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4-Hydroxy estrogen metabolite, causing genomic  
instability by attenuating the function of  
spindle-assembly checkpoint, can serve  
as a biomarker for breast cancer
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Abstract: Sex hormone metabolism is altered during mammary gland tumorigenesis, and different metabolites 
may have different effects on mammary epithelial cells. This study aimed to evaluate associations between urinary 
sexual metabolite levels and breast cancer risk among premenopausal women of Mainland China. The molecular 
metabolism of the cancer-related metabolites was also explored based on the clinical data. The sex hormone me-
tabolites in the urine samples of patients with breast cancer versus normal healthy women were analyzed com-
prehensively. Among many alterations of sex hormone metabolisms, 4-hydroxy estrogen (4-OH-E) metabolite was 
found to be significantly increased in the urine samples of patients with breast cancer compared with the normal 
healthy controls. This was the most important risk factor for breast cancer. Several experiments were conducted in 
vitro and in vivo to probe this mechanism. 4-Hydroxyestradiol (4-OH-E2) was found to induce malignant transforma-
tion of breast cells and tumorigenesis in nude mice. At the molecular level, 4-OH-E2 compromised the function of 
spindle-assembly checkpoint and rendered resistance to the anti-microtubule drug. Further, transgenic mice with 
high expression of CYP1B1, a key enzyme of 4-hydroxy metabolites, were established and stimulated with estrogen. 
Cancerous tissue was found to appear in the mammary gland of transgenic mice.
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Introduction

During the last 20 years, studies have suggest-
ed several hypotheses about how estrogen 
metabolism might influence the risk of breast 
cancer. Accruing evidence, primarily laboratory 
based, suggests substantial differences in the 
genotoxic, mutagenic, and proliferative activi-
ties of various estrogen metabolites (EMs) and 
their contributions to mammary carcinogenesis 
[1-4]. Estrogenic hormones, estrone (E1), estra-
diol (E2), and estriol (E3), are metabolized in the 
C-2, C-4, or C-16 pathways by a series of oxidiz-
ing enzymes in the cytochrome P450 family, 
resulting in 2-hydroxyestrogen (2-OH-E), 4-hy- 
droxyestrogen (4-OH-E) and 16-hydroxyestro-
gen (16α-OH-E), respectively. These metabo-
lites can have stronger or weaker estrogenic 
activity and may often determine the mutagen-

ic or carcinogenic potential of an estrogen, and 
thus increase a woman’s risk of breast, uterine 
and other cancers.

The assumption that specific hydroxyl estro-
gens may have important biological activities, 
favoring breast cancer onset and/or progres-
sion, has been repeatedly reported and debat-
ed [5-8]. On the basis of the concept that 2-OH-
E and 16α-OH-E represent mutually major path-
ways of estrogen metabolism and that the 
resulting hydroxylated metabolites may, respec-
tively, behave as estrogen antagonists and ago-
nists [9], much attention has been devoted in 
the last two decades to define the potential role 
of an EM ratio of 2- to 16-EMs in relation to 
breast cancer [10-14]. Recently, some studies 
have begun to focus on the C-4 pathway EMs or 
their ratio. 4-Hydroxyestradiol (4-OH-E2) with a 
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catechol structure readily undergoes oxidation 
to electrophilic estradiol-3,4-quinone that can 
react with DNA to form depurinating adducts. 
The reactive quinone derived from 4-OH-E2 may 
induce DNA damage on specific genes involved 
in carcinogenesis or induce microsatellite insta-
bility [15-20].

Sex steroid metabolism depends on several 
factors, including a person’s genetic makeup, 
lifestyle, diet and environment. Understanding 
estrogen metabolism and the things that affect 
it offers significant opportunities to reduce can-
cer risks, particularly of breast cancer. Although 
some studies have analyzed the relationship of 
2-OH-E1 and 16α-OH-E1 with breast cancer risk 
in humans [21-24], other individual metabo-
lites, estrogen metabolism pathways and other 
sex steroids have not been evaluated system-
atically in human populations. Particularly, little 
attention has been given to 4-OH-E in epide- 
miological studies and molecular mechanisms. 
A high-performance gas chromatography/tan-
dem mass spectrometry (GC/MS-MS) assay 
was developed to measure concurrently estro-
gens and EMs, progesterone and metabolites, 
and testosterone and metabolites in urine with 
high sensitivity, specificity, accuracy and repro-
ducibility. In this study, associations between 
urinary sexual metabolite levels and breast 
cancer risk among premenopausal women of 
Mainland China were evaluated. The molecular 
metabolism of the cancer-related metabolites 
based on the clinical data was also studied.

Materials and methods

Study population and urine collection

All experiments and all methods were approved 
by the Ethics Committee of The First Affiliated 
Hospital of Nanjing Medical University (2012-
SR-159). All patients with breast cancer were 
diagnosed in The First Affiliated Hospital of 
Nanjing Medical University during July 2012 
and December 2014. Normal controls were the 
nurses working in The First Affiliated Hospital of 
Nanjing Medical University. The exclusion crite-
ria were as follows: women with a history of 
irregular menstruation or bilateral oophorecto-
my, those with chronic or acute liver disease, 
and those on hormone therapy within 3 months 
before recruitment into the study. The BMI was 
calculated as weight in kilograms divided by 
height in meters squared.

Informed consent was obtained from all par- 
ticipants. All women participating in the study 
were asked to collect the first-morning urine 
using a standard testing paper provided by the 
hospital. The testing papers were hung at room 
temperature till they were totally dried. Dried 
urine samples were stored at -20°C.

Laboratory analysis

The dried urine strips were extracted with both 
water and methanol and cleaned up using C18 
solid phase extraction cartridges. Eluents were 
dried down and enzymatically hydrolyzed. 
Liquid extracts of the hydrolysis mixture were 
dried down and derivatized to trimethylsilyl 
ethers using MSTFA:NH4I:ethanethiol. Then, 2 
mL of the final product was injected onto an 
Agilent 7890A Gas Chromatograph, coupled to 
an Agilent 7000B Triple Quadrupole Mass 
Spectrometer, and all the results were analyzed 
using the MassHunter software.

