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Abstract

The factor that binds to the inducer of short transcripts-1 (FBI-1) is a transcription suppressor and an important proto-
oncogene that plays multiple roles in carcinogenesis and therapeutic resistance. In the present work, our results
indicated that FBI-1 enhanced the resistance of triple-negative breast cancer (TNBC) cells to chemotherapeutic agents
by repressing the expression of micoRNA-30c targeting the pregnane X receptor (PXR). The expression of FBI-1 was
positively related to PXR and its downstream drug resistance-related genes in TNBC tissues. FBI-1 enhanced the
expression of PXR and enhanced the activation of the PXR pathway. The miR-30c decreased the expression of PXR by
targeting the 3’-UTR of PXR, and FBI-1 increased the expression of PXR by repressing miR-30c’s expression. Through
the miR-30c/PXR axis, FBI-1 accelerated the clearance or elimination of antitumor agents in TNBC cells (the TNBC cell
lines or the patients derived cells [PDCs]) and induced the resistance of cells to antitumor agents. Therefore, the results

indicated that the miR-30c/PXR axis participates in the FBI-1-mediated drug-resistance of TNBC cells.

Introduction

FBI-1 (factor that binds to inducer of short transcripts-
1), also named leukemia/lymphoma-related factor (LRF),
osteoclast-derived zinc finger (OCZF), Pokemon, or Zinc
finger and BTB domain-containing protein 7A (ZBTB7A),
has been considered an important proto-oncogene and
plays important roles in human malignancies' ™. FBI-1
can not only promote the proliferation or metastasis of
human cancer cells (HCC) by repressing tumor sup-
pressors but can also induce the resistance of HCC cells to
antitumor agents. Multiple pieces of evidence have
revealed that FBI-1 is overexpressed in several human
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cancers, including lung cancer, hepatocellular carcinoma,
breast cancer, and colorectal cancer®™’. Therefore, FBI-1
is a promising and valuable target for human malignancy
treatment.

Breast cancer is still the foremost fatal threat of human
malignancy to female health®’. Breast cancer can be
divided into endocrine-dependent breast cancer, HER2-
positive breast cancer, and triple-negative breast cancer
(TNBC), according to its histological characteristics'®'%.
At present, endocrine-dependent breast cancer and
HER2-positive breast cancer have drugs for symptomatic
relief (e.g., Tamoxifen and Trastuzumab, respectively),
and patients have a relatively good prognosis, while TNBC
patients have strong heterogeneity''~'>. TNBC treatments
have limited efficacy and poor prognosis, especially
compared to the other two kinds of breast cancer''™"?,
Therefore, it is of great significance to study and discover
new intervention targets for anti-tumor treatment of
TNBC and to research and develop more effective anti-
tumor treatment strategies for this kind of cancer.
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Increasing evidence has indicated that TNBC has het-
erogeneity, and olaparib, an inhibitor of PARP (poly ADP-
ribose polymerase), could be used in treating TNBC
patients with a BRCA mutation'®?”. However, work
should be done to achieve more effective olaparib treat-
ment for TNBC.

pregnane X receptor (PXR) can not only act as a central
regulator for the metabolism and detoxification for exo-
genous drugs or toxicants in liver organs, but can also
promote metabolism and clearance of chemotherapeutic
drugs by mediating the expression of its downstream drug
resistance-related genes in HCCs'®™?°, In the past,
researchers have focused on the role of PXR in the liver
and HCC. Recent studies have shown that PXR also plays
an important role in other malignancies, including gastric,
colorectal, and especially breast cancer'®*°. Our previous
work (the not published data) wish to extend our
knowledge of FBI-1 in TNBC chemoresistance and found
that knockdown of FBI-1 could repress the expression of
abcbl (mdr-1), an important regulator of multi-drug
resistance encoding P-glycoprotein (P-GP), a typical
downstream gene of PXR. Based on these results, we
hypothesize that FBI-1 would influence the activation of
PXR pathway. Results of this work have indicated that
FBI-1 enhanced the expression of PXR and the activation
of the PXR pathway to accelerate the clearance or elim-
ination of antitumor agent olaparib in TNBC cells (the
TNBC cell lines or PDCs); it also induced the resistance of
cells to olaparib. FBI-1 increased the expression of PXR by
repressing the expression of miR-30c, which targeted the
3’-untranslated region (UTR) of PXR.

Materials and methods
Patients and agents

The use of clinical specimens was approved by the
ethics committee of the Chinese PLA General Hospital,
Beijing, China. A total number of 30 paired TNBC (sub-
type with BRCA mutation) clinical specimens (TNBC
tissues or paired non-tumor tissues) were obtained via
daily surgical resection with written information of
patients collected from 10 May 2017 to 6 March 2019. All
the protocols or experiments were performed according
to the Helsinki Declaration. The sample size (30 paired
nontumor/tumor specimens) used in the present work
has adequate power to detect a pre-specified effect size
(the 1-p: 0.8; a/2: 0.025; P < 0.05). The original hypothesis
was that the expression level of the targeting gene (for
example, FBI-1) was not significantly different in the non-
tumor tissues compared with the tumor tissues; whereas
the alternative hypothesis was that the expression level of
the targeting gene was significantly different in the non-
tumor tissue compared with the tumor tissue. The lenti-
virus particles containing the full-length sequence of the
FBI-1 or the miR-30c (pre-miR-30c) were purchased from
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Vigene Corporation, Jinan City, Shandong Province,
China. The lentivirus particles containing the full-length
sequences of PXR or PXR with mutated miR-30c binding
sites were purchased and prepared by Vigene Corpora-
tion, Jinan City, Shandong Province, China. The anti-
tumor agent, olaparib (S1060), was purchased from
Selleck Corporation, Houston, Texas, USA. For the cell-
based experiments, antitumor agents were dissolved in
DMSO and diluted by DMEM with 5% FBS. For the
animal experiments, the agents were dissolved using
PEG400 or Tween80 and dissolved by physiological saline.
The plasmids, the luciferase reporters of PXR’s down-
stream genes (XREM-Luc, PXRE-Luc, DR3-Luc, or ER6-
Luc), were a gift from Dr. Fan Feng in the Fifth Medical
Center, Chinese PLA General Hospital'*™>'. The pro-
moter region sequences of miR-30c’s promoter were
obtained by chemical synthesis and cloned into pGL4.26
vectors (Origin Corporation, USA).

