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Abstract

Breast cancer is the most common malignancy in women worldwide. Triple-
negative breast cancer (TNBC), refers breast cancer negative for estrogen receptor,
progesterone receptor and human epidermal growth factor receptor 2, charac-
terized by high drug resistance, high metastasis and high recurrence, treatment of
which is a difficult problem in the clinical treatment of breast cancer. In order to
better treat TNBC clinically, it is a very urgent task to explore the mechanism of
TNBC resistance in basic breast cancer research. Pregnane X receptor (PXR) is a
nuclear receptor whose main biological function is to participate in the meta-
bolism, transport and clearance of allobiological agents in PXR. PXR plays an
important role in drug metabolism and clearance, and PXR is highly expressed in
tumor tissues of TNBC patients, which is related to the prognosis of breast cancer
patients. This reviews synthesized the important role of PXR in the process of
high drug resistance to TNBC chemotherapeutic drugs and related research
progress.

Key Words: Triple-negative breast cancer; Pregnane X receptor; Drug resistance;
Cytochrome P450; Uridinediphosphate glucuronyl transferases; Glutathione transferases;
ATP-binding cassette transporter
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Core Tip: Treatment of triple-negative breast cancer (TNBC) is a difficult problem in the clinical treatment of breast cancer.
It is a very urgent task to explore the mechanism of TNBC resistance in basic breast cancer research. Pregnane X receptor
(PXR) is a nuclear receptor whose main biological function is to participate in the metabolism, transport and clearance of
allobiological agents in PXR. This reviews synthesized the important role of PXR in the process of high drug resistance to
TNBC chemotherapeutic drugs and related research progress.
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INTRODUCTION

Cancer and cardiovascular disease are the two leading causes of death in the world, which seriously endanger people’s
physical and mental health[1]. In recent years, the incidence of cancer has been showing an upward trend worldwide,
and the growth rate and mortality rate of breast cancer in women are grim[2]. According to the overall cancer data in the
world in 2020[3], breast cancer has exceeded lung cancer to become the number one malignant tumor in the world,
accounting for 11.7% of all different types of cancer. The incidence and mortality of breast cancer rank the first in most
countries in the world. Literature reports that in 2020, the number of new breast cancer cases in the world was more than
2.26 million, and the number of deaths reached 685000, among which Chinese patients accounted for 18.4% of all cases in
the world[4]. Therefore breast cancer has become the most threatening malignant tumor that endangers women’s health.

According to the different express of estrogen receptor (ER), human epidermal growth factor receptor 2 (HER-2),
progesterone receptor (PR), and insufficient expression of proliferating cell nuclear antigen-67, breast cancer have been
classified into several subtypes, these include: Luminal A, HER-2 overexpression, Luminal B and triple negative[5]. In all
kinds of breast cancer, the type of breast cancer which is negative for PR, ER, and HER-2 is called triple-negative breast
cancer (TNBC). It accounts for 10% to 20% of all types of breast cancer[6] and occurs mostly in young women[7]. TNBC
mainly metastasize to the lung and brain, and its own biological characteristics make it have poor response to general
local treatment and poor prognosis[8]. Although there have been great breakthroughs in the treatment of breast cancer
recently, the treatment of advanced metastatic breast cancer (especially TNBC) is still a great clinical challenge. Although
there are so many different subtypes in breast cancer, TNBC is the most clinically complex subtype to treat. Because the
lackness of effective molecular targets, theraputic attempts for non-TNBC, such as endocrine therapy and HER2-targeted
therapy, cannot benefit TNBC patients[9]. Poly (ADP-ribose) polymerase inhibitors and immune checkpoint-based
immunotherapy have made important progress in preclinical and clinical research[10]. However, although these
treatment strategies can benefit some patients, the overall benefit of all TNBC patients is still very limited. At present,
chemotherapy is still an important treatment for TNBC[11]. However, TNBC is not all sensitive to chemotherapy, and the
main reason for the failure of chemotherapy is the resistance of TNBC to chemotherapy[12]. In summary, this type of
breast cancer is characterized by high degree of deterioration, high recurrence rate, high metastasis rate and low survival
rate. It is particularly important to study the mechanism of chemotherapy resistance[13].