Statistical method

The Student t test was used for comparing the 
levels of EMs in the breast cancer and control 
groups. Unconditional logistic regression mod-
els were used to estimate ORs and 95% CIs for 
individual EM, pathway EM, and the ratios of 
the pathways. The progesterone metabolites 
and male hormone metabolites were also esti-
mated in the same way. The results were 
adjusted by age (20-30, 30-40, ≥40 years) and 
BMI (<18, 18-25, >25 kg/m2). Multivariate 
logistic regression analysis was performed for 
assessing the risk of different EMs. All the EMs 
were entered using forward (pe = 0.99, pr = 
0.999) stepwise approach. The quartile-specif-
ic ORs and 95% CIs were used trend Chi square 
test in additional analyses for individual EM, 
pathway EM, and the ratios of the pathways.

For all analyses, all tests of significance were 
two-tailed, and probability values of <0.05 were 
considered statistically significant. Analyses 
and forest plots were performed using Stata, 
version 11.1 (StatCorp Inc., TX, USA).

Cell culture

Human MCF-7 breast cancer cells and human 
MCF 10A breast cells were obtained from the 
American Type Culture Collection. The MDA-
MB-231-ESR1 cell line was kindly presented by 
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Dr. Ding Qiang. MCF-7 and MDA-MB-231-ESR1 
cells were precultured in the phenol red-free 
Dulbecco’s modified Eagle’s medium (DMEM) 
containing 5% charcoal-stripped fetal bovine 
serum (FBS) for 4 days before further treat-
ments. After adding different concentrations of 
2-OH-E2 with or without 17β-E2 (10-9 M), 2-OH-
E2 (10-7 M) combined with Tamoxifen (10-6 M), 
and 17β-E2 (10-9 M) combined with Tamoxifen 
(10-6 M) for 24 h, the cells were collected for 
assays of estrogenic/antiestrogenic effects.

MCF-10A cells were routinely cultured in phenol 
red-free DMEM media supplemented with 10% 
FBS and penicillin-streptomycin (100 mg/mL 
each) and incubated at 37°C in a humidified 
atmosphere containing 5% CO2. The cell culture 
media, serum, and antibiotics were purchased 
from Gibco. The cells were treated with 10-8 M 
4-OH-E2 for 8 weeks (MCF10A-H) or with 10-8 M 
E2 for 8 weeks (MCF10A-E).

2-OH-E2, 4-OH-E2, 17β-E2 and 4-OH-Tamoxifen 
(TAM) were purchased from Sigma-Aldrich. 
These drugs were first diluted in dimethylsulfox-
ide and then in a growth medium. The final 
dimethylsulfoxide concentration was below 
0.01%.

Estrogen-responsive luciferase reporter assay

MCF-7 and MDA-MB-231-ESR1 were transiently 
transfected with a firefly luciferase reporter 
plasmid construct (pERE4-Luc) containing four 
copies of the ERE. A Renilla luciferase report- 
er plasmid, pRL-SV40-Luc, was used as an 
internal control for transfection efficiency. The 
Lipofectamine 3000 (Invitrogen) reagent was 
used for transfection. Luciferase activities  
were measured using the Dual Luciferase 
Assay System. Absolute ERE promoter firefly 
luciferase activity was normalized against the 
Renilla luciferase activity to correct for trans-
fection efficiency. Triplicate wells were per-
formed for each transfection condition, and 
data were collected from at least three inde-
pendent experiments.

Wound-healing assay

Breast cancer cells were seeded into six-well 
plates and allowed to grow until 100% conflu-
ence was reached. Then, the cell layer was gen-
tly scratched through the central axis using a 
sterile plastic tip, and the loose cells were 

washed away. The cell motility was quantified 
by measuring the distance between the invad-
ing fronts of cells in three randomly selected 
microscopic fields (200×). The cells were fed for 
another 24 h in a serum-free medium. The cells 
were photographed before and after the serum-
free culture period using light microscopy, and 
the rate of wound area was calculated using 
Image J.

Colony formation assay

The effect of 4-OH-E2 and E2 on breast cancer 
colony formation was tested. The breast canc- 
er cells were plated in six-well plates at a den-
sity of 500 cells/well for 2 weeks with or with-
out 4-OH-E2 treatment (10-8 M). Then, the medi-
um was removed and the cells were washed 
twice with phosphate-buffered saline (PBS) 
and stained for 15 min using the Giemsa solu-
tion, rinsed with tap water, and dried at room 
temperature. The colonies in each well were 
counted, and all cell colonies contained 50 or 
more cells.

Cell migration assay

The cells growing in the log phase were trypsin-
ized, resuspended in a serum-free medium, 
and seeded into Boyden chambers (8 mM pore 
size with polycarbonate membrane). The cham-
bers were then inserted into the Transwell 
apparatus (Costar, MA, USA). The medium with 
10% FBS (600 ml) was added to the lower 
chamber. After incubation for 24 h, the cells on 
the top surface of the insert were removed by 
wiping with a cotton swab. The cells that migrat-
ed to the bottom surface of the insert were 
stained in 0.1% crystal violet for 30 min, rinsed 
in PBS, and then subjected to microscopic 
inspection. Values of migration were obtained 
by counting five high-power fields (100×) per 
membrane, and the average of three indepen-
dent experiments was taken.

Tumorigenesis in nude mice

MCF10A, MCF10A-E and MCF10A-H cells (1× 
106 cells in 0.1 mL of PBS) were subcutane-
ously orthotopically injected into 2 sides of the 
mammary fat pads of 10 female nude BALB/C 
mice (4-6 weeks’ old, weighing 18-22 g). The 
mice were randomly divided into two groups. 
Two kinds of cells were injected into each side 
of the mice. For group I, MCF10A-H was inject-
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ed on the right and MCF10A on the left, while 
for group II, MCF10A-H was injected on the right 
and MCF10A-E on the left. E2 valerate (Pro- 
gynova, Bayer), 0.125 mg/week, was injected 
on the back skin of each mouse.

The growth of tumors was followed up for 4 
weeks. The tumor volume was measured we- 
ekly using a caliper and calculated as (tu- 
mor length × width2)/2. After 4 weeks, the mi- 
ce were sacrificed and checked for the final 
tumor size. Mouse studies were conducted 
according to the Guide for the Care and Use  
of Laboratory Animals and approved by the 
Animal Care and Use Committee of Nanjing 
Agricultural University. All the samples were  
collected according to the ethical guidelines  
of the Declaration of Helsinki and approved  
by the ethics and research committee of the 
First Affiliated Hospital of Nanjing Medical 
University.

