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A B S T R A C T   

Resistance to chemotherapy and hormonal therapy is a major clinical problem in breast cancer medicine, 
especially for cancer metastasis and recurrence. Di(2-ethylhexyl)phthalate (DEHP) affects drug resistance by an 
unknown mechanism of action. Here we analyzed breast cancer patients (N = 457) and found that Σ4MEHP (the 
sum of MEHP, MEHHP, MECPP and MEOHP concentrations) in urine was significantly higher (P = 0.018) in the 
recurrent breast cancer group compared with non-recurrent patients. Σ4MEHP-High was positively and signifi-
cantly correlated with tumor stage (P = 0.005), lymph node status (P = 0.001), estrogen receptor status (P =
0.010), Her2/Neu status (P = 0.004), recurrence (P = 0.000) and tumor size (P = 0.002), as well as an inde-
pendent prognostic marker (OR = 1.868; 95% CI = 1.424–2.451; P < 0.000) associated with poor survival rates 
based on a positive Her2/Neu status (P = 0.035). In addition, we found that DEHP inhibited paclitaxel and 
doxorubicin effects in breast cancer cell lines MCF-7 and MDA-MB-231 and in zebrafish and mouse tumor 
initiation models. DEHP induced trefoil factor 3 (TFF3) expression through the vinculin/aryl hydrocarbon re-
ceptor (AhR)/ERK signaling pathway and induced CYP2D6, CYP2C8 and CYP3A4 expression through the AhR 
genomic pathway to increase the epithelial-mesenchymal transition (EMT) and doxorubicin metabolism, 
respectably. DEHP mediated AhR-related alterations in estrogen receptor expression through the ubiquitination 
system, which decreased tamoxifen effects in AhR knockout mice. These findings suggest a novel therapeutic 
avenue by targeting AhR in drug-resistant and recurrent breast cancer.   

1. Introduction 

Breast cancer is one of the most common diagnosed malignancies in 
women and leads to high mortality worldwide. Surgery, radiation and 
chemotherapy are standard therapeutic approaches for breast cancer; 
however, > 3% of breast cancer patients will undergo tumor recurrence 
in the third year after chemotherapy. The likelihood of recurrence is 
greater for ER-negative cancer (~6.5% of patients) relative to ER- 
positive cancer (2% of patients) [1]. Recurrence is in part due to resis-
tance to chemotherapeutic drugs, which leads to chemotherapy failure 

and the need to use treatments with more serious side effects. Several 
mechanisms lead to chemotherapy resistance, including drug inactiva-
tion, drug target alteration, drug efflux and the epithelial-mesenchymal 
transition (EMT) [2]. Drug inactivation, refers to metabolic processes 
that some clinical drugs undergo that decrease their clinical effective-
ness. Doxorubicin is a common anti-tumor drug originally discovered 
from a strain of Streptomyces paucities [3] and is currently used to treat 
breast cancer [4]. Doxorubicinol is the main metabolite of doxorubicin 
and is a worse inhibitor of tumor growth as compared with doxorubicin 
[5]. In drug target alteration, tamoxifen inhibits cancer growth by 
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targeting the estrogen receptor (ER) and affecting its downstream 
signaling pathway in ER-positive breast cancer. In addition, an ER 
antagonist (ICI182780) decreases the ability of tamoxifen, which was 
competitive binding to ER receptor to inhibit ER-positive breast cancer 
growth [6]. Drug efflux refers to the discharging of a drug from cells over 
a short period of time, often by protein pumps. As one example, ATP 
binding cassette (ABC)-containing family of proteins have a major 
impact on the pharmacological behavior of most of the drugs for acti-
vating drug efflux transporters [7] in breast cancer [8]. With respect to 
the EMT, a correlation study found that epithelial markers are associated 
with a significant but slight decrease in resistance among cancer samples 
[9]. Spindle cell shape and pseudopod formation, which correspond to 
mesenchymal cell characteristics, were also found in chemotherapy- 
resistant breast cancer cell lines [10]. Past research has led us to spec-
ulate that environmental hormone phthalates may have the ability to 
regulate resistance [11,12]. 

Phthalates are ubiquitous chemical compounds with weak estrogenic 
properties [13] and are widely used in plasticizers and in 
flame-retardants. Di(2-ethylhexyl)phthalate (DEHP) is commonly used 
in daily life supplies and polyvinylchloride medical devices, and thus 
humans are exposed to phthalates through ingestion, inhalation and 
medical treatments. Phthalates disrupt the endocrine and reproductive 
system and promote cancer progression [14]; they also antagonize the 
effect of doxorubicin [11] and tamoxifen [12] on chemotherapeutic 
drug resistance in breast cancer. In addition, phthalates mediate the 
EMT in cancer stem cells [14] and activate human breast cancer cell 
progression through the aryl hydrocarbon receptor (AhR) [15]. 

AhR, in its role as a ligand-activated transcription factor, was 
discovered in a dioxin toxicity study and found to regulate the tran-
scription of xenobiotic-metabolizing enzymes [16]. In the genomic AhR 
pathway, Cytochrome P450 1A1 (CYP1A1) is induced by the AhR/ARNT 
heterodimer complex when it binds to an element in the CYP1A1 pro-
moter [17]. CYP1A1 is an enzymes involved in the metabolism system of 
both endogenous and exogenous substrates[18]. In addition, AhR was 
overexpressed in ER-negative breast cancer as compared with 
ER-positive breast cancer. Therefore, we surmised that AhR may be 

involved in drug resistance in ER-negative breast cancer. In the present 
work, we analyzed the correlation between recurrent breast cancer and 
urine levels of DEHP and demonstrated that DEHP mediates drug 
resistance by directly targeting the non-genomic AhR pathway. This 
study thus revealed new evidence by which DEHP and AhR are 
co-involved in breast cancer drug resistance. 