The cell lines of TNBC

The cell lines of TNBC used in the present work
including current TNBC cell lines and the patients-
derived cells (PDCs). For the current TNBC cell lines,
HCC-1937 and MDA-MB-436, which carry mutated
BRCA1 were gift from prof. Qinong Ye in Department of
Medical Molecular Biology, Beijing Institute of Bio-
technology, Collaborative Innovation Center for Cancer
Medicine, 100850, Beijing, China. For the PDCs, ten lines
of PDCs were conserved in our lab and prepared following
the methods descripted by Zhang et al.>'. In brief, the
pathological methods were used to determine the type of
breast cancer tissue (TNBC) and the mutation-features of
BRCAIL. On this basis, the TNBC tumor tissues were
collected and DMEM supplemented with 20% FBS was
using on a sterilized 200-mesh steel sieve to obtain a
suspension of TNBC cells by grinding softly. Then, the
cell suspension was washed for twice with DMEM sup-
plemented with 20% FBS (centrifuge the cell suspension at
600 rpm for 3 min, re-suspend it in DMEM and then
centrifuge at 600 rpm for 3 min) to obtain TNBC PDCs.
TNBC cells (the cell lines or PDCs) were conserved in
liquid nitrogen for long-term storage, and were cultured
in DMEM + 10% FBS at 37 °C and 5% CO, condition.

Correlation between FBI-1 and factors of PXR pathway in
TNBC clinical tissues

The expression level of FBI-1, PXR (NR1I2), ABCG2/
BCRP, or ABCB1/MDR-1 in TNBC clinical tissues was
examined by quantitative polymerase chain reaction
(qPCR) methods*. The correlation between FBI-1 and
PXR, ABCG2, or MDR-1 was examined by SPSS software
(version number 9.0, IBM, USA). The results were shown
as scatter-plot images, the equation of correlation-analy-
sis, or the P-Value.
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Cell-survival examination

The TNBC cells were treated with the indicated con-
centration of agents (10, 3, 1, 0.3, 0.1, 0.03, or 0.01 umol/L
for olaparib) for 48 h. Then, cells were analyzed by the
Sulforhodamine B (SRB) assay, following the methods
provided by and Li et al.*® and Guan et al.**. The relative
survival cells were determined by the O.D. values (optical
density values) at 510 nm. The inhibition rates were cal-
culated as (A510nm—control of 48h— ASIOnm—compound of
48 h)/(ABIOnm—control of 48h— ASIOnm—Control of 0 h) *
100****, The ICs, values of agents were calculated from
the inhibition rates****. The colony formation experi-
ments were performed following the method desicripted
by Fang et al.’. TNBC cells were transfected with the
plasmids and treated with solvent control or the olaparib.
The cells were analyzed by the colony-formation.

Luciferase experiments

The transcription factor activation of PXR was exam-
ined by the activation of luciferase reporters. PXR only
contains AF-2 in the LBD domain, which makes it only
have ligand-dependent transcription factor activity, and
its activity depends on the role of the ligand. Rifampicin is
the most typical and representative ligand/agonist of PXR.
A series of concentration gradients of Rifampicin can
induce the activity of the Luciferase reporter gene in the
promoter region of its downstream genes or induce the
transcription of PXR downstream genes in a dose-
dependent manner. The TNBC cells, which were trans-
fected with luciferase reporters or plasmids, were treated
with the indicated concentration (10, 3, 1, 0.3, 0.1, 0.03, or
0.01 pmol/L) of rifampicin (Cat. No.. S1764, Selleck
Corporation, USA), a typical agonist of PXR. After treat-
ment of rifampicin for 24 h, TNBC cells were harvested
for luciferase activation, which was performed using kits
purchased from the Promega Corporation (Madison,
Wisconsin, USA) following the manufacturer’s instruction
or the methods described by Yang et al. and Lu et al.*>?°,
The ECs values of rifampicin in each group were calcu-
lated using luciferase activation.

Quantitative polymerase chain reaction (qPCR)

The total RNA samples were extracted from TNBC cells
or subcutaneous tumor tissues, and the mRNA was sub-
jected to reverse transcription. The reverse transcription
and qPCR experiments were performed in accordance with
methods described by Wang et al. and Ma et al.*”*%, The
primers used in the qPCR experiments were listed as
(1) Pokemon (ZBTB7A), Forward Sequence 5-GCAA
CATCTGCAAGGTCCGCTT-3/, Reverse sequence 5'-
TCTTCAGGTC GTAGTTGTGGGC-3; (2) PXR (NR1I2),
Forward sequence 5-GGACCAGCTGCAGGAGCAAT-3/,
Reverse sequence 5'-CATGAGGGGCGTAGCAAAGG-3/;
(3) MDR-1 (ABCB1) Forward sequence 5-GCTGTC
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AAGGAAGCCAATGCCT-3, Reverse sequence 5-TGC
AATG GCGATCCTCTGCTTC-3; (4) ABCG2 (BCRP):
Forward sequence 5-GTTCTCAGCAGCTCTTCGGCTT-
3/, Reverse sequence 5-TCCTCCAGACACACCACG
GATA-3; (5) P-actin Forward sequence 5-CACCA
TTGGCAATGAGCGGTTC-3/, Reverse sequence 5-AGG
TCTTTGCGGAT GTCCACGT-3.

Western blot examination

Cells were transfected with plasmids, and the total
protein samples were extracted from cells or sub-
cutaneous tumor tissues. The protein samples were used
for the western blot experiments following the methods
described by Wang et al.*® and Li et al.*°. The protein
levels of FBI-1 (ab175918), PXR (ab85451), ABCG2/BCRP
(ab130244), and P-GP (ab140549) were examined by their
antibodies (Abcam Corporation, Cambridge, CB2 0AX,
UK), and the B-Actin was used as the loading control.

Co-immunoprecipitation (co-IP) experiments and
chromatin immunoprecipitation (ChIP) experiments
TNBC PDC No. 6 (TNBC PDC with high level of PXR)
or TNBC PDC No. 3 (TNBC with low level of PXR) was
transfected with a FLAG vector or the FLAG-FBI1 vector.
Then, cells were harvested for IP (co-immunoprecipita-
tion) experiments. Forty-eight hours after transfection,
the cells were lysised, and the FLAG-FBI-1 was separated
from the system with beads connected with the mono-
clone FLAG antibody; the HA-PXR was examined using
the mono-clone HA antibodies (Sigma-Aldrich, Merck
KGaA, Darmstadt, Germany) via western blot experi-
ments”'. The ChIP was performed following the methods
descripted in the previous publications'®~>', The Protein-
DNA complex (FBI-1, SP1 or PXR with DNA fragment)
was separated by using their antibodies (anti-SP1, Cat.
No.: ab231778, Abcam Corporation, UK). The IgG was
used as the negative control for the antibodies. The
recruitment of PXR to mdr-I’s enhancer region (Forward
primer: 5'-GCAGTGTTT CTTGTATATGG-3'; Reverse
primer: 5-CTCAAATGAACTCTCTCC-3') or the
recruitment of SP1 to miR-30c’s promoter (fragment No.
1, Forward primer: 5-TAAAGTTGAGCAAGTG CC-3/;
Reverse primer: 5'-CCTCAACTACCTCCTACC-3/; frag-
ment No. 2, Forward primer: 5'-GTCCTAACAACACA
AACCT-3'; Reverse primer: 5'-CCCTTTAAAAACCCC
TTCC-3'; fragment No. 3, Forward primer: 5-GGGATA
ACTGGAGACTAA-3’; Reverse primer: 5'-CCAAGAAA
CAGAAGCCAA-3’; fragment No. 4, Forward primer:
5-GGGGTTG AAATTGTTGTG-3’; Reverse primer:
5-GGTTGATATAGTCTGTGCTT-3'; fragment No. 5,
Forward primer: 5-CATCATTCATCACGCACTT-3/;
Reverse primer: 5-TATTGAC CCCATCCCCAC-3;
fragment No. 6, Forward primer: 5'-ACATAGTGTGGG
GATGGG-3'; Reverse primer: 5-GGGCTGGCTGAGTA
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Fig. 1 The expression of FBI-1 or PXR in patient-derived TNBC cells with mutated BRCA. A Ten lines of TNBC patient-derived cells (TNBC No. 1
to No. 10) were cultured and harvested for western blot experiments or gPCR. The endogenous protein levels of FBI-1 or PXR were examined by their
antibodies and the results were shown as images of Western blot, quantitative analysis of images (mean + SD) or the mRNA level of FBI-1 or PXR
(mean + SD). B FBI-1 enhanced the expression of protein levels in PXR's downstream multi-drug resistance-related genes, BCRP and MDR-1, in
patient-derived TNBC cells. TNBC PDC No. 3 was transfected with FBI-1 vector or the siRNA of FBI-1. The cells were cultured by using phenol red-free
DMEM and activated carbon-treated serum (0.5%) and treated with 10umol/L concentration of rifampicin. The protein samples were extracted and
analyzed by western blot tests. The protein levels of FBI-1, BCRP, or P-GP were identified by their antibodies. The GAPDH was chosen as the loading
control.