Microarray data analysis

Cellular RNA from MCF10A, MCF10A-E and 
MCF10A-H cells was extracted using the TRIzol 
reagent (Invitrogen) and quality controlled as 
directed in the Affymetrix Expression Techni- 
cal Manual. RNA (50 ng) was used to produce 
biotin-labeled cDNA, which was hybridized to 
Affymetrix GeneChip Human Transcriptome Ar- 
ray 2.0. The gene intensities between MCF10A, 
MCF10A-E and MCF10A-H cells were com-
pared. The genes were considered significantly 
differentially expressed when the fold change 
was ≥2. The slides were scanned using the 
GeneChip Scanner 3000 (Affymetrix, CA, USA) 
and Command Console Software 3.1 (Affy- 
metrix) with default settings. Raw data were 
normalized using the Expression Console.

Immunofluorescence staining assay

MCF10A and MCF10A-H cells were grown in six-
well plates with cover slides, treated or untreat-
ed with docetaxel (an anti-tubulin drug work  
on SAC). IF-IC staining was performed as 
described in the cell signal technology protocol. 
Primary antibodies used were Phosphor-
Histone H3 (Ser10) (D2C8) XP Rabbit (Cell 
Signaling, 3377) (1:800). The MI refers to per-
centage of the number of cells in the mitosis 
phase against the total number of cells. In this 
study, the cells showed fluorescence of pH3 
(Ser10), indicating entry in the mitosis phase. 

Then, 10 high-power fields with light micro-
scope slices were randomly selected. The fluo-
rescent cells were counted, and the MI was 
calculated.

Transgenic mice

A plasmid containing the full coding region of 
the murine CYP1B1 gene was prepared, follow-
ing the proximal promoter of the murine EF1α 
gene, to generate the C57BL/6J-CYP1B1 trans-
genic mouse. The mice were backcrossed with 
C57BL/6J mice for more than six generations. 
Genotyping involved extracting genomic DNA 
from mice tails and carrying out PCR with the 
following primers: forward, 5’-TTTCTCTTCATC- 
TCCATCCTCGCTCA-3’, and reverse, 5’-CAAAC- 
GCACACCGGCCTTATTCCA-3’. A PCR amplifica-
tion was performed with Taq polymerase from 
Qiagen under the following conditions: 30 
cycles of 94°C for 3 min, 94°C for 30 s, 62°C 
for 30 s, 72°C for 1 min 30 s, and 72°C for 10 
min. The PCR products were visualized on a 1% 
agarose gel. C57BL/6J mice were obtained 
from the Vital River Laboratory Animal Tech- 
nology Co. (Beijing, China). All animal experi-
ments were undertaken in accordance with the 
United States National Institutes of Health 
Guidelines for Care and Use of Laboratory 
Animals, with the approval by the Institutional 
Animal Care and Use Committee of Nanjing 
Medical University (ID: 1601172). The mice 
were maintained in the Animal Core Facility of 
Nanjing Medical University under specific-
pathogen-free conditions and housed on a 
12-h light/dark cycle with food and water avail-
able ad libitum.

Experimental animals and treatment

For animal studies, the mice were earmarked 
before grouping and then randomly separated 
into groups by an independent person. Then, 
female mice of 6-7 weeks were randomized 
into four groups (n = 4-5/group): C57BL/6J 
mice (controls), C57BL/6J mice implanted sub-
cutaneously with 90-day slow-release 17β-E2 
pellets, C57BL/6J-CYP1B1 mice (controls), and 
C57BJ/6J-CYP1B1 mice implanted subcutane-
ously with 90-day slow-release E2 pellets (0.25 
mg, Innovative Research America, FL, USA). 
After 90 days of treatment, E2-implanted mice 
were euthanized with corresponding controls. 
The breast, uterus, ovaries, lung, and liver were 
removed for further analysis.
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Analysis of histological features

Breast, uterus, ovaries, lung and liver samples 
were fixed in 10% buffered formalin, embedded 
in paraffin, sectioned and stained with H&E.

Immunohistochemistry analysis

Deparaffinized, rehydrated and acid-treated 
mice breast sections (5-μm thick) were treated 
with H2O2, trypsin, and blocked with normal 
goat serum. The sections were incubated with 
specific mouse monoclonal antibodies against 
ER, PR, HER-2 and Ki67 (American Diagnostica 
Inc.) at 25°C for 30 min, followed by incubation 
with the biotin-conjugated secondary anti-mo- 
use antibodies (Dako, Glostrup, Denmark). The 
colorimetric detection was performed by a sta- 
ndard indirect streptavidin-biotin immunoreac-
tion method using Dako’s Universal LSAB Kit 
according to the manufacturers’ protocols. Us- 
ing images taken at 100× magnification, a total 
of eight random images per time point (n = 8), 
were used for image analysis. The negative ca- 
ses were confirmed with two independent ex- 
periments. All stained sections were reviewed 
by two pathologists. Five fields of view were ra- 
ndomly assessed for each group. Positive im- 
munostaining was defined as >20% of tumor ce- 
lls showing immunoreactivity to the antibody.

Results

This study included 42 patients with breast 
cancer and 37 healthy women. All the partici-

ylation pathways of estrogen metabolism are 
presented in Table 1. The parent estrogen (E1, 
E2 and E3) levels were not significantly higher in 
the breast cancer group compared with the 
control group. Three EMs in the 2-hydroxylation 
pathways were higher in patients with breast 
cancer than in healthy women. However, no sig-
nificant difference was found in 16-hydroxyl-
ation pathways of the two groups. The levels of 
4-OH-E1 increased in the breast cancer group, 
but the level of 4-methoxy-E2 did not signifi-
cantly increase (Table 1).