2. Results 

2.1. Association of concentrations of DEHP with clinicopathological 
characteristics and prognosis in human breast cancer patients 

To investigate whether concentrations of DEHP are associated with 
survival in breast cancer patients, we analyzed levels of DEHP metab-
olites in urine samples from 457 breast cancer patients(Fig. 1). The 
clinicopathological parameters, including stage, grade, lymph node 
status, estrogen and progesterone receptor and Her2/Neu status and 
recurrence, are shown in Table 1. The metabolite profile, including MEP, 
MBP, MIBP, MEHP, MEHHP, MECPP and MEOHP, was analyzed by 
liquid chromatography− tandem mass spectrometry (LC-MS/MS), and 
concentrations were normalized relative to creatinine. MIBP (P = 0.044) 
and MEHP (P = 0.037) were inversely correlated with recurrence, but 
MECPP (P = 0.006) and Σ4MEHP (P = 0.018) were positively correlated 
with recurrence (Table 2). To further understand the significance of 
DEHP metabolites in breast cancer patients, we used the average 
Σ4MEHP expression level across all 457 patients to define the low (n =
382) and high (n = 75) categories. The analysis showed that Σ4MEHP 
expression was positively and significantly correlated with clinico-
pathological parameters including tumor stage (P = 0.005), lymph node 
status (P = 0.001), estrogen receptor status (P = 0.010), Her2/Neu 
status (P = 0.004), recurrence (P = 0.000) (supplementary Table 1 and  
Table 3), and tumor size (P = 0.002) (Fig. 2 A). We also analyzed the 
association of Σ4MEHP with the overall survival rate based on Her2/Neu 
status by Kaplan–Meier analysis. Σ4MEHP-high was not associated with 
lower survival rates (P = 0.121; Fig. 2B). However, when Her2/Neu 
status was also taken into account, Σ4MEHP-high was significantly 

Fig. 1. Flowchart of data collection.  
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associated with lower survival rates (P = 0.035; Fig. 2D) among patients 
with a positive Her2/Neu status (n = 241) during a follow-up period of 
20 years or longer; this association was not present among patients with 
a negative Her2/Neu status (n = 215) (Fig. 2C). Next, we used multi-
variate Cox regression analysis with the clinicopathological parameters 
and Σ4MEHP. Σ4MEHP (OR = 1.868, P = 0.000), grade (OR = 0.619, P 
= 0.003) and recurrence (OR = 1.609, P = 0.004) were significant 
predictors of breast cancer mortality Table 4. 

2.2. Antagonistic effect of DEHP on paclitaxel and doxorubicin in breast 
cancer 

To determine the role of DEHP in breast cancer recurrence, we 
analyzed the antagonistic role of DEHP in breast tumors. Previous study 
show that cell viability was analyzed by exposure to serial concentra-
tions(10 nM-100 mM) of DEHP and found that above 1 μM DEHP have 
noticeable change in MCF-7 cell viability [19]. In addition, exposure of 
the MDA‑MB‑231 cells to 1 μM DEHP induced inflammatory cytokine 
expression, which subsequently induced MDA‑MB‑231 cell proliferation 
and motility [20]. Therefore, 1 μM DEHP was utilized in the following 
analyses. MCF-7 and MDA-MB-231 human breast cancer cells were 
exposed to DEHP (1 μM) and anticancer drugs over a range of doses. 
After 24 h and again at 14 d, the cell growth was analyzed with the Cell 
Counting Kit-8 (CCK-8) assay and a clonogenic assay. DEHP inhibited 

these effects of paclitaxel and doxorubicin in MCF-7 and MDA-MB-231 
cells (Fig. 3A− C). 

Next, we studied the effect of DEHP on breast cancer cells in vivo 
using zebrafish and mouse xenografts. First, we labeled MDA-MB-231 
cells with green fluorescent protein (GFP) and treated these cells with 
DEHP (1 μM), paclitaxel (1 μM), doxorubicin (1 μM), DEHP (1 μM) +
paclitaxel (1 μM) or DEHP (1 μM) + doxorubicin (1 μM) for 24 h. We 
then implanted 1 × 104 MDA-MB-231–GFP cells into the yolk sac of 
each zebrafish embryo at 48 h post-fertilization (hpf). Using whole-body 
fluorescence imaging 48 h after transplantation, we found that DEHP 
increased the GFP intensity, whereas paclitaxel and doxorubicin 
decreased it. In addition, DEHP decreased the inhibitory effect of 
paclitaxel and doxorubicin on cancer cell growth in vivo (Fig. 3D). 

We also examined the effect of DEHP on a breast tumor initiation 
model, specifically with respect to tumor formation and motility. Mice 
were treated with 7,12-dimethylbenz(a)anthracene (DMBA) for 6 weeks 
to initiate mammary tumor formation, followed by treatment with 
DEHP, paclitaxel, doxorubicin, DEHP + paclitaxel or DEHP 
+ doxorubicin for 4 weeks. The mice were then sacrificed, and mam-
mary and lung tissues were collected. Mammary tissue sections stained 
with hematoxylin and eosin (H&E) showed that DEHP promoted 
mammary tumor formation as compared with the control, paclitaxel, 
doxorubicin, DEHP + paclitaxel and DEHP + doxorubicin mice 
(Fig. 3E). DEHP also induced mammary tumor metastasis to lung tissue. 
Lung tissue sections stained for mammaglobin indicated evidence of 
metastasis to the lungs in the DEHP mice (Fig. 3F). Thus DEHP increased 
tumor formation and pulmonary metastasis and antagonized the effect 
of anticancer drugs in breast cancer cell lines and a mouse model of 
breast cancer. 