Official journal of the Cell Death Differentiation Association




Yang et al. Cell Death and Disease (2020)11:851

AAAA-3') was examined. The negative genome sequence
was chosen as the negative control for the recruitment-
examination (Forward primer: 5-AACCTATTAACT
CACCCTTGT-3; Reverse primer: 5-CCTCCATTCA
AAAGAT CTTATTATTTAGCATCTCCT-3/)*.

Pharmacokinetic experiments

TNBC cells transfected with plasmids were used for the
pharmacokinetic experiments to examine the amount of
olaparib sustained in the cells. For the cell-based experi-
ments, cells were treated with 1 pumol/L concentration of
olaparib for 12 h*?. Then, cells were harvested at indicated
time-points. For the animal experiments, TNBC cells
were injected into the subcutaneous position to form
subcutaneous tumor tissues. After 2—3 weeks’ growth,
when the tumor volumes reached 1500-2000 mm?, the
solution of olaparib was injected into the subcutaneous
tumors. Then, the tumor tissues were harvested at indi-
cated times>**>, The olaparib in cells or tumor tissues was
extracted by acetonitrile (ACN), and the amount of ola-
parib sustained in cells or tumor tissues at each time point
was determined by liquid chromatography—mass spec-
trometry/mass spectrometry (LC-MS/MS), following the
methods established by Krens et al.*®. The sustaining rates
of olaparib were calculated as (the amount of olaparib at
each time)/(the amount of olaparib at 0-time) x 100%.
The sustaining curves or the half-time life (t;,;) of ola-
parib was obtained by the sustained rates of olaparib.

The in vivo antitumor effect of olaparib

Female nude mice, 4—6 weeks old, were purchased from
Beijing Si-Bei-Fu Corporation, China. The animal
experiments were approved by the Institutional Animal
Care and Use Committee of the Chinese PLA General
Hospital, China. All animal experiments (n = 10 for each
group; animals were randomly divided into the groups)
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were performed according to the UK Animals (Scientific
Procedures) Act, 1986, and associated guidelines. TNBC
cells transfected with plasmids were treated with olaparib
via oral administration once every two days. After
4-5 weeks’ treatment, the tumor tissues of the mice were
harvested. The tumor volumes or tumor weights were
determined following the methods described by Jia
et al.*’”. The inhibition rates of olaparib were calculated by
the tumor volumes or tumor weights>®.

Statistical analysis

All statistical significance analyses were performed
using SPSS 9.0 statistical software (IBM Corporation,
Armonk, NY, USA). The IC50 values or half-life time
(t1/2) values were calculated by Origin software (Origin
6.1; OriginLab Corporation, Northampton, MA, USA).
Statistical significance was analyzed by Bonferroni cor-
rection with two-way ANOVA, and paired samples were
tested by paired-sample ¢-test (SPSS 9.0 statistical soft-
ware; SPSS Inc., Chicago, IL, USA). All the images were
quantitatively analyzed by the Image ] software (National
Institutes of Health [NIH], Bethesda, Maryland, USA).

Results
FBI-1 enhanced the activation of the PXR signaling
pathway

First, the expression of FBI-1 in TNBC clinical speci-
mens was examined. As shown in Supplemental Fig. 1, the
expression of FBI-1 and PXR pathway-related factors is
much higher in TBNC specimens than their expression in
the paired non-tumor tissues. Next, the protein expres-
sion of FBI-1 or PXR in patient-derived TNBC cells
(PDCs) was examined. As shown in Fig. 1A, the expres-
sion of FBI-1 or PXR was detected in the ten lines of
PDCs. Among these cell lines, PDC No. 3 with moderate
expression of the FBI-1 or PXR was used to perform FBI-1

Table 1 Overexpression of FBI-1 enhanced the transcription factor activation of PXR in TNBC cells.
Cell lines Activation Luciferase activation mRNA level
XREN-Luc PXRE-Luc DR3-Luc ER6-Luc Bcrp (abcg2) mdr-1 (abcb1)
ECs values of rifampicin (umol/L)
PDC No. 3 Control 655+0.77 620+042 705+ 1.20 6.85+1.55 537+044 578+0.39
FBI-1 1.16+0.50% 1.32£0.54* 147 £0.25% 0.98 £0.18* 1.32+0.09* 1.12£0.07*
PDC No. 9 Control N.A. N.A. N.A. N.A. 840+ 0.67 951+273
FBI-1 2.81+£047*% 2.55+087* 343+ 1.77* 1.89+£0.72* 1.76 £0.54* 1.93 £0.65*

TNBC cells (PDC No. 3 and No. 9) which were transfected with plasmids were treated with indicated concentration of Rifampicin. The ECsq values of rifampicin (umol/L)
on the activation of luciferase reporters or the mRNA level of mdr-1 or bcrp was shown as mean + SD.

N.A. indicates the that the cells treated with a series of concentration of Rifampicin, and the agonistic activation of rifampicin in the control group’s cells was (for
example, the maximum dose of the selected concentration of Rifampicin [10 pmol/L] has limited agonistic activity on these luciferase reporters or the mRNA level of
PXR downstream genes). It is impossible to fit a dose-effect curve and to obtain the ECs, values.

TNBC triple-negative breast cancer, PDC patients-derived cells.
*P < 0.05 versus control group with FBI-1 group.

Official journal of the Cell Death Differentiation Association



Yang et al. Cell Death and Disease (2020)11:851 Page 6 of 14

Table 2 Knockdown of FBI-1 decreased the transcription factor activation of PXR in TNBC cells.