As a result of the changes in EM levels, the 
ratio of 4-hydroxylation metabolites of 4-OH-E 
(4-OH-E1 + 4-OH-E2):E (E1 + E2) showed a signifi-
cant rise in the patient group versus the control 
group. In the C-2 pathway, 2-OH-E (2-OH-E1 + 
2-OH-E2):E (E1 + E2) ratio was statistically sig-
nificant. Interestingly, compared with the previ-
ous reports [14, 25-27], the 2-OH-E1: 16α-OH-E1 
ratio was higher in the patient group versus the 
control group, while the ratio of 2-OH-E (2-OH-
E1 + 2-OH-E2):4-OH-E (4-OH-E1 + 4-OH-E2) was 
lower in the patient group versus control group 
(Table 2).

The stepwise regression analysis revealed 
4-OH-E1 to be the most important factor of 
breast cancer risk. At subsequent steps of the 
forward-stepping procedure, E1 (P = 0.0023), 
2-OH-E2, and 2-methoxy-E1 were also found to 
be independent and statistically significant fac-
tors (Table 3).

Table 1. Estrogen metabolites of premenopausal patients with breast 
cancer and normal controls

Control Breast cancer P OR (95% CI)* P*

Estrone (E1) 3.09 ± 2.18 3.94 ± 3.41 0.23 1.47 (0.84-2.57) 0.18
Estradiol (E2) 1.24 ± 0.81 1.49 ± 0.94 0.23 1.33 (0.83-2.15) 0.24
Estriol (E3) 1.75 ± 1.14 1.55 ± 0.86 0.39 0.8 (0.5-1.26) 0.34
2-OH-E1 0.89 ± 0.68 1.54 ± 1.08 0.01 2.31 (1.27-4.2) 0.01
2-OH-E2 0.25 ± 0.22 0.25 ± 0.15 0.99 1.04 (0.66-1.63) 0.88
2-Methoxy-E1 0.29 ± 0.19 0.73 ± 0.53 <0.01 6.97 (2.26-21.52) <0.01
2-Methoxy-E2 0.04 ± 0.03 0.07 ± 0.05 <0.01 3.29 (1.66-6.52) <0.01
4-OH-E1 0.18 ± 0.13 0.59 ± 0.41 <0.01 17.88 (4.05-78.9) <0.01
4-OH-E2 0.09 ± 0.04 0.15 ± 0.09 <0.01 3.36 (1.6-7.07) <0.01
4-Methoxy-E1 0.03 ± 0.02 0.05 ± 0.04 0.01 3.06 (1.35-6.95) 0.01
4-Methoxy-E2 0.02 ± 0.02 0.03 ± 0.02 0.22 1.39 (0.84-2.28) 0.2

16α-OH-E1 0.96 ± 0.58 0.87 ± 0.55 0.51 0.89 (0.56-1.4) 0.61
EMs are the estimated standardized regression coefficients. *P and OR (95% CI) were 
adjusted by age and BMI.

pants were premenopaus-
al. The breast cancer risk 
factors, including age, bo- 
dy mass index (BMI), age 
at menarche, smoke and 
alcohol, were analyzed. 
On average, age was 
39.03 ± 3.48 years and 
39.43 ± 5.39 years and 
BMI was 21.89 ± 1.74 kg/
m2 and 22.52 ± 2.86 kg/
m2 for healthy women and 
women with breast can-
cer, respectively. None of 
the participants smoked 
or consumed alcohol.

The results for individual 
EMs of E1, E2 and E3, and 
nine EMs in three hydrox-
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We tested the progesterone metabolites and 
male hormone metabolites in the urine sam-
ples of 29 patients with breast cancer and 22 
normal healthy women (Table 4). Among many 
metabolites, the levels of one progesterone 
metabolite and two male hormone metabolites 
significantly increased in the breast cancer 
group compared with the normal control group.

Figure 1 shows forest plots of odd ratios for 
breast cancer by quartiles. When examining 
each hydroxylation pathway as a ratio to the 
parent estrogens, an elevated ratio of the 
4-hydroxylation pathway to parent estrogens, 
4-OH-E1 + 4-OH-E2:(E1 + E2), was found to be 
significantly associated with an increment in 
risk (P-trend <0.001). No significant trend was 
observed for the ratio of 2-hydroxylation estro-
gens to parent estrogens, while the ratio of 
2-hydroxylation estrogens to 2-methoxy estro-
gens negatively correlated with breast cancer 
risk (P-trend <0.001). The ratio of 16α-OH-E1 to 
E1 was inversely related to the risk (P-trend = 
0.003). EMs were also examined as ratios 
based on metabolic pathways. As the levels of 
4-pathway EMs of patients with breast can- 
cer increased far more steeply than the levels 
of 2-pathway EMs, the ratios of 2-pathway to 
the 4-pathway was inversely related to risk 
(P-trend <0.001). Compared with previous stud-

human breast cancer cells indicated that ER-α 
was the major ER in mammary epithelia (Figure 
2A). The ER-positive MCF-7 cells and ER-α tran-
siently transfected MDA-MB-231-ESR1 were 
treated with 2-OH-E2, 4-OH-E2 and E2. Treating 
both cells with 4-OH-E2 and E2 resulted in a sig-
nificant increase in the estrogen-responsive 
reporter ERE4-Luc activity relative to basal lev-
els in control cells. 4-OH-E2 and E2 increased 
the ER-α reporter activity by fourfold compared 
with the control group (MCF-7:E2, 2.843 ± 
0.746, 4-OHE2, 4.017 ± 0.231, 2-OHE2, 12.603 
± 0.315; 231-ESR1:E2, 3.657 ± 0.335, 2-OH-
E2, 1.005 ± 0.112, 4-OH-E2, 4.035 ± 0.050). 
The results indicated that although 2-hydroxy 
metabolite 2-OHE2 had limited estrogenic activ-
ity, 4-hydroxy metabolite 4-OHE2 had much 
stronger estrogenic activity, which was even 
more potent than that of E2 in MCF-7 cells.

4-OH-E2 induced transformed phenotype in 
breast epithelial cells

The normal mammary epithelial cells MCF10A 
were treated with 4-OH-E2 (MCF10A-H) and E2 
(MCF10A-E) for 8 weeks. As shown in Figure 
2B, treatment with 4-OH-E2 induced morpho-
logical changes with a higher spreading and 
increased formation of filopodia compared with 
control cells or cells treated with E2.