DEHP binds AhR directly and induced downstream gene CYP1A1 
and CYP1B1 expression through genomic AhR pathway. 

Next, we studied whether DEHP affects the expression of genes 
downstream of AhR by binding and activating the AhR. First, we 
examined the effect of DEHP and its metabolites MEHP (1 μM), MEHHP 
(1 μM) and MECCP (1 μM) on cell growth in MCF-7 and MDA-MB-231 
cells. DEHP resulted in higher cell numbers relative to its metabolites 
in breast cancer cell lines (Fig. 4A). We also assessed downstream 
expression of AHR, CYP1A1 and CYP1B1 [21] in response to DEHP 

Table 1 
Descriptive characteristics of the breast cancer patients in this study.  

Characteristic   
Stage Number of cases (N = 457) Percent 

0/I/II  365  79.9% 
III/IV  92  20.1% 
Grade     
I  62  13.6% 
II  240  52.5% 
III  155  33.9% 
Lymph node status     
Negative  272  59.5% 
Positive  185  40.5% 
Estrogen receptor status     
Negative  60  13.1% 
Positive  397  86.9% 
Progesterone receptor status     
Negative  120  26.3% 
Positive  337  73.7% 
Her2/Neu status     
Negative  216  47.3% 
Positive  241  52.7% 
Recurrence     
Negative  393  86% 
Positive  64  14%  

Table 2 
Concentrations of DEHP metabolites in patients with non-recurrent and recur-
rent breast cancer.  

Metabolite Non-Recurrent Recurrent R P 

MEP (µg/g creatinine) 61.59 ±
202.02 

200.75 ±
872.35  

0.004  0.929 

MBP (µg/g creatinine) 31.65 ± 56.92 36.63 ± 77.73  0.052  0.271 
MIBP (µg/g creatinine) 19.43 ± 67.67 16.87 ± 26.17  − 0.095  0.044 
MEHP (µg/g creatinine) 17.91 ± 55.44 14.36 ± 15.45  − 0.097  0.037 
MEHHP (µg/g 

creatinine) 
22.53 ±
120.56 

21.93 ± 30.10  − 0.057  0.223 

MECPP (µg/g 
creatinine) 

38.55 ±
167.38 

56.65 ± 165.78  0.127  0.006 

MEOHP (µg/g 
creatinine) 

14.13 ± 73.01 14.81 ± 25.41  0.078  0.094 

Σ4MEHP (µg/g 
creatinine) 

93.11 ±
392.75 

107.75 ±
226.90  

0.111  0.018 

Σ4MEHP, the sum of MEHP, MEHHP, MECPP and MEOHP concentrations. 

Table 3 
Relationship between Σ4MEHP expression level and clinicopathologic parame-
ters of breast cancer.   

Σ4MEHP   

Characteristic Low High R P 

Stage      0.131  0.005 
0/I/II  314  51     
III/IV  68  24     
Grade      ¡ 0.053  0.262 
I  48  14     
II  202  38     
III  132  23     
Lymph-node status      0.152  0.001 
Negative  240  32     
Positive  142  43     
Estrogen receptor status      0.120  0.010 
Negative  57  3     
Positive  325  72     
Progesterone receptor status      ¡ 0.004  0.930 
Negative  100  20     
Positive  282  55     
Her2/Neu status      0.35  0.004 
Negative  192  24     
Positive  190  51     
Recurrence      0.213  0.000 
Negative  341  52     
Positive  41  23     

High: Σ4MEHP expression over average value. 
Low: Σ4MEHP expression under average value. 
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treatment. Expression of CYP1A1 and CYP1B1 was markedly increased 
in a time-dependent manner by DEHP treatment in MCF-7 and 
MDA-MB-231 cells (Fig. 4B). To analyze the interaction between DEHP 
and AhR, we synthesized DEHP linked via 3-aminopropyl triethox-
ysilane (APTES) to silicon dioxide (SiO2) particles (DEHP-probes) [22]. 
DEHP-probes were used to detect protein-protein interactions between 

DEHP and a targeted protein (Fig. 4C). DEHP directly binds PPAR-α, but 
not PPAR-δ [23], and thus we used PPAR-α and PPAR-δ as positive and 
negative controls. Different amounts of DEHP-probes particles (0.1, 1, 
2 mg) were added to MDA-MB-231 cell lysates and were mixed for 24 hr 
at room temperature. The probes particles were then precipitated, and 
protein-protein interactions were detected with AhR, PPAR-α and 

