1 ORF-1p, PXR, CYP 3A4, P-gp, 

LaminA/C and β-actin were obtained from Santa Cruz 
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Biotechnology (Dallas, TX, USA) and are described in our 

previous work.9,20 Western blot was performed following the 

protocol described previously.9,20 Protein level was identified 

by antibodies.

Co-immunoprecipitation
The MHCC97-H cells were transfected with indicated 

expression plasmids and harvested and lysed in the immu-

noprecipitation (IP) buffer. The co-immunoprecipitation 

(Co-IP) analysis was performed with anti-FLAG antibodies 

(Sigma-Aldrich, St Louis, MO, USA) and then detected by 

the immunoblotting (IB) assay.21,22

subcellular fractionation
All animal experiment protocols were approved by the 

Institutional Animal Care and Use Committee of the 302nd 

hospital, Chinese PLA, and all animal studies were per-

formed and carried out in accordance with the UK Animals 

(Scientific Procedures) Act, 1986 and associated guidelines. 

All experiments were performed after obtaining written 

confirmation from the Institutional Animal Care and Use 

Committee of the 302nd hospital, Chinese PLA. The sub-

cellular location of PXR or LINE-1 ORF-1p was examined 

by subcellular fractionation assays.23,24 MHCC97-H cells, 

which were transfected with vectors or treated with agents, 

were then homogenized using a Dounce homogenizer, and 

the homogenate was centrifuged at 366× g for 10 minutes at 

4°C to separate nuclear fraction. Next, the supernatant was 

centrifuged again at 13,201× g for 15 minutes at 4°C, and the 

final supernatant was the cytoplasmic fraction. Next, Western 

blot was performed. β-Actin was chosen as the cytoplasmic 

indicator, and Lamin A/C was used as the nuclear indicator.

Clearance of sorafenib
To examine whether LINE-1 ORF-1p overexpression could 

accelerate the clearance of sorafenib in MHCC-97H cells, 

the clearance curve and half-life (t
1/2

 values) of sorafenib were 

determined. For cell-based examination, MHCC97-H cells 

(1×108–2×108), which were transfected with control or LINE-1 

ORF-1p, were cultured with IC
50

 concentration of sorafenib 

for 12 hours. Then, the cells were harvested at indicated time 

points. The remaining sorafenib in MHCC97-H cells was 

extracted by acetonitrile and quantitated by liquid chroma-

tography–mass spectrometry/mass spectrometry (LC-MS/

MS) using the methods described in Feng et al9 and Wu et al.25

For subcutaneous tumor experiments, MHCC97-H cells 

were injected into nude mice to form subcutaneous tumors 

as mentioned earlier. Sor-Sol was injected into HCC subcu-

taneous tumors (20 μL per tumor). At indicated time points, 

tumor tissues were harvested, and the remaining sorafenib 

in the tissues was extracted by acetonitrile. The amount of 

sorafenib was measured by LC-MS/MS.9,25

Transwell assay (in vitro migration and 
invasion)
MHCC97-H cells, which were transfected by empty vectors, 

LINE-1 ORF-1p vectors, control siRNA or LINE-1 ORF-1p 

siRNA, were treated with the IC
50

 concentration of sorafenib 

for 48 hours. Then, the cells were analyzed by Transwell 

assays following the methods described in Xiong et al,26 Wu 

et al27 and Zheng et al.28

antitumor activity of sorafenib in 
MhCC97-h cells in vivo
All animal experiment protocols were approved by the 

Institutional Animal Care and Use Committee of the 

302nd hospital, Chinese PLA and all animal studies were 

performed and carried out in accordance with the UK 

Animals (Scientific Procedures) Act, 1986 and associ-

ated guidelines. MHCC97-H or LM-3 cells, which were 

transfected with plasmids, were injected into nude mice 

to form subcutaneous tumors following the methods men-

tioned earlier. Seven to ten days after injection, the mice 

received solvent control or 2 mg/kg oral sorafenib (every 2 

days) treatment. After 3 weeks of treatment, all mice were 

sacrificed, and the final volume and the weight of tumors 

were measured.29,30

Next, MHCC97-H or LM-3 cells were transfected with 

plasmids and were directly inoculated into the mice’s liver 

via hepatic portal vein injection (5×105 cells per animal). 

