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Abstract. Environmental pollution with microplastics and in 
particular, the leaching of plasticizers is increasingly regarded 
with concern. The uptake of microplastics by marine animals 
may lead to plasticizers entering the food chain, which can 
affect human health. Phthalate compounds are considered 
to act as endocrine disruptors. The present study aimed 
to analyze the effects of the three phthalates, benzyl butyl 
phthalate (BBP), butyl cyclohexyl phthalate (BCP) and butyl 
octyl phthalate (BOP), on the MCF‑7 human breast cancer 
cell line. For this purpose, molecular docking and microscale 
thermophoresis were applied, and estrogen receptor α (ERα) 
activation was measured in ESR1‑overexpressing 293 cells. 
BBP, BCP and BOP bound in silico and in vitro to ERα and 
activated the receptor. In addition, next‑generation sequencing 
was applied and 15 differentially expressed genes were found 
following treatment of the MCF‑7 cells with BOP: CYP1A1, 
DDIT4, KLHL24, SLC7A11, CEACAM5, STC2, SLC7A5 
and IER3 were upregulated, while FKBP4, TFAP2C, CDK1, 
CCNA2, PGR, SFPQ, and ADORA1 were downregulated. The 
gene expression pattern was associated with interference in 
the cell cycle, and an increased tumorigenesis, proliferation, 
metastasis and poorer survival of cancer cells. In total, the 

findings of the present study reveal an endocrine disruptive 
potential effect of BOP on MCF‑7 breast cancer cells and 
demonstrate the interaction of BBP, BCP and BOP with ERα 
in vitro.

Introduction

The effects of microplastics on human health have become an 
increasingly relevant research topic (1‑4). During the production 
of plastic, phthalates are often added to enhance the material 
properties (5). However, the added phthalate compounds are 
not directly involved in covalent polymerization, but remain 
weakly attached to the polymer chains (6). This may cause 
the leaching of phthalates from the plastic (7,8). Microplastic 
ingestion may lead to the incorporation of phthalates into 
marine animals, and subsequently into human beings.

Among the phthalates, benzyl butyl phthalate (BBP) is one 
of to the most widely used and studied compounds (5). BBP is 
used as plasticizer in polyvinyl chloride (PVC), consumer end 
products, medical devices and others (9‑11). Due to its toxic 
and endocrine‑disrupting properties, the usage of BBP has 
been restricted, and it is considered a water pollutant (10‑12). 
While BBP has been extensively studied, other phthalate 
compounds such as butyl cyclohexyl phthalate (BCP) and 
butyl octyl phthalate (BOP) require further risk assessment. 
Previous studies have revealed cyto‑ and genotoxic effects 
induced by BCP (7,13).

Phthalates exert adverse health effects in animal studies, 
particularly reproductive and developmental effects (14). It 
is therefore suspected that the added phthalate compounds 
should be considered as endocrine‑disrupting chemicals 
(EDCs) (10,15,16). EDCs mimic hormones and induce 
hormonal effects in cells, mediated by nuclear receptors such 
as the estrogen receptor (ER) (17,18). ERs exist in 2 isoforms: 
ERα (ESR1) and ERβ (ESR2), with ERα being the most 
important for development and reproduction (19). The receptor 
binds its natural ligand 17‑β‑estradiol (E2) in the ligand 
binding domain (LBD) (20). The subsequent 3‑dimensional 
change of the protein induces the dimerization of the receptor 
and translocation to the nucleus, where ERα binds to the DNA 
and functions as transcription factor (20). ERα is mainly 
associated with developmental, reproductive and proliferative 
effects (21,22).
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In the present study, RNA sequencing was used to reveal 
the effects of phthalate exposure on gene expression in MCF‑7 
cells. We demonstrated that BCP, BBP and BOP all bound 
and activated ERα, and that BOP induced the differential 
expression of 15 genes regulated by ESR1, indicating a 
possible endocrine‑disrupting effect in MCF‑7 breast cancer 
cells in vitro.

Material and methods

Chemicals. BBP (CAS 85‑68‑7, 98%) was purchased from 
Oxchem Corporation. BOP (CAS 84‑78‑6, 99,0%) was 
purchased from LGC Standards GmbH. BCP (CAS 84‑64‑0, 
98%) and E2 (CAS 50‑28‑2, 96%) were purchased from 
Toronto Research Chemicals.