Table 2. Estrogen metabolite ratios of patients with breast cancer and normal controls
Control Breast cancer P OR* (95% CI)* P*

2-OH-E:E 0.27 ± 0.12 0.35 ± 0.16 0.01 1.494 (0.936-2.385) 0.092
4-OH-E:E 0.08 ± 0.05 0.15 ± 0.06 <0.001 6.43 (2.1-19.63) <0.001
16α-OH-E1:E1 0.36 ± 0.18 0.25 ± 0.13 0.01 0.453 (0.27-0.759) 0.003
2-OH-E1:16α-OH-E1 1.08 ± 0.81 1.97 ± 1.28 <0.001 2.81 (1.45-5.45) 0.003
2-OH-E:4-OH-E 4.26 ± 2.4 2.45 ± 0.85 <0.001 0.17 (0.06-0.49) <0.001
*P and OR (95% CI) were adjusted by age and BMI.

Table 3. Associated factors identified in forward stepwise 
logistic regression model
EM OR Std. Err. Z P 95% CI
4-OH-E1 156.52 239.84 3.30 0.0001 7.77-3154.37
E1 0.08 0.07 -2.97 0.0023 0.01-0.42
2-OH-E2 0.13 0.11 -2.44 0.0162 0.03-0.67
2-Methoxy-E1 50.35 86.77 2.27 0.0229 1.72-1474.96
Variables entered into the model: estrone (E1), estradiol (E2), estriol (E3), 
2-OH-E1, 4-OH-E1, 16α-OH-E1, 2-methoxy-E1, 4-methoxy-E1, 2-OH-E2, 4-OH-
E2, 2-methoxy-E2 and 4-methoxy-E2. EMs are the estimated standardized 
regression coefficients. OR indicates breast cancer risk.

ies, this study indicated that breast 
cancer risk increased with increas- 
ing levels of 2-OHE1:16α-OHE1 ratio 
(P-trend <0.001) (Figure 1).

Estrogenic activity of 4-OH-E2

Estrogen response is mediated by two 
closely related members of the nucle-
ar receptor family of transcription fac-
tors, ER-α and ER-β. The modulatory 
effect of 4-OH-E2, 2-OH-E2 and E2 on 
the transcriptional activity of ER-α in 
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vs 123.7 ± 30.66, P = 0.7291) or MCF10A (50.3 
± 15.3 vs 92 ± 23.43, P = 0.2107).

Table 4. Androgen and progesterone metabolites of patients with breast cancer and normal controls
Control Breast cancer P OR (95% CI)* P*

Dehydroepiandrosterone 70.827 ± 87.698 105.461 ± 149.062 0.346 1.004 (0.998-1.009) 0.229
Androstenedione 9.625 ± 10.045 15.979 ± 16.009 0.116 1.04 (0.985-1.097) 0.155
Androsterone 489.995 ± 258.941 629.159 ± 347.064 0.129 1.001 (0.999-1.003) 0.203
Etiocholanolone 637.655 ± 315.028 607.3 ± 338.631 0.75 1 (0.998-1.001) 0.637
Testosterone 0.888 ± 1.104 3.566 ± 4.719 0.014 1.491 (1.001-2.219) 0.049
5α-Dihydrotestosterone 0.519 ± 0.662 0.616 ± 0.571 0.586 1.244 (0.479-3.233) 0.654
5α-Androstanediol 6.531 ± 7.231 7.709 ± 4.319 0.482 1.021 (0.904-1.153) 0.742
5β-Dihydrotestosterone 0.41 ± 0.943 0.211 ± 0.343 0.309 0.58 (0.212-1.588) 0.289
5β-Androstanediol 7.004 ± 6.435 6.27 ± 4.115 0.629 0.968 (0.868-1.08) 0.562
Pregnanediol 856.489 ± 1400.928 791.032 ± 716.645 0.832 1 (0.999-1) 0.892
Allopregnanediol 37.876 ± 50.431 30.621 ± 31.011 0.538 0.997 (0.983-1.011) 0.641
Allopregnanolone 6.936 ± 11.501 5.186 ± 6.273 0.499 0.981 (0.919-1.047) 0.564
3α-OH-Progesterone 1.069 ± 0.984 1.037 ± 0.636 0.891 0.954 (0.478-1.905) 0.893
20α-OH-Progesterone 3.928 ± 4.485 8.678 ± 7.521 0.013 1.13 (1.016-1.256) 0.024
5α-Dihydroprogesterone 1.347 ± 1.204 1.237 ± 0.809 0.703 0.923 (0.525-1.624) 0.782
Progesterone 0.81 ± 0.728 1.277 ± 0.75 0.034 2.372 (1.002-5.616) 0.049
*P and OR (95% CI) were adjusted by age and BMI.

Figure 1. Forest plots of odd ratios (in natural logarithm) for breast cancer 
and 95% confidence intervals (in natural logarithm) by quartiles of estrogen 
metabolites ratios. ORs (black rhombus) are shown on a In scale. Black 
lines represent 95% CIs. Quartiles are abbreviated 1, 2, 3, 4. 

The effect of 4-OH-E2 on anchorage-indepen-
dent growth was also investigated in this stu- 

dy. Soft agar colony assays 
demonstrated that the anch- 
orage-independent growth of 
MCF10A cells was stimulated 
by 4-OH-E2 but not by E2 (Figure 
2C).

The proliferation of cells was 
examined using colony forma-
tion assays. The MCF10A cell 
colony formation was analyzed 
(Figure 2Ca-Cf), and the colony 
formations were calculated 
(Figure 2Cg). MCF-10A-H cells 
(MCF10A treated with 4-OH-E2 
for 8 weeks) (a, b), MCF10A-E 
cells (MCF10A treated with E2 
for 8 weeks) (c and d), and 
MCF10A cells (e and f) were 
seeded in six-well plates at a 
density of 500 cells/well. After 
24 h of seeding, the cells were 
exposed to 10-8 M 4-OH-E2 (a, c 
and e) or not (b, d and f) for 2 
weeks. In the culture medium 
with 10-8 M 4-OH-E2, MCF- 
10A-H grew 2.14 times faster 
(230 ± 19.6 vs 107.7 ± 11.86, 
P = 0.0059). However, 4-OH-E2 
did not accelerate the growth 
of MCF10A-E (110.3 ± 18.66 
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(3/5) of mice injected with MCF10A-E cells 
were capable of forming tumors by 2 weeks 
after injection, all mice (5/5) injected with 
MCF10A-H cells formed tumors. Furthermore, 
MCF10A-E cells formed much smaller tumors 
compared with those formed by MCF10A-H 
cells (P<0.01) (Figure 3C).

