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The MDM2 binding protein (MTBP) has been considered an important regulator of human
malignancies. In this study, we demonstrate that the high level of MTBP’s endogenous
expression is correlated with poor prognosis of advanced hepatocellular carcinoma (HCC)
patients who received sorafenib. MTBP interacted with the Pregnane X receptor (PXR)
and enhanced the transcription factor activity of PXR. Moreover, MTBP enhanced the
accumulation of PXR in HCC cells’ nuclear and the recruitment of PXR to its downstream
gene’s (cyp3a4’s) promoter region. Mechanically, the knockdown of MTBP in MHCC97-H
cells with high levels of MTBP decelerated the clearance or metabolism of sorafenib in
HCC cells and led to the resistance of HCC cells to sorafenib. Whereas overexpression of
MTBP in in MHCC97-L cells with low levels of MTBP showed the opposite trend. By
establishing the interaction between MTBP and PXR, our results indicate that MTBP could
function as a co-activator of PXR and could be a promising therapeutic target to enhance
the sensitivity of HCC cells to molecular targeting agents.

Keywords: MDM2 binding protein, Pregnane X receptor, hepatocellular carcinoma, molecular targeting agent,
multi-drug resistance, drug metabolism and clearance

INTRODUCTION

The hepatocellular carcinoma (HCC) has been a fatal threat to the health of the people of China due
to the high rates of hepatitis and the resistance or insensitivity to HCC cells in relation to molecular
targeting agents. This has been considered an important influencing factor for poor prognoses of
patients with advanced HCC (1-4). The PXR (pregnane X receptor) is a member of the nuclear
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receptors super-family and mainly expresses in the liver and
gastrointestinal tract tissues (5, 6). It has long been considered to
be the regulatory center for the metabolism and detoxification of
exogenous drugs and toxicants; results of recent studies show
that it is also a key regulator for anti-tumor drug resistance in
cancerous cells (7-10). Upon binding and activating by ligands,
PXR can recruit the promoter or enhancer regions to mediate the
transcription of its downstream drug-resistance-related genes,
inducing cyp3a4 and abcbl (also named multi-drug resistance 1
[mdr-1]/ATP binding cassette subfamily B member 1 [ABCB1]).
It does this by encoding the P-glycoprotein [P-gp]) to mediate
the elimination of sorafenib in cancerous cells via the N-oxide
metabolism of sorafenib or by decreasing the intracellular
accumulation of it, which in turn reduces the clinical efficacy
or resistance of the drug during treatment (5-10).

The MDM2 binding protein (MTBP) has a molecular weight
of 104 kDa and was originally found to interact with MDM2
(murine double minute 2) (11, 12). Recently, MTBP has been
regarded as an important regulator of human cancer cells’
proliferation or metastasis (13, 14). MTBP could promote
human cancer cells’ proliferation or metastasis by functioning
as a co-activator of ¢-MYC (cellular-myelocytomatosis viral
oncogene) or ZEB2 (Zinc Finger E-Box Binding Homeobox 2)
(13). In this study, MTBP was found to function as a co-activator
of PXR, further enhancing PXR’s downstream drug-resistance-
related genes. MTBP was highly expressed in HCC clinical
specimens compared to those of the paired non-tumor tissues.
The knockdown of MTBP in MHCC97-H with high levels of
endogenous MTBP could have decelerated the elimination or
clearance of sorafenib and enhanced the antitumor effect
of sorafenib in MHCC97-H cells. Whereas overexpression of
MTBP in in MHCC97-L cells with low levels of MTBP showed
the opposite trend.

MATERIALS AND METHODS

Clinical Specimens and Agents

The use of clinical specimens and cell lines were approved by the
ethics committee of the Fifth Medical Center, General Hospital
of Chinese PLA (People’s Liberation Army). All methods and
experiments were carried out in accordance with the Helsinki
Declaration. A total number of 52 patients with advanced HCC
received sorafenib as described in our previous publications
(Feng et al. [2018] and Shao et al. [2018]) (7, 8). The cDNA
samples were conserved at -80°C (7, 8). The expression of MTBP
in the cDNA of the patients was examined by quantitative
polymerase chain reaction (qQPCR). The hepatic cell lines L-02,
HepG2, MHCC97-H, MHCC97-L, BEL-7402, SMMC-7721 and
Hu7 cells were conserved in our lab and cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Hyclone, Thermo Fisher
Scientific Corporation, Waltham, MA, USA). We added Fetal
Bovine Serum (FBS, Invitrogen, Thermo Fisher Scientific
Corporation, Waltham, MA, USA) at 37°C in DMEM to
culture cells. The antitumor agents (the molecular targeted

agents), sorafenib, regorafenib, lenvatinib, apatinib and
anlotinib, were chemically synthesized by Dr. and Prof. Shuang
Cao in Wuhan Institute of Technology. Rifampicin, a typical
agonist of PXR, and ketoconazole, a typical antagonist of PXR,
were purchased from Selleck Corporation.

For cell-based experiments, the molecular targeting agents
were dissolved in DMSO (dimethyl sulfoxide) and diluted with
phenol red-free DMEM (Thermo Fisher Scientific Corporation)
(15, 16). For the animal experiments, the formulation (oral liquid
for the oral administration) of molecular targeting agents was
prepared by using PEG400 and Twenn80 (17, 18). The lentivirus
particles with the full length of MTBP and the siRNA of MTBP
were purchased from the Vigene Corporation, Jinan City,
Shandong Province, China.

Luciferase Examination

The luciferase reporters of PXR (PXRE-Luc, XREM-Luc, DR3-
Luc and ER6-Luc) were described in our previous publication (7,
8). The cells were cultured and suspended using the phenol red-
free DMEM supplemented with 0.5% charcoal-stripped fetal
bovine serum (FBS; Hyclone, Logan, Utah, USA). Cells were
transfected with the MTBP and siMTBP and analyzed by
luciferase activation or [B-gal activation following the
instructions provided in methods section of the manuscript by
Yang et al.,, Zhao et al. and Cui et al. (19-21).

Quantitative Polymerase Chain Reaction
The mRNA samples were extracted from the HCC cells and reverse-
transcribed into the cDNA samples by use of an RNeasy Mini kit
(Qiagen, Valencia, CA, USA) following the manufacturer’s
instructions. The quantitative real-time PCR (qPCR) was
performed following the methods described by Jia et al. and Yin
etal. (22, 23). The level of B-actin mRNA was measured as a loading
control. Primers used in the gPCR experiments included: (1) MTBP
forward sequences 5-TCCTGTAGTTTCGTCAGATCCT-3" and
reverse sequences 5-CCGTTTCAATCGGGATACTTCA-3'; (2)
ABCBI1 forward sequences 5-GCTG TCAAGGAAGCCAA
TGCCT-3’ and reverse sequences 5-TGCAATGGCGATC
CTCTGCTT C-3’; (3) CYP3A4 forward sequences 5-CCGA
GTGGATTTCCTTCAGCTG-3" and reverse sequences 5’-
TGCTCGTGGTTTCATAGCCAGC-3’; and (4) B-actin forward
sequences 5-CACCA TTGGCAATGAGCGGTTC-3 and reverse
sequences 5-AGGTCTTTGCGGATGTCC ACGT-3’.