After 5–10 days, the mice received solvent control or 2 

mg/kg oral sorafenib (every two days) treatment. After 3 

weeks of treatment, all mice were sacrificed and the final 

volume and the weight of tumors were measured. After 3 

weeks of treatment, all mice were examined by positron 

emission tomography/computed tomography (PET/CT) 

scanner (Philips Corp., Holland, The Netherlands) as 

described by Xu et al31 and Zhang et al.32 After PET/CT 

analysis, animals were harvested and the nodules formed 

by HCC cells in nude mice’s liver were identified by obtain-

ing photographs of the liver. The amount of nodules was 

quantitatively analyzed by measuring radioactivation31,32 

or the area of nodules following the methods adopted by 

Xie et al.33
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statistical analysis
Statistical analysis was carried out by Bonferroni’s correc-

tion with or without two-way ANOVA using SPSS statistical 

software (SPSS 19.0; IBM Corporation, Armonk, NY, USA). 

The IC
50

 value/concentration of sorafenib in MHCC97-H 

cells or the half-life (t
1/2

 value) of sorafenib was calculated 

by the Origin software (Origin 6.1; OriginLab Corporation, 

Northampton, MA, USA). P-value of <0.05 was considered 

statistically significant.

Results
high endogenous line-1 ORF-1p 
expression is associated with poor 
sorafenib therapy outcomes for patients 
with advanced hCC
First, we examined endogenous LINE-1 ORF-1p mRNA 

levels in clinical specimens from advanced HCC patients 

who received sorafenib treatment, through qPCR experi-

ments (fold changes in LINE-1 mRNA levels compared with 

β-actin). Based on the median expression value (0.0009), 

we divided patients into two groups: a LINE-1 ORF-1p low 

group (0.00001–0.0009) and a LINE-1 ORF-1p high group 

(0.0009–0.0024), as shown in Figure 1A and B and Tables S3 

and S4. The data indicate that patients in the LINE-1 ORF-1p 

high group had a poorer prognosis compared with those in the 

LINE-1 ORF-1p low group (Table 1; Figure 1C and D). The 

median time to progression (TTP) of patients in the LINE-1 

ORF-1p high group (8.0 months; 95% CI: 6.8–10.6 months) 

was significantly lower than that of patients in the PXR-low 

group (11.0 months; 95% CI: 9.1–12.0 months; log-rank 

P=0.0002), and the median overall survival (10.0 months; 95% 

CI: 6.1–13.8 months) in the LINE-1 ORF-1p high group was 

lesser than that in the LINE-1 ORF-1p low group (14.0 months; 
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Figure 1 endogenous line-1 ORF-1p mRna levels in advanced hCC clinical specimens in relation to the prognosis of patients who received sorafenib treatment. 
Notes: (A and B) Endogenous mRNA expression of LINE-1 ORF-1p was identified using qPCR for relative RNA levels (A) or representative Dna electrophoresis bands 
from ten representative specimens (five high and five low) (B). (C) The Os and (D) TTP of patients who received sorafenib are shown. (C and D) Significant differences in 
the survival analysis were assessed using the Kaplan–Meier and log-rank tests. *P<0.05.
Abbreviations: Cum, cumulative; hCC, hepatocellular carcinoma; Os, overall survival; qPCR, quantitative PCR; TTP, time to progression.

Table 1 line-1 ORF-1p expression and clinical outcome of 
sorafenib treatment

LINE-1 ORF-1p mRNA 
expression

P-value

High (n=24) Low (n=28)

TTP 8.0 11.0 0.0002
6.8–10.6 months 9.1–12.0 months

Os 10.0 14.0 0.0381
6.1–13.8 months 11.4–16.3 

months
Overall response 
rate (PR)

1 (4.17%) 3 (10.71%)

Disease control rate 
(PR+sD)

4 (16.67%) 9 (32.14%)

Abbreviations: CR, complete remission; Os, overall survival; PR, partial remission; 
sD, stable disease; TTP, time to progression.
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95% CI: 11.4–16.3 months; log-rank P=0.0381). Moreover, the 

overall response rate (complete remission [CR]+partial remis-

sion [PR]) and the disease control rate (CR+PR+stable disease 

[SD]) in the LINE-1 ORF-1p high group (CR+PR, 4.17%; 

CR+PR+SD, 10.71%) were much lower than those in the 

LINE-1 ORF-1p low group (CR+PR, 16.67%; CR+PR+SD, 

32.14%), as shown in Table 1. Therefore, high endogenous 

LINE-1 ORF-1p expression is associated with poor sorafenib 

therapy outcomes in patients with advanced HCC.

line-1 ORF-1p enhances the 
transcription factor activity of PXR in a 
ligand-dependent manner
To define the role of LINE-1 ORF-1p in regulating PXR 

activation, luciferase assays were performed. PXR could be 

activated by its ligand rifampicin; without rifampicin, PXR 

did not show any transcription factor activity (Figure 2). 