In 1998, when Kliewer et al[14] searched the mouse liver HHMI EST database, they found a sequence with high
homology to the known nuclear receptor, and the protein encoded by this sequence can be activated by a series of natural
or synthetic pregnane hormones, so they named it pregnane X receptor (PXR). Human PXR is expressed by the nuclear
receptor subfamily 1 group I member 2 gene, located on chromosome 3q13-21, and consists of 10 exons and 9 introns,
with a gene size of approximately 40 kb. In contrast to other nucleoid receptors, PXR possesses a large and somewhat
flexible spherical ligand-binding domain, allowing it to bind a large number of compounds of different sizes and
structures. Phosphorylation of residues at positions T248, Y249, and T422 of PXR is required for its ligand-activated
function[15]. When PXR binds to its ligand, its conformation changes and activates the PXR pathway, which causes PXR
to translocate from the cytoplasm to the nucleus and bind to the retinal X receptor to form a heterodimer, which in turn
combine with the DNA response elements in the target gene’s specific promoter region to regulate their transcription[16].
The main biological function of PXR is to participate in the metabolism, transport and clearance of xenobiotics including
chemotherapeutic drugs[17]. There are three phases involved in the metabolic process of PXR: Phase I, metabolizing
enzymes; Phase II, conjugating enzymes; phase III, transporter[18] (Figure 1).

Although PXR is mainly expressed in liver, intestinal and colon tissues, it has been found that it is also expressed in
normal breast tissues, and its expression level is even higher in breast cancer tissues[19]. PXR can affect the expression of
drug resistance-related genes, thereby enhancing the metabolism and clearance function of chemotherapy drugs in cancer
cells[20], and then plays an important role in breast cancer[21]. Studies have shown that the expression of PXR increased
in docetaxel-resistant TNBC cells and tumor xenograft mice[22]. This article reviews the role of PXR in the drug resistance
mechanism of TNBC.
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Figure 1 Three phases in the chemotherapy drug resistance mechanism caused by pregnane X receptor in triple-negative breast cancer.
RXR: Retinal X receptor; PXR: Pregnane X receptor; ABC: Adenosine triphosphate binding cassette; CYPs: Cytochrome P450s; UGTs: Uridine diphosphate
glucuronosyltransferase; GSTs: Glutathione transferase.

PXR AND METABOLIZING ENZYMES IN PHASE | OF DRUG METABOLISM

Drug metabolizing enzymes refers a special kind of enzymes, which responsible for the metabolism function of a variety
of substances such as exogenous chemicals and endogenous biological small molecules. Cytochrome P450 (CYP) is an
important enzyme system involved in the metabolism of xenobiotics in cells. CYP was first discovered in rat liver
microsomes in 1958[23]. CYP is named for its typical absorption peak at 450 nm wave length[24]. The rules for CYP
nomenclature include: Different numbers after the family represent different families, different letters after the family
represent different subfamilies, and different numbers after the subfamily represent different peptides[25]. There are 18
CYP families in human body, including 26 subfamilies and more than 50 different isoforms with catalytic functions[26].
Three families, CYP1, CYP2 and CYP3, account for nearly 70% of the human CYP family and response for most drugs’
metabolism progress. It is the dominant superfamily enzyme system not only involved in the drug metabolism phase I,
but also affected drug oxidation, reduction or hydrolysis[27]. For patients with liver cancer, clarifying the expression
information of CYP, strengthening the monitoring of medication, adjusting the dose and frequency of drugs, and
reducing drug resistance and side effects are of great significance for the precise treatment of anticancer drugs[28].