Fig. 2. Σ4MEHP-high correlates with tumor size and poor survival in breast cancer patients. A, Tumor size, B− D, Overall survival curve and survival of patients with 
negative or positive Her2/Neu status among breast cancer patients with Σ4MEHP-high (green line) or Σ4MEHP-low (blue line). E, A multivariate Cox regression 
analysis with the clinicopathological parameters and Σ4MEHP for prognostic survival factor. 
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Fig. 3. DEHP promotes breast cancer survival during chemotherapy. MCF-7 and MDA-MB-231 cells were treated with paclitaxel or doxorubicin at the indicated 
concentrations either alone (DMSO control) or in association with DEHP. Cell growth in vitro was analyzed by CCK-8 (A) and a clonogenic assay (B, C). In vivo, cell 
growth and metastasis were examined in zebrafish (D) and mouse xenografts (E). The zebrafish whole-body fluorescence imaging was performed by microscopy 
(upper images), and the intensity of fluorescence was quantified by ImageJ software (lower graphs). Mammary tumor metastasis to lung tissue was evidenced by 
mammaglobin staining in lung tissue sections (F). Data are the mean ± SD from three independent experiments. *P < 0.05 vs. untreated control; two-tailed Student’s 
t-test. 
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PPAR-δ antibodies. DEHP-probes bound AhR and PPAR-α in a 
concentration-dependent manner, but they did not bind PPAR-δ 
(Fig. 4D). Next, we used competition binding to analyze the interaction 
between DEHP-probes and AhR. We used DEHP (0, 1, 10 and 100 μM), 
2,3,7,8–tetrachlorodibenzo-p-dioxin (TCDD) (0, 0.01, 0.1 and 1 μM) and 
AhR antibody (0, 5, 10 and 20 μL) to bind AhR and compete for binding 
by the DEHP-probes (2.5 mg). DEHP, TCDD and AhR antibody bound 
the AhR and competed for binding with DEHP-probes (Fig. 4E). Finally, 
we used an AhR plasmid and siRNA to study how DEHP induced the 
expression of CYP1A1 through AhR in human breast cancer cells. AhR 
overexpression as well as DEHP + AhR overexpression induced CYP1A1 
expression in MCF-7 cells exposed to 1 μM DEHP (Fig. 4F), but AhR 
siRNA inhibited CYP1A1 expression in MDA-MB-231 cells exposed to 
1 μM DEHP (Fig. 4G). These results suggest that DEHP directly targeted 
AhR and affected its downstream signaling pathway in human breast 
cancer cell lines. 

2.3. DEHP affects trefoil factor 3 (TFF3) by activating the membrane- 
localized AhR/Vinculin complex 

AhR activates both genomic and non-genomic pathways in the cell. 
In the genomic pathway, AhR activates the nuclear transcription factor 
ARNT and induces CYP family expression, but its effects in the non- 
genomic pathway are still not clear. Therefore, we used immunopre-
cipitation and two-dimensional gel electrophoresis (2-DE) to find target 
proteins of AhR (SFig. 1A). We also calculated the significantly increase 
point and searched for membrane proteins that are targets of AhR after 
DEHP treatment of the human breast cancer cell line MDA-MB-231 
(SFig. 1B and Fig. 5A). Target membrane proteins of AhR included 
vinculin, Ezrin, Annexin A2 and Profilin. We confirmed the interaction 
with AhR by immunoprecipitation and western analysis and found that 
only vinculin was induced by DEHP treatment in MDA-MB-231 cells 
(Fig. 5B). An immunofluorescence assay also found that AhR targets 
vinculin in the cell membranes when MDA-MB-231 cells were incubated 
with DEHP (Fig. 5C). Next, we used a whole-genome cDNA microarray 
to screen downstream genes for DEHP induction, and five target genes, 
CTNNB1, CXCR4, HBA2, RGS1 and TFF3, were consistently identified in 
a cDNA microarray, a drug resistance microarray (GSE22796) [24] and 
a metastatic microarray (GSE65517) [25] by BRB-Array Tools. Only 
TFF3 was upregulated in the cDNA microarray (13.28-fold), GSE22796 
(2.26-fold) and GSE65517 (3.56-fold) (Fig. 5D). RT-PCR and western 
blotting confirmed that TFF3 was induced by DEHP treatment in 
MDA-MB-231 and MCF-7 cells (Fig. 5E and F). 

Vinculin activates the downstream MAPK signaling pathway[26], 
and, therefore, we analyzed the expression of MAPK family members in 
response to DEHP treatment of MDA-MB-231 cells. Phosphorylated-ERK 
(p-ERK) was induced by DEHP (Fig. 5G), and AhR-siRNA1/2 blocked 
this increase in ERK phosphorylation in MDA-MB-231 cells (Fig. 5H). A 
chromatin immunoprecipitation assay (ChIP) showed that the tran-
scription factor ERK bound to the TFF3 promoter (Fig. 5I). This binding 
was increased by DEHP, and the ERK inhibitor PD98059 prevented this 
DEHP-induced increase in binding in MDA-MB-231 cells (Fig. 5I). Thus 
DEHP induced the expression of TFF3 through the AhR/Vinculin/ERK 
non-genomic signaling pathway in human breast cancer cells. 

2.4. DEHP increases doxorubicin metabolism through AhR/CYP family 
members 

We know that AhR can activate CYP family members through the 
genomic signaling pathway[21], but whether this pathway mediates 
drug metabolism during DEHP treatment is still not clear. We used ChIP 
to analyze whether AhR bound the promoters of CYP family members 
including CYP2D6, CYP2C8 and CYP3A4. CYP2D6, CYP2C8 and 
CYP3A4 all promote drug metabolism and decrease the effectiveness of 
anticancer treatments[27–29]. DEHP, AhR overexpression plasmid and 
DEHP + AhR overexpression plasmid all increased AhR binding to 
CYP2D6, CYP2C8 and CYP3A4 promoter regions, but AhR siRNA1/2 
inhibited this binding (Fig. 6A). RT-PCR indicated that CYP2D6, 
CYP2C8 and CYP3A4 were induced by DEHP, AhR plasmid and DEHP 
+ AhR plasmid, but AhR siRNA1/2 decreased the expression in MCF-7 
(Fig. 6B) and MDA-MB-231 (Fig. 6C). Next, we want assessing the 
clearance of doxorubicin, we detected the level of doxorubicin in the cell 
culture medium, which is an indicator of clearance, by a method that 
involves modification of doxorubicin followed by LC-MS/MS detection. 
DEHP significantly decreased the level of doxorubicin in MDA-MB-231 
culture medium (Fig. 6D, E). Thus DEHP induced the expression of 
CYP family members and increased the metabolism of doxorubicin in 
MDA-MB-231 cells. 