Molecular docking. The present study screened 13 phthalates 
associated with environmental toxins and/or with plastic 
production to the whole ERα‑LBD using the Virtual Screening 
Tool PyRx 0.9. The 3‑dimensional ligand structures were 
downloaded from PubChem (NCBI) (23) as standard data 
files. The crystal structure of ERα‑LBD was downloaded from 
the Protein Data Bank (http://www.rcsb.org/) (24) as a PDB 
file (PDB code: 5U2D) (25). Based on the screening results, 
BBP, BCP and BOP were selected for further molecular 
docking and the in silico binding of both compounds and E2 
to the ERα‑LBD was analyzed using AutoDock 4.2.6 (The 
Scripps Research Institute) (26). AutoDockTools 1.5.6 was 
used to prepare the molecular docking. Ligand and protein 
files were converted to Protein Data Bank Partial Charge and 
Atom Type (PDBQT) files. A grid box was set around the 
E2‑binding pocket in the ERα‑LBD. The AutoDock build‑in 
Lamarckian Algorithm has been used for the calculation with 
250 runs and 25 Mio evaluations each. Results were obtained 
from the RMSD cluster analysis from AutoDock. Interacting 
amino acids were identified with AutoDockTools. Visual 
Molecular Dynamics 1.9.3 (VMD) was used to create the 
visualizations (http://www.ks.uiuc.edu/Research/vmd/) (27). 
Parts of the present analyses were conducted using the super‑
computer Mogon and advisory services provided by Johannes 
Gutenberg University Mainz (hpc.uni‑mainz.de), which 
is a member of the AHRP (Alliance for High Performance 
Computing in Rhineland Palatinate, www.ahrp.info) and the 
Gauss Alliance e.V.

Microscale thermophoresis (MST). MST was performed 
with ERα as fluorescently labeled protein and the phthalate 
compounds and E2 as ligands as previously reported (28‑30). 
ERα was purchased as recombinant human protein (TP313277) 
from OriGene Technologies Inc. The concentration of the 
protein was 0.55 µg/µl (lot: WX1018M11). Staining was 
performed using the Monolith Protein Labeling kit RED‑NHS 
2nd Generation (MO‑L011) from NanoTemper Technologies 
GmbH. The concentration of the protein after buffer exchange 
was 7.55 µM. The protein was stained according to the manu‑
facturer's instruction using the dye with 5‑fold the protein 
concentration. Following staining, the proteins were split into 
10‑µl aliquots and flash‑frozen in liquid nitrogen. The MST 
experiments were performed using the Monolith NT.115 
system with standard treated capillaries (MO‑K022) according 

to the instructions provided by the manufacturer. The results 
were obtained using an LED power of 95% and an MST power 
of 20%. NT Analysis Software was used to analyze the results.

Cells and cell culture. The MCF‑7 (from the in‑house Tumor 
Bank of the Germany Cancer Research Center, Heidelberg, 
Germany) and 293‑ESR1 cells were grown in phenol red‑free, 
high glucose Dulbecco's modified Eagle's medium (DMEM, 
21063029; Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% fetal bovine serum (10270106; Gibco; Thermo Fisher 
Scientific, Inc.) and 1% penicillin/streptomycin (15144120; 
Gibco; Thermo Fisher Scientific, Inc.). The cells were grown 
at 37˚C, 90% humidity and a 5% CO2 atmosphere. The cells 
were then detached after washing with Dulbecco's phos‑
phate‑buffered saline (DPBS, 14190094; Gibco; Thermo Fisher 
Scientific, Inc.) and applying phenol red‑free Trypsin‑EDTA 
0.5% (15400054; Gibco; Thermo Fisher Scientific, Inc.).

Generation of ERα‑overexpressing 293 cells. 293‑ESR1 
cells were generated by transfection of wild‑type 293 cells 
(obtained from Dr Yoshikazu Sugimoto, Kyoto Pharmaceutical 
University, Kyoto, Japan) with the Precision LentiORF™ 
plasmid OHS5898‑224630674 (Horizon Discovery Group), 
containing the information for ERα, green fluorescence protein 
(GFP) and the antibiotic, blasticidin S HCl. Cell transfection 
was performed using DharmaFECT kb transfection reagent 
T‑2006‑01 (from the Horizon Discovery Group), according to 
the manufacturer's instructions. For stable transfection, the cells 
were grown in phenol red‑free DMEM medium (21063029; 
Gibco; Thermo Fisher Scientific, Inc.) with blasticidin S HCl 
(R21001; Gibco; Thermo Fisher Scientific, Inc.) for 3 weeks. 
Stably transfected cells expressing GFP were isolated by fluo‑
rescence‑activated cell sorting (FACS) by the flow cytometry 
core facility at IMB. In brief, the transfected cells were collected 
in sorting buffer (1 mM EDTA, 1% FBS, in PBS buffer) and 
sorted on a BD FACS Aria III cell sorter with a nozzle size of 
100 µm and a sheath pressure of 23 psi into 96 well plates using 
the single cell sort precision. Following cell sorting, the single 
cells were maintained in conditioned medium, containing 50% 
sterile filtered cell culture supernatant from the same cell line 
and 20% FBS. Growing 293‑ESR1 cell clones were further 
cultured in phenol red‑free DMEM medium supplemented 
with 10 µg/ml blasticidin S HCl.