Western Blot Experiments

Total protein samples were extracted from HCC cells and the
subcutaneous tumor tissues; western blot experiments were
performed following the methods described in our previous
publication. The antibodies against P-GP (P-glycoprotein,
encoded by abcbl), CYP3A4, Lamin A, PXR and B-Actin were
purchased from Abcam Corporation, Cambridge, UK. The
expression levels of proteins were examined by their antibodies.
The blots were visualized via the chemiluminescence by use of an
ECL kit (Amersham Biosciences, Piscataway, NJ, USA).
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Pharmacokinetic Examination

The sustaining of sorafenib in HCC cells and tumor tissues was
examined by liquid chromatography-mass spectrometry/mass
spectrometry (LC-MS/MS) methods to reveal the elimination or
clearance of sorafenib in HCC cells. Pharmacokinetic
experiments were performed according to the protocols
described in our previous work (7, 8).

ChIP Experiments

The HCC cells were transfected with the siRNA of MTBP and
MTBP were treated with rifampicin for 30min. Then, cells were
harvested for ChIP analysis and the experiments were performed
following the methods described by Ma et al. (2016) and Wang
et al. (2018) (24, 25). The primers to amply the promoter region
(the PXRE region [-362/+52]) of the promoter of cyp3a4 were
(1) forward primer: 5-AGATCTGTAGGTGTGGCTTGTTGG-
3’; (2) reverse primer: 5-TGTTG CTCTTTGCTGGGCTA
TGTGC-3’; (3) Input (genome DNA sequence): forward
primer: 5-AA CCTATTAACTCACCCTTGT-3’; and (4)
reverse primer: 5-CCTCCATTCAAAAGATCTTATTATTT
AG CATCTCCT-3.

The Subcellular Sub-Fraction Analysis

The HCC cells were transfected with the siRNA of MTBP and
MTBP were treated with rifampicin for 30min to 1h. Next, the
cells were harvested and the subcellular sub-fraction was
performed following the methods provided by Yang et al. and
Lu et al. (26, 27). Lamin A was used as the indicator of the
nuclear sub-fraction and 3-Actin was chosen as the indicator of
the cytoplasm sub-fraction. The protein levels of MTBP, PXR,
Lamin A and B-Actin were examined by their antibodies.

Cell Survival Examination

The HCC cells were transfected with the siRNA of MTBP and
MTBP were treated with the indicated concentration of
molecular targeting agents (10umol/L, 3umol/L, 1pumol/L,
0.3umol/L, 0.1umol/L, 0.03umol/L and 0.01umol/L) for 48h.
The cells were then analyzed by the MTT (3-[4,5-dimethyl-2-
thiazolyl[-2,5-diphenyl-2-H-tetrazolium bromide, Thiazolyl
Blue Tetrazolium Bromide) experiments following the methods
descripted by Zhang et al. (28). The related survival cell number
was determined by measuring the O.D. 490nm. The inhibitory
rates of agents on HCC cells were calculated as [(the O.D. 490nm
values of the control group) - (the O.D. 490nm values of the
treatment group)]/(the O.D. 490nm values of control group) *
100%. The ICs, values of agents on HCC cells were calculated
based on these inhibitory rates (29, 30).

The In Vivo Antitumor Effect of Molecular
Targeting Agents on HCC Cells

The animal experiments were reviewed approved by the
Institutional Animal Care and Use Committee, the Fifth
Medical Center, Chinese PLA. All animal experiments were

performed in accordance with the UK Animals (Scientific
Procedures) Act, 1986 and the associated guidelines. Nude
mice ages 4 to 6 weeks were purchased from the Si-Bei-Fu
Corporation (Beijing, China). For the subcutaneous tumor
model, HCC cells were cultured and harvested to prepare the
single cell suspension. Then, the cell-suspension was injected
into the subcutaneous positions of the mice (about 1x10° cells for
each injection point). Three to four days after injection, mice
received the molecular targeting agents via oral administration
once every two days. After three to four weeks’ treatment, the
mice were collected and their tumor volumes were calculated as
width*length/2 (31, 32). Their tumor weights were measured
with a precise balance. The inhibition rates of molecular
targeting agents on HCC cells’ subcutaneous growth were
calculated based on tumor weights and tumor volumes. For the
intrahepatic tumor model, HCC cells were first injected into the
mice to form tumor tissues (7, 8). Next, the tumors were
collected to prepare micro-blocks of tumor tissues which were
mixed with medical hydrogel to form hydrogel drips with tumor
tissues. Supplemental Table 1 shows the weights of the micro-
blocks formed by the MHCC97-H cells and the MHCC97-L cells
and transplanted into the mice. The hydrogel drips were adhered
onto the surface of the liver organs of the mice. Three to four
days after injection, the mice received the molecular targeting
agents via oral administration once every two days. After three to
four weeks’ treatment, mice received a micro-PET screening to
examine the intrahepatic growth of HCC cells. After micro-PET
screening, the mice were harvested and their livers with nodules
formed by HCC cells were collected (7, 8). The results were
shown as micro-PET images, the quantitative results of micro-
PET, the images of liver organs with nodules or the quantitative
results of liver organs’ images with nodules formed by HCC.

The Statistical Analysis

Statistical significance analyses were analyzed by using the
statistical software (software version: SPSS 9.0, the IBM
corporation, Armonk, New York, USA). The IC50 values or
the Statistical significance was analyzed by Bonferroni correction
with or without two ways ANOVA.

RESULTS

MTBP Enhanced the Transcription
Factor Activation of PXR
First, the expression of MTBP in hepatic cells was examined. As
shown in Figure 1, among hepatic cell lines, MHCC97-H, a
highly aggressive HCC cell line, expressed the highest level of
endogenous MTBP, whereas MHCC97-L, an HCC cell line with
low aggressiveness, expressed the lowest level of endogenous
MTBP. Therefore, MHCC97-H cells were used to knockdown
MTBP’s expression and MHCC97-L cells were used to
overexpress MTBP.

Next, the effect of MTBP on PXR’s transcription factor
activation was examined. As shown in Table 1, rifampicin, a
typical agonist of PXR, induced the transcription factor activation
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B-Actin

examined by the antibodies. The B-Actin was chosen as the loading control.

FIGURE 1 | The expression of the highest level of MTBP among the hepatic cell lines. The hepatic cell lines MHCC97-H (a highly aggressive HCC cell line),
MHCC97-L (a lowly aggressive HCC cell line), L-02 (a non-tumor hepatic cell line), Hu7 (a HCC cell line with dysfunction of P53), HepG2 (a HCC cell line), BEL-7402
(a HCC cell line) and SMMC-7721 (a HCC cell line) were cultured and harvested for western blot experiments. The protein levels of MTBP in these cells were

of PXR. The overexpression of MTBP enhanced the activation of
PXR induced by rifampicin and the ECs, values decreased; the
knockdown of MTBP decreased the activation of PXR induced by
rifampicin and the ECs, values increased (Table 1).

Moreover, the overexpression of MTBP enhanced the mRNA
or protein levels of PXR’s downstream genes, cyp3a4 and abcbl,
induced by rifampicin. The knockdown of MTBP decreased the
mRNA and protein levels of PXR’s downstream genes, cyp3a4
and abcbl, induced by rifampicin (Table 1 and Figure 2).
Therefore, MTBP enhanced the transcription factor activation
of PXR.