2.5. DEHP and AhR affect tamoxifen target alteration 

AhR inhibits estrogen receptor (ER) expression through ubiquitina-
tion, and Tamoxifen inhibits cell growth through the ER[30]. To 
determine the effect of DEHP on AhR-mediated ER expression and 
Tamoxifen, we detected the expression of ER when the AhR was over-
expressed in MCF-7 cells in the absence and presence of DEHP. ER 
expression was lower in MCF-7 cells treated with DEHP and the AhR 
plasmid as compared with either treatment alone (Fig. 7A). We also 
found that MG132 can block the decrease in ER expression that results 
from the combined DEHP + AhR plasmid treatment in MCF-7 cells 
(Fig. 7B, right panel). Treatment of MCF-7 cells with DEHP + AhR 
plasmid reduced the ability of Tamoxifen to inhibit cell viability 
(Fig. 7C), but AhR siRNA1 increased the growth inhibition effect of 
Tamoxifen in MDA-MB-231 cells (Fig. 7D). 

Next, we analyzed tumor formation in AhR transgenic mice. We used 
AhR+/+, AhR+/− and AhR− /− transgenic mice and induced tumor for-
mation by treating the mice with orally a dose of 10 mg/kg/week 
DMBA. After 12 months, DMBA had induced tumor formation in AhR+/+

and AhR+/− transgenic mice and to a much lesser extent in AhR− /− mice. 
The survival analysis showed that AhR− /− transgenic mice had better 
survival rates compared with AhR+/+ and AhR+/− transgenic mice 
(Fig. 7E). We also found that DEHP significantly reduced the Tamoxifen 
effect on survival rate in AhR+/+ transgenic mice (Fig. 7F). Thus the AhR 
is involved in both tumor formation and the antagonist effect of DEHP 
on Tamoxifen in breast cancer cells. 

2.6. The expression of AhR, VCL and TFF3 in patients with recurrent/ 
non-recurrent cancer 

We next examined the relationship between AhR, VCL and TFF3 in 
30 patients with recurrent and non-recurrent breast cancer. Immuno-
histochemistry analysis was performed for AhR, VCL and TFF3 on breast 

Fig. 4. DEHP-probes assess interactions with the AhR. (A) DEHP and metabolites including MEHHP (1 μM), MECCP (1 μM) and MEHP (1 μM) induced cell growth in 
MCF-7 and MDA-MB-231 cells. Cell growth was analyzed by the CCK-8 assay. (B) AhR downstream target genes CYP1A1 and CYP1B1 were induced by DEHP in a 
dose-dependent manner in human breast cancer cell lines. (C) A model showing DEHP synthesized to incorporate SiO2 particles (DEHP-probes) and its interaction 
with AhR, which was detected by immunoprecipitation and western blotting. (D) In vivo the endogenous protein AhR and PPAR-α interacted with DEHP-probes. (E) 
DEHP, TCDD and AhR antibody compete for binding between DEHP-probe and AhR receptor protein in MDA-MB-231 cells. β-Actin was used as a control in D and E. 
(F) CYP1A1 was highly induced in MCF-7 cultures treated with DEHP + AhR overexpression plasmid as compared with either DEHP or the AhR overexpression 
plasmid alone. (G) AhR is required for DEHP to induce CYP1A1 expression in MDA-MB-23 cells. AhR-siRNA1/2 blocked DEHP-induced CYP1A1 expression. Data are 
shown as the mean ± SD from three independent experiments. 
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cancer tissues isolated from 12 patients with recurrent breast(Fig. 8A) 
cancer and from 18 patients with non-recurrent breast cancer(Fig. 8B), 
followed by immunohistochemistry with anti-digoxigenin. The results 
showed that AhR, VCL and TFF3 expression was highest and signifi-
cantly in recurrent breast cancer tissues compared with non-recurrent 
breast cancer tissues. Statistically analysis showed that the expression 
of AhR (P = 0.017), VCL(P = 0.011) and TFF3(P = 0.013) was posi-
tively and significantly correlated with clinicopathological parameters 
recurrence (supplementary Table 2). The quantify was analyzed by 
ImageJ software. 

3. Methods 

3.1. Study population 

For this study, we recruited 795 adult women who were diagnosed 
with breast cancer by physicians from Kaohsiung Medical University 
Chung-Ho Memorial Hospital and collected blood and urine samples 
from each participant from September 2013 to April 2019. Individuals 
with benign breast disease or other cancers, those who lacked complete 
questionnaire data or blood or urine samples and those for whom no 
phthalates were detected in their urine samples (see below) were 
excluded. Individuals who had undergone chemotherapy or hormone 
therapy were included. The study ultimately included n = 457 (57.5% 
of the originally recruited population) breast cancer patients (Fig. 1). 
The questionnaire data included sociodemographic data, lifestyle habits, 
dietary habits and reproductive information. Patients were interviewed 
with their informed consent, and the study protocol was approved by 
institutional review boards (IRBs) of Kaohsiung Medical University 
Chung-Ho Memorial Hospital (IRB no. KMUHIRB-20120104 and 
KMUHIRB-G (I)-20150026). 