Upon rifampicin induction, LINE-1 ORF-1p overexpression 

enhanced the luciferase activity of the PXR responding report-

ers PXRE-Luc (Figure 2A) and XREM-Luc  (Figure 2B), 

whereas knockdown of LINE-1 ORF-1p by siRNA decreased 

PXRE-Luc or XREM-Luc activity in the presence of rifampi-

cin (Figure 2C and D). Therefore, LINE-1 ORF-1p enhances 

ligand-induced PXR transcription factor activity.

line-1 ORF-1p increases the expression 
of PXR downstream genes
To confirm the effect of LINE-1 ORF-1p on PXR, qPCR and 

Western blot assays were performed. The results showed that 

overexpression of LINE-1 ORF-1p enhanced the mRNA levels 

of two PXR downstream genes, CYP3A4 and mdr-1 (Figure 3A 

and B), whereas knockdown of LINE-1 ORF-1p decreased 

the mRNA levels of CYP3A4 and mdr-1 (Figure 3C and D).

Moreover, the protein expression of CYP3A4 and P-gp 

(encoded by the mdr-1 gene) was examined. As shown in 

Figure 3E, LINE-1 ORF-1p overexpression enhanced the 

expression of CYP3A4 and P-gp induced by rifampicin. 

Silencing of LINE-1 ORF-1p via its siRNA decreased the 

expression of CYP3A4 and P-gp induced by rifampicin. 

Therefore, LINE-1 ORF-1p increased the expression of PXR 

downstream genes in a ligand-dependent manner.

line-1 ORF-1p interacts with PXR
Next, we examined the interaction between PXR and 

LINE-1 ORF-1p. MHCC97-H cells were co-transfected with 

FLAG-LINE-1 ORF-1p, FLAG empty vectors, HA-PXR 

or HA empty vectors. Cells were harvested after 24 hours 

for Co-IP and IB assays. FLAG-LINE-1 ORF-1p interacted 

with HA-PXR in the presence of rifampicin (Figure 4A). 

Moreover, FLAG-PXR also interacted with HA-LINE-1 

ORF-1p (Figure 4B).

To identify the binding regions in PXR and LINE-1 ORF-

1p, MHCC97-H cells were transfected with FLAG-tagged 

truncated PXR fragments and a HA-LINE-1 ORF-1p vector. 

Then, cells were harvested for Co-IP experiments. Figure 5A 

demonstrates that LINE-1 ORF-1p interacted with the PXR 

LBD in a ligand-dependent manner. Moreover, we examined 

which domain of LINE-1 ORF-1p interacted with PXR. As 

shown in Figure 5B, PXR interacted with the coiled-coil 
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(C–C) domain (1–160 region) of LINE-1 ORF-1p. These 

results suggest that the LINE-1 ORF-1p C–C domain inter-

acts with the PXR LBD domain.

line-1 ORF-1p enhances the nuclear 
accumulation of PXR
To further examine the effect of LINE-1 ORF-1p on PXR, 