MTBP Interacted With PXR and Promoted
the Accumulation of PXR in Nuclear and
the Recruitment of PXR to the Promoter of
Its Downstream Gene cyp3a4

To further examine the effect of MTBP on PXR, the protein
interaction between MTBP and PXR was examined by co-
immunoprecipitation (co-IP). As shown in Figure 3, MTBP
interacted with PXR in MHCC97-H cells. Additionally, the

overexpression of MTBP promoted the accumulation of PXR
in nuclear induced by rifampicin, whereas the knockdown of
MTBP deceased the accumulation of PXR in nuclear (Figure 4).
The recruitment of PXR to the promoter of its downstream gene,
cyp3a4, was examined by ChIP analysis (Figure 4). As shown in
Figure 4, the overexpression of MTBP promoted the recruitment
of PXR to the promoter region of cyp3a4. The knockdown of
MTBP decreased the recruitment of PXR to the gene’s promoter
region (Figure 4). Therefore, MTBP interacted with PXR and
promoted the accumulation of PXR in nuclear and the
recruitment of PXR to the promoter of its downstream gene.

MTBP Accelerated the Elimination

of Sorafenib in HCC Cells

These results indicate that MTBP enhanced the activation of
PXR and enhanced the expression of PXR’s downstream genes
which mediated the metabolism of sorafenib. Therefore, the
effects of MTBP on the elimination or clearance of sorafenib in
HCC cells were examined by the LC-MS/MS methods. As shown
in Figure 5 and Table 2, the overexpression of MTBP in

TABLE 1 | The effect of MTBP on PXR’s transcription factor activation.

Groups MHCC97-H MHCC97-L
control siRNA siRNA of MTBP empty vector MTBP
ECs5p values of Rifampicin (umol/L) XREM-Luc 4.20 £ 0.33 - 4.91 £ 0.54 2.38 £ 0.85
PXRE-Luc 513 +0.95 - 3.69 + 0.71 1.88 + 0.50
DR3-Luc 6.22 £ 1.48 - 5.51 +0.65 2.64 +0.52
ER6-Luc 540 +0.14 - 4.22 +0.69 2.85+0.35
cyp3ad 4.61 +0.20 - 5.50 + 0.76 1.34 +0.84
abcb1 5.08 + 0.88 - 4.60 +0.16 2.70 £ 0.32
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CYP3A4

MTBP
P-GP
PXR

B-Actin

antibodies. The B-Actin was chosen as the loading control.

FIGURE 2 | MTBP enhanced the expression of PXR downstream genes. (A) The MHCC97-H cells were transfected with a control siRNA or the siRNA of MTBP,
whereas the MHCC97-L cells were transfected with an empty vector or MTBP (B). Cells were treated with solvent control or rifampicin (10pumol/L concentration) and
harvested for the western blot experiments. The protein levels of PXR, MTBP, CYP3A4 and P-gp (encoding by the acbc1) in these cells were examined by the

B Control
siRNA

CYP3A4

MTBP
P-GP
PXR

B-Actin

MHCC97-L cells accelerated the elimination of sorafenib in
HCC cells and the subcutaneous tumor tissues, and the half-
life time (t,,, values) of sorafenib in HCC cells or tumor tissues
was significantly reduced. The knockdown of MTBP in
MHCC97-H cells accelerated the elimination of sorafenib in
HCC cells or the subcutaneous tumor tissues, and the half-life
time (t;/, values) of sorafenib in HCC cells or tumor tissues was
significantly reduced. Therefore, MTBP accelerated the
elimination or clearance of sorafenib in HCC cells.

MTBP Enhanced the Resistance of HCC
Cells to Molecular Targeting Agents

The antitumor effect of molecular targeting agents on HCC
cells was examined by MTT experiments. As shown in
Supplemental Table 2, sorafenib inhibited the survival of
HCC cells in a dose-dependent manner. The overexpression
of MTBP enhanced the resistance of MHCC97-L cells to
sorafenib and the ICs, values of sorafenib on MHCC97-L
cells were increased (Supplemental Table 2). The knockdown

A
FLAG + o+ - -
FLAG-MTBP - -  + +
HA-PXR + o+ + +
Rifampicin -+ -+

IP: FLAG; IB: HA
IP: FLAG; IB: FLAG
Input: HA

Input: FLAG

FIGURE 3 | MTBP interacted with PXR. (A) The HEK293 cells that were co-transfected with HA-PXR or FLAG-MTBP were analyzed by co-IP experiments. (B) The
MHCGC97-H cells which were transfected with FLAG-MTBP were analyzed by co-IP experiments.

FLAG + + - -
FLAG-MTBP - -  + +
Rifampicin
IP: FLAG; IB: PXR
IP: FLAG; IB: FLAG

Input: PXR

Input: FLAG
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rifampicin and harvested for the ChIP experiments.

A Nuclear Cytoplasm

Empty vector + + - - + o+ - Empty vector , + - + -
MTBP B T MTBP 2 - o+ - 4
Rifampicin -+ -+ -+ -+ Rifampicin £ . -+ o+
B Nuclear Cytoplasm D

ControlsiRNA + + - - + + - ControlsiRNA , + - + -
MTBP siRNA - - + + - - + + MTBP siRNA :g‘. -+ -+
Rifampicin -+ -+ -+ - % Rifampicin = - -+ o+

FIGURE 4 | MTBP promotes the accumulation of PXR in nuclear or the recruitment of PXR to the promoter regions of its downstream gene. The MHCC97-L
(A) cells were transfected with an empty vector or MTBP, whereas the MHCC97-H (B) cells were transfected with a control siRNA or the siRNA of MTBP.
Cells were treated with a solvent control or rifampicin and harvested for the cellular sub-fraction experiments. The expression levels of PXR or MTBP in
cellular sub-fractions was examined by the western blot assay. The Lamin A (the nuclear-skeletal protein) was used as the indicator of the nuclear sub-
fraction, whereas B-Actin was used as the indicator of the cytoplasm sub-fraction. The MHCC97-L (C) cells were transfected with an empty vector or
MTBP, whereas the MHCC97-H (D) cells were transfected with a control siRNA or the siRNA of MTBP. Cells were treated with a solvent control or

of MTBP in MHCC97-H enhanced the antitumor effect of the
drug on MHCC97-H cells and the ICs, values of sorafenib on
MHCC97-H cells decreased. Moreover, the overexpression of
MTBP enhanced the resistance of MHCC97-L cells to
molecular targeting agents regorafenib, lenvatinib, anlotinib
and apatinib; the knockdown of MTBP enhanced the sensitivity
of MHCC97-H cells to molecular targeting agents.

MTBP Repressed the In Vivo Antitumor
Effect of Sorafenib on HCC Cells’
Subcutaneous Growth and the
Intrahepatic Growth

To further examine the effect of MTBP on the in vivo antitumor
activation of molecular targeting agents, the subcutaneous tumor
model was used. As shown in Figure 6 and Table 2, the
molecular targeting agents inhibited the subcutaneous growth
of HCC cells in nude mice. The overexpression of MTBP
decreased the antitumor effect of molecular targeting agents
and the ICsy values increased (Figure 6 and Table 3). The
knockdown of MTBP enhanced the sensitivity of MHCC97-H
cells to molecular targeting agents and the ICs, values decreased

(Figure 6 and Table 3). The results were shown as the images of
subcutaneous tumor tissue formed by MHCC97-H from the
mice received sorafenib treatment and the ICs, values of
molecular targeting agents sorafenib, regorafenib, lenvatinib,
anlotinib or apatinib (Figure 6 and Table 3). The expression
level of the related factors (MTBP, PXR, abcbl or cyp3a4) in the
subcutaneous tumors (Figure 6A) was shown as Figures 6F-I.