3.2. Assessment of phthalate metabolites 

Spot urine samples were collected from study participants and frozen 
at − 20 ◦C until analysis. Concentrations of mono-n-butyl phthalate 
(MBP), monoisobutyl phthalate (MiBP), monoethyl phthalate (MEP), 
mono(2-ethylhexyl) phthalate (MEHP), mono(2-ethyl-5-oxohexyl) 
phthalate (MEOHP), mono(2-ethyl-5-carboxypentyl) phthalate 
(MECPP), and mono-(2-ethyl-5-hydroxyhexyl) phthalate(MEHHP) were 
measured by liquid chromatography− mass spectrometry (LC-MS). 
Σ4MEHP is the sum of MEHP, MEOHP, MECPP and MEOHP concen-
trations. The creatinine concentration in the urine was used to normalize 
the metabolite levels. Phthalate metabolite concentrations less than the 
limit of detection (LOD) were reported as the LOD/2. 

3.3. Cell culture and transfection 

MCF-7 and MDA-MB-231 cells were obtained from American Type 
Culture Collection (ATCC) and were cultured in DMEM/Ham’s F-12 

medium supplemented with 10% FBS and 1% penicillin/streptomycin 
(Life Technologies) in an incubator at 37 ◦C and 5% CO2. For trans-
fection, the cells were plated at a density of 1 × 104 cells/well in 6-well 
plates. After 24 hr in culture, 1 μg plasmid and/or siRNA was transfected 
into the cells with TurboFect Transfection Reagent (Fermentas, Hano-
ver, MD) according to the manufacturer’s guidelines. The following 
plasmid and siRNAs were used: AhR plasmid (OriGene sc119159); AhR 
shRNA-1, 5′-GCA ACA AGA TGA GTC TAT TTA-3′; AhR shRNA-2, 5′-ATC 
CAC AGT CAG CCA TAA TAA-3′ and CYP3A4 shRNA: 5′-GTT TCC AAG 
AGA AGT TAC AAA-3′. 

3.4. Cell growth and colony formation 

Cell growth among cultures consisting of 1 × 102 cells that had been 
seeded into each well of a 96-well plate and cultured for 24 h was 
evaluated with the Cell Counting Kit-8 (CCK-8, Dojindo, Shanghai, 
China) After 24 h in culture, the medium was removed and a mixture of 
10 μL of CCK-8 reagent and 90 μL culture medium was added to each 
well, followed by a 1-hr incubation at room temperature. A microplate 
reader was used to measure the optical density (OD450). 

For the colony formation assay, 1 × 102 cells were seeded into a 10- 
cm dish and cultured for 2 weeks in standard medium. Colonies were 
fixed with 4% paraformaldehyde and stained with 0.5% crystal violet 
(MilliporeSigma). The dish was placed on a light microscope, and in-
dividual colonies were counted. 

3.5. Immunoprecipitation and western blotting 

For immunoprecipitation, cells were harvested and lysed in lysis 
buffer containing protease inhibitor cocktail. The supernatants were 
collected, and equal amounts of protein were incubated with primary 
antibody for 1 h at 37 ◦C, followed by the addition of protein G− agarose 
and subsequent incubation for 24 hr at 4 ◦C. Bound proteins were eluted 
by boiling in reducing sample buffer for 5 min and analyzed by western 
blotting. For western blotting, the protein sample was extracted with 
lysis buffer and subjected to SDS PAGE using a Mini Protean apparatus 
(Bio-Rad Laboratories, PA, USA). Next, the proteins were transferred to 
0.45-μm polyvinylidene difluoride membranes and stained with primary 
antibody at 4 ◦C for 24 h. The primary antibody is shown in Supple-
mentary Fig. 2. The membranes were washed and stained with horse-
radish peroxidase− conjugated secondary antibody at 37 ◦C for 1 h with 
subsequent detection by chemiluminescence with ECL Select (GE Life 
Sciences, RPN 2235). 

3.6. Immunohistochemistry and immunofluorescence 

For immunohistochemistry, 4-μm-thick sections were cut from 
paraffin-embedded blocks and stained using the automated Bond-Max 
immunostainer system (Leica Microsystems) with antibodies against 
AhR, VCL and TFF3. The quantify of stain was analyzed by ImageJ 

Fig. 5. DEHP induces TFF-3 expression through vinculin. (A) Representative DEHP and DMSO data from 2D maps after immunoprecipitating the AhR from MDA-MB- 
231 cells, which were first analyzed on 17-cm pH 4–7 IPG strips. Spots 580 (Vinculin), 740 (Ezrin), 788 (Annexin A2) and 791 (Profilin) had increased, and these 
were excised and analyzed by MALDI-TOF to identify their associated proteins. (B) Western blotting and (C) immunofluorescence staining showed that the vinculin 
interaction with AhR was increased after treatment of MDA-MB-231 cells with DEHP. (D) Global human gene expression profiles of MDA-MB-231 cells after 
treatment with 1 μM DEHP for 24 hr were analyzed by human oligonucleotide DNA microarrays. Five target genes were consistently identified among the three DNA 
microarrays. (E) These five target genes were examined by RT-PCR in MDA-MB-231 cells after treatment with 1 μM DEHP for 24 hr. (F) In addition, TFF3 was 
analyzed by western blotting in MCF-7 and MDA-MB-231 cells after treatment with 1 μM DEHP for 24 hr. (G and H) MAPK protein family members (P38, ERK and 
JNK) were analyzed by western blotting in MDA-MB-231 cells after treatment with 1 μM DEHP for the indicated time or with AhR-siRNA1/2 either alone or in 
combination with 1 μM DEHP for 24 hr. (I) MDA-MB-231 cells were pre-treated with PD98059 (an ERK inhibitor) either alone or in combination with 1 μM DEHP. 
ChIP was conducted with anti-ERK or a control immunoglobulin G (IgG). Precipitated DNA corresponding to the TFF3 promoter region was amplified by spe-
cific primers. 
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Fig. 6. DEHP promotes doxorubicin metabolism in breast cancer cells(A) MCF-7 and MDA-MB-231 cells were treated with 1 μM DEHP alone or in combination 
with AhR plasmid or AhR-siRNA1. ChIP was conducted with an anti-AhR antibody or an IgG control. Precipitated DNA of the CYP2D6, CYP2C8 and CYP3A4 
promoter regions was amplified with specific primers. (B) Expression of CYP1A2, CYP2D6, CYP2C8 and CYP3A4 was analyzed by RT-PCR in MCF-7 cells treated with 
DEHP (1 μM), 1 μg and 5 μg AhR overexpression plasmid or a combination of these as indicated for 24 hr. (C) Gene expression of CYP family members as in B was 
analyzed by RT-PCR in MDA-MB-231 cells treated with DEHP alone, AhR-siRNA1/2 alone or a combination of DEHP and AhR-siRNA1/2. (D) MS/MS conditions for 
multiple reaction monitoring of the modified doxorubicin were set as follows: 574 > 158, and 321 for H2-modified doxorubicin; 587 > 162, and 321 for D2-modified 
doxorubicin. (E) The level of doxorubicin in the cell culture medium was analyzed by LC-MS/MS. 
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software.” 
For immunofluorescence, coverslips were place in 12-well plates, 