the nuclear accumulation of PXR was assessed. As shown in 

Figure 6, PXR was distributed in both the nucleus and cyto-

plasm of MHCC97-H cells in the quiescent state and could 

translocate from the cytoplasm to the nucleus in the presence 

of rifampicin. Overexpression of LINE-1 ORF-1p enhanced 

Figure 3 line-1 ORF-1p enhanced the expression of PXR downstream genes in hCC cells.
Notes: (A and B) MhCC97-h cells were transfected with an empty vector or line-1 ORF-1p vectors. (C and D) MhCC97-h cells were transfected with control siRna 
or line-1 ORF-1p siRna. Cells were harvested for qPCR analysis. Relative mRna levels for CYP3a4 (CYP/CYP450 group 3a type 4) (A and C) or MDR-1 (multidrug 
resistance) (D) were determined through qPCR. (E) MhCC97-h cells were transfected with an empty vector, line-1 ORF-1p, control siRna or line-1 ORF-1p vectors. 
The protein level of LINE-1 ORF-1p, PXR, CYP3A4 or P-gp was identified through Western blotting. *P<0.05.
Abbreviations: hCC, hepatocellular carcinoma; PXR, pregnenolone X receptor; qPCR, quantitative PCR.
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Figure 4 line-1 ORF-1p could interact with PXR. MhCC97-h cells were 
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X receptor.
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Figure 6 The effect of line-1 ORF-1p on PXR cytoplasmic/nuclear translocation and recruitment to the promoter or enhancer region of CYP3a4.
Notes: MhCC97-h cells were transfected with an empty vector, the expression vector for line-1 ORF-1p (A and C), control siRna or the siRna for line-1 ORF-
1p (B and D) and treated with or without 10 µmol/l rifampicin. (A and B) Cells were fractionated into cytoplasmic fractions and nuclear fractions. The fractions were 
probed using anti-line-1 ORF-1p and anti-PXR antibodies. lamin a/C was chosen as the nuclear marker and ß-actin as the cytoplasmic marker. (C and D) Cells were 
harvested for ChIP experiments. Immunoprecipitated DNA was PCR amplified using primers that were consistent with the PXR binding sites in the CYP3A4 promoter 
or enhancer region.
Abbreviations: ChiP, chromatin immunoprecipitation; PXR, pregnenolone X receptor.
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Figure 7 line-1 ORF-1p promotes the metabolism or clearance of sorafenib in MhCC97-h cells.
Notes: (A and B) MhCC97-h cells were transfected with an empty vector or line-1 ORF-1p. (C and D) MhCC97-h cells were transfected with control siRna or line-1 
ORF-1p siRna. Then, cells were treated using the iC50 concentration of sorafenib for 12 hours (A and C) and harvested at the indicated time points. (B and D) MhCC97-h 
cells were injected into nude mice to form subcutaneous tumors. sorafenib solution was injected into the tumors and tumor tissues were harvested at the indicated time 
points. Cell or tumor tissue samples were analyzed using lC-Ms/Ms to measure the remaining sorafenib. The concentration curve is shown as mean±sD. *P<0.05.
Abbreviation: lC-Ms/Ms, liquid chromatography–mass spectrometry/mass spectrometry.

the accumulation of PXR in the nucleus, whereas knockdown 

of LINE-1 ORF-1p attenuated PXR nuclear accumulation 

(Figure 6A and B). Therefore, LINE-1 ORF-1p could modulate 

the transcription factor activity of PXR through cytoplasmic/

nuclear translocation.

line-1 ORF-1p enhances the 
recruitment of PXR to CYP3a4 gene 
promoter or enhancer regions
The recruitment of PXR to CYP3A4 gene promoter (PXRE, 

−362/+52) or enhancer (XREM, −7,836/–7,208) regions was 

detected through a chomatin IP (ChIP) assay. As shown in Figure 

6C and D, PXR could be recruited to CYP3A4 gene promoter 

(Figure 6C) and enhancer (Figure 6D) regions in the presence 

of rifampicin. Overexpression of LINE-1 ORF-1p enhanced the 

binding of PXR to the promoter/enhancer regions. Silencing 

of LINE-1 ORF-1p via its siRNA attenuated the recruitment 

of PXR to CYP3A4 gene promoter (Figure 6C) or enhancer 

(Figure 6D) regions. These results suggest that LINE-1 ORF-1p 

can modulate the recruitment of PXR to its downstream gene 

promoter or enhancer region.

line-1 ORF-1p accelerates the clearance 
of sorafenib in MhCC97-h cells
MHCC97-H cells transfected with LINE-1 ORF-1p- 

expressing plasmids or LINE-1 ORF-1p siRNA plasmids 

were treated with 1 μmol/L sorafenib (the IC
50

 dose of 

sorafenib) for 12 hours. Then, we started the measure-

ment of sorafenib levels in MHCC97-H cells. Cells 

were harvested at indicated time points (start point: 12 

hours after sorafenib treatment), and LC-MS/MS assays 

were performed. As shown in Figure 7A, sorafenib was 

almost completely cleared within 24 hours in cultured 

MHCC97-H cells. The half-life (t
1/2

 value) of sorafenib 

is 11.52±0.38 hours. Overexpression of LINE-1 ORF-

1p promoted the clearance of sorafenib in MHCC97-H 

cells and the half-life decreased to 6.32±0.29 hours. To 

study the role of LINE-1 ORF-1p in sorafenib clearance 

in vivo, MHCC97-H subcutaneous tumors were treated 

with sorafenib solution via intratumoral injection, and the 

sorafenib remaining in tumor tissues was assessed at each 

time point. As shown in Figure 7B, sorafenib was almost 

completely cleared from tumor tissues at 48 hours, with a 
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half-life (t
1/2

 value) of 20.37±0.75 hours. Overexpression 

of LINE-1 ORF-1p promoted the clearance of sorafenib 

in HCC tumors and decreased the half-life (t
1/2

 value) of 

sorafenib to 13.25±0.63 hours.