Cell lines Activation ECs values of rifampicin (umol/L)
Luciferase activation mRNA level
XREN-Luc PXRE-Luc DR3-Luc ER6-Luc berp (abcg2) mdr-1 (abcb1)
PDC No. 3 Control 6.67+101* 6.96 + 0.86* 714 +1.16* 6.32+0.25% 521+0.72* 5.15+0.30%
siFBI-1 N.A. N.A. N.A. N.A. N.A. N.A.
PDC No. 2 Control 541+0.35* 5.60+0.75* 539 +0.64* 6.25 +0.92* 442 +047* 397 +0.38*
SiFBI-1 N.A. N.A. N.A. N.A. N.A. N.A.
PDC No. 6 Control 525+ 0.60* 454 +044*% 483 +£0.95% 473+£0.79% 3.25+0.66% 267 +£0.50%
siFBI-1 N.A. N.A. N.A. N.A. N.A. N.A.
PDC No. 7 Control 4.87 +0.24% 462 +058* 544 +0.30* 3.15+0.20% 2.89+0.55% 341+091*
SiFBI-1 N.A. N.A. N.A. N.A. N.A. N.A.
PDC No. 9 Control N.A. NA. NA. N.A. 9.90 +0.38* N.A.
siFBI-1 N.A. N.A. N.A. N.A. N.A. N.A.

TNBC cells (PDC No. 3, No. 2 No. 9) which were transfected with plasmids were treated with indicated concentration of Rifampicin. The ECs, values of rifampicin (umol/
L) on the activation of luciferase reporters or the mRNA level of mdr-1 or bcrp was shown as mean + SD.

N.A. indicates the that the cells treated with a series of concentration of Rifampicin, and the agonistic activation of rifampicin in the control group’s cells was (for
example, the maximum dose of the selected concentration of Rifampicin [10 pmol/L] has limited agonistic activity on these luciferase reporters or the mRNA level of
PXR downstream genes). It is impossible to fit a dose-effect curve and to obtain the ECso values.

TNBC triple-negative breast cancer, PDC patients-derived cells.

*P < 0.05 versus control group with siFBI-1 group.
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Fig. 2 The association between FBI-1 and factors related to the PXR pathway. The mRNA level of PXR, BCRP, MDR-1, miR-30c, or FBI-1 in TNBC
clinical specimens was examined using the gPCR experiments. The association between the expression of FBI-1 with PXR, BCRP, miR-30c, or MDR-1
was examined. The results were shown as scatter-plot images. The abscissa is the expression level of FBI-1; the ordinate is the corresponding
expression level of PXR, BCRP, MDR-1, or miR-30c.
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Fig. 3 FBI-1 could not be recruited to the enhancer region of PXR’s downstream gene, mdr-1. A the binding site (DR-4) of PXR in the enhancer
region of mdr-1. B-G TNBC PDC No. 2 was treated with rifampicin for 30 min to 1 h. Then, cells were harvested for the ChIP assays. The FBI-1 or PXR
was separated from the system using their antibodies, and the DNA binding with the proteins identified through PCR that the enhancer region of
mdr-1 (B-D) or the negative genome region (E-G) was amplified. The results were shown as images from the DNA gel electrophoresis or the
quantitative results (mean + SD). *P < 0.05.
A

overexpression or FBI-1 knockdown. Moreover, PDCs
No. 2, No. 6, or No. 7 with high level of endogenous FBI-1
or PXR were used to knock down the expression of FBI-1.
The PDC No. 9 with the low level of endogenous FBI-1 or
PXR was used to overexpress FBI-1.

Next, the effect of FBI-1 on PXR’s activation was
examined. The activation of PXR is dependent on the
presence of its agonist/ligand and the transcription factor
of PXR was examined by the ECso values of luciferase
reporters of PXR or the mRNA level of PXR’s downstream
genes induced by rifampicin, a typical agonist/ligand of
PXR. As shown in Table 1, overexpression of FBI-1
enhanced the activation of PXR (enhanced the activation
of luciferase reporters and the mRNA level of abcg2 or
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mdr-1 induced by rifampicin), and the ECs, values of
rifampicin were decreased. Knockdown of FBI-1 repressed
the activation of PXR (repressed the activation of luci-
ferase reporters and the mRNA level of abcg2 or mdr-1
induced by rifampicin), and the ECs, values of rifampicin
were increased (Table 2). Next, As shown in Fig. 1B and
Supplemental Fig. 2, overexpression of FBI-1 enhanced
not only the protein level of PXR’s downstream drug
resistance-related genes (ABCG2 [BCRP] or P-GP
encoding by mdr-1), but also the expression of PXR;
whereas knockdown of FBI-1 decreased not only the
expression of PXR’s downstream drug resistance-related
genes (ABCG2 [BCRP] or P-GP) but also the expression
of PXR. Moreover, the relation between the mRNA
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Fig. 4 FBI-1 accelerated the elimination or clearance of olaparib in TNBC cells. A, C TNBC PDC No. 3 was cultured and treated with olaparib and
harvested at the indicated time points. B, D TNBC PDC No. 1 was seeded into nude mice to form subcutaneous tumor models. The solution of
olaparib was injected into the tumor tissues, which were harvested at indicated time points. The sustained amount of olaparib in the cultured cells
(A) or the subcutaneous tumor tissues (B) was identified by the LC-MS/MS methods. The drug clearance rates were calculated as (the amount of
olaparib at O-time point) — (the amount of olaparib at the indicated time point) / (the amount of [J at O-time point) * 100%. The drug-clearance curve
was obtained based on the drug clearance rates. *P < 0.05 versus the control group with the FBI-1 overexpression group; #P < 0.05 versus the control
group with the FBI-1 siRNA (knockdown) group.

expression of zbtb7a/FBI-1 and the expression of mdr-1
and abcg2, two typical PXR downstream gene was
examined to support the effect of FBI-1 on PXR pathway.
As shown in Fig. 2 and Supplemental Fig. 1B, zbth7a was
positively related with the expression of PXR, abcg2, or
abcbl/mdr-1 (Fig. 2 and Supplemental Fig. 1B).

To further examine the specific effect of FBI-1 on the
PXR pathway, the co-IP, ChIP, or western blot experi-
ments were examined. As shown in Fig. 3, FBI-1 could
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enhance the recruitment of PXR to the enhancer region of
its downstream gene (abcbl/mdr-1) which encoding the
P-GP to enhance in the anti-tumor agent-resistance,
however, it could not recruit itself to the promoter region
of mdr-1. The protein-interaction results showed that
FBI-1 did not interact with PXR (Supplemental Fig. 3).
Therefore, FBI-1 enhanced the activation of the PXR
pathway by enhancing the expression of PXR but not
interacting with PXR.
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Table 3 FBI-1 accelerated the clearance or the
elimination of olaparib in TNBC cells.