It is demonstrated by Murray et al[29] that CYP251, CYP4V2, CYP3A4, and CYP26A1 were connected to the final
survive rate of breast cancer patients, which also indicated the potential of CYP as a marker for the clinical results of
breast cancer patients. A large number of studies have shown that CYP enzymes are related to breast cancer drug
metabolism. Among them, CYP enzymes have been experimentally confirmed to be: CYP3A4, CYP3A5, CYP2CS,
CYP2C9, CYP2J2, CYP1A1, CYP1B1, CYP17A1, CYP2B6, CYP2D6, CYP2C19, etc[30-33]. Alexanian et al[34] reported the
lower expressions of CYP4A11 and CYP4A22 in normal breast tissues than those in TNBC tissues. Overexpression of
CYP3A4 can promote the metabolism of docetaxel in triple negative breast cancer stem cells and further induce reduced
accumulation of chemotherapy drugs in cancer cells, leading to cell drug resistance[22]. Two major metabolic enzymes of
paclitaxel (CYP2C8, CYP3A4) and other genes involved in taxane heterogenic metabolism (e.g., CYP1B1) are associated
with drug resistance in TNBC[35]. Numerous experiments have shown that CYP enzymes are significantly upregulated
in TNBC patients [22,29,35]. Therefore, the association between CYP enzymes and tumor resistance in TNBC has attracted
increasing attention.

It has been reported that activated PXR can transcriptically up-regulate the expression of CYP450 family members such
as CYP3A4, CYP3A23, CYP2B6, CYP2B9, CYP2C55, CYP2C9 and CYP1A[36,37]. In experimental studies related to TNBC
drug resistance, it has been confirmed that PXR can regulate the expression of CYP3A4, resulting in increased drug
metabolism in TNBC, which is obviously related to TNBC chemotherapy resistance[22].
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PXR AND CONJUGATIVE ENZYMES IN PHASE Il OF DRUG METABOLISM

Conjugation enzymes in phase II of drug metabolism are mainly various transferases, such as glutathione transferase
(GST) and uridine diphosphate glucuronosyltransferase (UGT)[30]. GST, as an important part of the detoxification system
of the body, is responsible for catalyzing the combination of glutathione and drugs, and expelling the conjugate from the
body under the action of multidrug resistant-related proteins, all of above made GST plays a detoxification role[38]. UGT
is the most important enzyme involved in human phase II of drug metabolism, and about 40%-70% of drugs and
traditional Chinese medicine are metabolized by UGT[39]. UGT and GST can make exogenous harmful substances into
water-soluble harmless small molecular substances, and then excreted in the form of bile and urine.

In 1978, Lawrence et al[40] found that there was a glutathione peroxidase without selenium in the liver tissue of mice,
named GST. The GST family plays a crucial role in cellular defense by catalyzing the coupling reaction of carcinogens to
glutathione, thereby preventing cell damage. Any mutation in the gene that expresses this enzyme may alter the catalytic
process, which in turn can alter drug bioavailability and may amplify or reduce drug efficacy and toxicity[41]. Multidrug
resistance (MDR) mediated by the overexpression of GST is the main cause of chemotherapy failure in breast cancer[42].
Compared with non-TNBC cells, GSTP1 expression is higher in TNBC, and GSTP1 plays a crucial role in the chemores-
istance of TNBC cells[43]. In GSTA1-overexpressing cancer cells, an unexpected lack of chemotherapeutic agents leads to
enhanced cytotoxicity[44]. Overexpression of GSTA2 protects cancer cells from apoptosis can also induced by
chemotherapeutic agents[45]. Upregulation of GSTA2 is associated with doxorubicin resistance[46]. A case-control study,
which investigated children suffered acute lymphoblastic leukemia treated with different anticancer agents (vincristine,
daunorubicin, cytarabine, efc.), showed that GSTM1 deficiency reduced the risk of recurrence by 18 times[47]. In addition,
low survival rate was observed in patients with high GSTM1 expression who received high-dose cyclophosphamide,
carmustine and cisplatin as initial chemotherapy for breast cancer[48]. Clearly, GST family is associated with drug
resistance of breast cancer, and it also involved in the drug resistance of TNBC.