Next, the effect of the knockdown of LINE-1 ORF-1p 

expression on the clearance of sorafenib in MHCC97-H 

cells was examined. As shown in Figure 7C, knockdown 

of LINE-1 ORF-1p expression decelerated the clearance of 

sorafenib in cultured MHCC97-H cells and the sorafenib 

half-life (t
1/2

 value) increased from 11.08±0.35 to 15.27±0.42 

hours. Knockdown of LINE-1 ORF-1p also decelerated 

the clearance of sorafenib in MHCC97-H subcutaneous 

tumors (Figure 7D) and the sorafenib half-life (t
1/2

 value) 

increased from 26.26±0.70 to 36.43±1.44 hours. Therefore, 

LINE-1 ORF-1p participates in the clearance of sorafenib 

in MHCC97-H cells.
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Figure 8 line-1 ORF-1p decreased the antitumor effect of sorafenib in inhibiting MhCC97-h cell invasion or migration in vitro. 
Notes: MhCC97-h cells were transfected with an empty vector, a full-length line-1 ORF-1p vector, line-1 ORF-1p 1–160 residues, control siRna or line-1 ORF-1p 
siRna vectors. Cells were treated using the iC50 concentration of sorafenib for 48 hours and then harvested for in vitro invasion (A) or in vitro migration (B) tests. The 
results are shown as representative photographs or mean±sD. *P<0.05.
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Figure 9 line-1 ORF-1p decreased the antitumor effect of sorafenib in inhibiting MhCC97-h cell subcutaneous growth in vivo.
Notes: MhCC97-h cells, which were transfected with empty vector, a full-length line-1 ORF-1p vector, line-1 ORF-1p 1–160 residues, control siRna or line-1 ORF-
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tumors, (B) tumor volumes or (C) tumor weight. *P<0.05.
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Figure 10 line-1 ORF-1p decreased the antitumor effect of sorafenib in inhibiting MhCC97-h cell intrahepatic growth in vivo.
Notes: (A) MhCC97-h cells, which were transfected with an empty vector, a full length line-1 ORF-1p vector, line-1 ORF-1p 1–160 residues, control siRna or line-1 
ORF-1p siRna vectors were seeded into nude mouse livers via the hepatic portal vein to form intrahepatic tumors. The mice received sorafenib and were screened using 
PeT/CT. (B) The results are shown as representative photographs of livers with nodules formed by MhCC97-h cells, (C) the radioactivation of liver to blood or (D) the 
relative nodule area. *P<0.05.
Abbreviation: PeT/CT, positron emission tomography/computed tomography.
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line-1 ORF-1p decreases the antitumor 
effect of sorafenib in vitro
To examine whether LINE-1 ORF-1p modulates the anti-

tumor effect of sorafenib, MTT assays were performed. 

Overexpression of LINE-1 ORF-1p enhanced the resistance 

of MHCC97-H cells to sorafenib, whereby the IC
50

 value of 

sorafenib increased from 1.08±0.12 to 6.91±0.36 μmol/L, 

indicating a 6.4-fold increase in sorafenib resistance (Table 2). 

Moreover, knockdown of LINE-1 ORF-1p significantly 

enhanced the antitumor effect of sorafenib in MHCC97-H 

cells with the IC
50

 decreasing from 1.08±0.12 to 0.14±0.05 

μmol/L (Table 2). Next, to study the specificity of the effect 

of LINE-1 ORF-1p, truncated LINE-1 ORF-1p vectors were 

used. As shown in Table 2, the LINE-1 ORF-1p C–C domain 

(1–160) could enhance the resistance of MHCC97-H cells 

to sorafenib, whereas the RNA recognition motif/carboxyl-

terminal domain (RRM/CTD; residues 161–360) could not.

To further examine the effect of LINE-1 ORF-1p on 

sorafenib resistance, a Transwell assay was performed. 

As shown in Figure 8, sorafenib significantly inhibited the 

in vitro invasion (Figure 8A) or migration (Figure 8B) of 

MHCC97-H cells. Overexpression of LINE-1 ORF-1p or 

the C–C domain of LINE-1 ORF-1p decreased the anti-

tumor effect of sorafenib in inhibiting MHCC97-H cell 

invasion (Figure 8A) and migration (Figure 8B) in vitro. 