Cell lines Groups  Half life values of olaparib (t;/,, hours)
In cultured cells  In subcutaneous tumors
PDC No. 3 Control 2503 +7.82 3223+£9.21
FBI-1 11.65 + 3.88* 17.86 + 8.65*
PDC No.9  Control 33.75+5.50 36.06 +8.33
FBI-1 18.10 + 4.44* 22,60 +4.36*
PDC No. 3 Control 2503 +7.82 3223+£9.21
SiFBI-1 59.25+891* 62.72 +6.77*
PDC No.2  Control  21.72+6.89 30.14 +£6.81
SiFBI-1 60.78 +4.85% 53.69 +7.34*
PDC No. 6  Control 1943 £5.83 28.59 +£9.84
SiFBI-1 5135+ 11.52*% 43.64+7.72*%
PDC No. 7  Control ~ 20.97 +5.01 3141 +£995
SiFBI-1 55.54+997* 58.25 +9.06*

The TNBC cells (PDCs No. 3, 9, 2, 6, and 7) which were transfected with plasmid
were treated with olaparib for 12 h. Then, cells were harvested and the amount
of olaparib sustaining in cells were examined by the LC-MS/MS methods. The
half-life values of olaparib were shown as the mean + SD.

TNBC triple-negative breast cancer, PDC patients-derived cells, LC-MS/MS liquid
chromatograph-mass spectrometer mass spectrometer.

*P < 0.05 versus control group with FBI-1 group.

*P < 0.05 versus control group with siFBI-1 group.

Table 4 Overexpression of FBI-1 enhanced the resistance
of TNBC cells to olparib via PXR pathway.

Cell lines Half-life values of olparib (t;,5, hours)

Control FBI-1 FBI-1 + ketoconazole
PDC No. 3 2738 +4.30 10.60 + 4.54* 2624 +3.85
PDC No. 9 36.33 +6.64 14.86 +2.88% 37.75+555

The TNBC cells (PDCs No. 3 and 9) which were transfected with plasmid were
treated with olaparib. The antitumor effect of olaparib on TNBC cells was shown
as the ICs5o values (mean + SD).

TNBC triple-negative breast cancer, PDC patients-derived cells, LC-MS/MS liquid
chromatograph-mass spectrometer mass spectrometer.

*P < 0.05 versus FBI-1 group with FBI-1 + ketoconazole group.

FBI-1 induced the resistance of TNBC cells to olaparib by
accelerating elimination or clearance of olaparib

The above data indicated that FBI-1 enhanced the acti-
vation of the PXR pathway. To further examine the effect of
FBI-1, the elimination or the clearance of olaparib in TNBC
cells was evaluated. As shown in Fig. 4 and Table 3, over-
expression of FBI-1 accelerated the elimination or clear-
ance of olaparib in TNBC cells, and the half-life time (t; )
of olaparib decreased. The knockdown of FBI-1 decelerated
the elimination or clearance of olaparib in TNBC cells, and
the half-life time (t;,) of olaparib increased. The results
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were shown as represented LC-MS/MS images or the
sustaining curves of olaparib in No. 1 PDC and the half-life
time (t;/») of olaparib in TNBC cells (Table 3). Then, the
specificity of FBI-1 was examined. Ketoconazole, a typical
antagonist of PXR, was used. Moreover, as shown in Table
4, treatment of ketoconazole almost blocked the effect of
FBI-1 on olaparib in TNBC cells. Therefore, FBI-1 accel-
erated the elimination or clearance of olaparib in TNBC
cells by enhancing the activation of the PXR pathway.

To examine the effect of FBI-1 on olaparib’s antitumor
effect, the in vitro models were used. As shown in Sup-
plemental Table 1 and Supplemental Table 2, over-
expression of FBI-1 decreased the antitumor effect of
olaparib on TNBC cells, and the ICs, values of olaparib
were increased (Supplemental Table 1); knockdown of
FBI-1 decreased the antitumor effect of olaparib on TNBC
cells, and the ICsy values of olaparib were increased
(Supplemental Table 2).

FBI-1 repressed the expression of miR-30c by SP1

To examine the potential mechanisms of FBI-1 on PXR,
the miRNA potentially targeting PXR was searched in
PubMed and predicted by miRDB with high scores. The
expression of these miRNAs in clinical specimens was
examined. As shown in Fig. 5 and Supplemental Fig. 1A,
the expression of miR-30c was highly expressed in the
non-tumor tissues, compared with the paired TNBC tis-
sues. Overexpression of FBI-1 decreased the expression of
miR-30c, and knockdown of FBI-1 enhanced the expres-
sion of miR-30c. Moreover, miR-140-3p was another
miRNA with a similar expressing feature to miR-30c,
however, FBI-1 did not modulate the expression of miR-
140-3p. The co-relation between PXR with miR-30c or
miR-30c with FBI-1 further revealed the effect of FBI-1 on
miR-30c on PXP pathway. As shown in Fig. 2 and Sup-
plemental Fig. 1, the expression of FBI-1 was negatively
related with miR-30c and the expression of miR-30c was
also negative with PXR in clinical specimens. Thus, we
chose miR-30c for the next steps of the study.

Next, to reveal why and how FBI-1 represses the
expression of miR-30c, bioinformatics analysis was per-
formed to reveal the features of the miR-30c’s promoter
(http://ttbind.hgc.jp). As shown in Fig. 5 and Supplemental
Fig. 4, miR-30c’s promoter contained a SP1 binding site. It
has been confirmed that FBI-1 could repress the expression
of targeting genes by interacting with SP1. The results
indicated that overexpression of FBI-1 decreased the
activity of the luciferase reporter containing the miR-30c
promoter region with the SP1-binding site (luciferase
reporter No. 5), but not the other regions (other luciferase
reporters). Moreover, ChIP results indicated that FBI-1
could be recruited to the miR-30c’s promoter region con-
taining the SP1-binding site and repress the recruitment of
SP1 to this region. The ChIP results were confirmed by the
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Fig. 5 FBI-1 repressed the expression of miR-30c, which potentially targets PXR by repressing the recruitment of SP1 to miR-30c’s
promoter region. A The miRs potentially targeting PXR was screened by an online tool, miRDB, and the expression level of miRs potentially
targeting PXR was examined in the 30 paired TNBC specimens and the non-tumor tissues. B, C The effect of FBI-1 on the expression of miR-30c (B) or
miR-140-3p was examined by gPCR. D The promoter region and the six luciferase reporters contain the six fragments of mR-30c’s promoter regions.
E The effect of FBI-1 on the activation of the six luciferase reporters were examined by the luciferase-activation examination. F, G The recruitment of
SP1 (F, G) or FBI-1 (G) to the promoter region of miR-30c was examined by the ChIP experiments. The quantitative results of (F) and (G) was shown as

mean +SD (H, I). *P < 0.05.

luciferase analysis (Supplemental Fig. 4). FBI-1 repressed
the activation of the luciferase reporter containing the
promoter region of miR-30c with wild-type SP1 binding
site but not the region did not contain SP1 binding site or
containing the mutated SP1 binding site (Supplemental Fig.
4). These data suggest that FBI-1 could repress the
expression of miR-30c by repressing the recruitment of SP1
to miR-30c’s promoter region.