Next, the intrahepatic tumor models were used. As shown in
Figure 7, the intrahepatic growth of HCC cells could form the
intrahepatic nodules (tumor lesions) in the livers of the mice.
The intrahepatic growth of HCC cells were shown as the micro-
PET images (live imaging of small animals) and the images of
livers with nodules (Figure 7). Treatment with sorafenib
inhibited the intrahepatic growth of HCC cells in the liver of
each of the mice (Figure 7). The overexpression of MTBP
repressed the antitumor effect of sorafenib on both the micro-
PET intensity images of the livers and the nodules formed by
MHCC97-L (Figure 7). The knockdown of MTBP enhanced the
antitumor effect of sorafenib both on the micro-PET intensity
images of the livers and the nodules formed by MHCC97-H
(Figure 7). Therefore, MTBP enhanced the resistance of HCC
cells to molecular targeting agents.
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FIGURE 5 | MTBP accelerates the clearance or metabolism of sorafenib in HCC cells. (A, B) The MHCC97-H (A, B) cells were transfected with a control siRNA

empty vector or MTBP. The cells were cultured (A, C) and injected into nude

mice to form subcutaneous tumor tissues. The sustaining of sorafenib in cultured HCC cells (A, C) or the subcutaneous tumors (B) was examined by the
LC-MS/MS methods. The results were shown as the represented images of LC-MS/MS at represented time points or the drug sustaining curves (D-F).

MTBP Is Associated With the Poor
Prognosis of HCC Patients

The above results indicate that MTBP could interact with PXR
and enhance the transcription activation of PXR to mediate the
resistance of HCC cells to sorafenib. To confirm the specificity of
MTBP and the clinical significance of MTBP, the expression of
MTBP in advanced HCC clinical specimens was examined and

the patients were divided into two groups (MTBP-high group
and MTBP-low group) according to the median value of the
endogenous MTBP level (Figures 8A-D). As shown in
Figures 8C, D and Table 4, the prognosis for patients in
MTBP-high groups is much worse than that of patients
in MTBP-low groups (the TTP [time to progress] is 9.0
months [median], 95% CI [7.8-10.2 months] versus 12.0

Frontiers in Oncology | www.frontiersin.org

June 2021 | Volume 11 | Article 715193


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Jiang et al.

MTBP on PXR in HCC

TABLE 2 | The effect of MTBP on the metabolism or the clearance of sorafenib
in HCC cells.

Groups Half-life values (t4/, values, hours)
Cultured Cells Subcutaneous Tumors
MHCC97-H control siRNA 19.30 + 3.85 28.14 + 2.81
siRNA of MTBP 56.67 + 5.58 71.27 £9.67
MHCC97-L empty vector 22.95 + 7.56 37.94 + 7.23
MTBP 13.81 £ 4.11 85.28 + 6.52

months [median], 95% CI [9.0-12.6 months], log-rank P=0.022;
the OS [overall survival] is 11.0 months [median], 95% CI [9.9-
13.4 months] versus 16.0 months [median], 95% CI [3.5-16.8
months], log-rank P=0.003).

Moreover, the relationship between the expression of MTBP
with the downstream genes of PXR, cyp3a4 and ABCBI in
clinical specimens was examined. As shown in Figures 8E, F,
the expression of MTBP-1 was positively related to the

expression of cyp3a4 (P<0.0001) and ABCBI (P<0.0001) in
clinical specimens. As expectative, the expression of MTBP in
HCC specimens did not associate with PXR (Figure 8G).
Therefore, the data from the clinical specimens confirmed
MTBP’s pro-proliferative and oncogenic activation and the
effect of MTBP on PXR’s activation.

The Specificity of MTBP

on PXR’s Activation

Further experiments were performed in Huh-7 cells (P53-
deficient HCC cells), HEK293 (PXR-negative cell line), and
using PXR antagonist ketoconazole treating cells. The
activation of PXR was revealed by the ECs, values of
rifampicin on luciferase reporters or mRNA level of PXR’s
downstream genes. As shown in Supplemental Table 3,
overexpression of MTBP enhanced the activation of luciferase
reporters or the mRNA level of PXR’s downstream genes, cyp3a4
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FIGURE 6 | MTBP decreased the antitumor effect of sorafenib on the subcutaneous growth of HCC cells. MHCC97-H cells were cultured and transfected with a control
SiRNA or the siRNA of MTBP. Cells were injected into mice to form subcutaneous tumor tissues and the mice received sorafenib treatment via oral administration. The
mice were harvested and the tumor tissues were collected. The results were shown as the images of tumor tissues (A), tumor volumes (B), inhibition rates of sorafenib
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TABLE 3 | MTBP decreased the in vivo antitumor effect of molecular targeting agents.

Groups IC5p values (mg/kg)
Sorafenib Regorafenib Lenvatinib Apatinib Anlotinib
MHCC97-H control siRNA 0.85 £ 0.37 0.90 + 0.25 0.70 £ 0.10 1.35 + 0.66 1.67 £ 0.78
siRNA of MTBP 0.14 + 0.02 0.25 + 0.05 0.10 + 0.01 0.38 + 0.11 0.62 +0.23
MHCC97-L empty vector 1.55 £ 0.30 1.31 £0.70 0.95 + 0.44 2.10 £ 0.92 1.68 £ 0.50
MTBP - - - -

TABLE 4 | MTBP expression and clinical outcome of patients received
sorafenib treatment.

MTBP mRNA expression P
High (n = 26) Low (n = 26)
TP 9.0 12.0 0.022
7.8-10.2 (M) 9.0-12.6 (M)
(O] 1.0 16.0 0.003
9.9-13.4 (M) 13.5-16.8 (M)

TTP, time to progress; OS, overall survival; M, months.

or abcbl; knockdown of MTBP decreased the transcription
factor activation of PXR. Treatment of ketoconazole almost
blocked the activation of PXR. Moreover, overexpression of
MTBP could only enhanced the activation of luciferase
reporters or the mRNA level of PXR’s downstream genes,
cyp3a4 or abcbl in the presence of PXR (Supplemental Table 4).
Therefore, The specificity of MTBP on PXR’s activation was
confirmed by using the multi-assays.

DISCUSSION

The molecular targeting agents represented by sorafenib are of great
significance for the treatment of advanced HCC but it has been
clearly reported that patients’ sensitivity to the drug varies
according to each individual. During the treatment, patients are
prone to developing resistance to molecular targeting agents (33).
Some cellular signaling pathways, including CSCs (cancer stem
cells), the Notch pathway, the EMT (epithelial-mesenchymal
transition) and mTOR (mammalian target Rapamycin) can affect
the antitumor activity of molecular targeting agents (34-40).
Results from recent studies have shown that metabolic factors are
also important mechanisms for the resistance of various molecular
targeted therapies. Yin et al. reported that the use of the SREBP-1
inhibitor Betulin down-regulated the transcription factor activity of
SREBP-1 to increase the sensitivity of HCC cells to sorafenib (23).
Ma et al. reported that miR-6077 can promote the antitumor effect
of anlotinib on NSCLC (non-small cell lung cancer) cells by down-
regulating the expression level of GLUT-1 (glucose transporter 1)
sensitivity (41). SREBP-1 (Sterol Regulatory Element Binding
Protein-1) and GLUT-1 are important regulators of cellular
material and energy metabolism (42-45) for modulating the
microenvironment of tumor cells. Therefore, it is necessary to
further examine the participation of the aberrant metabolism of
malignant tumor cells in the progress or resistance of cancer cells to
antitumor agents (46).