Taken together, these results indicate that LINE-1 ORF-1p 

could decrease the in vitro antitumor effect of sorafenib in 

MHCC97-H cells.
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Figure 11 line-1 ORF-1p decreased the antitumor effect of sorafenib in inhibiting lM-3 cell subcutaneous growth in vivo. 
Notes: lM-3 cells, which were transfected with an empty vector, a full-length line-1 ORF-1p vector, line-1 ORF-1p 1–160 residues, control siRna or line-1 ORF-1p 
siRna vectors, were seeded into nude mice to form subcutaneous tumors. The mice received sorafenib. (A) The results are shown as representative photographs of tumors, 
(B) tumor volumes or (C) tumor weight. *P<0.05.
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line-1 ORF-1p decreases the antitumor 
effect of sorafenib in vivo
The antitumor activation of sorafenib was examined in vivo 

in both a subcutaneous tumor model and an intrahepatic 

tumor model. For the subcutaneous tumor experiments, 

MHCC97-H cells transfected with control or LINE-1 ORF-

1p-expressing plasmids were subcutaneously injected into 

nude mice to establish tumors. Overexpression of LINE-1 

ORF-1p or the C–C domain of LINE-1 ORF-1p decreased 

the antitumor effect of sorafenib, whereas transfection with 

the RRM/CTD domains of LINE-1 ORF-1p did not have this 

effect. Moreover, silencing of LINE-1 ORF-1p expression 

enhanced the antitumor effect of sorafenib (Figure 9A–C). To 

confirm these results, the expression of LINE-1 ORF-1p, the 

C–C domain of LINE-1 ORF-1p or the RRM/CTD domains 

was assessed in subcutaneous tumor tissues through Western 

blotting (Figure S1).

To assess the intrahepatic growth of MHCC97-H cells, 

MHCC97-H cells were injected into nude mouse livers via 

the hepatic portal vein. As shown in Figure 10, MHCC97-H 

cells formed multiple and diffuse nodules in the liver, and 

sorafenib treatment attenuated the expansion of MHCC97-

H cells in nude mouse livers. Overexpression of LINE-1 

Table 2 effect of line-1 ORF-1p on sorafenib’s antitumor 
activity

Groups IC50 value of 
sorafenib (µmol/L)

Control 1.08±0.12
line-1 ORF-1p 6.91±0.36
line-1 ORF-1p (1–160) 5.49±0.55
line-1 ORF-1p (161–360) 1.14±0.39
line-1 ORF-1p siRna 0.14±0.05
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Figure 12 line-1 ORF-1p decreased the antitumor effect of sorafenib in inhibiting lM-3 cell intrahepatic growth in vivo.
Notes: lM-3 cells, which were transfected with an empty vector, a full-length line-1 ORF-1p vector, line-1 ORF-1p 1–160 residues, control siRna or line-1 ORF-1p 
siRna vectors, were seeded into nude mouse livers via the hepatic portal vein to form intrahepatic tumors. (A) The mice received sorafenib and were screened using PeT/
CT. (B) The results are shown as representative photographs of livers with nodules formed by lM-3 cells, (C) the radioactivation of liver to blood or (D) the relative nodule 
area. *P<0.05.
Abbreviation: PeT/CT, positron emission tomography/computed tomography.
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ORF-1p or the C–C domain of LINE-1 ORF-1p, but not 

the RRM/CTD domains of LINE-1 ORF-1p, attenuated the 

antitumor effect of sorafenib on the intrahepatic growth of 

MHCC-97H cells, while silencing of LINE-1 ORF-1p had 

the opposite effect. Moreover, similar results were obtained 

in LM-3 cell subcutaneous tumor experiments (Figure 11) 

or intrahepatic tumor experiments (Figure 12), and these 

results confirmed the LINE-1 ORF-1p in vivo results. 

Therefore, both the in vitro and in vivo data indicated that 

LINE-1 ORF-1p reduced the antitumor effect of sorafenib 

in HCC cells.

Discussion
HCC is one of the most common malignancies in P.R. China, 

which has been attributed to a high hepatitis virus infection 

rate (hepatitis B virus or hepatitis C virus).34–38 The prognosis 

of patients suffering from advanced HCC is poor because 

of multidrug resistance, which makes patients insensitive to 

cytotoxic chemotherapies.34–38 Unfortunately, most patients 

suffer from advanced HCC even at their initial diagnosis and 

are not suitable for a liver transplant or surgical treatment.39,40 

Patients with advanced HCC could benefit from systemic 

chemotherapies and molecular targeting therapies, such as the 

first-line agent sorafenib and regorafenib, a newly approved 

molecular targeted agent for the treatment of advanced HCC 

produced by Bayer Corporation (Leverkusen, Germany). 

However, only 26%–43% of the patients are initially sensitive 

to sorafenib, and some patients with good initial responses 

can develop resistance to sorafenib as the therapy progresses. 