FBI-1 enhanced the expression of PXR via miR-30c

Next, to further examine the effect of FBI-1 on miR-
30c/PXR, the potential targeting sites of miR-30c in the
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3/-UTR of PXR were shown in Fig. 6. Overexpression of
FBI-1 enhanced the expression of PXR, and knockdown of
FBI-1 via its siRNA (siFBI-1) decreased the expression of
PXR. Overexpression of miR-30c inhibited the effect of
FBI-1 overexpression to enhance the protein level of PXR;
whereas siFBI-1 decreased the expression of PXR but not
for PXR with the mutated miR-30c binding sites. The
effect of FBI-1 on miR-30c/PXR was further confirmed by
the colony-formation experiments and the expression
level of related factors examined by qPCR (Supplemental
Fig. 5). Therefore, FBI-1 enhanced the expression of PXR
via miR-30c.
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The specificity of FBI-1’s function in regulating olaparib
resistance in TNBC cells

The specificity of FBI-1 on olaparib’s antitumor effect
was examined. As shown in Fig. 7, olaparib inhibited the
subcutaneous growth of TNBC cells (TNBC PDC No. 3).
Overexpression of FBI-1 enhanced the resistance of
TNBC cells to olaparib. Overexpression of miR-30c not
only enhanced the sensitivity of TNBC cells to olaparib
with similar results to siFBI-1, but also overcame the
resistance of TNBC cells to olaparib induced by FBI-1.
Transfection of PXR with mutated miR-30c binding sites
almost blocked the effects of siFBI-1 or miR-30c.

The above results were obtained from the PDCs of TNBC.
To further examine the effect of FBI-1, the TNBC cell lines,
HCC-1937 or MDA-MB-436, were used. As shown in
Supplemental Figs. 6 and 7, FBI-1 enhanced the expression
of PXR via miR-30c in HCC-1937 or MDA-MB-436 cells.
Moreover, FBI-1 enhanced the resistance of HCC-1937 or
MDA-MB-436 cells to olaparib and accelerated the meta-
bolism or clearance of olaparib via miR-30c/PXR axis
(Supplemental Tables 3 and 4). These results further con-
firmed the effect of FBI-1 on Therefore, FBI-1 enhanced the
activation of olaparib via the miR-30c/PXR axis.
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Discussion

TNBC is a sub-type of breast cancer with ER-defi-
ciency, HER2-decificiency, and PR-deficiency fea-
tures®>*°, Although the molecular targeting agents have
been applied, the clinical outcomes and the prognosis of
patients with TNBC are still poor*"**, Olaparib is a kind
of molecular targeting agent (small molecular inhibitor)
that targets the PARP and is used in treating TNBC with
a BRCA mutation®**, In the present work, the asso-
ciation of FBI-1 and the antitumor effect of olaparib in
TNBC cells were considered. The single cells (PDCs)
were separated from the clinical specimens of TNBC
with BRCA-mutation. FBI-1 enhanced the resistance of
TNBC PDCs to olaparib by accelerating its elimination
or clearance in cells by the miR-30c/PXR axis. The
results not only extended our knowledge of TNBC
treatment but also provided clues that FBI-1 would be a
promising target to achieve more effective TNBC treat-
ment. Moreover, in patients suffering from TNBC with
the positive expression of programmed death 1 (PD-1) in
cancer cells or programmed death ligand 1 (PD-L1)
occurring in tumor-infiltrating immune cells, the inhi-
bition of PD1/PD-L1 may be a hopeful treatment
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Fig. 7 FBI-1 enhanced the resistance of TNBC cells to olaparib via the miR-30c/PXR axis. The TNBC cells (TNBC PDC No.1) was transfected with
FBI-1, siFBI-1, miR-30c, or the PXRMut. Then, cells were injected into the subcutaneous position of nude mice to form tumor tissues. The images of
tumor tissues were shown (A) and the tumor volumes or tumor weights, or the inhibition rates of olaparib according to tumor volumes or tumor
weights, were shown as scatter-plot images (B-E). The expression of FBI-1 (F), PXR (G), or miR-30c (H) in tumor tissues was examined by gPCR and
shown as a histogram (F-H). *P < 0.05.
(.

strategy”'°. Combining atezolizumab, which is a selec-
tive antibody targeting PD-L1 to prevent the interaction
between PD-1 and B7-1 and reverse T-cell suppression,
with paclitaxel could prolong the progression-free sur-
vival of patients with metastatic TNBC’s PD-L1—positive
subgroup™*®. The metabolic feature and the mechan-
isms of the therapeutic antibodies represented by Ate-
zolizumab are much different from the small molecular
kinase inhibitor. Therefore, work to achieve more
effective treatment of therapeutic antibodies would be
valuable in the future.
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The downstream genes of PXR, such as P-GP, metabolize
and eliminate antitumor drugs in tumor cells or tissues
through various pathways, which can ultimately reduce the
effective concentration of the drug in the tumor cells or
tissues and finally induce the tumor cells to resist tumor
drugs*”*. The regulation mechanism of PXR transcription
factor activity has always been the focus of research. Drugs,
including rifampicin, can act as PXR agonists to induce
PXR transcription factor activity. Feng et al.”° indicated that
during treatment, sorafenib could bind to PXR and func-
tion as an agonist of PXR to activate the cascade pathway
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by which HCCs develop sorafenib-resistance via acceler-
ated elimination or clearance of sorafenib. In addition to
agonists of PXR, co-regulators of PXR are also important
factors affecting the activity of its transcription factors™.
For example, ETS-1 or EPAS-1 can function as co-
activators to up-regulate PXR activity'” ™", In this study,
FBI-1 was able to promote PXR expression by down-
regulating miR and then up-regulating the PXR signaling
pathway activity. The miRNA is a type of non-coding RNA
transcribed by RNA Pol I It can recognize and silence the
expression of specific genes through specific sequences*°.
In the present work, miR-30c was identified as a kind of
miR to enhance the sensitivity of TNBC cells to olaparib via
PXR pathway. The two types of miR-30c (miR-30c-1 or
miR-30c-2) could target the s3’UTR of PXR (Supplemental
Fig. 8). The results of this study show that FBI-1-mediated
silencing of miRNA expression may be a possible cause of
PXR overexpression in TNBC cells. As a transcription
inhibitor, FBI-1 can inhibit the activity of transcription
factors, such as P53 and SP1, through direct interactions; it
can ultimately suppress the expression of related tumor
suppressor genes to promote tumor cell proliferation®">?,
Previous work has indicated that FBI-1 may induce the
resistance of HCC cells to antitumor agents via the P53
pathway”">?, However, multiple studies have indicated that
P53 is often deleted and inactivated (mutated) in TNBC>*~
*’, so SP1 may be the main mechanism by which FBI-1
induces TNBC cells to be resistant to olaparib.