Cytotoxicity assay. The cytotoxicity of the phthalates on 
293‑ESR1 cells was analyzed with resazurin reduction assay. 
A total of 104 293‑ESR1 cells were seeded per well in a 
96‑well‑plate in 100 µl DMEM. As a control, two columns 
were filled only with medium. After 24 h, the cells were treated 
with various concentrations of the compounds diluted in 100 µl 
DMEM medium, respectively. Each concentration was tested 
a total of 6 times. Medium containing 100 µl DMSO was 
added to one row as a control. Following 72 h of incubation 
at 37˚C, 20 µl of a 0.01% resazurin solution were added to all 
wells. The fluorescence signal was measured 4 h later using an 
Infinite M2000 Pro plate reader (Tecan Deutschland GmbH) 
with an excitation wavelength of 544 nm and an emission 
wavelength of 590 nm. The survival rate SR was calculated 
with the mean fluorescence of the respective samples msample, 
medium mmedium and DMSO mDMSO as a control as follows:
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The survival rate was plotted against the concentration of 
the compounds and thereof the 50% inhibition concentration 
IC50 calculated as the mean ± standard deviation (SD) based on 
three independent experiments (biological replicates).

ER transcription factor activation assay. A total of 3x105 
293‑ESR1 cells were seeded per well in 2 ml phenol red‑free 
DMEM in 6‑well‑plates. After 24 h, the compounds were added 
to a final concentration of 25 µM. The compounds were diluted 
in DMSO, resulting in a final DMSO concentration of 0.2%. 
Nuclear extraction was performed 4 and 8 h following treatment, 
using a cell scraper to detach the cells. The NE‑PER™ nuclear 
and cytoplasmic extraction reagents kit (78833 Thermo Fisher 
Scientific, Inc.) was used to prepare nuclear extracts mainly 
according to the instructions provided by the manufacturer. 
However, instead of vortexing following the addition of the 
nuclear extraction reagent, the samples were treated four times 
with 5 sec of sonication with a 10‑sec break on ice between 
each cycle. The protein concentration was measured using a 
NanoDrop spectrophotometer. The nuclear extracts were used 
in the ER transcription factor assay kit (ab207203 Abcam) 
according to the instructions provided by the manufacturer. A 
total of 10 µg of the prepared nuclear extracts were applied per 
well. The absorbance was measured with the Infinite M2000 
Pro plate reader (Tecan Deutschland GmbH). ER activation was 
calculated based on the averaged absorbance Ā of the samples 
(smp) at the measurement wavelength Āms at 450 nm and the 
reference wavelength Ārf at 655 nm. DMSO‑treated cells were 
used as a control (cnrl) as follows:

Cell cycle analysis. A total of 3x105 293‑ESR1 and 
4x105 MCF‑7 cells were seeded 24 h prior to treatment in 2 ml 
phenol red‑free medium in 6‑well plates. The compounds were 
added at a final concentration of 25 and 50 µM. The compounds 
were diluted in DMSO, resulting in a final DMSO concentra‑
tion of 0.2%. Following treatment for 4 and 8 h, the cells were 
harvested using trypsin 0.5% and centrifuged at 350 x g for 
5 min at 10˚C. The cell pellet was then washed with 900 µl ice 
cold PBS. Ice‑cold 70% ethanol (900 µl) was then added to the 
cell pellet in a drop‑wise manner, while vortexing on the highest 
setting. The fixed cells were stored at ‑20˚C. For staining with 
propidium iodide (PI), the cells were centrifuged at 350 x g for 
5 min at 10˚C, and the cell pellet was washed once with 900 µl 
ice‑cold PBS. Subsequently, the cell pellet was dissolved with 
5 µg RNAse (Merck KGaA) and 0.05 µg/ml PI (Merck KGaA) 
diluted in PBS. The cell suspension was passed through cell 
strainers pluriStrainer® with a 40‑µm mesh (pluriSelect Life 
Science), in order to prevent the clumping of the cells in the 
flow cytometer. The filtrate was kept in the dark on ice until 
measurements were taken. Measurements were performed 
using a BD Accuri™ C6 Flow Cytometer (BD Biosciences). 
At least 10,000 cells were measured at a flow rate of 14 µl/min 
and a 10 µm core size. Gating was performed using Kontrast 
software (Söngen & Blachnik GmbH). The major cell popula‑
tion was gated in a side scatter area (SSC‑A) vs. forward scatter 

area (FSC‑A) plot. Aggregates and doublets were removed in 
an FL2‑height (FL2‑H) vs. FL2‑area (FL2‑A) plot. Finally, the 
selected cells were gated based on their PI content measured by 
the FL2‑A detector into 4 groups as follows: sub G1, G0/G1, S, 
and G2/M phase of the cell cycle. The number of cells in each 
cell cycle gate was used for analysis.

RNA extraction. Aliquots of 3.5x105 MCF‑7 cells were 
seeded into 6‑well plates 24 h prior to treatment. The cells 
were treated with the compounds of interest resulting in a 
final concentration of 25 µM, each. The control cells were 
treated with 0.2% DMSO. Following 8 h of incubation at 37˚C, 
the cells were harvested with phenol red‑free trypsin 0.5% 
(Gibco; Thermo Fisher Scientific, Inc.). RNA extraction was 
performed with the InviTrap® Spin Cell RNA Mini kit (Invitek 
Molecular GmbH), according to the instructions provided 
by the manufacturer. Briefly, the cell pellet was lysed with 
350 µl Lysis Solution and treated with β‑mercaptoethanol. 
Following the removal of DNA, 350 µl 70% ethanol were 
added and the sample was applied onto the RNA‑RTA Spin 
Filter. Following several washing steps, RNA was eluted with 
60 µl of RNAse‑free water (New England Biolabs) and the 
concentration and purity measured using a NanoDrop spec‑
trophotometer.