The effects of 4-OH-E2 on the mammary glands 
and development of mammary tumors were 
evaluated in a more relevant C57BL/6J-CYP1B1 
transgenic mice model expressing transgene 
CYP1B1, which is a cytochrome P450 super-
family enzyme converting E2 into 4-OH-E2. 
Female mice were supplemented with or with-
out E2 pellets (0.25 mg/90-day slow release). 
The effect of transgene expression on the 
mammary glands was assayed by morphologi-
cal analyses of the gland after 90 days of E2 
exposure (Figure 4). Histological evaluation of 
hematoxylin & eosin (H&E)-stained mammary 
sections revealed a normal monolayer and  
similar morphology in the glands from the vir- 
gin transgenic mice and the control littermate, 
indicating that the expression of transgene did 
not alter the mammary gland development. 
However, a significant alteration of the gland 
morphology with the appearance of mammary 
carcinoma in the transgenic mouse was ob- 
served when the mice were supplemented with 
E2 (Figure 4B). The epithelium of transgenic 
glands exhibited a disorganized structure with 
respect to the ordinate arrangement of the 
wild-type epithelium. Furthermore, while a nor-
mal mammary gland had a single layer of epi-
thelial cells, the glands from transgenic mouse 
displayed a highly proliferative stage character-
ized by areas of multilayers. The duct lumen 

Figure 2. (A) Estrogen-responsive luciferase reporter assay showed that 4-OH-E2 had estrogen activity. We treated 
MCF-7 and MDA-MB-231-ESR1 cells with 4-OH-E2, 2-OH-E2 and E2. 4-OH-E2 and E2 increased ER-α reporter activity 
about 4 fold over the control group. We treated MCF10A cells with 4-OH E2 (MCF10A-H) and E2 (MCF10A-E) both 
at 10-8 M for 2 months. (B) The effects of 4-OH E2 (MCF10A-H) and E2 (MCF10A-E) on MCF10A cells. Microscope 
images show that 4-OH E2 induced cell-to-cell contact and led to a higher spreading with more formation of filo po-
dia by comparison with the E2 and control groups. (C) The cell transformation was carried out by colony formation. 
MCF-10A-H cells (a, b), MCF10A-E cells (c, d) and MCF10A cells (e, f) were seeded in six-well plates at a density of 
500 cells/well. After 24 hours of seeding, cells were exposed to 4OH E2 (a, c, e) or not (b, d, f), The control groups 
were cultured in red-free DMEM media supplemented with 10% fetal bovine serum. The 4-OH E2 group was treated 
with 10-8 M 4-OH E2. Colony efficiency was determined by a count of the number of Colonies (more than 50 cells). 
The MCF10A-H cells in the culture medium with 10-8 M 4-OH E2 have much more colonies than other groups (P = 
0.0013). 4-OH E2 may inhibit the growth of the MCF10A and MCF10A-E (g). (D) Cell migration was measured by using 
the Culture-Inserts Wound healing assay. Images of wound repair were taken at 0, 24 h after wound. The distance of 
wound closure is shown by area at 24 h. Representative photographs and quantification are shown, original magnifi-
cation, ×200 (a), Cell migration (%) was quantified by calculating the wound width (b). (E) Transwell migration assay. 
Representative photographs and quantification are shown. Columns: average of three independent experiments, 
original magnification, ×200.

The migration rate was measured using wound-
healing and transwell migration assays. As 
shown in Figure 2D and 2E, the wound closure 
of MCF10A treated with 4-OH-E2 was 1.39-fold 
higher than that of MCF10A. However, the 
wound closure of MCF10A was 1.17-fold higher 
than that of MCF10A treated with E2 (the wound 
closure: MCF10A-H, 0.74 ± 0.04; MCF10A, 0.53 
± 0.06; MCF10A-E, 0.45 ± 0.05) (Figure 2D). 
The effect of 4-OH-E2 and E2 on the MCF10A 
cell migration behavior was also investigated 
using a transwell migration assay (Figure 2E). 
The cell migration significantly increased in 
MCF10A-H and MCF10A-E cells. The number of 
migrated MCF10A-H cells increased by nearly 
threefold compared with that of MCF10A 
(P<0.05), while that of MCF10A-E increased by 
twofold. (the cells through the Boyden cham-
bers: MCF10A, 70.63 ± 3.00; MCF10A-E, 171.8 
± 3.41; MCF10A-H, 251 ± 18.37, P<0.05.)

4-OH-E2 induced tumorigenesis

The physiological and pathological effects of 
4-OH-E2 on the mammary glands and develop-
ment of breast cancer were analyzed in two 
separate experimental models. The tumorigen-
ic effect of 4-OH-E2 was first evaluated in athy-
mic nude mice models (Figure 3). The tumor 
growth of 4-OH-E2-treated MCF10A-H cells ver-
sus parental nontreated MCF10A cells was 
compared. As expected, while mice injected 
with MCF10A cells into the mammary fat pad of 
nude mice did not form tumors, four out of five 
mice (80%) injected with MCF10A-H cells 
formed tumors after 2 weeks. Next, the tumor 
growth of MCF10A-H cells versus E2-treated 
MCF10A-E cells was compared. While 60% 
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was narrowed and blocked by the hyperplas- 
tic glandular epithelial cells in the mammary 
glands of C57BL/6J-CYP1B1 + E2 mice, indicat-
ing a highly proliferative capability of the cells  
in the gland. Indeed, a strong immunohisto-
chemical staining of Ki67 was only observed in 
the C57BL/6J-CYP1B1 + E2 group (Figure 4B), 
whereas Ki67 signal was undetectable in the 
mammary glands from other groups (Figure 
4A). No morphological differences were ob- 
served in the tissues of liver and lung among all 
groups of mice. Taken together, multiple mam-
mary tumors were only present in mice of the 
C57BL/6J-CYP1B1 + E2 group, but not in mice 
of other groups.

vs MCF10A-H, 5.69). TTK encoded a dual-spec-
ificity protein kinase that was found to be a criti-
cal mitotic checkpoint protein for accurate seg-
regation of chromosomes during mitosis. The 
results were verified using real-time polymerase 
chain reaction (PCR) (Figure 5A). 