Acknowledgements

We are deeply appreciated for the advice from Prof. Qinong Ye and the HCC-
1937 or MDA-MB-436 cells were gift from Prof. Qinong Ye in Department of
Medical Molecular Biology, Beijing Institute of Biotechnology, Collaborative
Innovation Center for Cancer Medicine, 100850, Beijing, China (yeqn66@yahoo.
com). We all thank Prof. Yu Cao in Department of Immunology, H. Lee Moffitt
Cancer Center & Research Institute, Tampa, FL 33612, USA, for his advice
and help.

Author details

'Department of the Medical Oncology, the PLA General Hospital, Beijing
100853, China. “Department of the Medical Oncology/the Hebei Key
Laboratory of the Cancer Radiotherapy and Chemotherapy, Baoding City
071000 Hebei province, PR. China. “Department of the Gastrointestinal
Surgery, the Affiliated Hospital of Hebei University, Baoding City 071000 Hebei
province, P.R. China

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541419-020-03053-0).

Received: 8 April 2020 Revised: 22 September 2020 Accepted: 23
September 2020
Published online: 13 October 2020

Official journal of the Cell Death Differentiation Association

Page 13 of 14

References

1.

2.

20.

22.

23.

24,

25.

Yang, Y. et al. Pokemon (FBI-1) interacts with Smad4 to repress TGF-3-induced
transcriptional responses. Biochim. Biophys. Acta 1849, 270-281 (2015).

Bielli, P. et al. The transcription factor FBI-1 inhibits SAM68-mediated BCL-X
alternative splicing and apoptosis. Embo. Rep. 15, 419-427 (2014).

Choi, W. I. et al. The proto-oncoprotein FBI-1 interacts with MBD3 to recruit
the Mi-2/NuRD-HDAC complex and BCoR and to silence p21WAF/CDKN1A by
DNA methylation. Nucleic Acids Res. 41, 6403-6420 (2013).

Lin, C. C. et al. The silencing of Pokemon attenuates the proliferation of
hepatocellular carcinoma cells in vitro and in vivo by inhibiting the PI3K/Akt
pathway. PLoS ONE 7, €51916 (2012).

Fang, F. et al. FBI-1 promotes cell proliferation and enhances resistance to
chemotherapy of hepatocellular carcinoma in vitro and in vivo. Cancer 118,
134-146 (2012).

Jiang, L. et al. Overexpression of proto-oncogene FBI-1 activates membrane
type 1-matrix metalloproteinase in association with adverse outcome in
ovarian cancers. Mol. Cancer 9, 318 (2010).

Aggarwal, A. et al. Expression of leukemia/lymphoma-related factor (LRF/
POKEMON) in human breast carcinoma and other cancers. Exp. Mol. Pathol.
89, 140-148 (2010).

Beral, V. et al. Menopausal hormone therapy and 20-year breast cancer
mortality. Lancet 394, 1139 (2019).

Early Breast Cancer Trialists’ Collaborative Group (EBCTCG). Increasing the dose
intensity of chemotherapy by more frequent administration or sequential
scheduling: a patient-level meta-analysis of 37 298 women with early breast
cancer in 26 randomised trials. Lancet 393, 1440-1452 (2019).

Schmid, P. et al. Atezolizumab plus nab-paclitaxel as first-line treatment for
unresectable, locally advanced or metastatic triple-negative breast cancer
(IMpassion130): updated efficacy results from a randomised, double-blind,
placebo-controlled, phase 3 trial. Lancet Oncol. 21, 44-59 (2020).

Lyons, T. G. Targeted therapies for triple-negative breast cancer. Curr. Treat.
Options Oncol. 20, 82 (2019).

Altundag, K. Atezolizumab and nab-paclitaxel in advanced triple-negative
breast cancer. N. £ngl. J. Med. 380, 986-987 (2019).

OSullivan, H, Collins, D. & OReilly, S. Atezolizumab and nab-paclitaxel in
advanced triple-negative breast cancer. N. £ngl. J. Med. 380, 986 (2019).
Roskoski, R. Jr Small molecule inhibitors targeting the EGFR/ErbB family of
protein-tyrosine kinases in human cancers. Pharmacol. Res. 139, 395-411
(2019).

Shah, N. et al. Investigational chemotherapy and novel pharmacokinetic
mechanisms for the treatment of breast cancer brain metastases. Pharmacol.
Res. 132, 47-68 (2018).

Yonemori, K. et al. A phase I/Il trial of olaparib tablet in combination with
eribulin in Japanese patients with advanced or metastatic triple-negative
breast cancer previously treated with anthracyclines and taxanes. Eur. J. Cancer
109, 84-91 (2019).

da Silva, J. L. et al. Triple negative breast cancer: a thorough review of bio-
markers. Crit. Rev. Oncol. Hematol. 145, 102855 (2020).

Mackowiak, B. et al. The roles of xenobiotic receptors: beyond chemical dis-
position. Drug Metab. Dispos. 46, 1361-1371 (2018).

Shao, Z. et al. ETS-1 induces Sorafenib-resistance in hepatocellular carcinoma
cells via regulating transcription factor activity of PXR. Pharmacol. Res. 135,
188-200 (2018).

Feng, F. et al. Pregnane X receptor mediates sorafenib resistance in advanced
hepatocellular carcinoma. Biochim. Biophys. Acta Gen. Subj. 1862, 1017-1030
(2018).

Zhang, 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. 9, 743 (2018).

Zhao, J. et al. Cross-talk between EPAS-1/HIF-2a and PXR signaling pathway
regulates multi-drug resistance of stomach cancer cell. Int. J. Biochem. Cell Biol.
72, 73-88 (2016).

Li, F. et al. Procaspase-3-activating compound 1 stabilizes hypoxia-inducible
factor Ta and induces DNA damage by sequestering ferrous iron. Cell Death
Dis. 9, 1025 (2018).

Guan, F. et al. WX-132-18B, a novel microtubule inhibitor, exhibits promising
anti-tumor effects. Oncotarget 8, 71782-71796 (2017).

Yang, Q. et al. LINE-T ORF-1p functions as a novel HGF/ETS-1 signaling
pathway co-activator and promotes the growth of MDA-MB-231 cell. Cell
Signal. 25, 2652-2660 (2013).


https://doi.org/10.1038/s41419-020-03053-0
https://doi.org/10.1038/s41419-020-03053-0

Yang et al. Cell Death and Disease (2020)11:851

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lu, Y. 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. 25,
479-489 (2013).

Wang, C. 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. 161, 105110 (2020).

Ma, Y. 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. 160,
105071 (2020).

Wang, L. et al. Aminophenols increase proliferation of thyroid tumor cells by
inducing the transcription factor activity of estrogen receptor a. Biomed.
Pharmacother. 109, 621-628 (2019).

Li, L. et al. Transcriptional regulation of the Warburg effect in cancer by SIX1.
Cancer Cell 33, 368-385.e7 (2018).