RNA sequencing. Next‑generation sequencing (NGS) was 
carried out by StarSEQ GmbH. The quality of the extracted 
RNA was verified by the company using a 2100 Bioanalyzer 
system (Agilent Technologies, Inc.). Following the isolation of 
mRNA and library preparation using the NEBNext© Ultra™ II 
Directional RNA Library Prep kit (New England Biolabs), 
RNA sequencing was performed using the Illumina NextSeq 
500™ system using 25 Mio paired‑end reads (2x150 nt). Fold 
changes were calculated by StarSEQ GmbH using the STAR 
Alignment workflow, followed by a pairwise comparison with 
DESeq2. Thereby, the expression levels of the samples were 
respectively compared to the DMSO control. Each sample was 
measured in biological duplicates.

Ingenuity pathway analysis (IPA). The differentially 
expressed genes based on NGS were analyzed using IPA 
software (Qiagen, Inc.). Core analysis was performed for all 
expressed genes with a P‑value <0.05. The analysis settings 
were adjusted to the following values: Reference set, ingenuity 
knowledge base (genes only); relationship to include, direct and 
indirect; include endogenous chemicals, true; filter summary: 
Species=human, confidence=experimentally observed, cell 
lines=all, node types=all, mutation=all, data sources=all. 
Networks were created based on the upstream analysis using 
ESR1 as an upstream regulator. Networks were displayed with 
the IPA Path Designer.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Aliquots of 1 µg of the extracted RNA were 
converted into cDNA using the Luna Script™ RT SuperMix 
kit (E3010) from New England Biolabs GmbH, according to 
the instructions provided by the manufacturer. RT‑qPCR was 
performed using 5X Hot Start Taq EvaGreen® qPCR Mix 
(No Rox) from Axon‑Labortechnik, according to the instructions 
provided by the manufacturer. PCR primers were ordered from 
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Eurofins Genomics Germany GmbH. The primers used were 
designed with the Primer‑BLAST tool from NCBI and were 
double‑checked for suitability with the Oligo Analyse Tool from 
Eurofins Genomics. The sequences of the primers used are listed 
in Table I. GAPDH was selected as a reference gene, as it was not 
differentially expressed in the NGS data. qPCR was carried out 
with the CFX384™ Real‑Time PCR Detection System (Bio‑Rad 
Laboratories GmbH). Each sample was measured in biological 
triplicates with technical duplicates. The fold change (FC) was 
calculated based on the absolute value of the threshold cycles Cq 
of the gene of interest (gene) and the reference gene (ref) from 
the sample as well as the control as follows (31):

ΔCq = Cq,gene ‑ Cq,ref

ΔΔCq = ΔCq,smp ‑ ΔCq,cntr

FC = log2( 2‑ΔΔCq)

The fold change was calculated as log2 fold change and 
plotted against the log2 fold change of the NGS data. A linear 
regression was calculated with Origin 7.5 (www.originlab.
com). The comparison was performed for both reference genes.

Results

Molecular docking analysis. Molecular docking analysis was 
performed to investigate the in silico binding of the phthalates 
to the ERα‑LBD (Table II). In silico binding of the phthalate 

Table I. Sequences of primers (5'→3') designed for RT‑qPCR.

Gene NCBI RefSeq Forward primer  Reverse primer

GAPDH NM_002046.7 CTGTTCGACAGTCAGCCGCATC GCGCCCAATACGACCAAATCCG
PGR NM_001202474.3 AGGCAAAAAGGAGTTGTGTCG GAAATTCAACACTCAGTGCCCG
SLC7A5 NM_003486.7 AGTAGATCACCTCCTCGAACC TGAGGGATGAGATTCGTACCAG
SLC7A11 NM_014331.4 TGTCGGAGAAAATAACCAGAACA TCCCTATTTTGTGTCTCCCCTT
STC2 NM_003714.2 TGTAGTAGTTGAGCGCAGGC AAGGAGTCGAGCAGGTGTTG
TFAP2C NM_003222.4 TGGTTGGTTTTTGTGTCCGC TGCCTCCTACCAGAGGACTT

Table II. Results of molecular docking.