after which 1 × 102 cells were seeded into each plate. After 24 h in 
culture, the medium was removed and the cells were fixed in 4% 
paraformaldehyde. The cells on the coverslips were stained with anti- 
AhR and anti-Vinculin primary antibodies at 4 ◦C overnight, followed 
by incubation with secondary antibody at 37 ◦C for 1.5 h. Finally, the 
nuclei were stained with 1 μg/mL 4′,6-diamidino-2-phenylindole, and 
images were captured by a fluorescence microscope (Olympus, Tokyo, 
Japan). 

3.7. Quantitative real-time PCR and chromatin immunoprecipitation 

TRIzol reagent (Invitrogen) was used to isolate RNA from each 

sample, and 2 μg RNA was then reverse transcribed into cDNA using the 
QuantiTect Reverse Transcription kit (Qiagen, Inc., Valencia, CA, USA). 
qRT-PCR was then performed using Power SYBR Green PCR Master Mix 
(Invitrogen). The qRT-PCR results were analyzed by the 2− ΔΔCt method, 
and 18S rRNA was chosen to normalize expression data. 

ChIP was performed using the ChIP Assay Kit (Beyotime, Shanghai, 
China). Briefly, the cells were crosslinked with 1% formaldehyde 
(Sigma) at 37 ◦C for 10 min and quenched with 0.125 M glycan. The 
cross-linked DNA was then sheared to ~300–500 bp in length by the 
Bioruptor (Diagenode, Belgium). Cell lysates were immunoprecipitated 
with antibody and analyzed by qPCR. 

Fig. 7. DEHP mediates ER degradation through the AhR. (A) MCF-7 cells were treated for 24 h with 1 μM DEHP, 1 μg AhR plasmid and 1 μM TCDD, either alone or in 
combination with one another. Levels of AhR and ER were analyzed by western blotting. (B) MCF-7 cells were pretreated in the absence or presence of the pro-
teasome inhibitor MG132 for 30 min, followed by DEHP and AhR plasmid treatments as in panel A. AhR and ER-α were then analyzed by western blotting. (C, D) 
MCF-7 and MDA-MB-231 cells were treated with Tamoxifen (Tam) alone [(vector control)] or in combination with DEHP, AhR plasmid, and/or AhR siRNA1. Cell 
growth was then analyzed by CCK-8. Tumor formation was induced by DMBA + DEHP in AhR+/+, AhR+/− and AhR− /− transgenic mice, which were sacrificed after 
12 months. Survival curves (E) of AhR+/+, AhR+/− and AhR− /− transgenic mice after treatment with DMBA and DEHP and (F) of AhR+/+ transgenic mice after 
treatment with DMBA and DEHP and/or Tam over a 12-month period. Significant differences were detected by correlation assay. 
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3.8. Doxorubicin measurements 

Medium from each cell culture dish was concentrated by vacuum 
drying to a final volume of 100 μL, and 1400 μL of MeCN was added to 
precipitate proteins. An internal standard of 2 μg/mL D2-modified 
doxorubicin in a 10-μL volume was added and centrifuged at 13,400g for 

20 min. The supernatant was collected and lyophilized. Finally, the 
individually lyophilized samples were each dissolved in 180 μL of so-
dium acetate buffer (pH 5.6) and reacted with 10 μL formaldehyde-H2 
and 10 μL 0.6 M NaBH3CN. Then 10 μL of each modified sample was 
injected into an LC-MS/MS instrument (supplier) and analyzed. 