PXR can act as a regulatory hub for the elimination and
detoxification of exogenous drugs and toxicants through its
downstream resistance-related genes, known to induce the
metabolism and elimination of molecularly-targeted drugs,
resulting in the resistance of HCC cells to the drugs (47, 48).
In this study, MTBP interacted with PXR and enhanced the
transcription factor activation of PXR which eventually caused
the accelerated elimination or clearance of sorafenib. These
results not only extend our knowledge about PXR’s regulation
but also our knowledge about resistance to the drug.

MTBP was first identified by an MDM2-interacting protein
(49). Recently, multiple points of evidence have indicated the
pro-proliferative and oncogenic activation of MTBP. This
activation has been carried out by multiple mechanisms: (1)
MTBP is co-amplified with c-MYC and functions as c-Myc’s co-
activator (50); (2) MTBP could enhance the activation of ZEB2 to
induce the EMT process of cancerous cells (13); (3) MTBP
inhibits the apoptosis of cancer cells via suppression of the
MDM2/P53 axis (14); and (4) MTBP can enhance the
metastasis of HCC cells via the MDM2-Mediated E-Cadherin
Degradation (11).

In this study, MTBP interacted with PXR and functioned as
the co-activator of PXR to enhance the resistance of HCC cells
to molecular targeting agents. Our results are consistent with
those of our previous publication in which we mentioned that
MTBP can function as an activator of ZEB or ¢c-MYC (50). ZEB
is the important transcription factor mediating the EMT
process of human cancer cells; c-MYC not only promotes the
proliferation of cancer cells, it also participates in the aberrant
metabolism of cancer cells (51-55). Therefore, in the future it
would be valuable to examine the interaction between MTBP
and the transcription factors. MTBP has also been found to act
as a tumor suppressor in some cases. Findings from our
previous work and related data indicate that MTBP may not
significantly affect the proliferation of HCC cells but it does
inhibit the metastasis of HCC cells by inhibiting the activation
of ACTN (alpha-actinin 4) (56-59). It is possible that ACTN is
the main mechanism by which MTBP functions and the
different expressions of ACTN, ¢c-MYC and ZEB in different
cells may affect the role of MTBP (56-59).

In this study we not only detected the expression of the drug-
resistant genes CYP3A4 and ABCBI1, we also directly observed
the effects of MTBP on the metabolism and clearance of the
molecularly-targeted drug sorafenib. The overexpression
of MTBP can accelerate the metabolism and clearance of
sorafenib in HCC cells and tissues while the knocking down of
MTBP expression can prolong the retention time of sorafenib in
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FIGURE 8 | The high level of MTBP is related to the poor prognosis of advanced HCC patients who received sorafenib treatment. (A) The mRNA level of MTBP in the
HCC clinical specimens and the paired non-tumor specimens were examined by qPCR. (B) The patients with advanced HCC were divided into two groups (MTBP-high
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(E, F) The relationship between the expression of MTBP and the expression of PXR’s downstream genes CYP3A4 (E) and ABCB1 is represented (F). (G) The co-relation
between MTBP with PXR in HCC clinical specimens and was shown as scatter-plot images. *P < 0.05.

HCC cells and tissues. Because the drug has been used in clinical
treatments for a long time, its drug metabolism-related
characteristics, such as those noted in our previous results,
have established an LC-MS/MS method for detecting it. The
application time of several other new molecules is shorter than
that of sorafenib and data related to LC-MS/MS methodologies
for these drugs is rarely reported. It will be valuable to establish
these methods in the future for detecting the effects of MTBP on

the metabolism and clearance of regorafenib, lenvatinib, apatinib
and anlotinib in HCC cells.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

Frontiers in Oncology | www.frontiersin.org

June 2021 | Volume 11 | Article 715193


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Jiang et al.

MTBP on PXR in HCC

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by The Fifth Medical Center of Chinese PLA General
Hospital. The patients/participants provided their written informed
consent to participate in this study. The animal study was reviewed
and approved by The Fifth Medical Center of Chinese PLA
General Hospital. Written informed consent was obtained from
the owners for the participation of their animals in this study.

AUTHOR CONTRIBUTIONS

QB, JH, and B-aL. conceived the main ideas and wrote the paper.
JJH and JC supervised the study. QJ and YM developed major
methodologies, databases, reagents, and primary experiments.
XM, LS, JH, and B-aL. analyzed different aspects of the results.

REFERENCES

1. Polaris Observatory Collaborators. Global Prevalence, Treatment, and
Prevention of Hepatitis B Virus Infection in 2016: A Modelling Study.
Lancet Gastroenterol Hepatol (2018) 3(6):383-403. doi: 10.1016/S2468-1253
(18)30056-6

2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer ] Clin
(2021) 71(3):209-49. doi: 10.3322/caac.21660

3. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2019. CA Cancer ] Clin
(2019) 69(1):7-34. doi: 10.3322/caac.21551

4. Zhang S, Wang F, Zhang Z. Current Advances in the Elimination of Hepatitis B in
China by 2030. Front Med (2017) 11(4):490-501. doi: 10.1007/s11684-017-0598-4

5. DuY, Shi X, Ma W, Wen P, Yu P, Wang X, et al. Phthalates Promote the
Invasion of Hepatocellular Carcinoma Cells by Enhancing the Interaction
Between Pregnane X Receptor and E26 Transformation Specific Sequence 1.
Pharmacol Res (2021) 169:105648. doi: 10.1016/j.phrs.2021.105648

6. Xing Y, Yan ], Niu Y. PXR: A Center of Transcriptional Regulation in Cancer.
Acta Pharm Sin B (2019) 10(2):197-206. doi: 10.1016/j.apsb.2019.06.012

7. Shao Z, Li Y, Dai W, Jia H, Zhang Y, Jiang Q, et al. ETS-1 Induces Sorafenib-
Resistance in Hepatocellular Carcinoma Cells Via Regulating Transcription
Factor Activity of PXR. Pharmacol Res (2018) 135:188-200. doi: 10.1016/
j-phrs.2018.08.003

8. Feng F, Jiang Q, Cao S, Cao Y, Li R, Shen L, et al. Pregnane X Receptor
Mediates Sorafenib Resistance in Advanced Hepatocellular Carcinoma.
Biochim Biophys Acta Gen Subj (2018) 1862(4):1017-30. doi: 10.1016/
j.bbagen.2018.01.011

9. LiJ, Zhao J, Wang H, Li X, Liu A, Qin Q, et al. MicroRNA-140-3p Enhances
the Sensitivity of Hepatocellular Carcinoma Cells to Sorafenib by Targeting
Pregnenolone X Receptor. Onco Targets Ther (2018) 11:5885-94.
doi: 10.2147/0OTT.S179509

10. Gao X, Chen H, Huang X, Li H, Liu Z, Bo X. Arq-197 Enhances the Antitumor
Effect of Sorafenib in Hepatocellular Carcinoma Cells Via Decelerating Its
Intracellular Clearance. Onco Targets Ther (2019) 12:1629-40. doi: 10.2147/
OTT.S196713

11. Lu S, Zhou W, Wei H, He L, Li L. MTBP Promotes the Invasion and
Metastasis of Hepatocellular Carcinoma by Enhancing the MDM2-
Mediated Degradation of E-Cadherin. Dig Dis Sci (2015) 60(12):3681-90.
doi: 10.1007/s10620-015-3824-4

12. Grieb BC, Chen X, Eischen CM. MTBP Is Overexpressed in Triple-Negative
Breast Cancer and Contributes to Its Growth and Survival. Mol Cancer Res
(2014) 12(9):1216-24. doi: 10.1158/1541-7786.MCR-14-0069

13. Pan B, Han H, Wu L, Xiong Y, Zhang ], Dong B, et al. MTBP Promotes
Migration and Invasion by Regulation of ZEB2-Mediated Epithelial-

All authors contributed to the article and approved the
submitted version.