       Amino acids involved Amino acids
Ligand/ Lowest binding Mean binding   No. of Runs in in hydrophobic involved
phthalate energy/kcal/mol energy/kcal/mol Ki,pred/µM Td cluster 1st cluster interactions in H‑bonds

E2 ‑9.48 ‑9.45 0.113 2 1 250/250 Leu346 Leu387 Met388 Glu353
       Leu391 Phe404 Met421 Arg394
       Ile424 Leu428 Leu525 
BBP ‑7.80 ‑7.60 1.930 9 12 29/250 Leu346 Thr347 Leu349 x
       Ala350 Glu353 Trp383 
       Leu384 Leu387 Met388 
       Leu391 Arg394 Phe404 
       Leu428 Leu525 Leu540 
BCP ‑8.09 ‑7.63 1.170 8 10 121/250 Leu346 Thr347 Leu349 x
       Ala350 Glu353 Trp383 
       Leu384 Leu387 Met388 
       Leu391 Arg394 Phe404 
       Phe425 Leu428 Leu525 
       Leu540 
BOP ‑7.43 ‑6.80 3.590 14 13 7/250 Met343 Leu346 Thr347 x
       Ala350 Glu353 Leu387 
       Leu391 Phe404 Leu525 
       Leu536 Leu540 Leu544 

For each ligand, the lowest and mean binding energy and the predicted inhibitory constant Ki,pred are presented. The Torsdof parameter Td 
indicates the torsional degree of freedom of each ligand. The amino acids of ERα‑LBD involved in hydrophobic interactions and hydrogen 
bonds (H‑bonds) are listed. BBP, benzyl butyl phthalate; BCP, benzyl cyclohexyl phthalate; BOP, butyl octyl phthalate; E2, 17‑β‑estradiol; 
x, no amino acids involved in h‑bonding.
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compounds to ERα‑LBD indicated higher binding energies 
to the protein, compared to the natural ligand E2, which was 
calculated with ‑9.45 kcal/mol (29). The phthalate compounds 
shared 9 amino acids of ERα‑LBD, to which they all bound: 
Leu346, Thr347, Ala350, Glu353, Leu387, Leu391, Phe404, 
Leu525 and Leu540. A total of 4 amino acids were also shared 
with E2 as ligand: Leu346, Glu353, Phe404 and Leu525 (29). 
The binding position calculated with the lowest energy is 
visualized in Fig. 1. BBP, BCP and BOP bound to ERα‑LBD 
in silico.

MST. MST was used to investigate the binding capability of the 
phthalate ligands to ERα in vitro. For all ligands, the detected 
fluorescent signal decreased with the increasing concentration, 
indicating binding of all ligands to ERα (Fig. 2). The calculated 
dissociation constant of BCP was clearly higher than of the 
other ligands (Table III), indicating a lower binding capability 
to the protein. The in vitro binding to ERα was confirmed for 
all ligands.

Cytotoxicity. The cytotoxic effects of the phthalates were 
analyzed with the resazurin reduction assay. All 3 phthalate 
compounds did not reduce the survival rate of the cells in the 
measured concentration range <60% (data not shown). The 
IC50 of E2 on 293‑ESR1 cells was measured as 68±11 µM (29). 
For the following experiments, concentrations were chosen 
below the IC50 of E2 to avoid any cytotoxic effects in the cells.

ER activation. As the binding of BBP, BCP and BOP to ERα 
was verified in silico and in vitro, the activation of the receptor 
was measured with the ER transcription factor activation assay 
in ERα‑overexpressing 293‑ESR1 cells. A time‑dependent 
activation of ERα was observed for all ligands (Fig. 3). While 
BBP induced the strongest activation after 4 h, the activation 
following treatment with BOP was strongest after 8 h. However, 
the natural ligand E2 was the most active compound at both 
time points. All phthalates activated the estrogen receptor 
in vitro.

Cell cycle. Cell cycle analysis was performed to search for 
possible proliferative effects of the phthalate compounds in the 
MCF‑7 and HEK‑ESR1 cells. The cells were treated with the 
compounds at two different concentrations and time points. 
The results indicated an increased G2/M population following 
treatment of the HEK‑ESR1 cells with BBP and of the MCF‑7 
cells treated with BOP (Table IV). However, no effect of the 
phthalate compounds on the cell cycle was observed.

RNA sequencing. In order to analyze the molecular effects 
induced by the phthalates, RNA sequencing was performed. 
As BOP was measured with the lowest Kd, the highest ER 
activation after 8 h, and a proliferative effect in MCF‑7 cells, 
gene expression following BOP treatment was analyzed by 
NGS. Upstream target analysis by IPA identified ESR1 as 
the top‑most likely upstream regulator of the gene expression 
pattern. A total of 15 differentially expressed genes regulated 
by ERα were found (Fig. 4). Cytochrome P450 family 1 
subfamily A member 1 (CYP1A1), DNA damage inducible 
transcript 4 (DDIT4), Kelch‑like family member 24 (KLHL24), 
solute carrier family 7 member 11 (SLC7A11), CEA cell 
adhesion molecule 5 (CEACAM5), stanniocalcin 2 (STC2), 
solute carrier family 7 member 5 (SLC7A5) and immediate 
early response 3 (IER3) were upregulated, while KBP prolyl 
isomerase 4 (FKBP4), transcription factor AP‑2 γ (TFAP2C), 
cyclin‑dependent kinase (CDK1), cyclin A2 (CCNA2), 
progesterone receptor (PGR), splicing factor, proline‑ and 
glutamine‑rich (SFPQ) and adenosine A1 receptor (ADORA1) 
were downregulated following treatment of the MCF‑7 cells 
with BOP. Apart from the genes regulated by ESR1, several 
other genes were differentially expressed following treatment 
with BOP. Genes expressed with a fold change of at least 
(‑)1 and unrelated to ESR1 regulation are listed in Table V. 
RNA‑sequencing identified several differentially expressed 
genes induced by BOP in MCF‑7 cells.