UGTs are a superfamily, so named because they mainly utilize uridine diphosphate glucuronic acid as a glycosyl
donor. UGT catalyzes the binding of the substrate to the uridine diphosphate glucuronate group, making it more
hydrophilic and conducive to elimination from the body. The human UGT superfamily is divided into two families based
on nucleotide sequence similarity: UGT1A and UGT2[49]. The UGT1A gene cluster, encoded by a gene cluster located at
2q37, contains a total of 17 exons. UGT1A enzymes, especially UGT1A1, have been shown to be overexpressed in tumor
tissues and play a role in anticancer drug resistance[50], as well as in TNBC[51]. Overexpression of UGT1A6 counteracts
the cytotoxicity caused by the breast cancer chemotherapy drug methotrexate[52]. UGT2B7 can induce epirubicin
resistance in breast cancer cells[53]. To sum up that UGT, as a conjugation enzyme in phase II of drug metabolism, plays a
important role in breast cancer resistance. Although there are few reports on UGT family in TNBC, the only reports can
also illustrate the role of UGT in tumor resistance.

Among the conjugated enzymes in phase II of drug metabolism, the target genes of PXR have been found to include
UGT1A1, UGT1A6, UGT1A3, UGT1A4 and GSTA1, GSTA2, GSTA3, GSTM1, GSTM2, GSTM3, GSTM4[30]. The
mechanism of which PXR regulates UGT and GST, further lead to drug resistance in TNBC may be one of the drug
resistance mechanisms, but due to the lack of relevant reports, more experiments are needed to prove it.

PXR AND TRANSPORTERS IN PHASE Il OF DRUG METABOLISM

The transporters in phase III of drug metabolism are mainly adenosine triphosphate binding cassette (ABC) membrane
transporters, including MDR protein, multidrug resistation-associated protein (MRP) and breast cancer resistance protein
(BCRP), which are mainly involved in drug transport and clearance[54].

ABC membrane transporters affect the therapeutic effect of drugs on malignant tumors by affecting the absorption and
metabolism of drugs in cells. ABC transporters use adenosine triphosphate to efflux various compounds, including
chemotherapeutic drugs of different structures and properties. A variety of ABC transporters are closely related to
chemotherapy resistance of solid tumors including breast cancer, and increased drug efflux mediated by ABC
transporters is the most common mechanism of MDR caused by drug efflux[55]. The ABC family of membrane
transporters includes seven isoforms (ABCA-ABCG), among which the MDR protein 1 (MDR1/P-gp) gene is a membrane
transporter encoded by the ABCB1 gene, with a relative molecular weight of 170 KDa, composed of 1280 amino acids,
and located on the cell membrane. The energy released by ATP hydrolysis can be used to transport the hydrophobic and
lipophilic drugs outside the cell, when MDR1/P-gp is overexpressed, drug efflux is increased through the role of efflux
pump, thereby reducing the accumulation of drugs in cells and the effect of drugs on cells, thus causing drug resistance in
tumor cells[56]. Overexpression of MDR has become an important mechanism of drug resistance mediated by TNBC,
which is associated with poor outcome, reduced survival rate and chemoresistance of patients[57]. The MRP gene is a
membrane transporter encoded by the ABCC gene, whereas BCRP is a membrane transporter encoded by the ABCG
gene. In breast cancer related studies, ABCC1, ABCC3, ABCB1 and ABCG2 are associated with drug resistance [22,30,33].
Compared with other breast cancer subtypes, tmultidrug resistance protein-1 (ABCC1/MRP1), MDR protein-8 (ABCC11/
MRP8) and BCRP (ABCG2/BCRP) is significantly overexpressed in TNBC[58,59], which is closely related to chemot-
herapy resistance[60].