ACKNOWLEDGMENTS

This work is supported by Beijing Nova Program (Grant No.
7161100004916170) for QB. We deeply thanks Prof. and Dr.
Shuang Cao in Wuhan Institute of Technology.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
715193/full#supplementary-material

Mesenchymal Transition in Lung Cancer Cells. Onco Targets Ther (2018)
11:6741-56. doi: 10.2147/OTT.S167963

14. SongY, Zhang L, Jiang Y, Hu T, Zhang D, Qiao Q, et al. MTBP Regulates Cell
Survival and Therapeutic Sensitivity in TP53 Wildtype Glioblastomas.
Theranostics (2019) 9(20):6019-30. doi: 10.7150/thno.35747

15. Wang C, Ding S, Sun B, Shen L, Xiao L, Han Z, et al. Hsa-miR-4271
Downregulates the Expression of Constitutive Androstane Receptor and
Enhances In Vivo the Sensitivity of Non-Small Cell Lung Cancer to
Gefitinib. Pharmacol Res (2020) 161:105110. doi: 10.1016/j.phrs.2020.105110

16. Hou J, Hong Z, Feng F, Chai Y, Zhang Y, Jiang Q, et al. A Novel
Chemotherapeutic Sensitivity-Testing System Based on Collagen Gel
Droplet Embedded 3D-Culture Methods for Hepatocellular Carcinoma.
BMC Cancer (2017) 17(1):729. doi: 10.1186/s12885-017-3706-6

17. Feng YQ, Gu SX, Chen YS, Gao XD, Ren YX, Chen JC, et al. Virtual Screening and
Optimization of Novel Mtor Inhibitors for Radiosensitization of Hepatocellular
Carcinoma. Drug Des Devel Ther (2020) 14:1779-98. doi: 10.2147/DDDT.S249156

18. Feng YQ, Li BA, Feng F, Chen YS, Ren YX, Zhang H, et al. Novel Mtor Inhibitor
Enhances the Sensitivity of Hepatocellular Carcinoma Cells to Molecular Targeting
Agents. Onco Targets Ther (2020) 13:7165-76. doi: 10.2147/OTT.S244474

19. Yang H, Ren L, Wang Y, Bi X, Li X, Wen M, et al. FBI-1 Enhanced the
Resistance of Triple-Negative Breast Cancer Cells to Chemotherapeutic
Agents Via the miR-30c/PXR Axis. Cell Death Dis (2020) 11(10):851. doi:
10.1038/541419-020-03053-0

20. Cui L, Li M, Feng F, Yang Y, Hang X, Cui J, et al. MEISI Functions as a
Potential AR Negative Regulator. Exp Cell Res (2014) 328(1):58-68.
doi: 10.1016/j.yexcr.2014.08.023

21. ZhaoJ, Bai Z, Feng F, Song E, Du F, Zhao ], et al. Cross-Talk Between EPAS-1/
HIF-2a0 and PXR Signaling Pathway Regulates Multi-Drug Resistance of
Stomach Cancer Cell. Int | Biochem Cell Biol (2016) 72:73-88. doi: 10.1016/
j.biocel.2016.01.006

22. Jia H, Liu M, Wang X, Jiang Q, Wang S, Santhanam RK, et al. Cimigenoside
Functions as a Novel y-Secretase Inhibitor and Inhibits the Proliferation or
Metastasis of Human Breast Cancer Cells by y-Secretase/Notch Axis.
Pharmacol Res (2021) 169:105686. doi: 10.1016/j.phrs.2021.105686

23. Yin F, Feng F, Wang L, Wang X, Li Z, Cao Y. SREBP-1 Inhibitor Betulin
Enhances the Antitumor Effect of Sorafenib on Hepatocellular Carcinoma Via
Restricting Cellular Glycolytic Activity. Cell Death Dis (2019) 10(9):672.
doi: 10.1038/s41419-019-1884-7

24. MaH, Yao Y, Wang C, Zhang L, Cheng L, Wang Y, et al. Transcription Factor
Activity of Estrogen Receptor o Activation Upon Nonylphenol or Bisphenol
A Treatment Enhances the In Vitro Proliferation, Invasion, and Migration of
Neuroblastoma Cells. Onco Targets Ther (2016) 9:3451-63. doi: 10.2147/
OTT.S105745

25. Wang L, Zhao L, Jia X, Jiang L, Song Y, Ye Q, et al. Aminophenols Increase
Proliferation of Thyroid Tumor Cells by Inducing the Transcription Factor

Frontiers in Oncology | www.frontiersin.org

June 2021 | Volume 11 | Article 715193


https://www.frontiersin.org/articles/10.3389/fonc.2021.715193/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.715193/full#supplementary-material
https://doi.org/10.1016/S2468-1253(18)30056-6
https://doi.org/10.1016/S2468-1253(18)30056-6
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21551
https://doi.org/10.1007/s11684-017-0598-4
https://doi.org/10.1016/j.phrs.2021.105648
https://doi.org/10.1016/j.apsb.2019.06.012
https://doi.org/10.1016/j.phrs.2018.08.003
https://doi.org/10.1016/j.phrs.2018.08.003
https://doi.org/10.1016/j.bbagen.2018.01.011
https://doi.org/10.1016/j.bbagen.2018.01.011
https://doi.org/10.2147/OTT.S179509
https://doi.org/10.2147/OTT.S196713
https://doi.org/10.2147/OTT.S196713
https://doi.org/10.1007/s10620-015-3824-4
https://doi.org/10.1158/1541-7786.MCR-14-0069
https://doi.org/10.2147/OTT.S167963
https://doi.org/10.7150/thno.35747
https://doi.org/10.1016/j.phrs.2020.105110
https://doi.org/10.1186/s12885-017-3706-6
https://doi.org/10.2147/DDDT.S249156
https://doi.org/10.2147/OTT.S244474
https://doi.org/10.1038/s41419-020-03053-0
https://doi.org/10.1016/j.yexcr.2014.08.023
https://doi.org/10.1016/j.biocel.2016.01.006
https://doi.org/10.1016/j.biocel.2016.01.006
https://doi.org/10.1016/j.phrs.2021.105686
https://doi.org/10.1038/s41419-019-1884-7
https://doi.org/10.2147/OTT.S105745
https://doi.org/10.2147/OTT.S105745
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Jiang et al.