Gene expression confirmation by RT‑qPCR. RT‑qPCR 
was used to confirm the gene expression of selected genes 
measured by NGS. GAPDH was used as reference gene. 
The log2 fold change expression of the RT‑qPCR experiment 
was plotted against the log2 fold change expression of the 

Figure 1. Visualization of the molecular docking result. The lowest binding 
energy position of the ligands BBP (orange), BCP (purple) and BOP (blue) 
in ERα‑LBD are shown. Each ligand is displayed with the interacting amino 
acids of ERα‑LBD. BBP, benzyl butyl phthalate; BCP, benzyl cyclohexyl 
phthalate; BOP, butyl octyl phthalate; Erα, estrogen receptor α; LBD, ligand 
binding domain.
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NGS experiment (Fig. 5). A linear fit was performed with a 
calculated R value of 0.90. The induced gene expression was 
confirmed.

Discussion

In the present study, the effects of the three phthalate 
compounds, BBP, BCP and BOP, on ERα and the molecular 
effects of BOP on gene expression in MCF‑7 cells were 
analyzed.

Verification of ERα binding, activation, and proliferative 
effects. The molecular docking results indicated the binding 
of BBP, BCP and BOP to ERα‑LBD in silico. The calculated 
binding energy was higher compared to E2, indicating weaker 
binding (29). Whereas E2 is a rather rigid ligand, the phthalate 
compounds have far more freely rotatable bonds, resulting in 
more possibilities of the ligands to be placed in the binding 
pocket, which may not all be covered during the molecular 
docking process. The torsional degree of freedom was repre‑
sented by the TORSDOF parameter, which further correlated 

Figure 3. ER transcription factor assay. Activation of estrogen receptor was measured after 4 and 8 h of incubation of the 293‑ESR1 cells with 25 µM of the respective 
ligand. The difference optical density measured after 4 h is shown in the upper line and after 8 h in the lower line. ER, estrogen receptor; ESR1, estrogen receptor 1.

Figure 2. Analysis of the MST experiments. MST was performed with 95% LED and 20% MST power. Fluorescently‑labeled ERα was used as target 
with (A) BBP, (B) BCP, and (C) BOP as a ligand, respectively. A fit was performed according to the law of mass action. MST, microscale thermophoresis; 
BBP, benzyl butyl phthalate; BCP, benzyl cyclohexyl phthalate; BOP, butyl octyl phthalate.
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Table III. Molecular structure of the analyzed ligands and comparison of the inhibitory constant predicted in silico Ki,pred with the 
dissociation constant Kd calculated by MST in vitro.

Molecular structure Name Ki,pred/µM Kd/µM

 Benzyl butyl phthalate 1.930 0.412±0.054
 BBP  
 CAS 85‑68‑7  

 Butyl cyclohexyl phthalate 1.170 11.800±1.80
 BCP  
 CAS 84‑64‑0  

 Butyl octyl phthalate 3.590 0.066±0.016
 BOP  

 CAS 84‑78‑6  

Figure 4. Upstream analysis with ingenuity pathway analysis software. Differentially expressed genes induced by BOP and in connection with ESR1 regula‑
tion are shown. For each gene the fold change and the P‑value are given. Figure was modified based on the IPA Path Designer. BOP, butyl octyl phthalate; 
ESR1, estrogen receptor 1.
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Table IV. Cell cycle analysis performed with the 293‑ESR1 and MCF‑7 cells.

 293‑ESR1 cells MCF‑7 cells
Treatment duration ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
and concentration Gate DMSO BBP BCP BOP DMSO BBP BCP BOP

4 h Sub G1/% 0.4 0.2 0.6 0.5 0.2 0.2 0.2 0.3
25 µM G1/G0/% 54.3 50.5 54.3 52.2 46.7 45.8 43.2 43.2
 S/% 23.4 24.4 22.5 22.1 24.4 25.6 25.9 25.6
 G2/M/% 21.9 24.4 22.5 25.1 28.4 28.2 30.6 30.7
4 h Sub G1/% 0.2 0.7 0.6 0.4 0.0 0.2 0.2 0.0
50 µM G1/G0/% 56.1 51.0 54.5 52.4 47.2 42.9 42.9 42.0
 S/% 23.7 23.2 26.7 26.2 24.0 27.1 26.2 25.7
 G2/M/% 20.0 24.8 18.2 20.8 28.8 29.9 30.6 32.2
8 h Sub G1/% 0.1 0.2 0.3 0.1 0.1 0.1 0.5 0.2
25 µM G1/G0/% 54.3 54.3 51.8 51.1 48.6 50.5 48.8 47.1
 S/% 23.6 21.3 26.2 26.8 26.3 25.2 24.4 25.1
 G2/M/% 21.5 24.0 21.6 22.0 25.0 24.2 26.3 27.5
8 h Sub G1/% 0.1 0.6 0.3 0.7 0.1 0.1 0.1 1.0
50 µM G1/G0/% 55.3 52.8 54.0 53.1 45.9 51.6 48.7 40.4
 S/% 23.2 21.9 25.2 27.2 24.7 22.5 22.6 26.3
 G2/M/% 20.9 24.6 20.4 18.9 29.3 25.8 28.5 31.9