PXR regulates a variety of proteins, including MDR protein (ABCB1, ABCB2), MDR associated protein (ABCC2,
ABCC3, ABCC4, ABCC5) and so on. These enzymes are mainly bile acid transporters, which mediate the metabolism and
excretion of bile acids, as well as the transmembrane transport and clearance of chemotherapeutic drugs[61]. Overex-
pression of PXR leads to increased cellular levels of resistance proteins such as ABCC1 and ABCG2[62,63]. Studies have
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Table 1 Role of pregnane X receptor in the mechanism of drug resistance in breast cancer (including triple-negative breast cancer)

. . . Resistance Resistance related .
Resistance- Resistance-associated . . . Possible regulatory
. . . . associated proteins  proteins known to be .
Phase associated proteins  proteins associated . . . targets of PXR in TNBC
associated with PXR  with breast cancer associated with regulated by PXR in (unconfirmed)
TNBC TNBC
Phase [ CYP3A4, CYP3A23 CYP3A4, CYP3A5 CYP3A4 CYP3A4 CYP2C8
Enzymes CYP3A11, CYP2B6 CYP2C8, CYP2C9 CYP4A11
metabolism
CYPs CYP2C8, CYP2C9 CYP2J2, CYP1A1 CYP4A22
CYP2C19, CYP1A CYP1B1, CYP17A1 CYP2C8
CYP2BY, CYP2C55 CYP2B6, CYP2D6 CYP1B1
CYP2C19, CYP2S1
CYP4V2, CYP26A1
CYP4A11, CYP4A22
Phase II GSTA1, GSTA2 GSTM1, GSTP1 GSTP1
Enzymes GSTA3, GSTM1 GSTA1, GSTA2
conjugation
GSTs GSTM2, GSTM3
GSTM4
UGTs UGT1A1, UGT1A6 UGTI1A, UGT2B7 UGT1A1 UGTI1A1
UGT1A3, UGT1A4
Phase IIT ABCBI1, ABCB2 ABCC1, ABCC3 ABCC1 ABCC1
Ttansporters ABCC1, ABCC2 ABCB1, ABCG2 ABCG2 ABCG2
ABCs ABCC3, ABCC4 ABCCI11 ABCCI11

ABCC5, ABCG2

PXR: Pregnane X receptor; TNBC: Triple-negative breast cancer; ABC: Adenosine triphosphate binding cassette; CYPs: Cytochrome P450s; UGTs: Uridine

diphosphate glucuronosyltransferase; GSTs: Glutathione transferase.

also shown that PXR-mediated induction of ABCC2 seems to be involved in chemotherapy resistance in tamoxifen-
resistant breast cancer [64,65]. PXR has been confirmed to regulate two membrane transporters ABCB1 and ABCG2 in
TNBC[66]. Clearly, PXR-mediated upregulation of ABC membrane transporter family expression in TNBC cancer
patients is one of the mechanisms of chemotherapy resistance in TNBC.

CONCLUSION

In conclusion, although PXR is mainly expressed in liver, intestinal and colon tissues, it is also expressed in normal breast
tissues, and its expression level is even higher in breast cancer tissues[67-70]. PXR is associated with the phenotype of
TNBC and is a powerful and independent poor prognostic factor[71]. PXR can accelerate the metabolism and clearance of
chemotherapy drugs in TNBC through the regulation of three phases of the metabolism of chemotherapy drugs: phase I
drug metabolism enzymes CYPs, phase II drug binding enzymes GSTs and UGTs, and phase III drug transporter ABCs,
thus resulting in drug resistance (Table 1). Among them, experiments have confirmed that PXR can regulate the
expression of CYP3A4, ABCC1, and ABCG2 in TNBC, resulting in TNBC drug resistance. In the future, researchers
should focus on improving our understanding of the mechanism of PXR in TNBC drug resistance, including regulation of
PXR and function of PXR independence of drug metabolism.
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