Until now, the exact mechanisms underlying sorafenib 

resistance in advanced HCC remained unclear. Our previ-

ous work described a potential mechanism underlying the 

metabolism-dependent elimination of sorafenib mediated by 

the PXR signaling pathway. PXR is a member of the nuclear 

receptor family.9 It functions as a key transcription factor 

to mediate the expression of metabolizing and detoxifying 

enzymes, including Phase I (such as cytochrome P450) and 

Phase II drug-metabolizing enzymes.41 These enzymes can 

also function as drug resistance regulators that induce drug 

resistance or losses in drug efficiency by metabolizing and 

detoxifying chemotherapeutics during treatment.42–46 To 

further establish the role of PXR in sorafenib resistance, the 

current study revealed that LINE-1 ORF-1p could interact 

with PXR and function as a PXR coregulator.

LINE-1, an autonomous retrotransposon, is an impor-

tant component of human genome and constitutes ~17% of 

human genome.47,48 LINE-1 codes for two proteins: LINe-1 

ORF-1p and LINE-1 ORF-2p, and active LINE-1 proteins 

participate in cancer progression through multiple mecha-

nisms.47,48 Physiologically, LINE-1 ORF-1p was considered 

to be a molecular chaperon that interacts with its homologue 

protein LINE-1 ORF-2p to form a ribonucleoprotein during 

the retrotransposition process.49,50 Moreover, LINE-1 ORF-

1p can also function as an important regulator in tumor cell 

proliferation.49,50 Our previous work showed that LINE-1 

ORF-1p could enhance the resistance of HCC cells to 

antitumor drugs and enhance cell function.7 In the present 

work, our results showed that high levels of LINE-1 ORF-

1p in tumor samples are related to poor prognosis in HCC 

patients who received sorafenib treatment. LINE-1 ORF-

1p consists of three domains, the C–C domain (residues 

1–160), the RRM domain and the CTD domain (residues 

161–360).12,13 The RRM and CTD domains mediate the 

binding of LINE-1 ORF-1p to nucleic acids.12,13 Here, we 

found that the LINE-1 ORF-1p C–C domain interacts with 

the PXR LBD, which is responsible for the ligand binding. 

This finding is consistent with the finding that LINE-1 

ORF-1p enhanced the transcription factor activation of 

PXR and the expression of PXR downstream genes in a 

ligand-dependent manner. Overexpression of LINE-1 ORF-

1p accelerated the metabolism and clearance of sorafenib 

in cultured MHCC97-H cells or tumor tissues. In vitro or 

in vivo assay results indicated that the overexpression of 

LINE-1 ORF-1p or the LINE-1 ORF-1p C–C domain, but 

not RRM/CTD, enhanced the resistance of MHCC97-H 

cells to sorafenib.

Conclusion
LINE-1 ORF-1p interacted with PXR and enhanced the 

transcription factor activation of PXR. It also promoted 

the metabolism and clearance of sorafenib in HCC cells 

and enhanced sorafenib resistance in HCC cells. Therefore, 

LINE-1 ORF-1p is a promising molecular candidate for 

gene targeting therapy to overcome drug resistance in HCC.
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Table S1 Baseline clinical data of 52 patients with advanced hCC

Presentation No. of cases (%)

Median age, years (range) 51 (24–74)
gender, male (%) 47 (88.46%)
etiology (%)

hBV positive 44 (84.61%)
hCV positive 8 (15.39%)

eCOg Ps (%)
0 16 (30.76%)
1 28 (53.84%)
2 6 (15.40%)

aFP (%)
normal 12 (23.10%)
elevated 40 (76.90%)

extrahepatic metastasis (%) 34 (65.38%)
ln metastasis (%) 23 (44.23%)
Portal vein invasion (%) 36 (69.23%)
Child–Pugh (%)

a 8 (15.38%)
B 32 (61.53%)
C 12 (23.09%)

Median size of index tumor, cm (range) 4.2 (1–13.3)
Median number of index tumors 3 (1–5)
Prior local therapy (%) none

Abbreviations: eCOg Ps, eastern Cooperative Oncology group performance 
status; hBV, hepatitis B virus; hCC, hepatocellular carcinoma; hCV, hepatitis C 
virus; ln, lymph node.

Table S2 Real-time PCR primers

Target gene Primers

PXR Forward primer: 
5´-agagCggCaTgaagaaggagaTg-3´
Reverse primer: 
5´-gaaaTgggagaaggTagTgTCaaagg-3´

CYP3a4 Forward primer: 
5´-CTagCaCaTCaTTTggaCTg-3´
Reverse primer: 
5´-aCagagCTTTgTgggaCT-3´

P-gp (MDR-1) Forward primer: 
5´-CCaTagCTCgCgCCCTTgTTaga-3´
Reverse primer: 
5´-CggTgagCaaTCaCaaTgCag-3´

β-actin Forward primer: 
5´-CTCCaTCCTggCCTCgCTgT-3´
Reverse primer: 
5´-gCTgTCaCCTTCaCCgTTCC-3´

Table S3 The mRna level of line-1 ORF-1p in line-1 ORF-1p 
high-group hCC tissues by real-time PCR

Tissue 
no.