Cells were treated with 25 or 50 µM of BBP, BCP, or BOP and incubated for 4 and 8 h, respectively. DMSO was used as a control. The 
percentage of cells per gate is presented. BBP, benzyl butyl phthalate; BCP, benzyl cyclohexyl phthalate; BOP, butyl octyl phthalate.

Table V. Specific gene expression by BOP.

ID   P‑value Entrez gene name

MAGED4 8.439 ±1.547 4.93x10‑8 MAGE family member D4B
FSBP 5.990 ±1.917 1.78x10‑3 fibrinogen silencer binding protein
TRIM39‑RPP21 5.782 ±1.989 3.65x10‑3 TRIM39‑RPP21 readthrough
U2AF1L5 5.597 ±1.693 9.45x10‑4 U2 small nuclear RNA auxiliary factor 1
JMJD7‑PLA2G4B 5.105 ±2.533 4.38x10‑2 JMJD7‑PLA2G4B readthrough
TIAF1 2.947 ±1.485 4.72x10‑2 TGFB1‑induced anti‑apoptotic factor 1
MMP19 2.310 ±0.905 1.07x10‑2 Matrix metallopeptidase 19
LOC102724093 1.909 ±0.879 2.98x10‑2 Golgin subfamily A member 6‑like protein 4
IRAK1BP1 1.623 ±0.813 4.59x10‑2 Interleukin 1 receptor associated kinase 1 binding protein 1
FAHD2CP 1.400 ±0.711 4.90x10‑2 Fumarylacetoacetate hydrolase domain containing 2C, pseudogene
WDR97 1.253 ±0.631 4.70x10‑2 WD repeat domain 97
ZNF460 1.252 ±0.600 3.68x10‑2 Zinc finger protein 460
GPRASP2 1.169 ±0.391 2.81x10‑3 G protein‑coupled receptor associated sorting protein 2
GUCA1B 1.112 ±0.562 4.80x10‑2 Guanylate cyclase activator 1B
LACE1 ‑1.032 ±0.481 3.20x10‑2 AFG1 like ATPase
TEX14 ‑1.245 ±0.472 8.26x10‑3 Testis expressed 14, intercellular bridge forming factor
KCNQ2 ‑1.542 ±0.768 4.48x10‑2 Potassium voltage‑gated channel subfamily Q member 2
SENP3‑EIF4A1 ‑2.148 ±1.081 4.69x10‑2 SENP3‑EIF4A1 readthrough (NMD candidate)
FAM72C ‑3.872 ±1.286 2.61x10‑3 Family with sequence similarity 72, member D
CD36 ‑4.538 ±2.049 2.68x10‑2 CD36 molecule

For each gene the fold change  with corresponding standard error  and P‑value are listed. ID refers to the name of the gene, E to 
the expression induced by the respective ligand, and Ec to the expression under control conditions. P‑values indicate the comparison with the 
DMSO control.
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with the amount of identified ligand cluster. Whereas all docking 
runs of E2 resulted in one cluster with a maximum difference 
between the single runs of 2.0 Å, the dockings with the phthalate 
ligands resulted in several clusters. Due to their higher flexibility, 
the molecular docking simulations of the phthalate compounds 
need to be considered more carefully. Nevertheless, binding to 
the protein in silico has been confirmed. The in vitro binding 
of all ligands to ERα was confirmed by MST. The dissociation 
constant indicated that BOP bound most stably to ERα, followed 
by BBP. BCP bound less stably to the receptor. The activation 
of the receptor was measured for all ligands. Treatment with 
BOP for 8 h resulted in the strongest activation, apart from E2. 
E2 is known to induce proliferative effects in cells (32). The 
proliferative effect of the three phthalate compounds on MCF‑7 
and HEK‑ESR1 cells was measured by analyzing the cell cycle 
distribution. Although the results point to a proliferative effect, 
further research is required to understand the effect of the 
phthalates on the cell cycle progression. In summary, BBP, BCP, 
and BOP bound in silico and in vitro to ERα and were able to 
activate the receptor.