Docetaxel is a class of anti-tubulin drugs. It 
works on SAC, incurs cell cycle arrest in the 
G2/M phase, and induces apoptosis. Figure 5B 
shows the inhibitory effect of docetaxel on 
MCF10A and MCF10A-H. The half maximal 
inhibitory concentration of MCF-10A was high- 
er than that of MCF10A-H (MCF-10A, 66.76 ± 
14.20; MCF10A-H, 23.44 ± 3.82, P<0.05). The 

Figure 3. 4-OH E2 suppressed tumor growth in nude mice. The MCF10A-
H cells MCF10A-E cells and MCF10A cells were subcutaneously orthotopi-
cally injected into mammary two sides of fat pads of BALB/C female nude 
mice. (A, a) group I MCF10A-H cells and MCF10A cells were injected into 
two sides of fat pads of 5 mice. 4 mice have MCF10A-H cells tumor on 
one side. MCF10A cells could not form tumor. (b) group II MCF10A-H cells 
and MCF10A-E cells were injected into two sides of fat pads of 5 mice. All 
mice have MCF10A-H cells tumor on one side, and MCF10A-E cells formed 
smaller tumor volume in 3 mice on the other side. (B) Photographs of tu-
mors from mice. (a) group I, (b) group II. (C) Relative tumor volume of mice. 
(a) group I, (b) group II.

4-OH-E2 attenuated the SAC 
function

The MCF-10A cell line was 
treated with 10-8 M 4-OH-E2 or 
E2 for 8 weeks, and the total 
RNA was extracted. Microarray 
experiments were conducted 
using Affymetrix GeneChip Hu- 
man Transcriptome Array 2.0 
to determine the changes in 
the specific genes encoding 
proteins related to pathologi-
cal alterations in intracellular 
signaling pathways in response 
to 4-OH-E2 and E2. 

After E2 treatment, 18 genes in 
MCF10A cells were differen-
tially expressed, while 4-OH-E2 
treatments induced changes  
in 440 genes by at least two-
fold, compared with controls. 
In this study, 955 genes ch- 
anged in MCF10A-H compar- 
ed with MCF 10A-E. Among 
them, two genes were signifi-
cantly downregulated. Centro- 
mere protein E (CENPE), whose 
gene expression changed the 
most, was an important pro-
tein in the spindle-assembly 
checkpoint (SAC). CENPE was 
downregulated by at least ni- 
nefold after 4-OH-E2 treatment 
compared with MCF10A-E and 
MCF10A cells. TTK was anoth-
er gene downregulated by four-
fold after treatment (MCF10A 
vs MCF10A-H, 4.09; MCF10A-E 
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mitotic index (MI) of MCF10A and MCF10A-H 
cells was also measured. As shown, MCF10A 
mitotic index was 3.167 ± 1.941 and MCF10A-H 

mitotic index was 2.333 ± 1. 033. MCF10A and 
MCF10A-H cells were treated with DOX with a 
concentration of 25 mg/mL. The MCF10A mito- 

Figure 4. A. Immunohistochemical analysis of four groups mice. H&E staining of breast in mice from C57BL/6J 
group, C57BL/6J + E2 group, C57BL/6J-CYP1B1 group and C57BL/6J-CYP1B1 + E2 group. 400×, bar = 50 μm. B. 
Representative images for H&E staining of breast, liver and lung samples from four groups. B. Expression of ki67 
and ER protein in mammary gland of four groups mice. Cells stained brown indicate positive expression. Mammary 
gland from C57BL/6J group, C57BL/6J + E2 group, C57BL/6J-CYP1B1 group and C57BL/6J-CYP1B1 + E2 group 
mice were stained for Ki67 and ERα.
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tic index was four times higher than before (17 
± 8.165), while the mitotic index of MCF10A-H 
slightly increased (3.167 ± 0.477). The MI of 

MCF10A-H did not rise as high as that of 
MCF10A (P = 0.0037) after treatment with DOX 
(Figure 5C and 5D).

Figure 5. 4-OH E2 renders resistance to antimicrotubule drugs. Docetaxel inhibits the proliferation of the cells by 
blocking the cell cycle to G2/M phase, and develops its function by inducing cells apoptosis. The blocking was far 
more effective in MCF10A cells than MCF10A-H cells. A. The realtime results of CENPE and TTK in MCF-10A, MCF-
10AE, MCF10AH cells. B. The inhibition of MCF10A and MCF10A-H cell; C. Mitotic index of MCF10A and MCF10A-H 
cells treated by Doxetaxel 25 ug/l for 48 hours or not; D. Phosphor-Histone H3 (Ser10) immunofluorescence staining 
of MCF10A-H and MCF10A cells treated by Doxetaxel 25 ug/l for 48 hours or not.
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Discussion

The continuing controversy over the health ben-
efits and risk of estrogen, particularly its me- 
tabolites, is a complex and evolving story. This 
was the first comprehensive study to evaluate 
sex hormone metabonomics in premenopausal 
women with breast cancer versus age-matched 
healthy women, and the effects of some metab-
olites on mammary epithelial and breast can-
cer cells. First, a comprehensive set of sex hor-
mones and their metabolites were analyzed in 
urine samples of premenopausal women with 
or without breast cancer. This study compared 
the levels of 12 estrogens and EMs, 9 andro-
gens and androgen metabolites, and 7 proges-
togens and progestogen metabolites in the 
urine of premenopausal women with breast 
cancer and normal health women using a quan-
titative GC/MS-MS method. While no signifi-
cant change was found in androgen and pro-
gesterone metabolites, the most significant 
alteration was an increase in 4-hydroxy metab-
olites relative to other metabolites in EMs in 
patients with breast cancer. Second, the bio-
logical relevance of increased 4-OH-E metabo-
lism to breast cancer development was investi-
gated in mammary epithelial cells and in vivo 
experimental models. It was found that 4-OH- 
E2 not only induced malignant transformation 
of breast epithelial cells in vitro but also sti- 
mulated tumor growth in the xenograft model 
and induced mammary carcinomas in the 
transgenic mice model expressing CYP1B1, a 
key enzyme of 4-hydroxy metabolites. Third, the 
molecular mechanisms underlying 4-OH-E me- 
tabolites induced malignant transformation. At 
the molecular level, 4-OH-E2 compromised the 
function of SAC and thus rendered genome 
instability.