Fu, J. et al. The RNA-binding protein RBPMST represses AP-1 signaling and
regulates breast cancer cell proliferation and migration. Biochim. Biophys. Acta
1853, 1-13 (2015).

Zhu, M. et al. FBI-1 enhances ETS-1 signaling activity and promotes pro-
liferation of human colorectal carcinoma cells. PLoS ONE 9, 98041 (2014).
Li, J. et al. MicroRNA-140-3p enhances the sensitivity of hepatocellular carci-
noma cells to sorafenib by targeting pregnenolone X receptor. OncoTargets
Ther. 11, 5885-5894 (2018).

Wang, Y. & Tang, Z. A novel long-sustaining system of apatinib for long-term
inhibition of the proliferation of hepatocellular carcinoma cells. OncoTargets
Ther. 11, 8529-8541 (2018).

Xie, H. et al. A new apatinib microcrystal formulation enhances the effect of
radiofrequency ablation treatment on hepatocellular carcinoma. OncoTargets
Ther. 11, 3257-3265 (2018).

Krens, S. D. et al. Quantification of cobimetinib, cabozantinib, dabrafenib,
niraparib, olaparib, vemurafenib, regorafenib and its metabolite regorafenib
M2 in human plasma by UPLC-MS/MS. Biomed. Chromatogr. 34, e4758 (2020).
Jia, H. et al. Rhamnetin induces sensitization of hepatocellular carcinoma cells
to a small molecular kinase inhibitor or chemotherapeutic agents. Biochim.
Biophys. Acta 1860, 1417-1430 (2016).

Yin, F. et al. SREBP-1 inhibitor Betulin enhances the antitumor effect of Sor-
afenib on hepatocellular carcinoma via restricting cellular glycolytic activity.
Cell Death Dis. 10, 672 (2019).

Buoso, E. et al. Cortisol-induced SRSF3 expression promotes GR splicing,
RACK1 expression and breast cancer cells migration. Pharmacol. Res. 143,
17-26 (2019).

Shi, D. et al. TLR5: A prognostic and monitoring indicator for triple-negative
breast cancer. Cell Death Dis. 10, 954 (2019).

den Brok, W. D. et al. Survival with metastatic breast cancer based on initial
presentation, de novo versus relapsed. Breast Cancer Res. Treat. 161, 549-556
(2017).

Bonotto, M. et al. Measures of outcome in metastatic breast cancer: insights
from a real-world scenario. Oncologist 19, 608-615 (2014).

Official journal of the Cell Death Differentiation Association

43,

45,

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

Page 14 of 14

Lee, J. M. et al. Safety and Clinical Activity of the Programmed Death-
Ligand 1 Inhibitor Durvalumab in Combination With Poly (ADP-Ribose)
Polymerase Inhibitor Olaparib or Vascular Endothelial Growth Factor
Receptor 1-3 Inhibitor Cediranib in Women'’s Cancers: A Dose-Escala-
tion, Phase | Study. J. Clin. Oncol. 35, 2193-2202 (2017).

Lheureu, S. et al. Somatic BRCA1/2 recovery as a resistance mechanism after
exceptional response to poly (ADP-ribose) polymerase inhibition. J. Clin. Oncol.
35, 1240-1249 (2017).

McGregor, B. A. et al. Results of a multicenter phase Il study of atezoli-
zumab and bevacizumab for patients with metastatic renal cell carcinoma
with variant histology and/or sarcomatoid features. J. Clin. Oncol. 38, 63-70
(2020).

Teo, M. Y. et al. Alterations in DNA damage response and repair genes
as potential marker of clinical benefit from PD-1/PD-L1 blockade in
advanced urothelial cancers. J. Clin. Oncol. 36, 1685-1694 (2018).

Lv, C. & Huang, L. Xenobiotic receptors in mediating the effect of sepsis on
drug metabolism. Acta Pharm. Sin. B 10, 33-41 (2020).

Bhagyaraj, E. et al. TGF-3 induced chemoresistance in liver cancer is
modulated by xenobiotic nuclear receptor PXR. Cell Cycle 18, 3589-3602
(2019).

Omidkhoda, N. et al. The role of MicroRNAs on endoplasmic reticulum stress
in myocardial ischemia and cardiac hypertrophy. Pharmacol. Res. 150, 104516
(2019).

Cavalcante, P. et al. MicroRNA signature associated with treatment response in
myasthenia gravis: A further step towards precision medicine. Pharmacol. Res.
148, 104388 (2019).

Choi, W. I. et al. Proto-oncogene FBI-1 represses transcription of p21CIP1 by
inhibition of transcription activation by p53 and Sp1. J. Biol Chem. 284,
12633-12644 (2009).

Jeon, B. N. et al. Proto-oncogene FBI-1 (Pokemon/ZBTB7A) represses
transcription of the tumor suppressor Rb gene via binding competition
with Sp1 and recruitment of co-repressors. J. Biol. Chem. 283, 33199-33210
(2008).

Lin, F. et al. GTSET is involved in breast cancer progression in p53 mutation-
dependent manner. J. Exp. Clin. Cancer Res. 38, 152 (2019).

Vi, D. et al. Germline TP53 and MSH6 mutations implicated in sporadic triple-
negative breast cancer (TNBC): a preliminary study. Hum. Genomics. 13, 4
(2019).

Bollu, L. R. et al. Mutant P53 induces MELK expression by release of
wild-type P53-dependent suppression of FOXM1. Npj. Breast Cancer 3, 2
(2020).

Jabbour-Leung, N. A. et al. Sequential combination therapy of CDK inhibition
and doxorubicin is synthetically lethal in p53-mutant triple-negative breast
cancer. Mol. Cancer Ther. 15, 593-607 (2016).

Liu, J. C et al. Combined deletion of Pten and p53 in mammary epithelium
accelerates triple-negative breast cancer with dependency on eEF2K. Embo.
Mol. Med. 6, 1542-1560 (2014).



	FBI-1 enhanced the resistance of triple-negative breast cancer cells to chemotherapeutic agents via the miR-30c/PXR axis
	Introduction
	Materials and methods
	Patients and agents
	The cell lines of TNBC
	Correlation between FBI-1 and factors of PXR pathway in TNBC clinical tissues
	Cell-survival examination
	Luciferase experiments
	Quantitative polymerase chain reaction (qPCR)
	Western blot examination
	Co-immunoprecipitation (co-IP) experiments and chromatin immunoprecipitation (ChIP) experiments
	Pharmacokinetic experiments
	The in�vivo antitumor effect of olaparib
	Statistical analysis

	Results
	FBI-1 enhanced the activation of the PXR signaling pathway
	FBI-1 induced the resistance of TNBC cells to olaparib by accelerating elimination or clearance of olaparib
	FBI-1 repressed the expression of miR-30c by SP1
	FBI-1 enhanced the expression of PXR via miR-30c
	The specificity of FBI-1&#x02019;s function in regulating olaparib resistance in TNBC cells

	Discussion
	Acknowledgements