MTBP on PXR in HCC

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Activity of Estrogen Receptor o. BioMed Pharmacother (2019) 109:621-8.
doi: 10.1016/j.biopha.2018.10.168

Yang Q, Feng F, Zhang F, Wang C, Lu Y, Gao X, et al. Line-1 ORF-1p
Functions as a Novel HGF/ETS-1 Signaling Pathway Co-Activator and
Promotes the Growth of MDA-MB-231 Cell. Cell Signal (2013) 25
(12):2652-60. doi: 10.1016/j.cellsig.2013.08.029

LuY, Feng F, Yang Y, Gao X, Cui J, Zhang C, et al. Line-1 ORF-1p Functions
as a Novel Androgen Receptor Co-Activator and Promotes the Growth of
Human Prostatic Carcinoma Cells. Cell Signal (2013) 25(2):479-89.
doi: 10.1016/j.cellsig.2012.11.004

Zhang Y, Li D, Jiang Q, Cao S, Sun H, Chai Y, et al. Novel ADAM-17 Inhibitor
ZLDI-8 Enhances the In Vitro and In Vivo Chemotherapeutic Effects of
Sorafenib on Hepatocellular Carcinoma Cells. Cell Death Dis (2018) 9(7):743.
doi: 10.1038/s41419-018-0804-6

Li F, Wei A, Bu L, Long L, Chen W, Wang C, et al. Procaspase-3-Activating
Compound 1 Stabilizes Hypoxia-Inducible Factor 1o and Induces DNA
Damage by Sequestering Ferrous Iron. Cell Death Dis (2018) 9(10):1025.
doi: 10.1038/s41419-018-1038-3

Guan F, Ding R, Zhang Q, Chen W, Li F, Long L, et al. Wx-132-18B, a Novel
Microtubule Inhibitor, Exhibits Promising Anti-Tumor Effects. Oncotarget
(2017) 8(42):71782-96. doi: 10.18632/oncotarget.17710

Jia H, Yang Q, Wang T, Cao Y, Jiang QY, Ma HD, et al. Rhamnetin Induces
Sensitization of Hepatocellular Carcinoma Cells to a Small Molecular Kinase
Inhibitor or Chemotherapeutic Agents. Biochim Biophys Acta (2016) 1860
(7):1417-30. doi: 10.1016/j.bbagen.2016.04.007

An L, Li DD, Chu HX, Zhang Q, Wang CL, Fan YH, et al. Terfenadine
Combined With Epirubicin Impedes the Chemo-Resistant Human Non-Small
Cell Lung Cancer Both In Vitro and In Vivo Through EMT and Notch
Reversal. Pharmacol Res (2017) 124:105-15. doi: 10.1016/j.phrs.2017.07.021
Zhu Y], Zheng B, Wang HY, Chen L. New Knowledge of the Mechanisms of
Sorafenib Resistance in Liver Cancer. Acta Pharmacol Sin (2017) 38(5):614—
22. doi: 10.1038/aps.2017.5

Ma Y, Chai N, Jiang Q, Chang Z, Chai Y, Li X, et al. DNA Methyltransferase
Mediates the Hypermethylation of the microRNA 34a Promoter and Enhances the
Resistance of Patient-Derived Pancreatic Cancer Cells to Molecular Targeting
Agents. Pharmacol Res (2020) 160:105071. doi: 10.1016/j.phrs.2020.105071

Li K, Cao ], Zhang Z, Chen K, Ma T, Yang W, et al. Circular RNA Circgsk3b
Promotes Cell Proliferation, Migration, and Invasion by Sponging miR-1265
and Regulating Cab39 Expression in Hepatocellular Carcinoma. Front Oncol
(2020) 10:598256. doi: 10.3389/fonc.2020.598256

Lu HY, Zu YX, Jiang XW, Sun XT, Liu TY, Li RL, et al. Novel ADAM-17
Inhibitor ZLDI-8 Inhibits the Proliferation and Metastasis of Chemo-
Resistant Non-Small-Cell Lung Cancer by Reversing Notch and Epithelial
Mesenchymal Transition In Vitro and In Vivo. Pharmacol Res (2019)
148:104406. doi: 10.1016/j.phrs.2019.104406

Jia H, Wang Z, Zhang ], Feng F. y-Secretase Inhibitors for Breast Cancer and
Hepatocellular Carcinoma: From Mechanism to Treatment. Life Sci (2021)
268:119007. doi: 10.1016/j.1fs.2020.119007

Suk FM, Liu CL, Hsu MH, Chuang YT, Wang JP, Liao Y]J. Treatment With a
New Benzimidazole Derivative Bearing a Pyrrolidine Side Chain Overcomes
Sorafenib Resistance in Hepatocellular Carcinoma. Sci Rep (2019) 9(1):17259.
doi: 10.1038/s41598-019-53863-2

Roskoski R Jr. Properties of FDA-Approved Small Molecule Protein Kinase
Inhibitors: A 2020 Update. Pharmacol Res (2019) 17:104609. doi: 10.1016/
j-phrs.2019.104609

Wang S, Zhang Y, Ren T, Wu Q, Lu H, Qin X, et al. A Novel 4-
Aminoquinazoline Derivative, DHW-208, Suppresses the Growth of
Human Breast Cancer Cells by Targeting the PI3K/AKT/mTOR Pathway.
Cell Death Dis (2020) 11(6):491. doi: 10.1038/s41419-020-2690-y

Ma DB, Qin MM, Shi L, Ding XM. MicroRNA-6077 Enhances the Sensitivity
of Patients-Derived Lung Adenocarcinoma Cells to Anlotinib by Repressing
the Activation of Glucose Transporter 1 Pathway. Cell Signal (2019)
64:109391. doi: 10.1016/j.cellsig.2019.109391

ZhouW, Gao Y, Tong Y, WuQ, Zhou Y, Li Y. Anlotinib Enhances the Antitumor
Activity of Radiofrequency Ablation on Lung Squamous Cell Carcinoma.
Pharmacol Res (2021) 164:105392. doi: 10.1016/j.phrs.2020.105392

Yao H, Tao X, Xu L, Qi Y, Yin L, Han X, et al. Dioscin Alleviates Non-
Alcoholic Fatty Liver Disease Through Adjusting Lipid Metabolism Via

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

SIRT1/AMPK Signaling Pathway. Pharmacol Res (2018) 131:51-60.
doi: 10.1016/j.phrs.2018.03.017

Man$, YaoJ,LvP,LiuY, Yang L, Ma L. Curcumin-Enhanced Antitumor Effects of
Sorafenib Via Regulating the Metabolism and Tumor Microenvironment. Food
Funct (2020) 11(7):6422-32. doi: 10.1039/C9FO01901D

Pham DD, Bruelle C, Thi Do H, Pajanoja C, Jin C, Srinivasan V, et al.
Caspase-2 and p75 Neurotrophin Receptor (p75NTR) Are Involved in the
Regulation of SREBP and Lipid Genes in Hepatocyte Cells. Cell Death Dis
(2019) 10(7):537. doi: 10.1038/s41419-019-1758-z

Ganjalikhani Hakemi M, Jafarinia M, Azizi M, Rezaeepoor M, Isayev O, Bazhin
AV. The Role of TIM-3 in Hepatocellular Carcinoma: A Promising Target for
Immunotherapy? Front Oncol (2020) 10:601661. doi: 10.3389/fonc.2020.601661
Li B, Feng F, Jia H, Jiang Q, Cao S, Wei L, et al. Rhamnetin Decelerates the
Elimination and Enhances the Antitumor Effect of the Molecular-Targeting
Agent Sorafenib in Hepatocellular Carcinoma Cells Via the miR-148a/PXR
Axis. Food Funct (2021) 12(6):2404-17. doi: 10.1039/DOFO02270E