Although E2 implication in mammary tumor pro-
motion and progression has been based mo- 
stly on evidence for ER-mediated mitogenic 
effects, no significant difference was observed 
in the urine samples of patients with breast 
cancer and normal controls in the present 
study, which was consistent with previous stud-
ies [28]. Much attention has been devoted in 
the last two decades to define the potential role 
of an imbalance between 2- and 16α-hydroxy- 
lation activities in relation to breast cancer 
based on the concept that C-2 and C-16α hy- 
droxylations represent major pathways of estro-

gen metabolism and that the resulting hydro- 
xylated metabolites may, respectively, behave 
as estrogen antagonists and agonists. The 
lower ratio of 2-OHE1:16α-OHE1 had been hy- 
pothesized to be associated with breast cancer 
risk. Compared with previous findings [14, 
25-27], a significant higher urinary 2/16 ratio 
was observed in patients with breast cancer in 
this study. 2-OH-E2 was found to increase in the 
breast cancer group. The levels of 16α-OH-E1 
did not change significantly in the breast can-
cer group versus normal controls. It was inter-
esting to note that the levels of 2-methylated 
metabolites were also significantly elevated in 
the breast cancer group, while the 4-hydroxy-
methylated metabolites were not. The 2-hydroxy 
metabolites were more likely to be methylated, 
thereby losing the weak estrogenic effect and 
protective role in preventing the onset and pro-
gression of breast cancer.

Among many alterations of EMs in the breast 
cancer group, the most significant one in this 
study was an increase in 4-hydroxy metabo-
lites. Urine 4-OH-E1 in the patients with breast 
cancer was three times higher than that in 
healthy women, while other EMs changed less. 
The best indicator that reflected the risk of 
breast cancer was the ratio of 4-hydroxy metab-
olites to total estrogen. The findings of this 
study were consistent with the assumption that 
the metabolic conversion of E2 to 4-OH-E2 and 
its additional activation to reactive semiqui-
none/quinone intermediates may be genotoxic, 
leading to various types of DNA damage, and 
have a direct role as tumor initiators [15-20].

Consistent with the increased 4-OH-E in pa- 
tients with breast cancer, 4-OH-E2 could neo-
plastically transform MCF10A mammary epi-
thelial cells as indicated by in vitro increased 
colony-forming capacity in soft agar and cell 
migration and in vivo tumorigenesis in nude 
mice. The results indicated that 4-OH-E2 might 
function as an initiator for the malignant trans-
formation of mammary glands [29]. A transgen-
ic mice model expressing CYP1B1 was estab-
lished to investigate whether 4OH-E could initi-
ate the malignant transformation of mammary 
glands. CYP1B1 is highly expressed in a variety 
of cancers. Recent studies showed that the 
cytochrome P450 CYP1B1 variant increased 
the production of 4-OH-E2, and that a polymor-
phism in CYP1B1 increased the risk of endome-
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trial carcinoma [30]. Using these transgenic 
mice expressing high levels of endogenous 
4-OH-E, it was demonstrated that 4OH-E 
induced highly proliferative phenotype of mam-
mary epithelial cells and mammary carcino-
mas, while the transgene had no effect on the 
ER levels. The findings of the present study 
were in contrast to an earlier report showing 
that administering 4-OH-E2 failed to induce 
mammary tumorigenesis in the animal model 
[31]. The reason for this difference might be 
that the transgenic model presented in this 
study was more relevant to in vivo physiological 
or pathological situations in which it provided 
sustainable high levels of endogenous 4-OH-E.

Microarray analyses were performed to study 
4-OH-E-regulated genes so as to investigate 
the molecular mechanisms underlying the 
4-OH-E-induced malignant transformation. 
Among many differentially regulated genes by 
4-OH-E2 versus E2, the two most varied gene 
expressions were CENPE and TTK, which were 
downregulated by more than nine- and fourfold 
upon treatment of MCF10A cells with 4-OH-E2, 
respectively. Both CENPE and TTK were mitotic 
genes involved in the integrity of microtubules. 
CENPE is one of the key elements of SAC. At 
this checkpoint, the integrity of microtubules 
and the completion of chromosome alignment 
with spindle microtubules were monitored. 
Because of the presence of this surveillance 
mechanism, normal cells proceeded to ana-
phase as long as chromosomes remained unat-
tached to mitotic spindles. It was anticipated 
that the significant downregulation of CENPE 
compromised the checkpoint function of SAC 
and led to genomic instability. One of the major 
mechanisms underlying anti-microtubule drug 
resistance involved acquired inactivation of 
SAC.

To prove the hypothesis, the cells were treated 
with docetaxel, an antitumor drug acting in 
SAC. It was found that the mitotic checkpoint 
was attenuated in 4-OH-E2-treated cells (Figure 
1). Previous studies reported that the propor-
tion of patients with ovarian cancer having high 
expression of CYP1B1 was more likely due to 
paclitaxel resistance [32]. These patients with 
high expression of CYP1B1 had higher levels of 
endogenous 4-OH-E. The present study provid-
ed a mechanistic link between 4-OH-E and 
docetaxel resistance.

Conclusions

In summary, our study is the most comprehen-
sive test in the world until now. We tested over 
30 metabolites of estrogen, progesterone and 
androgen metabolic pathways. In this compre-
hensive study of sexual hormone metabolism 
and risk of breast cancer in premenopausal 
women, we consider the ratio of 2-OHE1:16α-
OHE1 is not a clear marker of breast cancer risk 
in premenopausal women. However, the ratio 
of 4-hydroxy metabolites to total estrogen is 
the best indicator reflects the risk of breast 
cancer. Our study found 4-OH-E2 induced carci-
nogenesis by destroying the SAC and induced 
the abnormal mitosis. The malignant cells 
transformed by 4-OH-E2 was hard to kill by anti-
tumor drug. Thus, the relative proportions of 
4-hydroxy estrogenic metabolites and 4-hydroxy 
estrogens are predictors of breast cancer risk 
and are also important factors in the prognosis 
of breast cancer patients and the choice of 
treatment.
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