Repetition 
1

Repetition 
2

Repetition 
3

Repetition 
4

1 0.0015131 0.001437819 0.001583436 0.001517612
2 0.00223555 0.002330515 0.002279295 0.002079897
3 0.00217745 0.002222782 0.002106164 0.002176481
4 0.00228794 0.002392687 0.00221515 0.002203985
5 0.00206953 0.002100188 0.002017591 0.002051281
6 0.00096634 0.000962765 0.00096842 0.000983509
7 0.00227064 0.002418592 0.002196769 0.002198899
8 0.00142322 0.001439151 0.001406557 0.001418982
9 0.00134548 0.001369265 0.001280204 0.001393513
10 0.00122871 0.001239608 0.001195998 0.001255153
11 0.00194895 0.001983606 0.001984848 0.001902766
12 0.00146321 0.001452683 0.001525326 0.001409903
13 0.00200954 0.002031977 0.001983357 0.00203058
14 0.00171078 0.001673148 0.001738828 0.001699864
15 0.00227424 0.002247204 0.002415365 0.002138719
16 0.00135072 0.00132429 0.001351733 0.001364868
17 0.00105034 0.001048265 0.00104265 0.001085345
18 0.00217825 0.002153815 0.002197129 0.002168897
19 0.00118072 0.001195392 0.001199195 0.001136421
20 0.00197611 0.001986311 0.001961413 0.001962788
21 0.00223197 0.002291464 0.002095904 0.002307527
22 0.0017951 0.001723383 0.001833449 0.001815024
23 0.00092648 0.000910003 0.000901625 0.000951779
24 0.00225247 0.002275126 0.002257586 0.002213347
25 0.00150453 0.001485761 0.001551259 0.001460046
26 0.00182272 0.001885451 0.001820427 0.001782178
27 0.00174904 0.001642034 0.001750096 0.001851498

Abbreviation: hCC, hepatocellular carcinoma.
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Table S4 The mRna level of line-1 ORF-1p in line-1 ORF-1p 
low-group hCC tissues by real-time PCR

Tissue 
no.

Repetition 
1

Repetition 
2

Repetition 
3

Repetition  
4

1 0.000467 0.000496647 0.000477385 0.000433709
2 0.000297 0.000309177 0.000280967 0.00028097
3 0.00034 0.000328671 0.00035273 0.00032892
4 0.000863 0.000856089 0.000866942 0.000891673
5 0.000421 0.000438517 0.00040909 0.000434217
6 0.000822 0.000822328 0.000817409 0.000848171
7 0.00048 0.000466022 0.000467258 0.000481181
8 0.000704 0.000715255 0.000684698 0.000684862
9 0.000442 0.000451376 0.000439708 0.000439565
10 0.000247 0.000229948 0.000245991 0.000258371
11 0.000831 0.000798056 0.000819908 0.000843366
12 0.000667 0.000651652 0.000693258 0.000640309
13 0.000544 0.000530493 0.000528353 0.000557914
14 0.000546 0.000563943 0.000574099 0.000538458
15 0.000511 0.000497906 0.000508592 0.00051553
16 0.000717 0.000717964 0.000715951 0.000705658
17 0.000209 0.000207469 0.000210248 0.000211448
18 0.000216 0.000225378 0.000211357 0.000210096
19 0.000134 0.000131204 0.000132523 0.000137199
20 0.000626 0.000630274 0.000608 0.000630625
21 0.000281 0.000283986 0.000273923 0.000280378
22 0.000178 0.00018378 0.000179998 0.000180108
23 0.000244 0.000235764 0.000249473 0.000236458
24 0.000301 0.000310077 0.000307855 0.000305984
25 0.000508 0.000493655 0.000518298 0.000487267

Abbreviation: hCC, hepatocellular carcinoma.
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Figure S1 The expression of line-1 ORF-1p in subcutaneous tumors.
Notes: MhCC97-h cells, which were transfected with empty vector, full-length line-1 ORF-1p, line-1 ORF-1p 1–160 residues, control siRna or line-1 ORF-1p siRna 
vectors, were seeded into nude mice to form subcutaneous tumors. Mice were treated with sorafenib and the tumor tissues were harvested with antiline-1 ORF-1p or 
Flag antibodies.
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