Gene expression by BOP. BOP induced the differential expres‑
sion of 15 genes in the MCF‑7 cells. The transcription factor, 
AP‑2γ (TFAP2C), was negatively affected by BOP treatment. 
TFAP2C is expressed in breast cancer cells and plays a role 
in tumor progression (33,34). This transcription factor further 
downregulates the expression of p21, a cell cycle inhibitor (35). 
Other cell cycle‑associated genes were downregulated as well, 
such as CDK1 and CCNA2. The gene expression pattern indicated 
BOP‑mediated cell cycle disturbances in breast cancer cells. 
SFPQ is involved in transcription and pre‑mRNA splicing (36) 
and was downregulated following BOP treatment. The down‑
regulation of SFPQ was associated with a shorter overall 
survival of patients with colorectal cancer (37). In mice, SFPQ 

functions as a tumor suppressor by regulating cell proliferation 
and tumorigenesis (38). The immunophilin FK506‑binding 
protein (FKBP4) is usually highly expressed in ERα‑positive 
breast cancers (39,40). However, it was downregulated in the 
present study. In general, FKBP4 is associated with steroid 
receptors, altering receptor activity (39). One steroid receptor 
was downregulated as well, the progesterone receptor (PGR). 
PGR is associated with breast cancer progression and used, 
besides ERα and HER2, as prognostic marker (41). A negative 
PGR status is associated with a poorer survival (42).

Some genes coding for cytoplasmic proteins were upregu‑
lated following treatment with BOP. DDIT4 is activated by 
cellular stress and a known inhibitor of the mammalian target 
of rapamycin (mTOR). An elevated DDIT4 expression promotes 
tumorigenesis and is associated with a poorer survival in 
several cancer types (43‑45). The IER3 gene is activated upon 
cellular stress (46) and was upregulated following BOP treat‑
ment. IER3 is involved in apoptosis and cell cycle arrest and has 
been identified as potential tumor suppressor in cervical carci‑
noma (47). Furthermore, the CYP1A1 gene was upregulated, 
coding for the cytochrome P450 family 1A1 enzyme. CYP1A1 
metabolizes xenobiotics, such as polycyclic aromatic hydrocar‑
bons, to epoxides and thereby contributing to the toxicity and 
carcinogenicity of these xenobiotics (48,49).

Two members of the solute carrier family 7, SLC7A5 and 
SLC7A11, were both upregulated upon BOP treatment. SLC7 
are important membrane transporters for amino acid supply 
and are particularly required for rapidly growing tumor cells, 
ensuring a steady supply of nutrients (50). In particular, SLC7A5 
and SLC7A11 are overexpressed in breast cancer and are associ‑
ated with a worse therapeutic progress (51). ADORA1 is a target 
of E2‑activated ERα and regulates the transcription of ERα, 
favoring proliferation (52). By contrast, treatment with BOP 
reduced the mRNA expression level of ADORA1, indicating 
an altered gene transcription. CEACAM5 is a cell adhesive 
protein and expressed in several cancer, such as gastrointestinal 
and breast cancer (53). CEACAM5 is used as a biomarker for 
prognosis in colorectal cancer (53,54). Its overexpression 
following treatment with the phthalate compound may result in 
an increased metastatic potential. The KLHL24 gene encodes 
the substrate receptor for a ubiquitin ligase (55). Mutations in the 
KLHL24 gene are discussed in the context of skin diseases (56). 
KLHL24 was overexpressed in MCF‑7 cells following treatment 
with BOP. Finally, the glycoprotein STC2 was overexpressed as 
well. The glycoprotein is involved in the homeostasis of calcium 
and phosphate (57). STC2 has been reported to be upregu‑
lated in E2‑treated MCF‑7 cells (58), breast cancer (59) and is 
associated with proliferation in cancer (60,61). Apart from genes 
regulated by ESR1, treatment with BOP also induced the differ‑
ential expression of ESR1‑independent genes, indicating further 
side‑effects in the cells.

In summary, treatment with BOP induced the differential 
expression of several ESR1‑regulated genes. The gene expres‑
sion pattern was associated with interference in the cell cycle, 
the increased tumorigenesis, proliferation, metastasis and 
poorer survival of cancer cells.

In conclusion, the present study demonstrated that all tested 
phthalate compounds bound to ERα in silico and in vitro. 
BBP, BCP and BOP all activated the receptor although less 
potently compared to the natural ligand E2. RNA sequencing 

Figure 5. Association of gene expression levels obtained by NGS and 
RT‑qPCR. The log2 (2‑ΔΔCq) fold change based on the RT‑qPCR results was 
plotted against the  fold change based on the NGS results for the ligands 
E2 and BOP (dots). The log2 (2‑ΔΔCq) was calculated with GAPDH as reference 
gene. A linear regression was calculated with Origin 7.5. The fit is shown in 
grey with a slope of 0.65 and an intercept of 0.14 and an R value of 0.90.
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revealed differentially expression of 15 genes in relation 
to ESR1‑regulation: CYP1A1, DDIT4, KLHL24, SLC7A11, 
CEACAM5, STC2, SLC7A5, IER3, FKBP4, TFAP2C, CDK1, 
CCNA2, PGR, SFPQ and ADORA1 in MCF‑7 cells. The 
identified gene expression pattern indicated an influence of 
BOP on the cell cycle, tumorigenesis, proliferation, metastasis 
and poorer survival in cancer. The results indicated an 
endocrine effect of BOP on MCF‑7 cells mediated by ERα.
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