Fig. 8. The profile of AhR, VCL and TFF3 expression in recurrent and non-recurrent breast cancer. (A, B) Sections from recurrent and non-recurrent breast cancer 
tissues were stained with antibodies against AhR, VCL and TFF3, and the picture was captured by light microscopy. (C) A model is shown in which DEHP directly 
targets the AhR and induces TFF3 expression by activating vinculin/ERK through the non-genomic pathway. In addition, DEHP induces CYP family gene expression 
through the AhR genomic pathway and changes ER expression through post-translational modification, i.e., ubiquitination. 
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3.9. Xenograft tumor model 

For zebrafish xenotransplantation, 1 × 104 MDA-MB-231–GFP cells 
combined with DEHP (1 μM), paclitaxel (1 μM) and/or doxorubicin 
(1 μM) were injected into larval stage zebrafish embryos and incubated 
in E3 medium at 28 ◦C. After 48 h, the fluorescence density of zebrafish 
embryo was photographed using a fluorescence microscope. For mouse 
animal experiments, AhR-null mice were a generous gift from Prof. 
Shau-Ku Huang, National Health Research Institutes. All animal exper-
iments were carried out in accordance with the Institutional Animal 
Care and Use Committee of the Kaohsiung Medical University guidelines 
and regulations of the institution. 

4. Discussion 

Here we assessed the clinical impact of Σ4MEHP and DEHP effects on 
drug resistance and recurrence in human breast cancer. A working 
model based on these findings is presented in Fig. 8C. AhR functions as a 
receptor for environmental hormones including TCDD [31] and phtha-
lates [15] and induces the expression of cytochrome P450 through the 
AhR/ARNT complex [32] to mediate drug metabolism, thus causing 
drug inactivation. In addition, overexpression of AhR affects cell pro-
liferation [33] and motility [34] and is associated with a poor prognosis 
[35] in human cancer. We found that the AhR was involved in drug 
inactivation, drug target alteration, drug efflux and EMT to regulate 
cancer biological function, all of which are closely related to drug 
resistance [2] as well as higher expression of AhR in ER-negative breast 
cancer cells than those in ER-positive breast cancer cell lines. In addi-
tion, the transgenic mice study also found that DEHP significantly 
reduced the Tamoxifen effect on survival rate in AhR+/+ transgenic 
mice. therefore, we believe that DEHP has a higher sensitivity in 
ER-negative breast cancer cells. 

The appropriateness of using urine creatinine to adjust the level of 
phthalate metabolites in adult women is still unclear, because creatinine 
is affected by muscle mass, ethnic differences, and meat dietary intake 
[36]. However, under DEHP metabolism, the primary monoester is 
metabolized and produces a large amount of oxidative metabolites, and 
the exposure must be estimated from the sum of the primary and sec-
ondary metabolites in the urine [37]. In order to estimate the DEHP 
exposure dose, we refer to David’s proposal and other reference to es-
timate the daily exposure dose of DEHP in the body in order to estimate 
the DEHP exposure dose [38,39]. We found that average daily exposure 
dose of DEHP is about 3.72 μg/kg/day(~2.85 μM) in this patient cohort. 
But, it does not represent the concentration of DEHP in the individuals 
with breast cancer. Because, Phthalate metabolites can be detected in 
blood, urine, breast milk and stool samples, and can be used as a 
biomarker for exposure to phthalate diesters [40]. Therefore, only using 
the metabolism in urine cannot accurately determine the actual 
exposure. 

In breast cancer, patients with ER-negative cancer are more likely to 
have a recurrence than those with ER-positive cancer [1]. AhR mRNA 
levels in the ER-negative breast cancer cell line MDA-MB-231 are 
~40-fold higher than those in the ER-positive breast cancer cell line 
MCF-7 [41]. In addition, the AhR mediates ER degradation through a 
proteasome-dependent mechanism in human breast cancer [42]. Our 
research indicated that reduced ER levels resulted in tamoxifen target 
alteration when DEHP activated the AhR. Furthermore, the AhR 
pathway is involved in the upregulation of ABCG2, as TCDD increases 
ABCG2 mRNA and protein through AhR in human breast cancer [43]. 
ABCG2 overexpression decreases chemosensitivity in cancer through 
efflux of the chemotherapy drug. Our study also found that DEHP 
induced TFF3 expression through the AhR/Vin/ERK signaling pathway 
in human breast cancer cells. TFF3 is an oncogene that promotes pro-
liferation, invasion, metastasis and drug resistance, and its level of 
expression is positively correlated with ER-positive and ER-negative in 
human breast cancer [44,45]. Overexpression of TFF3 reduces the 

sensitivity of ER-positive cancer cells to tamoxifen [46]. TFF3 can also 
activate chemoresistance and oncogenicity through AKT/BCL-2 in he-
patocellular carcinoma (HCC), as TFF3 reduces the sensitivity to doxo-
rubicin and increases the population of HCC cancer stem cells [47]. 

Our previous study shows that AhR induces the expression of HDAC6 
[15], which is a microtubule-associated deacetylase [48] that regulates 
cell–cell contact [49], EMT [50] and metastasis [51] in cancer. Here we 
found that AhR activated vinculin and mediated the downstream 
signaling pathway. Vinculin binds filamentous (F)-actin [52] and is 
localized to the ventral surface of cells and mediates cell-cell contact 
[53], EMT [52] and metastasis [26]. We suggest that activated vinculin 
promotes EMT and affects drug resistance in human breast cancer. 
Therefore, we believe that AhR plays an important role in ER-negative 
breast cancer, including the regulation of tumor growth, metastasis 
and drug resistance. In summary, we have shown a clinical outcome, in 
which Σ4MEHP and DEHP levels are associated with recurrence and 
prognosis in human breast cancer. In addition, we have validated this 
effect on clinical recurrence based on the development of drug resistance 
and have used cell experiments to analyze biological functions including 
drug inactivation, drug target alteration, drug efflux and EMT in MCF-7 
and MDA-MB-231 cells (Fig. 8C). These findings will advance our un-
derstanding of the clinical effects of DEHP exposure on the prognosis of 
breast cancer in daily life and will provide additional considerations for 
clinical treatments to combat recurrence among patients in the future. 
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