Brueck S, Bruckmueller H, Wegner D, Busch D, Martin P, Oswald S, et al.
Transcriptional and Post-Transcriptional Regulation of Duodenal P-
Glycoprotein and MRP2 in Healthy Human Subjects After Chronic
Treatment With Rifampin and Carbamazepine. Mol Pharm (2019) 16
(9):3823-30. doi: 10.1021/acs.molpharmaceut.9b00458

Boyd MT, Vlatkovic N, Haines DS. A Novel Cellular Protein (MTBP) Binds to
MDM2 and Induces a G1 Arrest That Is Suppressed by MDM2. ] Biol Chem
(2000) 275(41):31883-90. doi: 10.1074/jbc.M004252200

Grieb BC, Gramling MW, Arrate MP, Chen X, Beauparlant SL, Haines DS, et al.
Oncogenic Protein MTBP Interacts With MYC to Promote Tumorigenesis.
Cancer Res (2014) 74(13):3591-602. doi: 10.1158/0008-5472.CAN-13-2149
Sreekumar R, Emaduddin M, Al-Saihati H, Moutasim K, Chan J, Spampinato M,
et al. Protein Kinase C Inhibitors Override ZEB1-induced Chemoresistance in
HCC. Cell Death Dis (2019) 10(10):703. doi: 10.1038/s41419-019-1885-6

He D, Zhang X, Zhu X, Maharjan N, Wang Y, Luo P, et al. Identify and
Validate the Transcriptomic, Functional Network, and Predictive Validity of
FBXL19-AS1 in Hepatocellular Carcinoma. Front Oncol (2020) 10:609601.
doi: 10.3389/fonc.2020.609601

Zhu L, Liu Z, Dong R, Wang X, Zhang M, Guo X, et al. MicroRNA-3662 Targets
ZEB1 and Attenuates the Invasion of the Highly Aggressive Melanoma Cell Line
A375. Cancer Manag Res (2019) 11:5845-56. doi: 10.2147/CMAR.S200540

Lee YZ, Guo HC, Zhao GH, Yang CW, Chang HY, Yang RB, et al.
Tylophorine-Based Compounds Are Therapeutic in Rheumatoid Arthritis
by Targeting the Caprin-1 Ribonucleoprotein Complex and Inhibiting
Expression of Associated c-Myc and HIF-1la. Pharmacol Res (2019)
152:104581. doi: 10.1016/j.phrs.2019.104581

Chen B, Liao Z, Qi Y, Zhang H, Su C, Liang H, et al. Mir-631 Inhibits
Intrahepatic Metastasis of Hepatocellular Carcinoma by Targeting Ptpre.
Front Oncol (2020) 10:565266. doi: 10.3389/fonc.2020.565266

Bi Q, Ranjan A, Fan R, Agarwal N, Welch DR, Weinman SA, et al. MTBP
Inhibits Migration and Metastasis of Hepatocellular Carcinoma. Clin Exp
Metastasis (2015) 32(4):301-11. doi: 10.1007/s10585-015-9706-5

Iwakuma T, Agarwal N. MDM2 Binding Protein, a Novel Metastasis Suppressor.
Cancer Metastasis Rev (2012) 31(3-4):633-40. doi: 10.1007/s10555-012-9364-x
Agarwal N, Adhikari AS, Iyer SV, Hekmatdoost K, Welch DR, Iwakuma T.
MTBP Suppresses Cell Migration and Filopodia Formation by Inhibiting
ACTN4. Oncogene (2013) 32(4):462-70. doi: 10.1038/0nc.2012.69

Ranjan A, Iyer SV, Ward C, Link T, Diaz FJ, Dhar A, et al. MTBP Inhibits the
Erk1/2-Elk-1 Signaling in Hepatocellular Carcinoma. Oncotarget (2018) 9
(30):21429-43. doi: 10.18632/oncotarget.25117

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Jiang, Ma, Han, Chu, Ma, Shen, Liu, Li, Hou and Bi. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Oncology | www.frontiersin.org

June 2021 | Volume 11 | Article 715193


https://doi.org/10.1016/j.biopha.2018.10.168
https://doi.org/10.1016/j.cellsig.2013.08.029
https://doi.org/10.1016/j.cellsig.2012.11.004
https://doi.org/10.1038/s41419-018-0804-6
https://doi.org/10.1038/s41419-018-1038-3
https://doi.org/10.18632/oncotarget.17710
https://doi.org/10.1016/j.bbagen.2016.04.007
https://doi.org/10.1016/j.phrs.2017.07.021
https://doi.org/10.1038/aps.2017.5
https://doi.org/10.1016/j.phrs.2020.105071
https://doi.org/10.3389/fonc.2020.598256
https://doi.org/10.1016/j.phrs.2019.104406
https://doi.org/10.1016/j.lfs.2020.119007
https://doi.org/10.1038/s41598-019-53863-2
https://doi.org/10.1016/j.phrs.2019.104609
https://doi.org/10.1016/j.phrs.2019.104609
https://doi.org/10.1038/s41419-020-2690-y
https://doi.org/10.1016/j.cellsig.2019.109391
https://doi.org/10.1016/j.phrs.2020.105392
https://doi.org/10.1016/j.phrs.2018.03.017
https://doi.org/10.1039/C9FO01901D
https://doi.org/10.1038/s41419-019-1758-z
https://doi.org/10.3389/fonc.2020.601661
https://doi.org/10.1039/D0FO02270E
https://doi.org/10.1021/acs.molpharmaceut.9b00458
https://doi.org/10.1074/jbc.M004252200
https://doi.org/10.1158/0008-5472.CAN-13-2149
https://doi.org/10.1038/s41419-019-1885-6
https://doi.org/10.3389/fonc.2020.609601
https://doi.org/10.2147/CMAR.S200540
https://doi.org/10.1016/j.phrs.2019.104581
https://doi.org/10.3389/fonc.2020.565266
https://doi.org/10.1007/s10585-015-9706-5
https://doi.org/10.1007/s10555-012-9364-x
https://doi.org/10.1038/onc.2012.69
https://doi.org/10.18632/oncotarget.25117
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	MDM2 Binding Protein Induces the Resistance of Hepatocellular Carcinoma Cells to Molecular Targeting Agents via Enhancing the Transcription Factor Activity of the Pregnane X Receptor
	Introduction
	Materials and Methods
	Clinical Specimens and Agents
	Luciferase Examination
	Quantitative Polymerase Chain Reaction
	Western Blot Experiments
	Pharmacokinetic Examination
	ChIP Experiments
	The Subcellular Sub-Fraction Analysis
	Cell Survival Examination
	The In Vivo Antitumor Effect of Molecular Targeting Agents on HCC Cells
	The Statistical Analysis

	Results
	MTBP Enhanced the Transcription Factor Activation of PXR
	MTBP Interacted With PXR and Promoted the Accumulation of PXR in Nuclear and the Recruitment of PXR to the Promoter of Its Downstream Gene cyp3a4
	MTBP Accelerated the Eliminationof Sorafenib in HCC Cells
	MTBP Enhanced the Resistance of HCC Cells to Molecular Targeting Agents
	MTBP Repressed the In Vivo Antitumor Effect of Sorafenib on HCC Cells’ Subcutaneous Growth and the Intrahepatic Growth
	MTBP Is Associated With the Poor Prognosis of HCC Patients
	The Specificity of MTBP on PXR’s Activation

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions 
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


